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SUMMARY

This document provides a general discussion of the features of the Westinghouse NOTRUMP small-
break loss-of-coolant accident (LOCA) emergency core cooling system (ECCS) Evaluation Model and
of modifications being made to the calculational methodology of the model in order for it to be
applicable to the AP600. The NOTRUMP small-break LOCA ECCS Evaluation Model is applicable
to AP600 when the modifications described herein are implemented and the code is validated against
the AP6(X integral and component tests. The existing small-break LOCA ECCS Evaluation Model
nodalization for the reactor coolant system is applicable to AP600 with minor changes, such as those
to represent the AP600 passive safeguards systems.

Information is provided regarding the historical background and capabilities of the NOTRUMP
computer code and the current Westinghouse small-break LOCA ECCS Evaluation Model. A briet
overview of the important transient phenomena observed in design-basis and AP600 small-break
LOCA analysis calculations is provided. The key design features of the AP600 are compared to those
of standard two-loop PWRs, which have previously been analyzed and licensed using the NOTRUMP
small-break LOCA ECCS Evaluation Mode!. The previous applications of the NOTRUMP small-
break LOCA ECCS Evaluation Model are discussed in relation to the AP600 key design fearures.
Enhancements to NOTRUMP to facilitate modeling of the AP600 are indicated, and the validation
program for AP600 is described.
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1.0 INFRODUCTION

Westinghouse Elecuis Corpuration, in conjunction with the United States Department of Energy and
the Electric Power Reseaich Institute (EPRI), has developed an advanced light water reactor design,
known as AP600. AP600 is a 1940 MWt, 600 MWe two-loop pressurized water reactor (PWR) that
utilizes passive safety systems.

This report outlines the applicability of the NOTRUMP computer code for analyses of the AP600. A
detailed description of the NOTRUMP code is provided in a separate report,”’ and a description of the
code applicability to standard-design Westinghouse plants can be found in Reference 2. NOTRUMP
was originally developed in response to specific NRC concerns regarding the smali-break modeling
methods, as presented in reports NUREG-0611 and NUREG-0623. The Westinghouse development of
NOTRUMP addressed these concerns and complies with the requirements of Section I1.K.3.30 of
NUREG-0737 Enclosure 3.

The Westinghouse small-break LOCA analysis NOTRUMP model, currently approved by the NRC for
the evaluation of the emergency core cooling system (ECCS) of a Westinghouse-designed pressurized
water reactor (PWR) nuclear steam supply system (NSSS), is conservative and in conformance with
Appendix K of 10 CFR 50. In the interest of more realistic analysis, the smail-break LOCA analytical
capability of NOTRUMP is being confirmed by its application to the AP600 test facilities.
Modifications to the presently approved code for Appendix K small-break LOCA analyses are being
implemented to enable NOTRUMP to predict AP600 thermal-hydraulic small-break LOCA transient
behavior with reduced uncertainty.

NOTRUMP is a general, one-dimensional network code. The spatial detail of the reactor coolant
system (RCS) is modeled by controi volumes appropriately interconnected by flow paths. The spatial-
temporal solution is governed by the integral forms of the conservation equations in the control
volumes and flow paths. Special models that represent important components, such as reactor coolant
pumps, steam generators, and the core, are included. NOTRUMP is extremely flexible, allowing for
choices among various two-phase fluid and drift flux models. Another significant feature is node-
stacking capability with a single mixture elevation, which eliminates the possibility of unrealistic
layers of steam and mixture in adjacent vertical control volumes. A noding configuration and
appropriate two-phase flow models for small-break LOCA analyses are developed for the AP600 to
take advantage of these model characteristics. Both integral and separate-effects test data are utilized
for verification of the individual AP600-related models, where necessary.

The NOTRUMP model of AP60X remains a 10 CFR 50 Appendix K Evaluation Model. Appendix K
requires that the Moody correlation be used for the two-phase break flow calculations. Therefore, the
AP600 small-break analysis model incorporates the Moody correlation to comply with the Appendix K
requirement, but it is applied only to the calculation of break flow through a postulated pipe rupture.
The critical flow through the ADS valves, which are regarded as part of the AP600 safeguards system,
is calculated as described in this report.
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The AP600 NOTRUMP small-break LOCA ECCS Evaluation Model represents the core fuel rods as
an average fuel assembly. Decay heat. as stipulated in Appendix K of 10 CFR 50, is applied during
the transients; this introduces a lerge amount of conservatism into the calculation,

1.1 Historical Background

In 1974, the Final Acceptance Criteria (FAC),” set #rth in 10 CFR 50.46 as the Acceptance Criteria
for ECCSs for light water nuclear power reactors, specified the ECCS analysis requirements for plants
fueled with uranium oxide pellets within cylindrical Zircaloy cladding. With the advent of the Final
Acceptance Criteria in 1974, Westinghouse developed a small-break LOCA ECCS Evaluation Model
incorporating the WFLLASH computer code. It was used extensively for analysis of the ECCS

re. ponse to small-break LOCAs in Westinghouse plants with Zircaloy-ciad fuel.

Following the accident at Three Mile Island Unit 2, the NRC focused additional attention on the small-
break LOCA and the analyses performed to demonstrate that the ECCS can meet the requirements of
10 CFR 50.46. In NUREG-0611," the NRC outlined technical issues regarding the capability of
certain models in the WFLASH computer program to simulate the reactor coolant system (RCS)
response to a small-break LOCA. While specific models in WFLASH, such as the thermal
equilibrium assumption relative to accumulator injection flow, were not able to predict the exact
response of the physical phenomena, Westinghouse maintained that the overall ECCS Evaluation
Model using the WFLASH computer program was suitably conservative.

Section 11.K.3.30 of Enclosure 3 to NUREG-0737* clarified the Post-TMI requirements of the NRC
regarding small-break LOCA modeling. Section 11.K.3.30 of NUREG-0737 required that the licensees
revise the small-break LOCA ECCS models along the guidelines specified in NUREG-0611 or justify
the continued acceptance of the model. Furthermore, in Section ILK.3.31 of Enclosure 3 to
NUREG-0737. the NRC required that each licensee submit a new small-break LOCA analysis using an
NRC-approved small-break LOCA Evaluation Model that satisfied the requirements of NUREG-0737
Section 11.K.3.30.

In response, the Westinghous: Owners Group (WOG) enlisted Westinghouse to develop the
NOTRUMP"' computer program for reference in new small-break LOCA ECCS Evaluation Model”
calculations, based on the desire of the WOG to perform licensing evaluations with a computer
program specifically designed to calculate small-break LOCAs with phenomenological accuracy. A
small-break LOCA is a rupture of the RCS pressure boundary with a total cross-sectional area less
than 1.0 ft*, in which the normal operating charging svstem flow is not sufficient to sustain pressurizer
level and pressure; it is an American National Standards Institute (ANSI) Condition III incident. The
purpose of the small-break LOCA analysis is to demonstrate the capability of the EC.CS to effectively
maintain the reactor in a safe condition following the loss of primary inventory due to a rupture in the
RCS boundary having a total break area on the order of 1.0 ft.? or less.
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The use of NOTRUMP for application to small-break LOCA ECCS Evaluation Model analyses was
approved by the NRC in May 1985. The NRC concluded that incorporating the NOTRUMP computer
program in the Westinghouse small-break LOCA ECCS Evaluation Model was acceptable for
performing licensing calculations in compliance with Section I1.K.3.30 of Enclosure 3 to
NUREG-0737 for all Westinghouse-designed nuclear steam supply systems. Subsequeitly,
Westinghouse also received NRC approval for application of the NOTRUMP small-break LOCA
ECCS Evaluation Model to Combustion-Engineering-designed nuclear steam supply system.”

Westinghouse and the WOG demonstrated in generic studies that the results obtained from calculations
with the WFLASH small-break LOCA Evaluation Model were, in general, conservative relative (0
those obtained with the NOTRUMP small-break LOCA Evaluation Model.” Licensees could then
demonstrate compliance with Section I1.K.3.31 of Enciosure 3 to NUREG-0737 by referencing the
generic studies and providing some plant-specific informaton.

1.2 NOTRUMP Modeling Capabilities

NOTRUMP is a one-dimensional thermal-hydraulic computer code that is capable of ar alyzing the
thermal-hydraulic behavior of LOCAs with sizes up to a break area on the order of 1.0 ft.

NOTRUMP employs a thermal non-equilibrium model with a two-field representation ot the fluid.

The two fields are a mixture field (or mixture region) and a vapor field (or vapor region). NOTRUMP
is not intended to be applied in the analysis of large double-ended guillotine ruptures of the RCS

primary loop piping.

Five field equations and a drift flux model are used to calculate separate liquid and vapor flows and
conditions. These equations are solved by a semi-implicit integration technique. Thus, mass and
energy equations are solved at volume centers referred to as fluid nodes, while the momentum
equation is solved between the fluid nodes via flow links. The equation of state is solved using the
Newton-Raphson technique, whereby the nodal pressure is obtained for the known mass and energy of
each region of a node.

Metal structures and heat transfer between the structures and fluid are represented by metal nodes and
heat links explicitly. Boundary conditions can be applied using special nodes and links referred to as
boundary nodes (either fluid nodes or metal nodes) and critical links (either flow links or heat links).
Core nodes are used to represent the reactor core as an average channel for which average vessel
values of pressure, mixture level, core decay heat, and core vapor flow are calculated.

NOTRUMP includes detailed fluid flow and heat transfer models to accurately represent the thermal-
hydraulic phenomena related to two-phase mass and energy convection. Special models are available
to accurately represent the effects of two-phase flow, interfacial heat and mass transport, phase
separation, and counter-current flow limitations for various configurations. Extensive heat transfer
correlations represent regimes from liquid convection, through nucleate and transition boiling, to stable
film boiling, forced-convection vaporization, steam forced convection, and condensation.

W AI28 1w wpf: 1b-111694 1-3
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The spatial detail of the fluid system is modeled by the fluid nodes, interconnected by flow links. The
spatial and temporal solution is governed by the integral forms of the conservation equations in the
nodes and links. The flexible noding capability in NOTRUMP permits a full nodal treatment of both
the primary and secondary sides of a nuclear power plaat. NOTRUMP utilizes a momentum balance
that permits an accurate calculation of inventory distribution among the fluid nodes and flow links.
The drift flux and bubble rise models in NOTRUMP permit modeling of vertical slip flow, including
countercurrent flow using flow regime maps. The treatment of phase separation (both natural and
forced) permits an accurate calculation of the two-phase mixture level response within the primary and
secondary reactor coolant systems (RCSs) in a pressurized water reactor.

The capability of realistically calculating the complex thermal-hydraulic response of single- and
two-phase fluid flow under various conditions has permitted the application of NOTRUMP to a broad
spectrum of problems, ranging from design-basis small-break LOCAS to natural circulation flow in
steam generators. Examples of some of the applications of the NOTRUMP computer code are
provided belqw:

* Severe primary-side accident scenarios to examine various recovery actions to mitigate the
consequences of inadequate core cooling scenarios when auxiliary feedwater is available in
Westinghouse operating plants™

¢ Transient response to small-break LOCAs in support of studies of reactor vessel integrity
issues for Westinghouse operating plants”’

e Studies of two-phase natural circulation to address concerns related to the phenomena and to

{10,11)

recovery processes

NOTRUMP contains specific models to calculate the behavior of significant pressurized water reactor
components:

e Reactor coolant pump (RCP) behavior is calculated using single-phase homologous curves and
an equivalent density model to account for two-phase behavior.

e The accumulator model calculates the nitrogen cover-gas behavior based on polytropic
expansion of the gas.

e The core node and related fuel rod model calculates heat generation in the fuel and heat
conduction from the fuel through the gap and cladding into the coolant. Fission product decay
heat is calculated using decay heat standards. Radial heat conduction in the rod allows for gap
expansion or contraction due to thermal expansion of the fuel and thermal and elastic
expansion of the cladding. Heat transfer from the cladding to coolant is calculated by a heat
transfer correlation appropriate to the fluid conditions and cladding temperatures.

w281 w wpf: 1b 111794 14



e Models and correlations are available to calculate the following phenomena over a range of
conditions encompassing expected small-break LOCA conditions:

critical break flow
countercurrent flow

+ Imterfacial phase separation and heat transfer models calculate mass and energy transfer
between mixture and vapor regions in a fluid node.

* Metal heat releases from structures are calculated using metal nodes and heat links that
calculate heat transfer from structures to coolant usirg a complete range of heat transfer
correlations dependent on fluid conditions in each region of a fluid node.

The NOTRUMP computer code and small-break LOCA analysis methodology have been evaluated and
approved by the NRC for use in calculating the performance of the ECCS for design-basis small-break
LOCASs for both Westinghouse and Combustion Engineering NSSS designs in compliance with the
requirements of Appendix K to 10 CFR 50. With its inherent two-phase thermal hydraulic capability,
NOTRUMP can be used to evaluate the system response for several RCS configurations under a wide
range of accident analysis conditions. Therefore, it has been selected for use as the Appendix K
Evaluation Model computer code for the AP600 small-break LOCA analysis.

1.3 Application of NOTRUMP to Small-Break L."CA ECCS Analyses

In the Westinghouse small-break LOCA ECC' Evaluation Model, the NOTRUMP computer code is
applied in the calculation of the RCS transient response to the small-break LOCA. The hot assembly
fuel rod transient thermal performance is calculated with the small-break version of the LOCTA-TV™
computer code.

In NOTRUMP small-break LOCA ECCS Evaluation Model analyses, the primary and secondary RCS
fluid volume spatial detail is represented by a network of fluid nodes interconnected by flow links.
The structural metal mass is represented by metal nodes that are interconnected by heat links to
represent various heat transfer paths between metal structures and surrounding fluid. The NRC-
approved noding scheme for the NOTRUMP small-break LOCA ECCS Evaluation Model analyses is
shown in Figure 1-1. The existing NOTRUMP small-break nodalization of the RCS will be the basis
for the analysis of AP600, with the inclusion of fluid volumes and connections representing the
passive safeguards systems.

NOTRUMP utilizes drift velocity bubble rise models to calculate phase separation within the fluid
nodes. Various flow regime dependent drift veiocity models are employed to allow NOTRUMP 1o
accurately calculate the phase separation throughout the RCS. NOTRUMP's phase separation
capabilities are enhanced by the node stacking and mixture-level tracking capability. Multiple fluid
nodes may be vertically stacked to wccurately represent void fraction gradients, while allowing a single
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mixture level to be tracked. This eliminates the untealistic calculation of distinct mixture levels within
each fluid volume in a set of vertically stacked non-homogenous fluid volumes. This feature allows
NOTRUMP to utilize a nodalization of the RCS that accurately tracks the various density gradients
and mixture levels within the RCS that are characteristic of a small-break LOCA.

The convective transport of fluid mass around the reactor system is modeled in NOTRUMP with flow
links that interconnect the fluid volumes. A single momentum equation is used to caiculate flow
through a single flow link. For two-phase flow situations, NOTRUMF models the two-phase
compoesition and relative slip between the phases in vertical flow paths with flow regime dependent
drift flux models. The drift flux models are consistent with, and complement, the fluid node phase
separation capabilities described earlier.

The drift flux models are able to treat both cocurrent and countercurrent flow. For horizontal flow
paths, cocurrent and countercurrent two-phase flow and slip may be modeled. The relative slip
between the phases is modeled through the use of a horizontal interfacial shear correlation. This
provides NOTRUMP with the capability to realistically represent phase separation and mass and
energy transport throughout the RCS. For instance, liquid that accumulates in th~ hot legs and upflow
side of the steam generators is accurately calculated to drain back into the reactor vessel upper plenum
once two-phase cocurrent natural circulation has stopped.

Thermal non-equilibrium is permitted within each fluid node between the upper, predominantly vapor,

region and the lower, predominantly liquid, region where the heat transfer at the interface is calculated
with an interfacial heat transfer relationship. This feature is essential in order to realistically model the
non-equilibrium behavior that occurs in the reactor system during a small-break LOCA.

In the AP600, thermal non-equilibrium is particularly significant in the steam generator plenum, which
receives the PRHR outlet flow. There, subcooled liquid and saturated and superheated steam will
coexist as a resuit of the iocal injection of relatively cold water. The magnitude of the non-
equilibrium interaction that occurs in this plenum will influence the system transient response 10 a
small-break LOCA event. The thermal non-equilibrium capability in NOTRUMP is complemented by
mechanistic interfacial heat transfer models that calculate the heat transfer between the mixture and
vapor regions within a node, should a thermal non-equilibrium condition exist.

The thermal non-equilibrium capability also contributes to the realistc modeling of energy transport
between the primary and secondary sides of the steam generators. Energy transport between the
primary and secondary sides is important during a small-break LOCA transient since it affects the
pressure and mass distribution calculations. The NOTRUMP thermal non-equilibrium mode! results in
a realistic calculation of the heat transfer processes in the steam generators.

Early in a small-break LOCA transient, the sieam generators act as heat sinks and are a significant
mechanism for decay heat removal. When the AP600 PRHR is active and effective, the steam
generators tend 10 act as heat sources because the primary RCS depressurizes below the steam
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generator secondary-side pressure. Durin? this accident, various modes of heat transfer are
encountered on both the primary and secondary sides of the steam generator. Each of these heat
transfer regimes has its own heat transport charac’ zristics, which must be individually modeled in
order to provide a realistic representation of the (nfluence of the heat transfer process between the
primary and secondary on the rest of the RCS. NOTRUMP utilizes mechanistic heat transfer models
fo: each of these modes. Furthermore, metal heat transfer in the steam generator tubes, pressurizer,
and reactor vessel are modeled.

The RCS mass inventory is to a large degree determined by the break flow models. For two-phase
break flow, the Moody model is used in Evaluation Model calculations, as required by Appendix K to
10 CFR 50. For subcooled stagnation conditions, the NOTRUMP small-break LOCA ECCS
Evaluation Model uses the modified Zaloudek model for break flow. These models are not changed
for application of the NOTRUMP small-break model to the AP600 plant calculations; these
calculations are consistent in philosophy and basis with the approved Appendix K NOTRUMP
Evaluation Model, including the initial and boundary conditions assumed.

The smali-break LOCA is typically characterized by the relatively slow draining of the RCS, with
mixture levels in the different components. Gravity effects are very significant in small-break LOCA
transients, and they are included in NOTRUMP's momentum balance. Gravitational terms in
NOTRUMP account for the elevations of fluid nodes and flow links and for the effects of phase
distribution in stratified fluid nodes. The NOTRUMP treatment of gravitational terms allows for
modeling of regions where these terms are important, such as the AP600 passive systems. Draining is
accompanied by the formation of distinct mixture levels throughout the RCS. These mixture levels
vary with time and with the actuation of the AP600 passive safeguards system and are dependent upon
the transient two-phase transport of mass and energy within the RCS. Consequently, the degree of
accuracy with which a system model is capable of simulaung the transient response is dependent upon
the capability of the model to accurately represent the transient mass and energy distribution. The
NOTRUMP code can calculate the ransient mass and energy distribution and is therefore appropriate
for application to small-break LOCA ECCS Evaluation Model analysis calculations for the AP6(X).

1.4 Important Small-Break LOCA Transient Phenomena

For any plant, the small-break LOCA transient response is a function of the design of the facility, the
size and location of the break, the assumptions regarding the availability of the vanious auxiliary
systems, the ECCS-engineered safeguards characteristics, and the core power level. For design-basis
small-break LOC As in standard Westinghouse-designed NSSS. the I'miting break location is in the
cold leg. Additional potential scenarios for the AP600 include the inadvertent actuation of the ADS
and pipe ruptures within the passive safeguards systems.

Following a small rupture of piping in the RCS in which the primary fluid inventory loss exceeds the
charging fluid makeup capability, depressurization will result in a reactor trip on low pressurizer
pressure. Insertion of rod control cluster assemblies complements possica® void formation in the core
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follows and results in opening the core makeup tank (CMT) isolation valves. Once the residual
fissions die away, core power is defined by the decay heat model. The RCPs trip after a sk 't delay,
after which the primary RCS is cooled by natural circulation, with the steam generators removing the
energy through their safety valves (as well as by the break). Among the medium importance items
during the blowdown, the NOTRUMF pump model will predict RCP performance both before and
after trip according to pump characterisuc curves. Also, NOTRUMP metal nodes and heat links model
the stored energy in and heat transfer from thick and thin metal in the reactor vessel and pressurizer.
Note that all of these phenomena 2re essentialiy the same for AP600 as for conventional PWRs.

Blowdown phase phenomena unique to the AP600 are those associated witi, he CMT delivery. Once
the CMT isolation valves open on a "S" actuation signal, the CMT injects borate.” water due to
gravity-driven recirculation into the RCS through the DVI lines. The CMT volume injected is
replaced with cold leg liquid, which circulates through the coid leg balance line; this hot liquid collects
at the top of the CMT,

The primary system exists in a quasi-steady-state condition with the steam generators during a short
interval in which the secondary steam generator removes core decay heat.

The steam generator in AP600 plays a much more limited role in the natural circulation cooling phase
than is true for conventional plants. Because the PRHR is activated on an "S" signal during a small-
break LOCA, the in-containment refueiing water storage tank (IRWST) becomes the primary heat sink
for the RCS carly in the transient, and the steam generator secondary side becomes a heat source.
Theiefore, any condensation in the steam generator tubes ceases early on during AP600 small-break
LOCA transients. Even though NOTRUMP has detailed models for condensation heat transfer in the
steam generator tubes,”’ they are not of as great importance for AP600 as for a conver..onal plant.
The more easily predicted heat transfer reverse path of the secondary heating the RCS primary. which
occurs also in conventional plants, is long-lived and is well predicted by NOTRUMP. The CMT
continues to deliver in the recirculation mode for a while, but eventually a vapor region forms at the
top of the CMT volume. As the CMT drains while injecting, its level in time fails to the ADS
actuation setpoint, which initiates the third phase of the AP600 small-break LOCA transient, "ADS
blowdown."

Table 1-1 relates AP600-specific components, events, and phenomena that occur during the automatic
depressurization of the RCS to achieve water injection by gravity from an IRWST. Since the first
stage of ADS creates an opening atop the pressurizer, the pressurizer two-phase fiuid level increases
markedly. Pressurizer tank level and surge line phenomena are significant factors in the
depressurization behavior following ADS actuation. Flashing of fluid in the RCS occurs once again
due 10 the depressurization.

Following actuation of first-stage ADS, the second and third stages of ADS activate via umers.
Accumulator injection reduces the flow delivered from the CMT, and CMT flow may even be stopped
temporarily due to pressurization of the DVI line by the accumulator. The CMT drain rate, DVI line,
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and cold leg balance line behaviors are highly significant because the ADS fourth-stage actuation is
based upon the CMT liquid level decreasing below a low-low setpoint value. Of somewhat less
importance is the condensation of vapor on the CMT walls, since the recirculation has resulted in
heating of the CMT.

Critical flow through the ADS st. 2es is the major factor in determining when the RCS has
depressurized to the exter.! that the gravity injection of water from the [RWST can begin. Fourth-
stage ADS performance will be particularly affected by the nature of flow in the hot legs. Successful
operation of the ADS leads into the IRWST injection cooling phase of the AP600 small-break LOCA
event. The IRWST injection then continues into the long-term cooling phase of the accident. By the
time of IRWST injection, the CMT is either completely empty, or very nearly so; therefore, CMT
phenomena have become relatively unimportant, while the IRWST gravity drain rate through the DVI
is highly important. ADS flow, especially through the fourth stage, is highly important, together with
hot leg flo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>