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1.0 Introduction

This report describes the Framatome ANP (FRA-ANP) methodology developed for the realistic

evaluation of a large break loss-of-coolant accident (LBLOCA) for pressurized water reactors

(PWRs).  The methodology complies with the revised LOCA emergency core cooling system

(ECCS) rule as issued by the U.S. Nuclear Regulatory Commission (NRC) in 1988

(Reference 1).  This rule allows the use of realistic LOCA evaluation models in place of the

prescribed conservative evaluation models as specified by 10 CFR 50 Appendix K, provided

that it can be established with a high probability that the criteria of 10 CFR 50.46 are not

violated.

The basis for the revised rule is a large body of research performed after the 1975 LOCA ECCS

rule was implemented, which shows that the prescribed Appendix K analysis methods are

unnecessarily conservative.  A compendium of ECCS research (Reference 2) was issued that

references the relevant thermal-hydraulic research.

The revised rule requires that an acceptable realistic LOCA ECCS evaluation model have

sufficient supporting justification to show that the analytical technique realistically describes the

behavior of the reactor system during a LOCA.  It is expected that the analytical technique will,

to the extent practicable, utilize realistic methods and be based upon applicable experimental

data.

The amended rule also requires that the uncertainty of the calculation be estimated and

accounted for when comparing the results of the calculation to the temperature limits and other

criteria of 10 CFR 50.46.  The realistic evaluation model will retain a degree of conservatism

consistent with the quantified uncertainty of the calculation.

The final rule does not prescribe the analytical methods or uncertainty techniques to be used.

However, a Regulatory Guide (Reference 3) was issued to provide guidance for realistic LOCA

analyses.  The NRC also independently developed and demonstrated the code scaling,

applicability and uncertainty (CSAU) methodology (Reference 4) for quantifying uncertainties in

realistic codes.  The 95th percentile of the probability distribution is accepted (Reference 3) as

providing the level of conservatism required by the rule.

The purpose of this report is to provide a description of the FRA-ANP realistic PWR LBLOCA

methodology and demonstrate its application to representative nuclear power plants.  The
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methodology documentation is provided in a format consistent with that outlined in the "CSAU

Evaluation Methodology," which specifies that a roadmap be provided for the methodology

followed by a detailed discussion.  Each of the steps outlined in CSAU is addressed in both the

roadmap section (Section 2) and the detailed description section (Section 3, 4, and 5).

As outlined in CSAU the development of this methodology relies on the code documentation.

The models and correlations document provides the information to demonstrate the applicability

of the codes to the chosen event scenario and Nuclear Power Plant (NPP) types through the

use of the phenomena identification and ranking table (PIRT) process. The PIRT identifies the

models and correlations in the code for which biases and uncertainties would have to be

generated or conservatisms demonstrated.

Finally, the results of the code assessments reported in the verification and validation report

(EMF-2102, Reference 5) provides the information required to define how each of the important

PIRT phenomena are treated in the uncertainty analysis.  This treatment ranges from simply

acknowledging that the code is conservative and accepting that conservatism to the definition of

a bias and uncertainty, including their distribution, which are required to treat the PIRT

phenomena statistically.
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2.0 Methodology Roadmap

This section provides an overview of the methodology and points to the detailed discussion of

the individual CSAU steps that follow.  The CSAU approach to realistic LOCA analysis is

diagramed in Figure 2.1.  The CSAU procedure has three major elements:

• Requirements and Code Capabilities (Section 3.0)

• Assessment and Ranging of Parameters (Section 4.0)

• Sensitivity and Uncertainty Analysis (Section 5.0)

FRA-ANP's realistic LBLOCA evaluation methodology is defined and documented consistent

with the CSAU procedure as shown in the following three sections.  FRA-ANP's CSAU-

compliant procedure for PWRs is applicable to Westinghouse (W) 3-loop and 4-loop designs

and to Combustion Engineering (CE) 2x4 designs.

2.1 Requirements and Code Capabilities

The requirements and code capabilities discussion identifies and compares scenario-modeling

requirements with code capabilities to determine the code's applicability to the particular

scenario and to identify potential limitations.  This is accomplished through the performance of

the following six CSAU steps:

• Scenario Specification (Section 3.1)

• Nuclear Power Plant Selection (Section 3.2)

• Phenomena Identification and Ranking (Section 3.3)

• Frozen Code Version Selection (Section 3.4)

• Provision of Complete Code Documentation (Section 3.5)

• Determination of Code Applicability (Section 3.6)

The scenario being addressed in this report is the LBLOCA.  The licensing criteria for this event

are:

• The calculated peak cladding temperature (PCT) shall not exceed 2200°F.

• The maximum calculated cladding oxidation shall nowhere exceed 0.17 times the total
cladding thickness before oxidation.

• The maximum calculated hydrogen generation from the chemical reaction of the cladding
with water or steam shall not exceed 0.01 times the hypothetical amount that would be
generated if all of the metal in the cladding cylinders surrounding the fuel, excluding the
cladding surrounding the plenum volume, were to react.
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• The calculated changes in core geometry shall be such that the core remains amenable to
cooling.

• The calculated core temperature shall be maintained at an acceptably low value and decay
heat shall be removed for the extended period of time required by the long-lived
radioactivity remaining in the core.

These licensing criteria, with the primary focus on the PCT, will be used as the figure-of-merit

upon which decisions will be made with respect to the acceptability of the methodology.  The

PCT is chosen as the primary criteria because all the other criteria are, to some extent,

dependent upon or related to it.

The selected NPP types to which the methodology is to be applicable includes those PWRs with

U-tube type steam generators and ECCS injection into the cold legs.  Provided with the

methodology is a sample problem for a (W) 4-loop PWR and a licensing analysis for a (W) 3-

loop PWR.  The methodology is also applicable to (CE) 2x4 plants (see end of Section 2.0).

A PIRT has been prepared for the LBLOCA and the NPP types.  This initial PIRT was

developed by FRA-ANP from a combination of published PIRTs (Reference 2), reviews by

external experts, and a peer review conducted by FRA-ANP personnel and external experts.

The PIRT that resulted from this process is provided in Table 3.4.

The codes selected for the performance of the realistic LBLOCA analysis include the RODEX3A

fuel rod code (References 6, 7, and 8) and the S-RELAP5 system code (References 5, 9, 10,

and 11).  Frozen versions for each of these codes were selected and used to perform the

analyses presented in this report.  Documents were developed for each of the codes to address

the models and correlations used, and include a users manual, an assessment report, and user

guidelines to execute the methodology (References 12 and 13).  Verification was also

performed to confirm that the models reported in the documentation are the models actually

contained in the code (Reference 5).  In addition, the ICECON code (References 14 and 15)

has been incorporated into the S-RELAP5 code, where ICECON subroutines provide the

required containment boundary conditions.

The final step in the requirements and code capabilities element is to demonstrate that the code

is applicable to the chosen scenario and NPP types.  This objective is accomplished by

comparing the important scenario phenomena from the PIRT and the selected NPP modeling

requirements with the capabilities of the chosen codes.  The results of this comparison
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demonstrate that the chosen codes are applicable to the LBLOCA and NPP types, as shown in

Section 3.6.

2.2 Assessment and Ranging of Parameters

The assessment and ranging of parameters element is used to quantify the uncertainties and

biases that are to be addressed in the analysis of the chosen scenario with the chosen codes.

This element includes four steps:

• Establishment of Assessment Matrix (Section 4.1)

• NPP Nodalization Definition (Section 4.2)

• Definition of Code and Experimental Accuracy (Section 4.3)

• Determination of Effect of Scale (Section 4.4)

Implementing this element requires a series of iterations among the several steps.  An

examination of the PIRT (Table 3.4, Section 3.3) reveals that a large number of potentially

important phenomena must be addressed.  That is, those phenomena ranked 5 or higher.

Assessing so many phenomena would not be manageable.  Thus, the following four-step

process was used to reduce the number of phenomena to be addressed.

First, the NPP nodalization was defined using the following steps:

• A trial nodalization was developed based on internal FRA-ANP experience using RELAP5
codes.

• A limited number of calculations were performed.

• The NPP nodalization was then adjusted until reasonable trends, based on engineering
judgement, were obtained in the results.

• A limited number of experimental assessments was selected and modeled with the
nodalization.

• The nodalization was again adjusted until reasonable trends were observed in both the
NPP analyses and in the assessment calculations.

A peer review was conducted using internal and external experts, to evaluate the proposed NPP

nodalization and the results produced.  The peer review concluded that the nodalization of the

upper plenum required more detail.  This change resulted in a repeat of the above process until

a nodalization was obtained that addressed all the issues identified in the peer review.

Second, each of the potentially important phenomena was paired with a parameter in the code

that could be varied.  Third, a possible range of uncertainty for each of the potentially important
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phenomena and the associated parameters that could be varied in the analysis were defined.

The uncertainty ranges defined were based on a review of available literature.

Fourth, the nodalization and the identified uncertainty ranges were used to perform sensitivity

calculations.  Based on the results of these sensitivity studies, the dominant phenomena were

identified (Table 4.1, Section 4.1) and an assessment matrix was developed to assess these

phenomena (Table 4.3, Section 4.1).  In addition, various assessments were chosen to be part

of the assessment matrix in order to demonstrate the scalability of the code.

Using the assessment matrix, which includes separate effects (SET) and integral effects tests

(IET), each of the assessment test facilities was modeled with S-RELAP5 incorporating the

nodalization defined above.  The initial results of the assessment calculations required

additional modification of both the code and the nodalization.  A complete rerun of the PIRT

sensitivity calculations and a re-evaluation of the assessment matrix were performed based on

the changes made.  Once this iterative process had been completed, the final NPP nodalization,

assessment matrix, and assessment calculations were produced.

Completion of the assessment calculations provided the uncertainties for use in the plant

analyses and also provided the basis for the demonstration of code scalability.  The treatment of

uncertainties is described and quantified in Section 4.3.  The scalability of the code is

demonstrated in Section 4.4.

2.3 Sensitivity and Uncertainty Analysis

The sensitivity and uncertainty analysis element combines the code and model uncertainties

and the plant specific contributors to obtain a total uncertainty and to provide a basis for making

an acceptability statement with respect to the established safety criteria.  The following steps

are included in this CSAU element:

• Determination of the Effect of Reactor Input Parameters and State (Section 5.1)

• Performance of NPP Sensitivity Calculations (Section 5.2)

• Determination of Combined Bias and Uncertainty (Section 5.3)

• Determination of Total Uncertainty (Section 5.4)

The NPP input parameters and possible operating states were reviewed to determine the

applicable input parameters and state.  This review identified a list of inputs that might impact
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the realistic LBLOCA event.  Actual NPP operating conditions and typical technical

specifications were assessed to identify allowed operating conditions.  Sensitivity studies were

performed using the selected NPP model to determine those parameters that impact the

realistic LBLOCA event.  For the most important parameters additional plant data were

obtained, where available, so that actual operational data distributions could be determined.

[For the NPP parameters that have technical specification or other operating limits but were not

found to impact the realistic LBLOCA results, a uniform distribution covering the allowed

operating range was generally assumed and the parameters were included in the analysis.

These parameters were included so that the methodology would be valid for the technical

specifications and operational limits.]  The identification of the parameters and the results of the

parameter studies are provided in Tables 5.1-5.4 and Section 5.1.

The methodology for determination of the combined biases and uncertainties and the

development of a final statement of probability for the limiting criteria are addressed in

Section 5.2.  To perform these last two CSAU steps, [a non-parametric statistical approach has

been used.  Non-parametric statistics allows for the treatment of a large number of parameter

and plant initial condition uncertainties through direct calculations with the model and associated

computer codes.  A large number of case inputs are generated by randomly selecting values for

all parameters being treated statistically for each case.  For this methodology, inputs for a

minimum of 59 cases are developed and executed.  The highest calculated value from these

cases for the criterion of interest, for example PCT, will be the 95/95 or higher limit for that

criterion.]

[Section 5.3 demonstrates this non-parametric statistical approach for a 4-loop (W) design

plant.]  A licensing analysis for a 3-loop (W) designed plant is provided in Reference 16.

Section 5.4 provides the final statement of overall conformance to the licensing criteria.
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Figure 2.1  Code Scaling, Applicability, and Uncertainty Methodology
Flow Chart
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3.0 Requirements and Capabilities

The objective of the first element of the CSAU methodology is to establish the analysis

requirements and to demonstrate that the chosen codes can address these requirements.  The

important phenomena are determined from the event scenario and NPP types and documented

in the PIRT.  The ability of the codes to address the important phenomena must then be

demonstrated. Documents must be developed that contain sufficient detail to permit the code

models to be correlated with the important PIRT phenomena.

3.1 Scenario Specification (CSAU Step 1)

This report describes methodology for the realistic evaluation of LBLOCAs.  The Standard

Review Plan (SRP) (Reference 17), Event 15.6.5, defines a LOCA.  LOCAs are defined in

SRP Event 15.6.5 as follows:

"Loss-of-coolant accidents (LOCA) are postulated accidents that would result
from the loss of reactor coolant, at a rate in excess of the capability of the normal
reactor coolant makeup system, from piping breaks in the reactor coolant
pressure boundary.  The piping breaks are postulated to occur at various
locations and include a spectrum of break sizes, up to a maximum pipe break
equivalent in size to the double-ended rupture of the largest pipe in the reactor
coolant pressure boundary.  Loss of significant quantities of reactor coolant
would prevent heat removal from the reactor core, unless the water is
replenished."

PWRs are required to be equipped with an ECCS that satisfies the requirements of 10 CFR

Part 50, Section 50.46 (Reference 1).

The LBLOCA event is classified as a Postulated Accident and a Condition IV event

(Reference 17).  This event is not expected to occur during the lifetime of the plant but is

designated a design basis accident.  The specific acceptance criteria for performance of the

ECCS are:

• The calculated PCT shall not exceed 2200°F.

• The maximum calculated cladding oxidation shall nowhere exceed 0.17 times the total
cladding thickness before oxidation.

• The maximum calculated hydrogen generation from the chemical reaction of the cladding
and water or steam shall not exceed 0.01 times the hypothetical amount that would be
generated if all of the metal in the cladding cylinders surrounding the fuel, excluding the
cladding surrounding the plenum volume, were to react.
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• The calculated changes in core geometry shall be such that the core remains amenable to
cooling.

• The calculated core temperature shall be maintained at an acceptably low value and decay
heat shall be removed for the extended period of time required by the long-lived
radioactivity remaining in the core.

• The radiological consequences of the most severe LOCA are within the guidelines of
10 CFR 100.

• The TMI Action Plan requirements have been met.  (The TMI Action Plan requirements are
more specifically related to the Small Break LOCA (SBLOCA) event.)

The methodology described here is shown to be in compliance with the first four criteria above.

These criteria, with a primary focus on the PCT, will be used as the figure-of-merit upon which

decisions are made with respect to the acceptability of the methodology.  The PCT is chosen as

the primary criterion because to some extent all the other criteria are dependent upon or related

to it.

A hypothetical LOCA is initiated by an instantaneous rupture of a reactor coolant system (RCS)

pipe ranging in cross-sectional area up to and including that of the largest pipe in the RCS.  A

spectrum of breaks for both double-ended guillotine and split break types is analyzed.  The

spectrum includes double-ended guillotine breaks ranging in size from one to two times the

cross sectional area of the largest RCS pipe.  The split break spectrum is analyzed for

longitudinal split areas ranging in size from the largest small break size (10% of the cross

sectional area) to one times the full cross-sectional area of the largest RCS pipe.  For a

LBLOCA, the most limiting break typically occurs in a cold leg pipe between the pump discharge

and the vessel.

Offsite power availability must also be considered in the analysis.  If loss-of-offsite power is

assumed to occur coincident with the LOCA initiation, RCS pump coastdown will occur with the

loss-of-offsite power.  For short periods of time following the break and up to about 5 to 8

seconds into the transient, the pump head may be sufficient to maintain positive flow through

the core, which can provide significant cooling of the fuel.  Due to loss-of-offsite power, an

additional time delay for startup of the diesel generators and safety injection system (SIS)

pumps must also be accounted for in the analysis.  The worst single failure is identified and

applied in the analysis.  The worse single failure is typically the loss of one low head safety

injection (LHSI) pump or the loss of a diesel generator.
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A LBLOCA event is typically described in three phases:  (1) blowdown, (2) refill, and (3) reflood.

The blowdown phase is defined as the time period from initiation of the break until flow from the

accumulators or safety injection tanks begins.  This definition is somewhat different than the

traditional definition of blowdown which extends the blowdown until the RCS pressure

approaches containment pressure.  The blowdown phase typically lasts about 12 to 25 seconds,

depending on the break size.  The refill phase lasts from the end of blowdown until fluid from the

ECCS has filled the downcomer and lower plenum up to the bottom of the heated length of the

fuel.  The reflood phase lasts from the end of refill until the core temperatures are reduced.

Following the instantaneous pipe break, the blowdown phase is characterized by a sudden

depressurization from operating pressure down to the saturation pressure of the hot leg fluid. An

immediate flow reversal and stagnation occurs in the core due to flow out the break which

causes the fuel rods to pass through critical heat flux (CHF), usually within 1 second following

the break.  Following this initial rapid depressurization, the RCS depressurizes at a more

gradual rate with the reactor coolant being expelled primarily by vaporization.

A reactor trip signal occurs when either the pressurizer low-pressure trip setpoint or containment

vessel high-pressure trip setpoint is reached.  However, reactor trip and scram are

conservatively neglected in this LOCA methodology, and reactor shutdown is accomplished

initially by moderator feedback and maintained by the boron content of the ECCS water.  A SIS

initiation signal is also actuated when the high containment pressure setpoint is reached.

When the system pressure falls below the accumulator pressure, flow from the accumulator is

injected into the cold legs ending the blowdown period and initiating the refill period.  Once the

system pressure falls below the respective shutoff heads of the high head safety injection

(HHSI) pumps and the LHSI pumps and the system startup time delays are met, SIS flows

begin injection into the RCS.  While some of the ECCS flow bypasses the core and goes directly

out the break, the downcomer and lower plenum gradually refill until the liquid level reaches the

bottom of the core.  During this refill period, heat is primarily transferred from the hotter fuel rods

to cooler fuel rods and structures by radiative heat transfer.

Once the lower plenum is refilled to the bottom of the fuel rod heated length, refill ends and the

reflood phase begins.  The ECCS fluid flowing into the downcomer provides the driving head to

move coolant through the core.  As the mixture level moves up the core, steam is generated

and liquid is entrained.  As this entrained liquid passes into the steam generators, and
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vaporizes, steam binding may occur, reducing the core reflood rates.  However, the fuel rods

are eventually cooled and quenched by radiation and convective heat transfer as the quench

front moves up the core.

3.2 Nuclear Power Plant Selection (CSAU Step 2)

The selected NPP types to which the methodology is to be applied includes those PWRs with

U-tube type steam generators and ECCS injection into the cold leg.  This includes W 3- and 4-

loop plants and CE 2x4 plants.  These three NPP types have very similar hot and cold legs,

pressurizers, steam generators, and vessels.  The largest difference among the NPP types is

the number of hot and cold legs and steam generators.  However, experience in the

performance of Appendix K large break LOCA analyses for the three NPPs has shown that all

three types behave similarly.

All three NPP types have inverted U-tube steam generators, a pressurizer connected to the hot

leg, and ECCS injection into the cold legs.  The steam generators for all three plant types can all

be modeled with a downcomer, boiler, plenum, dryer/separator, and steam dome region.  In

addition, the main and auxiliary feedwater enters the steam generators in the downcomer for all

three-plant types.  The pressurizers are essentially the same and can be modeled with axial

nodes, associated heat structures, heaters, sprays, and a surge line connected to a hot leg.

The plant nodalization for a loop is described in detail in Reference 12 and illustrated in

Figure 4.3.

The configuration of the vessels for all three-plant types is also essentially the same and can be

modeled in the code with the same major divisions and nodalization schemes.  The coolant

enters the vessel through the inlet nozzles and flows into the downcomer.  In the downcomer a

small fraction of the flow leaks into the upper head but the majority of the flow goes down the

downcomer into the lower head/plenum region.  From here the majority of the flow goes up

through the active core with some flow bypassing the core through the baffle and guide tubes.

From the core the flow enters the upper plenum and exits the vessel through the hot leg

nozzles.

The principal difference in the vessel between the W and CE plants is in the connection

between the downcomer and the lower plenum/head.  In the CE plants there may be a flow skirt

that is intended to force part of the flow to pass through the lower head before going into the
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lower plenum region.  The NPP model of the lower plenum to be used for both the W and CE

plant types has been nodalized to address this vessel configuration difference. The plant

nodalization for the vessel is described in detail in Reference 12 and illustrated in Figure 4.4.

As indicated above the principle difference between these NPP types is in the number of hot

and cold legs and steam generators.  The W 3-loop NPP has 3 hot legs, 3 cold legs and

3 steam generators.  The W 4-loop NPP has 4 hot legs, 4 cold legs, and 4 steam generators.

The CE 2x4 plant has 2 hot legs, 4 cold legs and 2 steam generators.

A typical vessel loop configuration for the three NPP types is shown in Figure 4.5.  This figure

shows the location of the cold legs (arrows pointing into vessel) and hot legs (arrows pointing

out of vessel) for the three NPP types.  Since the hot legs pass through the vessel downcomer

region into the upper plenum they essentially provide a flow path blockage at the elevation of

the hot and cold legs in all three NPP types.  As illustrated in this figure the flow paths for the W

4-loop and the CE 2x4 plants are very similar in relation to the hot and cold legs.

To further demonstrate that these three NPP types are very similar and respond in essentially

the same manner, approximate values for some of the important NPP parameters are provided

in Table 3.1 and a sequence of events from a typical Appendix K analysis is provided in

Table 3.2.  As illustrated in Table 3.1 the biggest difference in the important NPP parameters is

in the pressure of the accumulators for the W plants and the safety injection tanks (SITs) in the

CE plants.  The impact of this difference is shown in the sequence of events given in Table 3.2

where the SIT flow initiation is delayed in the CE plants until the pressure in the cold legs drops

below the SIT pressure.  Taking into account this delay in the SIT delivery, the sequence of

events is very similar for the three NPP types.

Provided with the methodology is a sample problem for a W 4-loop PWR NPP.  A licensing

analysis for a W 3-loop PWR has also been completed and will be submitted on a plant specific

basis.

3.3 Phenomena Identification and Ranking (CSAU Step 3)

A key step in the CSAU process is to identify and rank the important phenomena that must be

addressed in analyzing a LBLOCA.  This step is performed by experts who are knowledgeable

of LBLOCA phenomena and who define the important phases of the LBLOCA scenario and

identify phenomena that could be important during each phase of the transient.  Based on their
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knowledge, the experts then rank the phenomena as to their relative importance during each

phase of the LOCA transient.  The result is a PIRT which ranks the relative importance of the

phenomena for each component and phase of the LOCA.  The PIRT provides the basis for: (1)

determining code applicability (does the code properly model the important phenomena), (2)

establishing the assessment matrix (identifying test data that contain the appropriate

phenomena during each accident phase), and (3) identifying phenomena parameters to be

ranged and quantified for evaluating uncertainties.

A PIRT for a W 4-loop PWR LBLOCA is presented in the Compendium (Reference 2).

Table 3.3 provides an initial PIRT which was developed from the Compendium by averaging the

ranking of the experts and the ranking developed by the analytical hierarchy process (AHP) and

rounding up when necessary.  Each phenomena is given a ranking, where importance is

proportional to the numerical value (e.g., 9 = extreme importance, 1 = least importance).  The

ranking indicates the important phenomena that should be simulated by a realistic LBLOCA

evaluation model.

Using Table 3.3 as the starting point, the following process was followed to generate a final

PIRT for use in the FRA-ANP CSAU process.  The initial PIRT was reviewed by three experts,

who offered recommendations for the addition or deletion of phenomena from the PIRT and

revisions to the ranking of the phenomena.  Following this review, a peer review was held with

the three experts and four additional FRA-ANP personnel to derive a final PIRT that

incorporated the input from all seven participants.  This PIRT is provided in Table 3.4.

To ensure a coherent peer review process, a set of definitions were agreed upon:

1. Blowdown:  The blowdown phase of the LOCA is defined as the time period from initiation of

the break until flow from the accumulators or safety injection tanks begins.  This definition is

somewhat different from the traditional definition of blowdown which continues until the RCS

pressure approaches containment pressure.

2. Refill:  The refill phase of the LOCA begins when the accumulators or flooding tanks begin

injecting and continues until the mixture level in the vessel refills the lower plenum and

begins to flow into the core.
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3. Reflood:  The reflood phase of the transient begins when the lower plenum fills and ECC

begins flowing into the bottom of the core and continues until the temperature transient

throughout the core has been terminated.  At this time the LOCA stored energy and decay

heat are being removed and the LOCA has been reduced to an issue of maintaining long

term cooling.

4. Post-CHF Heat Transfer:  Defined according to the transient phase.  For blowdown it is the

high pressure, high mass flux, low vapor superheat film boiling.  During refill, it is a

combination of dispersed flow film boiling and natural convection to single-phase vapor.

During reflood, it is dispersed flow film boiling.

5. Reflood Heat Transfer:  Defined only for the reflood phase as convection to single phase

steam, wall to fluid radiation, film boiling, and transition boiling.  Thus, includes effects of

precursory cooling and quenching.

6. Rewet:  Defined according to transient phase.  For blowdown this is the quenching (either

bottom-up or top-down) associated with high heat transfer rates near the quench front

during periods of high liquid flows.  For refill and reflood, limit this to top-down quenching

due to falling liquid films.

With the above definitions as the basis, the following changes were made to the PIRT for the

LBLOCA during the peer review process:

1. [Fuel Rod Component]

[Oxidation  Ranking was increased to "2" during refill because of the possibility of rupture.

[Decay Heat  Ranking was increase to "5" during refill to reflect the increasing importance of

this phenomenon with each LBLOCA phase.]

[Gap Conductance  Ranking was increased to "5" during blowdown, and decreased during

reflood to �5� because of possible rewetting behavior during blowdown and reflood.]

2. [Core Component]

[DNB  Ranking was increased to "7" in blowdown and not ranked for refill or reflood because

the phenomena occurs early in the blowdown phase and is included in other heat transfer

parameters for refill and reflood.]
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[Post CHF  Ranking was increased to "8" in blowdown and "9" in reflood.  During blowdown

the post CHF heat transfer impacts the stored energy removed and during reflood, post CHF

heat transfer directly affects PCT.]

[Rewet  Ranking was reduced to "6" during refill and not ranked during reflood.  Rewet can

significantly affect results if it occurs, but is likely to occur only in blowdown and reflood.]

[Single Phase Natural Convection  This phenomenon was deleted because it is covered by

post CHF heat transfer.]

[3-D Flow, Void Distribution and Generation    These phenomena were combined and given

rankings of "5" in blowdown, "6" in refill, and "8" in reflood because of a possible chimney

effect and the CSAU results showed a strong sensitivity.]

[Entrainment/ De-entrainment  Ranking was reduced to "2" during refill and increased to "8"

during reflood because the blowdown and refill phenomena should have about the same

level of importance.]

[Flow Reversal Stagnation  Ranking was increased to "7" during blowdown and not ranked

during refill and reflood.  This is a blowdown phenomena having the same effect as DNB.]

[Void Reactivity Coefficient  It was suggested that this be added to the core phenomena.

The peer review consensus was to not include it because previous sensitivity results show

this phenomena to have a very small effect.]

[Radiation Heat Transfer  The peer review consensus was not to include this phenomenon

because radiation to fluid and adjacent rods is inherent in some correlations and radiation to

non-fuel structure is small.]

3. [Upper Plenum Component]

[Entrainment/De-entrainment  Ranking was reduced from "9" to "8" during reflood, because

while the phenomena is important it is not dominant enough to be ranked "9".]

[Drain, Fallback  Removed countercurrent flow from the phenomenon description and

increased the ranking during refill and reflood to "6" and "7", respectively.  This phenomenon

was felt to be enhanced by the accumulators coming on during refill.]

[Two-Phase Convection  Ranking was reduced to "3" during reflood because of the low

impact on the event compared to other phenomena.]
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4. [Hot Leg Component]

[Entrainment/ De-entrainment  Ranking was reduce to "5" during reflood because it is less

important in the hot leg than in other components.]

[Void Distribution, Generation  Ranking was reduced in reflood to "2" because there is very

little stored energy in the hot leg to generate voids.]

5. [Pressurizer Component]

[Early Quench  Ranking was reduce in blowdown to "5" since there is little impact expected

from the pressurizer.]

[Critical Flow in Surge Line   Ranking was reduce in blowdown to "5" since there is little

impact expected from the pressurizer.]

[Flashing, Steam Expansion  Ranking was reduce to "3" in blowdown and was not ranked

during refill and reflood since the pressurizer is empty.]

6. [Steam Generator Component]

[Steam Binding  Ranking was reduced in reflood to "7" because while the water carryover to

the steam generator is important it is not a dominant phenomenon.]

7. [Pump Component]

[Two-Phase Degradation  Ranking was reduce to "5" in blowdown and "2" in refill because

sensitivity results show limited effect of two phase degradation due to the short time spent in

the two phase regime.]

8. [Cold Leg, Accumulator Components]

[Condensation, Oscillations  Ranking was reduced to "7" in refill because the main effect is

in the downcomer rather than the cold leg.]

[Noncondensible Gases  Ranking was reduced in reflood to "7" because the phenomenon

importance does not warrant a dominant ranking.]

[Accumulator Discharge  This phenomenon was added to the PIRT.  It is not ranked in

blowdown since there is no accumulator flow during blowdown, but is ranked "9" and "7" in

refill and reflood, respectively.  The discharge rate is a principal parameter in determining

rate of refill, and significant in affecting reflood rate.]
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9. [Downcomer Component]

[Condensation  Ranking was increased in reflood to "4" because of the mixing of cold ECCS

water and steam before the accumulator emptying.]

10. [Lower Plenum Component]

[Sweep-out  Ranking was reduced to "5" during refill but not ranked during reflood since the

lower plenum is full and sweep-out does not occur.]

[Hot Wall  Ranking was reduced to "5" during both refill and reflood to be consistent with

downcomer hot wall rankings and because the FLECHT tests show little sensitivity.]

[Multi-dimensional Effects  Ranking was reduced in reflood to "1" since the lower plenum is

full and multi-dimensional effects had not been observed in this component.]

11. [Break Component]

[Critical Flow  Ranking was reduced to "5" in refill because the break flow becomes

unchoked in refill.]

[Containment Pressure  Was not ranked in blowdown since the break flow is choked.  The

rankings were Increased in refill and reflood to "6" and "7", respectively, because the

phenomenon influences steam density, and affects heat transfer.]

12. [Loop Component (excluding pump and steam generator)]

[Two-Phase Differential  Rankings were changed to "3" for all three phases of  the LOCA

because the loop pressure drops are low except for the pump and steam generator.]

13. [Upper Head Component]

[Initial Temperature  This phenomenon was added to the PIRT and assigned a ranking of

"5" during blowdown but does not apply during refill and reflood.]

These results are all shown in the final PIRT given in Table 3.4.  This PIRT was used in the

demonstration of code applicability and as the basis for performing sensitivity studies and

determining the code assessment matrix.

3.4 Frozen Code Version Selection (CSAU Step 4)

The codes selected for use in the realistic LBLOCA methodology include RODEX3A

(References 6, 7, and 8) and S-RELAP5 (References 5, 9, 10, and 11). RODEX3A is a best
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estimate fuel rod code which has been approved for use in the performance of realistic LBLOCA

(RLBLOCA) analyses (Reference 6).  The S-RELAP5 code is a RELAP5 based thermal

hydraulic system code for performing LBLOCA analyses.  The ICECON code (References 14

and 15) has been incorporated into the S-RELAP5 code to provide the required containment

boundary conditions for the LBLOCA analysis.  ICECON was developed to predict the long-term

behavior of PWR nuclear plant containment systems.

The frozen versions of these codes used in the development of this methodology are defined in

Table 3.5.  The interpretation of the version designation is described below for the S-RELAP5

code version, UJUL00:

• U signifies that the code is a USE code version which means it has been verified, validated,

and documented in conformance with FRA-ANP�s quality assurance program.  It also

indicates that the code has been stored in FRA-ANP�s code management system (CMS)

where it can be read but not modified and is automatically archived.

• JUL00 is the month and year in which the code version was built and placed in CMS.

Two USE versions of the S-RELAP5 code were used in the development of this methodology,

UJUL00 and UMAR01.  The differences between these two code versions reflect the addition of

the final set of multiplication parameters for use in the uncertainty analysis in UMAR01 and the

correction of problems found in the verification of the RODEX3A incorporation into S-RELAP5.

The verification of the RODEX3A incorporation into S-RELAP5 occurred late in the methodology

development process.  During this verification process, several problems were identified and

corrected.

In addition, two point releases have been made for the UMAR01 use code versions.  These

point releases dealt only with the application of the multipliers used in the uncertainty analysis.

Consistent with the CSAU definition of a frozen code, these changes do not constitute a code

change.

Since a large number of the assessments had already been completed it was decided that only

those assessments which actually used RODEX3A would be rerun and the software

development record for UMAR01 would document that assessments performed with electrical

heater rods were unaffected by the changes to the RODEX3A implementation.  The

assessments that used electrical heater rods and had already been completed would not be

rerun with UMAR01 and would continue to rely on the UJUL00 analyses.  On the other hand the
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LOFT analyses which used nuclear fuel rods had to be rerun with UMAR01.  In addition, all the

final plant analyses were run with the UMAR01 code version.  Thus, while two code versions of

S-RELAP5 have been used in the methodology development, it has been demonstrated that no

change in results would occur if everything was rerun with the final UMAR01 code version.

3.4.1 RODEX3A

Key to a realistic LBLOCA analysis is the model used for calculating fuel rod performance.  In

particular the initial operating temperature of the fuel pellets (stored energy) and the internal fuel

rod gas pressure are significant parameters that affect the calculated peak cladding temperature

(PCT).  These parameters are functions of fuel exposure and power history.

FRA-ANP developed the realistic fuel rod mechanical response model RODEX3A, which

provides exposure dependent initial fuel conditions for the realistic LOCA evaluation model.

Further, to assure compatibility and consistency between the RODEX3A initial fuel conditions

and the initial and transient conditions calculated by S-RELAP5, the appropriate fuel models

from RODEX3A were incorporated into S-RELAP5.

The model features included in RODEX3A are:

• A coolant subchannel model to compute the coolant state and cladding surface
temperature.

• A model to compute the radial temperature distribution in a fuel rod and adjust the porosity
contribution to the fuel thermal conductivity.

• A model to compute gap conductance.

• A model to compute internal rod pressure.

• Models to compute grain size, and fission gas release and redistribution in the fuel
microstructure.

• A model to compute pellet-cladding interaction forces.

• Models to compute cladding creep and growth.

• Models to compute cladding oxidation and hydriding.

• A model to calculate elastic response of the cladding.

• A fuel "segment mechanics" model to compute fuel pellet creep, dish filling, cracking,
deformations, and mechanical response.

• Models to compute pellet densification, swelling, and hot pressing.

• A pellet flexibility model.

• Material properties models.
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• A model to compute the radial dependence of the heat generation.

• Models to calculate the axially dependent exposure and fluence distribution.

To perform a LOCA analysis with the FRA-ANP RLBLOCA evaluation model, RODEX3A

calculations are first performed to calculate initial condition inputs for all fuel rods modeled in

S-RELAP5.  Inputs to RODEX3A describe:

• The cladding geometry, composition and creep coefficients.

• The pellet geometry, composition, density, grain size and open porosity.

• The axial and radial nodalization of the fuel rod.

• The fuel plenum volume(s) and plenum spring(s).

• The initial fuel rod pressure and gas composition.

• The S-RELAP5 axial nodalizations and geometry indices.

• The time dependent power, coolant pressure, and coolant inlet temperature histories.

For each burnup of interest, an electronic transfer of RODEX3A data to S-RELAP5 is made.

This transfer includes information needed to describe the exposed state of the fuel and

accelerates the convergence of the S-RELAP5 steady state solution.  It also ensures that the

RODEX3A and S-RELAP5 fuel geometries are identical.  The RODEX3A data describe the fuel

state at the reference fuel temperature (usually 70 F) and zero power.  A steady state

S-RELAP5 calculation is required to initialize the S-RELAP5 calculation at the power of interest.

The data transferred from RODEX3A to S-RELAP5 include:

• The date and time when the RODEX3A calculation was performed to provide traceability.

• The gas constant, the moles of gas in the fuel rod, the initial internal fuel rod pressure, and
the gas coefficients (which are dependent upon the gas composition) which are used to
calculate the rod internal pressure and the gap thermal conductivity and viscosity.

• The S-RELAP5 geometry index, the RODEX3A pellet, and cladding node radii.  The
S-RELAP5 and RODEX3A radial nodalizations must to be identical.

• The fuel rod plenum lengths and initial temperature(s), and the plenum spring constant(s)
which are used to compute the fuel rod plenum gas temperature(s) and the internal fuel rod
pressure.

• The fluence, and the cladding flexibility and yield stress coefficients which are used to
compute pellet-cladding contact pressures and changes in the gap width resulting from the
"trapped stack" effect.

• The cladding axial/radial elastic deflection coefficients which are used to compute the
elastic deformations in the cladding.
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• The axial strain distribution resulting from irradiation induced cladding creep and growth
which are used to compute the fuel plenum volume and rod internal pressure.

• The pellet composition, the pellet dish volumes, the axial/radial burnup distribution, the
axial/radial porosity distribution, and oxygen to fuel ratios.  The porosity distribution
depends upon the initial pellet density and the amount of pellet densification and swelling
with exposure.  These data are used to compute pellet thermal properties and the internal
rod pressure.

• The exposure dependent radial displacements due to fuel migration, pellet creep, pellet
densification, pellet swelling and clad creep which are used to compute the gap dimension,
gap thermal properties, gap volume, and rod internal pressure.

• The axial/radial distribution of power (i.e., the flux depression profile) which are used to
compute the power distribution in the fuel rod and hence the temperature distribution.

• The initial clad oxide layer thickness which are used to compute cladding temperatures and
the amount of energy deposited in the cladding due to the reaction of zirconium with steam
(i.e., oxygen).

• The axial/radial temperature distribution, the fuel/cladding slip ratio, and the axial force
distribution which are used to help speed the convergence of the S-RELAP5 steady state
calculation.  These values change with time.

RODEX3 (Reference 6) has been approved for use in providing input to the RLBLOCA analysis

under certain conditions.  These conditions have been addressed in the methodology and are

discussed in Section 4.3.  Following the approval of RODEX3, the code was modified to provide

the required input to the S-RELAP5 code.  At that time the code was renamed to RODEX3A

(References 7 and 8).  The RODEX3A code provides equivalent results on all benchmarks used

for the approved RODEX3 code.

3.4.2 S-RELAP5

S-RELAP5 is an FRA-ANP-modified version of RELAP5/MOD2 (Reference 18) which

incorporates the computer portability aspects of RELAP5/MOD3 (Reference 19) and

modifications to the constitutive package to provide congruency with literature correlations and

to improve the simulation of key large break LOCA experiments.  The field equations are

basically in the same form as RELAP5/MOD2 with the addition of full two-dimensional

momentum equations.  This two-dimensional capability is only applied to the downcomer, core

and upper plenum regions in the RLBLOCA methodology, but can be applied anywhere in the

reactor system through input.  The S-RELAP5 code structure was modified to be essentially the

same as RELAP5/MOD3.  The coding for reactor kinetics, control systems, and trip systems

was also replaced by that from RELAP5/MOD3.
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The following list summarizes the major modifications and improvements incorporated into

S-RELAP5 relative to RELAP5/MOD2:

• Multi-dimensional Capability.  Full two-dimensional treatment was added to the
hydrodynamic field equations.

• Energy Equations.  The energy equations were modified to better conserve energies
transported into and out of a control volume.

• Numerical Solution of Hydrodynamic Field Equations.  The reduction of the
hydrodynamic finite-difference equations to a pressure equation is obtained analytically in
S-RELAP5.

• State of Steam-Noncondensible Mixture.  The state relations were modified to correctly
simulate the accumulator depressurization and to prevent code failures during the period of
accumulator ECC water injection.

• Hydrodynamic Constitutive Models.  Significant modifications and enhancements were
made to the interphase friction and interphase mass transfer models.

• Choked Flow.  The computation of the equation of state at the choked plane was modified.

• Counter-Current Flow Limiting.  A Bankoff form correlation was implemented, which can
be reduced to either a Wallis type or Kutateladze type CCFL correlation.

• Component Models.  A revised two-phase pump degradation model based on EPRI data
was implemented.

• Fuel Model.  Initial fuel conditions are supplied by the realistic fuel performance code,
RODEX3A.  To be consistent, the fuel deformation and conductivity models from
RODEX3A were included in S-RELAP5.

• Containment Back Pressure.  Capability to interface with a concurrent calculation of
containment back pressure using the ICECON code was added.

FRA-ANP performed sensitivity calculations to evaluate the effects of containment back

pressure.  The results showed that the RLBLOCA model significantly reduces the sensitivity of

calculated PCT to containment back pressure, relative to the current Appendix K based ECCS

evaluation models, but does not eliminate these effects.  A conservatively low (atmospheric)

containment back pressure yields an increased PCT.  However, varying time dependent

containment pressures within a band of a few psi gave little difference in calculated PCTs.

Thus, based on these results, FRA-ANP concluded that a containment back pressure

calculation which provides a reasonable approximation for the time dependent back pressure is

desirable for a RLBLOCA evaluation model.

The conversion from RELAP5/MOD2 includes the capability to interface external calculations

with S-RELAP5.  With this interface, a containment pressure calculation using a different code

can be run concurrently with S-RELAP5.  Break flows and enthalpies are transferred to the
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containment code, which continuously feeds back calculated pressure and temperature through

S-RELAP5 time dependent volumes.  The choice for the containment code to use with the

RLBLOCA evaluation model is ICECON (References 14 and 15), which is based on

CONTEMPT LT-022 (Reference 20).  ICECON was originally approved for calculating a

conservative containment back pressure under Appendix K rules, but it can be used with

realistic input and, with only minor modifications, to give an approximate realistic back pressure

calculation.  [The specific changes made to ICECON for a realistic calculation include removing

the conservative evaluation model multipliers on the Tagami and Uchida correlations, and

replacing the Tagami correlation with the equivalent Uchida correlation with a multiplier of 1.7.]

3.4.3 New Product Support

While it is understood that model enhancements and code improvements are specifically

forbidden after a code has been declared frozen, updates supporting the treatment of

uncertainty are allowed under the CSAU framework.  Circumstances that could lead to code

changes include:

• Minor plant design changes (which could introduce other uncertainty parameters)

• New fuel rod or assembly design (such as a new cladding alloy)

• Expanded thermal-hydraulic database

• Uncertainty analysis refinement (e.g., alternative probability distribution function) or error

correction

Because of these possibilities, FRA-ANP distinguishes "Code Development" and "Code

Maintenance" as distinct activities.  Code development encompasses all the activities required

to define a "frozen code" version prescribed by the CSAU methodology.  This process includes

model development, code implementation, developmental assessment, documentation, etc.

Code maintenance includes incremental code updates or "point releases" where it is

demonstrated that the change has not invalidated the fully qualified software baseline.  The

qualification of production use codes requires extensive validation through a suite of test cases.

Simply stated, any code update that prevents the reproduction of test suite results supporting

the baseline or "frozen" code version requires that a full code qualification be performed.



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 3-17

Framatome ANP Richland, Inc.

As a nuclear fuel vendor, FRA-ANP continually develops new fuel rod and fuel assembly

designs.  To support these new designs, upgrades to LOCA methodologies need to be made.

Currently, FRA-ANP uses the approved fuel performance code RODEX3A, which supports fuel

currently being supplied to customers who own Westinghouse and Combustion Engineering

PWRs.  As new designs are developed, new models and often new computer codes are

developed to model the fuel performance.  Even though new or modified fuel performance

codes are developed and approved*, the fuel performance code changes will not invalidate the

qualification of a "frozen" code.  These changes will expand the application of the methodology.

Expansion of the FRA-ANP methodology, which require code updates that do not require

requalification of the methodology, will be reported through supplemental documentation or

document revision.  This documentation will include a statement of application, models and

correlations, developmental assessment, a programmer's guide supplement, and user's manual

and guidelines.

3.5 Code Documentation (CSAU Step 5)

The documentation for the codes used in the development of this methodology is provided in

References 6, 7 and 8 for the RODEX3A code, in References 5, 9, 10, and 11 for the

S-RELAP5 code, and References 14 and 15 for the ICECON code.  This documentation

describes the models and correlations used in the codes, defines the code inputs, and provides

a description of the code structure.  These documents have been verified against the actual

coding to ensure that the documentation and coding are consistent (Reference 5).

The code validation is provided in Reference 5, which compares the code predictions to

measured data in a number of SET facilities and IET facilities.  In addition, the guidelines that

will govern the application of the realistic LBLOCA is provided in References 12 and 13.

Reference 12 describes how to develop the S-RELAP5 input for the NPP model and

Reference 13 describes how to perform the actual analysis.

                                               
* For LOCA analyses, this fuel performance information, including fuel and clad material properties,

fuel deformation related to burnup, and gap thermal properties, are used as parameters in estimating
initial stored energy.
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3.6 Determination of Code Applicability (CSAU Step 6)

The objective of the determination and code applicability element of CSAU is to demonstrate

that the selected codes are capable of modeling the chosen event for all NPP types.  This is

accomplished by comparing the event and important phenomena identified in the PIRT with the

models and correlations documents for the selected codes.  Four attributes are needed to make

this comparison:

• Field equations that address global processes.

• Closure (constitutive) equations which support the conservation equations by modeling
specific phenomena or processes.

• Code numerics that demonstrate that the code can efficiently and reliably perform the
required calculations.

• Structure and nodalization, which address the ability of the code to model the NPP
geometry and components and to provide an accurate prediction of the NPP response.

These four attributes are discussed in the following sections.

3.6.1 Field Equations

The field equations (conservation of mass, momentum, and energy) must possess the capability

of simulating each of the distinct phases (blowdown, refill, and reflood) of a LBLOCA.  During

the refill and reflood phases, counter-current flow occurs at various locations in the RCS, and

subcooled liquid coexists with superheated steam in parts of the reactor core.  Therefore, for

realistic analyses the field equations should be non-homogeneous (unequal velocity for each

phase) and non-equilibrium (unequal temperature for each phase).  The presence of nitrogen in

the accumulator requires an additional field equation to model and track the movement of a

noncondensible gas.

The S-RELAP5 field equations evaluation against their ability to model all important PIRT

phenomena (Table 3.4).  The results of this evaluation are summarized in Table 3.6.  Additional

requirements shown in the table are multi-dimensionality, separation due to gravity, and

interphase exchange terms.  As indicated in Table 3.6, the S-RELAP5 code has the required

field equations to address the important LBLOCA phenomena.
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3.6.2 Closure Equations

Closure equations (constitutive models and correlations) are required to support the basic field

equations.  These closure equations are essential for modeling the processes and phenomena

given in the PIRT (Table 3.4).  The S-RELAP5 constitutive models and correlations are

presented in Reference 9.  The verification and validation of the code models and correlations

are given in Reference 5.  The two documents together demonstrate that the S-RELAP5 code

adequately simulates LBLOCA events with a high level of confidence.

The capability of the S-RELAP5 code closure equations to meet the requirements of the PIRT

(Table 3.4) is summarized in Table 3.7.  The closure equations address wall friction, interphase

friction, mass transfer (interphase heat transfer), wall-to-fluid heat transfer, form-losses, and

similar functions.  The various models require flow regime maps, boiling curves, state

relationships, and fluid and material properties for completeness.  As indicated in Table 3.7, the

S-RELAP5 code has the required closure equations to address the important LBLOCA

phenomena.

3.6.3 Code Numerics

The numerical solutions contained in S-RELAP5 has been extensively demonstrated in

numerous assessments reported in the literature.  These numerics have been improved in

S-RELAP5 as described in Section 3.4.2 and in Reference 9.  The adequacy of the S-RELAP5

specific numerics has been demonstrated in the performance of the assessments reported in

Reference 5 and summarized in Section 4.3.  In addition, the adequacy of the numerics has

also been demonstrated in the performance of the many sensitivity analyses reported in

Section 4.1 and by the time step sensitivity analysis reported in Appendix C.

3.6.4 Structure and Nodalization

To properly model a NPP, a code must be able to adequately model the important components

and control systems of the NPP with respect to the chosen accident scenario.  The S-RELAP5

code has the ability, as indicated in Table 3.8, to model all the major components and

associated control systems of the plant.  The modeling of each of the NPP components is

discussed in detail in Reference 12 and summarized in Section 4.2.  Section 4.2 also describes

the studies that were performed to determine the final plant nodalization.
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Table 3.1  Approximate Values of Key Large Break LOCA Plant
Analysis Parameters

Plant Parameter W 3-loop W 4-loop CE 2x4

Power, MWt 2700 3400 2700

RCS Flow Rate, gpm 275,000 290,000 350,000

Reactor Vessel Volume, ft3 3600 4950 4500

Primary Coolant Volume, ft3 9400 12,000 11,000

Core Inlet Temperature, F 545 545 550

Pressurizer Pressure, psia 2250 2250 2250

Pressurizer Liquid Volume, ft3 750 1100 800

Accumulators/ SIT Water Volume, ft3 1000 1000 1150

Accumulators/ SIT Water Temperature, F 120 120 120

Accumulators/ SIT Pressure, psia 640 630 230

Containment Volume, ft3 2,300,000 2,600,000 2,500,000
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Table 3.2  Appendix K Large Break LOCA Approximate Sequence of
Events Timing

Event W 3-loop,
sec

W 4-loop,
sec

CE 2x4,
sec

Analysis Initiated 0.00 0.00 0.00

Break Opened 0.05 0.05 0.05

Safety Injection Signal 0.7 to 1.4 0.6 to 1.0 0.7 to 1.0

Broken Loop Accumulator/ SIT Flow Initiated 1 to 3 2 to 7 9 to 10

Intact Loop Accumulator/ SIT Flow Initiated 10 to 15 15 to 18 14 to 16

End of Bypass/Beginning of Refill 15 to 25 20 to 25 15 to 20

Broken Loop Accumulator/ SIT Empties 25 to 35 40 to 50 50 to 60

Beginning of Reflood 25 to 45 30 to 45 30 to 35

Fuel Cladding Rupture 35 to 50 55 to 70 40 to 50

Intact Accumulator/ SIT Empties 32 to 46 45 to 55 50 to 65

PCT Occurred 80 to 135 70 to 235 135 to 155
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Table 3.3  Preliminary Process Identification and Ranking Table
(PIRT) for PWR Large Break Loss-of-Coolant Accident

Component Phenomenon Avg. Ranking

BD RFL RFD

Fuel Rod Stored energy  9  2  2

Oxidation  -  1  8

Decay heat  2  1  8

Gap conductance  3  1  7

Core DNB  6  2  2

Post CHF  6  8  4

Rewet  8  7  1

Reflood HT plus quench -  -  9

Nucleate Boiling  4  2  2

One-phase vapor natural convection  -  6  4

3-D flow  1  3  8

Void distribution, generation  4  6  8

Entrainment/de-entrainment  2  3  6

Flow reversal, stagnation  3  1  1

Upper Plenum Entrainment/de-entrainment  1  1  9

Phase separation  2  1  2

Countercurrent flow (drain/fallback)  1  2  6

Two-phase convection  2  1  5

Hot Leg Entrainment/de-entrainment  1  1  9

Flow reversal, stagnation  2  1  -

Void distribution, generation  1  1  4

Two-phase convection  2  2  3

Pressurizer Early quench  7  -  -

Critical flow in surge line  7  -  -

Flashing, steam expansion  7  2  2

Steam Generator Steam binding  -  2  9

Delta-p, form losses  2  2  2
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Table 3.3  Preliminary Process Identification and Ranking Table (PIRT) for PWR
Large Break Loss-of-Coolant Accident (Continued)

Component Phenomenon Avg. Ranking

BD RFL RFD

Pump Two-phase  9  5  -

Differential pressure form loss  3  3  8

Cold Leg, Accumulator Condensation, oscillations  2  9  5

Noncondensible gas  -  1  9

HPI mixing  -  3  2

Downcomer Entrainment/de-entrainment  2  8  2

Condensation  -  9  2

Hot wall  -  5  5

3-D  2  8  2

Countercurrent, slug, non-equilibrium flow  1 8  2

Flashing  1  -  -

Liquid level oscillations  -  3  7

Two-phase convection  2  3  2

Saturated nucleate boiling  1  2 2

Lower Plenum Sweep-out  2  7  5

Hot wall  1  7  6

Multi-dimensional effects  1  2  7

Break Critical flow  9  7  1

Flashing  3  2  1

Containment pressure  2  4  2

Loop Two-phase differential pressure  7  7  6

Oscillations  -  7  9

Flow split  7  7  2

Notes

1. BD is blowdown; RFL is refill; RFD is reflood
2. A ranking of 9 is most important; a ranking of 1 is least important
3. A ranking of "-" means that the phenomenon does not occur in the indicated phase of the

transient
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Table 3.4  Final Process Identification and Ranking Table (PIRT)
for PWR Large Break Loss-of-Coolant Accident

RankingComponent Phenomenon
BD RFL RFD

Stored energy 9 2 2

Oxidation - 2 8

Decay Heat 2 5 8

Fuel Rod

Gap Conductance 5 1 5

DNB 7      - -

Post CHF 8 8 9

Rewet 8 6 -

Reflood HT plus Quench - - 9

Nucleate Boiling 4 2 2

3-D flow, Void distribution, generation 5 6 8

Entrainment/de-entrainment 2 2 8

Core

Flow reversal, stagnation 7 - -

Entrainment/ de-entrainment 1 1 8

Phase separation 2 1 2

Drain, fallback 1 6 7

Upper Plenum

Two-phase convection 2 1 3

Upper Head Initial Temperature 5 - -

Entrainment/de-entrainment 1 1 5

Flow reversal, stagnation 2 1 -

Void distribution, generation 1 1 2

Hot Leg

Two-phase convection 2 2 3

Early quench 5 - -

Critical flow in surge line 5 - -

Pressurizer

Flashing, steam expansion 3 - -

Steam binding - 2 7Steam Generator

Delta-P, form losses 2 2 2

BD � Blowdown RFL � Refill RFD � Reflood
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Table 3.4  Final Process Identification and Ranking Table (PIRT)
for PWR Large Break Loss-of-Coolant Accident (Continued)

RankingComponent Phenomenon
BD RFL RFD

Two-phase 5 2 -Pump

Differential pressure form loss 3 3 8

Condensation, oscillations 2 7 5

Noncondensible gas - 1 7

HPI mixing - 3 2

Cold Leg, Accumulator

Accumulator discharge - 9 7

Entrainment/ de-entrainment 2 8 2

Condensation - 9 4

Hot wall - 5 5

3-D 2 8 2

Countercurrent, slug, non-equilibrium flow 1 8 2

Flashing 1 - -

Liquid level oscillations - 3 7

Two �phase convection 2 3 2

Downcomer

Saturated nucleate boiling 1 2 2

Sweep-out 2 5 -

Hot wall - 5 5

Lower Plenum

Multidimensional effects 1 2 1

Critical flow 9 5 1

Flashing 3 2 1

Break

Containment pressure - 6 7

Two-phase differential pressure 3 3 3

Oscillations - 7 9

Loop (Excluding pump &
steam generator)

Flow split 7 7 2

BD � Blowdown RFL � Refill RFD � Reflood
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Table 3.5  Frozen Code Versions Used in the Methodology
Development

Code Version Function

S-RELAP5 UJUL00

UMAR01

Predict fuel, core, and system performance
during transient event including containment
response

RODEX3A UJUN00 Predict fuel performance during steady state
and transient operation
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Table 3.6  Field Equations/Models in S-RELAP5

Scenario and PIRT
Requirements

S-RELAP5 Model
Existence

Field Equations/Model

Non-equilibrium two-phase
flow

Yes Six equation unequal velocity, unequal
temperature

Non-condensable gas flow Yes Gas mass balance in vapor flow field

Solute tracking for boron Yes Solute mass balance liquid flow field

Multidimensional flow
capability

Yes 2-D components available as required

Separation due to gravity Yes Gravity pressure differential in flow field
equations

Interphase exchange terms Yes Mass and energy transfer between
phases, vaporization and condensation
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Table 3.7  Phenomena/Processes in S-RELAP5

Component Phenomenon S-RELAP5
Model Existence

Model

Fuel rod Stored energy Yes RODEX3A fuel model

Oxidation Yes Cathcart-Pawel model

Decay heat Yes ANS 1979 Standard

Gap conductance Yes RODEX3A fuel model

Core DNB Yes Biasi and modified Zuber CHF
correlations

Post CHF Yes Full boiling curve.  Code models
rod-to-coolant radiation, but does
not model rod-to-rod or rod-to-wall
radiation.

Rewet Yes Full boiling curve

Reflood HT plus
Quench

Yes Full boiling curve, quench front
tracking, 2-D heat conduction

Multi-D flow, void
distribution,
generation

Yes 1-D and 2-D flow, two-fluid field
equations; constitutive models
(vaporization, condensation and
interphase friction)

Entrainment/
deentrainment

Yes Interphase friction model, CCFL
model, upper plenum entrainment
model

Flow reversal,
stagnation

Yes Two-phase flow field equations,
critical flow model, mass transfer
model (flashing), wall friction,
form-loss

Upper Plenum Entrainment/
deentrainment

Yes CCFL model, interphase friction
model, upper plenum entrainment
model, nodalization

Drain, fallback Yes CCFL model, interphase friction
model, upper plenum entrainment
model, nodalization

Upper Head Initial
Temperature

Yes Two-phase flow field equations,
mass transfer model (flashing),
nodalization
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Table 3.7  Phenomena/Processes in S-RELAP5 (Continued)

Component Phenomenon S-RELAP5
Model

Existence

Model

Hot Leg Entrainment/
deentrainment

Yes CCFL model, interphase friction
model, mass transfer model,
upper plenum entrainment
model

Pressurizer Early quench Yes Two-phase flow field equations,
mass transfer model (flashing),
form-loss, mixture level model,
nodalization

Critical flow in
surge line

Yes Critical flow model, form -loss,
nodalization

Steam Generator Steam binding Yes Primary-secondary heat transfer,
interphase friction model, CCFL
model, upper plenum
entrainment model, mass
transfer model (vaporization)

Pump Two-phase Yes Four-quadrant head and torque
homologous curves, EPRI data
for two-phase degradation model

Differential
pressure form loss

Yes Pump loss model, nodalization

Cold Leg, Accumulator Condensation,
oscillations

Yes Mass transfer model
(condensation), noncondensible
model, Two-phase flow field
equations

Noncondensible
gas

Yes Noncondensible gas continuity
field equation, effects of
noncondensible gas on
condensation

Accumulator
discharge

Yes Expansion of noncondensible
gas, two-phase flow field
equations, form-loss,
nodalization
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Table 3.7  Phenomena/Processes in S-RELAP5 (Continued)

Component Phenomenon S-RELAP5
Model

Existence

Model

Downcomer Entrainment/
deentrainment

Yes Interphase friction model

Condensation Yes Mass transfer model
(condensation), wall heat
transfer model

Hot wall Yes Wall heat transfer model, heat
structure nodalization

Multi-D Yes 2-D flow field equations

Countercurrent,
slug, non-
equilibrium flow

Yes Interphase friction model, mass
transfer model, wall vapor
generation

Liquid level
oscillations

Yes Interphase friction model, two-
phase mixture level, Two-phase
flow field equations

Lower Plenum Sweep-out Yes Interphase friction model, two-
phase flow field equations

Hot wall Yes Wall heat transfer model, heat
structure nodalization

Break Critical flow Yes Subcooled and two-phase HEM
critical flow model, nodalization

Containment
pressure

Yes ICECON code models

Loop (Excluding Pump
& Steam Generator)

Oscillations Yes Mass transfer model
(condensation), interphase
friction model, two-phase flow
field equations, wall heat transfer

Flow split Yes Wall friction model, form-loss,
mass transfer model
(vaporization and condensation),
two-phase flow field equations
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Table 3.8  Component Modeling Requirements for PWR

Required Component Component
Model

Existence

Code Component

Pressure Vessel Yes 1-D and 2-D components:  model upper head, upper
plenum, core, lower plenum, downcomer, structure, flow
paths, elevations, resistances, volumes

Heat structures: model vessel walls, internal structures,
fuel rods

Hot Leg Yes Pipes, volumes, and junctions:  model flow areas,
lengths, volumes, resistances, elevations

Heat structures: model pipe walls

Steam Generator Yes Separators, pipes, volumes and junctions:  model flow
areas, volumes, lengths, resistances, elevations, flow
paths, phase separation, recirculation, feedwater, steam
flow

Heat structures: model generator walls, heat exchange
between the primary and secondary system.

Pumps Yes Pump:  models homologous curves, degradation, flow
areas, volumes, losses, suction and discharge flow

Cold Leg Yes Pipes, volumes, and  junctions:  model flow areas,
volumes, lengths, resistances, elevations, branches

Heat structures: model pipe walls

Pressurizer Yes Pipe:  models volumes, flow areas, phase separation,
lengths, resistances, elevations

Heat structures: model vessel walls and heater

Surge Line Yes Pipe and junctions:  models volumes, flow areas,
lengths, resistances, elevations, choked flow

Heat structures: model pipe walls
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Table 3.8  Component Modeling Requirements for PWR (Continued)

Required Component Component
Model

Existence

Code Component

Accumulators Yes Pipes and junctions:  model volumes, flow areas,
lengths, elevations, nitrogen, discharge of ECC water
and noncondensible gas

Heat structures: model accumulator walls

ECC Systems Yes Pipes, volumes, and junctions:  model flow rates,
pressure dependence, volumes, flow areas, lengths,
resistances, elevations

Heat structures: model pipe walls

Valves Yes Valve:  models areas, control

Pressure Boundary Yes ICECON and junctions:  model pressure boundary,
break flow, containment volume



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-1

Framatome ANP Richland, Inc.

4.0 Assessment and Ranging of Parameters

The assessment and ranging of parameters element establishes the assessment matrix to be

used in defining the NPP nodalization, quantifying the code accuracy, and demonstrating any

code or model scaling effects.

4.1 Establishment of Assessment Matrix (CSAU Step 7)

The following four considerations must be taken into account in establishing the assessment

matrix.  The first consideration is the important phenomena identified in the PIRT process

described in Section 3.3 (CSAU step 3) and presented in Table 3.4.  The assessment matrix

must include experiments that address the important phenomena, defined as those phenomena

ranked 5 or higher in Table 3.4.  The selected experiments must have taken sufficient data to

determine the code accuracy, including bias and uncertainty, for the important phenomena.

The second consideration is that of NPP nodalization.  Here experiments must be selected that

are representative of the types of NPPs being addressed and cover the identified phases of the

selected scenario.  Thus, for this application, experiments must be selected that are

representative of W 3 and 4-loop plants and CE 2x4 plants.  The experiments also should cover

one or all of the LBLOCA phases identified in Section 3.1 (CSAU step 1); blowdown, refill, and

reflood.

The third consideration is to demonstrate that the code and NPP nodalization have the ability to

scale from experiments of different sizes to the full size NPP for which analyses will be

performed.  Generally this is done by selecting a number of assessments in facilities of different

scale and demonstrating that the code and NPP nodalization is capable of consistently

predicting the experimental data from all the experiments.

The final consideration is with respect to compensating errors in the code.  Because it is

extremely difficult, if not impossible, to demonstrate that a code does not contain compensating

errors, it should be demonstrated that the compensating errors will not produce erroneous

results for the selected scenario and NPP being analyzed.  Thus, an attempt must be made to

select experiments that cover the range of each important phenomenon observed in the NPP

analyses.  Analysis of these experiments will demonstrate that, even if the code contains

compensating errors, the code as currently configured still is capable of reliably predicting the

selected scenario in the selected NPP.
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4.1.1 PIRT Considerations

The PIRT presented in Table 3.4 provides a qualitative expression of what is perceived to be

the degree of importance of key phenomena present in a LBLOCA.  Given the limitations of

resources (time, human, and computational) and the incompleteness of the LBLOCA database,

not all of the moderately too highly ranked phenomena can be treated as uncertainty

parameters.  Nonetheless, all these phenomena must be accounted for either statistically or in a

bounding application.  A bounding application has a major drawback in that the methodology is

penalized for not applying a rigorous model.  Minimizing this penalty clearly is valuable in

making the methodology viable for broad application.  Conversely, to treat a parameter

statistically, test data must be available so the statistics can be quantified.  Clearly, such tests

must be included in the assessment matrix.

To optimize the choice of which parameters to treat statistically and which parameters to bound,

a large set of PIRT and plant sensitivities studies (~72 calculations/set) was performed to

quantify the importance of each moderately to highly ranked phenomenon along with key plant

operational parameters. The first column of Table 4.1 lists the moderate and high ranked PIRT

phenomena cross referenced to a description of one or more calculations performed in the

sensitivity studies.  These studies were performed with the 3- and 4-loop sample problems.

(Note: Appendix A contains an overview of all documented plant sensitivity studies performed

during the development of this methodology.)

While the chronology of the 3- and 4-loop base cases is well described in Table 3.2, some

aspects of the LBLOCA model were modified to improve the usefulness of the results (additional

discussion on base cases is given in Appendix A, Section A.2).  The primary changes in the

baseline 3- and 4-loop LBLOCA analyses used in the PIRT sensitivity studies were designed to

accentuate PCT sensitivity.  This was done by skewing the power profile towards the top of the

core and raising core and decay power in such a manner that predicted PCTs approached

regulatory limits (2000 F � 2200 F).  These modifications enhance the late reflood PCT in such

a way that both the 3- and 4-loop models show both an early and late reflood peak.  Preceding

these sensitivities, a break spectrum was performed to identify the worst break size.  This was

also used to bias the sensitivity studies.  Fuel metal-water reaction and nitrogen transport from

the accumulators were removed from the model.  These two phenomena have been shown to

contribute nonlinear PCT sensitivities that might disguise the sensitivity of the studied
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parameters.  Figure 4.1 shows the PCT signatures from the 3- and 4-loop sample problems.

The integrity of the baseline calculations is built on the rigorous approach to nodalization, which

emphasized demonstration of the moderately and highly rank PIRT phenomena as presented in

Section 3.3.

In addition to the two baseline studies, two more sets of sensitivities were performed for the

3-loop sample problem at nominal power conditions.  The difference between these two sets

was whether accumulator nitrogen was allowed into the RCS or valved out.  These studies were

done to ensure that dominant phenomena, whose influence may diminish at higher

temperatures, were considered in this methodology.

For the parameters used in performing the PIRT sensitivities (column 2, Table 4.1), best

estimate or conservative parameter range limits were identified.  These range limits were

derived from expert experience, literature review, or physical bounds.  Each sensitivity

calculation perturbed the baseline model by modifying the key parameters that drove a

particular phenomenon to a range limit.  The changes in PCT (∆PCT) during blowdown, early

reflood, and late reflood from the baseline calculation were recorded for each study.

Interpretation of the results of over 250 calculations involved the tabulation and ranking by the

magnitude of the ∆PCTs.  The degree of sensitivity on PCT for a particular study was classified

as either low, medium, or high.  The high classification is based on the regulatory definition of

"significant change" (i.e., > 50 F).  [The medium classification was approximated from the

histogram of ∆PCT from all cases, shown in Figure 4.2.  These data show a local minimum near

30 F.  The data lead to the conclusion that every result less than 30 F is either weakly sensitive

or within the expected code variability.]  (Appendix C presents a confirmation study examining

code variability from a set of 14 time-step sensitivities.)

The bulk of the sensitivity studies confirmed the important PIRT phenomena; however, a few

parameters did show only weak sensitivity.  Column 3 of Table 4.1 presents the conclusions

from these results.  For most of the PIRT phenomena, assessment against test program results

is indicated.  In some cases published uncertainty is available.  Phenomena not demonstrating

significant LBLOCA PCT sensitivity also are identified in column 3 of Table 4.1.  For those PIRT

phenomena demonstrating significant LBLOCA PCT, a database is identified, based on test
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facility and or plant data, for validating a specific model or quantifying the phenomenon

uncertainty.

4.1.2 Nodalization Considerations

Given the extensive experimental facility database developed from the PIRT considerations,

only one additional test facility was identified strictly to address nodalization effects.   That test

facility was the Slab Core Test Facility (SCTF), where specific assessments were performed to

address radial nodalization with variations in radial power distributions.  However, in the

selection of the specific tests to be analyzed in each facility, nodalization was a consideration.

4.1.3 Scaling Considerations

Within the test facility database developed to support the PIRT considerations are facilities that

span a scaling range of 1:1500 to 1:1.  In addition, some specific tests were performed as a

counterpart to tests performed in other facilities.  Where data were available, these tests have

been added to the assessment matrix.

4.1.4 Compensating Errors

The issue of compensating errors arises primarily from the use of correlations and closure

relations in the code.  The interaction of the various correlations and closure relations can be

such that an error in one of these models is compensated for by an error in another model.

These compensating errors can result in the code being able to predict specific tests but

incapable of predicting other tests.  For the LBLOCA, only those compensating errors which

could function in one manner in the assessments and in an entirely different manner in the

LBLOCA are a concern.  Thus, the assessment matrix must include tests that can be scaled up

and that cover the range of the LBLOCA PIRT phenomena.  The compensating error issue is

addressed in the test matrix through the FLECHT, FLECHT-SEASET, SCTF, CCTF, and THTF

for the core phenomena and UPTF for most of the other major reactor coolant system

components.

4.1.5 Summary

Given these four considerations, the assessment matrix described in Table 4.2 and Table 4.3

was developed.  Table 4.2 lists the test facilities and makes the association between the
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selected facilities and the identified parameter groups.  The actual tests analyzed from each test

facility are provided in Table 4.3, along with the associated phenomena being examined.

4.2 Nuclear Power Plant Nodalization Definition (CSAU Step 8)

Reference 4 ("Quantifying Reactor Safety Margins") makes the following statements regarding

nodalization:

"The plant model must be nodalized finely enough to represent both the important phenomena
and design characteristics of the NPP but coarsely enough to remain economical."

"Thus, the preferred path is to establish a standard NPP nodalization for the subsequent
analysis.  This minimizes or removes nodalization, and the freedom to manipulate noding, as a
contributor to uncertainty."

"Therefore, a nodalization selection procedure defines the minimum noding needed to capture
the important phenomena.  This procedure starts with analyst experience in previous code
assessment and application studies and any documented nodalization studies.  Next,
nodalization studies are performed during the simulation of separate- and integral-effects code
data comparisons.  Finally, an iterative process using the NPP model is employed to determine
sufficiency of the NPP model nodalization."

Given these general recommendations, the goal of a nodalization methodology is to optimize

somewhat independent priorities.  These include preserving dominant phenomena, minimizing

code uncertainty, conforming to design characteristics, and minimizing computational expense.

The guidelines developed for the FRA-ANP RLBLOCA methodology (Reference 12, EMF-2054)

are quantitatively explicit wherever possible to remove nodalization as a contributor to

uncertainty.  Because not all plants of the same type are identical, the guidelines provide rules

for deriving the appropriate nodalization.  This strategy serves both to remove nodalization as a

contributor to uncertainty and to define a method for automating the generation of input for a

RLBLOCA analysis.

As described by Step 8 of the CSAU process, "NPP Nodalization Definition," this task is

iterative.  To minimize the degree of iteration, the baseline nodalization definition originated from

user experience with earlier manifestations of S-RELAP5 (i.e., for SBLOCA Reference 21), and

RELAP5 (References 22 and 23).  The current nodalization has been refined using results from

sensitivity studies performed with the current frozen S-RELAP5 code version and its

predecessors.  Because the nodalization requirements are strictly applied, uncertainty

associated with nodalization becomes part of the studies to determine the statistics of key

uncertainty parameters.  If the results of one or more assessments brought into question the
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validity of a particular nodalization, additional studies were performed.  For RLBLOCA

applications, these guidelines have been developed and refined by sensitivity studies (Appendix

A) and/or assessments or they have been constrained to a best fit for a complex structural

configuration.  Table 4.4 summarizes the guidelines for hydraulic nodalization based on this

approach.

The derived input prescription defines the standardized nodalization scheme, specifies a logical

numbering system, and recommends key parameter inputs for the S-RELAP5 input model.

Details of noding have been determined from experience with simulation of integral- and

separate-effects tests (Reference 5) that result in a technically and economically sound

nodalization scheme for simulating LBLOCA in a PWR.  Assessment calculations of the

FLECHT/SEASET reflood experiments provided data for the axial nodalization of the core

region.  Studies of the Cylindrical Core Test Facility (CCTF) and SCTF were used to identify

two-dimensional modeling techniques for the downcomer and core.  Analyses of the LOFT and

Semiscale experiments gave information on describing the primary coolant loops, reactor

coolant pumps, reactor vessel, and steam generators with S-RELAP5.  Assessments of Upper

Plenum Test Facility (UPTF) tests also were used to identify two-dimensional modeling

techniques and provide useful plant information, including experimental data on full-scale

downcomer fluid behavior during the blowdown, refill, and reflood phases of a LBLOCA.

Column 1 of Table 4.4 defines a particular NPP component or coolant system region and the

S-RELAP5 components generally used for its simulation.  Column 2 lists the important

phenomena associated with the component as evaluated through the PIRT process

(Section 3.3).  Column 3 defines the number of cells required, based on user experience and

assessment calculations, to provide adequate detail.  The source or bases for the selections are

given in Column 4.

4.2.1 Nodalization Methodology

The necessary conditions for a satisfactory nodalization methodology are to discriminate key

structural characteristics, to obtain reasonable steady-state agreement with plant data, to

preserve first order accuracy of dominant phenomena, and to minimize PCT sensitivity to

nodalization.  The ability of the code and associated nodalization to describe key structural

components is addressed in Section 3.6.4, where it is demonstrated that the code is capable of

modeling the key components.  Obtaining reasonable steady-state results is implicitly aided by
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adhering to strict conformance to structural design characteristics (e.g., elevations and

volumes).  Obtaining reasonable results also is aided by the use of system-initialization control

systems.

The most challenging of the necessary conditions is the task to preserve dominant phenomena.

A computer code's ability to capture LBLOCA phenomena cannot separate the contributions of

the applicable phenomenological models and nodalization.  While it was stated that strict

adherence to nodalization transfers the burden of code uncertainty to the uncertainty analysis of

key LBLOCA parameters, every effort was made to provide a nodalization scheme that

minimizes this nodalization uncertainty.

Experience indicates that S-RELAP5 plant models of W 3- and 4-loop PWRs and CE 2x4 loop

PWRs will require between 200 and 500 volume component nodes, junction flow paths, and

heat structures.  The following figures show the modeling techniques.

Figure 4.3,  Loop Nodalization

Figure 4.4,  Reactor Vessel Nodalization

Figure 4.5,  CE 2x4 and Westinghouse 3- and 4-Loop Plant Vessel Downcomer
Configuration

Figure 4.6,  Core Nodalization - Axial Plane

Figure 4.7,  Core Nodalization - Cross-Sectional Plane

Figure 4.8,  Upper Plenum Nodalization - Axial Plane

Figure 4.9,  Upper Plenum Nodalization - Cross-Sectional Plane

Figure 4.10,  Emergency Core Cooling System Nodalization

Figure 4.11,  Double-Ended Guillotine Break Nodalization

Figure 4.12,  Double-Ended Split Break Nodalization

The following sections discuss the nodalization of each major plant component in the context of

the PIRT (as presented in Section 3.3) and describes the evolution of the nodalization schemes.

The nodalization methodology has been derived for LBLOCA.  The application of the developed

guidelines may not capture expected phenomena or may exhibit unacceptable variability for

calculations other than LBLOCA.
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4.2.2 Numerical Considerations

The nodalization of a particular model translates into a computational array used to solve the

mass, momentum, and energy equations; thus, numerical constraints also must be considered

in the sizing and configuration of component volumes.  In general, competing criteria exist for

defining nodalization.  The primary numerical issues of concern are accuracy, numerical

stability, and code variability.  While optimizing all three is necessary to have useable results,

some code variability can be tolerated as long as it is reasonably defined (Appendix C).

However, numerical stability must be assured before performing any production calculations to

assess accuracy through code/data comparisons.

In general, the RELAP5 series of codes has inherited a solid foundation with regard to

numerical stability, as discussed in Reference 9.  However, nodalization and time step decisions

both can influence numerical stability.  It is generally understood that numerical solutions are

well behaved if the number of mesh points is sufficiently small.  Such small nodes will require

equally small time steps to satisfy the Courant stability requirement, leading to long

uneconomical code execution times.  Conversely, it has been shown that modeling interfacial

drag contributes to the stability of coarser mesh models for two-phase flow codes, such as

RELAP5 (Reference 24).  While this stabilizing condition created by modeling interfacial drag

actually works to destabilize the solution for very small mesh sizes, it also supports the courser

mesh models required for economical code execution times.  As a result, considering strictly

hydraulic phenomena, spatial mesh configuration is not a high concern for numerical stability.

For code accuracy, mesh sizing does become more important for heated surfaces.  Steep

temperature gradients will influence the adjacent fluid conditions.  For this reason, smaller mesh

sizes are used on heated surfaces to capture expected phenomena.

The final figure-of-merit for quantifying code variability can come from calculations of hot rod

PCT.  For a set of equivalent input models, differing only in time step (constrained to be less

than the Courant limit), comparisons of PCT traces can be used to evaluate expected code

variability.  By using this approach, nodalization decisions can be made in an effort to minimize

the impact of code variability.

In summary, the iteration process for defining a nodalization methodology included decisions to

change a component nodalization based on the analysis of either assessments (integral- and
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separate-effects) or plant sensitivity studies.  These calculational results were generally used to

confirm the adequacy of a chosen nodalization scheme; however, sensitivity studies also were

performed to quantify the impact on peak clad temperature.  In some instances, the effect of a

trial nodalization scheme produced unacceptable variability in PCT results.

4.2.3 Loop Model

The loop includes those components outside the reactor vessel, including the pressurizer and

ECCS.  For W and CE PWRs supported by this methodology, all loops are modeled individually

(i.e., the unbroken loops are not lumped into a single combined loop).  Each loop models the

hot-leg piping, steam generator primary and secondary fluid volume and heat transfer, pump

suction piping, and pump discharge cold-leg piping.  Each loop also contains modeling of the

accumulator and high- and low-pressure injection ECCSs.  The nodalization scheme is

presented in Figure 4.3 for a sample loop with the pressurizer.

The following are key features and assumptions for the reactor coolant loops.

• [Primary coolant loops are modeled separately, thus eliminating the uncertainty resulting
from combining the intact loops and the concern of pressurizer location relative to break
location.]

• [A realistic reactor coolant model based on NPP supplied data is used.]

• The nodalization detail for the coolant loops, pressurizer, and primary and secondary sides
of the steam generators was selected to give consistent results without increasing running
time because of excessive nodalization

• [The CCFL (Wallis form) option is selected for the steam generator inlet plenums.]

Assessment of loop nodalization comes from various facility test programs, including SCTF,

CCTF, LOFT, Semiscale, and, to a lesser extent, UPTF.  In addition, the W/EPRI 1/3 Scale

Steam/Water tests, a separate-effects test examining ECC mixing in the cold leg, also is a

useful assessment.  Acceptance of nodalization schemes was based on the general agreement

in code/data comparisons for pressures, differential pressures, mass flow rates, and heat

structure temperatures.

4.2.3.1 Hot Leg

The hot leg connects the reactor vessel to the steam generator inlet plenum.  [This component

in each loop is modeled with a four volume PIPE component.  Four is the minimum number of
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volumes necessary to capture the major structural variations (inclined pipe into steam generator

and pressurizer surgeline connection) and provide a break point for analyzing a postulated hot

leg break.]

[Entrainment during reflood is the dominant phenomenon of importance in the hot legs, although

it is ranked with only a moderate importance.]  The entrainment of droplets from the reactor

vessel will enhance the effect of steam binding, which will inhibit reflood.  Code-to-data

comparisons of tests performed on the CCTF show that S-RELAP5 overpredicts the

entrainment phenomenon from the upper plenum to the hot legs.  This is considered acceptable

given that over-entrainment will have a conservative influence on PCT and that the relative

importance of entrainment in the hot legs is moderate.

4.2.3.2 Steam Generator

The steam generator nodalization scheme is essentially identical to the traditional approach

used by other large thermal-hydraulic codes such as TRAC and RELAP5 (References 4

and 23).  [Steam generator models for W and CE PWRs include inlet plenums, exit plenums

and U-tubes on the primary side and downcomer, boiler region, swirl vanes, separator, and

steam dome on the secondary side.  The inlet and exit plenum are modeled with a BRANCH

component used to describe a single volume and its junctions with the steam generator U-tubes

and RCS piping.  The U-tubes are modeled with a single PIPE component with eight equal-

length volumes (four with +90° orientation and four with -90° orientation).  On the secondary

side, the downcomer is represented by a seven volume PIPE and the boiler region is modeled

with a PIPE component with four volumes matching the volume elevation on the primary side.

Above the boiler region, the swirl vanes are modeled with a BRANCH component, the separator

is modeled with a SEPARTR component, and the steam dome region is modeled with a

SNGLVOL component.]

The dominant phenomena of importance are the steady-state heat balance and steam binding

during reflood.  Heat balance is ensured by the use of control systems controlling feed and

steam flow depending on liquid level and recirculation ratio.  Plant sensitivity studies examining

steam generator performance during a LBLOCA have shown that all the liquid that gets carried

into the steam generator vaporizes.  This is the expected result; hence, this nodalization

scheme is considered acceptable.
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4.2.3.3 Pump Suction

[For LBLOCA phenomena, this section of piping is expected to have a minor impact on PCT.

For this reason, the main criterion for nodalization is to best match the structural design; that is,

conserve elevation changes and pipe bend locations (for applying form losses).  This is done

with a five-volume PIPE component.  The first three volumes are oriented vertically, the fourth

volume is horizontal (elevation matching that given in the plant), and the last volume rises

vertically to the pump inlet.]

4.2.3.4 Reactor Coolant Pump

The pump is a component model, meaning that the pump physics is independent of

nodalization; hence, the primary objective of the nodalization scheme is to ensure consistency

with the structural characteristics.  [The pump is modeled in two sections.  A PUMP component

is used to represent the upward-oriented vertical volume with an elevation change matching that

of the actual pump.  A BRANCH component models the discharge volute as a downward-

oriented vertical volume with an elevation change matching the difference between the bottom

of the discharge and the bottom of the cold leg pipe.  For some pump designs, a weir creates

this elevation change.  In others, the difference is between the bottom of the impeller discharge

and the cold leg.  The elevation change is selected to represent the height that water would

have to rise to flow from the cold leg back into the pump.  This model preserves both pump

volume and height characteristics.]

4.2.3.5 Cold Leg and Break

The cold leg extends from the RCS pump discharge to and including the reactor vessel inlet

nozzle.  [It is modeled with four volumes.  As for the hot leg, four volumes are the minimum

necessary to capture the major structural variations and provide a break point for analyzing a

postulated cold leg break.  The first volume connects the RCS pump discharge to the ECCS

injection line.  The remainder of the section is divided into three equal-length volumes.]

[For the broken loop, the break is modeled between the second and third volumes (see Figure

4.11 and Figure 4.12); however, the portion of the cold leg between the break and the reactor

vessel is lumped into one volume.]  The break model is either a double-ended guillotine or a

double-ended split.  The difference is break size and whether a flow path is modeled across the

break.  An investigation into code variability showed that the defined break configuration
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reduces code variability associated with water property calculations.  [Generally, using smaller

volume sizes is a disadvantage when S-RELAP5 attempts to simulate highly nonlinear

phenomena, such as those phenomena created by rapidly changing water properties.  In this

situation, parameters exploited by the closure relationships (in this case, water properties used

to predict choked flow) may vary widely from one case to another.  Using larger volumes

smoothes out this variability.]

Condensation driven by the cold ECCS water coming in contact with steam is the primary

phenomenological concern that may be influenced by nodalization.  The parameter has been

identified as one of the key uncertainty parameters for RLBLOCA; hence, any nodalization

dependence is absorbed within the assessment that quantifies this uncertainty.

4.2.3.6 ECCS

The ECCS includes models for the accumulator and the piping connecting it to the RCS with

sufficient detail to allow the code to accurately predict coolant flow splits for low-pressure

injection flows.  Figure 4.10 shows a typical nodalization for the ECCS of a three-loop plant.

The dominant component in the ECCS is the accumulators.  [The accumulators are modeled

with a five-volume PIPE component, representing the lower head (two volumes), a liquid region,

a gas region, and the upper head.  Accumulator lines require only sufficient detail to capture

structural characteristics (elevations and volumes).  High- and low-pressure injections are

modeled as time-dependent junctions (boundary conditions dependent on pressure).]

The dominant phenomena of importance are the accumulator discharge and the

noncondensible gas transport following accumulator discharge.  Activity in the accumulator lines

can be characterized as a period of single-phase incompressible flow (accumulator water

discharge) followed by a brief period of single-phase compressible flow (nitrogen gas) before a

two-phase mixture (water-nitrogen) from the accumulator and the low pressure injection system.

Accumulator discharge and LPSI flow are governed by Bernoulli physics for incompressible,

single phase flows.  Noncondensible gases will transport from the accumulator to the RCS by

gas expansion and pressure forces. However, as the partial pressure at the ECCS-to-cold-leg

junction drops with increasing noncondensible quality, flow will choke for a time and the

upstream conditions will become independent of the downstream conditions.  For this reason,

the important phenomenon, rate of flow into the RCS, is dominated by the choked flow
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phenomenon and any special treatment of the compressible flow problem will have a negligible

effect on the outcome of the transient.

4.2.3.7 Pressurizer

The pressurizer vessel is modeled with [eight equal-length volumes for the cylindrical region

and one volume each for the upper and lower hemispherical regions.  The pressurizer always is

connected to primary loop number 1 by a three-volume surgeline.  Initial conditions in the

pressurizer are set by control systems.]  The dominant phenomena of interest are early quench

and critical flow in the surgeline.  Neither phenomenon will show much sensitivity to nodalization

because the surgeline remains choked during the period in which these concerns are important

(blowdown).

4.2.4 Reactor Vessel Model

The key components of the reactor vessel are the downcomer, lower head and plenum, core,

and upper head and plenum.  The nodalization is presented in Figure 4.4.  The key features and

assumptions for the reactor vessel are as follows:

• [A two-dimensional component is used to model the downcomer region.  This allows the
prediction of ECC bypass and other multidimensional flow phenomena that are anticipated
to occur during the LBLOCA.]

• [The bypass flow paths in the downcomer, upper head, and guide tubes are modeled using
best estimate values for the leak rates.]

• [The CCFL (Kutateladze form) option is used at the fuel assembly upper tie plate at the top
of the unheated upper fuel rod region.]

• [A two-dimensional component is used to model the core and upper plenum regions.  This
component applies for the active fuel region of the core and the unheated fuel rod region at
the top of the core.  Four radial regions allow for the prediction of multidimensional flow
influenced by power gradients in the core.  The upper plenum is modeled with three radial
regions that align with the three outer regions of the core (see comment in Table A.2 on
upper plenum nodalization sensitivity studies).]

4.2.4.1 Downcomer

The reactor downcomer is modeled for the RLBLOCA analysis using [a two-dimensional (axial

and azimuthal) (TWODEE-A) component to simulate the nonsymmetrical flows that occur during

the LBLOCA.  The azimuthal configuration depends on the vessel geometry and is defined to

physically simulate the unique configuration of the inlet/outlet nozzles. Typical inlet nozzle
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downcomer configurations are shown in Figure 4.5 for a CE 2x4 loop and W 3-loop and 4-loop

vessel configurations.  S-RELAP5 one-dimensional to two-dimensional volume connections

constrain azimuthal nodalization to having the cold legs connect at volume centers and to

having the hot leg centerline pass through sector node boundaries.]

For asymmetric cold and hot leg connections to the reactor vessel, the only practical

nodalization option is [three sectors for the W 3-loop plant, six sectors for the W 4-loop plant,

and four sectors for the CE 2x4 plant.  With S-RELAP5's constraints on junction definitions, the

next accommodating nodalization for the 3-loop plant has 6 times as many volumes, making the

model unwieldy from a computational standpoint.  Axial nodalization is set to accommodate

connecting flow paths, which results in six downward-oriented axial levels.]

The dominant downcomer LBLOCA phenomena (condensation, hot wall effects, multi-

dimensional flow, CCFL, and entrainment) affect the refill period.  These phenomena primarily

influence the duration of ECCS bypass.  With the exception of multidimensional flow, sensitivity

of these phenomena to downcomer nodalization is not expected (condensation and hot wall

effects are selected uncertainty parameters).  The collective sensitivity of these phenomena was

evaluated by varying the azimuthal node sizes in the UPTF input model.  The UPTF model for

the sensitivity study was simplified by neglecting heat structures; hence, the influence of the hot

wall phenomena cannot be determined from this assessment.

The UPTF Test 6 experiments investigated the countercurrent flow of steam and ECC water in

the downcomer during the end-of-blowdown and the refill phases of a four-loop PWR LOCA.

Test 6 consisted of five separate quasi-steady runs with essentially the same boundary

conditions, but with different core steam flows ranging from 100 to 440 kg/s.  Run 136 was the

lowest steam flow case of the Test 6 series.  The ECC water in Test 6 was injected into each of

the three intact loops at the same flow rate.

[Six azimuthal nodes and six axial nodes (6x6) were used in the base calculation (standard

downcomer nodalization for 4-loop plants).  The sensitivity calculation used a downcomer

nodalization of 10 azimuthal nodes and 6 axial nodes (10x6).]  The conclusions from this study

were that the lower plenum refill is relatively insensitive to downcomer nodalization for uniform

ECC water injection into all intact loops.  Both the base and sensitivity calculations showed

conservative results when compared to measured data.  Additionally, the base case model

results with heat structures actually increased the conservative bias in the lower plenum refill.
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A similar study was performed for the 3-loop plant model.  The trial nodalization doubled the

number of azimuthal sectors from [3 to 6 without any change to the axial nodalization.  The

conclusion of this study was that the model actually is interpreted by S-RELAP5 as a model with

six smaller cold leg pipes feeding coolant at the centers of the six azimuthal sectors.]  This

configuration reduced the amount of ECC bypass, which resulted in a less severe transient.

In conclusion, the downcomer model described in Reference 12 was found to provide the best

representation of the expected downcomer phenomena.

4.2.4.2 Lower Vessel

The lower vessel includes all volumes [from the bottom of the active fuel to the lower head wall

and is divided into three regions:]

• [The lower plenum region extends from the bottom of the active fuel down to the bottom
of the core barrel at the casting support location for the lower core support plate.  It is
modeled as a single volume, SNGLVOL, component or a BRANCH component.]

• [The lower head region extends from the bottom of the lower core support plate to the
bottom of the vessel.  It is modeled as a PIPE component with two volumes.  The
division between the two volumes can be chosen arbitrarily to put one-third of the total
volume in the upper volume; however, some plants may have support columns that have
a distinct cut-off elevation in this region.  Such a division is more defensible.]

• [The lower head/downcomer extension region extending from the bottom of the lower
core support plate to the top of the lower head's bottom volume.  It is modeled as a
BRANCH component with a normal junction connection to the lower head's bottom
volume and a cross-flow junction to the lower head's top volume.  This volume is
included to avoid modeling the lower plenum/head region with a dead-end volume, while
providing adequate model detail to capture physical boundaries in the lower
plenum/head regions (Particularly important with CE plants.)]

[The lower head is modeled with the lower head/downcomer extension BRANCH component

coupled with the lower head PIPE component.]

The dominant LBLOCA phenomenon of importance that possibly is influenced by nodalization is

liquid sweep-out, although this phenomenon is expected to have only a moderate influence on

transient PCT.  Because some multidimensional flow is to be expected, [the old stacked pipe

model required replacement.  Two nodalization options were examined.  These were a

3-volume, two-dimensional configuration using a cross-flow junction and a single TWODEE

component.  The two modeling options were tested on the UPTF Test 6 assessment problem.

The assessment results showed that the TWODEE configuration was a better match to the test
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data than was the 3-volume model.  However, the 3-volume model was somewhat conservative

with respect to sweepout.  The TWODEE lower head model was implemented into the 3-and 4-

loop plant models.  In assessing the 3-loop model, excessive code variability was observed with

the TWODEE lower head model.  Based on this result, the 3-volume model was retained.]

Considering that the UPTF facility is a full scale facility, the conservative bias demonstrated in

the UPTF Test 6 assessment is expected to translate into a conservative bias for the sweep-out

phenomenon in plant calculations.

4.2.4.3 Core, Core Bypass, and Fuel

The core region extends from the bottom of the active core to the top of the upper core support

plate.  [The region is nodalized as a TWODEE component with between 21 and 25 axial levels

by 4 radial rings as shown in Figure 4.6 and Figure 4.7.  The component is oriented upward.

The first 20 to 24 axial levels cover the entire active core region; an additional volume covers

the unheated end of the fuel rods, upper tie plates, and upper core support plate.  Volume

division is based on spacer location; it is recommended that volume lengths be kept under

7.2 in.]

The most important contributor to nodalization sensitivity is expected to be the core nodalization

because it directly affects the liquid distribution in the core.  The key phenomena of importance

influenced by nodalization are the convective heat transfer modes, entrainment/deentrainment,

multi-dimensional flow, stored energy, oxidation, core power and decay heat.  Since the heat

transfer modes, entrainment/de-entrainment, core power, decay heat and stored energy

phenomena are treated statistically, only the multidimensional flow phenomenon is relevant for

nodalization.

Axial core nodalization studies using the 3-loop plant model showed significant variability with

coarse models.  Given the expense of moving to a finer nodalization, the axial nodalization was

defined in the range of [20 to 24 volumes (relatively equal-length volumes, divided at spacer

boundaries).]  These node lengths are the smallest defined for the S-RELAP5 plant model;

hence, they will define the Courant limit.  [Assessment of the FLECHT-SEASET Test 31504

using 10, 20, and 40 volumes has been used as a standard test problem for S-RELAP5.  It has

consistently demonstrated that a 20 volume axial heater model is adequate and supports the

premise that a model with fewer than 20 volumes may show significant variability.]
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Radial core nodalization studies using the SCTF assessment model has shown that the four

radial ring model provides essentially the same results as on the 8 ring model.  The [four radial

power rings are defined to represent the hot assembly, a hot ring of adjacent assemblies, an

average power ring, and a cold ring on the core periphery.  Using four radial power regions

provides a mechanism for ranging the radial power distribution over a broad spectrum of

possibilities.]

[Core bypass volumes are present in each radial region and are modeled with a 4-volume PIPE

component.  Modeling of the core bypass is not expected to have a major influence on PCT.]

[Heat structures used to represent the fuel rods are modeled with twice the resolution of the

core hydraulic volumes; that is, 40 to 48 heat structure volumes are modeled over the active

core region (2 heat structures/hydraulic volume).]  This configuration was used to give better

resolution to the axial power profile.  The radial widths used to describe the internals of the fuel

rod are on a scale to finely resolve temperature gradients (Reference 12).

4.2.4.4 Upper Plenum/Upper Head

The upper plenum region extends from the top of the upper core support plate to the core

support ledge in the vessel wall (the bottom of the upper head wall).  [In some W plants, the

upper head fluid volume extends below the core support ledge.  For these types of plants this

volume should be included in the upper head.  The upper head region is modeled as a 2-volume

PIPE.  The upper plenum region may contain plates, flow mixers, support columns, and guide

tube assemblies.  The upper plenum region is modeled with two 3-axial/3-radial volume

TWODEE components to address upper plenum asymmetry.]

The dominant phenomena of importance are entrainment/deentrainment, fallback (CCFL), and

upper head temperature.  The entrainment phenomenon is considered in the same manner as it

was for the hot legs and the upper head temperature is treated statistically.  Nodalization

sensitivity to fallback was investigated through sensitivity studies.  [It was shown in these

studies that the upper plenum radial nodalization must match the core radial nodalization except

that the inner ring of the upper plenum covers both the hot assembly and hot surrounding

assembly regions.]  This configuration captures the preference for fallback to colder assemblies

as demonstrated in a 3-loop model test problem.  The CCTF assessments were performed with
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the multi-dimensional upper plenum.  The results from these assessments showed general

conservatism to liquid fallback.

In many plants, flow asymmetry into the upper plenum can exist.  Flow can travel either directly

into the upper plenum or through a support column or mixer vane and then into the middle of the

upper plenum.  [For this situation, two TWODEE components are used to represent the upper

plenum, as shown in Figure 4.8 and Figure 4.9.]  This configuration is necessary to bound the

possibility of having the hot assembly under a standpipe.  The standpipe will restrict liquid

fallback from the upper plenum into the core relative to an open hole.  [The two components are

connected by cross-flow junctions, as shown in Figure 4.9, however, only at the second and

third axial level of the components as shown in Figure 4.8.  The bottom axial level is reserved to

absorb a cross-flow connection from the guide tubes.]

4.2.5 Containment Model

Nodalization of the containment for the RLBLOCA is defined in a separate input file from the

normal S-RELAP5 input.  The containment model input is equivalent to the input used for the

ICECON code (Reference 14), which is the FRA-ANP proprietary version of the CONTEMPT

code (Reference 20).  Appended to the S-RELAP5 input file is a description of the link between

the S-RELAP5 input and the ICECON input.  [On the S-RELAP5 side, the containment is

modeled as two time dependent volumes.]  S-RELAP5 drives the containment calculations with

mass flow and enthalpy and the ICECON subroutines return containment pressure and

temperature to update the S-RELAP5 time-dependent volumes.

The dominant phenomenon of interest related to the containment model is containment

pressure.  Containment pressure is treated statistically in this RLBLOCA methodology by

ranging the containment volume from the best-estimate value to maximum possible free

volume.  Because the ICECON models provide only pressure and temperature for S-RELAP5, a

simple model is adequate.  This model is one volume representing the containment space

surrounding the reactor vessel.

4.2.6 Plant Model Summary

The nodalization described in this section has been developed by applying the approach

described in Reference 4.  This nodalization development methodology was an iterative

approach.  The base nodalization originated through experience gained by RELAP5 users at the
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Idaho National Engineering Laboratory and by ANF-RELAP and S-RELAP5 users at FRA-ANP.

Nodalization has been refined from both plant and code assessment tests which, to the extent

possible used the same nodalization.  These studies were performed to examine the sensitivity

of PCT and dominant phenomena to nodalization.  Test results were used to justify any

nodalization changes.

The final product of the nodalization methodology is a guideline (Reference 12) that when

strictly followed defines how a CE 2x4 and W 3- or 4-loop plant should be modeled for

S-RELAP5 calculations.  While the uncertainty associated with nodalization is minimal, it will be

included in the uncertainties determined for key LBLOCA parameters, because the NPP

nodalization has been used in determining those uncertainties.  Nonetheless, every attempt was

made to develop a nodalization with a minimal uncertainty before any uncertainty analysis was

performed.

4.3 Definition of Code and Experimental Accuracy (CSAU Step 9)

This section provides the evaluation of the code assessments reported in Reference 5 with

respect to the RLBLOCA methodology.  The code assessments from Reference 5 applicable to

the RLBLOCA methodology are those discussed in Section 4.1 and listed in the assessment

matrix Tables 4.2 and 4.3.  These assessments were chosen to address the important PIRT

phenomena identified in Table 3.4.  The cross correlation between assessments and PIRT

phenomena is provided in Table 4.3.  In addition, some assessments were chosen to address

issues of code scalability.  These assessments and the discussion with respect to scalability are

provided in Section 4.4.

One purpose of the assessments is to determine S-RELAP5's capability to predict the important

phenomena in the large-scale PWR systems.  Section 4.2 discusses appropriate nodalization to

represent the PWR system components.  For the assessment results to apply to the large-scale

PWRs, nodalization used in the assessments must be consistent with the large-scale plant

nodalization in the regions where the phenomena are being assessed.  As far as possible,

FRA-ANP used the plant nodalization described in Section 4.2 and the S-RELAP5 input

guidelines (Reference 12) to derive assessment nodalizations which are consistent with the

PWR application nodalization.  However, unique features of the small-scale facilities sometimes

require deviations from the guidelines.  The detailed nodalizations for the experimental facility

assessments are given for each assessment in Reference 5.  For the most part, the assessment
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nodalizations are consistent with the plant application, and where deviations have been made,

the reasons for the deviations and the effects on results are discussed.

4.3.1 Separate Effects Tests (SET)

Separate effects tests from 15 different facilities have been used to assess the capabilities of

the S-RELAP5 and RODEX3A codes to predict LOCA and transient phenomena.  The detailed

results comparing calculations against measured test data are given in the S-RELAP5 code

verification and validation report, Reference 5.  The S-RELAP5 code is used in multiple

methodologies; therefore, it is appropriate that the code validation assessments are included as

part of the code documentation.  However, the SET assessments in Reference 5 also provide

the information to assess code capability for the RLBLOCA methodology.  Detailed results from

Reference 5 will not be repeated in this report.  Instead the appropriate information will be

extracted and summarized with respect to the LBLOCA phenomena addressed.  Table 4.3

shows the SET facilities, the tests that were selected, and the phenomena from the PIRT to be

addressed.  The following sections follow the format of Table 4.3 in providing the results of the

assessments in order of the listed facilities.

4.3.1.1 THTF Heat Transfer

The Oak Ridge National Laboratory (ORNL) thermal-hydraulic test facility (THTF) was used to

perform numerous heat transfer tests using full-length electrically heated fuel rod simulators.

The facility, tests, and  assessments are detailed in Section 3.1.2 of Reference 5.  The

assessment tests consisted of 22 steady-state film boiling tests, three transient boiloff tests, and

two sets of reflood tests (11 tests).

The purpose of the assessments using the steady-state tests were to get optimum values of the

bias for the CHF correlation and for the post-CHF heat transfer correlation.  [It was determined

that biasing the CHF by a factor of 0.724 gave the best fit to the dry-out level data.]

The ratio of the measured heat transfer coefficient (HTC) to the calculated HTC (from

S-RELAP5) was evaluated statistically (see Figure 4.13).  The frequency plot, Figure 4.14,

showed the ratio to be non-normal, with a downward skew.  The ratio was fit using a

conservatively bounding normal distribution. This distribution is slightly conservative with

respect to the distribution of measured scaling factors, as shown in Figure 4.15, and the
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uncertainty in the post-dryout HTC for S-RELAP5 can be represented by [a normal distribution

with a mean of 1.045 and a standard deviation of 0.196.]

The range of HTC bias variation was then applied to three sets of transient data:  one in

blowdown and two in reflood.  The range of variation determined in the steady-state analysis

was sufficient to allow the predictions by S-RELAP5 to bound the measured data for the

blowdown cases and for nearly half the reflood cases.  With one exception, for the other reflood

cases, the S-RELAP5 predictions for quenching were conservatively slow.  [The one case in

which the prediction was not slow was the lowest reflood case.]  The temperatures predicted by

S-RELAP5 for all the other cases in that test series bounded the measured temperatures.  The

underprediction of the quench time for the one case is quite anomalous and, because of the

very low flow rate, could well be an artifact of the boundary conditions.

For the second set of reflood tests, S-RELAP5 somewhat overpredicted the quench time.

Overall the results of the transient test predictions by S-RELAP5 are acceptable.  In the bulk of

the cases, the uncertainties for the HTC bias were sufficient to make the data and the

predictions agree.  For those reflood cases that had data outside the predicted range, the

predictions by S-RELAP5 were conservative.

The CHF bias is applied for RLBLOCA calculations, and the statistical information on heat

transfer is used to derive the uncertainty multipliers on heat transfer presented in

Section 4.3.3.2.

4.3.1.2 THTF Level Swell

Calculations for the three ORNL THTF Level Swell Tests, 3.09.10j, 3.09.10m, and 3.09.10dd,

were carried out with S-RELAP5.  Section 3.1.3 of Reference 5 presents the details of these

assessments.  Comparisons of calculated and measured void fractions for the three tests are

shown in Figures 4.16 through 4.18, along with results using RELAP5/MOD3.2.  The void

fractions calculated by S-RELAP5 are slightly lower than the data in two cases and are very

close to the data in the third, Test 3.09.10j.  The mixture level lies between the pre-CHF and

post-CHF regions.  Both the data and the calculations show that the post-CHF region has a void

fraction of 1 (single-phase steam) or nearly 1.  Such a condition is typical of the core during a

SBLOCA.
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For S-RELAP5 calculations, the flow regime below the mixture level belongs to slug flow.

Therefore, the purpose of this assessment was to validate the constitutive models of the slug

flow in the reactor core.  The subcooled boiling model is responsible for the starting point of

measurable void fraction.  The interphase heat transfer model takes care of the vapor

generation from heat input to the fluid.  The interphase friction correlations for the slug flow

determine the void profile in the pre-CHF region.

The small differences between the calculated and measured void fractions indicate that the

interphase correlations apply.  The agreement is particularly good for Test 3.09.10j, which has

the lowest pressure (609 psi) among the three tests.  For the two higher pressure cases,

Test 3.09.10m (1009 psi) and Test 3.09.10dd (1173 psi), the calculated void fractions are

slightly lower than the data.  This indicates that the interphase friction is computed somewhat

lower than it should be at high pressures.  The lower interphase friction tends to result in a

longer dryout period and, therefore, higher clad temperatures for a SBLOCA.

4.3.1.3 GE Level Swell

The GE Level Swell Test, 1004-3, is essentially a small break blowdown of a vertical vessel

14 ft high by 1 ft in diameter.  The vessel was initially pressurized to 1011 psi and filled with

saturated water up to the 10.4 ft elevation.  The void fraction distribution was measured axially

in the test.  This assessment provides a test of the two-fluid interphase models in predicting the

flow regimes and void fraction distributions that occur under depressurization conditions.

Section 3.6 of Reference 5 gives the detailed assessment results of the GE level swell test.

The purpose of this assessment was to validate some of the interphase heat transfer

submodels.  The key model affecting these assessments is the interphase friction for the bubbly

and slug flows. Comparisons of measured versus calculated void fraction distributions are made

at two transient times, 40 and 100 seconds.  Figures 4.19 and 4.20 show the S-RELAP5

calculated void fraction results along with data and RELAP5/MOD 3.2 results.  Results from

S-RELAP5 compare well with the data.  The void fractions calculated by S-RELAP5 are within

the range of experimental uncertainty, providing excellent agreement.  The calculated flow

regimes are bubbly flow below the void fraction of 0.25; slug flow from the void fraction of 0.25

up to the two-phase mixture level position, which occurs at around the void fraction of 0.3 to 0.6;

and annular-mist flow (very close to single-phase steam) above the mixture level.  The results
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indicate that, for this slow transient condition, the two-fluid interphase friction model

implemented in S-RELAP5 is applicable.

The jump of void fraction from ~0.4 to ~0.99 within neighboring volumes distinctly defines the

location of a two-phase mixture level.  The interphase friction models for slug flow, vertical

stratification, and annular-mist flow work in harmony to produce a smooth, but sharp transition

from a low void fraction region to a very high void fraction (close to 1) region.

In a non-equilibrium code such as S-RELAP5, the phase exchange (vapor generation) process

during blowdown is calculated through the use of an interphase heat transfer model.  The

calculated liquid and vapor (steam) temperatures are close to the saturation temperature.  This

shows that the interphase heat transfer submodels described in Section 3.4 of the code manual

(Reference 9), particularly those for the metastable state conditions, are appropriate and

adequate for treating the depressurization phenomena.

4.3.1.4 FRIGG2

The FRIGG2 void distribution experiments were performed in the Caps Loop Facility in the late

1960s.  The test section had 36 heated rods and was designed to give a full-scale simulation of

a boiling channel for the Marviken reactor.  There are 27 axial void distribution tests.  The void

distribution was measured by the multi-beam gamma method.  Section 3.10 of Reference 5

describes the FRIGG2 assessments.

The assessments were run to validate the S-RELAP5 subcooled boiling model and interphase

friction model for pre-CHF flow regimes.  The tests are steady state and the axial void

distribution data are well-suited for the purpose.  Calculations of all 27 tests were carried out.

Calculations of the 27 FRIGG2 axial void distribution tests produced good to excellent

code-data comparisons, as shown in Figures 4.21 through 4.30.  In the plot of calculated versus

measured void fraction shown in Figure 4.31, the points are scattered around and close to the

diagonal line.  The mean of 170 points of calculation over measurement is 0.98 and the

standard deviation is 0.096.  The results confirm the applicability of the S-RELAP5 interphase

friction model for the pre-CHF flow regimes, particularly the slug flow, for the core geometry.
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4.3.1.5 Bennett Tube

The Bennett Heated Tube Tests  were conducted by the UKAEA Research Group to measure

the dry-out [or critical heat flux (CHF)] location and the surface temperature profiles in the region

beyond the dry-out point.  Calculations for Test Case 5358 and Test Case 5379 were

performed.  The main purpose of the assessment is to evaluate the applicability of the Biasi

CHF correlation.  Post-CHF heat transfer also was examined.  The detailed assessment results

are given in Section 3.2 of Reference 5.

Two Bennett heated tube tests were assessed, a low-flow test (5358) and a high-flow test

(5379).  As shown in Figures 4.32 and 4.33, the calculated CHF positions agree well with the

data for these two cases.  For the low-mass-flux case, the wall temperatures in the film boiling

region are well predicted.  The calculated temperature rise immediately after the CHF is not as

high as the measured temperature.  For the case of high mass flux, the calculated wall

temperature stays rather flat in the post-CHF region and is higher than the data in the top-end

region.  For the low-mass-flux case, the calculated temperature continues to rise in the

post-CHF region and catches up with the data.  The mass flux for the high-flow case is well

outside the LBLOCA conditions.  In conclusion, the results of this assessment validate the

S-RELAP5 correlations for predicting CHF and dry-out.

4.3.1.6 FLECHT and FLECHT SEASET

Full Length Emergency Cooling Heat Transfer - System Effects And Separate Effects

(FLECHT SEASET) Tests and Full Length Emergency Cooling Heat Transfer (FLECHT)

Low-Flooding-Rate Skewed Tests (Skewed) have been widely used to assess system codes.

The S-RELAP5 assessments for these facilities are given in Section 3.3 of Reference 5.

The purpose of these assessments was to evaluate the S-RELAP5 code heat transfer and

hydrodynamics.  In addition, core axial nodalization studies were performed to validate NPP

nodalization.  The FLECHT SEASET facility used the W 17 x 17 geometry for the reference fuel

design; the FLECHT facility used the W 15 x 15 geometry for the reference fuel design.  The

forced reflood separate-effect tests are with injection or flooding rates that are very demanding

for simulations with the realistic system codes.  The FRA-ANP selected the FLECHT SEASET

tests 31504, 31701, 31302, 31203, 31805, 32013, and 34209, and FLECHT Skewed Tests

13609 and 13914 to validate the reflood modeling capability of S-RELAP5 for the RLBLOCA
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methodology.  For LBLOCA reflood, the selection covers the whole range of pressure,

subcooling, and flooding rate, and includes cosine and skewed axial power profiles.

The important parameters for assessing the code calculation against the measured data are:

• PCT

• Cladding surface temperature history

• Steam temperatures

• Heat transfer coefficients

• Differential pressures

• Mass inventory

• Liquid carryover

• Rod quench time.

The PCT is one of the required criteria for LBLOCA licensing.  PCT is the maximum value of all

cladding temperatures.  With the power specified, the cladding surface temperatures at various

elevations depend on the heat transfer rates from the surface to the fluid.  The fluid conditions,

including the steam temperature and void distribution, determine the heat transfer rates.  The

differential pressures indirectly measure void distribution under low-flow conditions.  The total

mass in the test section indicates how much of the injection water stays in the test section to

cool the rods and how much is entrained out.  The liquid carryover is the amount of liquid

entrained out of the test section and is closely related to the mass inventory.  The rod quench

time depends strongly on the transition boiling correlation used in the code.  Information about

the eight parameters listed provides a basis for understanding the computed results compared

with the measured data.

Conclusions from the FLECHT-SEASET and FLECHT Skewed assessments in terms of the

important parameters are provided in the following paragraphs.

Peak Cladding Temperature

Figures 4.34 through 4.42 show the calculated maximum surface temperatures and the

measured temperature data at various elevations in the simulated fuel assemblies for the

various tests.  The S-RELAP5 calculated PCT is in good agreement with or acceptably higher

than the measured data.  The calculated maximum clad temperature being generally higher

than the measured data at all elevations.  The calculated maximum clad temperature more
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closely matches the measured data below the test section mid-plane.  However, the calculated

maximum clad temperatures generally are much more conservative above the test section mid-

plane.  The conservatism above the test section mid-plane is exaggerated even more when the

axial power profile is top peaked.  The calculated maximum clad temperature conservatism

generally increases with decreasing reflood rate, decreasing system pressure, or increasing

inlet subcooling

Rod Surface Temperatures

The calculated temperature at a specified elevation has been compared with the measured

temperature near the same elevation.  The quench times are calculated well at the lower

elevations for all tests and at all elevations for the lower flooding rate tests.

The calculated rod surface temperature during the temperature rise portion of the test compares

well with the measured data.  However, the quenching time is calculated late for the highest

reflood rate test, Test 31701.  The quenching time is progressively earlier for the tests with

lower reflood rates until, at the lowest reflood rate, S-RELAP5 calculates a quenching time that

is too early.  S-RELAP5 has calculated good agreement of the complete transient at the 78 in

elevation for the three intermediate reflood rate tests.

S-RELAP5 calculated rod surface temperatures are in good agreement for the complete

transient at all elevations for the high system pressure test, Test 32013, and for elevations

below 90 in for the low pressure test, Test 34209.  For Test 34209, at elevations at or above

90 in, the rod surface temperature is significantly overpredicted.

For the FLECHT Skewed tests, S-RELAP5 tends to predict a higher maximum clad temperature

at all elevations and tends to predict late turnaround.  In the low subcooling test, Test 13914,

S-RELAP5 tends to predict a late quench time.  In the high subcooling test, Test 13609,

S-RELAP5 tends to predict an earlier quench time at or below an elevation of 82.8 in.

For FLECHT SEASET Test 31504, the PCT occurs in the region above, but close to, the

mid-plane of the test section.  The calculated rod surface temperature in the temperature rise

period is in good agreement with the measured data.
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Steam Temperatures

Steam temperature is one of the important parameters in determining the heat transfer rate

during the temperature rise period.  Figures 4.43 through 4.51 show the calculated and

measured steam temperatures for the FLECHT and FLECHT-SEASET tests.  The calculated

steam temperature generally is lower than the measured steam temperature for the FLECHT-

SEASET tests and higher than measured steam temperature for the FLECHT skewed tests.

Differential Pressures

Differential pressure is an indirect measurement of void distribution, which is an important

property for calculating the heat transfer rate. The calculated differential pressures are

somewhat higher than the measured data in the period between 200 and 300 seconds for the

three lower reflood tests.  S-RELAP5 calculates excess liquid accumulation within the region

between the 72 and 84in elevations during this period.  This happens after the PCT has

occurred and thus has no effect on PCT.

Heat Transfer Coefficient

The heat transfer coefficient normally is defined with respect to phase or saturation temperature,

depending on the heat transfer mode.  This definition is used in S-RELAP5 and the other codes

in the RELAP5 series.  The heat transfer coefficient data usually are deduced from the heat

transfer measurements with reference to the saturation temperature.  Good agreement between

the calculated and measured data is observed for the dispersed-film-boiling heat transfer regime

(before time = 200 s) leading to a good calculation of the PCT.  Figures 4.52 through 4.60 show

calculated versus measured heat transfer coefficients for the tests.

Mass Inventory

The calculated water mass accumulation generally is less than measured.  Most of the mass

accumulation occurs early in the transient as the lower half of the test section is filled.  Once the

water accumulation reaches the high power mid-plane region of the test bundle, the water

accumulation becomes a balance between injected water entering and entrained and

evaporated water leaving.  Figures 4.61 through 4.69 compare calculated versus measured

liquid mass inventory.
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Liquid Carryover

The calculated carryover generally is greater than the liquid carryover derived from the

measured carryover tank level, as shown in Figures 4.70 through 4.75 for the FLECHT-SEASET

tests.  This is consistent with the lower calculated mass levels in the test bundle and would

indicate that S-RELAP5 is overpredicting the entrainment in the bundle.

Rod Quench Time

The calculated quench time generally is greater than the mean quench time derived from

measured rod thermocouple data at high elevations in the FLECHT-SEASET test assembly.

The magnitude of the delay generally increases with increasing elevation in the test assembly.

These trends do not hold true for the lowest (Test 31805) and highest (Test 31701) reflood rate

tests.  Quench time comparisons are given in Figures 4.76 through 4.81.

Summary

Data comparisons for the eight key parameters were made for all tests calculated.  The

agreement is good, with S-RELAP5 generally calculating peak cladding temperature (PCT) in

agreement with or higher than the measured data.  These data will be used to derive the heat

transfer parameter multipliers shown later in this section.

Sensitivity Studies

Timestep and nodalization sensitivity studies also were performed using FLECHT SEASET Test

31504 to demonstrate the solution convergence of the S-RELAP5 treatment of the reflood

transient.  FLECHT SEASET Test 31504 was chosen because it is a demanding low flooding

rate (0.97 in/s) [2.46 cm/s] test.  High-flooding-rate tests are known to be easier for the

advanced system codes to simulate because of early temperature turnover and no sharp

discontinuities in the void distribution.

The timestep and nodalization sensitivity studies showed that calculated rod surface

temperatures are not sensitive to timestep sizes, particularly in the temperature rise period.  The

calculated results had some small variations with the node sizes, noticeably in the quench

period.  The local maximum cladding temperatures (as a function of elevation) computed with

different node sizes and different time-step sizes are clustered in an extremely narrow band.
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This band is much narrower than the corresponding measured data band.  Also, the calculation

points are distributed in the high-temperature outer envelope of the measured data.

Figures 4.82 through 4.84 show results from the nodalization and time step calculations.

[These sensitivity studies show that 20 or more axial nodes and time steps of 0.01 second or

less are sufficient to produce converged heat transfer results during reflood for these full-scale

simulations.]

4.3.1.7 PDTF/SMART Tests

The Product Development Test Facility (PDTF) Small Array Reflood Test (SMART) tests were

performed by FRA-ANP to show that the high thermal performance (HTP)-type (FRA-ANP-type)

spacer was thermodynamically equivalent to the FOCUS* (mixing vane)-type spacer with

respect to reflood and PCT.  The data from these tests provides simulations of FRA-ANP

prototypic fuel rods under LOCA reflood conditions.  Therefore, FRA-ANP used  the data from

the SMART to perform verification and validation assessments on the S-RELAP5 thermal-

hydraulic simulation code in support of FRA-ANP's RLBLOCA methodology.  The tests are

similar to the FLECHT-SEASET tests and assess the same phenomena, except that they were

performed in a FRA-ANP facility and used hardware prototypic of FRA-ANP 15 x 15 fuel.  The

assessments also examined the effects of spacer modeling on reflood phenomena.  The details

of the assessments are reported in Section 3.4 of Reference 5.

The test assemblies were 6 x 6, full-height, simulated PWR assemblies.  The rod diameter and

pitch were characteristic of FRA-ANP's 15 x 15 PWR fuel design.  The test assembly had a

uniform radial power distribution and a chopped cosine axial power distribution.  The tests

simulated five different flooding conditions.  Of the five flooding rate conditions, four were

constant-flooding-rate tests and one was a variable-flooding-rate test.  The constant-flooding-

rate tests had flooding rates of 0.6, 1, 2, and 4 in/s.  The variable-flooding-rate tests started at

8 in/s and ramped rapidly to a constant 1-in/s flooding rate.  The 0.6-in/s tests were terminated

prematurely; therefore, they were eliminated for the verification and validation of S-RELAP5.

                                               
* FOCUS is a trademark of Framatome ANP.
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Four tests were chosen to evaluate S-RELAP5's ability to predict maximum clad temperature

(MCT) at individual elevations and overall PCT.  The four tests that were explicitly modeled are

listed in Table 4.5.

The current methodology for RLBLOCA does not explicitly model spacers in the core.  These

assessments are being performed to evaluate the acceptability of this methodology.  Therefore,

in addition to evaluating the performance of S-RELAP5 with the current spacer-free modeling, a

model that incorporates spacer volumes also was created and evaluated.  This additional model

only addresses the reduction in flow area through the spacer.

Figure 4.85 shows the PCT for each test as predicted by the S-RELAP5 models with and

without spacer volumes, as well as the PDTF SMART test data.  As can be seen, the

simulations without spacer volumes, but with appropriate junction loss coefficients, predict a

PCT within the range of the data (excellent agreement) for each flooding condition except for

the 4-in/s case.  For this test, the prediction is 34 °F (19 °C) below the range of the data.  This is

not a significant difference (good agreement).  The model without spacer volumes represents

the current Realistic LBLOCA methodology.  The predictions of differential pressure across the

test assembly and rod surface temperature versus time for the model without spacer volumes

also were found to be adequate when compared to test data.

The effect of spacer heat transfer enhancement can be seen when comparing measured

maximum clad temperatures for the 2 peak power nodes at the axial center of the assembly for

tests KH02B and KH03B (the 4-in/s flooding rate for test KH01B is large enough such that

spacer heat transfer enhancement is not as important).  These 2 nodes have identical power

peaking and, since they are adjacent nodes, they should see similar heat transfer environments.

However, the upper peak power node spans a spacer.  Comparison of measured maximum clad

temperature data at these nodes shows a temperature differential between the two locations

(72 in versus 77 in) of about 110°F (43°C).  Therefore, this is the inferred spacer benefit from

the measured data.

The model without spacer volumes predicted a more conservative PCT than the model with

spacer volumes for every case.  Also, the predictions of differential pressure across the test

assembly and rod surface temperature versus time showed the simulation predictions to be in



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-31

Framatome ANP Richland, Inc.

good agreement with each other.  Generally, the model without spacers predicted higher rod

surface temperatures and a smaller total pressure drop than the model with spacer volumes.

Figures 4.86 through 4.89 show the predicted PCT and the maximum clad temperature (MCT)

at each nodal elevation compared to the available data for each test.  These figures show that

the predicted PCTs and MCTs generally are within the range of the data.  Also, it can be seen

that while the model with spacer volumes generally predicts lower MCTs and does a better job

of predicting rod surface temperature in the vicinity of the spacers, generally little difference is

apparent between predictions at locations away from spacers.  Because of the enhanced heat

transfer associated with the spacer, PCT does not occur at the spacer location.  Therefore, the

superior ability of the model with spacer volumes to predict rod surface temperatures at spacer

locations is unimportant with respect to this key analysis parameter.

In conclusion, this analysis shows that the S-RELAP5 code can adequately predict the reflood

thermal-hydraulic behavior for the PDTF SMART reflood tests.  Also, the analysis shows that

the current methodology, which does not include the flow area restrictions associated with

spacer volumes in the core, is an equivalent or conservative model compared to a model that

includes spacer volumes.

4.3.1.8 Marviken Tests

The Marviken Test Facility and test data are well documented.  The facility has four main parts:

a full-scale boiling water reactor (BWR) vessel, a discharge pipe attached to the bottom of the

vessel, a test nozzle connected to the downstream end of the discharge pipe, and a rupture disk

assembly attached to the downstream end of the nozzle.  Nozzles of various length-to-diameter

ratios are used in the tests.

The assessment of the Marviken full-scale critical flow tests was performed to provide the

uncertainty information for the S-RELAP5 critical flow model to support the S-RELAP5

RLBLOCA project.  The Marviken full-scale critical flow test data were used in the CSAU

methodology (Reference 4) to determine the critical flow multipliers and uncertainties for the

break flow model.  The Marviken test data also are widely used in assessing critical flow models

for various system codes.

Nine Marviken tests were selected for the assessments based on the availability of electronic

data.  The test numbers for the nine tests are:  2, 6, 8,16, 17, 20, 22, 24 and 25.  Test 24 has
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been used to assess the RELAP5 critical flow model beginning with RELAP5/MOD1 and

Test 22 has been used to assess RELAP5/MOD2 and RELAP5/MOD3.  The break flow data are

assumed to be accurate, (i.e., uncertainties of data are ignored, when the uncertainties of the

S-RELAP5 break flow model are computed).

Details of the Marviken assessments are given in Section 3.5 of Reference 5 and are only

summarized here.  The calculated critical flow mass fluxes and the measured values are

sampled at 1-second intervals.  A total of 587 pairs of calculated and measured values from the

9 tests are collected.  Figures 4.90 to 4.98 show the code-to-data comparisons of mass flow

rates at the break.  The calculations agree well with the data.  The worst situation is in the

subcooled-to-two-phase transition region where the differences are larger.

Figure 4.99 shows the comparison of the calculated mass flux versus the data.  The figure

clearly shows that the comparison points are uniformly scattered around the 45 degree line. The

ratios of (calculated mass flux minus data)-to-data are used to compute the statistics.  [From

Figure 4.100, it is seen that the majority of points are within ± 25%.  Therefore, a conservative

estimate of the uncertainty is ± 25%.]

The ratios given in Figure 4.100 were evaluated first by separating the subcooled choking and

two phase choking and then as an overall data set.  [For subcooled choking, the ratios have a

mean value of 0.007 and a standard deviation of 0.077.  Thus, the subcooled choking model

has a bias factor of 0.993, which can be approximated as 1.0, and an uncertainty of ± 15%.  For

two-phase choking, the ratios have a mean of �0.01 and a standard deviation of 0.083.

Accordingly, the two-phase choking model has a bias factor of 1.01, which is very close to 1,

and an uncertainty of ± 17%.  The combined overall data set has a mean value of �0.003 and a

standard deviation of 0.079.  Thus, the critical flow model (subcooled plus two-phase) has an

uncertainty of ± 16%.  As indicated above, a conservative estimate of uncertainty is ± 25%,

which covers all the points.]

4.3.1.9 Westinghouse/EPRI 1/3 Scale Tests

The W/EPRI 1/3-scale test assessments were performed to assess the ECC/steam mixing

process during the reflood-accumulator and reflood-safety injection period in a typical PWR

LBLOCA scenario.
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The principal feature of the test apparatus was a simulated cold leg that was fabricated from a

10.42-in, inside diameter (I.D.) straight pipe.  Two ECC injection points were provided so that

the pipe lengths downstream of the injection point were either scaled to a typical PWR or were

full length.  Superheated steam from the boiler flowed through the inlet surge tank and an inlet

flow chamber before entering the test section.  The inlet flow chamber was designed to yield a

uniform velocity profile entering the test section.  Cold water from the storage tank entered the

test section through either the scaled length ECC injection point or the full length injection point.

The effluent fluid exited the test section into the outlet surge tank.  The surge tanks upstream

and downstream of the test section help maintain constant pressure boundary conditions for

circumstances where large pressure oscillations occurred inside the test section.  The test

section was fitted at the top and bottom with thermocouples.  This provided temperature data for

both the vapor and liquid phase in the case of stratified flow inside the test section.  Pressure

drops along the test section also were measured.

One of the important phenomena identified in PWR LBLOCA is the mixing of the ECCS water

and the steam in the cold leg during the LBLOCA refill and reflood phases.  The controlling

parameter is the interfacial condensation heat transfer coefficient.  Its impact on the PCT

calculation needs to be evaluated.  To do this, the uncertainty range in the interfacial

condensation heat transfer coefficient for the mixing process must be determined based on an

assessment against relevant data.  In this study, data from the W/Electric Power Research

Institute (EPRI) one-third scale study was selected.  This data has been determined to be

appropriate and representative of conditions encountered in the reflood and post-reflood phases

of a PWR LBLOCA.

Section 3.8 of Reference 5 documents the assessment results and a sensitivity study of the

multiplier on the interfacial heat transfer coefficient.  The results are used to support the overall

application of the RLBLOCA methodology.

To confirm the appropriateness of the data, the results of a typical LBLOCA scenario for a W

3-loop PWR were examined.  The range of conditions considered in the test matrix is similar to

that found in the sample calculation.  Hence, the test matrix selected is appropriate for the

present assessment, and can be used to determine the uncertainty associated with the code's

capability to predict the ECC/steam mixing process during the reflood period of a LBLOCA.
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For the S-RELAP5 assessments, the difference between the liquid effluent temperature and the

injection temperature was the primary data because it relates directly to the interfacial

condensation heat transfer rate over the entire test section.  The capability of S-RELAP5 in

predicting the interfacial condensation heat transfer in the mixing of ECCS water and steam can

therefore be assessed by calculating this temperature difference and comparing the calculated

temperature difference results to measured data.

[For plant applications, a coarse cold leg nodalization is used as specified by FRA-ANP realistic

LBLOCA input model development guidelines (Reference 12).]  To be consistent with the

FRA-ANP guidelines, a plant-consistent model is therefore developed for the assessments.  The

determination of the interfacial condensation multiplier is based on this plant-consistent model.

Nineteen runs were assessed; 9 correspond to the reflood phase after accumulator injection

and the other 10 to the reflood accumulator injection phase.  The primary result sought in this

study is the effluent liquid temperature (i.e., the liquid phase temperature at the exit of the test

section).  For all the cases run, the thermal hydraulic variables were sufficiently steady at

100 seconds except for several reflood-accumulator tests.  Hence the effluent temperatures at

100 seconds were used to compare with the measured data.

Table 4.6 compares the calculated and measured effluent temperature for all the cases, using

the plant-consistent model.  The information from Table 4.6 is plotted in Figure 4.101.  The total

amount of interfacial heat transfer is approximately proportional to the difference between the

liquid effluent temperature and the inlet temperature (i.e., ECC liquid temperature).  Denote this

difference by ∆T.  The ratio of the calculated ∆T and the measured ∆T approximates the ratio

between the code-predicted condensation heat transfer and the actual value.  Hence define R

as

( )
( )

effluent in measured

effluent in calculated

T T
R

T T

−
=

−

Deviation from unity of R represents a code bias in predicting the interfacial condensation heat

transfer during the ECC/steam mixing process.  [Based on the plant consistent nodalization

results, (i.e.,Table 4.6), the ratio R for each test was calculated. Figure 4.102 shows the
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cumulative frequency for R.  Based on this figure, a uniform distribution with limits 0.383 and

1.095 was determined for the uncertainty range of the interfacial condensation heat transfer

coefficient multiplier (CONMAS).]

S-RELAP5 was assessed against selected tests from the W/EPRI 1/3 scale condensation

experiment.  A bias was defined that approximately represents the ratio of the experimental and

code-calculated interfacial condensation heat transfer.  This bias was used to assess the

accuracy of the code in predicting the interfacial condensation heat transfer during the

ECC/steam mixing process.  [The results show that the mean bias, based on 19 data points, is

about 0.9 (reasonable to good agreement) using a nodalization consistent with plant

nodalization.  This indicates that S-RELAP5 slightly overpredicts the interfacial condensation

rate on the average.  A uniform distribution with limits of 0.383 and 1.095 was determined for

the uncertainty range of the interfacial condensation heat transfer coefficient in the ECC/steam

mixing process.]

4.3.1.10 FRA-ANP CCFL Tests

As described in Section 3.9 of Reference 5, a small-scale test facility was used to flow test the

upper tie plates (UTPs) of interest and determine whether or not the S-RELAP5 calculation of

CCFL was sufficient (i.e., accurate or conservative).  UTPs from FRA-ANP designs for W

15 x 15 and 17 x 17 fuel assemblies and a CE 14 x 14 fuel assembly were obtained and flow

tested in the mini-loop of the PDTF.  The testing consisted of measuring the liquid penetration in

an upflow air channel containing the UTP.  Kutateladze parameters were calculated from the

measured data and compared to the corresponding flooding curve predicted for the geometry by

the S-RELAP5 CCFL model.

The mini-loop is a Lexan test loop designed to do part-array testing for air/water evaluations

and/or flow visualization studies.  It was configured to spray water into the top of the test

chamber while air was injected into the lower portion of the test section.  The test chamber was

sized to contain a 5 x 5 bundle with four spacers and a UTP.  Instrumentation is provided to

monitor flows, pressures, temperatures, and water levels.

The generic test bundle consisted of a lower flow straightener, four spacers, and 24 rods in a

5 x 5 array.  The bundle was situated in the test channel such that it was held a prototypic

distance from the UTP test section.  The UTP section was supported by the test channel and
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not connected to the bundle.  To ensure proper isolation of the UTP effect, the topmost spacer

was situated approximately 12 in below the UTP.  The same rod and spacer configuration was

used throughout the evaluation.  Care was taken to seal the edge of the UTP to prevent

unintended bypass.

The mini-loop was operated at ambient temperature and atmospheric pressure for all test

conditions.  Water was inserted in a disperse spray above the top of the bundle.  The facility

was modified to provide a means to collect the water injected during the test by installing a

collection tank.

Countercurrent flow limiting (CCFL) affects the liquid fallback from the upper plenum to the core

during the refill and reflood portions of the LBLOCA transient.  [The S-RELAP5 (Reference 9)

code uses a special process model based on the work by Bankoff and Tien that limits the liquid

fall back.  The application of this model requires input from the analyst based on the geometry

of the flow passage between the core exit and upper plenum entrance.  The plant model

nodalization uses the upper tie plate (UTP) as this flow passage.  Because liquid fall back CCFL

is geometry dependent and three distinct geometries are considered for the methodology, the

specific geometries were tested and the CCFL was quantified for each geometry.]

The experimental data was converted to Kutateladze parameters for comparison to Bankoff

(Reference 9).  The Bankoff correlation, as used in S-RELAP5, has provisions for Wallis or

Kutateladze weighting, as well as slope and intercept as user input.  [As used in RLBLOCA

analysis, Kutateladze weighting with slope of 1.0 and intercept of 1.8 is required.]  The intercept

is modified by Tien with:

1 4

jD
c c tanh 0.9

L

β
    ′ =    

     

where the characteristic length L is given by

f g

L  
g( )

σ=
−ρ ρ
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and where

c 1.8 (user input)

β 1.0 (user input to choose Kutateladze weighting)

Dj tie plate hydraulic diameter

g gravity

σ surface tension

fρ liquid density

gρ vapor density

For the geometries used in the experiments, the following hydraulic diameters and resulting c'

were used to calculate the Bankoff flooding curves used for comparison purposes:

[Dj = 2.3272 in2, c' = 1.4592, for the 17 x 17 UTP]

[Dj = 3.5024 in2, c' = 1.5088, for the 15 x 15 UTP]

[Dj = 4.4528 in2, c' = 1.5968, for the 14 x 14 UTP]

Figures 4.103, 4.104, and 4.105 compare mini-loop data with Bankoff.  In all cases, the

measured data is conservative (acceptable agreement) with respect to the flooding curves using

the RLBLOCA parameters (Reference 12).

4.3.1.11 UPTF Tests

Section 3.7 of Reference 5 documents assessments of S-RELAP5 using the Upper Plenum

Test Facility (UPTF).  The UPTF was operated by Kraftwerk Union AG (KWU) in support of the

2D/3D Refill and Reflood Program.  It was designed to simulate a four-loop 3900 MWt PWR

primary system, and was intended to provide a full-scale simulation of thermal-hydraulic

behavior in the primary system during the end-of-blowdown, refill, and reflood phases of a PWR

LBLOCA.  Note that end-of-blowdown defined by UPTF experimenters differs from the

blowdown period defined for the RLBLOCA PIRT and consists of the period when the

accumulators are flowing but the system is still depressurizing.  The specific tests assessed with

S-RELAP5 include selected runs from the following test series, Tests 6, 7, 8, 10, 11, 12, and 29.
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4.3.1.11.1 UPTF Tests 6 and 7

UPTF Tests 6 (Runs 131, 132, 133, 135, and 136) and 7 (Run 203) were designed specifically

to examine downcomer countercurrent flow behavior during blowdown, ECC bypass, and lower

plenum refill with cold-leg ECC injection.  The ECC injection is activated in a PWR during the

end-of-blowdown and refill phases of a cold-leg break LBLOCA transient.  These interactions

play a key role in determining the rate at which ECC water is able to refill the lower plenum.

The tests were analyzed to demonstrate the ability of S-RELAP5 to self-limit countercurrent flow

in the downcomer and predict reasonable refill behavior including ECC bypass compared to

experimental data.

The S-RELAP5 assessment calculations included simulations of Test 6, Runs 131, 132, 133,

135, and 136 and Test 7, Run 203.  For these runs, the UPTF system was configured to

simulate the late blowdown and refill phases of a cold-leg break PWR LBLOCA.  These tests all

were initiated with no water inventory in the lower plenum.  Steam injected in the core region

traveled downward to the lower plenum, then exited the vessel via the downcomer and broken

cold leg.  An identical pattern of ECC injection was used for all the runs analyzed, with a

constant injection rate into each of the three intact cold legs.  A wide range of steam flow rates

was used for the various runs and, depending on the downcomer steam flow rate, the ECC

water entering the downcomer either bypassed to the broken cold leg or penetrated downward

to fill the lower plenum.

The following general observations regarding UPTF Tests 6 and 7 were found to be true of both

the experiments and their corresponding S-RELAP5 simulations.

• Very little water was delivered to the downcomer and lower plenum during the period that
the intact cold legs were filling with ECC water.  Only after the cold legs were filled did a
significant amount of ECC penetration to the downcomer and lower plenum begin.

• When ECC penetration to the lower plenum did occur, the rate of that penetration tended to
vary inversely with the rate of steam flow in the downcomer.

• During the period of ECC penetration, ECC water from cold legs 2 and 3 (opposite the
broken cold leg) tended to penetrate directly downward to the lower plenum.  ECC water
from cold leg 1 (immediately adjacent to the broken cold leg) tended to be bypassed to the
broken cold leg.

• Highly unstable flow conditions were observed in the downcomer during the entire period of
ECC injection.
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The specific LBLOCA refill phenomena addressed by the analyses of Tests 6 and 7 include the

following:

• Downcomer multi-dimensional effects

Both calculated steam flow and calculated ECC water flow are shown to distribute

themselves azimuthally in multi-dimensional patterns that were consistent with test

results.

• Downcomer countercurrent and slug flow

The various runs were performed with a wide range of downcomer steam flow rates and

with two phase flow conditions including countercurrent and slug flow.  In all cases, the

code was demonstrated to conservatively (adequate to reasonable agreement with data)

predict downcomer penetration of ECC water with the RLBLOCA lower plenum plant

nodalization.

• Downcomer condensation and non-equilibrium flow

The various runs were performed with a wide range of ECC subcoolings (and

downcomer condensation rates) and in all cases, the code was demonstrated to

conservatively predict downcomer penetration of ECC water with the RLBLOCA plant

lower plenum nodalization.

• Downcomer entrainment and deentrainment

With the RLBLOCA plant lower plenum nodalization, the code conservatively predicted

the entrainment of ECC water from the intact cold legs to the broken cold leg during the

cold-leg filling period, and correctly predicted full or partial entrainment of ECC water to

the broken cold leg during the lower plenum refill period.

• Lower plenum sweepout

The code was shown to overestimate the lower plenum sweepout rate when the

standard RLBLOCA lower plenum nodalization is used (adequate agreement with data).

A sensitivity study was performed that indicates that the use of a 2-D lower plenum

model improves the code prediction of sweepout and liquid level.

Figures 4.106 through 4.111 show the lower plenum liquid level as calculated by S-RELAP5

with the RLBLOCA plant lower plenum nodalization and as measured for each test run.  The
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code is shown to consistently underpredict the lower plenum fill rate and overpredict the amount

of lower plenum sweep out during the refill period.  Underpredicting the lower plenum fill rate

indicates that, in the full size UPTF facility, the S-RELAP5 code is overpredicting ECC bypass.

Underpredicting the rate of lower plenum fill is conservative because it delays the beginning of

core recovery, which will result in the prediction of higher PCTs.

4.3.1.11.2 UPTF Test 8

UPTF Test 8 was performed to investigate the thermal hydraulic behavior of ECC water

injection during the end-of-blowdown, refill, and reflood phases of a postulated LOCA.  Of

particular interest in the test is the pressure and fluid oscillations occurring in the cold legs.

These oscillations are induced by condensation of steam from the injection of the subcooled

ECC water, the formation of a liquid plug in the cold leg (slug flow regime), and the transition to

the stratified flow regime.  The code assessment was performed for two Test 8 runs (Run 111

and Run 112) that differed by the value of the resistance to flow applied in the pump simulator of

intact loop 2.  The different resistance resulted in a different steam rate into the intact loop 2.

The primary results from the comparisons of S-RELAP5 to the UPTF data for Test 8 Run 111

and Run112 are as follows:

• A key test result was the measurement of a subcooled liquid plug filling the entire cross
section of the cold leg (slug flow) at higher ECC injection rates.  S-RELAP5 also predicted
the plug formation at the start of the test for the higher ECC injection rates consistent with
the test results.

• The experimental results and the S-RELAP5 prediction both indicate that condensation
occurs at the face of the cold-leg plug.

• When the step change in the ECC flow from 400 to 250 (kg/s) occurs in the experiment, the
S-RELAP5 calculation changes from slug flow to stratified flow.   This corresponds directly to
the start of a transition in the experiment from slug flow to fully developed stratified flow.
This transition is marked by a high level of temperature oscillation that in the case of
Run 112 clearly reaches the steam temperature.

• The S-RELAP5 cold-leg temperature solution is in good agreement with the measured
UPTF data until the point where S-RELAP5 changes from slug flow to stratified flow.  At that
point, no single S-RELAP5 calculated temperature can be directly compared to the UPTF
data.

• For these S-RELAP5 calculations, the predicted behavior was shown to be relatively
insensitive for a maximum time step of less than 10 ms.
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Figures 4.112 through 4.115 show the results from Test 8 Runs 111 and 112.

4.3.1.11.3 UPTF Tests 10 and 29

UPTF Tests 10, Run 081, and 29, Runs 211 and 212, were specifically designed to simulate

upper core, upper plenum, and hot-leg fluid flow behavior during the reflood phase of a LBLOCA

transient.  These tests were analyzed to demonstrate the ability of S-RELAP5 to properly predict

entrainment/deentrainment phenomena and to limit countercurrent flow at the UTP and upper

plenum regions of a PWR during the LBLOCA reflood phase.  The limiting of down flow into the

core is important because water down flow into the core region provides a source of additional

core cooling and reduces the likelihood of water carryout to the steam generators.  The water

carryout to the steam generators affects the predicted steam binding effects because of liquid

vaporization in the steam generators

The S-RELAP5 assessment calculations included simulations of Test 10, Run 081, and Test 29

for a combination of Runs 211 and 212.  For all of these runs, the UPTF system was configured

to simulate the reflood phase of a cold-leg break PWR LBLOCA.  UPTF Test 10, Run 081, and

29, Run 211/212, were separate effects tests that investigated core, upper plenum, hot leg and

steam generator behavior during the reflood phase of a PWR LBLOCA with a cold-leg break.

For these tests, the lower plenum and lower downcomer were filled with water to block steam

flow directly from the core to the downcomer and cold legs.  A mixture of steam and water was

injected into the core simulator to simulate reflood steam generation and water entrainment.

The injected steam and entrained water then flowed to the hot legs via the upper core support

plate and upper plenum.  From the hot legs, the steam/water mixture flowed into the steam

generator simulators where water was separated from the mixture by cyclone separators.  The

separated water was stored and measured in holding tanks, while the steam (and any

unseparated water) flowed onward through the pump simulators, intact cold legs, upper annulus

and broken cold leg to the break junction.

Each test consisted of a sequence of phases using different steam and water injection rates.

Run 081 was a 300-second transient consisting of four different flow phases.  This test was

flawed during the period from 50 through 150 seconds by the inadvertent leakage of steam from

the lower plenum around the core barrel skirt into the downcomer and by accompanying lower

plenum flow oscillations observed in the test data.  This flawed test period involves the first
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three phases of the test, and data from these phases is not compared with S-RELAP5

simulation results.  The conditions for the four phases of this test are given in Table 4.7.

Runs 211 and 212 were 900-second transients consisting of six different flow phases.  Each

phase consisted of a period of constant steam flow rate and water flow rate, followed by a

period of no flow.  Test 211 was flawed by the inadvertent operation of drain valves in the steam

generator simulator during the first two flow phases.  Run 212 was a repeat of Run 211 with the

drain valve problem fixed.  Run 212 was flawed by oscillatory broken loop drain flow during

phases 4 through 6.  Consequently, the S-RELAP5 predictions will be compared to data from

phases 1 and 2 (0 through 300 s) from Run 212, and data from phases 3 through 6 (300

through 900 s) from Run 211.  The test parameters for the six phases in combined Run 212/211

are shown in Table 4.8.

The specific LBLOCA reflood phenomena addressed by the Test 10 and 29 analyses include

the following:

• Steam generator steam binding

• Upper plenum two-phase convection

• Upper plenum countercurrent flow

• Upper plenum and hot-leg entrainment and deentrainment

The following general observations can be made regarding the S-RELAP5 simulations of UPTF

Tests 10 and 29 using the CCFL inputs for the RLBLOCA methodology.

• Overall predictions of total water carryover to the steam generator simulators indicates that
the code conservatively overpredicts (adequate agreement with data) the liquid carryover to
the steam generators.  This is conservative because it will result in an overprediction of the
steam binding effect, which in turn reduces the reflood rate.

• Overall predictions of total fallback to the lower vessel region also was shown to be
conservative in that the fallback to the core was underpredicted (adequate agreement with
data).  This is consistent with the overprediction of liquid carryover to the steam generators
because more liquid will be present in the upper plenum to be carried over to the steam
generators.

For UPTF Test 10 Run 081 the Kutateladze CCFL correlation is used in the S-RELAP5 code to

limit down flow at the core UTP.  Figure 4.116 presents a plot of Kutateladze parameters

calculated from the S-RELAP5 results compared to the UPTF correlation.  The comparison
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shows that S-RELAP5 is correctly limiting liquid down flow, as noted by the linear upper limit of

sqrt(Kg).  [These results are based on the CCFL input parameters (m=1.0, c=1.8 β=1.0)

specified in the RLBLOCA guidelines.]  Figure 4.116 clearly shows the S-RELAP5 calculations

are conservative relative to the UPTF correlation developed from the UPTF data.

For UPTF Test 29, Run 211/212, Figure 4.117 presents a plot of Kutateladze parameters

calculated from the S-RELAP5 results compared to the UPTF correlation derived from the data.

This comparison also shows that S-RELAP5 is correctly limiting liquid downflow noted by the

linear upper limit of sqrt(Kg).  Figure 4.117 shows that the S-RELAP5 calculation is conservative

relative to the UPTF correlation derived from the data.

Figures 4.118 and 4.119 demonstrate the S-RELAP5 code overprediction of the liquid carryover

to the steam generators.  Figure 4.118 has been shifted in time to account for Test 10, Run 081,

problems in the first part of the test to limit flow between the core and downcomer.  Both plots

clearly show that S-RELAP5 with the RLBLOCA plant nodalization conservatively overpredicts

the carryover of liquid to the steam generators.

An additional set of S-RELAP5 simulations was preformed using the CCFL input parameters

recommended by KWU for the UPTF tests.  These CCFL input parameters significantly reduced

the conservatism in the S-RELAP5 predictions, indicating that the code is functioning

appropriately with respect to CCFL inputs.  The code prediction of carryover to the steam

generators still is shown to be conservative relative to the UPTF test data.  This indicates that

the code entrainment/deentrainment model is conservative when applied with the RLBLOCA

Kutateladze parameters in conjunction with the 2D upper plenum model.

4.3.1.11.4 UPTF Tests 10 and 12

UPTF Tests 10, Run 080, and 12, Run 014 were also specifically designed to simulate upper

core, upper plenum, and hot-leg fluid flow behavior during the reflood phase of a LBLOCA

transient.  These tests differed from Test 10, Run 081, and Test 29 in that flow was allowed

between the downcomer and core region and Test 12 included nitrogen injection.  Analysis of

these tests demonstrates the ability of S-RELAP5 to properly limit countercurrent flow at the

UTP and upper plenum regions of a PWR during the LBLOCA reflood phase.  This limiting of

down flow into the core is important because water down flow into the core region provides a
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source of additional core cooling and reduces the likelihood of water carryout to the steam

generators with the associated steam binding effects.

UPTF Test 10, Run 080, was performed to examine countercurrent flow through the UTP and to

examine co-current water down flow.  The lower plenum was filled with water to a level of 1.2 m

(3.94 ft), steam was injected into the core, and subcooled water was injected into the intact hot

legs.  The boundary conditions set up countercurrent flow of steam and water through the UTP

as well as through regions of co-current water down flow.

UPTF Test 12, Run 014, was performed to examine countercurrent flow between the UTP and

the upper plenum.  The water level in the lower vessel at the start of the test was low enough

(0.56 m, 1.84 ft) to allow steam to flow from the core to the downcomer and broken cold leg.

Steam was injected into the core, and subcooled water was injected into the intact hot legs.

These boundary conditions setup countercurrent flow of steam and water through the UTP.

The key parameters to be compared between S-RELAP5 simulations and test results are the

down flow of water to the lower vessel region, Kutateladze countercurrent flow parameters

calculated at the junctions between the upper plenum and core, and the upper plenum pressure.

Reduced down flow of water to the lower vessel generally is considered to have a conservative

effect because it leads to less core cooling.  Figures 4.120 through 4.122 show results for UPTF

Test 10, Run 080.  Figures 4.123 through 4.125 give similar results for UPTF Test 12, Run 014.

For both tests, data and S-RELAP5 calculations were compared with two different sets of

Kutateladze parameters.  [The first set (m=1.0, c=1.8 β=1.0) was specified in the RLBLOCA

guideline (Reference 12) and the second set (m=.85, c=2.25 β=1.0) was developed by KWU

based on the UPTF experimental data.]  For both sets of Kutateladze parameters, the

S-RELAP5 code is demonstrated to conservatively limit the water downflow in the

countercurrent flow mode.  The degree of conservatism is significantly reduced when the UPTF

experimental data parameters are used, but the code predictions remain conservative relative to

the data in both tests (acceptable agreement).

The calculated UPTF water down flow also was compared with the S-RELAP5 calculated water

down flow based on the two sets of Kutateladze CCFL input parameters.  The results show that

overall (co-current and countercurrent) S-RELAP5 conservatively underpredicts down flow.  The

small difference between the down flow results, despite the change in CCFL parameters,
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indicates that the total down flow is primarily caused by  co-current flow.  This is consistent with

the UPTF results which indicate break through of ECC liquid near the hot-leg upper plenum

junction.  The S-RELAP5 results are based on describing the core to upper plenum junction with

the fuel bundle UTP area consistent with the current RLBLOCA methodology.

With respect to upper plenum pressure, the S-RELAP5 calculated upper plenum pressure and

the measured data comparisons indicate that the S-RELAP5 code slightly underpredicts the

pressure for all cases.

The final observation is that the presence of nitrogen in the system does not appear to have a

significant impact on CCFL.  One of the differences between Test 12, Run 14, compared to Test

10, Run 080, is that nitrogen was injected into the system.  Comparisons of the Kutateladze

parameters indicate that the presence of the nitrogen in the system does not affect either the

S-RELAP5 calculation or the UPTF experimental results for CCFL.

4.3.1.11.5 UPTF Test 11

Assessment of UPTF Test 11 was made to validate the application of the S-RELAP5 CCFL

model to the steam generator inlet plenum junction from the hot leg.  UPTF Test 11 is a series

of quasi-steady-state SETs conducted to investigate the countercurrent flow of steam and

saturated water in the hot leg of a PWR.  Countercurrent flow in the hot leg was simulated by

venting steam from the primary system through the UPTF broken loop hot leg to the

containment simulator downstream from the water separator.  Simultaneously, a stream of

saturated water was injected into the water separator inlet chamber.  The test consisted of a

series of flow conditions to map out the countercurrent flow curves at two different pressure

conditions, 0.3 MPa (low pressure case) and 1.5 MPa (high pressure case).

The measured water level increase in the lower plenum of the test vessel was used to calculate

the mean downflowing water rate by use of the volume versus elevation calibration curve.  The

upflowing water mass flow rate was separated by the cyclones and measured using the water

level outside the cyclones in the water separator.  At higher injected steam mass flow rates, a

small part of the upflowing water was carried out by the steam to the containment simulator.  To

check the water mass balance, the water level in the water separator was measured and no

water was drained from the water separator or from the lower plenum of the test vessel during

the test.
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Two S-RELAP5 input decks were created for each test series, one without the CCFL model and

one with the CCFL option selected for the junction between the hot leg and inlet plenum.  [The

CCFL model uses the Wallis CCFL correlation (β=0) with coefficients of m=1.05 and c=0.640

and junction diameter of Dj = 0.75.]  The water and steam injection rates were input as

boundary conditions into S-RELAP5 for both the low- and high-pressure test series.

Figure 4.126 shows the simulation of the water and steam injection rates for the entire

high-pressure (1.5 MPa) test series.  At 12 seconds, water injection started and reached

9.8 kg/s within 0.5 second.  Between 150 to 200 seconds, the water injection rate increased

from 9.8 kg/s to 29.4 kg/s and then remained constant.  After the initial ramp-up, the steam

injection rate was held constant for 200 seconds and then increased to a higher value within a

50-second interval.  This steam injection pattern was repeated for all the high-pressure test

steam flow rates.  For the low-pressure (0.3 MPa) test series, a similar simulation of the water

and steam injection rates was used for the test calculation, as shown in Figure 4.127.

The calculated water downflow rates are listed in Table 4.9 for the low-pressure test series and

Table 4.10 for the high-pressure test series.  The calculated results, data, and data error bands

are shown in Figure 4.128 with the steam injection rate plotted against the liquid mass downflow

rate.

When the [Wallis form of the CCFL is applied at the junction between the hot leg and the steam

generator inlet plenum,] good agreement between calculation and data is shown.  For the

high-pressure case (1.5 Mpa), complete carryover of water to the steam generator occurs at a

steam flow rate of 40.2 kg/s, which is the same as the experimental value.  For the low pressure

case (0.3 Mpa), complete carryover occurs at a steam flow rate of 18.5 kg/s, which is lower than

the experimental value of 20.5 kg/s (note, however, no experimental data points occur between

15.3 kg/s and 20.5 kg/s).  For both test series, the calculated water downflow rates are slightly

higher than the data in the region close to complete carryover and lower than the data in the

lower steam flow region.  [Overall, the Wallis form of the CCFL model provides a good

approximation for calculating the liquid carryover to the steam generator.]

Without the CCFL model, the steam flow rate for complete liquid carryover is calculated to be

55 kg/s and 24 kg/s, respectively, for the high-pressure and low-pressure cases.  Complete

water downflow is calculated to occur below the steam mass flow rate of 18.5 kg/s for the

low-pressure case and below 40.2 kg/s for the high-pressure case.  This is not supported by the
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experimental data and is not conservative.  [Therefore, the CCFL model must be applied at the

junction between the hot leg and the steam generator inlet plenum.]

The calculated results without the CCFL model show that the interphase friction package alone

cannot properly calculate the countercurrent flow phenomena at the steam generator inlet

plenum.  [Applying the Wallis form of the CCFL model with coefficients of m=1.05 and c=0.640

at the junction between the hot leg and the inlet plenum of the steam generator produces liquid

downflow rates in reasonably good agreement with data.  The test facility is full scale.

Therefore, the CCFL model obtained from the UPTF Test 11 should be applied to the steam

generator inlet plenum for analyses of PWR plants and small/full scale tests.]

4.3.1.12 CCTF Tests

The Cylindrical Core Test Facility (CCTF) Core-II Test Series was undertaken to provide a

major and useful data base of LBLOCA reflood behavior in PWRs.  Of particular interest were

the simulations of reflood behavior after a LBLOCA in W 4�loop PWRs in which ECC is injected

into the cold leg.  CCTF is a full-height, 1/21 scale model of the primary coolant system of a

4-loop PWR plant.  The facility was designed to reasonably simulate the flow conditions,

including ECC flow behavior in the downcomer, and reactor core responses in the primary

system of a PWR during the refill and reflood phases of a LOCA.  Details of the CCTF

assessments are reported in Section 3.12 of Reference 5.

The objective of these assessments is to ascertain S-RELAP5's capability to simulate reflood

transients in conjunction with FRA-ANP RLBLOCA modeling guidelines.  Therefore, the

nodalization, time step, and other input parameters are set to those defined in the modeling

guidelines (Reference 12) and all LBLOCA uncertainty multipliers are set to the nominal value

of 1.0.

Four of the 29 tests ( tests 54, 62, 67,and 68) were chosen as a diverse sample of behaviors to

evaluate the performance of the model during vessel reflood.  These CCTF tests were

representative of a series of CCTF system gravity reflood tests with certain aspects of refill

included.  Calculations of these tests provide an understanding of key reflood phenomena and

comparisons of predicted (calculated) and experimental (measured) results for assessment of

various S-RELAP5 thermal-hydraulic models and their dynamic interactions.  Table 4.11

summarizes the key test parameters of the four tests.
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Table 4.12 shows that S-RELAP5 with an input model built on the current RLBLOCA modeling

guidelines generates PCT that range from an overprediction by 157 K for the case with the

worst agreement to an underprediction of the PCT by 17 K for the case with the best

agreement.

4.3.1.12.1 Test Run 54

Test Run 54 simulated the reflood phase of a cold-leg ECC injection PWR LOCA with a nominal

decay power (i.e., without augmenting American Nuclear Society (ANS) 1971 draft standard

decay power by 20%), a system pressure of 0.2 MPa, and a low-pressure coolant injection

(LPCI) flow rate of 0.011 m3/s.

The broken-loop hot-leg (BLHL) mass flow rate is in reasonable agreement with the data, but

the calculated pump-side break mass flow rate, on average, is below the data by about 30%.

The vessel-side break mass flow rate was not measured.  Therefore, It is not possible to use

vessel-side break mass flow rate comparisons to assess ECC bypass to the break.  The good

agreement between the calculated and the measured steam mass flow rates in the intact-loop

hot legs (ILHL) indirectly indicates that the appropriate vapor generation rate is calculated in the

core region.  The calculated void fractions in the ILHLs and BLHLs are lower than the voiding

shown by the data.  The calculated void fraction in the intact-loop cold legs (ILCL) after the

switch of ECC injection from accumulator core coolant (ACC) to LPCI also is lower than the

measured data.  This may be caused, in part, by observed inconsistencies among measured

loop mass flow rates and poor calibrations of void fraction measurement (the void fraction was

measured to be below 1.0 in the hot legs during the initial heatup period).  Another possible

cause could be a slight elevation change in the test facility that allowed the liquid to drain back

into the downcomer resulting in a large data uncertainty for a small liquid fraction (below 5%)

and stratified flow conditions.  Therefore, no conclusion can be drawn about entrainment and

deentrainment from the comparison of loop void fractions.  In the cold-leg ACC injection period,

the calculated void fraction in the ILCL agrees well with the data, indicating that the appropriate

condensation rate is calculated in the cold leg under the accumulator ECC injection conditions.

Both the calculations and data show no asymmetrical or multidimensional effects of downcomer

ECC penetration, mainly because no back steam flow occurs from the core to the downcomer.

The lack of upward steam flow in the downcomer also precludes the issue of scaling on the

downcomer ECC penetration behavior.  The calculated downcomer differential pressure agrees
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reasonably well with the data particularly during the accumulator injection period.  Except for a

short period of slightly lower calculated values after the switch from ACC injection to LPCI and

slightly lower predictions later in the reflood period, the calculated core differential pressure is in

good agreement with the data, indicating that the overall liquid inventory in the core is calculated

properly.  Another important parameter for the reflood process is the steam temperature in the

core.  Unfortunately, the steam temperature instrumentation did not correctly measure the

superheated steam temperature in a steam-water mixture environment.

The heater-rod temperature histories are conservatively calculated, particularly for the high

power rod bundles.  At elevations above the mid-plane of the high-power rod bundles, the

calculated temperature rise is somewhat higher and the calculated temperature rise period is

longer, partly because of the over- and undercooling calculated for the accumulator ECC

injection.  The over- and undercooling sequence is partly attributable to the sudden and large

system depressurization caused by the strong condensation associated with the ACC injection.

The calculated PCT is 1147 K (1605 F) at 2.44 m elevation at approximately 257 seconds,

compared to the measured PCT of 1113 K (1544 F) at 1.83 m at 130 seconds.  The higher

value of PCT at a higher elevation and later time is consistent with the general hydrodynamic

behavior calculated by S-RELAP5.  Figure 4.129 compares calculated versus measured

maximum temperatures with core elevation for CCTF Test 54.

In summary, the assessment results have shown that the S-RELAP5 code calculates the

important reflood phenomena occurring in the CCTF Reflood Test Run 54 well (reasonable or

better agreement with data).  The assessment demonstrates the successful application of

S-RELAP5 to PWR LOCA analyses to support the conclusion that S-RELAP5 will produce

acceptable licensing simulations of reflood behavior during the postulated LOCA of a

cold-leg-injection PWR.

4.3.1.12.2 Test Run 62

Test Run 62 simulated the reflood phase of a cold-leg ECC injection PWR LOCA with a high

decay power (i.e., augmenting ANS 1971 draft standard decay power by 20%), a system

pressure of 0.2 MPa, and an LPCI flow rate of 0.011 m3/s.

The calculated pump-side break mass flow rate again is low by about 30% on average.  The

vessel-side break mass flow rate was not measured.  Therefore, using vessel-side break mass
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flow rate comparisons to assess ECC bypass to the break is not possible.  The good agreement

between the calculated and the measured steam mass flow rates in the ILHLs indirectly

indicates that the appropriate vapor generation rate is calculated in the core region.  The

calculated void fractions in the ILHLs and BLHLs are lower than the data void fractions.  The

calculated void fraction in the ILCLs after the switch of ECC injection from ACC to LPCI also is

lower than the measured data.  This may be caused, in part, by observed inconsistencies

among measured loop mass flow rates and poor calibrations of void fraction measurement (the

void fraction was measured to be below 1.0 in the hot legs during the initial heatup period).

Another possible cause could be a slight elevation change in the test facility that allows the

liquid to drain back into the downcomer, resulting in large data uncertainty for small liquid

fraction (less than 5%) and stratified flow conditions.  Therefore no conclusion can be drawn

about entrainment and deentrainment from the comparison of loop void fractions.  In the cold-

leg ACC injection period, the calculated void fraction in the ILCL agrees well with the data,

indicating that an appropriate condensation rate is calculated in the cold leg under the

accumulator ECC injection conditions.

Both the calculations and data show no asymmetrical or multidimensional effects of downcomer

ECC penetration, mainly because no back steam flow occurs from the core to the downcomer.

The lack of upward steam flow in the downcomer also precludes the issue of scaling on the

downcomer ECC penetration behavior.  The calculated downcomer differential pressure agrees

reasonably well with the data particularly during the accumulator injection period.  Except for a

short period of slightly lower calculated values after the switch from ACC injection to LPCI, the

calculated core differential pressure is in good agreement with the data, indicating that the

overall liquid inventory in the core is properly calculated.  Another important parameter for the

reflood process is the steam temperature in the core.  Unfortunately, the steam temperature

instrumentation did not correctly measure the superheated steam temperature in a steam-water

mixture environment.

The heater-rod temperature histories are well calculated, particularly for the high-power rod

bundles.  At elevations above the mid-plane of the high-power rod bundles, the calculated

temperature rise is somewhat higher and the calculated temperature rise period is longer, partly

because of the over- and undercooling calculated for the accumulator ECC injection.  The over-

and undercooling sequence is partly attributable to the sudden and large system

depressurization caused by the strong condensation associated with the ACC injection.  The
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calculated PCT is 1241 K (1774 F) at 2.44 m elevation and 317 seconds, compared to the

measured PCT of 1132 K (1578 F) at 2.38 m and 154 seconds.  The higher value of PCT at a

higher elevation and later time is consistent with the general hydrodynamic behavior calculated

by S-RELAP5.  Figure 4.130 shows the comparison of calculated versus measured maximum

temperatures with core elevation for CCTF Test 62.

In summary, the assessment results have shown that the S-RELAP5 code calculates the

important reflood phenomena occurring in the CCTF Reflood Test Run 62 with reasonable

agreement to data.  The assessment demonstrates the successful application of S-RELAP5 to

PWR LOCA analyses to support the conclusion that S-RELAP5 will produce acceptably

conservative licensing simulations of reflood behavior during the postulated LOCA of a cold-leg

injection PWR.

4.3.1.12.3 Test Run 67 Description

Test Run 67 simulated the reflood phase of a cold-leg ECC injection PWR LOCA with a high

decay power (i.e., augmenting ANS 1971 draft standard decay power by 20%), a lowered

system pressure of 0.15 MPa, and an LPCI flow rate of 0.011 m3/s.

Again, the calculated pump-side break mass flow rate is low by about 30% compared with the

data.  The vessel-side break mass flow rate was not measured.  Therefore, vessel-side break

mass flow rate comparisons cannot be used to assess ECC bypass to the break.  The good

agreement between the calculated and the measured steam mass flow rates in the ILHLs

indirectly indicates that the appropriate vapor generation rate is calculated in the core region.

The calculated void fractions in the ILHLs and BLHLs are lower than the data void fractions.

The calculated void fraction in the ILCLs after the switch of ECC injection from ACC to LPCI

also is lower than the measured data.  This may be caused, in part, by observed inconsistencies

among measured loop mass flow rates and poor calibrations of void fraction measurement.  The

void fraction was measured to be below 1.0 in the hot legs during the initial heatup period.  This

resulted in a large data uncertainty for a small liquid fraction (below 5%) and stratified flow

conditions.  Therefore, no conclusion can be drawn about entrainment and deentrainment from

the comparison of loop void fractions.  In the cold-leg ACC injection period, the calculated void

fraction in the ILCL agrees well with the data, indicating that the appropriate condensation rate

is calculated in the cold leg under the accumulator ECC injection conditions.
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Both the calculations and data show no asymmetrical or multidimensional effects of downcomer

ECC penetration, mainly because no back steam flow occurs from the core to the downcomer.

The lack of upward steam flow in the downcomer also precludes the issue of scaling on the

downcomer ECC penetration behavior.  The calculated downcomer differential pressure agrees

reasonably well with the data during the accumulator injection period in particular.  Except for a

short period of slightly lower calculated values after the switch from ACC injection to LPCI, the

calculated core differential pressure is in good agreement with the data, indicating that the

overall liquid inventory in the core is properly calculated.  Another important parameter for the

reflood process is the steam temperature in the core.  Unfortunately, the steam temperature

instrumentation did not correctly measure the superheated steam temperature in a steam-water

mixture environment.

The heater-rod temperature histories are conservatively calculated, particularly for the high-

power rod bundles.  At elevations above the mid-plane of the high-power rod bundles, the

calculated temperature rise is much higher and the calculated temperature rise period is longer,

partly because of the over- and undercooling calculated for the accumulator ECC injection.  The

over- and undercooling sequence is partly attributable to the sudden and large system

depressurization caused by the strong condensation associated with the ACC injection.  The

calculated PCT is 1300 K (1880 F) at 2.44 m elevation and 304 seconds, compared to the

measured PCT of 1143 K (1598 F) at 1.83 m and 164 seconds.  The higher value of PCT at a

higher elevation and later time is consistent with the general hydrodynamic behavior calculated

by S-RELAP5.  Figure 4.131 compares calculated versus measured maximum temperatures

with core elevation for CCTF Test 67.

In summary, the assessment results have shown that the S-RELAP5 code calculates the

important reflood phenomena occurring in the CCTF Reflood Test Run 67 acceptably well.  The

assessment demonstrates the successful application of S-RELAP5 to PWR LOCA analyses to

support the conclusion that S-RELAP5 will produce acceptable licensing simulations of reflood

behavior during the postulated LOCA of a cold-leg injection PWR.

4.1.3.12.4 Test Run 68

Test Run 68 simulated the reflood phase of a cold-leg ECC-injection PWR LOCA with a nominal

decay power (without augmenting the ANS 1971 draft standard decay power by 20%), a system

pressure of 0.2 MPa, and an increased LPCI flow rate of 0.025 m3/s.
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Both the calculated pump-side break mass flow rate and the calculated BLHL mass flow rate

are in good agreement with the data, however the measured results are suspect because they

show relatively large negative flow rates during the initial heat-up (refill) phase.  The vessel-side

break mass flow rate was not measured.  Therefore, vessel-side break mass flow rate

comparisons cannot be used to assess ECC bypass to the break.  The good agreement

between the calculated and the measured steam mass flow rates in the ILHLs indirectly

indicates that the appropriate vapor generation rate is calculated in the core region.  The

calculated void fractions in the ILHLs and BLHLs are lower than the data void fractions.  The

calculated void fraction in the ILCLs after the switch of ECC injection from ACC to LPCI also is

lower than the measured data.  This may be caused, in part, by observed inconsistencies

among measured loop mass flow rates and poor calibrations of void fraction measurement.  The

void fraction was measured to be below 1.0 in the hot legs during the initial heatup period.  This

resulted in a large data uncertainty for a small liquid fraction (below 5%) and stratified flow

conditions.  Therefore, no conclusion can be drawn about entrainment and deentrainment from

the comparison of loop void fractions.  In the cold-leg ACC injection period, the calculated void

fraction in the ILCL agrees well with the data, indicating that an appropriate condensation rate is

calculated in the cold leg under the accumulator ECC injection conditions.

Both the calculations and data show no asymmetrical or multidimensional effects of downcomer

ECC penetration, mainly because no back steam flow occurs from the core to the downcomer.

The lack of upward steam flow in the downcomer also precludes the issue of scaling on the

downcomer ECC penetration behavior.  The calculated downcomer differential pressure agrees

reasonably well, ≅ 12% lower than the data shows.   The calculated core differential pressure is

in good agreement with the data providing an indication that overall liquid inventory in the core

is properly calculated.  Another important parameter for the reflood process is the steam

temperature in the core.  Unfortunately, the steam temperature instrumentation did not correctly

measure the superheated steam temperature in a steam-water mixture environment.

The heater-rod temperature histories are in excellent agreement, particularly for the high-power

rod bundles.  At elevations above the mid-plane of the high-power rod bundles, the calculated

temperature rise is somewhat lower and the calculated temperature rise period is generally

longer, partly because of the over- and undercooling calculated for the accumulator ECC

injection.  The over- and undercooling sequence is partly attributable to the sudden and large

system depressurization caused by the strong condensation associated with the ACC injection.
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The calculated PCT is 1105 K (1529 F) at 2.44 m elevation and 210 seconds, compared to the

measured PCT of 1122 K (1560 F) at 1.83 m and 164 seconds.  The higher value of PCT at a

higher elevation and later time is consistent with the general hydrodynamic behavior calculated

by S-RELAP5.  Figure 4.132 compares the calculated versus measured maximum temperatures

with core elevation for CCTF Test 68.

In summary, the assessment results have shown that the S-RELAP5 code calculates the

important reflood phenomena occurring in the CCTF Reflood Test Run 68 with reasonable

agreement to data.  The assessment demonstrates the successful application of S-RELAP5 to

PWR LOCA analyses to support the conclusion that S-RELAP5 will produce acceptable

licensing simulations of reflood behavior during the postulated LOCA of a cold leg injection

PWR.

4.3.1.13 SCTF Tests

The Slab Core Test Facility (SCTF) Core-II Test Series was undertaken in part to obtain

information that could be used to assess thermal hydraulic models in best estimate, evaluation

models and other computer codes.  The intent for these assessments was to use the SCTF-II

test series to assess the accuracy of the S-RELAP5 computer code.  Six tests from the series of

19 were chosen as a diverse sample of behaviors to evaluate the performance of the model

during vessel reflood phenomena.  The present study has two objectives: to assess the code's

capability of simulating both forced and gravity reflood transients and to study the effect of radial

nodalization on reflood behavior.  Details of the SCTF assessment calculations are presented in

Section 3.11 of Reference 5.

The SCTF test program is designed to investigate the two-dimensional (2D) thermal-hydraulic

behaviors in the pressure vessel during the reflood phase of a PWR LBLOCA.  To meet this

objective, SCTF simulates a full-radius slab section of a PWR with eight bundles arranged in a

row.  The heating power for each bundle can be controlled independently.

In the SCTF test, the following two test modes were adopted:  gravity feed with the ECC

injection into the cold leg, and forced feed with ECC injection into the lower plenum by closing

the bottom of the downcomer.  Although the first mode is considered to be a better simulation of

integral reactor behavior, the boundary conditions at the core inlet (mass flow rate and

subcooling) are affected by parameter changes (change of system pressure and core heating,

etc.).  Therefore, to investigate the effect of the parameter changes on the 2D thermal-hydraulic
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behaviors in the pressure vessel, the forced feed test mode was adopted to obtain more

accurate boundary conditions at the core inlet.

The tests that were modeled in the calculation assessments were two "gravity reflood" tests

(Tests S2-SH1 and S2-AC1) and four "forced reflood" tests (Tests S2-10, S2-11, S2-17, and

S2-18).  The S2-SH1 test is the SCTF-II gravity-reflood base-case test.  During Test S2-SH1,

the downcomer was not blocked from the lower plenum (i.e., hydraulic communication existed

between the lower plenum and the downcomer).  A combination of lower plenum injection and

cold leg injection was used in Test S2-SH1.  Test S2-AC1 differs from Test S2-SH1 in the ACC

injection rate and duration.

The S2-10 test is the SCTF-II forced-reflood base case.  In Test S2-10, ECC was injected into

the lower plenum only, with no hydraulic communication between the lower plenum and the

downcomer.  The ECC injection rate was specified to match the core inlet flow rate achieved in

the gravity feed test S2-SH1.  Test S2-11 differs from S2-10 in that a high ACC flow rate was

used to simulate test S2-AC1.

Test S2-17 and S2-18 are also forced reflood tests with the primary difference being in the

radial power distribution.  Test S2-17 has a flat power profile and Test S2-18 has a steep power

profile with test conditions similar to a standard plant.  The S2-18 test has a power profile that is

consistent with the RLBLOCA methodology NPP nodalization (Reference 12).  The assessment

of these two tests with their widely different radial power distributions provide a good test for the

S-RELAP5 code and NPP nodalization.

Table 4.13 shows the test conditions for each of the tests examined. The six SCTF Core-II

reflood experiment tests were selected to assess forced reflood, gravity reflood, and the effect

of radial nodalization.  The assessment matrix is summarized as follows:

• Forced vs. Gravity Reflood (Phase I).  In this assessment phase, two sets of counterpart
tests were chosen to study the differences between forced and gravity reflood.  The first
set is consists of Tests S2-11 and S2-AC1 and the second set consists of Tests S2-10
and S2-SH1.  A nominal nodalization of two bundles per core channel was modeled for
this study.

• Effect of Radial Nodalization (Phase II).  In this assessment phase, two tests were
chosen to study the effect of radial nodalization on reflood behavior.  These tests are
S2-18 and S2-17.  Three different nodalizations were used:  the nominal nodalization, a
fine-nodalization of one bundle per channel, and a plant-consistent nodalization
(Reference 12).
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Phase I Assessment Results:  Forced vs. Gravity Reflood.

This phase studies the comparison between forced and gravity reflood for the same test

conditions.  The pair S2-11 and S2-AC1, the flooding rate is about 17.4 cm/s during ACC

reflood and 1.6 cm/s during LPCI reflood and represent the highest combined injection rate in

the SCTF-II test matrix.  For Test S2-11, the calculated responses show reasonable agreement

with the data except at the top elevations.  At the two topmost elevations, the data show

prolonged heat up when the calculation predicted quenching.  The vessel pressure agreement

is reasonable.  The pressure in the vessel increases at the point of ECC injection because of

steam generation.  The extent of pressurization depends on the rate of steam venting through

the hot leg.  The vessel void fraction calculated results exhibit large oscillations, typical of

reflood simulation.  The average behavior follows the data trend.

For Test S2-AC1, the agreement between calculation and data is better than that observed in

Test S2-11.  In particular, the quench time along the heated length is better predicted at all

elevations shown.  The cladding temperature prediction at the two uppermost elevations also is

better than for S2-11.  However, the peak vessel pressure was overpredicted.

For S2-10 and S2-SH1, the flooding rate is about 3.7 cm/s during ACC reflood and 1.8 cm/s

during LPCI reflood.  These tests represent the lowest combined injection rate in the SCTF-II

test matrix.  The calculation is in reasonable agreement with the data for both tests.

The comparison of calculated and measured PCT and quench time for the Phase I

assessments are presented in Table 4.14.  The quench time was predicted to occur earlier than

the data for both the high and low flooding rate tests.  Thus, the quench front was predicted to

advance faster than the data for these tests.  For test S2-10, the PCT was overpredicted and for

S2-SH1, the PCT was underpredicted.  Conversely the time of PCT was overpredicted in S2-10

and underpredicted in S2-SH1.

In summary, the Phase I assessments show that S-REALP5 can simulate both forced and

gravity reflood transients.  The PCT for counterpart tests, S2-11 and S2-AC1 and Tests S2-10

and S2-SH1, have good agreement with data.  For high and low flooding rates, the PCT was

predicted within 55 F or less (good agreement with data).
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Phase II Assessment Results:  Effect of Radial Nodalization

This phase studies the effect of radial nodalization on the reflood behavior during a postulated

LBLOCA incident.  Tests S2-17 and S2-18 were selected for this study.  The ACC flooding rate

for Test S2-17 is about half of that for Test S2-18, while the LPCI flooding rates are about the

same for both tests.  The major difference between these two tests is in the core power

distribution.  Test S2-17 has uniform power across the core (all at 890 kW).  Test S2-18 has a

significant radial power distribution, with the peak bundle power (1210 kW) about twice as much

as the peripheral bundle power (676 kW).  The total power level for the two tests is almost the

same (7120 kW for S2-17 versus 7118 kW for S2-18).  The distribution of radial power renders

these two tests ideal for studying core radial nodalization.

[Three radial nodalizations were used:  the nominal nodalization hitherto used, an individual

nodalization (one assembly per fluid channel) and the plant-consistent nodalization

(Reference 12).  Core noding for the LBLOCA is prescribed using the plant nodalizations.  In

accordance with FRA-ANP guidelines, the plant-consistent nodalization divides the core into

four fluid channels.  The first channel contains the hot assembly (HA) (the peak power

assembly), the second channel contains the next highest power assembly, the third channel

contains the average assemblies (lumps the next five assemblies), and the fourth channel

contains the peripheral assembly (the lowest power assembly).]

The input models for the individual nodalization and the plant-consistent nodalization were

developed from the base model having the nominal nodalization.  Three primary modifications

are required:

• [Core component.  For the individual nodalization, the core is represented by a 2D
component having an 8 x 25 mesh.  The radial mesh is uniform in this case (i.e., the flow
area in the x-direction, and the length in the y-direction are the same for each axial
channel).  For the plant-consistent nodalization, the core is represented by a 2D
component having a 4 x 25 mesh, as in the nominal nodalization.  However, the radial
mesh is non-uniform in this case, because of the non-uniform grouping of assemblies in
the plant-consistent nodalization.]

• [Upper plenum component.  The upper plenum component is modified to conform to the
core nodalization.  Specifically, for the individual nodalization, the upper plenum is
represented by a 2D component having a 8 x 3 mesh.  For the plant-consistent
nodalization, the upper plenum is represented by a 2D component having a 4 x 3 mesh,
with the radial mesh conforming to the radial mesh of the core component.]
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• [Core heat structures.  For the individual nodalization, each bundle is represented by a
heat structure.  For the plant-consistent nodalization, the heat structures represent, in
order, the peak power assembly, the next highest power assembly, the adjacent five
assemblies, and the outermost assembly (lowest power).]

Figures 4.133 and 4.134 show typical measured temperature transients near the core midplane

for SCTF tests 17 and 18, respectively.  These figures also compare the calculated temperature

transients for the individual assembly and plant consistent nodalizations.  These and

comparisons of temperature transients at other elevations for both tests show that the

differences in radial nodalization have minimal impact on the cladding temperature results

(Reference 5).  In particular, the fluid conditions seen by the "hot" rod must be similar to

produce the similar cladding temperature responses.

Table 4.15 summarizes the Phase II assessment results for the calculation with the highest PCT

from the nodalization studies.  For Test S2-17 the highest PCT is for the individual assembly

nodalization and for Test S2-18 it is the RLBLOCA plant consistent nodalization.  For both tests

the PCT and bundle quench time is underpredicted relative to the data.  However, the time of

PCT is underpredicted for Test S2-17 and overpredicted for Test S2-18.

These results confirm that the use of the plant nodalization scheme is adequate to capture the

PCT response.  [Also, the use of the fine mesh (one bundle per channel) did not yield any

significant improvement in cladding temperature response, and therefore is not warranted for

plant applications.]

4.3.1.14 ACHILLES Tests

International Standard Problem Number 25 (ISP 25) is based on a test in the ACHILLES facility

that simulated the latter phase of accumulator injection during a LOCA.  ISP 25 tests the ability

of system codes to be evaluated for the impact of the nitrogen cover gas in the accumulator on

the LBLOCA.  The accumulators in a PWR are pressurized with nitrogen.  When the system

pressure falls below the nitrogen pressure, the borated water from the accumulator flows into

the primary system.  When the accumulators empty of liquid, the nitrogen cover gas enters the

primary coolant system where it flows to the upper part of the downcomer and causes the

pressure to increase.  The increased pressure depresses the liquid level in the downcomer,

resulting in a surge of water into the core.   The nitrogen gas bypasses the core and flows out

through the break, and in a few seconds the upper downcomer pressure drops, the downcomer

level recovers, and the nitrogen has no further effect on the transient.
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The difference between a pressurization surge caused by steam and one caused by nitrogen is

that the nitrogen does not condense.  Thus, the nitrogen can act like a large piston pushing the

fluid into the core.  For the realistic LBLOCA methodology, it is important that the code does not

overpredict the surge into the core and the transient cooling caused by this in-surge, thereby

leading to an underprediction of PCT.  The ability of S-RELAP5 to predict both system and  fuel

temperature responses was confirmed by comparing the calculated values to the

measurements.

The ACHILLES test facility is designed to simulate the latter stages of accumulator injection in

an LBLOCA.  The simulated downcomer is connected to the bottom of the core and a valve is

closed, before nitrogen injection begins, to hold the water in the downcomer until injection

occurs.  Another valve is open before injection begins and provides a flow path for the pumped

water so that it does not enter the core.  This valve closes on initiation of nitrogen injection.  The

simulated core has 69 simulated fuel rods with a geometry similar to that of a W 17 x 17 design.

The simulation core has 8 spacer grids.  The rods are housed in a piece of pipe.  The exit region

has a centrifugal separator to collect carryover water.  The steam then joins the nitrogen bypass

flow and exits.

The nitrogen tank is connected to the top of the simulated downcomer, and  a valve, which is

initially closed, opens to initiate the nitrogen flow.  Nitrogen forces flow through the core by

increasing the pressure on the downcomer.  Nitrogen also flows through a bypass path to join

the steam that has passed through the core, then it exits.  A flowmeter measures the nitrogen

flow from the tank and another flowmeter measures the bypass flow.

Each simulated fuel rod has multiple thermocouples on the surface of the rod.  The PCT level

(2.13 m) is the most heavily instrumented, with 66 thermocouples.

Achilles ISP 25 was analyzed using S-RELAP5 modeling consistent with the realistic LBLOCA

methodology.  S-RELAP5 was able to accurately predict the liquid surge into the core, liquid

carryover to the upper plenum, and rod thermocouple readings.  In particular, the surge into the

core when the nitrogen flow is initiated is never overpredicted.

Predicted PCTs are good to excellent, which clearly is an acceptable outcome in light of the

radial flow inhomogeneities observed in the Achilles test.
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As the appropriate valves are operated to initiate the event, an immediate pressure transient

occurs at the top of the downcomer.  The initial pressurization of the downcomer causes a rapid

surge of liquid into the simulated core.  As the nitrogen leaves the system via the bypass, the

pressure drops at the top of the downcomer, the levels in the core and downcomer recover, and

the core reflooding now depends on the pumped water flow, which is entering both the

downcomer and the core.

Figure 4.135 presents the range of variation in the thermocouples at the PCT elevation

(2.13 m).  The wide variation shown is not a consequence of power variation because the rods

all are the same power.  Three rods set the lower bound and all three of these rods are located

next to the shroud in the test assembly.  The early quench indicates that the flow field near the

shroud is far different from that in the interior.

The remaining rods can be divided into a group that tracks the maximum fairly well and a group

that falls well below the maximum, but not as dramatically as the three rods setting the lower

limit.  Thus, the test data shows that to get a reasonable prediction of core temperatures

requires a multidimensional analysis.

The radial inhomogeneity is greater than would be experienced in a large-scale reactor core

because the flow path on the periphery has hydraulic properties that are significantly different

from the interior flow paths.  While a reactor core is anisotropic and inhomogeneous, it does not

have the range of variations this test assembly has.  Thus, predicting the reflood behavior for

this test assembly is significantly more challenging than for a PWR core.

For the S-RELAP5 assessments, the central 21 rods in the test assembly were modeled as one

channel and the remaining 48 rods and the shroud were modeled as the other channel using

the TWODEE component.  The comparisons to data were made by comparing the predictions

for the central channel with the measured values for the same 21 rods.

Calculated nitrogen flow rate was compared to measured results.  The agreement is excellent

until frost forms in the throat of the venturi at about 7 seconds (Reference 5).  The time-to-empty

agrees to within about 2 seconds.  The calculated flow spikes a little early compared to the

measured flow and then is slightly lower for the remainder of the blowdown.
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The calculated liquid carryover at the core exit was compared to the measured carryover.  The

agreement with data is good, with the major discrepancy coming from the measured burst of

flow at 20 to 50 seconds and the subsequent cessation of all liquid flow at the exit for nearly

50 seconds.  Nothing in the thermocouple data distinguishes this time period.

The steaming rate at the core exit shows good agreement between the calculations and the

measured data.

The downcomer level measurements generally are higher than the calculated results, indicating

that the pressure drop through the core and the two sets of separators probably is higher than is

modeled.  No attempt was made to match this level because the core collapsed level, which is

not very sensitive to pressure drop variations, matches quite well.

Calculated temperatures for the central region were compared to measured temperatures for

the 21 rods in the middle of the assembly.  The maximum, minimum, and average temperatures

were compared with the calculated temperature for elevations from 1.08 m to 3.18 m.  The

calculated values are generally in good agreement with the measured values.  The PCT

elevation is 2.13 m and, at this elevation, the calculated PCT is about 30 K lower than the

measured values.  At all other elevations, the calculated peak temperature exceeds the

measured values.

The impact of the nitrogen injection, which is the focus of this assessment, can be seen in the

first 25 seconds of the transient.  Figures 4.136 to 4.141 show the temperature comparisons on

expanded time and temperature scales to emphasize the nitrogen effects.  The rod

thermocouples all show a transient temperature reduction at the beginning of the event.  This

initial cool-down is caused by the nitrogen in-surge that initiates the event.  S-RELAP5

calculates a conservatively small cool-down compared to the data.  In all cases, the calculated

downward temperature transient accompanying the nitrogen injection is smaller than the

measured temperature decrease, indicating that S-RELAP5 underpredicts the cool-down due to

the nitrogen injection.

4.3.1.15 Multi-Dimensional Flow Testing

Flow blockage tests were performed using simulated pressurized water reactor (PWR) fuel

assemblies (Reference 5).  These tests provided data on single-phase flow redistribution for

non-uniform inlet and outlet conditions.  S-RELAP5 has a two-dimensional component used to



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-62

Framatome ANP Richland, Inc.

model multidimensional flows.  These flow blockage tests have been used as a basis for

evaluating the two-dimensional component in S-RELAP5.  The comparisons to the measured

data and to other codes that have been approved for flow distribution calculations show that the

two-dimensional component in S-RELAP5 can be used to model multidimensional flow

problems.

The S-RELAP5 assessment of these tests are presented in detail in Section 3.13 of

Reference 5.  No bias or uncertainty is derived from this assessment.

4.3.1.15.1 Summary

The radial flow split distributions of axial velocities calculated by S-RELAP5 show good

agreement with data for all three tests considered.  The comparison of S-RELAP5 with flow

blockage data shows that the two-dimensional model in S-RELAP5 is sufficient to describe flow

redistribution in multidimensional problems, and that it does as well as thermal-hydraulic design

codes used for PWR core analysis in predicting the flows for these blockage tests

(Reference 5).

4.3.1.15.2 Test Descriptions

The test assembly consists of two simulated PWR assemblies with a pin array representative of

a 15 x 15 fuel assembly.  The simulated assemblies are about 38 in long and are enclosed in a

rectangular canister.  For the bulk of the testing, the gap between the two simulated fuel

assemblies was left open, but for some tests a perforated plate was inserted between the two

simulated fuel assemblies.  Because of the detail of the measurements and the nearly prototypic

geometry (in the radial, or x-y, direction), these tests have become a standard benchmark test

for flow redistribution codes.

The tests consisted of introducing asymmetric flow in the inlet region and measuring flow

recovery in the bundle with a series of pitot tube arrays.  The pitot tubes measure flow velocities

at many points in each plane.  The first array is 2.5 in above the inlet.  The remainder are

located at 5-in intervals, with the last one at 32.5 in level.

For the test series without a perforated plate between the two assemblies, two different test

configurations were evaluated.  The first configuration (Test 1) has a nominal 1100 gpm

entering one fuel assembly and 550 gpm in the other.  The second configuration (Test 2) has
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one inlet blocked and a nominal 1500 gpm entering the other.  In both cases, the exits are open.

The case with the perforated plate inserted between the two assemblies (Test 3) has the inlet

and outlet blocked on one assembly and has a nominal inlet flow of 1300 gpm.

4.3.1.15.3 Input Description

The test section was modeled in S-RELAP5 as a TWODEE component with 10 vertical (x)

volumes and 14 horizontal (y) volumes.  This, in effect, collapses the test assembly in the

direction perpendicular to the asymmetric flows.  Selection of 14 horizontal volumes resulted in

volumes that corresponded to the pitot tube measurements.  The vertical volumes had lengths

that made the first volume match the bottom of the rodded region (4.5 in) and each of the others

matches the elevation of a velocity measurement point (pitot tube location).

4.3.1.15.4 Results

A review of the data for Test 1 indicates that the real flows were probably 1138 gpm and

512 gpm for Bundles A and B, respectively.  Figure 4.142 provides a comparison of the

measured and calculated flow distributions at the last set of pitot tubes.  The reported axial fluid

velocities were calculated by S-RELAP5 with inlet flows of 1138 and 512 gpm.  The measured

velocities are almost all higher than the S-RELAP5 velocities at this level.  Figure 4.143

compares the reported mass flow fraction in the high flow bundle, Bundle A, with that calculated

by S-RELAP5.

A review of the data for Test 2 indicates the real inlet flow was probably 1281 gpm, rather than

the nominal 1500 gpm for the test.  This value was used in the S-RELAP5 model.  Figure 4.144

compares the S-RELAP5 velocity distributions with the reported axial fluid velocities at the last

set of pitot tubes.  In general, the agreement is excellent.  The largest discrepancy occurs on

the side of the blocked bundle next to the wall.  Here, S-RELAP5 calculates more of a tendency

to back flow.  The measurement velocities, which are based on pitot tube readings, show that

the flow stops near the wall.

Figure 4.145 compares the fractional flow in the unblocked bundle, Bundle A.  The agreement is

good over most of the axial height of the bundle.  Near the exit, the measured flow was nearly

equal for the two bundles.  The calculated flow distribution is still about 60/40 for S-RELAP5.

The overall agreement is good.
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Figure 4.146 compares the reported axial fluid velocities for Test 3 to those calculated by

S-RELAP5.  The agreement for these data is excellent for this and all levels.  The most notable

difference is the tendency of S-RELAP5 to predict reverse flow near the wall in the blocked

assembly, very similar to the result in Test 2.

To assess the quality of the comparison to data, the XCOBRA-IIIC and THINC-IV flow

predictions for Tests 1 and 2 were compared to the S-RELAP5 flow predictions.  Figure 4.145

compares the S-RELAP5 calculations with the XCOBRA-IIIC calculations, the THINC-IV

calculations, and the data for Test 1.  The flow distribution calculated by S-RELAP5 is clearly in

the best agreement with the data.

4.3.1.15.5 Conclusions

A series of flow blockage tests was analyzed using the two-dimensional component in

S-RELAP5.  S-RELAP5 was able to calculate the axial flow redistribution within the two test

assemblies.  Overall, S-RELAP5 does as well as, or better than, core flow distribution codes

used for core flow and subchannel analysis of PWR cores.  Calculated results were generally in

reasonable agreement with the data.

4.3.2 Integral Effects Tests (IET)

The SETs presented in Section 4.3.1 assess the code capability and provide information to

quantify the uncertainty to predict specific phenomena identified by the PIRT.  In addition to the

SETs, assessments are performed of integral effects tests (IET) to evaluate the overall code

capabilities to predict the integrated LOCA scenario and the interacting phenomena in facilities

of differing scale.  Some of the facilities discussed with the SETs, such as SCTF, CCTF, and

UPTF are large scale and include integral interacting-phenomena effects.  However, these tests

are still limited in that only a portion of the LOCA scenario is addressed.  For this reason,

FRA-ANP regarded these as separate effects tests.

Integral tests covering the entire LBLOCA scenario have been performed in the loss-of-fluid test

(LOFT) facility, and the smaller scale Semiscale test facility.  FRA-ANP has performed

assessments of tests from both of these facilities.  These assessments are reported in detail in

Reference 5 and are summarized in the following sections.
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4.3.2.1 LOFT Assessments

Assessments of the LOFT Tests L2-3, L2-5, LP-02-6, and LP-LB-1 were performed to justify the

use of FRA-ANP's Realistic LBLOCA methodology and the S-RELAP5 code developed by

FRA-ANP for realistic analysis of LBLOCA.  This section of the methodology report documents

the LOFT assessment calculations with the FRA-ANP RLBLOCA methodology.  The

assessment results demonstrates the accuracy of the RODEX3A and S-RELAP5 codes and the

capability of simulating the LBLOCA phenomena observed during the LOFT tests, and provide

assessments of the calculated results versus measured results to satisfy the rule change

requirements.

4.3.2.1.1 LOFT Facility

The LOFT facility was designed to simulate a LOCA in a large W 4-loop PWR, and thus, to

provide data with which to evaluate the adequacy and to improve analytical methods for

analyzing LOCA transient response of a PWR.  The LOFT results have been widely used to

validate thermal-hydraulic codes that analyze PWR accident and transient phenomena.  Key

LOFT LBLOCA tests have been included in the CSAU assessment matrix (Reference 4) and

RELAP5/MOD3 developmental assessment matrix.  LOFT assessments have also been

performed to verify RELAP5/MOD2 or MOD3 by various members of the NRC-sponsored

International Code Assessment Program (ICAP).

LOFT was an NRC-sponsored nuclear test facility designed to simulate the nuclear and thermal-

hydraulic phenomena that take place in a PWR LBLOCA.  The LOFT facility was a 50 MWt

experimental PWR designed to simulate the system response of a W 4-loop PWR during a

hypothetical LBLOCA.  The facility included five major subsystems, an intact loop, a broken

loop, a reactor vessel, an emergency core cooling system, and a blowdown suppression

system.  The LOFT facility was instrumented so that system parameters could be measured

during the tests.

The LOFT reactor had a single active intact loop that simulated the combined three intact loops

of a W 4-loop PWR.  The intact loops included an active steam generator, two primary coolant

pumps (PCP) in parallel, a pressurizer, a loop seal, and the connecting piping.

The broken loop in the LOFT facility was an inactive flow loop during normal operation.  The

loop consisted of a hot leg, a steam generator simulator, a pump simulator, and a cold leg.  It
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became an active flow loop and simulated the broken loop of a 4-loop PWR during LOCA tests.

The BLCL was divided into two parts: a pump side, that connected the pump simulator to the

blowdown suppression system and the vessel side that connected the vessel downcomer to the

blowdown suppression system.  The steam generator and pump simulators provided flow

resistances representative of a PWR during a LOCA.  Both sides of the broken cold legs

contained quick-opening blowdown valves (QOBV) that opened to initiate the transient.

The LOFT reactor vessel had an annular downcomer, a lower plenum, below core hardware, a

nuclear core, above core hardware, and an upper plenum.  The downcomer was connected to

the intact and broken cold legs and the upper plenum was connected to the hot legs.  The core

contained 1300 fuel rods arranged in five square (15 x 15) and four triangular (corner)

assemblies with an average linear heat generation rate (LHGR) of about 7.0 kW/ft at full power.

The LOFT fuel rods and pitch were typical of a PWR 15 x 15 rod array, except that the active

length was 1.68 m (5.5 ft) while that of a PWR is typically 3.66 m (12 ft).  For Test LP-02-6, all

the fuel rods in the central assembly except the outside row were pressurized with helium to

2.51 MPa (350 psig) and all fuel rods in the peripheral assemblies were unpressurized.  In

remaining tests, L2-3, L2-5, and LP-LB-1, all of the fuel rods were unpressurized.

The LOFT intact loop had two separate ECCSs connected to the cold leg.  Each system

contained an accumulator, an HPIS, and an LPIS.  Only one ECCS was used during a LOCA

test and the other was used as backup for plant protection in case of unplanned emergency

situations that might occur during the test.  The ECCS was not connected to the broken loop.

For the LBLOCA tests, ECC was injected into the ILCL.  The HPIS and LPIS were connected to

the accumulator injection piping.  The LOFT blowdown suppression system consisted of a

header and a suppression tank that simulated the PWR containment pressure and temperature

environment expected to occur during an LBLOCA.

LOFT was designed with a primary system volume-to-core power ratio similar to that of a PWR.

The design objective for the LOFT facility was to produce, on a reduced scale, the significant

thermal hydraulic phenomena with representative conditions and a representative sequence of

events that could occur in a PWR during postulated LOCAs.  Volumetric scaling generally was

used for the design of LOFT components.  Primary system components (e.g., lower plenum,

core region, upper plenum, outlet piping, steam generator, and inlet piping) also were designed

with relative volumes equivalent to those in a PWR.  LOFT is a reduced-scale facility that is not
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uniformly scaled by a consistent scaling criteria.  Therefore, scaling distortions exist that must

be considered when applying the results of the LOFT tests.  Table 4.16 shows the PWR-LOFT

scaling ratios to a PWR.

The accumulator gas volume is scaled so that the ratio of accumulator gas volume to

accumulator liquid volume injected is made equal to that of a typical 4-loop PWR by adjusting

the standpipe height.  The LOFT accumulator liquid volume is scaled to represent three of the

four accumulators of a typical 4-loop PWR, assuming that the liquid in the fourth accumulator is

lost out of the break.  The LOFT HPIS flow rate for the LB tests is volume-ratio scaled using the

ratio of the LOFT to PWR total primary system fluid volume plus the single failure criterion and

the assumption that flow from one of four lines of injection is lost out of the break.  The LPIS

flow rate is scaled based on the combined downcomer and core flow areas.  The single failure

criterion and the assumption that flow from one of four injection lines is lost out of the break are

also used for LPIS scaling.

The major differences between the LOFT and a 4-loop PWR are summarized as follows:

• The LOFT has one active operating (intact) loop and a passive blowdown (broken) loop with
only a steam generator and pump simulator, while a 4-loop PWR has four operating loops.

• The LOFT has two pumps connected in parallel in the operating loop, while a PWR has only
a single pump in each loop.

• The LOFT core has a 1.68 m (5.5 ft) active fuel length, while PWR core lengths are at least
3.66 m (12 ft).  The axial power distribution of the LOFT core is similar to a beginning-of-life,
bottom-skewed power distribution in a PWR core.

• The LOFT has a short steam generator relative to a PWR.

• The LOFT cold leg ECC injection location is very close to the vessel inlet, while the PWR
ECC injection lines are located near the pump outlet.

• Axial lengths and elevations of hydraulic components are not preserved relative to a PWR.

The LOFT scaling philosophy was to reduce the component coolant volume and flow areas by

the core power ratio.  The volume and power scaling was not achieved completely, and vertical

scaling was not preserved.  Despite these component differences and scaling distortions, the

LOFT components were functionally similar to those of a PWR and provide sufficient similarity

to permit the LOCA data to be used to validate the S-RELAP5 code for evaluating the PWR

LOCA/ECCS performance.
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4.3.2.1.2 LOFT Test Descriptions

Between 1976 and 1985, 50 LOFT tests were performed.  The LOFT facility was designed

primarily for performing LBLOCA tests; however, only five tests, L2-2, L2-3, L2-5, LP-02-6

(L2-6), and LP-LB-1 (LB-1), were LBLOCA tests with a heated nuclear core.  The first three

LBLOCA tests were sponsored by the NRC and the last two were conducted under the auspices

of the OECD sponsored by an international consortium.  LP-02-6 was conducted under OECD,

but was totally funded and sponsored by the NRC.  Test LP-LB-1 was the only LOFT LBLOCA

test funded by the OECD consortium.  The OECD Test LP-FP-01 also is a LBLOCA test

simulating a German-type reactor accident scenario resulting in the fuel rod rupture and gap

fission product release.  It was therefore categorized as a fission product test rather than an

LBLOCA test.  Table 4.17 shows the characteristics and parameters of the LOFT nuclear

LBLOCA tests.

FRA-ANP selected four LOFT LBLOCEs, L2-3, L2-5, LP-02-6, and LP-LB-1 for assessment with

S-RELAP5.  All of the selected LOFT tests simulate cold leg guillotine breaks.  The major

differences between these tests are: L2-3 and L2-5 were initiated from 75% power while

LP-02-6 and LP-LB-1 were initiated from near 100% full power and the PCP flywheels were not

attached during the coastdown of Tests L2-5 and LP-LB-1, but were attached when the pump

speed was above 750 rpm (78.54 rad/s) in Test LP-02-6 and were left running for Test L2-3.

These LOFT tests have been used to validate the S-RELAP5 code for the blowdown, refill, and

reflood phases of an LBLOCA.  The tests were selected for S-RELAP5 assessment for the

following reasons.

• The test initial and boundary conditions most closely simulate the "design basis accident"
LOCA conditions for typical W 4-loop PWRs.

• Test L2-3 provides scaling data when compared to Semiscale Test S�06-3.

• The LOCA phenomenology for Tests L2-5 and LP-LB-1 are similar to that expected for a W
3-Loop PWR, and the LOCA phenomenology for Test LP-02-6 is similar to that expected for
a W 4-Loop PWR.

• Test L2-3 was designated as United States Standard Problem 10 for code assessment by
the NRC.

• Test L2-5 was designated as ISP 13 for code assessment by the OECD.
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• Other code assessment calculations of L2-5, LP-02-6, LP-LB-1 are available for
comparison.

4.3.2.1.3 LOFT Assessment Summary

The LOFT assessment calculations were performed with an input model developed to be

consistent with the nodalization used in other assessments and the nodalization to be applied

for PWR plant calculations (Reference 12).  The philosophy of developing the S-RELAP5

consistent input models is to use a similar nodalization scheme in terms of number and

distribution of volumes, junctions, heat structures, and input specifications to represent

corresponding components in the LOFT and plant models.  Exceptions are made only where

significant LOFT geometry differences justify a different, but consistent scheme.

Reference 5 contains detailed comparisons of the results of the LOFT L2-3, L2-5, LP-02-6, and

LP-LB-1 tests with calculated results using the FRA-ANP LOCA realistic evaluation model.  The

LOFT test analytical results demonstrate the ability of S-RELAP5 to realistically simulate the key

important system phenomena relevant to an LBLOCA that were observed during the unique

LOFT LBLOCA test.  These include:  (1) system depressurization, (2) core flow reversal and

core dry-out, or critical heat flux (CHF), (3) the fuel cladding temperature excursion and peak

cladding temperature (PCT), (4) two-phase pump flow and critical flows at the breaks,

(5) prevention of core bottom-up quench during the early blowdown period, (6) ECC downcomer

penetration and bypass, and (7) core refill, reflood, and final quench.

As shown by the results presented in Reference 5, the FRA-ANP RLBLOCA evaluation model

produced results in good agreement with the observations for LOFT Tests L2-3, L2-5, LP-02-6,

LP-LB-1.  The results are summarized as follows:

• The RODEX3A-calculated fuel initial centerline fuel temperatures were within 10% of the

measured data.

• The S-RELAP5 code results provide good agreement with the hydraulic responses of the

LOFT tests.  That is, the calculated results either were within measured uncertainties,

followed the major trends of the data if not within measured uncertainties, or were

conservative with respect to the data if the phenomena were not simulated.  The intact loop

mass flow rates, break flow in the broken loop, and loop volume densities were all well-

calculated.  Coolant temperatures also were well calculated.  Pressurizer draining was

overpredicted, but because the pressurizer liquid tended to flow to the broken loop and was
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removed from the system, that trend produced conservative results.  Calculated pump

speeds were accurately predicted up to the time where a two-phase mixture appeared.

After that time, the pump speeds were lower than measured and, thus, acceptable.

• The code accurately calculated the thermal response (fuel centerline temperature and

cladding temperature).  The centerline temperatures closely match the data.  The cladding

temperature results generally were in reasonable agreement with the measured data.  The

hot rod PCT is very well calculated, considering test measurement uncertainty.  The

cladding quench times are significantly delayed with respect to the measured data.  The

early bottom-up core quenching found in Tests L2-3 and LP-02-6 were not simulated in the

code calculations.  The upper regions of the core showed delayed dry-out with respect to

the test data.  However, once the upper regions went through dry-out, the calculated rewet

was much later than measured.  In general, the code predicted higher than measured

temperatures in the middle core region, lower than measured temperatures in the upper

core region, and approximately measured temperatures in the lower region.  In all cases, the

calculated PCT was either within or greater than the measured PCT with analytical

uncertainties included.

• The calculated ECC injection rates for the low pressure injection system (LPIS) and

accumulator tended to underpredict the measured data and, hence, are acceptable.

4.3.2.1.4 LOFT L2-3 Assessment

Test L2-3 was the second LBLOCA test conducted in the LOFT facility in which the reactor core

power provided the primary heat source.  The test represented a hypothetical cold leg guillotine

break that simulated a double-ended, offset, shear break in a commercial (1000 MWe) 4-loop

PWR.  The test was initiated at 75% thermal power (36 MWt) and a 12.22 kW/ft maximum linear

heat generator rate (MLHGR).

The test was initiated by opening the QOBVs.  Reactor scram commenced 0.1 seconds into the

transient and was completed 1.6 seconds later, HPIS injection was initiated at 14 seconds,

accumulator injection at 17 seconds at 4.18 MPa system pressure, and LPIS injection at

29 seconds.  The core was reflooded at 55 seconds.  During this test, the primary coolant

pumps (PCP) operated continuously throughout the transient and were tripped off at 200

seconds.
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The cladding temperature started rising as expected and, after 2 to 3 seconds into the transient,

the ILCL mass flow exceeded the broken loop mass flow, causing flow diversion to the

downcomer.  That process eventually caused a bottom-up rewet of the core and the cladding

was quenched momentarily.  The conditions for core upflow quickly ceased and the core dry-out

and heat-up resumed 10 seconds into the blowdown.  The core heat-up continued until

sufficient ECC injection caused quenching of the core at 55 seconds.  The final rewet pattern

was first the bottom, then the top, and finally the middle regions of the core.

The measured PCT was 914.0 K (1185.0 F) and occurred at 5 seconds.  As indicated in

Reference 5, a bias of 11.4 K ± 16.2 K (20.5 F ±29.2 F) should be applied to the measured PCT

to account for the 'fin cooling' effects on the surface mounted thermocouples.  Thus the

reportable PCT for LOFT L2-3 is 941.6 K (1235.2 F).

The S-RELAP5 LOFT input model for FRA-ANP assessments was developed at FRA-ANP.

This model provides detailed thermal and hydraulic representations of all the major LOFT

system components.  It results from developing an LBLOCA analysis input model that is

consistent with the nodalization scheme used in all assessment and PWR LBLOCA plant

calculations (Reference 12).

The computer codes used to perform the LOFT assessment calculations were RODEX3A and

S-RELAP5.  RODEX3A is the FRA-ANP realistic fuel rod thermal-mechanical behavior analysis

code.  S-RELAP5 is an FRA-ANP-modified version of the INEEL RELAP5/MOD2 and MOD3

codes.  The RODEX3A code provides input to calculate the fuel conditions and stored energy

for all fuel types modeled by S-RELAP5 at the initiation of the realistic LBLOCA calculation.  The

RODEX3A models have been integrated with S-RELAP5 to provide a consistent realistic

calculation of the thermal-mechanical responses of the fuel rods during the LOCA.  The

FRA-ANP input prescription (Reference 12) defines the acceptable nodalization, numbering

system, and parameter inputs for an S-RELAP5 PWR plant or experimental facility input model.

The LOFT core components modeled by the RODEX3A code are the fuel rod coolant channel,

the active fuel column, the gap, the cladding, upper fuel rod plenum free volume, and the fill and

released fission gases (for pressurized rods only).  The four fuel rod types represented by the

S-RELAP5 heat structures differ by power level and initial fill gas pressure.  The rod powers are

modeled in accordance with the core axial and radial power distributions.  The two hot rods and
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the hot assembly rod are modeled as pressurized rods while the average core rod is

unpressurized for Tests L2-5 and LP-02-6.  For Test LP-LB-1, all fuel rods are unpressurized.

RODEX3A calculations provide exposure-dependent input to the S-RELAP5 fuel model that

calculates initial fuel rod conditions and stored energy.  Therefore, pretest power and power

histories were included in the initial stored energy calculation.  For the analysis presented here,

fuel information at 50 hours, as calculated by RODEX3A, was transferred to S-RELAP5.

A steady-state initialization calculation was made to obtain the desired initial conditions for the

transient simulation.  The calculated and measured initial conditions agree quite well and the

calculated initial conditions generally are within the uncertainty band of the measured quantities

(Reference 5).  The calculated initial broken loop temperature of 560.8 K for the cold leg and

560.5 K for the hot leg come very close to measured values considering the large error bands

quoted for the measured data, namely 554.3 K ± 1.8 K for the cold leg and 565.5 K ± 1.8 K for

the hot leg.

The calculation for this analysis is a simulation of Test L2-3 from 10 seconds before the break

initiation at 0 seconds up to 100 seconds.  This time interval was chosen because the important

phenomena and significant events of L2-3 occurred during this period.

For assessment purposes, the LOCA phenomena of primary interest are as follows:

• Fuel initial stored energy

• System blowdown and depressurization

• PCP performance

• DNB or CHF

• Bottom-up or top-down rewet

• Subcooled and two-phase critical flow through the break

• System refill and ECC bypass

• Core reflood and rod quench

• PCT.

Reference 5 discusses the assessed capability to calculate each of these LOCA phenomena;

the details are not repeated here. Figure 4.148 compares the calculated and measured PCT

versus core elevation.  This figure refers to the PCT as a maximum cladding surface

temperature, either calculated or measured at the various locations, during the LOCA transient

history.  The comparison shows that the calculated temperatures are quite close to the
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measured temperatures below the 15-in elevation, much greater than the measurements from

15-in to 44-in elevation, and much lower than measurements above the 44-in elevation.  The

comparison can be considered acceptable because the calculated temperature trends followed

the data trends, although the magnitudes did not compare well, and the calculated temperatures

were overpredicted for the high power region.  The highest PCT of 942 K (1236 F) was

measured at the 15-in elevation while the calculated PCT was 1006 K (1351 F).

4.3.2.1.5 LOFT Test L2-5 Assessment

Test L2-5 was the third LBLOCA test conducted in the LOFT facility in which the reactor core

power provided the primary heat source.  The test represented a hypothetical cold leg guillotine

break that simulated a double-ended, offset, shear break in a commercial (1000 MWe) 4-loop

PWR.  The test was initiated at 75% thermal power (36 MWt) and a 12.22 kW/ft maximum

LHGR.

Operation of the LOFT PCPs differs from a typical PWR in that the LOFT pump rotors are

electromagnetically coupled to their flywheel system.  It is normal during LOFT tests to uncouple

the pumps from their flywheels whenever the pump speed falls below 750 rpm (78.54 rad/s).

During the L2-5 test, the two PCPs were tripped at 1 second and disconnected from their

flywheels.  This provided a rapid pump coast down.  This operation of the pumps reduced the

flow into the vessel to less than the flow to the break, thus preventing an early bottom-up fuel

rod rewet.  These simulated conditions are more typical of a 3-loop PWR than a 4-loop PWR.

LOFT pumps normally coast down while connected to their flywheels that were designed to

represent the normal pump coast down of commercial W 4-loop PWRs.

The Test L2-5 HPIS flow is 58% of Test L2-3 HPIS flow and is 75% of Test LP-02-6 HPIS flow

because an improper small break HPIS flow condition was inadvertently specified for Test L2-5.

The injections of high and low pressure ECCSs were delayed to 23.9 and 37.32 seconds,

respectively, to simulate the expected delay in starting up the emergency power diesel

generator to run the ECCS.

Before the transient started, the power level in the reactor core was steadily increased, then

held at 36 MW ± 1.2 MW for about 28 hours.  This ensured that an appropriate decay heat

power level would be obtained once the control rods were inserted into the reactor core.  Test

conditions before the beginning of the L2-5 test were as follows.
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• The primary intact loop mass flow rate was set at 192.4 kg/s ± 7.8 kg/s.

• The hot leg pressure was 14.94 MPa ± 0.06 MPa.

• The primary coolant system hot and cold leg temperature were held at 589.7 K ± 1.6 K and

556.0 K ± 4.0 K, respectively.

Test L2-5 was conducted to address conservatism in current licensing analyses.  Many W

plants are limited by Appendix K LOCA analysis results in which the calculated PCTs are

predicted to occur during the reflood portion of the transient.  Previous LOFT LB Tests L2-2 and

L2-3 revealed that Appendix K requirements may be overly conservative because Appendix K

criteria preclude the return to nucleate boiling (rewetting) before the end of blowdown.

However, Tests L2-2 and L2-3 demonstrated that system hydraulic behavior can lead to an

early rewet of the fuel cladding.  This early rewet not only limits the PCT during blowdown [i.e.,

789 K (961 F) and 914 K (1186 F) for L2-2 and L2-3, respectively], but also removes a

significant amount of stored energy from the fuel rod, thus reducing the reflood PCT.  The

cladding temperatures during reflood after blowdown rewet will be much lower than those

occurring without rewet.  Preventing the early rewet provides maximum core stored energy at

the end of blowdown, and beginning of refill/reflood.

The test results showed that the early bottom-up core wide rewet that occurred in Tests L2-2

and L2-3 did not occur in Test L2-5 as planned.  The PCT was 1078 K (1481 F), and because

there was no early rewet and the hot rod temperature was fairly constant over a long period of

time, there was no clear demarcation of blowdown and the reflood PCT was clearly the

maximum.  The cladding completely quenched at 65 seconds ± 2 seconds.  The test was

complete after LPIS was terminated at 107 seconds.

From Reference 5 ,a bias of 11.4 K ± 16.2 K (20.5 F ± 29.2 F) should be applied to the

measured PCT to account for the 'fin cooling' effects on the surface mounted thermocouples.

Thus, the reportable PCT for LOFT L2-5 is 1105.4 K (1530.1 F).

A steady-state initialization calculation was performed to reach the desired steady-state

conditions for initiating the LOCA calculation.  The calculated and measured initial conditions

agree quite well and the calculated initial conditions generally are within the uncertainty band of

the measured quantities.  The calculated initial broken loop temperature of 556.0 K for the cold
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leg and 558.0 K for the hot leg come very close to measured values considering the large error

bands quoted for the measured data, namely 554.3 K ± 4.2 °K for the cold leg and 561.9 K ±

4.3 °K for the hot leg.  The desired steady-state conditions were successfully achieved and the

calculation accurately reached the L2-5 test initial conditions.

For the transient calculation, a short steady-state calculation before the break opening is carried

out to ensure that the steady-state initial condition is properly maintained when switching from

the steady-state input model to the transient simulation.  The calculation for this analysis is a

simulation of Test L2-5 from 10 seconds before the break initiation at 0 seconds up to

140 seconds.  This time interval was chosen because the important phenomena and significant

events of Test L2-5 occurred during this period.

The assessment of S-RELAP5 to predict each of the important LOCA phenomena is presented

in detail in Reference 5.  Figure 4.149 depicts the final comparison of the calculated and

measured PCT versus core elevation.  In this figure, the PCT is referred to as a maximum

cladding surface temperature, either calculated or measured at the various locations, during the

LOCA transient history.  The comparison generally shows very good agreement and the

differences between the calculated and measured PCT in the high power region between 15-in

to 44-in elevations are quite small.  Calculations and measurements both show a plateau region

between the 15-in and 28-in elevations where maximum PCT occurs.  The highest PCT of

1105.4 K (1530.1 F) was measured at the 24-in elevation and the calculated PCT was 1106 K

(1531 F).

4.3.2.1.6 LOFT LP-02-6 Assessment

LOFT LP-02-6 was the fourth LOFT nuclear powered core LBLOCA test conducted with

pressurized nuclear fuel rods and with a specification of minimum U.S. ECC injection rates.  The

maximum LHGR of 14.87 kW/ft was above the typical technical specifications currently used for

licensing analyses of PWR fuel rods with the same approximate pellet diameter used in a

15 x 15 fuel pin array.  Test LP-02-6 represented an NRC "design basis accident" test and was

supposed to run at 100% power, 50 MWt, but because of questions concerning the integrity of

the pressurized fuel rods in the central hot assembly, the power level was reduced to mitigate

possible safety problems.  LP-02-6 is an important LBLOCA test for code assessment because

it addresses the issues relating to safety margins associated with the response of a PWR to the

NRC "design basis accident" scenario, including delayed minimum ECC safeguards.
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Test LP-02-6 simulated a cold leg guillotine break coincident with a loss-of-offsite power.  It was

conducted with a delayed and degraded high and low pressure ECC injection.  During the test,

the PCPs were tripped and coasted down with their flywheels attached.  The result was an early

partial core rewet from the bottom up.  When PCP speed dropped below 750 rpm (78.54 rad/s),

the flywheels were uncoupled from the pumps to increase the pump speed deceleration.  The

attached flywheels produced pump coastdown characteristics more typical of a commercial W

4-loop PWR.

Before the initiation of blowdown, the power level in the reactor core was steadily increased and

then held at 46 MWt ± 1.2 MWt to ensure that an appropriate decay heat power level would be

obtained once the control rods were inserted into the reactor core.  Test conditions at the

beginning of the LP-02-6 test were as follows:

• The primary intact loop mass flow rate was 248.7 kg/s  ± 2.6 kg/s,

• The hot leg pressure was 15.09 MPa ± 0.08 MPa, and

• The primary coolant system hot and cold leg temperatures were 589.0 K ± 1.0 K and 559.0

K ± 1.1 K, respectively.

The LOFT LP-02-6 results showed the early bottom-up rewet of the fuel rods because the PCPs

were allowed to coast down normally and the pump flow exceeded vessel side-break flow

during the early part of blowdown, causing the early rewet.  The early quench of the fuel rods

extended to two-thirds of the core.  Following the blowdown, the core underwent a second heat-

up caused by a second dry-out.  Because of the large fuel rod stored energy removal during

blowdown, the PCT of 1074.0 K (1474.0 F) occurred early in the blowdown.  The cladding

completely quenched at 56 seconds ± 0.2 seconds.  The test was complete after core reflood

was completed at 59 seconds ± 1.0 second.

From Reference 5, a bias of 11.4 °K ± 16.2° K (20.5 °F ± 29.2 °F) should be applied to the

measured PCT to account for the 'fin cooling' effects on the surface mounted thermocouples.

Thus, the reportable PCT for LOFT Test LP-02-6 is 1104.8 K (1529 °F).

A steady-state initialization calculation was performed to reach the desired steady-state

conditions for initiating the LOCA calculation.  The calculated and measured initial conditions
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agree quite well and the calculated initial conditions are generally within the uncertainty band of

the measured quantities.  The calculated initial broken loop temperature of 557.6 K for the cold

leg and 558.3 K for the hot leg come very close to measured values considering the large error

bands quoted for the measured data, namely 553.0 K ± 6.0 °K for the cold leg and 560.0 K ±

6.0 °K for the hot leg.  The desired steady-state conditions were achieved and the calculation

accurately reached the LP-02-6 test initial conditions.

A short, steady-state calculation before the break opening is carried out to ensure that the

steady-state initial condition is properly maintained when switching from the steady-state input

model to the transient simulation.  The calculation for this analysis is a simulation of Test

LP-02-6 from 10 seconds before the break initiation at 0 second up to 140 seconds.  This time

interval was chosen because the important phenomena and significant events of Test LP-02-6

occurred during this period.

The assessment of S-RELAP5 to predict each of the important LOCA phenomena for LOFT

LP-02-6 is presented in detail in Reference 5.  Figure 4.150 compares the calculated and

measured PCT versus core elevation.  This figure refers to the PCT as a maximum cladding

surface temperature, either calculated or measured at the various elevations, during the LOCA

transient history.  The comparison shows that the code overpredicted the measured

temperatures except at the low power region near the core exit.  The greatest differences

between the calculated and measured PCT occur in the high power region between the 15 in

and 44 in elevations.  The highest PCT of 1104.8 K (1529 F) was measured at the 26-in

elevation.  The comparison shows that the calculated PCT of 1159.6 K (1627.6 F) is in good

agreement with data and conservatively exceeds the measured PCT in the high power core

region.

4.3.2.1.7 LOFT Test LP-LB-1 Assessment

The fifth LOFT LOCE, Test LP-LB-1, simulated a hypothetical double-ended cold leg guillotine

break initiated from conditions representative of a PWR operating near its licensing limits.  The

initial core power was near the facility design limit of 50 MWt with maximum LHGR of 15.8

kW/ft.  Included in the test's boundary conditions were loss-of-offsite power coincident with the

LOCE, a rapid PCP coastdown, and a minimum safeguard ECCS injection assumption from a

European PWR.  To minimize possible fuel pin damage, all of the fuel rods in the core were

initially unpressurized.
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Similar to LOFT Test L2-5, the PCP flywheels were uncoupled from the pump rotors to affect a

rapid pump coastdown and prevent an early bottom-up core rewet.  In this test, the PCPs were

tripped and uncoupled from their flywheels within 1 second after the start of the transient.

The ECC injection assumption for this test resulted in an accumulator liquid volume that was

approximately 70%, and a pumped injection flow rate that was about 50% of that used in Test

LP-02-6.  The pumped injection was accomplished using the LPIS with a delay of nearly

32 seconds to simulate the delay in starting the emergency power diesel generator.

Before the start of the transient, the power level in the reactor core was steadily increased, then

held at 49.3 MWt ± 1.2 MWt to ensure that an appropriate decay heat power level would be

obtained once the control rods were inserted into the reactor core.  Test conditions at the

beginning of the LP-LB-1 test are as follows.

• The primary intact loop mass flow rate was 305.8 kg/s ± 2.6 kg/s.

• The hot leg pressure was 14.77 MPa ± 0.06 MPa.

• The primary coolant system cold leg temperature was 556.6 K ± 1.0 K with a fluid

temperature increase of 29.5 K ± 1.4 K.

Similar to Test L2-5, Test LP-LB-1 was conducted to produce an LBLOCA that had a maximum

of core stored energy at the end of blowdown by preventing an early bottom-up core rewet.

Then using the high temperature conditions at the start of reflood, the test explored the reflood

behavior of the system and provided information against which best estimate computer code

simulations could be evaluated.

As desired, the early bottom-up core-wide rewet did not occur in Test LP-LB-1.  By altering the

PCP coastdown, an early bottom-up rewet was prevented.  The test did have a partial top-down

rewet that resulted in two peaks in the cladding temperature history.  A blowdown PCT of

1261.0 K (1810.0 F) occurred at about 13 seconds and a refill/reflood peak of 1257.0 K

(1803.0 F).  The clad temperature at the peak power location remained at an elevated

temperature for a long time.  The cladding was completely quenched at 72 seconds ± 1 second.

The test was terminated at 132 seconds.
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From Reference 5, a bias of 11.4°K ± 16.2°K (20.5°F ± 29.2°F) should be applied to the

measured PCT to account for the 'fin cooling' effects on the surface mounted thermocouples.

Thus, the reportable PCT for LOFT LP-LB-1 is 1284.0 K (1851.5 F).

A steady-state initialization calculation was performed to reach the desired steady-state

conditions for initiating the LOCA calculation.  The calculated and measured initial conditions

agree quite well and the calculated initial conditions are generally within the uncertainty band of

the measured quantities.  The calculated initial broken loop temperature of 560.0 K for the cold

leg and 558.3 K for the hot leg come very close to measured values considering the large error

bands quoted for the measured data, namely 552.0 K ± 6.0 K for the cold leg and 561.0 K ±

6.0 K for the hot leg.  The desired steady-state conditions were achieved and the calculation

accurately reached the LP-LB-1 test initial conditions.

A short steady-state calculation before the break opening is carried out to ensure that the

steady-state initial condition is properly maintained when switching from the steady-state input

model to the transient simulation.  The calculation for this analysis is a simulation of Test

LP-LB-1 from 10 seconds before the break initiation at 0 second up to 240 seconds.  This time

interval was chosen because, although most the important phenomena and significant events of

Test LP-LB-1 occur before 100 seconds, the quenching of the core occurred much later in the

calculation.

The assessment of S-RELAP5 to predict each of the important LOCA phenomena for LOFT test

LP-LB-1 is presented in detail in Reference 5. Figure 4.151 compares the calculated and

measured PCT versus core elevation.  In this figure, the PCT is referred to as a maximum

cladding surface temperature, either calculated or measured at the various elevations, during

the LOCA transient history.  The comparison shows that S-RELAP5 overpredicted temperatures

in the high power region up to the 44-in elevation, and slightly underpredicted temperatures

above 44 in.  The measured PCT is 1284.0 K (1851.5 °F) at the 24-in elevation.  That

measurement includes a bias and uncertainty of 11.4 °K ± 16.2 °K (20.5 °F ± 29.2°F) caused by

the fin cooling effects on the surface mounted thermocouple.  The calculated maximum PCT of

1329 K (1932 F) also occurred at the 24-in core level and is in good agreement with the

measured PCT.  Based on Figure 4.151, the PCT at any elevation is within approximately 20%

of the data, which is reasonable agreement.
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4.3.2.2 Semiscale Tests

S-RELAP5 was assessed against the Semiscale LBLOCA tests S-06-3 and S-07-1.  Test

S-06-3 was performed in the Semiscale MOD-1 facility.  The MOD-1 facility was scaled from the

LOFT facility and Test S-06-3 was performed as a counterpart to LOFT Test L2-3.  The results

presented for this assessment are used to support the application of S-RELAP5 in PWR

LBLOCA analysis and to verify the capability of the S-RELAP5 code to calculate integral LOCA

phenomena in facilities of different scale.

Semiscale Test S-07-1 is a blowdown test performed in the Semiscale MOD-3 facility with

cold-leg ECC injections.  The results presented for this assessment are used to support the

application of S-RELAP5 in PWR LBLOCA analysis and to verify the capability of the code to

calculate blowdown film boiling heat transfer in the core.

4.3.2.2.1 Semiscale Facilities

MOD-1 Facility

The Semiscale MOD-1, 1½-loop facility was scaled to the LOFT facility, which in turn was

scaled to a 4-loop PWR.  It is designated a 1½-loop system because it is configured with one

active loop and one passive blowdown loop.  Subsequent Semiscale facilities have included

components that have made the facility more typical of a PWR.  All the other Semiscale facilities

were designed with 1/1600 to 1/2000 volume scaling, with full height, in reference to a 4-loop,

3400 MWt PWR.

The MOD-1 system contains a reactor vessel with internals, including a 40-rod electrically

heated core, an active intact loop scaled to represent three loops of a PWR and a broken loop

scaled to a single loop of a PWR.  The intact loop contains an active steam generator and an

active PCP and is connected to the pressurizer.  The broken loop contains hydraulic simulators

for the steam generator and pump and break simulators or rupture assemblies connected to a

blowdown suppression system.  The blowdown suppression system simulates containment

pressure.

The 40-rod electrically heated core has a PWR fuel pin pitch (0.563 in) and the heated length

(5.5 ft) and outside diameter (0.42 in) are identical to the nuclear fuel rods of the LOFT core.
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Semiscale Test Series 6 was performed to assist the LOFT program in planning the first nuclear

test series.  Test S-06-3 was performed as a counterpart to LOFT Test L2-3.  For this test, the

four central heater rods were operated at approximately 39.4 kW/m, 32 rods were operated at

approximately 24.9 kW/m, and four rods were unpowered to simulate passive rod locations.

This configuration yielded a peaked power profile that simulates that of the LOFT facility and

provides a total core power of 1.004 MW.

The safety injection includes the HPIS, LPIS, and accumulators.  For Test S-06-3, two HPIS

pumps and two LPIS pumps delivered flow into the intact-loop cold leg along with the intact-loop

accumulator.  The primary coolant pump was powered for the entire transient.

MOD-3 Facility

The Semiscale MOD-3 facility is constructed with two fully active coolant loops.  The intact loop,

retained from the Semiscale MOD-1 system, was scaled to the LOFT facility, which in turn was

scaled to a 4-loop PWR.  The broken loop, on the other hand, was scaled directly to a 4-loop

commercial PWR.  The Semiscale MOD-3 facility was designed with 1/1600 to 1/2000 volume

scaling and full height, in reference to a 4-loop, 3400 MWt PWR.

The vessel in the MOD-3 system consists of the upper plenum with internals required to

represent guide and support tubes, upper head, 25-rod electrically heated core, and an external

single pipe downcomer.  The active intact loop is scaled to represent three loops of a PWR and

the active broken loop is scaled to represent a single loop of a PWR.  The intact loop contains a

pump and the short Type I steam generator, and is connected to the pressurizer.  The broken

loop contains the taller Type II steam generator in addition to pump and break simulators or

rupture assemblies connected to a blowdown suppression system.  The blowdown suppression

system simulates containment pressure.

The 25-rod electrically heated core is characterized by fuel pin pitch (0.563 in) and outside

diameter (0.422 in) typical of a PWR.  The heated length (12 ft) of the MOD-3 core is identical to

a 4-loop PWR core.

Test S-07-1 was performed to establish the baseline performance of the MOD-3 system during

a blowdown with cold-leg ECC injections.  It was conducted to obtain core heat transfer and

DNB characteristics of the heater rods.  The MOD-3 system was initialized in the experiment to
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a primary pressure of 15.95 MPa, total-loop flow of 9.4 kg/s and cold-leg temperatures of 559 K

for the intact loop and 557 K for the broken loop at a core power level of 2.01 MW nominal.  The

system was subjected to a double-ended cold-leg break through a rupture assembly and two

non-communicative nozzles. (Reference 5).

4.3.2.2.2 Semiscale Test Descriptions

Test S-06-3

In Test S-06-3, the MOD-1 system was initialized to a primary pressure of 15.769 MPa, cold leg

temperature of 563 K, and inlet flow of 6.68 L/s (liters per second) at the initial core power level

of 1.004 MWt.  The system was subjected to a double-ended cold leg break through two rupture

assemblies and two LOFT facility counterpart nozzles, each having a break area of 0.000243 m2

(0.00262 ft2).  The effluent from the primary system was ejected into the pressure suppression

system.

After initiating blowdown, power to the heated core was reduced to simulate the predicted heat

flux response of the nuclear fuel rods during a LOCA.  Blowdown was accompanied by ECC

injection into the cold leg piping of the intact loop.  Coolant injection from the HPIS began at

blowdown and continued until test termination (300 seconds).  Coolant injection from the

accumulator started at approximately 18.5 seconds after rupture and terminated at

approximately 68.7 seconds.  LPIS began at 25.5 seconds after rupture at a pressure of

1900 kPa and continued until test termination.

Test S-07-1

The specific test conditions simulated in the calculation are as follows:

• The 23 rods in the square matrix of the 25-rod electrically heated core were operated at

approximately 36.9 kW/m with a flat radial power profile resulting in a total core power level

of 2.01 MW nominal.  One corner rod (Rod E-5) was unpowered and another corner rod

(A-1) was replaced by a liquid level probe.  The normalized axial power profile is a chopped

cosine with peak axial power factor of 1.55 nominal (Reference 5).

• During the blowdown transient, power to the electrically heated core was automatically

controlled to simulate the thermal response of nuclear heated fuel rods.  The power history

is modeled based on the measured core power decay.
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• The accumulators for the intact (IL) and broken (BL) cold legs were pressurized with

nitrogen to 4137 kPa (600 psia).  IL accumulator injection began at 19 seconds and nitrogen

discharge began at 72 seconds.  BL accumulator injection began at 12.5 seconds and

nitrogen discharge began at 35 seconds.  The IL and BL accumulator injected flows and are

modeled based on the measured date.  The accumulators are actuated in the calculation on

time, not pressure, to match the injection timing of the experiment.

The simulation will extend from the time of pipe rupture until the time before nitrogen

injection.  Nitrogen was injected at 35 seconds, originating from the BL accumulator.

Therefore, the simulation will extend for 35 seconds transient time after pipe rupture.

• The initial containment pressure is 246 kPa nominal.  The transient containment pressure is

modeled based on the measured data.

• The maximum break area corresponding to a double-ended break is 0.849 in2 (5.48 cm2)

and is modeled.  This implies that each of the two blowdown nozzles had a break area of

0.849 ÷2 or 0.424 in2 (5.48 ÷ 2 or 2.74 cm2).  This maximum break area was determined

from the ratio of the maximum break area to the primary liquid volume of a PWR system

applied to the primary liquid volume of the Semiscale MOD-3 system.

• The intact- and broken-loop primary coolant pumps coast down during the test.  The IL and

BL pump are modeled based on the measured date.

• HPIS flow into the intact and broken loops started at 3.5 seconds at a pressure of 12,410

kPa (1800 psia) and continued until test termination.  The IL and BL HPIS injected flows are

modeled based on the measured data.  The HPIS pumps are actuated in the calculation on

time, not pressure, to match the injection timing of the experiment.

• The LPIS started into the IL and BL at 27 seconds at a pressure of 2000 kPa (290 psia) and

continued until test termination.  The IL and BL LPIS injected flows are modeled based on

the measured data.  The LPIS pumps are actuated in the calculation on time not pressure to

match the injection timing of the experiment.

• The measured fluid temperature in the IL and BL ECCS injection lines indicate that the

ECCS (HPIS, LPIS and accumulator) water temperature is approximately 300 K (80.6 °F).

Therefore, the IL and BL ECCS water are both modeled at a temperature of 300 K.
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4.3.2.2.3 Test S-06-3 Assessment

Through a sensitivity study, the "best" discharge coefficients were determined to be 0.8 for the

vessel side and 0.7 for the pump side break junctions for both the subcooled and two-phase

flows. The nodalization of the input model was developed to be as consistent as possible with

the LBLOCA input guidelines (Reference 12).

The S-RELAP5 initial condition results match reasonably well with the Semiscale Test S-06-3

data.  The detailed comparisons of predicted versus measured results for the important

transient phenomena are shown in Reference 5, and are not repeated here.  The calculation

results have been compared to test data for the three phases of the test (blowdown, refill, and

reflood).  While reasonable agreement is obtained between code results and data for the major

thermal-hydraulic variables, the MOD-1 Test S-06-3 experienced apparent ECC bypass that

could not be caught well by the LBLOCA methodology.  This resulted in earlier refill being

calculated and consequently earlier calculated reflood and quenching of the heater rods.  The

PCT of 1152 K in the test occurs at an elevation of 21 in above the bottom of the heated length

at 20.7 seconds after pipe rupture.  The calculated PCT of 1161 K occurs during blowdown at

an elevation of 31.2 in above the bottom of the heated length at 26.5 seconds after pipe rupture

Figure 4.152 shows the calculated versus measured maximum temperatures as a function of

elevation in the simulated core for Semiscale Test S-06-3.

4.3.2.2.4 Test S-07-1 Assessment

S-RELAP5 was assessed against Semiscale Test S-07-1.  The calculation results have been

compared to test data.  Reasonable to good agreement is obtained between code results and

data for the major thermal hydraulic variables including upper plenum pressure, break flow

rates, coolant temperatures, and rod temperatures.  The comparison demonstrates that

S-RELAP5 is capable of simulating the blowdown film boiling heat transfer phenomena

expected of a PWR LBLOCA transient.  In particular, the code conservatively predicted the

average of measured PCT at all elevations.  For instance, the calculated maximum temperature

at an elevation of 72.4 in is 1092 K compared to the average measured PCT of 1056 K at this

elevation (based on eight thermocouple readings).  In addition, the highest calculated PCT is

1108 K, compared to the highest measured (not average) PCT of 1101 K.  Figure 4.153 shows

the calculated versus measured maximum temperatures as a function of elevation in the

simulated core for Semiscale Test S-07-1.
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4.3.3 Methodology Treatment of PIRT Phenomena

Sections 4.3.1 and 4.3.2 reviewed the extensive assessment of the S-RELAP5 code with regard

to capabilities to predict the important phenomena identified in the LBLOCA PIRT.  In some

cases statistical information was determined with regard to the mean values and uncertainties

for predicting a specific phenomenon.  Much of this information also is contained in Section 5 of

the S-RELAP5 Code Verification and Validation, Report EMF-2102 ( Reference 5).  In other

cases, the code, in its current configuration, was shown to calculate the phenomenon

conservatively and no evaluation of the bias and uncertainty was performed.  In these situations

the conservatism associated with these phenomena was simply accepted as unquantified

conservatism in the methodology.  Table 4.18 summarizes the important PIRT phenomenon

and how that phenomenon is being addressed in the methodology.

4.3.3.1 PIRT Phenomena Not Treated Statistically

From the comparison of the code predictions and data for both the SET and IET assessments, a

number of important PIRT phenomena were found to be predicted conservatively by the code.

The conservative prediction was either because of a conservative model in the code or the use

of conservative input.  These phenomena are indicated in Table 4.19 as being treated in the

methodology as an "inherent conservatism" or an "input conservatism".  By "inherent

conservatism" is meant that a code model or combination of models has been demonstrated to

conservatively predict these phenomena.  By "input conservatism" is meant that the input being

provided to the code has been demonstrated to be conservative and will be used in NPP

analyses.  These conservatisms are accepted in the methodology as an unquantified

conservatism above that indicated by the statistical analysis.  These phenomena will be

discussed individually in the following sections.

4.3.3.1.1 Core 3-D Flow and Void Distributions

The core flow distribution and void distribution are determined by the initial power distributions

and [the size of the break randomly selected for the specific calculation being run.  The radial

power distribution in the core and hot assembly are randomly varied in the current methodology

as is the size and type of the break (split or guillotine).  In addition, the break discharge

coefficient also is randomly varied and allowed to be different for either side of the break.]  In

effect this will result in a wide variation of calculated flow and void distributions in the core.
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The ability of the code to calculate void distributions has been demonstrated in the SET

assessments performed for the THTF level swell, GE level swell, and the FRIGG-2 tests.  For all

these assessments, the agreement between code prediction and measured void fractions was

good to excellent (Section 4.3.1 and Reference 5).  This indicates that the code is capable of

calculating acceptable void distributions in the core.

The ability of the code to calculate flow distributions in the core was demonstrated in the SET

assessments (Section 4.3.1 and Reference 5) performed for the multi-dimensional flow tests,

CCTF, and SCTF.  The multi-dimensional flow tests demonstrated that the code was capable of

modeling and predicting the measured flows in these tests.  In addition, the assessments

performed for SCTF test S2-17 and S2-18 demonstrated that the combined code and core

nodalization was capable of predicting the effects of changes in radial power distribution and

associated flows during the reflood period of the LBLOCA.  This was demonstrated by

comparing the calculated with the measured PCTs for those tests.

The CCTF assessments further demonstrated that the combined code and core nodalization

was able to predict the core flows and resulting PCTs in a cylindrical facility.  The cylindrical

facility is consistent with the input modeling used in the methodology NPP nodalization.

Based on the information in the previous paragraph, the combination of these assessments

clearly demonstrates that the code is capable of realistically predicting the core flows and void

distributions as the statistical parameters are being varied in the statistical analysis of the

LBLOCA.  In addition, the code prediction of flow and void distributions is an integral part of

determining the code heat transfer biases and uncertainties.  [Thus, while no specific bias or

uncertainties have been developed for these phenomena, they are addressed in the heat

transfer biases and uncertainties and have been demonstrated to be adequately calculated by

the code and methodology nodalization.]

4.3.3.1.2 Liquid Entrainment in Core

The liquid entrainment in the core has been demonstrated to be conservatively calculated by the

code and methodology nodalization.  This is shown in the assessments performed for CCTF,

UPTF, and FLECHT-SEASET and reported in Section 5.6 of Reference 5.  In the CCTF tests

examined, Tests 54, 62, 67, and 68, the conclusion was that the liquid entrained from the core

into the upper plenum was overpredicted by the code during the early part of the test.  This
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overprediction occurred until about 400 to 500 s into the test, after that the code underpredicted

the amount of liquid in the upper plenum.  Only after quenching occurred in the test did the data

indicate higher levels.  Both the measured and calculated time of PCT occurred before the

calculation began to underpredict the liquid in the upper plenum.

For the FLECHT-SEASET tests, as shown in Figures 4.61 through 4.69, the mass of water in

the test section is underpredicted by the code and methodology nodalization.  This is consistent

with the results provided in Figures 4.70 through 4.75, which show that the code is

overpredicting the water carryover from the test assembly.

For UPTF Test 10, Run 081, and Test 29, Run 212/211, the water level in the upper plenum

was consistently overpredicted by the code and methodology nodalization.  This overprediction

by the code is shown clearly in Figures 4.154 and 4.155.

In conclusion, the code predicted liquid carryout from the core to the upper plenum was

examined in three different test facilities.  In all three test facilities, the amount of liquid carry out

of the core into the upper plenum was overpredicted.  Given these results from three different

test facilities, it is concluded that the code and methodology prediction of core entrainment is

conservative and no bias or uncertainty was developed to take credit for this conservatism.

4.3.3.1.3 Core Flow Reversal/Stagnation

The reversal and stagnation of flow in the core is the result of the size of the break and the rate

of coolant loss versus the rate of coolant injection from the ECC systems.  Generally, a

combination of other phenomena occur to determine the limiting set of conditions that result in

the worse situation where the flow in the core is essentially stagnant or has a low reflood rate for

the longest period of time.  This condition is addressed by the random variation of the other

dominant phenomena.  [In a statistical analysis the limiting PCT case will be the one where a

large number of the dominant phenomena are randomly selected to provide a limiting

combination.  Thus, core flow reversal/stagnation actually is a result and not an individual

phenomenon for which a bias and uncertainty can be determined and it can be addressed only

through the variation of the other important phenomena.]
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4.3.3.1.4 Upper Plenum Liquid Entrainment/de-entrainment

When liquid droplets are entrained in the core and carried up into the upper plenum they can

remain there, fall back into the core (de-entrainment) or be carried out into the hot leg

(entrainment).  The major modeling concern for LBLOCA is that allowing too much liquid to fall

back into the core would result in a top-down quench and a significant underprediction of the

PCT.  It would also reduce steam binding.   To demonstrate conservatism, the calculated upper

plenum collapsed liquid levels were compared to a series of tests and shown to be higher.

Tests at CCTF (54, 62, 67 and 68), FLECHT-SEASET (31805, 31203, 31302 and 31701) and

UPTF (Test 10, Run 081 and Test 29, Run 211/212) were used to evaluate the balance of liquid

droplet flows in the upper plenum.  These tests simulated a PWR core using either steam and

water (UPTF) or electrically heated, simulated fuel rods during the reflood period.  The

calculated liquid levels were compared to the measured liquid levels in the upper plenum region.

The liquid level in the upper plenum is generally overpredicted by S-RELAP5 for reflood

conditions.  This seems to be true for the prototypic upper plenum of the UPTF

(Section 4.3.3.1.2 above), the scaled upper plenum in the CCTF (see Figures 4.156 through

4.159) and the atypical upper plenum of the FLECHT-SEASET tests (see Figures 4.160 through

4.163).

The conclusion is that, using the RLBLOCA methodology, S-RELAP5 tends to hold the liquid in

the upper plenum to a slightly greater degree than testing would indicate when the liquid

fractions are low.  When substantial amounts of liquid are present, S-RELAP5 tends to carry

over more than enough liquid and S-RELAP5 models liquid carry-over for the LBLOCA

conservatively.

4.3.3.1.5 Counter Current Flow Limit (CCFL)

The CCFL phenomenon is addressed conservatively in the methodology by applying

conservative input to the Kutateladze parameters.  For the methodology, the following

parameters will be used [at the core UTP position:  slope of 1.0 and intercept of 1.8.]  This has

been shown to provide a conservative prediction of down flow at the UTP for the FRA-ANP

specific UTP designs and in the UPTF assessment.
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Figures 4.103 through 4.105 demonstrate the conservative comparison for the FRA-ANP

current UTP designs for the W 15x15 and 17x17 fuel designs and for the CE 14x14 fuel design.

Figures 4.116 and 4.117 and Figures 4.120 and 123 demonstrate the conservatism for the

UPTF Test 10, Runs 080 and 081, Test 29, Run 212/211, and Test 12, Run 014.  For all these

tests, the selected Kutateladze parameters are demonstrated to be conservative.

This conservative set of Kutateladze weighting parameters were selected primarily to address

the issue in the assessments (CCTF, SCTF, FLECHT-SEASET, THTF, Semiscale) where best

estimate parameters are unavailable.  To be able to use these assessments and still meet the

CSAU requirement that the assessments use the same model as the NPP analysis, it was

decided to use a conservative set of parameters.

4.3.3.1.6 Hot Leg Entrainment/de-entrainment

Liquid entrained into the upper plenum is carried through the hot leg to the steam generator,

where it flashes to steam and increases the pressure drop.  The more liquid reaching the steam

generator, the more conservative the modeling.  The liquid carry-over to the steam generator

was calculated using modeling based on the RLBLOCA methodology and compared to

measured carry-over values for a series of tests.

Tests at CCTF (54, 62, 67 and 68), FLECHT-SEASET (31805, 31203, 31302 and 31701) and

UPTF (Test 10, Run 081 and Test 29, Run 211/212) were used to evaluate the carryover of

liquid droplets in the hot leg and the steam generator.  These tests simulated reflood conditions

for a PWR by either introducing steam and water (UPTF) or by quenching electrically-heated,

simulated fuel rods (CCTF and FLECHT-SEASET).  CCTF used prototypic U-tubes in the steam

generator and had a cyclone separator downstream of the steam generator exit.  The UPTF

was full scale and used cyclone separators in its steam generator simulators to trap water

carried over by the hot leg.  FLECHT-SEASET had a smaller (~4") horizontal pipe carrying the

steam and water from the upper plenum to a separator and collector.

For the CCTF tests, the liquid is separated well downstream (~30') after the exit of the steam

generator.  Figures 4.164 through 4.167 compare the calculated level changes in the catch tank

with the measured changes.  The measurements are somewhat inaccurate (note the level

decreases which affect the first three cases) and the piping from the steam generator exit to the

catch tank introduces some uncertainties.  The predicted trends are correct and for the tests
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with higher flows (54 and 68) the predicted levels are either conservative or in reasonable

agreement.

For the UPTF tests, the liquid is separated in the steam generator simulator.  For the two tests,

the calculated liquid accumulating in the catch tanks is quite conservative (See Figures 4.168

through 4.171).

For the FLECHT-SEASET tests, there is no steam generator.  The hot-leg piping terminates in a

separator, which has a tank with a pipe in the bottom leading to a drain tank.  Figures 4.172

through 4.179 compare the calculated levels in the separator tank and the separator drain tank

with the measured levels.  Because of the tendency of the model to hold a larger quantity of

liquid in the upper plenum initially than would be indicated by measurements (See

Section 4.3.3.1.4), the calculated carry-over to the separator is delayed.  The bottom line for

these figures is that the calculation has the liquid carried over to these tanks arriving slightly

later than the measurements would indicate, with the overall carry-over from the calculation

being greater.  This latter point shows that the liquid entrained and carried over by the hot-leg

model is conservative.

4.3.3.1.7 Two Phase Pump Degradation

The pump two phase degradation is addressed in the methodology as a conservative input.

Based on the sensitivity study described in Appendix B for a limiting break on both a 3-loop and

a 4-loop plant, it is shown that this is not an important phenomenon for the limiting LBLOCA

case.  The use of the Semiscale two-phase degradation instead of the CE/EPRI two-phase

degradation model produced essentially no impact on the 3-loop results and only an 18 F (10 K)

for the 4-loop plant.  However, it was shown that the use of the Semiscale pump degradation

curves does provide a conservative bias to the model, so it was adopted as a minor

conservatism.

4.3.3.1.8 Pump Differential Pressure Loss

The pump differential pressure loss is addressed in the methodology strictly as a best estimate.

The S-RELAP5 code has the ability to input the pump specific homologous curves for the NPP

being analyzed and this option is used.  The homologous curves for the specific NPP pumps are

obtained from the utility and, if plant data is available, a pump coast down is modeled to ensure

that the curves are consistent with the plant data.
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4.3.3.1.9 Non-Condensible Transport

The treatment of non-condensibles in the S-RELAP5 code was demonstrated to be

conservative by the performance of an assessment of the ACHILLES ISP #25.  The rod

thermocouples in the test all clearly showed a reduction in temperature following the

introduction of nitrogen into the system.  The S-RELAP5 code conservatively underpredicted

this cooldown, as shown in Figures 4.136 through 4.141.  Thus, the impact of the nitrogen

injection following the accumulator emptying of water will be conservatively predicted in the NPP

analysis.  However, as indicated in the sensitivity studies (Appendix A), the injection of nitrogen

into the RCS system following the emptying of the accumulators was found to not significantly

affect the final predicted LBLOCA event PCT.

4.3.3.1.10 Downcomer Entrainment

The S-RELAP5 prediction of the downcomer entrainment was demonstrated to be conservative

through the assessment of UPTF Tests 6 and 7 (Section 4.3.1 and Reference 5).  In these

essentially full scale tests the lower plenum fill rate was measured as a function of time during

the tests.  Test 6 consisted of five different test assessments where the steam flow rate up the

downcomer was varied with a constant ECC injection rate.  One run from Test 7 was used in the

assessments to extend the downcomer steam flow rate to a lower value.

The comparison of the lower plenum level for Test 6 is provided in Figures 4.106 through 4.110

and for Test 7 in Figure 4.111.  These level comparisons show that S-RELAP5 underpredicts

the lower plenum level for all the Test 6 and 7 assessments using the methodology NPP

nodalization (Reference 12).  This indicates that S-RELAP5 is overpredicting the entrainment of

the ECC water and carrying it out the break.  Thus, the results clearly indicate that the

S-RELAP5 code overpredicts the bypass of ECC water in these full scale tests.  Based on these

results, it is concluded that the S-RELAP5 predictions will provide a conservative result with

respect to ECC bypass, lower plenum fill, and core recovery.  (For a discussion of the

oscillations in the lower plenum level, see the discussion on lower plenum sweepout.)

4.3.3.1.11 Downcomer Liquid Level Oscillations

The downcomer liquid level oscillation is another phenomenon that is controlled primarily by

other important phenomena.  The ranging of these phenomena either will or will not produce the

oscillations based on their specific ranging.
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Manometer type downcomer liquid level oscillations have not been observed to any significant

extent in the methodology NPP nodalization models.  This appears to be the result of the boiling

in the downcomer acting as a stabilizer for the phenomenon.  Preliminary undocumented

calculations in which the downcomer heat structures were uncoupled were able to produce

manometer type downcomer level oscillations.  The lack of these oscillations in the methodology

NPP nodalization model is conservative because the effect of the oscillations is to drive water

up into the core and provide an additional cooling mechanism.  Thus, the fact that this

phenomenon is not predicted by the methodology NPP model is acceptable.

4.3.3.1.12 Lower Plenum Sweepout

The conservatism of the S-RELAP5 lower plenum sweepout is also demonstrated in the

essentially full scale UPTF Test 6 and 7 assessments with the methodology nodalization

(Reference 12).  Again these tests were performed with a constant ECC injection rate and with

various steam flow rates up the downcomer.  The measured versus code prediction of the lower

plenum level is provided in Figures 4.106 through 4.110 for Test 6 and Figure 4.111 for Test 7.

In these figures the predicted lower plenum level shows a series of decreases.  These

decreases in the lower plenum level are a result of the prediction of liquid sweepout from the

lower plenum.  This sweepout is seen to be more pronounced in the higher steam flow rate

assessments, Test 6, Runs 131, 132, 133, and 135, and less pronounced in the two lower

steam flow rate assessments, Test 6, Run 136 and Test 7, Run 203.  The measured data in

these figures do not show these large sweepout events.

The large sweepout events predicted in the UPTF Test 6 and 7 assessments is a direct result of

the methodology nodalization used in the lower plenum.  Sensitivity studies were performed

(Reference 5) that clearly showed that this sweepout prediction could be corrected with a more

detailed model (i.e., a 2D lower plenum model).  However, because many of the other

assessments had already been run, it was decided to continue to use this lower plenum model

and to simply accept the conservatism in the methodology.

4.3.3.2 PIRT Phenomena Treated Statistically

The parameters presented in this section are to be treated statistically in the FRA-ANP

RLBLOCA methodology.  The uncertainties developed from S-RELAP5 code assessments have

been presented in Section 4.3.2 and Section 5 of Reference 5.  For those parameters a
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summary is provided giving the parameter bias and uncertainty and how it is to be applied in the

methodology.  In addition to these parameters, a few other parameters are being treated

statistically based on analysis other than code assessment.  The discussion on these

parameters includes additional background and explanation of the objective of the statistical

treatment.  Table 4.19 presents a summary of the key statistical characteristics used in the

FRA-ANP RLBLOCA methodology.  The table provides a list of biases, standard deviations (for

parameters treated with a normal probability distribution function), and range boundaries (± 2σ

for normal probability distribution functions).

4.3.3.2.1 Stored Energy

The analysis of stored energy uncertainty was performed by assessing RODEX3A predictions

for centerline fuel temperature relative to data taken at the Halden Reactor Project.  The results

are presented in Section 5.8 of Reference 5.  Using a normal probability distribution function,

the mean error in centerline fuel temperature is 0.0 with a standard deviation of 130 °F.  A bias

in centerline temperature has been identified for burnup greater than 10 MWd/kgU.  This is

given by the expression:

Y{ F} 4.2232 * X{MWd/ kgU} 39.183 F° = − + °

The parameter is first sampled using a normal distribution with a mean of 0.0 and standard

deviation of 130 °F.  A test on "Time-of-Cycle" is performed to check if the bias is to be applied.

If so, the bias is then added to the sampled centerline fuel temperature. In applying the sampled

fuel centerline temperature, the S-RELAP5 multiplier, FUELK, is used in conjunction with a

control system that tracks the centerline temperature of the peak power node.  The FUELK

multiplier is applied to the fuel pellet thermal conductivity.  Using a control system applied during

a steady-state S-RELAP5 calculation, this multiplier is driven to a value that results in shifting

the fuel centerline temperature from a best-estimate value to the best-estimate value plus

uncertainties as given by the equation above.

4.3.3.2.2 Oxidation

Energy released through the oxidation of cladding is calculated from the Cathcart-Pawel

correlation (Reference 25) for oxide layer growth:
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In Reference 25, uncertainties are provided for both the constant term and the exponential term.

It is reported that the 90% confidence limits on the constant term is �23% to +30% and on the

exponential term, it is ±2.2%.  A standard deviation is calculated from the upper 1-sided 95%

probability point (+30%, 2.2%).  Assuming a normal distribution, this corresponds to 1.645

standard deviations; hence, the standard deviation is

%237.18
645.1

%30 =  on the constant term and 
2.2%

1.337%
1.645

=  on the exponential term.

4.3.3.2.3 Decay Heat

The FRA-ANP realistic LOCA evaluation model , S-RELAP5, calculates decay heat based on

the 1979 ANSI/ANS standard (ANSI/ANS-5.1-1979, Reference 26). This standard is applicable

to light water reactors containing Uranium 235 as the principal initial fissile material.

Fission contributions from Plutonium 239 and fast fission of Uranium 238 can be explicitly

treated using the standard; other fissionable isotopes are treated as Uranium 235.  Methods of

accounting for the effect of decay energy from neutron capture in fission products are also

described in the standard, and equations for decay of the capture product actinides

Uranium 239 and Neptunium 239 are shown.  The 1979 standard considers the reactor

operating history and the average recoverable energy associated with fission of each of the

above isotopes.  Two types of reactor operation are presented, a fission pulse and a constant

fission rate over an operating time period.  Both methods yield decay power but do not account

for the spatial distribution of the decay power deposition.

The decay heating described by the standard can be used for many types of calculations

including LOCA analysis.  However, considerations for LOCA are somewhat different from other
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applications.  LOCA is a hypothetical event which must be analyzed prior to reactor operation.

Thus, the operating history and the concentration of fissionable isotopes will not be known prior

to a LOCA.  Fortunately, simplifying assumptions can be made which allow calculation of a

realistic but slightly conservative decay heat curve as a function of time using the 1979

standard.  The decay heat calculated with these assumptions bounds the more detailed decay

heat curves that would result if the conditions at the initiation of LOCA were known.  The

assumptions are:

• infinite operating time at full power.

• All fissions assumed from U 235

• 200 MeV / fission (conservatively low)

• One standard deviation total decay heat of [3%]

LBLOCAs are a short time event with PCT and quenching occurring on the order of 100

seconds and well within 1000 s.  For this short decay time, decay energy tends to be dominated

by short-lived fission products.  A characteristic of short-lived fission products is that they

approach equilibrium concentrations within a short operating time.  The assumption of infinite

operating time is equivalent to assuming equilibrium fission product inventory.  While this

assumption is bounding, it is also realistic with respect to the dominant short-lived fission

product isotopes.

The ANS standard suggests a simplified method of calculating decay heat assuming Uranium

235 as the only fissionable isotope and applying a conservative multiplier.  FRA-ANP makes the

assumption that all fissions are from Uranium 235, and adjusts the uncertainty to account for the

other isotopes.

The assumption of 200 MeV / fission converts power to fission rate.  A low value is

conservative.  The components of this parameter and the uncertainties are described in more

detail in following paragraphs.

Total decay heat using these assumptions was compared to more detailed calculations, and it

was determined that use of a one standard deviation uncertainty of [3%] conservatively bounds

total decay heat using these assumptions.
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In addition to fission product decay heat, actinide capture product decay power is computed

using the ANS standard equations, and added to the fission product decay heat..  In this

calculation a conversion ratio appropriate for the time in cycle analyzed is obtained from core

neutronics calculations  The ANS standard also provides equations to calculate the addition of

decay heat from neutron capture in fission products.  These equations are included in

S-RELAP5 and the contribution to the total decay heat from this source is calculated and

included.

4.3.3.2.4 Departure from Nucleate Boiling

Test results from the THTF Heat Transfer separate-effects test contributed to identifying a bias

in the Biasi CHF correlation (Reference 5).  [A bias of 0.724 was determined for this correlation

to give a best fit to dry out level data.]  The CHF scaling is applied for RLBLOCA calculations,

and the statistical information on heat transfer is used along with other test data (see next

section) to derive the uncertainty parameters on film boiling heat transfer (FILMBL) and the

dispersed flow heat transfer (FRHTC).  (See following section).

4.3.3.2.5 Core Post-CHF Heat Transfer

The FLECHT-SEASET tests were used to assess S-RELAP5's capability to predict several

phenomena associated with reflooding a heated bundle.  This facility provided reflood data

covering the LBLOCA range of pressures, subcoolings, and reflood rates using an electrically

heated  bundle with a center-peaked cosine power profile.  The FLECHT skewed test data were

added to provide additional data for an upskewed axial power profile.

The results (summarized in Section 4.3.1.6) showed that S-RELAP5 calculated maximum

surface temperatures are generally higher than the measured data at all elevations.  These

trends were consistently observed for nearly all assessments of the S-RELAP5 heat transfer.

FLECHT and FLECHT SEASET data and data from THTF reflood tests were used to derive the

multipliers to be used for film boiling heat transfer (FILMBL) and dispersed flow forced

convection (FRHTC) as shown in Section 5.1 of EMF-2102 (Reference 5).  [The film boiling

HTC multipliers were determined to be FILMBL=1.00 and FRHTC=1.75.  As a result of void

fraction oscillations in both the test and S-RELAP5 prediction, uncertainty in flow regime and

single-phase vapor heat transfer are addressed by this uncertainty study.  S-RELAP5 simulation

of these experiment applied the CHF bias (0.724) and an unbiased single-phase vapor heat
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transfer.  For this reason, RLBLOCA analyses must be performed in a like manner.  The biases

(CHF and FRHTC) are to be applied to all fuel rods modeled, with the only hot rod film boiling

parameters sampled about the mean.]

The probability density functions are defined by the following two equations. The coefficients for

the equations vary depending on whether they are to be applied to FILMBL (low void fraction) or

FRHTC (high void fraction).

[for x < Xpk   and   for x > Xpk]

[The coefficients S, A, B, xmin, and Xpk are unique for the FILMBL and FRHTC multipliers.]

These are given in Table 4.20.

4.3.3.2.6 Tmin

A set of seven FLECHT SEASET tests was used to evaluate the trends in Tmin at low pressure.

Quench temperatures improve at higher pressures; hence, a Tmin uncertainty based on low

pressure data was expected to bound high pressure data.  This was validated with data from

ROSA/TPTF, the ORNL/THTF and the Westinghouse G1/G2 tests.  Examination of FLECHT

SEASET data showed that based on observable conservatisms, only the 3 in/s reflood rate test

(Test #31302) was necessary to evaluate a bounding Tmin uncertainty (Reference 5).

From the FLECHT SEASET data and from an evaluation of code uncertainty with regard to how

the LBLOCA multiplier relates to Tmin, [a normal distribution with a mean value of 626 K and a

standard deviation of 33.6 K was calculated.]  The uncertainty evaluation has been

demonstrated to be a conservative bounding distribution relative to other datasets.  As this

value was based solely on data at 40 psia (2.76 bar), a penalty bias was included to cover the

possibility of the system pressure falling below this value.  The hydrodynamic film instability

theory of Berenson was used to develop this pressure bias (Reference 5).

4.3.3.2.7 Break Flow

Break flow is a function of break area and critical flow uncertainty.  [The FRA-ANP RLBLOCA

methodology treats both of these parameters statistically.  Break area is sampled from a

convolution of a binomial distribution for break type (DEGB or DESB) and a uniform distribution

for break size.  Break size is given in terms of full cold leg pipe area.  For DESB, this range is
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from 0.1 to 1.0 times the full cold leg pipe area.  This area is distributed to both sides of the

break (i.e., half the sampled area modeled from the pump side and half the sampled area

modeled from the vessel side).  For the DEGB, this range is from 1.0 to 2.0 times the full pipe

area (again partitioned evenly between the two broken ends of the cold leg pipe).]

The homogeneous-equilibrium critical flow model in S-RELAP5 was assessed by comparison to

full-scale critical flow tests at the Marviken facility.  This was presented in Section 4.3.1.8.  From

these assessments, [a subcooled choking bias of 0.993 (approximately 1.0) with an uncertainty

of ±15%, and a two-phase choking bias of 1.01 (also approximately 1.0) and an uncertainty of

±17%.  The combined uncertainty is described by a bias of 1.003 with an uncertainty of ±16% (a

standard deviation of 0.079).  Considering that there is very little difference in the uncertainty

between the subcooled and two-phase critical flow, the RLBLOCA methodology uses the

uncertainty from the combined set.  To range the flow split, the discharge coefficients of the two

broken ends of the cold leg pipe are sampled independently.]

4.3.3.2.8 Steam Binding

Steam generator liquid entrainment was examined in the code assessments for CCTF and

UPTF.

For the purpose of measuring liquid entrainment in the steam generator, the facilities use a

steam generator simulator.  For the CCTF tests, liquid entrainment into the steam generator is

determined by measurements of liquid levels in a collection tank from the separation of the two-

phase mixture entering the simulator.  The comparisons of measured and calculated liquid

levels in the collection tank indicate that the amount of liquid carried over to the steam generator

is in reasonably good agreement, given the uncertainties in the modeling.  The uncertainty in

the heat transferred from the steam generator simulator, the uncertainty in the extent to which

the piping is adiabatic (as it is modeled in S-RELAP5), and the uncertainty in the dimensions of

collection tank (dimensioned drawings were not available for the analysis) are significant.  The

assessment of the liquid carryover was based on conservatively low estimates of these

uncertain values; even so, the results show reasonably good agreement.

[Given the uncertainties associated with the CCTF steam generator a conservative bias was

derived to scale the interfacial drag term, FIJ, for the steam generator inlet plenum.  This bias is
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1.75 and it is to be used at the steam generator inlet junction for all plant steam generators

when performing RLBLOCA analyses.]

[For the UPTF tests, introducing the interfacial drag scaling factor (FIJ=1.75) at the exit of the

SGS inlet plenum in the UPTF tests resulted in conservative values of carryover to the SGS

drain tanks.]

Analyses of liquid entrainment from the upper plenum and hot legs (as discussed in

Sections 4.3.3.1.2, 4.3.3.1.4, and 4.3.3.1.6) suggest that S-RELAP5 tends to carry over more

than enough liquid and that liquid carryover for the LBLOCA is conservative.  The large model

uncertainty in the CCTF assessment requires the [1.75 bias in FIJ to bound the uncertainty.]

This bias is considered an additional conservatism in light of the UPTF results showing that

carryover to the steam generator is conservative without the bias.  The increased interfacial

drag at the steam generator inlet will result in conservative carryover to the SG and will provide

a bounding estimate of steam binding during a LBLOCA.

4.3.3.2.9 Cold Leg Condensation

S-RELAP5 was assessed against selected tests from the W/EPRI 1/3 scale condensation

experiment.  [A bias was defined that approximately represents the ratio of the experimental

and code-calculated interfacial condensation heat transfer.]  This bias was used to assess the

accuracy of the code in predicting the interfacial condensation heat transfer during the

ECC/steam mixing process.  The results show that the mean bias, based on 19 data points, is

[about 0.9,] using a nodalization consistent with plant nodalization.  This indicates that

S-RELAP5 slightly overpredicts the interfacial condensation rate on the average.  For

RLBLOCA analyses, a [uniform distribution with limits of 0.383 and 1.095] bounds the

uncertainty range of the interfacial condensation heat transfer coefficient in the ECC/steam

mixing process.  It is to be applied in the system cold legs and in the downcomer.

Condensation in the downcomer should not be that significant; however, sampling of a low

condensation factor may prevent sufficient ECC mixing in the cold leg and this mixing would

then be completed in the downcomer.

4.3.3.2.10 Accumulator Discharge

Accumulator discharge may be influenced by piping flow resistances and pressure.  Most plants

have can provide best-estimate data that maybe used to accurately model flow resistance;
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hence, the largest uncertainty to accumulator discharge is accumulator pressure.  To support a

plant technical specification for accumulator pressure ranges, the accumulator pressure is

sampled over a range, using a probability distribution developed specifically for the plant of

interest.  The information on uncertainty for this and other plant process parameters will be

reported to the licensee with the safety analysis.

4.3.3.2.11 Reactor Vessel Hot Walls

The results from UPTF Tests 6 and 7 demonstrated that S-RELAP5 will overpredict ECC

bypass; however, many parameters may contribute to this phenomena.  The hot wall effect can

be separated out since it is expected that there is a direct relationship with the degree of

nucleate boiling in the downcomer and ECC bypass.  To maximize the hot wall effect, heat

transfer in the downcomer can be locked into nucleate boiling by raising the CHF point to a high

value.  In the FRA-ANP methodology, the hot wall effect [is ranged using a binomial PDF

between the S-RELAP5 best-estimate calculation and a locked-in nucleate boiling condition.]

4.3.3.2.12 Containment Pressure

Containment pressure is ranged [indirectly by ranging containment volume from the best-

estimate containment volume to the maximum containment free volume.]  Sensitivity studies

have shown that lower containment pressure reduces PCT margins.  [Ranging containment

volume will support the transfer of equipment into and out of the containment volume; however,

it should conservatively bias containment pressure.  In this RLBLOCA methodology,

containment volume is to be sampled over the stated range using a uniform distribution.]

4.3.4 Evaluation of Code Biases

This section assesses the effects of the defined code biases on the LBLOCA assessments.

The biases were developed from uncertainty analyses performed on separate-effect tests.

Although each bias developed has an uncertainty associated with it, the evaluation of the biases

does not include the uncertainties.

Having defined the biases and uncertainties for use with S-RELAP5, an evaluation of the impact

of these biases on the assessments was performed for the CCTF, LOFT, and Semiscale.  The

CCTF facility was selected from the various SET facilities because it is a large facility and has a

cylindrical configuration consistent with the NPP core model.  The two IET facilities were chosen

because they provide a complete assessment for all phases of the LBLOCA scenario.
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The following biases were included in all of the evaluation calculations and were taken from

Table 4.19:

[Tmin, 626K]

[Biasi CHF, 0.724]

[Film Boiling HTC, 1.000]

[Dispersed Film Boiling, 1.750]

[Break Discharge Coefficients, 1.003]

[Condensation Interphase HTC, 0.8691]

[Steam Generator Inlet Interphase Friction 1.750]

4.3.4.1 Evaluation of Biases with CCTF

The biases were applied to each of the CCTF tests.  The overall effects of the biases are shown

by comparisons with unbiased results and measured temperatures.  The comparisons are

shown at the core elevation where the measured PCT occurred.  In all the tests the measured

PCT occurred at the 1.83 m elevation, while the calculated PCT in both the base case and the

biased calculation occurred between the 2.3 and  2.5 m elevations.  Therefore temperature

comparison plots will be made at the 1.83 m elevation and at the 2.44 m elevation.

Also presented are rod temperature profile comparisons between measured, unbiased, and

biased temperatures.  In the profile plots, the temperatures presented are the maximums

occurring at each elevation.  The maximum temperature profile, referred to as a PCT plot,

readily shows how the calculated temperatures compare with the measurements.

4.3.4.1.1 Summary and Conclusions

Inclusion of the biases resulted in improved but conservative PCT calculations in three of the

four evaluation tests.  In the fourth, which is a low PCT case, the inclusion of the biases

improved the calculation of the general trends and produced a good comparison but slightly

non-conservative PCT.  [The biases on Tmin and dispersed film boiling were the major

contributors to the observed differences between the calculations.]

4.3.4.1.2 Test 54

This test incorporates best estimate decay power (ANS x 1.0), a nominal cold leg ECC injection

rate (0.011 m3/s), and nominal pressure (0.20 Mpa).
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The comparison between measured, unbiased, and biased temperatures at the 1.8 m level

where the measured PCT occurred is given in CCTF Figure 4.180.  From the time reflood starts

at 93 seconds up to the time that the rods quench, the heat transfer regime oscillates between

dispersed flow film boiling and single phase steam heat transfer.  [The code bias of 1.75 is

applied whenever the code is in the high void fraction dispersed flow film boiling regime.  The

application of the bias decreases the heat up rate before the calculated maximum temperature

is reached and increases the cooling rate afterward compared to the base case unbiased

calculation.  The application of the 'Tmin' bias of 626K causes the biased calculation to quench

at a lower temperature than the unbiased case.]  Similar trends are observed in Figure 4.181,

where the comparison is made near the calculated PCT elevation.  At this elevation, the

calculation tracks the measured temperature almost exactly and the measured and calculated

quench temperatures are nearly identical.

The PCT versus elevation plot is shown in Figure 4.182, where the biased and unbiased peak

temperatures either exceed the measured temperatures or are within the range of the measured

temperatures, except at the 1.425 m elevation, where the unbiased calculated temperature fall

slightly below the lowest measured temperature.  In the upper one third of the heated section,

the code calculates higher temperatures than measured in both calculations.  However all three

figures show the code calculated the trends of the experimental data.  Also, both the unbiased

and biased calculations tend to overpredict the data near the calculated PCT location.  The

biased calculation, however, tends to fall between the data and the unbiased results.

4.3.4.1.3 Test 62

This test incorporates Appendix K required decay power (ANS x 1.2), a nominal cold leg ECC

injection rate (0.011 m3/s), and nominal pressure (0.20  Mpa).

The comparison between measured, unbiased, and biased temperatures at the 1.8 m level

where the measured PCT occurred and at the 2.44 m level where the calculated PCT occurred

are given in CCTF Figures 4.183 and 4.184. The trends are similar to those shown for Test 54.

The PCT versus elevation plot is shown in Figure 4.185, where the biased and unbiased peak

temperatures either exceed the measured temperatures or are within the range of the measured

temperatures without exception.  Also, both the unbiased and biased calculations tend to
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overpredict the data near the calculated PCT location, but the biased calculation tends to be

much closer to the data than do the unbiased results.

4.3.4.1.4 Test 67

This test incorporates Appendix K required decay power (ANS x 1.2), a nominal cold leg ECC

injection rate (0.011 m3/s), and reduced pressure (0.15  Mpa). This test produced the greatest

PCT in both the tests and in the calculation because of the combination of low pressure and

higher decay power.

The comparison between measured, unbiased, and biased temperatures at the 1.8 m level

where the measured PCT occurred and at the 2.44 m level where the calculated PCT occurred

are given in CCTF Figures 4.186 and 4.187.  Again, the trends are similar to those shown

previously for Test 54 and 62, but because of the higher temperatures the effects of the biases

are magnified.

The PCT versus elevation plot is shown in CCTF Figure 4.188, where, as in test 62, the biased

and unbiased peak temperatures either exceed the measured temperatures or are within the

range of the measured temperatures without exception.  Also, both the unbiased and biased

calculations tend to overpredict the data near the top half of the core, but the  biased calculation

tends to be much closer to the data than do the unbiased results.

4.3.4.1.5 Test 68

This test incorporates best estimate decay power (ANS x 1.0), an increased cold leg ECC

injection rate (0.025m3/s), and nominal pressure (0.20  Mpa). This test produced the best

agreement between the calculated PCT and that measured for the unbiased runs.

The comparison between measured, unbiased, and biased temperatures at the 1.8 m level

where the measured PCT occurred and at the 2.44 m level where the calculated PCT occurred

are given in Figures 4.189 and 4.190.  As shown in both of these figures, the addition of the

biases tends to produce PCTs at both locations that are slightly non-conservative.  However, as

shown in Figure 4.190, the underprediction is mainly the result of the initial temperature

undershoot at the start of reflood.  After the initial under shoot that ends at approximately

130 seconds the slope of the calculated temperature curve tracks that of the measured
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temperature until 340 seconds, at which time the biased heat transfer rate becomes larger than

that measured rate.

The PCT versus elevation plot for CCTF Test 68 is shown in Figure 4.191.  The figure shows

that both the biased and unbiased peak temperatures either exceed the measured temperatures

or are within the range of the measured temperatures except at the measured PCT location

where the biased temperature is under the lowest measured value.  Also, both the unbiased and

biased calculations tend to overpredict the data near the top third of the core.  Because of the

discontinuity in the measured temperatures near the core mid plane, visually deciding whether

the biased or unbiased calculations produce the best overall comparison is difficult.

This test is the only one in which the biases produced a notable effect on any of the measured

loop parameters (pressure drop, flow rate, void fraction, etc.).  For this test the steam generator

inlet interfacial drag bias of 1.75 produced a noticeable improvement in the agreement between

the measured and calculated intact loop cold leg void fraction between the start of reflood and

350 seconds.  After 350 seconds the biases produced little difference. The cold leg void fraction

comparison is shown in Figure 4.192.

4.3.4.1.6 Conclusion Regarding Bias Evaluation in CCTF

Inclusion of the biases resulted in improved but conservative PCT calculations in three of the

four evaluation tests.  In the fourth, test which is a low PCT case, the inclusion of the biases

improved the calculation of the general trends and produced a good comparison but slightly

non-conservative PCT.  [The biases on Tmin and dispersed film boiling were the major

contributors to the observed differences between the calculations.  The other biases, except for

steam generator inlet interfacial drag, had negligible effect.  The only discernable effect of the

steam generator inlet interfacial drag bias was a slight improvement in the comparison between

calculated and measured intact loop cold leg void fraction.]

4.3.4.2 Evaluation of Biases with LOFT

The integral tests used for the assessment were the LOFT Tests LP-LB-1, LP-02-6, L2-5, and

L2-3.  These tests were evaluated as part of the S-RELAP5 assessment, which provides a

comparative basis.
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The biases were applied to each of the LOFT tests.  The overall effects of the biases are shown

by comparisons with unbiased results and measured temperatures.  The comparisons are

shown at the core elevation where the measured PCT occurred.  In Tests LP-LB-1 and L2-5, the

calculated location of the PCT coincided with the measured location.  From the Test LP-02-6

results, the elevation of the measured PCT was 26 in, while the calculated PCT occurred at the

24 in level.  The difference in elevations is small enough to perform the analysis at the 26 in

level.  However, simulation of the L2-3 test resulted in a calculated PCT occurring at the 24 in

elevation, while the measurements show the PCT occurring at the 15 in level.  Thus two

comparisons are evaluated, temperature comparisons at 15 in and 24 in.

Also presented are rod temperature profile comparisons between measured, unbiased, and

biased temperatures.  In the profile plots, the temperatures presented are the maximums

occurring at each elevation.  The maximum temperature profile, referred to as a PCT versus

elevation plot, readily shows how the calculated temperatures compare with the measurements.

4.3.4.2.1 Summary and Conclusions

From the assessment calculations, S-RELAP5 was demonstrated to be conservative with

respect to the measured PCT data from LOFT tests LP-LB-1, LP-02-6, L2-5, and L2-3.  Those

assessment cases were re-run with the code biases applied in the analysis.  The S-RELAP5

calculated results from the biased calculations were in better agreement with the data and the

PCT results were still conservative.

4.3.4.2.2 LOFT Test LP-LB-1

Figure 4.193 compares the measured, unbiased, and biased temperatures at the 24 in level

where the measured PCT occurred.  The initial temperature rise is calculated to occur slightly

earlier than was measured, and the biased calculation shows an earlier rise than the base

calculation.  [Those effects are caused by the Biasi bias of 0.724.  With the Biasi multiplier, the

calculated heat-up starts earlier than measured.]

From 4 s to approximately 35 s, the code calculates the heat structure to be in the dispersed

film-boiling regime.  The code bias of 1.75 is applied.  The biased results show peak

temperatures closer to the measured data during this period.  The bias calculation underpredicts

the measured temperatures slightly between 25 and 35 s.  Had the calculated peak temperature
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been delayed to the measured value, the calculated temperatures would have been in excellent

agreement with the measurement.

After 35 s the heat transfer regimes are predicted to enter the transition region between

dispersed flow film boiling ( α > 0.9) and the Bromley film boiling region (α < 0.7).  At that point,

[the 1.75 bias also is transitioned to the film boiling bias of 1.0.  Because that bias is 1.0, the

calculated temperature changes its decay rate, and more closely follows the unbiased

temperature decay.  The transition is completed at 70 s, and the biased cool-down parallels the

unbiased cool-down.  Both calculations show the 24 in elevation fully quenched at 140 s.  The

biased case uses the 'Tmin' bias of 626 K, which tends to delay quenching until wall

temperatures are below 626 K.]

Both calculations follow the measured temperature excursion until 50 s.  At that time, the

measured temperature starts decreasing more rapidly and final quench occurs just before 70 s.

The LP-LB-1 transient shows early quenching, primarily caused by top-down quenching in the

upper core.  The S-RELAP5 calculations do not effectively calculate that phenomenon.

The PCT versus elevation plot is shown in Figure 4.194.  In that figure, the unbiased peak

temperatures exceed the measured temperatures except at the 54 and 61 in elevations.  The

results from the biased calculation are shown with a dashed line.  Those results are either within

the measured uncertainties or exceed the measured temperature peaks except at the upper

elevations.  In the low power upper region of the core, the calculated dry-out is delayed relative

to the data.  After dry-out occurs, the code calculates quenching much later than measured.

That calculated discrepancy is associated with the inability to adequately predict top-down

quenching (see CCFL discussion in Section 4.3.3.1.5).

Except for top-down quenching, both figures show that the code calculated the trends of the

experimental data.  Also, both the unbiased and biased calculations tend to overpredict the

data.  The biased calculation, however, tends to fall between the data and the unbiased results,

and tends to be within the measured uncertainty for ~20% of the data.  [The interphase

condensation multiplier had virtually no effect on the transient and no effect on PCT.]

4.3.4.2.3 LOFT Test LP-02-6

The LOFT LP-02-6 experiment is characterized by a short period of core quenching immediately

after the blow-down peak temperatures occur because of a slow pump coast down.  The
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quenching occurred in the lower two-thirds of the core.  The S-RELAP5 calculations do not

show that brief core quenching.

The calculated temperatures from unbiased and biased cases are compared with measured

temperatures at the 26 in core elevation, and are shown in Figure 4.195.  The analysis of the

effects of the biases on the calculated temperatures is similar to what was discussed for Test

LP-LB-1 with alternative timings for the phenomenon occurrence.  [Again, the main contributors

are the dispersed film boiling and Tmin biases.]

The Test LP-02-6 PCT versus elevation plot is shown in Figure 4.196.  As was the case in the

Test LP-LB-1 PCT plot, the calculated peak temperatures overpredict the measured peak

temperatures, except in the upper core region.  Unlike the Test LP-LB-1 PCT plot, the biased

calculation shows little difference from the unbiased case, although the biased results fall

between the measured and unbiased temperatures.  The conclusion from the LP-02-6

assessment is that the code still is conservative, even with the application of the biases.

4.3.4.2.4 LOFT Test L2-5

The LOFT L2-5 experiment was designed to provide data for evaluation model assessment.

The experiment is characterized by a rapid pump coast down and PCT occurring during the

reflood portion of the experiment.

Figure 4.197 shows the calculated temperatures from the unbiased and biased cases compared

with the measured temperatures at the 24 in core elevation.  The results, and consequent bias

analysis, are similar to those from the Test LP-LB-1 comparison except for the calculated

overprediction of temperatures.  The Test L2-5 experiment has a controversial power

associated with it.  The core was operated for 28 hours at 38 MW, then reduced to a reported

36 MW over a 2.5 hour period before the test.  Additionally, the reported core power with

uncertainty was 36 ± 1.2 MW, but the target power for the test had been 37.5 ± 1.0 MW.  The

calculation was performed using 36 MW.  As shown in Figure 4.198, the unbiased calculated

temperatures do not greatly exceed the measured temperatures as expected based on the

other LOFT assessments.

Based on the current results, time shifting the calculated results so the PCT would occur at the

same time as the data, the biased temperature decay would overlay the measured temperature
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decay.  Also, the unbiased temperature would greatly exceed the measured temperature.  The

implication is that the biased results are more accurate after PCT is reached.

Figure 4.198 shows the PCT versus elevation plot where the unbiased and biased peak

temperatures are compared with the measured peak temperatures.  In its present form, the

biased calculation is within the measured uncertainties of the data above the 26 in elevation.

However at the lower elevations, the figure shows both calculations underpredicting the data.

4.3.4.2.5 LOFT Test L2-3

The LOFT L2-3 test was one of the tests performed early in the LOFT experimental LBLOCA

test series with a nuclear core.  The prime characteristic of the L2-3 test is the total core quench

immediately after the blowdown peak temperature occurred.  The quenching was caused by the

pumps running at 100% (i.e. no coast down) throughout the transient.  The pump operation can

cause an early core flow recovery as the pumps cause cold leg flow to exceed break flow.  The

LOFT facility was highly susceptible to this core quenching phenomenon.

The measured PCT occurred at the 15 in core elevation, as shown in Figure 4.199.  That figure

includes calculated temperatures from the unbiased and biased transients.  The figure shows

the blowdown peak well predicted from both calculations, while the reflood portion of the

transient was overpredicted.  Again, the code does not show the core quenching immediately

after the blowdown peak.  Missing the core quench immediately after blowdown contributes to

the high temperatures calculated during reflood.

The code calculated a much higher PCT for the L2-3 test, which occurred at the 24 in core

elevation.  Those results are compared with data in Figure 4.200.  The calculations show similar

behavior as was seen in Figure 4.199.  Although the biased results are closer to the data, both

calculations overpredict the data and are conservative.

The PCT versus elevation plot is shown in Figure 4.201.  From the calculated profile, the

calculated results are skewed showing the peak temperatures centered at the 24 in core

elevation.  The measured results show a flat profile in that region because of the core wide

quenching.  The temperatures from the biased calculation are lower than the temperatures from

the unbiased calculation.  Both calculated results overpredict the measured temperatures.
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4.3.4.2.6 Conclusions

The evaluation of the S-RELAP5 biases using LOFT shows the expected results from the

application of the biases.  That is, the biases bring the code predictions more into line with the

measured data for all four LOFT tests evaluated.  For three of the four tests the code continues

to demonstrate conservatism relative to the measured data.  For Test L2-5, where the code

prediction with biases no longer overpredicts the data, there has always been a concern with

respect to the actual power for this test.  Most previous analyses of this test have indicated that

the power level from which the test was initiated is likely higher than the reported value.  Thus, it

is concluded that the biases produce the expected improvement in the comparison of

calculation and measurement and that the code continues to demonstrate conservatism relative

to the measured data.

4.3.4.3 Evaluation of Biases with Semiscale

The code biases were used to make S-RELAP5 assessment calculations of the Semiscale

Tests S-06-3 and S-07-1.  Previous S-RELAP5 assessment results have shown that the

calculated PCT from each Semiscale assessment occurred at a different elevation than was

measured.  From the S-06-3 assessment, the measured PCT occurred at the 21 in elevation,

while the calculated PCT occurred at the 27 and 30 in elevations.  From the S-07-1 assessment,

the calculated PCT occurred at the 81.5 in elevation, while the measured PCT occurred at the

70.5 in elevation.  Comparisons from both locations are presented for consistency.

4.3.4.3.1 Summary and Conclusions

The bias evaluation using the Semiscale tests showed the expected trends because the

predicted PCT in the high powered central region of the hot rod was reduced when the biases

were applied.  However, in test S-06-3, the comparison with data was not improved while for

test S-07-1 the comparison with data, particularly in the high power central region of the hot rod,

was improved.

4.3.4.3.2 Semiscale Test S-06-3

Figure 4.202 shows the unbiased and biased calculated temperatures compared with data at

the 21 in core location where the PCT was measured.  At that location, the S-RELAP5

temperature from the assessment (unbiased) underpredicted the measured temperature.  The

calculated temperature from the bias case is lower than the temperature from the unbiased run,
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the expected result.  Figure 4.203 shows the calculated temperatures compared with data at the

29 in core elevation, the calculated PCT level.  In that figure, both calculated temperatures

initially overpredict the measured temperature during the first 50 s of the transient.  Because of

the [biased dispersed film boiling,] the temperature from the biased calculation is lower than the

temperature from the unbiased calculation.

Figure 4.204 shows the PCT versus elevation plot from the S-06-3 calculation.  As shown in the

figure, the calculated peak temperature profile is shifted higher in core elevation than was

measured.  As expected, the biased results are lower than the unbiased results in the vicinity

where the calculated PCT occurred.  However, the biased profile crossed over and exceeded

the unbiased profile above the 2.7 ft core elevation, while the LOFT L2-3 results show the

crossover occurring above the 3.6 ft core elevation (Figure 4.201).  The biased results are

acceptable because they are lower than the unbiased results at the calculated PCT location.

4.3.4.3.3 Semiscale Test S-07-1

Figures 4.205 through 4.207 show the Semiscale S-07-1 temperature comparisons between

measured, unbiased, and biased temperatures. Figure 4.205 shows the comparison at the

measured PCT node, Figure 4.206 shows the comparison at the calculated PCT location, and

Figure 4.207 shows the PCT versus elevation plot.  In all figures, the biased results are lower

the unbiased results and both calculations are conservative with respect to the data.

4.3.4.3.4 Conclusions

As expected, for both the Semiscale tests evaluated, application of the biases reduced the

calculated PCT.  For Test S-06-3, the overall comparison to the data was not improved.  This is

clearly shown in Figure 4.204 where the temperatures in the lower and upper parts of the rod

are further from the data with the application of the biases.  The results for Test S-07-1, with a

12 ft core, are more consistent with the expected trends.  The PCTs from the biased calculation

are lower than the unbiased calculation in the central high power portion of the rod and are in

better agreement with the measured data.  While the comparison with data at the top and

bottom of the rod are essentially unchanged between the biased and unbiased calculations

relative to the data, the magnitude of the PCT is in good agreement with the data.
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4.3.4.4 Conclusions from Bias Evaluation

Overall the evaluation of the model biases showed the expected trends.  The application of the

biases resulted in a reduction in the maximum PCT predicted by the code, which is consistent

with the observed tendency of the code to overpredict the data.  In general, the reduction in

PCT improved the comparisons between calculation and data, as should be expected if the

developed biases are reasonable.  This indicates that the biases developed from comparison of

the code predictions and data for the SET assessments are affecting the code predictions

consistent with the intent and expectations.

4.4 Determination of Effect of Scale (CSAU Step 10)

The basis for the analysis of a LBLOCA is the entire methodology being used, not just the

basecode, S-RELAP5.  When S-RELAP5 is referenced in this section, it means the combination

of the code and the associated methodology.  As noted in Appendix C of Reference 4, there are

two premises which the assessment process is based.  The first premise is that the tests are

scalable to a LBLOCA and the second is that the models in S-RELAP5 and the implementation

result in scalability of the code predictions.  For the first premise to be true, the selection of tests

needs to be such that all of the important phenomena in a PWR LBLOCA are captured by one

or more appropriately scaled tests.  For the second premise to be true, the phenomenological

models in S-RELAP5 should apply to both the PWR LBLOCA and the scaled test.  The scaling

of the tests and of the phenomenology will be discussed in the following paragraph.

Throughout the assessment program (Reference 5), S-RELAP5 was used to simulate a variety

of tests.  These tests are a significant portion of the basis for the RLBLOCA methodology,

having been used to demonstrate the ability of S-RELAP5 to predict the test outcomes.

Because of the cataclysmic nature of a design-basis LBLOCA, no tests exist that replicate it at

full scale.   All of the integral tests and some of the separate-effects tests are scaled.  One

exception is the UPTF, which is full-scale, but has no core and no steam generators.  The ability

of the scaled tests to capture the phenomena of the LBLOCA is then pivotal to the applicability

of the assessments for S-RELAP5.

4.4.1 Test Scaling

Tests are scaled to preserve certain features of the full-scale phenomena.  For this reason, tests

with different scaling are used to address different phases or aspects of an LBLOCA.  If a test is
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considered appropriately scaled for the phenomena of interest, then assessment conclusions to

that data is considered applicable to the full scale NPP.

It has been shown (Reference 28) that scaling a test facility based on preserving the ratio of the

power to the volume (power-to-volume scaling) results in substantially the same system

response throughout the simulation, except for the behavior in the downcomer.  For the

downcomer component,  the heat transfer with the wall is an important phenomenon, and it

does not scale the same way.  The SEMISCALE results showed entirely different flow patterns

in the downcomer compared to the analogous LOFT.  The Ishii-Kataoka scaling laws

(Reference 29) are more general and have specific scaling laws for different phenomena.

4.4.1.1 Blowdown

Power-to-volume scaling for the blowdown period was demonstrated in Reference 4.  Five

system tests with powers from 1/48th of a typical PWR to 1/30,000th were used as a basis for the

comparison.  Each of these facilities were scaled such that the ratio of power to volume was

preserved.  The peak temperature during blowdown was plotted as a function of linear power for

each of these test facilities.  The measured peak temperatures all fell within 350 F of a linear

regression line (temperature versus LHGR).  The data scatter for a single facility was as great

as, or greater than, any differences between facilities.  As a result, it is hard to conclude there

are any scale effects occur in the blowdown peak.  It is concluded that tests that preserve the

power-to-volume ratio of a PWR will scale properly for the blowdown phase of the LBLOCA.

4.4.1.2 Refill

During refill and early reflood, scale dependent multi-dimensional flow behavior has been

observed in the downcomer for facilities using power-to-volume scaling.  The SEMISCALE and

LOFT facilities were compared for analogous tests in Reference 28.  Under ideal scaling, the

two tests should have shown the same behavior.  However, during the refill portion of the

simulation, the downcomer flow was observed to be generally up for the SEMISCALE test

before the pressure increase accompanying the emptying of the accumulator.  For the

analogous test in the LOFT facility , the flow was asymmetric; down for the regions near the

intact loop and up for the region near the broken loop.  This has been attributed differences in

the downcomer gap and the distance between the cold leg penetrations.  This allows multi-

dimensional flow effects to dominate the flow in the LOFT facility, whereas they do not occur to

the same extent in the SEMISCALE facility.  The downcomer gap, volume and surface area-to-
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fluid volume ratios do not scale between these two facilities in such a manner to preserve the

transit time and the heat transfer to the fluid from the walls.

The UPTF facility (Reference 30) was designed to simulate a four-loop 3900 MWt PWR primary

system and to provide a full-scale simulation of thermal-hydraulic behavior in the primary

system during the end of blowdown and refill phases of a PWR LBLOCA.  The reactor vessel,

the core barrel, and the greater part of the vessel internals are full-sized representations of the

reference PWR, as are the four hot and cold legs that simulate three intact loops and one

broken loop.  The dimensions of the test vessel are those of the reactor pressure vessel of the

reference PWR, with the exception that the vessel wall is thinner.  The downcomer annulus,

which is formed by the vessel wall and the core barrel, has a gap width that varies from 0.25 m

(0.82 ft) in the lower part down to 0.21 m (0.69 ft) in the upper part.  The loop geometry and flow

areas correspond to the 4-loop PWR.

With the exception of the wall thickness, the UPTF is full scale.  The hot-wall effect should be

slightly under estimated, because of the slight reduction in vessel mass and stored energy.

However, there is an ample amount of metal in the vessel so that the UPTF tests should be

applicable to the refill portion of an LBLOCA.

4.4.1.3 Reflood

Scaling issues associated with reflood were addressed in Reference 4, where the effects of refill

scaling were removed from the data by comparing the temperature rise to reflood rates.  The

temperature rise considered is the change from the beginning of reflood to the PCT.

Temperature rise data were collected for 8 facilities with volumes scaled from 1/21st to 1/1700th,

all of which were power-to-volume scaled.  Figure 34 of Reference 4 compares the temperature

rise for all 8 facilities to the reflood rate.  The data were fit with a regression relation and the

tolerance bands added.  As with the blowdown data, the spread in the data for a single facility

was as great as or greater than the difference between the facilities.  Tests which scale by

maintaining the power-to-volume are applicable to the reflood phase of a LBLOCA.

4.4.2 Code Scaling

The issue of code scaling is primarily determined by the ability of the correlations and closure

relations used to describe complicated thermal-hydraulic phenomena that are not treated from a

mechanistic, theoretical approach.  Generally, phase transitions, heat transfer, phasic



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-114

Framatome ANP Richland, Inc.

interactions and CHF fall in this category.  The models, correlations, and closure relations used

in S-RELAP5 are described in Reference 9.  To a lesser extent, the numerical implementation

may be subject to scaling issues.  Generally, issues of numerics are treated by addressing the

converged nature of the nodalization and time step criteria.  This way, demonstrates that the

computer code can solve the mathematical model correctly over the applicable range for the

tests and the LBLOCA.  This leaves the issue of scaling of the correlations and the closure

relations employed in LBLOCA analysis.

Code scaling evaluation will focus on those items identified by the sensitivity studies of PIRT

phenomena as having the greatest impact on LBLOCA.  Table 4.1 shows the results of

sensitivity studies on the PIRT phenomena in a PWR LBLOCA.  The models related to these

and the scalability of each of these models are discussed in the following paragraphs.

Items related to fuel rod performance are not affected by scaling, because the basis for the

fuel-stored energy and dynamic response are based on RODEX3A (Reference 7), which has

been benchmarked to fuel rod data.  Similarly, decay heat models require no scaling.

4.4.2.1 Post-CHF and Reflood Heat Transfer

When heat flux from the fuel rods and any other metal masses exceed the CHF, the heat

transfer is calculated using correlations specific to the heat transfer regimes. The single-phase

vapor, transition boiling and film boiling regimes constitute the post-CHF heat transfer regimes.

For each of these regimes, the effects of radiation heat transfer also are considered.

Single-phase vapor heat transfer is the maximum of the Sleicher-Rouse correlation

(Reference 31) for forced flow regimes (turbulent and laminar) and the turbulent natural

convection heat transfer recommended by Holman (Reference 32).  In general, the

Sleicher-Rouse correlation determines the heat transfer.

The natural convection heat transfer model is based on data from the flow between vertical

plates.  If the boundary layer is small compared to the diameter of the rod, then heat transfer

through this layer would be very similar to that through the boundary layer on a plate.  With the

Prandtl number near unity and the rod diameter large compared to the boundary layer, the

Holman formulation for natural convection heat transfer used in S-RELAP5 applies

(Reference 33) as long as
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where D is the rod diameter, L is the length used in calculating the Grashof number and Gr is

the Grashof number.  When these conditions are met, the flat plate solution does not differ by

more than 5% from the solution for the cylinder.  In the turbulent flow regime, this implies 0.02 ≤

D/L ≤ 0.2.  For a 17x17 fuel design, with a diameter of 0.376 in., the length can be as low as 1.9

in. and as large as 19 in.  [Within the RLBLOCA methodology, normal heat transfer lengths in

the core are about 3" long and core volumes are about 6 in. long.]  These fall well within the

range of applicability of the natural convection heat transfer correlation.

The Sleicher-Rouse correlation is valid for the following ranges:
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The Prandtl number (Pr) for steam at pressures below 50 psia and temperatures above 1000 F

are all less than 0.9 (Reference 34).  For lower temperatures, the Prandtl number is around

unity.  The steam Reynolds number (Re) for a typical limiting LBLOCA is approximately 5,000

during the reflood phase.  This falls slightly below the correlation limit for the Sleicher-Rouse

correlation.  Wall temperatures (Tav) easily meet the criterion, as does the length-to-diameter

ratio (x/D).

For the Prandtl number and the Reynolds number, the Sleicher-Rouse correlation falls slightly

short of covering the conditions present in the LBLOCA.  For the Prandtl number, the difference

is quite small and the extrapolation should have little effect on the scalability of the calculations.

For the Reynolds number, the LBLOCA falls somewhat further outside the region of applicability

of the Sleicher-Rouse correlation.  Heat transfer correlations such as Seider-Tate

(Reference 35), Dittus-Boelter (Reference 36) and Sleicher-Rouse all have nearly the same

(linear) Reynolds number dependence.  In Reference 31 the Sleicher-Rouse correlation was

compared to 120 data points and the standard deviation of the error was 4.2%.  The 95%
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tolerance range on these data would be ±8.3% (=t119,97.5 x σfit = 1.98 x 4.2%).  Treating the

dependence as linear (because it is very nearly so) the tolerances for the ratio of predicted

Nusselt number to the measured Nusselt number for a Reynolds number of xo would be given

by
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Where x  is the mean of the Reynolds number and σx is the standard deviation.  Inserting

values here for the mean value of Reynolds number and for the standard deviation, the

uncertainty in the extrapolated value can be obtained.  Figure 4.208 shows the data from Figure

1 of Reference 31 plotted with a linear x-axis.  In this figure, the tolerance bands have been

included.  The uncertainty in the extrapolated value (Re = 5000) is not significantly increased as

the turbulent regime is still applicable.

In conclusion, the model for single-phase vapor heat transfer used in S-RELAP5 can be applied

to a full-scale PWR LBLOCA.

Transition boiling is not really a heat transfer regime in the sense that it can be characterized by

a homogeneous, steady, heat transfer mechanism.  It is a combination of dynamically varying

heat transfer mechanisms, including nucleate boiling, film boiling and vapor heat transfer.  The

amount of time a region spends in one of these heat transfer modes determines the effective

heat transfer rate.  Very few measurements are available for transition boiling heat transfer and

they do not cover a very wide range.  In addition, the unsteady nature of the process makes

modeling the process physically very challenging.

Despite the complexity of this regime, exact modeling of the heat transfer is not particularly

important for the LBLOCA because most volumes in the core move through this heat transfer

regime rather quickly and are not sensitive to the details of the modeling.  The main requirement

for simulating the LBLOCA is that the point at which the code predicts the beginning and end of

the transition region be reliable.  In addition, the heat transfer in the transition region should be

significantly better than the vapor heat transfer and it should remain below the CHF.

The major assumption in modeling this regime is that it can be modeled by a combination of

steady state boiling heat transfer to liquid and convective heat transfer to vapor.  In this model,
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the heat flux is bounded by the CHF at the lowest wall temperatures and it approaches the flux

based on single-phase vapor heat transfer as the wall temperature rises.  The heat transfer is

based on a modified Chen correlation for transition heat transfer (Reference 18 and 37).  This

model makes a smooth transition from the CHF to the vapor, with the calculated fraction of

liquid heat transfer based on the wall temperature.  The Chen correlation has been tested

against data and behaves adequately, which is sufficient for LBLOCA transition boiling.

Film boiling occurs when the wall temperature exceeds the minimum temperature for stable film

boiling and the void fraction lies in the appropriate range.  The coolant consists of vapor and

water droplets in this mode.  The heat transfer mechanisms consist of boiling heat transfer to

liquid droplets, convective heat transfer to vapor, and radiative heat transfer to droplets.

[Boiling heat transfer is computed using either the Forslund-Rohsenow correlation

(Reference 38) or the modified Bromley correlation (References 39 and 40).  For voids greater

than 0.9, the Forslund-Rohsenow correlation is used.  For voids less than 0.7, the modified

Bromley correlation is used.  For the region between 0.7 and 0.9, a smooth interpolation is

performed.  Both of these correlations are based on tube data.]

[The vapor heat transfer model is the same convective Sleicher-Rouse heat transfer model

used for a single-phase vapor, which is discussed above.  Radiation heat transfer is based on

the classical Stefan-Boltzmann law, with gray-body factors based on a model created by Sun et

al (Reference 41) with parameters set to correspond to a PWR core (References 42 and 43).

Of the components that make up film boiling heat transfer, the boiling heat transfer is the one

without an a priori argument for scaling up to a PWR LBLOCA.  Scaling will be justified by an

evaluation of the tests.]

4.4.2.2 Scaling from Tests

While analytical arguments (see prior section) can provide a basis for code scaling for selected

cases, often the issue of scaling needs to be addressed by a comparison to test data.  Code

scaling and the tests making up the basis are discussed in the following paragraphs.

4.4.2.2.1 Film Boiling Heat Transfer

A series of tests was performed in the THTF at Oak Ridge National Laboratory to measure heat

transfer at higher pressures and flows.  These included 22 steady-state dry-out tests (Reference
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44), 3 transient boil-off tests (Reference 45) and two sets of transient reflood tests (References

46 and 47).  The reactor core was simulated by an 8x8 array of heated rods with dimensions

corresponding to those of a W 17x17 fuel assembly.  The axial power shape was uniform.  The

FLECHT-SEASET used 161 full-length simulated fuel rods and axially-dependent power shapes

(Reference 48).  Based on rod count, these two test facilities differ by a scaling factor of 2.5.

These tests were used to evaluate the film boiling heat transfer.  Table 4.21 compares the

ranges for LBLOCA calculations for parameters that affect heat transfer with the ranges covered

by the THTF tests and FLECHT-SEASET.  Given the near prototypic nature of the fuel rod

simulators and the extent to which the tests span the applicable ranges for LBLOCA, it is

concluded that the heat transfer models, including correlations and closure relations, in

S-RELAP5 are sufficient to allow direct application to a PWR LBLOCA and that the uncertainties

obtained from these tests are applicable.

4.4.2.2.2 Core Entrainment

Entrainment of water droplets by the steam flow in the core can affect the predicted core cooling

flow.  The primary determinant of entrainment is the drag exerted on the liquid droplets by the

steam flowing up out of the core.  This drag, in turn, depends on the vertical flow regime in the

core model.  The determinants of the model applicability to a PWR LBLOCA are primarily local

and, in the core, principally related to the conditions within the flow channel between the fuel

rods.  The axial effects predominate in this phenomenon.  Radial redistribution is a second-

order effect, in that it makes fluid available in a channel or removes it.  The RLBLOCA

methodology makes use of the TWOODEE component in S-RELAP5 to model the radial

behavior in the core.

The tests used in the assessments, CCTF (Reference 49), FLECHT-SEASET (Reference 48),

and THTF (References 44, 45, 46, and 47), use bundles of full-length fuel rods.  Achilles

(Reference 50) also used full-length rods, but the gaps between the rods and the piping

containing the rods caused some radial flow re-distributions which made it less suitable for

confirming scaling of core entrainment.  The LOFT and SEMISCALE Test S-06-03 cores were

too short for entrainment scaling.  Based on the comparisons to CCTF, FLECHT-SEASET and

THTF, the core entrainment model in S-RELAP5 is conservative and will scale suitably to a

full-scale PWR LBLOCA.
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4.4.2.2.3 Critical Flow at Break

The choked flow model used for FRA-ANP RLBLOCA analyses is the homogeneous equilibrium

model (HEM) and not the Ransom-Trapp model (Reference 51).  Choking for break flow occurs

when the flow velocity reaches the speed of sound in the break.  The critical flow model is not

scale dependent, however, the Marviken Full-Scale Critical Flow Test data were used to

determine the S-RELAP5 critical flow multipliers and uncertainties (Reference 5) as discussed

in Section 4.3.

The test facility consists of four major components:  a full-scale BWR vessel, a discharge pipe

attached to the bottom of the vessel, a test nozzle connecting to the downstream end of the

discharge pipe and a rupture disk assembly attached to the downstream end of the nozzle.

Nozzles of various length-to-diameter ratios are used in the tests.  The Marviken test data have

been widely used in assessing critical flow models of various system codes over a range of

flows to confirm the scalability.  The Marviken tests provide a suitable basis for code scaling

verification and the determination of uncertainties.

4.4.2.2.4 Carry-over to Steam Generator

Steam binding in a LBLOCA is assumed to occur as a result of steam production in the steam

generator.  This steam production occurs when water carried over from the core enters the hot

steam generator.  The resulting vaporization expansion increases the pressure drop through the

steam generator and produces steam binding that reduces the core reflood rate.

The results from three test facilities were used to benchmark and verify the RLBLOCA

methodology and S-RELAP5:  Tests 54, 62, 67 and 68 (Reference 49) at the CCTF, Tests 10

(Reference 52) and 29 (Reference 53) at the UPTF, and Tests 31203, 31302, 31701, and

31805 at FLECHT-SEASET (Reference 48).  The FLECHT-SEASET tests have prototypic rods

and spacers for PWR fuel, but the balance of the test facility bears little resemblance to a PWR.

The UPTF is a full-scale simulation of a German PWR.  The steam generators are replaced with

steam separators and the pumps are simulated with mechanical resistance.  The CCTF is

scaled such that it is prototypic of a W PWR in the dimension parallel to flow and scaled down

(~0.2) in the orthogonal directions.

The UPTF has no core per se, and reflood is simulated with steam and water injection.  The

CCTF and FLECHT-SEASET have electrically heated rods in the core.  The upper plenum
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region was tested at full scale in the UPTF, as were the hot legs and the steam generator inlet

plenum.  The steam generator tubing geometry is prototypic in the CCTF (although the number

of tubes is smaller).  All these tests in the three facilities collected water carried over from the

core under conditions representing the reflood phase of the LBLOCA and all three have

additional collapsed liquid level measurements.  As presented in Section 4.3, a study on

carryover to the steam generator was performed using the CCTF.  From that study, a bias on

interfacial drag was determined to conservatively bound this phenomenon.  The results of the

CCTF (with bias), UPTF, and FLECHT-SEASET evaluations indicate that S-RELAP5

overpredicts the entrainment of liquid from the test bundle (Section 5.6 and Reference 5).  While

each test by itself has some deficiencies in terms of simulating a PWR and in terms of scale, the

combination of the three tests provides a substantial basis for evaluating modeling of the drag

between the two phases during reflood at full scale.

4.4.2.2.5 Pump Scaling

The S-RELAP5 code has normalized single phase homologous curves for a full scale W reactor

coolant pump as code default.  The use of full scale data for the pump makes code scaling moot

for the pump.  These homologous curves are set to applicable values by entering plant specific

values for rated head, torque, moment of inertia, etc..  The coastdown of the pump is driven by

the torque and moment of inertia of the rotating mass.  The torque includes the effects of friction

and back EMF (pump torque) and of the loop pressure losses (hydraulic torque).  The single

phase pump head and torque curves are adjusted for two-phase degradation based on

experimental data.  The EPRI two-phase degradation data (Reference 54) is based on pumps

that are similar to PWR coolant pumps and represent best estimate parameters.  However, as a

result of the sensitivity studies performed, the Semiscale two-phase degradation data produced

a slightly conservative PCT and is used in the RLBLOCA methodology.

4.4.2.2.6 Cold Leg Condensation

Cold leg condensation was evaluated at a scaled EPRI test facility (Reference 55) to determine

the accuracy of the calculated interfacial heat transfer between the ECC water and the steam in

the cold leg.  The principal portion of the test apparatus was the simulated cold leg, which was

fabricated from straight pipe with an ID of 10.42 in.  Two injection points were provided so that

the pipe lengths downstream of the injection point approximated either a typical PWR cold leg

scaled down to about one-third or the full length of the cold leg.  The cold leg pipe length
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downstream of the injection point for a typical Westinghouse PWR is about 16 and the cold leg

ID is about 2.7.  In the EPRI 1/3 scale test, the full length is approximately 15.6 feet, and the

scaled length is 6.

For vertical components and for horizontal components not in either the stratified or slug flow

regimes, the condensation model is based on a model by Carpenter and Colburn

(Reference 56) as formulated in Collier's book on heat transfer (Reference 57).  For stratified

and slug flow in horizontal components the heat transfer also is taken from Reference 57.

These models are relatively insensitive to geometry and are expected to scale from the

1/3 scale tests to full scale.  In addition, these condensation effects were considered in the

UPTF (see Section 4.3.1.11.2), which is full scale.

4.4.2.2.7 Bypass of Downcomer by ECC Water and Lower Plenum Sweep-Out

The scalability of the code predictions for the bypass of downcomer water is of particular

interest because tests with fixed power-to-volume scaling do not show the same phenomena

(LOFT L2-3 versus SEMISCALE counterpart Test, S-06-3, Reference 5).  The major difference

between these two tests was the behavior of the flow in the downcomer during the accumulator

injection phase.  In the LOFT test, the flows were down in the region of the downcomer near the

intact loop and up near the broken loop before the accumulator empties.  In the SEMISCALE

test, it was up in both segments until the accumulator emptied.  The differences were attributed

to the scaling, which preserved power-to-volume but did not preserve downcomer volumes,

gaps, and surface area-to-fluid volume ratios between the two tests.

The UPTF test facility has full-scale downcomer, cold legs and hot leg.  This makes code

scaling a non-issue for this comparison to test data.  Test 6 (References 58 and 59), Runs 131,

132, 133, 135, and 136, and Test 7 (References 60 and 61), Run 203, were specifically

designed to examine downcomer counter current flow behavior during blowdown, ECC bypass,

and lower plenum refill with cold leg ECC injection. These interactions play a key role in

determining the rate at which ECC water is able to refill the lower plenum.  The tests were

analyzed to demonstrate the ability of S-RELAP5 to self-limit counter current flow in the

downcomer and predict reasonable refill behavior including ECC bypass compared to

experimental data.  The code comparisons focused on steam-water flow phenomena in the

intact cold legs, the downcomer, and the lower plenum during the end-of-blowdown/refill phases

of a LBLOCA.
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In these tests, steam was injected in the core region, where it traveled downward to the lower

plenum, then into the bottom of the downcomer.  It then rose through the downcomer and exited

at the broken cold leg.  ECC injection (with and without nitrogen) entered from the cold legs at

the top of the downcomer.  Depending on the upward flow rate of the steam in the downcomer,

the ECC water from the cold legs either bypassed to the broken cold leg or flowed down into the

lower plenum.

These tests were such that the code modeling for the several important phenomena could be

compared to full-scale measurements, for the downcomer, multi-dimensional effects,

condensation and non-equilibrium flow, countercurrent and slug flow and entrainment and

de-entrainment.  Since the steam was flowing out the bottom of the core, these tests also

addressed lower plenum sweep out.  The results of these assessments indicated that

S-RELAP5, with the RLBLOCA nodalization (Reference 12), overpredicted the ECC bypass and

lower plenum sweep out.

4.4.2.2.8 Loop Oscillations

Test 8 at the UPTF (References 62 and 63) investigated the behavior during the end-of-

blowdown, refill, and reflood phases of a postulated LOCA with ECC injection.  The focus of the

test evaluations was the pressure and fluid oscillations in the cold legs.  These oscillations arise

when the steam is condensed by the ECC water and forms a liquid plug in the cold leg.  The

flow rate falls and the flow in the cold leg transitions to the stratified flow regime, allowing the

steam flow to increase again.  This sweeps the liquid out again.

Test 8, Runs 111 and 112 was performed by isolating one intact loop at the pump simulator,

opening a second intact loop to stabilize the pressure drop between the upper plenum and the

downcomer, opening the break valves on the broken loop, injecting steam into the test vessel,

and varying ECC water injection into the third intact loop cold leg downstream from the pump

simulator.  Thus the principle portion of the system relevant to the UPTF Test 8 used in this

analysis consists of the cold leg piping for the third loop from the steam generator simulator to

the pump simulator (including loop seal), the pump simulator, and the cold leg piping from the

pump simulator to the vessel downcomer; all of which are full scale.

The S-RELAP5 calculations for this test indicated that the code predicted the formation of a cold

leg sub-cooled liquid plug and condensation at the face of that plug.  This was consistent with
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the data for the test, indicating that the code is capable of calculating the appropriate

phenomena in a full-scale facility.
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Table 4.1  Parameters Perturbed for PIRT Sensitivity Studies

PIRT
Phenomena

Sensitivity Study Study Conclusion Relevant
Database

Stored energy Fuel conductivity � Low
Fuel conductivity � High
Gap conductivity � Low
Gap conductivity � High
Axial power profile � High
Axial power profile � Low
Radial power peaking � High
Radial power peaking � Low
Core peaking � High
Core peaking � Low

Assessments required
for Fuel Conductivity
(based on fuel
centerline temperature
data), use best-
estimate gap
conductance, other
parameters ranged to
support plant technical
specifications

RODEX3A, Plant
Technical
Specifications

Oxidation Cathcart-Pawel
Baker Just

Get uncertainty from
published reports.

Documented
Uncertainty

Decay Heat Decay Heat � Low
Decay Heat � High

Get uncertainty from
published reports.

Documented
Uncertainty

Gap conductance Gap Conductivity � Low
Gap Conductivity � High

Assessments required
(see stored energy)

RODEX3A

Departure from
Nucleate Boiling
(DNB)

LBLOCA multipliers:
Zuber/Biasi CHF � Low
Zuber/Biasi CHF � High

Not significant to
LBLOCA PCT

THTF

Post-CHF Heat
Transfer

LBLOCA multipliers:
Single Phase Vapor HT � Low
Single Phase Vapor HT � High
Transition Boiling HT � Low
Transition Boiling HT � High
Film boiling HT � Low
Film boiling HT -  High

Assessments required
for Single Phase
Vapor and Film
Boiling HT, Transition
Boiling not significant
to LBLOCA PCT

THTF, FLECHT,
FLECHT-SEASET

Reflood Heat
Transfer

LBLOCA multipliers:
Single Phase Vaper HT � Low
Single Phase Vaper HT � High
Transition Boiling HT � Low
Transition Boiling HT � High
Film boiling HT � Low
Film boiling HT -  High

Assessments required
(see Post-CHF Heat
Transfer)

THTF,
FLECHT-SEASET

3-D flow, void
distribution

Nodalization issue Nodalization issue CCTF,SCTF,
Multi-Dimensional
Flow tests,
FRIGG2, GE and
THTF level swell

Core entrainment LBLOCA multipliers:
Interfacial drag � High
Interfacial drag � Low
Post-CHF Interfacial drag � High
Post-CHF Interfacial drag � Low

Assessments required
w/post-CHF Heat
Transfer

THTF, FLECHT-
SEASET
CCTF
UPTF

Flow reversal,
stagnation

LBLOCA multipliers:
Critical Flow � High

Break size

Assessments required
w/critical flow and
break discharge
coefficients

Marviken
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Table 4.1  Parameters Perturbed for PIRT Sensitivity Studies (Continued)

PIRT
Phenomena

Sensitivity Study Study Conclusion Relevant
Database

Upper plenum
entrainment/
deentrainment

Special Model � Off
Special Model � On

Assessments required
to validate special
model

CCTF, UPTF,
FLECHT-SEASET

CCFL CCFL � High
CCFL � Low

Assessments required
to validate CCFL
model

FRA-ANP fuel
designs, UPTF

Hot leg
entrainment/
deentrainment

LBLOCA multipliers:
Interfacial drag � High
Interfacial drag � Low

Assessments required
to validate adequate
carryover

CCTF, UPTF,
FLECHT-SEASET

Pressurizer critical
flow

LBLOCA multipliers:
Surgeline critical flow � High
Surgeline critical flow � Low
Pressurizer Pressure � High
Pressurizer Pressure � Low
Pressurizer Level � Low

Assessment require
for critical flow (same
as for critical flow at
the break).
Pressurizer parameter
must support technical
specifications

Marviken

Steam binding LBLOCA multipliers:
Interfacial drag � High
Interfacial drag � Low

Assessments required
to validate adequate
carryover

CCTF, UPTF

Two-phase pump
degradation

Alternative pump model (Semiscale) Validate conservatism
of  Semiscale pump
model

Semiscale, EPRI

Differential
pressure loss

Alternative pump model (Semiscale) Validate conservatism
of  Semiscale pump
model

Semiscale, EPRI

Cold leg
condensation

LBLOCA multipliers:
Interfacial condensation � High
Interfacial condensation � Low

Assessments required
for interfacial
condensation

W/EPRI 1/3 Scale
Steam/Water,
UPTF

Accumulator
discharge/Rewet

LBLOCA multipliers:
Line Losses � High
Line Losses � Low
Accumulator Pressure � High
Accumulator Pressure � Low
Accumulator Temperature � High
Accumulator Temperature � Low
Accumulator Level � High
Accumulator Level � Low

Get line loss
uncertainty from
published reports.
Accumulator
parameters must
support technical
specifications

Plant Data

Noncondensible
transport

Accumulator valve � Open
Accumulator valve � Closed
LBLOCA multipliers:

Condensation w/noncondensibles � High
Condensation w/noncondensibles � Low

Not significant to
LBLOCA PCT.

ACHILLES
ISP#25

Downcomer
entrainment

LBLOCA multipliers:
Interfacial drag � High
Interfacial drag � Low

No applicable SET
assessment.  Assess
relative conservatism
of ECC bypass.

UPTF
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Table 4.1  Parameters Perturbed for PIRT Sensitivity Studies (Continued)

PIRT Phenomena Sensitivity Study Study Conclusion Relevant
Database

Downcomer
condensation

LBLOCA multipliers:
Interfacial condensation � High
Interfacial condensation � Low
Wall condensation � High
Wall condensation � Low

Assessments required
for interfacial
condensation (See
cold leg
condensation).  No
wall condensation
observed.

W/EPRI 1/3 Scale
Steam/Water

Reactor vessel hot
walls

LBLOCA multipliers:
Zuber/Biasi CHF � Nominal
Zuber/Biasi CHF � High

Range over physical
limits

Downcomer liquid
level oscillations

No specific sensitivity study Not observed.  Verify
with assessment

LOFT

Lower plenum
sweep-out

No specific sensitivity study Examine with
assessment and
nodalization

UPTF

Critical flow LBLOCA multipliers:
Critical Flow � High

Assessments required
for critical flow

Marviken

Containment
pressure

Explicit S-RELAP5 parameter:
Containment volume � Low
Containment heat transfer � High

Range over physical
limits of containment
volume

Loop oscillations LBLOCA multipliers:
Interfacial drag � High
Interfacial drag � Low

Assessments required
(See Hot leg
entrainment/
deentrainment)

UPTF, LOFT,
Semiscale

Loop flow split LBLOCA multipliers:
Line Losses � High
Line Losses � Low

Assessments required
(See critical flow)
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Table 4.2  Assessment Matrix

Parameter Groups Contribution to
CSAU

Facility
Type

F
U
E
L

S
T
O
R
E
D

E
N
E
R
G
Y

C
O
R
E

H
E
A
T

T
R
A
N
S
F
E
R

C
O
R
E

H
Y
D
R
O
D
Y
N
A
M
I
C
S

P
U
M
P

P
E
R
F
O
R
M
A
N
C
E

C
R
I
T
I
C
A
L

B
R
E
A
K

F
L
O
W

E
C
C

B
Y
P
A
S
S

F
L
O
W

S
T
E
A
M

B
I
N
D
I
N
G

P
A
R
A
M
E
T
E
R

U
N
C
E
R
T
A
I
N
Y

N
O
D
A
L
I
Z
A
T
I
O
N

S
C
A
L
E

E
F
F
E
C
T
S

O
V
E
R
A
L
L

P
C
T

U
N
C
E
R
T
A
I
N
Y

THTF Heat Transfer SET X X X
THTF Level Swell SET X
Bennett Tube SET X X
GE Level Swell SET X
FRIGG SET X
FLECHT SET X X X X X
FLECHT-SEASET SET X X X X X
PDTF/SMART SET X X
Marviken SET X X X
W/EPRI 1/3 Scale SET X X
Mini-loop CCFL tests SET X
UPTF SET X X X X
CCTF SET X X X X X
SCTF SET X X X X X
LOFT IET X X X X X X X X X X X
Semiscale IET X X X X X X X
RODEX3 DB X

SET � Separate Effect Test Facility
IET � Integral Effect Test Facility
DB � RODEX3 Fuel Rod Code Validation Data Base
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Table 4.3  Assessment Matrix Tests and Phenomena Addressed

Facility Test Phenomena Addressed
THTF Heat Transfer 3.02.10 c, d, f, g, h

3.03.6 AR
3.06.6 b
3.08.6 c
3.07.9 b-r, t-x
3.09.10 o, p, q, r, s

Heat transfer, scalability, nodalization, and
compensating errors

THTF Level Swell 3.09.10 j, m, dd Interfacial friction
GE Level Swell 1004-3 Interfacial friction
FRIGG-2 3130-01, 03, 04, 05, 06, 07,

08, 09, 10, 12, 13, 14, 15, 16,
17, 18, 19, 20, 24, 27, 30, 34,
37, 40, 43, 56, 60

Interfacial friction

Bennett Tube 5358
5379

Heat transfer, scalability, nodalization, and
compensating errors

FLECHT 13609
13914

Axial power distribution, scalability,
nodalization, and compensating errors

FLECHT-SEASET 31203
31302
31504
31701
31805
32013
34209

Heat transfer, scalability, nodalization, and
compensating errors, upper plenum and hot
leg entrainment

PDTF/SMART KH01B
KH02B
KH03B
KH05A

Evaluate impact of HTP and standard
mixing vane spacers on PCT

Marviken 2, 6, 8, 16, 17, 20, 22, 24, 25 Break flow
W/EPRI 1/3 Scale Series 5 (Runs 18, 24, 25, 27,

34, 52, 53, 57, 60)
Series 6 (Runs 41, 65, 67, 69,
73, 83, 88, 93, 95, 99)

Cold leg condensation, interfacial heat
transfer

Mini-loop CCFL tests W 15x15 UTP
W 17x17 UTP
CE 14x14 UTP

Counter Current Flooding Limit (CCFL) tests
for current upper tie plate (UTP) designs

UPTF Test 6 (Runs 131, 132, 133,
135, 136)

ECC bypass and Nitrogen injection

Test 7 (Run 203) ECC bypass
Test 8 (Run 111, 112) Cold leg ECC Injection
Test 10 (Run 080, 081) Steam binding � Upper Plenum and Hot Leg

Entrainment/De-entrainment, CCFL
Test 12 (Run 14) UTP and upper plenum CCFL
Test 11 Steam generator primary side CCFL
Test 29 (Run 211, 212) Steam binding � Upper Plenum and Hot Leg

Entrainment/De-entrainment
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Table 4.3  Assessment Matrix Tests and Phenomena Addressed (Continued)

Facility Test Phenomena Addressed
CCTF Run 54

Run 62
Run 67
Run 68

Steam binding � Upper Plenum and Hot Leg
Entrainment/De-entrainment, scalability,
compensating errors, and nodalization, core
entrainment

SCTF S2-AC1
S2-SH1

Downcomer-Core Oscillations (gravity vs.
forced reflood)

S2-10 Downcomer-Core Oscillations (gravity vs.
forced reflood)

S2-11 Downcomer-Core Oscillations (gravity vs.
forced reflood)

S2-17 Radial power nodalization
S2-18 Radial power nodalization

Multi-dimensional Flow
Tests

Three tests Core flow distribution

ACHILLES ISP 25 Accumulator nitrogen discharge

LOFT L2-3 Overall code performance, scalability,
nodalization, and compensating errors,
counter part test to Semiscale S-06-3

L2-5
L2-6
LP-LB-1

Overall code performance, scalability,
nodalization, and compensating errors

Semiscale S-06-3 Scalability, nodalization, and compensating
errors, counter part test to LOFT L2-3

S-07-1 Blowdown heat transfer
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Table 4.4  Large Break LOCA Nodalization

Description Dominant Phenomena Guideline Source
Hot leg, vessel to steam
generator � PIPE

Entrainment/de-entrainment 4 volumes Users/
Assessments

Steam generator - PIPE Steam binding 12 volumes (2
BRANCH and 10
volume PIPE)

Users/
Assessments

Crossover Leg � PIPE 5 volumes Users/
Assessments

Pump � PUMP and
BRANCH

1 and 2φ performance,
pressure gradient

1 PUMP volume and 1
BRANCH volume

Users/
Assessments/
Sensitivity
Studies

Cold leg, pump to vessel Condensation,  ECCS flow
and mixing, noncondensible
gas

2 2-volume PIPEs Users/
Assessments

Accumulator and ECC
piping � PIPE, BRANCH

ECCS flow and
noncondensible gas transport

5 volume accumulator,
3-5 volumes for ECC
lines

Users

Broken leg, pump to break
� PIPE

Choked flow and containment
pressure

2 volumes Users/
Assessments

Broken leg, break to
vessel � PIPE

Choked flow and containment
pressure

1 volume Assessments/
Sensitivity
Studies

Pressurizer � PIPE Early quench, surgeline critical
flow, flashing and steam
expansion

10 volume pressurizer,
3 volume surgeline

Users/
Assessments

Downcomer � TWODEE-A Condensation,
Multidimensional flow, counter-
current flow, hot walls,
oscillations entrainment/
de-entrainment

3 or 6 azimuthal by 6
axial volumes

Assessments/
Sensitivity
Studies/
Geometry

Lower vessel � BRANCH,
PIPE, SNGLVOL

Sweep-out, hot walls 3 volumes for lower
head, 1 volume lower
plenum

Assessments/
Sensitivity
Studies/
Geometry

Core � TWODEE All heat transfer regimes,
Multidimensional flow, void
distribution, entrainment/ de-
entrainment, flow reversal and
stagnation

4 radial by 20-24 axial
volumes (heated) plus
1 volume at core exit

Assessments/
Sensitivity
Studies/
Geometry

Upper plenum � TWODEE Entrainment/de-entrainment,
counter current flow

3 radial by 3 axial (x2
for asymmetry)

Assessments/
Sensitivity
Studies/
Geometry

Upper head � PIPE Flow reversal and stagnation,
flashing and steam expansion

2 volumes Geometry
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Table 4.5  PDTF SMART Tests Chosen for S-RELAP5 Verification
and Validation

Test Designator Test Description

KH01B Reported HTP spacer test with constant flooding rate of 4 in/s

KH02B Reported HTP spacer test with constant flooding rate of 2 in/s

KH03B Reported HTP spacer test with constant flooding rate of 1 in/s

KH05A Reported HTP spacer test with variable flooding rate from 8 to 1 in/s
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Table 4.6  Comparison of Effluent Temperature for the Plant-
Consistent Model, Westinghouse/EPRI

Run Number Liquid, Data Liquid, Calculated Vapor, Data Vapor, Calculated

5-18 189.0 195.30 188.0 239.61

5-24 222.0 238.65 281.0 280.71

5-25 281.0 268.24 282.0 485.01

5-27 229.0 220.96 226.0 489.91

5-34 228.0 229.35 221.0 415.71

5-52 209.0 200.98 230.0 237.75

5-53 184.0 194.72 184.0 234.22

5-57 280.0 275.63 282.0 489.34

5-60 231.0 220.52 233.0 466.19

6-41 195.0 198.91 197.0 267.11

6-65 182.0 198.95 182.0 226.42

6-67 160.0 154.05a 159.0 235.07

6-69 172.0 173.83 175.0 497.47

6-73 168.0 192.22 169.0 224.37

6-83 174.0 195.14 156.0 223.78

6-88 172.0 170.89 174.0 510.17

6-93 134.0 133.00a 134.0 215.81

6-95 196.0 212.65 198.0 317.74

6-99 151.0 156.63a 153.0 280.97

a Oscillatory results.  Values presented are time-averaged value from 70 to

100 seconds at 4-second intervals.
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Table 4.7  Test Phase Parameters for Test 10 Run 081

Phase
Start Time

(s)
End Time

(s)

Steam Injection
Rate (kg/s)

(lbm/s)

Water Injection Rate
(kg/s)
(lbm/s)

1 35 75
125
276

60
132

2 75 135
125
276

16
35

3 135 196
110
243

16
35

4 195 255
87

192
16
35

Table 4.8  Test Phase Parameters for Test 29 Run 212/211

Phase
Start Time

(s)
End Time

(s)

Steam Injection Rate
(kg/s)
(lbm/s)

Water Injection Rate
(kg/s)
(lbm/s)

1 35 175 102
225

140
309

2 175 320 87
192

153
337

3 320 465 100
221

90
198

4 465 615 85
187

101
223

5 615 770 101
223

47
104

6 770 900 85
187

63
139
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Table 4.9  Calculated Water Downflow Rates for the 0.3 MPa
Test Series

Steam Injection Rate
(kg/s)

Water Injection Rate
(kg/s)

Water Downflow Rate
w/o CCFL (kg/s)

Water Downflow Rate
w/ CCFL (kg/s)

4.6 30.5 30.5 30.5

10.5 30.5 30.5 28.2

11.0 30.5 30.5 25.1

12.4 30.5 30.5 17.9

12.9 30.5 30.5 15.3

15.3 30.5 30.5 5.8

18.5 30.5 30.5 0.0

20.5 30.5 27.0

21.0 30.5 24.0

22.0 30.5 20.0

23.0 30.5 16.0

24.0 30.5
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Table 4.10  Calculated Water Downflow Rates for the 1.5 MPa
Test Series

Steam Injection Rate
(kg/s)

Water Injection Rate
(kg/s)

Water Downflow Rate
w/o CCFL (kg/s)

Water Downflow Rate
w/ CCFL (kg/s)

8.3 29.4 29.4 29.4

9.3 29.4 29.4 29.4

18.1 29.4 29.4 29.4

24.0 29.4 29.4 19.1

28.0 29.4 29.4 10.0

31.0 29.4 29.4 5.3

32.6 29.4 29.4 3.5

33.5 29.4 29.4 2.6

36.0 29.4 29.4 1.3

40.2 29.4 29.4 0.0

42.0 29.4 29.0

45.0 29.4 20.0

48.0 29.4 15.1

51.0 29.4 10.3

53.0 29.4 7.3

55.0 29.4 0.0
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Table 4.11  CCTF Test Conditions

Run Core Power
LPCI Flow 

3m

s

 
 
 

System Pressure
(MPa)

54 ANSx1.0 + Actinide * 1.1 0.011 0.20

62 ANSx1.2 + Actinide * 1.1 0.011 0.20

67 ANSx1.2 + Actinide * 1.1 0.011 0.15

68 ANSx1.0 + Actinide * 1.1 0.025 0.20

Table 4.12  Summary Comparison of Measured and Calculated PCT,
CCTF Tests 54, 62, 67, and 68

Run
Measured PCT

(K)
Time of Measured

PCT (s)
Calculated PCT

(K)
Time of Calculated

PCT (s)

54 1113 130 1147 257

62 1132 154 1241 317

67 1143 164 1300 357

68 1122 144 1105 210
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Table 4.13  Test Data for SCTF-II Tests Modeled

Test Number S2-AC1 S2-SH1 S2-10 S2-11 S2-17 S2-18

Core Pressure, kPa 200.00 200.00 200.00 200.00 200.00 200.00

Containment Tank II Pressure, kPa 200.00 200.00 200.00 200.00 200.00 200.00

Lower Plenum Water Level, m 1.56 1.56 1.56 1.58 1.56 1.58

Average Core Wall Temperature at
Midplane, K

410.00 393.00 392.00 411.00 394.00 393.00

Peak Bundle Average Temperature at
Midplane, K

490.00 395.00 395.00 500.00 395.00 395.00

Steam/Water Separator Side Broken
Cold Leg Orifice, Diameter, mm

86.00 86.00 86.00 86.00 86.00 86.00

Intact Cold Leg Orifice, Diameter, mm 180.00 180.00 180.00 180.00 180.00 180.00

Pump Simulator Orifice Diameter, mm 174.00 174.00 174.00 174.00 174.00 174.00

Vent Value Blocked? Yes Yes Yes Yes Yes Yes

Downcomer Blocked? No No Yes Yes Yes Yes

Water Extraction System On? No No No No No No

Bundle Power kW:
No. 1,2
No. 3,4
No. 5,6
No. 7,8
     Total

887.00
944.00
900.00
815.00

7092.00

891.00
948.00
903.00
818.00

7120.00

891.00
948.00
903.00
818.00

7120.00

887.00
942.00
900.00
816.00

7090.00

890.00
890.00
890.00
890.00

7120.00

  1210.001

  1068.002

676.00
676.00

7118.00

ECC Water Temperature, K
ECC
LPCI

360.00
352.00

355.00
352.00

360.00
380.00

365.00
375.00

375.00
375.00

370.00
380.00

ACC Flow Rate, kg/s
Lower Plenum
Intact Cold Leg
Upper Plenum

78.30
0.00
0.00

20.00
0.00
0.00

11.20
0.00
0.00

52.80
0.00
0.00

12.50
0.00
0.00

25.90
0.00
0.00

LPCI Flow Rate, kg/s
Lower Plenum
Intact Cold Leg

0.00
4.80

0.00
4.90

5.60
0.00

4.90
0.00

6.00
0.00

4.90
0.00

Steam Injected to Pump Simulator
Intact Cold Leg, kg/s

0.00 0.00 0.00 0.00 0.00 0.00

Start of Power Supply to Core, s 0.00 0.00 0.00 0.00 0.00 0.00

Start of ECC Injection, s
ACC
LPCI

123.00
143.00

143.00
198.00

143.00
225.00

122.50
155.00

135.00
205.00

113.50
260.00
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Table 4.13  Test Data for SCTF-II Tests Modeled (continued)

Duration of ECC Injection, s
ACC
LPCI

20.00
900.00

55.00
900.00

82.00
918.00

32.50
667.50

70.00
930.00

146.50
353.50

Start of Core Power Decay, s 126.00 183.00 183.00 124.50 177.00 115.50

Power Decay Curve:
    ANS X
  +ACTINIDES X
  +DN Effect X

From Reactor Time, s

1.00
1.00
1.00

30.00

1.02
 1.02

0.00

40.00

1.02
1.02
0.00

40.00

1.02
1.02
0.00

40.00

1.02
1.02
0.00

40.00

1.02
1.02
0.00

40.00

BOCREC, s 124.00 146.00 146.00 124.00 138.00 115.50

Maximum Core Inlet Subcooling, K 32.00 23.00 N/A 28.00 16.00 21.90

ACC Flooding Rate, cm/s 25.80 6.60 3.70 17.40 4.10 7.00

LPCI Flooding Rate, cm/s 1.60 1.60 1.80 1.60 2.00 1.60

Maximum Clad Temperature at
BOCREC, K

1077.00 1076.00 1078.00 1079.00 1033.00 1092.00

Maximum Clad Temperature, K 1085.00 1166.00 1168.00 1085.00 1080.00 1116.00

Time of Maximum Clad Temperature, s 127.00 251.50 193.50 125.50 180.00 125.00

Time of Whole Core Quench, s 510.50 638.50 564.00 458.50 540.00 500.00

Start of Steam Supply to Pump
Simulator of Intact Leg, s

N/A N/A N/A N/A N/A N/A

NOTES: 1 Only bundle no.1 is at 1210 kW.
2 Bundle no.2 is also at 1068 kW.
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Table 4.14  Phase I Assessment Results, SCTF Tests

S2-10 S2-11 S2-AC1 S2-SH1

Data 1168.0 1085.0 1085.0 1166.0PCT (K)

S-RELAP5 1193.0 1066.0 1073.0 1112.0

Data 193.5 125.5 127.0 251.5Time of PCT
(s)

S-RELAP5 221.0 123.5 129.0 183.1

Data 564.0 458.5 510.5 628.5Quench Time
(s)

S-RELAP5 471.0 235.0 309.0 403.0

Table 4.15  Phase II Assessment Results, SCTF Tests

S2-17 S2-18

Data 1080.0 1116.0PCT (K)

S-RELAP5 1034.0 1069.0

Data 180.0 125.0Time of PCT
(s)

S-RELAP5 168.3 135.7

Data 540.0 500.0Quench Time
(s)

S-RELAP5 362.0 374.0



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-140

Framatome ANP Richland, Inc.

Table 4.16  PWR-LOFT Scaling Ratios

Parameters PWR LOFT Ratio

Core Power (MWt) 3411 50 68/1

Total PCS Volume (ft3) 12540 281 45/1

Upper Plenum/Head Volume (ft3)
(JAERI)*

1959
1450

31.8
31.8

62.1
41/1

Core Height (ft) 12 5.5 2/1

Core and Bypass Volume (ft3) 920 11.1 83/1

Core Flow Area (ft2)
(JAERI)*

54.1
57.2

1.997
1.997

27/1
29/1

Lower Plenum Volume (ft3) 1050 25.34 41/1

Downcomer & Inlet Annulus (ft3) 721 24.25 30/1

Downcomer Flow Area (ft2)
(Including LOFT 0.25 in. Gap)

45.5
45.5

1.527
1.840

36/1
25/1

ILHL Volume (ft3) 237 13.28 18/1

ILHL Flow Area (ft3) 13.76 0.682 20/1

Steam Generator Volume (ft3) 3231 49.4 65/1

Pump Suction Pipe Volume (ft3) 378 12 32/1

Pump Suction Pipe Area (ft2) 15.73 0.682 23/1

Pump Volume (ft3) 168 7 24/1

ILCL Volume (ft3) 255 15.61 19/1

BLHL Volume (ft3)** 79 12.65** 6/1

BLHL Flow Area (ft2) 4.586 0.682 7/1

BL Steam Generator/Simulator Volume (ft3) 1077 19.4 55/1

Pump Suction Pipe Volume (ft3) 126 unknown -

Pump Suction Pipe Area (ft2) 5.24 unknown -

BLCL Pump Side Volume (ft3)** 85 13.19** 6/1

BLCL Vessel Side Volume (ft3)

BLCL Vessel Side Flow Area (ft2) 4.123 2.3 24/1

Break Flow Area (ft2) 4.123 0.09231 45/1

Total Pressurizer Volume (ft3) 1800 34 52/1

* JAERI data are given in the noted Reference 49

** LOFT BLHL Volume and BLCL-Pump Side Volume include portions of the RABV line volume.
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Table 4.18  Important PIRT Phenomena and Methodology Treatment

PIRT Phenomena Methodology
Treatment

Methodology Basis

Stored energy Range RODEX3A fuel centerline temperature
database

Oxidation Range Bias and uncertainty from Cathcart-Pawel
Decay Heat Range Bias and uncertainty from ANS-79 Standard
Gap conductance Addressed with stored energy.  Swelling and

rupture conservatively neglected.
Departure from Nucleate
Boiling (DNB)

Bias Conservative bias developed from THTF

Core Post-CHF Heat Transfer
(including reflood)

Range Bias and uncertainty developed from THTF,
and FLECHT-SEASET (includes
compensation for uncertainty of flow regime
and single-phase vapor heat transfer)

Core 3-D flow, void distribution Addressed through
variation of other
parameters

Void distribution validated with THTF level
swell, GE level swell and FRIGG-2.
Nodalization validated with CCTF and SCTF.
Inherently varied with the ranging of other
parameters (break spectrum, radial and axial
power)

Core entrainment Inherent conservatism Conservative entrainment validated with
CCTF, UPTF, and FLECHT-SEASET.

Core Flow reversal, stagnation Addressed through
variation of other
parameters

Addressed with ranging of break size and
critical flow

Upper plenum entrainment/
deentrainment

Inherent conservatism Conservatism validated with CCTF, UPTF,
Semiscale, and LOFT

CCFL Input conservatism Conservative Kutateladze parameters
validated with UPTF and FRA-ANP product
specific CCFL tests

Hot leg entrainment/
deentrainment

Inherent conservatism Conservatism validated with CCTF, UPTF,
Semiscale, and LOFT

Pressurizer critical flow Range Bias and uncertainty developed from Marviken
Steam binding Bias Best estimate fit to data derived with UPTF.

Conservative bias derived from CCTF.
Two-phase pump degradation Input conservatism Conservatism demonstrated with Semiscale

pump model sensitivity studies
Pump Differential pressure
loss

Best-estimate Pump specific homologous curves are
obtained from the utility and used in the
analysis.

Cold leg condensation Range Westinghouse/EPRI 1/3 Scale Steam/Water
Experiments

Accumulator discharge/Rewet Range Addressed in the variation of accumulator
pressure and temperature to support NPP
Technical Specifications

Noncondensible transport Inherent conservatism Conservatism demonstrated with ACHILLES
ISP #25.  Not significant to LBLOCA PCT as
per sensitivity studies (see Table 4.1).
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Table 4.18  Important PIRT Phenomena and Methodology Treatment (continued)

PIRT Phenomena Methodology
Treatment

Methodology Basis

Downcomer entrainment Inherent conservatism Validated with UPTF
Downcomer condensation Addressed with cold leg condensation
Reactor vessel hot walls Range Downcomer bypass conservatism

demonstrated in UPTF.  Range over physical
limits � lock in nucleate boiling with high BIASI
and CHF multiplier

Downcomer liquid level
oscillations

Addressed through
variation of other
parameters

Not observed in plant model.  Downcomer
boiling dampens oscillations.

Lower plenum sweep-out Inherent conservatism Validated with UPTF
Critical flow Range Bias and uncertainty developed from Marviken
Containment pressure Range Range over physical limits of NPP specific

containment volume
Loop oscillations Addressed through

variation of other
parameters

Inherent result from ranging of other
parameters (condensation, critical flow, break
spectrum, accumulator pressure, containment
pressure, etc.)

Loop flow split Addressed with critical flow and break
spectrum
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Table 4.19  Summary of Evaluated Uncertainties of key PIRT Parameters

PIRT Parameter Bias σ Min or -2σ Max or +2σ

Stored energy (centerline

temperature)

1.0 130 F -260 F 260 F

Metal-water reaction constant 1.0 0.182 0.636 1.364

Metal-water reaction exponent 1.0 0.0134 0.9732 1.0268

Decay heat uncertainty 1.0 0.03 0.94 1.06

Biasi CHF, 0.7241 0.0 0.7241 0.7241

Film Boiling HTC, 1.0 special 0.2 N/A

Dispersed Film Boiling, 1.75 special 0.55 N/A

Tmin, 626K 33 K 560 K 692 K

Break Discharge Coefficients, 1.003 0.079 0.842 1.158

Condensation Interphase HTC, 0.8691 uniform 0.383 1.095

Steam Generator Inlet Interphase

Friction

1.750 0.0 1.750 1.750

Hot wall (CHF multiplier) 1.0 binary 1.0 1000.0

Containment pressure (volume) 1.0 uniform min free

volume

max free

volume
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Table 4.20  Film Boiling HTC Distribution Fit Parameters

Parameter FILMBL FRHTC

S 6.0047 1.3757

A 0.1877 10.0604

B -0.3150 -0.1023

Xmin 0.200 0.550

Xpk 0.900 1.575
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Table 4.21  Test Ranges for Film Boiling Heat Transfer Test Comparison

Maximum Minimum

Parameter Tests LBLOCA Tests LBLOCA

Pressure (MPa) 8.2 10.8 0.13 0.22

Mass Flux Vapor (kg/s-m2) 907 367 0 0

Mass Flux Liquid (kg/s-m2) 4254 945 0 0

Void Fraction 1 1 0.13 0.13

Saturation Temperature °K 570 589 381 390

Vapor Temperature °K 1294 1160 384 391

Wall Temperature °K 1525 1400 390 396

Quality 1 1 -0.11 0



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-147

Framatome ANP Richland, Inc.

Figure 4.1  PCT Signature for 3- and 4-Loop NPP Base Case
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Figure 4.2  PIRT Sensitivity Histogram
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Figure 4.3  Loop Nodalization for NPP
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Figure 4.4  Reactor Vessel Nodalization for NPP
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Figure 4.5  CE 2x4 and Westinghouse 3- and 4-Loop Plant Vessel
Downcomer Configurations
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Figure 4.6  NPP Core Nodalization � Axial Plane
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Figure 4.7  NPP Core Nodalization � Cross-Sectional Plane
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Figure 4.8  NPP Upper Plenum Nodalization � Axial Plane
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Figure 4.9  NPP Upper Plenum Nodalization � Cross-Sectional Plane
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Figure 4.10  NPP Emergency Core Cooling System Nodalization
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Figure 4.11  Double-Ended Guillotine Break Nodalization

Figure 4.12  Double-Ended Split Break Nodalization
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Figure 4.13  Comparison of Calculated HTC to Measured HTC, ORNL
THTF
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Figure 4.14  Frequency Distribution for Scale Factor for HTC, ORNL
THTF
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Figure 4.15  Bounding Distribution for HTC Scaling, ORNL THTF
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Figure 4.44  Steam Temperatures Calculated at 75.6 in and Measured
at 72 in, FLECHT SEASET Test 31504
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Figure 4.46  Steam Temperatures Calculated at 75.6 in and Measured
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Figure 4.47  Steam Temperatures Calculated at 75.6 in and Measured
at 72 in, FLECHT SEASET Test 31701
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Figure 4.61  Accumulated Water Mass in the Test Section, FLECHT
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Figure 4.62  Accumulated Water Mass in the Test Section, FLECHT
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Figure 4.76  Average Rod Quench Time, FLECHT SEASET Test 31805
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Figure 4.77  Average Rod Quench Time, FLECHT SEASET Test 31203
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Figure 4.78  Average Rod Quench Time, FLECHT SEASET Test 31302
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Figure 4.79  Average Rod Quench Time, FLECHT SEASET Test 31701
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Figure 4.80  Average Rod Quench Time, FLECHT SEASET Test 34209
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Figure 4.81  Average Rod Quench Time, FLECHT SEASET Test 32013
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Figure 4.82  Calculated Rod Surface Temperatures at 79 in for the
20-Volume Test Section Cases With Various Time-Step Sizes,

FLECHT SEASET Test 31504
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Figure 4.83  Calculated Rod Surface Temperatures at 79 in for the
40-Volume Test Section Cases With Various Time-Step Sizes,

FLECHT SEASET Test 31504
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Figure 4.84  Maximum Cladding Temperatures vs. Axial Elevation,
FLECHT SEASET Test 31504
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Figure 4.86  MCT vs. Elevation Comparison to Data for
4-in/s-Flooding-Rate Test, PDTF SMART
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Figure 4.87  MCT vs. Elevation Comparison to Data for
2-in/s-Flooding-Rate Test, PDTF SMART
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Figure 4.90  Comparison of Break Mass Flow Rates, Marviken Test 2
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Figure 4.91  Comparison of Break Mass Flow Rates, Marviken Test 6
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Figure 4.92  Comparison of Break Mass Flow Rates, Marviken Test 8
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Figure 4.93  Comparison of Break Mass Flow Rates, Marviken Test 16



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-239

Framatome ANP Richland, Inc.

0.
0

20
.0

40
.0

60
.0

80
.0

10
0.

0
T

im
e 

(s
)

0.
0

20
00

.0

40
00

.0

60
00

.0

Mass Flow Rate (kg/s)

M
ar

vi
ke

n 
T

es
t 1

7
B

re
ak

 M
as

s 
F

lo
w

 R
at

e

C
al

c.
 

D
at

a 

0.
0

20
.0

40
.0

60
.0

80
.0

10
0.

00.
0

50
00

.0

10
00

0.
0

Mass Flow Rate (lb/sec)

Figure 4.94  Comparison of Break Mass Flow Rates, Marviken Test 17
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Figure 4.95  Comparison of Break Mass Flow Rates, Marviken Test 20
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Figure 4.96  Comparison of Break Mass Flow Rates, Marviken Test 22



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-242

Framatome ANP Richland, Inc.

0.
0

10
.0

20
.0

30
.0

40
.0

50
.0

60
.0

T
im

e 
(s

)

0.
0

50
00

.0

10
00

0.
0

15
00

0.
0

Mass Flow Rate (kg/s)

M
ar

vi
ke

n 
T

es
t 2

4
B

re
ak

 M
as

s 
F

lo
w

 R
at

e

C
al

c.
 

D
at

a 

0.
0

10
.0

20
.0

30
.0

40
.0

50
.0

60
.00.

0

10
00

0.
0

20
00

0.
0

30
00

0.
0

Mass Flow Rate (lb/sec)

Figure 4.97  Comparison of Break Mass Flow Rates, Marviken Test 24
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Figure 4.98  Comparison of Break Mass Flow Rates, Marviken Test 25
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Figure 4.100  Break Flow Uncertainty, Marviken Tests
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Figure 4.101  Comparison of Calculated and Measured Effluent
Temperature for the Plant-Specific Model, Westinghouse/EPRI
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Figure 4.102  Cumulative Distribution Plots for CONMAS,
Westinghouse/EPRI
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Figure 4.106  Lower Plenum Liquid Level Comparison
UPTF Test 6 � Run 131
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Figure 4.107  Lower Plenum Liquid Level Comparison
UPTF Test 6 � Run 132
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Figure 4.108  Lower Plenum Liquid Level Comparison
UPTF Test 6 � Run 133
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Figure 4.109  Lower Plenum Liquid Level Comparison
UPTF Test 6 � Run 135
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Figure 4.110  Lower Plenum Liquid Level Comparison
UPTF Test 6 � Run 136
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Figure 4.111  Lower Plenum Liquid Level Comparison
UPTF Test 7 � Run 203
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Figure 4.112  UPTF Data/S-RELAP5 Cold Leg Temperature
Comparison, UPTF Test 8 Run 111
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Figure 4.113  UPTF Data/S-RELAP5 Flow Regime Comparison, UPTF
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Figure 4.114  UPTF Data/S-RELAP5 Cold Leg Temperature
Comparison, UPTF Test 8 Run 112
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Figure 4.115  UPTF Data/S-RELAP5 Flow Regime Comparison, UPTF
Test 8 Run 112
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Figure 4.116  Countercurrent Flow of Steam and Water
UPTF Test 10 Run 081



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-262

Framatome ANP Richland, Inc.

0.
0

0.
5

1.
0

1.
5

2.
0

sq
rt

(K
f*

)

0.
0

0.
5

1.
0

1.
5

2.
0

sqrt(Kg*)

K
ut

at
el

ad
ze

 P
ar

am
et

er
s

U
P

T
F

 T
es

t 2
9 

R
un

 2
11

/2
12

; m
=

1.
0,

 c
=

1.
8

S
−

R
E

LA
P

5 
R

es
ul

ts
 1

83
−

0
S

−
R

E
LA

P
5 

R
es

ul
ts

 1
83

−
1

S
−

R
E

LA
P

5 
R

es
ul

ts
 1

83
−

2
U

P
T

F
 C

or
re

la
tio

n

Figure 4.117  Countercurrent Flow of Steam and Water
UPTF Test 29 Run 212/211
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Figure 4.118  Carryover to Steam Generators Test 10 Run 081
Beyond 150 sec.
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Figure 4.119  Cumulative Water Carryover to Steam Generators
Test 29 Run 212/211
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Figure 4.120  Counter Current Flow of Steam and Water,
UPTF Test 10, Run 080
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Figure 4.121  Upper Plenum Pressure Comparison
Test 10, Run 080
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Figure 4.122  Calculated Downflow Comparison UPTF Test 10,
Run 080 (m=1.0, c=1.8)
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Figure 4.123  Counter Current Flow of Steam and Water,
UPTF Test 12, Run 014
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Figure 4.124  Upper Plenum Pressure Comparison
UPTF Test 12, Run 014
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Figure 4.126  Steam and Water Injection Rates for UPTF Test 11
1.5 MPa Series
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Figure 4.127  Steam and Water Injection Rates for UPTF Test 11
0.3 MPa Series
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Figure 4.135  Thermocouple Variation Range at the PCT Elevation,
ACHILLES ISP 25
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Figure 4.136  Nitrogen Insurge Impact at 1.08 m, ACHILLES ISP 25
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Figure 4.137  Nitrogen Insurge Impact at 1.81 m, ACHILLES ISP 25



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-283

Framatome ANP Richland, Inc.

Figure 4.138  Nitrogen Insurge Impact at 2.13 m, ACHILLES ISP 25
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Figure 4.139  Nitrogen Insurge Impact at 2.33 m, ACHILLES ISP 25
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Figure 4.140  Nitrogen Insurge Impact at 2.65 m, ACHILLES ISP 25
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Figure 4.141  Nitrogen Insurge Impact at 3.18 m, ACHILLES ISP 25
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Figure 4.142  Axial Velocities at 32.5 Inches, Asymmetric Flow - Test 1
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Figure 4.143  Axial Flow Fractions for Asymmetric Flow - Test 1
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Figure 4.144  Axial Velocities at 32.5 Inches, for Asymmetric Flow -
Test 2
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Figure 4.145  Axial Flow Fractions for Asymmetric Flow � Test 2



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-291

Framatome ANP Richland, Inc.

Figure 4.146  Axial Velocities at 32.5 Inches, for Asymmetric Flow -
Test 3
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Figure 4.147  Comparison of S-RELAP5 with Design Codes for
Asymmetric Flow - Test 1
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Figure 4.152  Assessment of Semiscale LBLOCA Test S-06-3, PCTs
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Figure 4.153  Assessment of Semiscale LBLOCA Test S-07-1,
PCTs versus Elevation
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Figure 4.154  Upper Plenum Level, UPTF Test 10, Run 081
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Figure 4.155  Upper Plenum Level, UPTF Test 29 Run 212/211



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-301

Framatome ANP Richland, Inc.

Figure 4.156  Liquid Level in Upper Plenum CCTF Test 54
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Figure 4.157  Liquid Level in Upper Plenum CCTF Test 62
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Figure 4.158  Liquid Level in Upper Plenum CCTF Test 67
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Figure 4.159  Liquid Level in Upper Plenum CCTF Test 68
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Figure 4.160  Upper Plenum Levels for FLECHT-SEASET Test 31805
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Figure 4.161  Upper Plenum Levels for FLECHT-SEASET Test 31203
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Figure 4.162  Upper Plenum Levels for FLECHT-SEASET Test 31302
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Figure 4.163  Upper Plenum Levels for FLECHT-SEASET Test 31701
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Figure 4.164  Comparison of Liquid Carryover for CCTF Test 54
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Figure 4.165  Comparison of Liquid Carryover for CCTF Test 62
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Figure 4.166  Comparison of Liquid Carryover for CCTF Test 67
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Figure 4.167  Comparison of Liquid Carryover for CCTF Test 68
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Figure 4.168  Level in Broken Loop Catch Tank - UPTF Test 081
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Figure 4.169  Level in Intact Loop Catch Tank - UPTF Test 081
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Figure 4.170  Level in Broken Loop Catch Tank - UPTF Test 212
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Figure 4.171  Level in Intact Loop Catch Tank - UPTF Test 212
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Figure 4.172  Level in Separator Tank for FLECHT-SEASET
Tests 31805
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Figure 4.173  Level in Separator Drain Tank for FLECHT-SEASET
Tests 31805
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Figure 4.174  Level in Separator Tank for FLECHT-SEASET
Tests 31203
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Figure 4.175  Level in Separator Drain Tank for FLECHT-SEASET
Tests 31203
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Figure 4.176  Level in Separator Tank for FLECHT-SEASET
Tests 31302



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-322

Framatome ANP Richland, Inc.

Figure 4.177  Level in Separator Drain Tank for FLECHT-SEASET
Tests 31302



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 4-323

Framatome ANP Richland, Inc.

Figure 4.178  Level in Separator Tank for FLECHT-SEASET
Tests 31701
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Figure 4.179  Level in Separator Drain Tank for FLECHT-SEASET
Tests 31701
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Figure 4.180  CCTF TEST 54 Temperatures at Measured PCT Node
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Figure 4.193  LOFT LP-LB-1 Temperatures at Measured PCT Node
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Figure 4.194  LOFT LP-LB-1 PCT Profile
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Figure 4.195  LOFT LP-02-6 Temperatures at Measured PCT Node
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Figure 4.196  LOFT LP-02-6 PCT Profile
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Figure 4.197  LOFT L2-5 Temperatures at Measured PCT Node
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Figure 4.200  LOFT L2-3 Temperatures at Calculated PCT Node
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Figure 4.202  Semiscale S-06-3 Temperatures at Measured PCT Node
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Figure 4.203  Semiscale S-06-3 Temperatures at Calculated
PCT Node
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Figure 4.204  Semiscale S-06-3 PCT Profile
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Figure 4.205  Semiscale S-07-1 Temperatures at Measured PCT Node
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Figure 4.206  Semiscale S-07-1 Temperatures at Calculated
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Figure 4.207  Semiscale S-07-1 PCT Profile
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Figure 4.208  Sleicher-Rouse HTC for Steam Compared to Data
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5.0 Sensitivity and Uncertainty Analysis

The objective of this section is to provide a statement of acceptability for each of the licensing

criteria for the specified event.  This is accomplished by evaluating the impact of the initial

reactor state at the initiation of the specified event and determining a combined uncertainty

statement.  This combined uncertainty statement must address the biases and uncertainties in

the important PIRT phenomena and the operating state of the NPP at the initiation of the event.

5.1 Determination of Effect of Reactor Input Parameters and State (CSAU Step 11)

The dynamics of a NPP may be characterized by design, phenomenological, and process

(or operational) parameters.  Design parameters are fixed values, such as a pipe diameter.

Uncertainties associated with using design and phenomenological parameters are addressed by

maintaining strict adherence to nodalization and identifying phenomenological uncertainties

from code assessment studies applying well-defined nodalization guidelines.  This is discussed

in Sections 4.2 and 4.3, describing CSAU Steps 8 and 9.  In contrast, process parameters

characterize the state of operation and are, to various degrees, controllable by plant operators.

Realistic variations can be expected in these parameters and uncertainty may be quantified with

experimental and/or analytical studies.

5.1.1 Determining Important Process Parameters

From an operational standpoint, the NPP operating state is a function of the time in cycle (via

burnup and power distribution) and the actual conditions present in the various NPP

components.  The deterministic approach to supporting the allowed variations in the NPP is to

identify conservative bounds that are applied during safety analysis.  Considering the complex

nature of a NPP, such a declaration of conservatism can be given based only on the first order

expectation of the effect of the given parameter on key LOCA parameters (e.g., PCT).

Competing or compensating effects are possible; however, addressing these issues can be a

challenging task in deterministic safety analysis.  In contrast, treating these process parameters

statistically accounts for higher order behavior by including all possible combinations in the

sample space.

As part of the FRA-ANP RLBLOCA methodology development, a review was performed to

identify the NPP parameters that are to be addressed in the performance of a LBLOCA
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analysis.  The identified parameters are provided in Table 5.1.  The basis for inclusion in this list

comes from three sources: PIRT, plant-specific technical specifications, and utility requests.

Determination of which process parameters to treat statistically begins with identifying the

relationship a particular parameter has to any PIRT phenomenon.  Table 5.2 lists process

parameters determined to be important based on their potential influence to the moderate-to-

high ranked phenomena given in Table 3.4.  Process parameters that may only influence low

ranked phenomena also should be included if an explicit limit is stated in a plant's technical

specifications.  Finally, utility requests may require the addition of still more process parameters.

Such requests may be asked for support of plant procedures not explicitly mentioned in the

technical specifications.  To support the PIRT, the technical specifications, and any utility

requests, these parameters will be explicitly treated by the RLBLOCA methodology.  The

preferred method for treating these parameters is statistically; however, conservative methods

also can be used in the absence of adequate data to support a statistical approach.

5.1.2 Role of Sensitivity Studies

Quantifying the effect of individual process parameters is [unnecessary for parameters treated

by the non-parametric statistical approach adopted in the FRA-ANP RLBLOCA evaluation

model.  Other statistical approaches, such as the one presented in Reference 4, use sensitivity

studies to produce inputs used to generate a response surface.  Response surfaces are not

required with non-parametric statistical methods.]  Nonetheless, sensitivity studies on the

parameters given in Table 5.1 have been performed and included in the histogram presented in

Figure 4.2.  The primary value of these calculations is to establish a perspective on the level of

importance a safety analysis team might give in quantifying process parameter uncertainties.

For example, having insufficient information to support adequately describing a highly sensitive

parameter may reduce the margin for key LBLOCA parameters such as PCT; while a

conservative or bounding value may be easily justified for a parameter producing little sensitivity

in the PCT.  Table 5.3 ranks the results from a set of sensitivities performed for process

parameters on both 3- and 4-loop PWRs (highest to lowest).  The list is abbreviated to include

only those parameters having significant sensitivity on PCT (i.e., >50 F).

Sensitivity studies also may be used to justify not treating a parameter statistically.  Parameters

not treated statistically fall into two categories:  those to be treated conservatively or those that

are judged to be not significant.  Parameters can be demonstrated to be insignificant by
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sensitivity studies and/or by their relationship to low-ranked PIRT parameters.  Conservatism

should be demonstrated by sensitivity studies.  The analysis team chooses which parameters to

treat conservatively.

5.1.3 Quantifying Statistical Quantities

For the FRA-ANP RLBLOCA methodology there are a number of plant specific parameters

which are treated statistically.

5.1.3.1 General

The identified process parameters shown in Table 5.1 are allowed to vary within a prescribed

range throughout an operational cycle.  The constraints on these ranges may be defined from a

plant's technical specifications, some physical or operational limitation, or a utility request.  For

example, the accumulator pressure is allowed to vary within a prescribed operating range based

on a plant's technical specification.  Similarly, containment temperature is usually constrained by

technical specification on high temperature; however, no limit may be expressed for the

low-temperature range, which may come from plant data or by other means.

While process parameters are expected to vary with plant operation, design constraints, given in

the form of plant technical specifications, will provide a one- or two-sided limit on the variation.

It should be noted that not all process parameters such as fuel state are explicitly constrained

by technical specifications.  For those operational parameters such as fuel state, other

parameters having a direct effect on the operational parameter of consideration are constrained

by the plant Technical Specifications (e.g., power peaking for the fuel state).

Inherent in the FRA-ANP RLBLOCA methodology is [the ability to statistically treat as many

parameters as needed to address both safety and operational issues.  This is a powerful feature

of this methodology that provides the ability to directly support both the LOCA safety criteria and

the limits expressed in a plant's technical specifications.]  To treat a parameter statistically, the

parameter uncertainty must be quantified in terms of biases and distributions.  Quantifying this

uncertainty with plant data is the best approach.  At most plants, histories of core power, RCS

flow rate, core inlet temperature, pressurizer and accumulator parameters, containment

temperature, and diesel start times are available.  In some instances, parameter uncertainties

may need to consider two components of uncertainty: operational range and measurement.

Operational uncertainty is defined as the true fluctuation of the parameter during normal
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operation.  Measurement uncertainty addresses the error associated with measuring the

parameter.

From analysis of plant data, the statistical distribution and uncertainty can be quantified.  While

measurement uncertainty is most often characterized by a normal distribution, no particular

uncertainty distribution is expected describing operational variations.  The choice of distribution

may have implications as to how a utility manages the process parameter of interest.  For

example, using a uniform distribution may be attractive to a utility in that it will support the most

flexibility in how they control a given parameter.  Conversely, uniform distributions may be more

conservative in that equal likelihood is given for values that reduce operation margin.

Other distributions will be considered if supported by the data.  Additionally, it is not likely that a

parameter limited by a plant's technical specification will coincide with limits identified by plant

data.  Technical specifications often bound the nominal operational range.  In this situation, the

statistical distribution on measurement uncertainty may be adjusted to ensure that the Technical

Specification limits are included in the parameter's sample space.

An assessment of plant data provided for key process parameters has been performed for an

existing 3-loop NPP.  Table 5.4 summarizes the results of this assessment in terms of statistical

distributions.  In applications to other plants, such distributions may be different.

5.1.3.2 Treatment of Time in Cycle

The time in cycle establishes the fuel rod properties and the lower bound for the global power

peaking factor, Fq.  [The time-in-cycle is chosen as a uniform distribution of discrete times

provided from a power history calculation.]  Power history calculations are performed using an

NRC approved methodology (References 64 and 65).  Typically, fuel rod data for 20 to 40

burnup steps are explicitly written from a cycle power history calculation.  Fuel rod data is

provided for the life of a fuel rod; however, sensitivity studies have been performed that show

only fresh fuel assemblies are limiting (Appendix B).

In contrast to a traditional safety analysis, which assumes conservative fuel rod models

consistent with Appendix K requirements, [a best estimate fuel model should characterize the

fuel condition most likely to be present during normal plant operation.  The approach defined for

the RLBLOCA methodology identifies the limiting rod at a given time-in-cycle, considering rod
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power peaking (including relevant uncertainties) and burnup.  The method is presented as

follows.]

1. [Rod Power History Retrieve and Filter � This involves generating a Rod Identification
Table that summarizes the relevant power history information for all fuel rods for which
power history calculations have been made.  This table will rank specific rods by the
global power peaking factor, Fq and is a function of time-in-cycle.  Power history files are
generated containing all the relevant information required to generate input describing a
limiting rod.  The Rod Identification Table is built from a large Power History Summary
file that is a compilation of all the power history files.  In this file the calculated Fq is
scaled so that the calculated radial power peaking factor, F∆h, is at the plant specific
Technical Specifications value (including uncertainties).  This file is then sorted by
highest Fq.]

2. [Choose Time in Cycle � The base axial shape used in an analysis will depend strongly
on time-in-cycle.  The time-in-cycle is randomized using a uniform probability distribution
function.]

3. [Identify Hot Rod from Power History and Time in Cycle � The hot fuel rod is identified
as having the highest global peaking factor Fq.  This Fq will represent the lower bound
when sampling for a new Fq in a range supporting the plant's Technical Specifications.]

4. [Extract Power Profile, etc. � The time in cycle specific axial power shape is available
from the power history file associated with the identified limiting rod.  This axial power
shape is described by a 12-point vector containing the average relative power in
uniformly spaced points in the core.]

The data produced by this method is used primarily to develop input for the RODEX3A code.

[The nominal core peaking factor, Fq, and the assembly local peaking factor, Fl, also are used

in defining core radial power ranges for the S-RELAP5 calculations.]

5.1.3.3 Treatment of Axial and Radial Power Shapes

To support a plant's technical specification for the core peaking factor, Fq, the axial power

shape must be adjusted from the nominal axial power shape extracted for the limiting fuel rod.

During normal operation, Fq will most likely occur relatively near the nominal Fq represented in

the power history files.  [To support the technical specifications and the realistic expectation of

core peaking, Fq is uniformly ranged from the nominal value* given in the Rod Identification

Table to the technical specifications value, which includes relevant uncertainties.]

                                               
* [This value is scaled by the ratio of F∆h (radial peaking) at the Technical Specification limit to the

best-estimate value provided by the power history calculations.]
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[Given the sampled value for Fq, an appropriate axial power shape is needed.  To get this

shape, a large table of shapes is generated from a suite of three-dimensional spatial neutronics

calculations applying methods and codes already approved for this purpose by the NRC

(References 64 and 65).  This shape table is presented as functions of axial offset and burnup

step and presents shapes in the form of a 24-point vector.  By randomizing Fq and the skew

(top or bottom) of the power shape, the closest two shapes (in terms of Fq and skew) provided

in the shape table are identified.  The final shape is evaluated by a linear interpolation of each

shape vector element weighted by Fq.]

[The radial power peaking factor will be used to partition the power among the five modeled fuel

rod regions (hot rod, hot assembly, "surrounding" assembly, "average" assembly, and "cold

outer" assembly).  As discussed in Reference 12, the "surrounding" assembly represents the

power of six assemblies adjacent to the hot assembly, the "cold outer" assembly represents the

power of the assemblies on the periphery of the core, and the "average" assembly represents

the remaining power.  Sensitivity studies investigating the affects of radial power distribution on

PCT have shown that flatter power distributions in the outer 3 regions produce higher PCTs

(Appendix B).  The procedure for ranging radial power is biased toward these flatter radial

distributions to conservatively bound the selection.  The radial power peaking factor for the hot

rod is set to the Technical Specifications limit with uncertainties.  The hot assembly power is set

by the local peaking factor available from the power history data.]

[Next, the "cold outer" assembly peaking factor is determined.  This is sampled uniformly from

the average best-estimate value calculated from beginning-of-cycle (BOC), middle-of-cycle

(MOC), and end-of-cycle (EOC) radial power maps generated for the cycle of interest (provided

by the methodology given in References 64 and 65) to the maximum best-estimate power for

any individual assembly.  Given the relative powers of the hot rod, hot assembly and the "cold

outer" assemblies, the "surrounding" assembly region and the "average" assembly region

remain to be calculated.  An interim power is calculated from the total core power and the

powers established for the hot rod, hot assembly, and "cold outer" assembly.  This is used as

the minimum value in ranging the "surrounding" assembly power.  The maximum of this range is

the average value from the set of assembly powers calculated from power maps at the time of

peak assembly power (this information is provided by the methodology outlined in References

64 and 65).  The "average" assembly is then calculated using the powers from the other four

power regions.  This is summarized as follows:]
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• [Hot rod (HR):  HR = Technical Specification Value (TS)]

• [Hot assembly (HA):  HA = HR/(uncertainties*Local Peaking Factor)]

• [Outer cold assemblies (CA):  Best-estimate average of BOC, MOC, and EOC < CA < max
of any individual assembly at BOC, MOC, or EOC.]

• [Interim power (IP): IP = Core power � (HR � HA � CA)]

• [Hot surrounding assemblies (SA):  IP < SA < average(surrounding assembly at time of
peak assembly power)]

• [Average assemblies (AA): AA = Core Power � (HR � HA � CA � SA).]

[This procedure presents a broad spectrum of possible radial power distributions biased

conservatively based on trends observed in sensitivity studies.]

5.1.4 Supporting Ranges Without Data

As shown in Table 5.1, some parameters lack explicit definition (technical specifications or

data).  For parameters for which no plant data is available, ranges may be established based on

physical constraints or by analytical methods.  Examples of physical limits include ranging the

vessel upper head temperature to a maximum value of the hot leg temperature or ranging the

diesel start delay on the LPSI pumps to a time corresponding to when RCS pressure drops

below the back pressure delivered by the LPSI pumps.  It may also be demonstrated that a

particular parameter has a limited range of influence based on a set of sensitivity studies.

5.1.5 Reporting of Treatment of Process Parameters

Many decisions are required to establish plant specific treatment of process parameters.  Such

decisions must be reported or referenced when issuing a safety analysis report.  Because the

ranges and statistical description of the behavior of plant parameters may vary from plant to

plant, the safety analysis report will require an explicit discussion of the treatment of key

process parameters.  If no changes are made in the treatment of process parameters for

subsequent analyses, the earlier report may be referenced.

5.2 Performance of NPP Sensitivity Calculations (CSAU Step 12)

5.2.1 Statistical Approach

[The statistical approach used in the performance of the RLBLOCA analysis involves Monte

Carlo simulation using the system of computer codes and the NPP specific plant model.  For
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each execution of the computer codes each of the important PIRT phenomena and NPP

parameters being treated statistically are randomly varied based on their previously determined

probability distribution (bias and uncertainty).  Thus, each execution of the computer codes can

be viewed as the performance of an experiment with the experimental parameters being the

important PIRT phenomena and NPP parameters.  The result or data point produced from each

experiment is the calculated PCT (or the cladding oxidation).  This process can treat a large

number of uncertainties simultaneously, far more than could be considered with response

surface techniques.  In essence all quantifiable uncertainties are treated and they are treated at

the conditions corresponding to the LBLOCA calculation being performed.  Unlike response

surface methods, which often produce probability distributions in PCT for conditions not

necessarily corresponding to the real case, this Monte Carlo method propagates input and

model uncertainties at the point being analyzed.]

[Obviously for the large number of experimental parameters being considered, there is a large

number of experiments that can be designed and executed to cover all the various combinations

of the experimental parameters.  If enough experiments are run a PCT distribution can be

determined and a 95% probability defined.  However, this would require a very large number of

cases to define the distribution well enough to extract a 95% limit on PCT and it unpractical to

perform that many experiments (code executions).  Further, this process, which results in

defining a full probability distribution for PCT, provides more information than is needed,

because only the upper 95% limit on PCT is of interest.  Ideally, the method of evaluating the

statistics would reduce the number of required experiments/code executions to determine the

desired 95% probability level.  A non-parametric statistical approach was selected.]

[Starting with Wilks in 1941 (Reference 66) non-parametric methods have been used to

determine tolerance limits.  Tables were created by Somerville in 1958 (Reference 67), that

have been used widely for non-parametric tolerances in a variety of applications, including

regulatory guides (Table 2, Reference 68).  Non-parametric statistical techniques are useful in

situations where acceptance or rejection is based on meeting a tolerance limit and where you

do not need the probability distribution itself.  This is the case for LBLOCA where there are

acceptance limits on PCT and on cladding oxidation and the upper 95% tolerance on the

calculated values must fall below the acceptance limits.]
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[The non-parametric method is simple.  For a series of random samples arranged in ascending

(or descending) order, the probability that the fraction of the parent population less than xk is at

least β is given by ]

[ ]

[where n is the total number of samples.]

[This can be expressed in terms of a tabulated function called the incomplete Beta function

ratio, Ix(a,b), which can be found in mathematical handbooks (Reference 69) either directly or

related to other tabulated functions such as hypergeometric functions.]

[This probability is called the confidence, γ, and β is called the coverage.]

[ ]

[For the case in which k=n, that is the largest value of all of the samples is used, this

relationship reduces to]

[ ]

[This makes the 95/95 limit (γ=0.95/β=0.95) meet the following criterion:]

[ ]

[Solving for n, the solution is 58.4.  If 59 observations of PCT are drawn from an arbitrary,

random distribution of PCT values, then the largest value, PCTL, is the limit such that with 95%

confidence, at least 95% of all observations from that distribution will be less than PCTL; or

PCTL is the 95/95 tolerance limit.  Note that this conclusion is independent of the distribution.]

[Although acceptable combinations of m (=n-k+1) and n for 95/95 tolerances are given in

Reference 67, the steps are somewhat coarse and determining the minimum number of points

corresponding to a choice of k is not possible.  For this reason, appropriate combinations need

to be determined for taking the second largest PCT, the third largest and so on.  This can be

done by making use of the properties of the incomplete Beta function ratio.]

[When k is not much less than n, an easy way to evaluate the incomplete Beta function ratio is

to make use of the following recursion relation (26.5.15 of Reference 69):]
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[where Γ is the gamma function, which for integers is given by]

[ ]

[Substituting for x, a and b and re-arranging; this expression becomes]

[ ]

[When the second largest value, PCTL-1, is considered the confidence for the second largest
entry (k=n-1) can be expressed as]

[ ]

[For the 95/95 limit, this becomes,]

[ ]

[Solving for n and rounding up gives 93.  If 93 observations are drawn from an arbitrary, random

distribution, then the 2nd largest value, PCTL-1 , is the limit such that with 95% confidence, at

least 95% of all observations from that distribution will be less than PCTL-1.  Continuing to

examine each succeeding PCT, one can determine the number of samples required so that the

selected entry is the 95/95 tolerance.]

[Table 5.5 shows the required number of samples (observations) for a specified entry in the

random values.  Table 1 of Reference 67 and Table 2 of Reference 68 provide equivalent

information on a much coarser grid.]

[In the discussion above, the same tolerance (95/95) is applied to the selection.  But, as the

PCT selected moves further from the maximum, the required sample size increases and the

amount of conservatism in the estimated 95/95 tolerance limit decreases.  Thus, the amount of

conservatism for the 59 observations should be greater than the amount of conservatism for the

93 observations, as would the conservatism for 93 observations be greater than that for

124 observations and so on.]

[Normally, only 59 experimental observations (PCT calculations) are used.  It is possible to have

an "outlier" such that the maximum PCT is unacceptably high, while the other 58 calculations
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show clear margin to the acceptance limits.  In such a case, the series of random numbers,

used to create the first 59 cases, would be extended by 34 more cases and the second largest

PCT value selected.  This process can be repeated indefinitely, but is worth pursuing only if the

result is an outlier or if the results are sufficiently close to acceptance limits that one can not

afford the conservatism associated with fewer samples.]

5.2.2 Application of Methodology

The FRA-ANP RLBLOCA methodology is a statistics-based methodology; therefore, the

application does not involve the evaluation of different deterministic calculations.  [Instead, a

minimum of 59 calculations are performed with the value of key parameters varied over an

identified uncertainty range.  As previously explained, the methodology has the advantage of

being able to treat a large number of parameters by randomly varying each parameter in each

single calculation.  This random selection process is repeated to define a large number of

RLBLOCA calculations, all of which are then run.  Ideally, a single calculation will produce the

limiting result for all the regulatory ECC criteria.  If this is not the case, multiple cases will be

reported in the safety analysis.]  The methodology results in a bounding value with 95%

probability and 95% confidence in the PCT, total metal water reaction, and total core oxidation.

Application of this methodology relies on two computer codes:  RODEX3A and S-RELAP5.  All

key LBLOCA parameters are calculated from S-RELAP5; RODEX3A is used to generate the

initial fuel properties to be used by the fuel performance models in S-RELAP5.  Performance of

the RLBLOCA calculations relies on three analyst-created code input files describing the fuel,

plant thermal-hydraulics, and containment thermal-hydraulics.  The fuel model input is

processed by the RODEX3A code, which will produce a binary file describing fuel properties.

This file will be processed by S-RELAP5 during the steady-state initialization.  During

steady-state initialization, S-RELAP5 will process only the RODEX3A binary output file and the

steady-state plant model input.  The LBLOCA calculation is an S-RELAP5 "Restart" calculation.

It relies only on the steady-state restart file, the S-RELAP5 LBLOCA transient input file, and the

containment model input.  The containment model input is similar to the original ICECON code

(Reference 14), which evolved from the CONTEMPT code (Reference 20).  Reportable

LBLOCA parameters can be retrieved from the S-RELAP5 transient output file.  Figure 5.1

depicts the calculational framework.
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5.2.3 New RLBLOCA Analyses

[The primary tasks required for performing a new RLBLOCA analysis are as follows:]

• [Generate time-in-cycle-dependent data (for burnup and power distributions)]

• [Generate fuel, plant (both steady-state and transient), and containment models for a
minimum of 59 calculations]

• [Perform calculations]

• [Retrieve key results.]

5.2.4 Ranging Uncertainty

[The statistical nature of this RLBLOCA methodology requires the ability to randomly sample

potential plant operational states and phenomenological conditions.]  For this reason the

RLBLOCA analyst must have available a validated random number generator.  The most

common type of random number generator available on most UNIX workstations produces a

floating point value between zero and one.  The random number generator provides sample

values uniformly distributed.

Random number generators require that a random number seed be defined before processing

the random number function.  Most random number generators use a default random number

seed when no seed is provided.  The RLBLOCA methodology does not provide a random

number seed and relies on the random number generator to pick the seed.  The random

number seed is recorded, in order allow reproduction of the of random numbers.  This provides

calculation traceability and a mechanism for reproducing a set of calculations.

Given that the random number generator provides uniformly distributed values between 0 and 1,

other probability distributions must be mapped from these distributions.  For this methodology,

the common probability distributions applied to parameter uncertainty ranges are binary, uniform

between two arbitrary numbers, and normal.  A typical uniform random number generator

produces values, r, ranging from 0 to 1.

A uniform probability distribution function ensures an equal probability of selecting any given

value over the range of interest.  Using the uniform random number generator, a sample, z,

from a uniform probability distribution function ranging between two points, a and b, is defined

as
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rabaz ⋅−+= )(

A normal probability distribution function is the natural limit to the combination of many random

events.  Using the uniform random number generator; two samples, z1 and z2, for a normal

probability distribution function can be created from two samples from a uniform distribution, r1

and r2 (Reference 70)

( ) ( )211 ln22cos rrz ⋅−⋅⋅⋅⋅+= πση

and

( ) ( )2 1 2z sin 2 r 2 ln r= η + σ ⋅ ⋅ π ⋅ ⋅ − ⋅

where η and σ are the mean and standard deviation of the normal distribution, respectively.

Similarly, other distributions can be related to a uniform random distribution, so that a variety of

probability distributions can be treated in the LBLOCA calculation.

5.2.5 Parameter Initialization

The key parameters identified for ranging have been summarized previously in Tables  4.1 and

5.2.  Table 5.6 presents these parameters as they relate to computer code input.

5.2.6 Calculation Order

[The required calculational order is to calculate fuel properties with RODEX3A, perform the

S-RELAP5 steady-state calculation, then calculate the LBLOCA transient with S-RELAP5

restarting from the steady-state calculation.]  The key results are the PCT, maximum cladding

nodal oxidation, and total core wide oxidation.

5.2.7 Subsequent RLBLOCA Analyses

[If it is determined for any reason that the current input parameters no longer accurately define

the plant, a minimum of two new RLBLOCA calculations is required.  Situations which may

require a new calculation include a new cycle analysis or plant configuration change.  A new

analysis for a follow on cycle may not be required.  These subsequent cycle analyses are

subject to an event review as is standard for all FRA-ANP safety analysis methodologies.]
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[If a reanalysis is necessary, the input files for the limiting case or cases used to generate the

current analysis are updated with the new plant information.  The two or more limiting licensing

calculations are then redone deterministically.  The impact of the newly calculated PCT relative

to the current analysis is evaluated.]

5.3 Determination of combined Bias and Uncertainty (CSAU Step 13)

This section presents the results of a sample RLBLOCA analysis for a W 4-loop plant.  An

actual licensing analysis is in progress for a W 3-loop plant and will be submitted by the utility

following the utilities review and acceptance of the analysis (Reference 16).

This 4-loop sample problem was performed in accordance with the calculation framework

shown in Figure 5.1 as described above and in more detail in Reference 13.  The base input

models for the fuel rod and NPP were developed as described above and in conformance with

Reference 12.  The input for the fuel rod code was developed based on an existing FRA-ANP

17x17 fuel assembly with 0.955 cm (0.376 in) fuel rods.  The input for the NPP was developed

based on information which was obtained for several different 3 and 4-loop plants and

consequently can only be considered as representative of a 4-loop plant.  However, the NPP

input model is adequate to demonstrate the application of the FRA-ANP RLBLOCA

methodology described in this report.

The parameters treated statistically are listed in Table 5.6 and the values for the specific

parameters and ranges addressed are given in Table 5.7.  The distributions assumed for this

sample problem are those given in Table 5.4.  [Using the non-parametric statistical approach

described above the input for 59 cases were generated and executed.]  The results of these

calculations are presented in Figures 5.2 through 5.28.

Figures 5.2 through 5.16 present scatter plots for the more important phenomena/parameters in

the analysis.  These scatter plots are provided to demonstrate that the methodology does select

input which covers the phenomena/parameter ranges and associated distributions.  In general,

it is difficult to see the PCT dependence of an individual parameter from these scatter plots.

This is primarily due to the fact that there are several major parameters and a conservative

combination of these parameters is required to obtain the higher values of PCT.  Based on this

the following paragraphs will concentrate on a discussion of the LBLOCA criteria as addressed

by the analysis.
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[Figure 5.2 provides the scatter plot comparison of PCT vs. time after break initiation and shows

the distinction between the split and guillotine breaks.  As indicated in the figure, the maximum

PCT of 1686 F was obtained for a guillotine break.  As also shown in Figure 5.2, there are cases

which predict PCT to occur during blowdown, the first reflood peak, the second reflood peak,

and for some of the split breaks at later points in time.  Figure 5.2 further indicates that there are

two split breaks which are close to the limiting PCT case.  This would indicate that future

analyses could result in split breaks that are the limiting PCT case.]

[The summary of the major parameters for the limiting PCT case (22) is provided in Table 5.8

and the result summary is provided in Table 5.9.  Table 5.8 shows that the limiting PCT

occurred for a 90% double ended guillotine break 48% of the way through the first cycle with the

core operating at 101% nominal power.  The axial power shape is top peaked and the hot rods

Fq is 93% of the supported maximum.  The core wide oxidation for this case is less than 0.03%

while the oxidation for the maximum oxidation node is less than 1%.]

[Figure 5.3 provides the scatter plot comparison of PCT vs. break size.  This plot indicates that

the limiting PCT case is a large guillotine break while the two high PCT split breaks are also

shown to be relatively  large split breaks.]

[Figure 5.4 provides the scatter plot comparison of PCT vs. maximum local core oxidation.  For

this series of calculations the limiting PCT case (22) is also shown to be the limiting maximum

oxidation case already described in Tables 5.8 and 5.9 above.]

[Figure 5.5 provides the scatter plot comparison of PCT vs. maximum nodal oxidation.  As

shown in the scatter plot, for this series of 59 calculations, the maximum nodal oxidation of 1.1%

does not occur in the maximum PCT case.  Instead it occurs in one of the two high PCT split

break cases (3).  This is the result of the time at temperature experienced by the split break

node with the maximum nodal oxidation.  Thus, there are two limiting cases from this series of

59 calculations, one for the maximum PCT and maximum total oxidation and another one for the

maximum nodal oxidation.  It should be noted, that because of the large margin to the criteria on

peak oxidation (more than an order of magnitude) this analyses confirms that PCT is the

primary figure of merit.]

[The summary of the major parameters for the limiting maximum nodal oxidation case is

provided in Table 5.10 and the result summary is provided in Table 5.11.  Table 5.10 shows that
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the limiting nodal oxidation occurred for a 44% double ended split break 38% of the way through

the first cycle with the core operating at near nominal power.  The axial power profile is top

peaked and the hot rods Fq is 94% of the supported maximum.   The core wide oxidation for this

case is less than 0.02% while the oxidation for  the maximum oxidation node is 1.1%.]

[Figures 5.17 through 5.28 provide select calculation results for the limiting PCT case (22).

Figure 5.17 shows the maximum PCT vs. time and the elevation at which the maximum occurs

versus time.  As indicated in the figure, the limiting PCT occurs on the second peak (first reflood

peak) at 34 s at an elevation of approximately 9.4 ft.  Figure 5.18 provides a plot of the clad

temperatures vs. time at four different elevations along the hot rod.  The figure shows the

predicted quench of the hot rod as the quench front moves up the rod.  Figure 5.19 shows the

calculated total break flow vs. time and its two components, vessel side and pump side flows, in

the early part of the transient.]

[Figures 5.20 and 5.21 present the core inlet and outlet mass flux as a function of time in the

early part of the event.  These figures show the calculated mass flux for each of the four core

radial rings.  As indicated in both these figures there is a preference for down flow in the outer

cold ring of assemblies relative to the other hotter three rings.  There is also some evidence of a

chimney effect occurring in the hot assembly.  It was these observations, during nodalization

studies, of preferential down flow in the cooler assemblies and the potential chimney effect in

the hot assembly which clearly indicated the need to statistically vary the radial power

distribution in the core.  This supports the variations in assembly and core radial power

distribution from cycle to cycle.]

[Figure 5.22 shows the calculated void fraction in the pump for the four loops vs. time.  This

figure shows that the void fraction in the pumps quickly goes to 1.0 and basically stays there

throughout the event.]

[Figure 5.23 shows the calculated ECCS flows for each of the four loops.  As indicated in the

figure there is some variation in the calculated ECCS flow rates into the loops.  This is due

primarily to differences in ECCS line configuration and losses between the loops.  The broken

loop accumulator is shown to come on first and, consequently, is one of the first to empty.

Following the emptying of the broken loop accumulator, the broken loop is also shown to have

one of the higher LPSI and HPSI flow rates.  This is due to the shorter distance to the break and

the correspondingly lower back pressure.]
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[Figure 5.24 provides the calculated upper plenum pressure early in the event.  The pressure is

shown to quickly drop to a low value and to remain at that value.]

[Figures 5.25, 5.26, and 5.27 show the calculated downcomer, lower plenum, and core

collapsed liquid levels as a function of time.  Both the core and the downcomer levels show

evidence of oscillation once the lower plenum refills directly coupling the downcomer and the

core levels.]

[Figure 5.28 shows the calculated upper plenum, downcomer, broken loop steam generator

outlet, and containment pressures.  The figure shows the expected trends.  The containment

pressure quickly increases to a maximum as the RCS blows down and then declines as the

temperatures and pressures in containment equilibrate.  The pressures in the steam generator

outlet, the downcomer, inlet and the upper plenum all show a consistent oscillatory behavior

before they to smooth out and slowly decay similar to the containment pressure.  The

downcomer inlet pressure is the closest to the containment pressure, with the broken loop

steam generator outlet being next closest, and the upper plenum having the highest differential

relative to the containment pressure.  This is consistent with there respective distances from the

break and the connection to the containment.]

5.4 Determination of Total Uncertainty (CSAU Step 14)

[With the use of the non-parametric statistical approach,] the biases and uncertainties

determined during the code assessments are either directly addressed in the statistical analysis

or demonstrated to be a code conservatism which adds an additional unquantified conservatism

to the reported results.  The final results for the 4-loop sample problem can be summarized as

follows:

• The 95/95 calculated PCT was 1686 F which compares to the criterion for maximum PCT of
2200°F.

• The 95/95 calculated maximum nodal oxidation was 1.1% which compares to the criterion
for maximum nodal oxidation of 17%.

• The 95/95 calculated maximum total oxidation was 0.02% which compares to the criterion
for maximum total core oxidation of 1%.

Based on these results, it is concluded that the LBLOCA analysis for the sample W 4-loop plant

meets the criteria for the LBLOCA event.
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With respect to the identification of the degree of conservatism in the analysis, a comparison

can be made to the 50/50 probability values for the PCT, maximum nodal oxidation, and the

maximum total core oxidation.  This comparison is provided in Table 5.12.  As indicated in this

table the 50/50 PCT at 1375°F is 311°F less than the 95/95 PCT.  The 50/50 total core oxidation

at 0.003% is nearly an order of magnitude less than the 95/95 value while the 50/50 maximum

nodal oxidation at 0.34% is nearly  one fourth that of the 95/95 value.
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Table 5.1  NPP Parameters for Consideration in the Performance of a
Realistic LBLOCA Analysis

NPP Component or
Operating Condition

Parameter Tech Spec

Limits

Other Limits

Requested

Comment

Core Power Dist Time in Cycle Min/Max Physical Limits

Power Max < 102%

FdeltaH Max +4% uncertainty*

Fq Max +5% uncertainty

(+3% Feng)

Axial Offset Min/Max

RCS Conditions Loop Flow Rate (lbm/hr) Min Data for Max

Core Inlet Temp., F Min/Max Data for Min/Max

Upper Head Temp, F Max Physical Limit

Pressurizer Pressure, psig Min Data for Max

Level Min/Max

Accumulator Pressure, psig Min/Max

Volume, ft3 Min/Max

Temp, F Max (via
Containment)

Data for Min

Containment Free Volume, ft3 Min/Max Min/Max

Temp, F Max Data for Min

Fan Coolers, sec Min Sensitivity Study

Sprays, sec Min Sensitivity Study

Steam Generator Feed Temp, F Max

Offsite Power Availability On/Off On/Off

Diesel Start HPSI, sec Max 4 s earlier than
LPSI

LPSI, sec Max Physical Limit

                                               
* Applied deterministically
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Table 5.2  Relationship of PIRT to Operational Parameters

Process Parameter Influenced Phenomenon (PIRT subset)
Fuel State (Burnup and Power Peaking) Stored energy

Core Power Stored energy
Power Peaking, Axial Shape Stored energy

Loop Flow Rate Flow split, DNB
Core Inlet Temperature DNB

Upper Head Temperature Flow reversal, stagnation
Pressurizer Pressure, Level Early quench, critical flow in surge line

Accumulator Pressure, Temperature, Level Accumulator discharge, condensation,
noncondensible gas

Containment Volume, Heat Transfer, Sprays Backpressure, critical flow
Steam Generator Feedwater Temperature Core Heat Transfer

Offsite Power and Diesel Start Delay Core Heat Transfer via Pumped ECC

Table 5.3  Ranked Importance of Process Parameters Relative to Plant Type

Rank 3-Loop PWR 4-Loop PWR

1 Containment/Accumulator Temperature Core Flow

2 Accumulator Pressure Containment/Accumulator Temperature

3 Core Flow

4 Pressurizer Level

5 Pressurizer Pressure

Table 5.4  Statistical Distributions Used for a Sample 3-Loop PWR

Parameter Operational
Uncertainty
Distribution

Measurement
Uncertainty
Distribution

Core Power Uniform Normal

Pressurizer Pressure Uniform Normal

Pressurizer Level Uniform Normal

Accumulator Level Uniform N/A

Accumulator Pressure Uniform N/A

RWST Temperature Uniform N/A

Containment Temperature Uniform N/A

Core Flow Uniform N/A

Diesel Start Point N/A
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Table 5.5  Number of Observations Required for a Desired
Tolerance:  Non-Parametric Methods

  95/95 Limit Required Observations

PCTL  59

PCTL-1  93

PCTL-2 124

PCTL-3 153

PCTL-4 181

PCTL-5 208

PCTL-6 234

PCTL-7 260

PCTL-8 286

PCTL-9 311

PCTL-10 336

PCTL-11 361

PCTL-12 385

PCTL-13 410



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 5-22

Framatome ANP Richland, Inc.

Table 5.6  Relationship of Uncertainty Parameters to Computer Code Input

RODEX3A

• Fuel composition, e.g., enrichment and Gadolinia content
• Nominal axial power profile history
• Rod average LHGR history and fast neutron flux history

S-RELAP5 Steady-State

• Axial power profile
• Radial power profile
• Core Power
• Fuel Centerline Temperature
• Initial Upper Head Temperature
• Initial Flow Rate
• Initial Operating Temperature
• Pressurizer Pressure
• Pressurizer Level
• Accumulator Pressure
• Accumulator Temperature
• Accumulator Level

S-RELAP5 Transient

• Break Size and Discharge Coefficients
• Core Power
• Offsite Power
• Decay Heat
• Pressurizer Surgeline Flow
• Single-Phase Vapor heat transfer coefficient (HTC)
• Film Boiling HTC
• Dispersed Film Boiling
• Tmin
• Downcomer Hot Wall Effects
• Condensation Interphase HTC
• Noncondensible Condensation Interphase HTC
• Metal-Water Reaction
• ECC Losses
• Steam Generator Tube-Inlet Interfacial Drag Bias

S-RELAP5 Containment

• Containment volume
• Heat structure temperature
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Table 5.7  Plant Operating Range and Fuel Design Supported by the
LOCA Analysis

Event Operating Range

1.0 Plant Physical Description

1.1 Fuel

a) Cladding outside diameter 0.376 in.

b) Cladding inside diameter 0.328in.

c) Cladding thickness 0.024 in.

d) Pellet outside diameter 0.3215 in.

e) Pellet density 95 % of theoretical

f) Active fuel length 144 in.

g) Maximum rod-average exposure 62,000 MWd/MTU

1.2 RCS

a) Flow resistance Analysis

b) Pressurizer location Analysis assumes location giving
most limiting PCT

c) Hot assembly location Anywhere in core

d) Hot assembly type 17x17

e) SG tube plugging ≤ 10%

2.0 Plant Initial Operating Conditions

2.1 Reactor Power

a) Core average linear heat generation rate Core power ≤ 102% of 3250 MWt

b) Peak linear heat generation rate ≤ 2.62*  (normalized)

c) Hot rod average linear heat generation rate ≤ 1.8�    (normalized)

d) Hot assembly linear heat generation rate < 1.731�  (normalized)

e) Hot assembly burnup ≤ 62000 MWD/MTU

f) MTC ≤ 0 at HFP

g) HFP boron Normal letdown

2.2 Fluid Conditions

a) Loop Flow 122.6 Mlb/hr ≤ M ≤ 142.1 Mlb/hr

b) Core Inlet Temperature 550.0 ≤ T ≤ 556.6 °F

                                               
* Includes 5% measurement uncertainty and 3% manufacturing uncertainty.
� Includes 4% measurement uncertainty.
� Value equivalent to hot rod peaking factor without 4% uncertainty.
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Table 5.7  Plant Operating Range Supported by the LOCA Analysis (continued)

Event Operating Range

c) Upper Head Temperature < Core Outlet Temperature

d) Pressurizer Pressure P ≥ 2175 psig

e) Pressurizer Level 48.2% ≤ L ≤ 58.2%

f) Accumulator Pressure 600 ≤ P ≤ 660 psig

g) Accumulator Volume 929 ≤ V ≤ 945 ft3

h) Accumulator Temperature 80 ≤ T ≤ 130 °F (coupled to
containment temperature)

i) Accumulator fL/D Current line configuration

j) Minimum ECC boron ≥ 2925 ppm

3.0 Accident Boundary Conditions

a) Break location Any RCS piping location

b) Break type Double-ended guillotine or split

c) Break size (relative to cold leg pipe) 0.05 ≤ A ≤ 0.5 full pipe area (split)

0.5 ≤ A ≤ 1.0 full pipe area
(guillotine)

d) Offsite power On or Off

e) Safety injection flow Current per loop pump delivery
(same as used in current Robinson
Appendix K methodology)

f) Safety injection temperature ≤ 100 °F
g) Safety injection delay ≤ 20.5 seconds (with offsite power)

≤ 40 seconds (without offsite power)

h) Containment pressure Bounding current configuration

i) Containment temperature 80 ≤ T ≤ 130 °F
j) Containment sprays ≥ 8 seconds

k) Single failure 1 LPSI, 1 HPSI
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Table 5.8  Summary of Major Parameters
Describing Limiting PCT Case (Case 22)

Time (hrs) 5850
Core Power (MW) 3297
Core Peaking (FQ) 2.44
Radial Peak (Fdh) 1.8000
Axial Offset -0.163
Local Peaking (Fl) 1.098
Break Type DEGB
Break Size (ft2) 3.72 (~90%)
Offsite Power Availability No
Diesel Start (s) 40.0
Decay Heat Multiplier 0.968

Table 5.9  Summary of Results for the Limiting PCT Case (22)

PCT

Temperature 1686 °F
Time 34  seconds

Elevation 9.4 ft

Metal-Water Reaction

% Oxidation Maximum 0.8 %

% Total Oxidation 0.022 %

Total Hydrogen 0.5 lb
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Table 5.10  Summary of Major Parameters Describing Limiting
Maximum Nodal Oxidation Case (3)

Time (hrs) 4680
Core Power (MW) 3254
Core Peaking (FQ) 2.47
Radial Peak (Fdh) 1.8000
Axial Offset -0.171
Local Peaking (Fl) 1.12
Break Type DESB
Break Size (ft2) 1.808(~44%)
Offsite Power Availability No
Diesel Start (s) 40
Decay Heat Multiplier 0.970

Table 5.11  Summary of Results for the Limiting Maximum Nodal
Oxidation Case (3)

PCT

Temperature 1665 °F
Time 45. 6 seconds

Elevation 8.86 ft

Metal-Water Reaction

% Oxidation Maximum 1.1 %

% Total Oxidation 0.016 %

Total Hydrogen 0.35 lb
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Table 5.12  Comparison of 95/95 and 50/50 Statistical Results

95/95 50/50
PCT 1686 F 1375 F
Max  O2 (Nodal value) 1.13 % 0.34 %
Total O2 (Core wide) 0.02 % 0.003 %
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Figure 5.1  Calculation Framework
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Figure 5.2  [PCT vs. Time of PCT Scatter Plot from 59 Calculations]
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Figure 5.3  [PCT vs. Break Size Scatter Plot from 59 Calculations]
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Figure 5.4  [Maximum Total Core Oxidation vs. PCT Scatter Plot from
59 Calculations]
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Figure 5.5  [Maximum Nodal Oxidation vs. PCT Scatter Plot from
59 Calculations]
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Figure 5.6  [PCT vs. Core Power Scatter Plot from 59 Calculations]
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Figure 5.7  [PCT vs. Fq Peaking Factor Scatter Plot from
59 Calculations]
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Figure 5.8  [PCT vs. Axial Shape Index (ASI) Scatter Plot from
59 Calculations]
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Figure 5.9  [PCT vs. Decay Heat Ratio Scatter Plot from
59 Calculations]
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Figure 5.10  [PCT vs. Fuel Conductivity Correction Scatter Plot from
59 Calculations]
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Figure 5.11  [PCT vs. Core Inner Ring Normalized Power Scatter Plot
from 59 Calculations]



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page 5-39

Framatome ANP Richland, Inc.

Figure 5.12  [PCT vs. Core Cold Ring Normalized Power Scatter Plot
from 59 Calculations]
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Figure 5.13  [PCT vs. Forslund Rohsenow Multiplier Scatter Plot
from 59 Calculations]
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Figure 5.14  [PCT vs. Film Boiling Multiplier Scatter Plot from
59 Calculations]
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Figure 5.15  [PCT vs. Accumulator Level Scatter Plot from
59 Calculations]
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Figure 5.16  [PCT vs. Accumulator Temperature Scatter Plot from
59 Calculations]
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Figure 5.17  [PCT and Elevation for Limiting PCT Break]
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Figure 5.18  [Cladding Temperatures at Select Locations for the
Limiting PCT Break]
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Figure 5.19  [Break Flow for the Limiting PCT Break]
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Figure 5.20  [Early Core Inlet Mass Flux for Limiting PCT Break]
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Figure 5.21  [Core Outlet Mass Flux for Limiting PCT Break]
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Figure 5.22  [Void Fraction at RCS Pumps for Limiting PCT Break]
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Figure 5.23  [ECCS Flows (includes Accumulator, HPSI, and LPSI)
for Limiting PCT Break]
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Figure 5.24  [System Pressure for Limiting PCT Break]
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Figure 5.25  [Collapsed Liquid Level in the Downcomer for Limiting
PCT Break]
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Figure 5.26  [Collapsed Liquid Level in the Lower Plenum for
Limiting PCT Break]
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Figure 5.27  [Collapsed Liquid Level in the Core for
Limiting PCT Break]
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Figure 5.28  [Containment and Loop Pressures for
Limiting PCT Break]
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Appendix A Overview of Base Case and Sensitivity Studies

A.1 Base Case Analyses Description

To demonstrate the range of applicability of the models used in the various sensitivity studies,

four base case analyses are characterized in this Appendix.  These are:

• 3-loop PWR, worst break, worst single failure, nominal (100%) core power, and plant

technical specifications on rod power, and cosine power shape, no RODEX3A.

• 3-loop PWR, worst break, worst single failure, nominal (100%) core power, and plant

technical specifications on rod power, and cosine power shape, no RODEX3A, no

accumulator N2.

• 3-loop PWR, worst break, worst single failure, high core power, and plant technical

specifications on rod power, and top skewed power shape, no RODEX3A, no accumulator

N2.

• 4-loop PWR, worst break, worst single failure, high core power, and plant technical

specifications on rod power, and top skewed power shape, no RODEX3A, no accumulator

N2.

The 3-loop PWR is an operating plant owned by a FRA-ANP customer with a 15x15 fuel design.

The 4-loop PWR does not represent any particular 4-loop plant; however, it has the general

dimensions typical of 4-loop PWRs.  Those code models which may disguise the phenomena of

interest for a given sensitivity study or add a computational burden to the problem have been

removed for sensitivity study purposes only.  These include the RODEX3A fuel model and

accumulator nitrogen.  With regard to RODEX3A, incorporation of the fuel model significantly

increases calculation run times.  A special suite of fuel rod studies was performed using the

RODEX3A code.  The key findings of these calculations are discussed in some detail in

Appendix B.  Accumulator nitrogen is neglected by using a valve at the accumulator exit that

shuts off nitrogen flow as the accumulator completes discharging.  The transport of the nitrogen

has been shown to amplify code variability during late reflood, possibly disguising the effect of

certain parameters expected to influence late reflood PCTs.
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For these four base case input models, the plant and containment nodalization follow the

governing guidelines issued at the time of model development (see References 15 and 16).

Based on sensitivity studies using these input models only a few minor details have changed in

the most recent revision of the guidelines.

A.2 LBLOCA Calculation and Event Description

From earlier sensitivity studies, the worst break size and worst single failure were identified.

These parameters have been carried through most of the sensitivity studies performed during

methodology development.  The base case transients are well characterized by the event

summary given in Table A.1.  Figures A.1 through A.4 show the PCT trends for the 3-loop

nominal power case with nitrogen and a 3-loop nominal power, 3-loop high power, and 4-loop

high power case modeled without accumulator nitrogen release.  The plots identify two cases:

"Base" and "Case 7".  In the suite of sensitivity studies, case 7 was designed to be identical to

the base case so that the results from these two calculations would overlay.  This provided a

check on the sensitivity study process.

In general, the four base cases have very similar trends.  The LBLOCA is initiated at time 0.0 s

by a postulated large rupture of the reactor coolant system (RCS) primary piping.  The worst

break size for the 3-loop model is the 70% DEGB and for the 4-loop model, it is the 100% DEG.

Based on deterministic studies, the worst break location was identified as being in the cold leg

piping between the reactor coolant pump and the reactor vessel for the RCS loop containing the

pressurizer.  The break initiates a rapid depressurization of the RCS.  A reactor trip signal is

issued at about 0.7 s when the low pressurizer pressure trip setpoint is reached; however,

reactor trip and scram are conservatively neglected in the analysis.  The reactor initially

shutdowns by coolant voiding in the core region.

For these break sizes, a rapid depressurization occurs, along with a core flow stagnation and

reversal.  This causes the fuel rods to experience departure from nucleate boiling (DNB) within

a few seconds of the break.  Subsequently, the limiting fuel rods dissipate heat via the film and

transition boiling heat transfer regimes.  The coolant voiding presents a strong negative

reactivity contribution to the nuclear reaction and core fission ends.  As heat transfer from the

fuel rods is reduced, the cladding temperature rises.
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Within the first few seconds, coolant in all regions of the RCS begins to flash.  At the break

plane, the loss of subcooling in the coolant results in substantially reduced break flow.  This

reduces the depressurization rate, and for the 4-loop leads to a period of positive core flow.  The

3-loop result shows reduced downflow as the reactor coolant pumps in the intact loops continue

to supply water to the vessel.  Cladding temperatures are reduced from this blowdown cooling

period in the 4-loop calculation; while, the 3-loop only shows a reduction in the rate of heatup.

This positive core flow or reduced downflow period ends as two-phase conditions occur in the

reactor coolant pumps, reducing their effectiveness.  Once again, the core flow reverses as

most of the vessel mass flows out through the broken cold leg.

The mitigation of the LBLOCA begins when the safety injection actuation signal (SIAS) is

issued.  This occurs from high containment pressure.  A worst single failure be considered for

ECCS safety analysis.  This single failure is assumed to be the loss of one low-pressure safety

injection pump.  The on-time start of containment spray and fan coolers is also assumed.

The RCS pressure falls below the accumulator pressure within 13 s.  When this happens, fluid

from the accumulators is injected into the cold legs.  In the early delivery of accumulator water,

high pressure and high break flow drive some of this fluid to bypass the core.  Core heat

transfer remains poor and the fuel rod cladding temperatures increased.  As RCS and

containment pressures equilibrate (around 25 s), ECCS water begins to fill the lower plenum

and eventually lower portions of the core; thus, core heat transfer improves and cladding

temperatures decrease.

Around 55 s, the relatively large volume of accumulator water is exhausted and core recovery

must rely only on LPSI pump delivery of coolant.  At this time (shown only for the case given in

Figure A.1), the nitrogen gas used to pressurize the accumulator is transported out of the ECCS

and RCS through the break.  This may result in a short period of improved core heat transfer as

the nitrogen gas displaces water in the downcomer into the core.  After the accumulators have

been exhausted, the LPSI coolant may (3-loop, nominal power cases) or may not (high power

cases) be able to sustain cooling given the core decay heat and higher steam temperatures

created by quenching of the lower portions of the core.  The peak fuel rod cladding

temperatures may increase for a short period until more energy is removed from the core from

LPSI pump delivery and decay heat is reduced.  Steam generated from fuel rod rewet entrains

liquid and passes through the vessel upper plenum, the hot legs, the steam generator, and the
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reactor coolant pump before it is vented out the break.  The resistance of this flow path to the

steam flow is balanced by the driving force of water filling the downcomer.  This resistance acts

to retard the progression of the core reflood and postpones core wide cooling.  Eventually

(within a couple of minutes of the accident), the core reflood progresses sufficiently to ensure

core wide cooling.  Full core quench will come in a matter of minutes after core wide cooling.

Long-term cooling is then sustained with the residual heat removal system.

A.3. Sensitivity Studies Overview

Many sensitivity studies were performed in the development of the FRA-ANP RLBLOCA

methodology. A detailed discussion of each study is not practical.  It is important to present the

evolution of these studies in order to demonstrate a pedigree for the methodology and to define

ranges of applicability for these sensitivity studies.  Table A.2 outlines classes of sensitivity

studies that have been performed, explains the objective of these calculations, and presents

general conclusions drawn from these calculations.

The basic philosophy in performing the earliest sensitivity studies was to first identify a best-

estimate, "worst" case model.  These models were characterized by a worst break size, worst

single failure and plant technical specifications for hot rod power.  Power distributions

resembled a cosine shape.  The 3-loop, nominal power cases conform to this description.  This

approach was considered to provide a bounding result to a "nominal" LBLOCA.  It was later

recognized that some of these assumptions may not extrapolate to even more limiting

conditions.  In consideration of this possibility, studies were performed at high powers and with

top skewed power profiles to examine sensitivities near the criterion on peak clad temperature.

For this reason, the high powered, 3- and 4-loop models were prepared and executed.

The results from the sensitivity studies sometimes deviated from the descriptions given in

Section A.2. Underlining each of these studies are various assumptions about nodalization, the

modeling of particular phenomena, runtime sequence, and plant state (nominal vs. "limiting"

conditions).  As the methodology developed, such issues evolved and are now reflected in the

guidelines for performing RLBLOCA analyses (References 15 and 16).  In general, quantitative

results only represent one component of what may be defined as a "good" or "bad" result.  In

evaluating results, qualitative trends and deviations from the base cases have also been

considered,
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• "Is the expected sensitivity present?"

• "If not, is this important?"

• "If so, how do I capture this in a guideline?�

To answer this and other questions, the CSAU methodology recommends that the PIRT be

considered.  This has been followed during the methodology development.
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Table A.1  Base Case Large Break LOCA Approximate Sequence of
Events Table

Event W 3-loop
Times, sec

W 3-loop HP
Times, sec

W 4-loop HP
Times, sec

Analysis Initiated 0.00 0.00 0.00

Break Opened 0.0 0.0 0.0

Safety Injection Signal <1 <1 <1

Broken Loop Accumulator/ SIT Flow Initiated 8 8 8

Intact Loop Accumulator/ SIT Flow Initiated 13 13 13

End of Bypass/Beginning of Refill 25 25 25

Broken Loop Accumulator/ SIT Empties 55 55 55

Beginning of Reflood 30 30 30

Intact Accumulator/ SIT Empties 55, 57 55, 57 55, 57

PCT Occurred 28 140 111
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Table A.2  Sensitivity Studies Performed for Methodology

Set Title Studies Conclusions

Plant Model Studies 3-
Loop (Early Development)

Break size (DESB, DEGB) Identified worst break size at 100%
DEGB (old model) and ~80% evolved
model

Time step Select smallest time step tolerable
without resulting in excessive runtimes
or truncation error

Core nodalization Go with most detailed without resulting
in excessive runtimes

Downcomer nodalization Less detailed model is better aligned
with cold legs and result is
conservative to detailed model.

Break resistance Broad spectrum of results by ranging
discharge coefficients

Break location Cold leg examined only; worst break in
loop with pressurizer

Worst single failure Loss of LPSI vs. Loss of Diesel;  Loss
of LPSI produced slightly greater
PCTs.

Mixer vane vs. open hole
(Upper Plenum connection)

Mixer vane prevents fallback

Radial power profiles
(at nominal and high power)

Flatter profiles produce higher PCTs

3-ring core vs. 4-ring core Greater core detail provides broader
modeling capability for radial power
profiles.  Modeling of cold assemblies
produces more realistic results.

3-ring upper plenum vs.
4-ring upper plenum

4-ring upper plenum enhances
chimney effect (a nonconservative
phenomena).  Default to 3-ring model.

Plant Model Studies
3-Loop

Break size (DESB, DEGB) Identified worst break size at ~70%
DEGB

Time step 3 calculations insufficient (see below)

Mixer vane vs. open hole
(upper plenum connection)

Mixer vane prevents fallback (verified)

Radial power profiles (at
nominal and high power)

Flatter profiles produce higher PCTs
(verified)

Plant Model Studies
4-Loop

Break size (DESB, DEGB) Identified worst break size at 100%
DEGB

Time step 3 calculations insufficient (see below)

Mixer vane vs. open hole Mixer vane prevents fallback (verified)

Radial power profiles (at
nominal and high power)

Flatter profiles produce higher PCTs
(verified)
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Set Title Studies Conclusions

PIRT and Process
Parameter Studies for
3-Loop PWR at Nominal
Power

All moderate-to-high ranked
PIRT parameters
(see Table 3.4)

Many parameters eligible for
uncertainty treatment (see Table 4.2).
Accumulator N2 possibly a trigger for
code variability.

Process parameters related
to safety (and PIRT) such
as Accumulator and
Pressurizer parameters.

Generally, PCT is less sensitivity to
these parameters than to the PIRT
phenomena.

PIRT and Process
Parameter Studies for
3-Loop PWR at Nominal
Power w/o Accumulator N2

All moderate-to-high ranked
PIRT parameters
(see Table 3.4)

Many parameters eligible for
uncertainty treatment (see Table 4.2).
Less variability observed in late
reflood.

Process parameters related
to safety (and PIRT) such
as Accumulator and
Pressurizer parameters.

Generally, PCT has less sensitivity to
these parameters than PIRT
parameters.  Less sensitive in late
reflood than counterpart calculations
w/ Accumulator N2

PIRT and Process
Parameter Studies for 3-
Loop PWR at High Power,
Top Skew Power Profile,
w/o Accumulator N2

All moderate-to-high ranked
PIRT parameters
(see Table 3.4)

Many parameters eligible for
uncertainty treatment (see Table 4.2).

Process parameters related
to safety (and PIRT) such
as Accumulator and
Pressurizer parameters.

Generally, PCT has less sensitivity to
these parameters than PIRT
parameters.

PIRT and Process
Parameter Studies for
4-Loop PWR at High
Power, High Decay Power,
Top Skew Power Profile
and w/o Accumulator N2

All moderate-to-high ranked
PIRT parameters
(see Table 3.4)

Many parameters eligible for
uncertainty treatment (see Table 4.2).

Process parameters related
to safety (and PIRT) such
as Accumulator and
Pressurizer parameters.

Generally, PCT has less sensitivity to
these parameters than PIRT
parameters.

Time Step Sensitivities 14 Time Steps on Base
Model

Variability in results about +/- 30 °F

14 Time Steps on Base
Model w/2D Lower Head

Variability in results about +/- 50 °F

1 Hot Leg Break Not limiting

Table A.2  Sensitivity Studies Performed for Methodology
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Set Title Studies Conclusions

Rod Parameter Studies for
a 3-loop PWR at nominal
and technical specification
power conditions

Time-in-cycle Analysis of fresh fuel will produce
higher PCTs than later cycle fuel (see
Appendix B)

Fuel rupture Fuel rupture improves PCT margin

Metal/water reaction Baker-Just produces slightly more
conservative PCTs

Fuel rod pressure Low pressure produces slightly more
conservative PCTs � not significant to
range, use nominal values

Rod Parameter Studies for
a 4-loop PWR at nominal
and technical specification
power conditions

Time-in-cycle Analysis of fresh fuel will produce
higher PCTs than later cycle fuel (see
Appendix B)

Fuel rupture Fuel rupture improves PCT margin
(verified)

Table A.2  Sensitivity Studies Performed for Methodology
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Figure A.1  PCT independent of elevation for 3-loop plant at nominal
power with accumulator nitrogen effects
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Figure A.2  PCT independent of elevation for the 3-loop plant at
nominal power with accumulator nitrogen effects
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Figure A.3  PCT independent of elevation for the 3-loop plant at high
power without accumulator nitrogen effects
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Figure A.4  PCT Independent of Elevation for the 4-loop Plant at High
Power Without Accumulator Nitrogen Effects
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Appendix B Conservatisms

Among the major assumptions stated for the FRA-ANP RLBLOCA methodology are

declarations of adopted conservatism.  Such declarations are not always physically intuitive.  In

these instances, sensitivity studies have been performed to arrive at the stated conclusions.  In

this appendix, selections of calculations are presented to support some of the statements of

conservatism presented in this methodology document.

B.1 Analysis for Fresh Fuel Assemblies Only

Only fresh fuel assemblies are specifically analyzed in the RLBLOCA methodology.  By

considering �Time-in-Cycle� as an uncertainty parameter, identification of a limiting hot rod and

hot assembly is required.  The motivation for this limitation is the necessity for a strategy that

demonstrates that the methodology realistically supports the limiting conditions during an

operation cycle.  Core loading experience supports the premise that fresh fuel assemblies tend

to give limiting peak assembly powers during a cycle.  Cycle-to-cycle burnup will have two

effects on PCT: reduced power and stored energy.  Both of these factors are highly-ranked

phenomena based on the PIRT given in Table 3.4 and their reduction will contribute to lower

PCTs.  However, the criterion for identifying the hot rod is based on the maximum core peaking

factor Fq.  Fq will fluctuate during a cycle creating the opportunity for burned or gadolinia

bearing fuel assemblies to become limiting.  This sensitivity study examined the question of

whether this fluctuation in Fq creates the possibility that second or third cycle fuel could be

limiting.

To evaluate the position that fresh fuel is limiting, a series of deterministic sensitivity studies was

performed using models representing 3- and 4-Loop PWRs with 15x15 and 17x17 fuel designs,

respectively.  The validation strategy was to examine PCT sensitivity at BOC, MOC, and EOC

for fresh and once burnt fuel for a 3-loop and 4-loop PWR.  The analysis presented in this

section was performed similar to the RLBLOCA methodology that sets the limiting rod at the

technical specification limit for radial power peaking (F∆h) including uncertainties.

Following the methodology as described in Section 5.1.3.2, RODEX3A and S-RELAP5 input

was created describing the fuel conditions and power distributions at various times in life.  To

eliminate the contribution of radial power dependency on burnup, all calculations were

performed with the same radial power distribution used in the base cases (see Appendix A).
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Assembly lifetime was assumed to extend to two operational cycles.  The calculations were

performed as described in Section A.2. with the addition of the RODEX3A fuel rod models.

Tables B.1. and B.2 show the results from the studies for the 3- and 4-loop PWRs, respectively.

Figures B.1. and B.2. show the PCT traces comparing the results of cycle 1 BOC (BOC1) vs.

cycle 2 BOC, MOC, and EOC for the two plant types.  As shown in the tables and figures, the

PCT calculations using fresh fuel, cycle 1 fuel, generally bounds the once burnt, cycle 2 results.

By using the same radial power distribution in each case, the only two differences between the

calculations are fuel rod material properties and axial shape.  Examination of the power shapes

show that case-to-case differences are subtle for the BOC and MOC cases; thus, supporting the

conclusion that the material property differences have the most influence the results.  The

material property changes reduce stored energy.  This effect on stored energy is best observed

during the blowdown and refill phases of the LBLOCA as can be observed in Figures B.1 and

B.2.  The axial shapes for the EOC cases show some differences in the PCT location.  The

EOC2 case has a higher power peak in the top portion of the core.  This explains why the PCT

calculated in the EOC2 cases in the 3- and 4-loop calculations is greater than the EOC1.  The

small differences shown in PCT is inconsequential, because the once burned fuel at EOC is not

likely to be near the F∆h technical specification limits.  Thus, the higher PCTs for the EOC2 fuel

compared to the EOC1 fuel, clearly are driven by unrealistic increasing the EOC2 fuel power.

The conclusion drawn from this study is that because of the reduction in power and stored

energy with burnup, fuel assemblies residing in the core for more than one cycle will not be

limiting.  For this reason, the FRA-ANP RLBLOCA methodology has chosen to only analyze

fresh fuel assemblies.

B.2 Analysis without Clad Swelling and Rupture

Cladding swelling and rupture is a possibility whenever fuel temperatures are highly elevated.

Before rod failure, the cladding is expected to swell like a balloon.  At some point, the material

stresses within the cladding will yield to the internal pressure and the fuel rod will fail.  Cladding

temperatures will be influenced by three additional conditions as a result of swelling and rupture.

These are increased cladding surface area, increased gap size, and reduced assembly flow

area or blockage.  With regard to PCT, these are competing effects.  The larger surface area

and gap size will act to reduce cladding temperatures; however, flow blockage may prevent rod
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locations above the rupture point from receiving coolant and increase temperatures above the

rupture location.

Cladding swelling and rupture is a required model for 10CFR50 Appendix K analysis.

NUREG-630, "Cladding Swelling and Rupture Models," outlines acceptable models for

describing swelling and rupture.  The S-RELAP5 code used within the FRA-ANP RLBLOCA

methodology has the same cladding swelling and rupture model used in existing FRA-ANP

Appendix K licensing methodologies (model based on those described in NUREG-630).

Experience with Appendix K methodologies has shown that the use of swelling and rupture

models produce less conservative PCTs than when neglecting this phenomenon.  To assess

how this model performs with the FRA-ANP RLBLOCA methodology, a sensitivity study was

performed for both a 3- and 4-loop PWR with 15x15 and 17x17 fuel designs, respectively.

Figures B.3 and B.4 show the PCT sensitivity to fuel rupture.  In both instances, the case

modeling fuel rupture shows a significant decrease in rod temperature.  This is evidence that

despite the blockage effect, the increased fuel rod surface area and the increased thermal

resistance across the fuel-cladding gap resulting from swelling provides the dominant influence

on the temperature transient.  By the RLBLOCA methodology not treating rod swelling and

rupture, the phenomena is conservatively bounded.

B.3. Radial Power Distributions

[The choice of four power regions was made to provide a broad spectrum of possible radial

power combinations.  The radial power is a contributor to the multidimensional coolant flows that

can be expected within a reactor during a LBLOCA.  Despite the theoretical ability to range over

all possible radial power distributions, certain constraints must be applied in this RLBLOCA

methodology.  These are:]

• [the hot rod radial power is at the plant technical specification value,]

• [the hot assembly power is related to the hot rod peaking by the local peaking factor,]

• [the hot assembly power must be greater than the surrounding assembly power which must
be greater than the average assembly power which must be greater than the cold assembly
power,]

• [the selection process must cover expected changes in cycle-to-cycle power distributions.]
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[To satisfy these criteria, a selection bias is necessary; however, multiple approaches could

apply.  To justify the choice of bias, a sensitivity study was performed to identify any

conservative trends in radial power in regards to PCT.]

A set of ten radial power cases were designed for this study.  These cases were analyzed using

the 3-loop plant model.  This same study was also performed for the 4-loop plant; however,

results from that study showed little sensitivity since the transient in the 4-loop plants

experiences quicker mitigation.  The ten cases are summarized in the table below.  The

abbreviation HA identifies the hot assembly, SA identifies the surrounding assemblies, AA

identifies the average assemblies, and CA identifies the cold assemblies.  Those cases

identified as "High" power had the core powers raised so that predicted peak cladding

temperature results would be near the criterion.  Given the original base case

(HA>SA>AA>CA), averaging the peaking factors as defined in the table was all that was

necessary to derive the other cases.  The one exception is the HA>SA = AA>>CA.  In this case

the cold assembly power was assumed to be 20% less than the base case value.

Radial Configuration Power
HA>SA>AA>CA (base) Nominal
HA>SA=AA=CA Nominal
HA>SA=AA>CA Nominal
HA>SA=AA>>CA Nominal
HA>SA>AA=CA Nominal
HA>SA>AA>CA High
HA>SA=AA=CA High
HA>SA=AA>CA High
HA>SA=AA>>CA High
HA>SA>AA=CA High

Figures B.5 and B.6 show the results from this study for the high power cases and the nominal

power cases, respectively.  In a separate study examining the effect of accumulator nitrogen on

code variability, this same set of ten cases was redone.  Figures B.7 and B.8 show the results.

For the two plots showing the high power results, the case HA>SA=AA=CA stands out as

having the highest PCT.  While the most peaked case, HA>SA>AA>CA, does not show a

second reflood peak in either case.  At the nominal power, the trends are less pronounced.

[Without a clear trend with these cases, a recommendation was drawn from the high power

cases only.  Since the high power cases capture the LBLOCA phenomena most likely to occur
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near the temperature criterion, applying any recommendation developed for the high power

cases will be applicable at lower power.  It was therefore concluded from these comparisons

that the flatter radial power distributions would tend towards more conservative PCTs and that

the bias developed to range radial power distributions (Section 5.1.3.3) would also be generally

conservative.]

B.4. Pump Two-Phase Degradation

During a LOCA event in a PWR, the reactor coolant will reach saturation conditions and a

two-phase mixture of steam and water will circulate through the coolant loops and through the

reactor coolant pumps (RCPs).  The LOCA will result in pump operation far from rated

conditions for single-phase fluid flow and may induce reverse flow and a negative pressure

differential.  In a large break LOCA, this period occurs for a brief time shortly after the break

opens.  The head generated by RCPs during this period can significantly enhance heat transfer

in the core and may limit the rise in cladding temperature and, in some cases, actually reduce

cladding temperatures during this period.  Most safety analysis conservatively assumes RCP

trip to reduce the effectiveness of the pumps to enhance heat transfer during blowdown.

The LBLOCA PIRT developed for the FRA-ANP RLBLOCA methodology ranks pump two-phase

degradation as high.  For this reason, sensitivity studies were performed examining the effect of

a more severe degradation model on PCTs.  As shown in Figures B.9 and B.10, the two-phase

degradation of the Semiscale pump bound the two-phase characteristic of other well known

pump experimental programs (figures come from NUREG-1230, "Compendium of ECCS

Research for Realistic LOCA Analysis," Reference 2).

The Semiscale pump model can be defined for an S-RELAP5 RLBLOCA calculation through

input.  The S-RELAP5 pump model describes pump behavior by single-phase homologous

curves, two-phase, fully degraded homologous curves, and void-dependent degradation

multipliers for head and torque.  The head across the pump is computed as:

[ ]φφφ α 112 )( HHMHH DEGRAD −+=

where φ2H , φ1H , DEGRADH  and )(αM are two phase head, single-phase head, fully degraded

head and degradation multiplier (a function of void fraction), respectively. A similar description is

used for predicting the hydraulic torque for the pump.
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In the sensitivity studies the single-phase homologous curves ( φ1H ) used for all cases are

supplied by the default Westinghouse pump data that is coded in S-RELAP5.  The model

describing two-phase degradation ( DEGRADH  and )(αM ) is entered as tabular input to

S-RELAP5.  For the base case, the default EPRI-CE data (Reference 59) for two-phase

degradation is specified.  The sensitivity study examined replacing the EPRI-CE degradation

model with the Semiscale degradation model.  The degradation model is only applied when two-

phase conditions are present in the pump.  During the rapid blowdown resulting from a

LBLOCA, this period lasts about 10-15s following the break.

The PCT results, relative to the three base cases without accumulator nitrogen, are shown in

Figures B.11 - B.13 (extracted for the time period of interest).  For the 3-loop plant cases, no

sensitivity is evident.  This is the expected result, since the break size chosen was selected to

minimize the enhanced blowdown heat transfer provided by the pumps.  The 4-loop plant case

does show an increase in the blowdown peak PCT of about 18 °F (10 K).

The PCT change of 18 °F well within the expected variability of the results which is about 30 °F

(see Appendix C).  In hindsight the pump degradation does not appear to be as significant of a

parameter as originally anticipated.  This result is consistent with the original work performed on

the CSAU methodology (Reference 4).  Since it has been demonstrated that increased pump

degradation is slightly conservative, the Semiscale two-phase degradation has been adopted for

FRA-ANP RLBLOCA analyses.
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Table B.1  Key results for burnup studies for a 3-loop PWR at tech-spec radial power

Case

#

Case PCT

Temp (F)

Delta Temp Calc FQ

1 BOC1 (base case) 1662.8 0.0 2.091

2 MOC1 1676.5 13.7 2.180

3 EOC1 1533.7 -129.1 2.086

4 BOC2 1500.3 -162.5 2.144

5 MOC2 1580.4 -82.4 2.106

6 EOC2 1564.4 -98.4 2.088

Table B.2 Key results for burnup studies for a 4-loop PWR at tech-spec radial power

Case

#

Case PCT

Temp (F)

Delta Temp Calc FQ

1 BOC1 (base case) 1469.9 0.0 1.982

2 MOC1 1466.1 -3.8 2.122

3 EOC1 1318.1 -151.8 2.054

4 BOC2 1415.8 -54.1 2.029

5 MOC2 1351.7 -118.2 2.016

6 EOC2 1334.5 -135.4 1.998
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Figure B.1  PCT traces comparing a fresh fuel assembly at BOC to
once burnt fuel at BOC, MOC, and EOC (3-loop, tech-spec power).
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Figure B.2  PCT traces comparing a fresh fuel assembly at BOC to
once burnt fuel at BOC, MOC, and EOC (4-loop, tech-spec power).
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Figure B.3 Influence of fuel rupture on PCT (3-loop, tech-spec power)



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page B-11

Framatome ANP Richland, Inc.

0.0 100.0 200.0 300.0
Time (s)

500.0

700.0

900.0

1100.0

1300.0

1500.0

1700.0

1900.0

Te
m

pe
ra

tu
re

 (F
)

BOC1 − ID:37910 rlp_tr_1.dmx
Fuel Rupture − ID:63083 rlp_tr_7.dmx

Figure B.4  Influence of fuel rupture on PCT (4-loop, tech-spec power)
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Figure B.5  PCTs from radial power sensitivity studies at high power
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Figure B.6  PCTs from radial power sensitivity studies at nominal power



EMF-2103(NP)
Revision 0Realistic Large Break LOCA Methodology for

Pressurized Water Reactors Page B-14

Framatome ANP Richland, Inc.

0.0 100.0 200.0 300.0
Time (s)

600.0

800.0

1000.0

1200.0

1400.0

M
es

h 
Po

in
t T

em
pe

ra
tu

re
 (K

)

HA>SA>AA>CA − ID:28607 case_20.dmx
HA>SA=AA=CA − ID:34115 case_16.dmx
HA>SA=AA>CA − ID:34131 case_17.dmx
HA>SA=AA>>CA − ID:11315 case_18.dmx
HA>SA>AA=CA − ID:36684 case_19.dmx

0.0 100.0 200.0 300.0
620.0

1120.0

1620.0 M
esh Point Tem

perature (F)

Figure B.7  PCTs from radial power sensitivity studies at high power
(accumulators valved out)
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Figure B.8  PCTs from radial power sensitivity studies at nominal power
(accumulators valved out)
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Figure B.9  Two-phase head multiplier for Semiscale pump model

Figure B.10  Two-phase head multiplier for Semiscale pump model
compared to other pump models
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Figure B.11  Effect of Semiscale pump two-phase degradation model
on PCT for 4-loop plant at high power
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Figure B.12  Effect of Semiscale pump two-phase degradation model
on PCT for 3-loop plant at nominal power
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Figure B.13  Effect of Semiscale pump two-phase degradation model
on PCT for 3-loop plant at high power
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Appendix C Time Step Sensitivity

Appendix K methodologies require that computer program solution convergence be

demonstrated by studies of system modeling or noding and calculation time steps.  [For the

FRA-ANP RLBLOCA methodology, solution convergence is demonstrated statistically.  Applying

the nonparametric statistical treatment described in Section 5.2.1, it can be shown that the

results of 14 calculations when examined collectively will bound a one-side 95% probability

coverage over the full range of possible outcomes with a 50% confidence.  The nature of two-

phase phenomena can be highly nonlinear relative to cladding temperature calculations.  This

statistical approach provides a mechanism to demonstrate solution convergence while

recognizing that a certain degree of variability is to be expected.]

This sensitivity study was performed by randomly varying time steps over a range from the base

case time step set to about 20% larger.  Four time step ranges were used to cover the main

phases of the LBLOCA: blowdown (0-25 s), early reflood (25-60 s), late reflood (60-160 s), and

cool down (>160 s).  Each time step range was varied independently.  Figure B.16 shows the

results from these 14 calculations.  Early in the event, S-RELAP5 shows very good agreement

for all 14 cases.  As the accumulators discharge, there is some noticeable divergence in the

results.  This is the result of downcomer boiling which can be exacerbated by the accumulator

nitrogen passing through the system.

[The peak cladding temperature uncertainty during late reflood was found to be approximately

±30 °F about the mean PCT.  The FRA-ANP RLBLOCA methodology uses this result to quantify

the threshold between low and medium ranked sensitivity.  This value was also derived by

examining the results for the over 250 sensitivity studies performed to develop the histogram

given in Figure 4.2.]

The cause of the variability, downcomer boiling, has been investigated.  Downcomer boiling

along the sector adjacent to the broken loop contributes to liquid holdup.  This liquid holdup is

vulnerable to entrainment out the break from pressure oscillations driven by condensation or the

transport of the accumulator nitrogen bubble.  The amount of mass held up does vary

significantly and a large amount of coolant may be unphysically lost when a pressure spike

occurs.
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Figure C.1  PCT results from time step sensitivities performed for
base case LBLOCA on 3-loop plant at nominal power
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