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Executive Summary

This report presents the efforts to verify the closure relations used in vertical pre-CHF flow
regimes for RELAP-7. The RELAP-7 code is the next generation nuclear reactor system safety
analysis code being jointly developed by the Idaho National Laboratory (INL) and Los Alamos
National Laboratory(LANL). The overall design goal of RELAP-7 is to take advantage of the
previous thirty years of advancements in computer architecture, software design, numerical
integration methods, and physical models. The end result will be a reactor systems analysis
capability that retains and improves upon RELAP5’s and TRACE’s capabilities and extends their
analysis capabilities for all reactor system simulation scenarios.

The RELAP-7 code utilizes the well-posed 7-equation two-phase flow model for compressible
two-phase flow. Closure models used in the TRACE code have been reviewed and selected to
reflect the progress made during the past decades and provide a basis for the closure
correlations implemented in the RELAP-7 code.

The vertical pre-CHF relations are in excellent agreement with the implementation in TRACE
and are ready to be part of a more expanded developmental assessment effort.



Acknowledgements

The authors wish to express their appreciation to Mr. Christopher Murray of the US Nuclear
Regulatory Commission for graciously providing the source code for the TRACE closure

relations, and to Mr. Jay Spore of Information Systems Laboratories, Inc. for discussions on the
implementations of those relations.



Table of Contents

EXE@CULIVE SUMMAIY ...cuuiieiiiiiiiiiiiieeiieeieeetnerneernesseessenssensssnsernsssnsssessssnsssnsssnsssnsssnsssenssenssanss 2
ACKNOWIEAZEMENTS ..c.uiveniiiiniiieiireeieeteecrteneerenneeteaserenserenseereasessassesssssssensesenssessnsssssnsessansenes 3
10140 Yo [V Lot d T R TPON 5
L I = By 1Y/ o Yo =] £ 6
Basic EQUAtiONS IMIOTEIS.......ceuiiieiiiieiiiiicieeirtncreneereeeernnetenerensesensessnssssnssssnssersnsssensessnsssensesensenenne 6
Flow-Field and Other Constitutive MOEIS ........ceeuireiieiiieiiieiriireerrereereereerenrensrensresessnssnssenssennsens 6
Component / EQUIPMENT IMOUEIS ....ccuuuueiiiiiiiiiiiiiiccieeieeteeeeeteeeeeeeeeeeseasseeseeeeessnnsssssssseseesssnnnsnsnnesans 7
Verification MethodOIOgY .....ccciveuiiiieiiieeierieererteniertnnierennertenereensereessesensessassessassessnssssensessnnnene 7
Choice of Verification CoONItIONS ....c.cuuieiiiieiiiiiiiiriiiiriieieriieteteeteeteeeeesestseseessesssssessnssessnssassnssasansans 8
VerifiCationN RESUIES .u.ivuiieiiieiiieiiiiiiiei et et e rneeteesteeesenseresetnssrenssenssenssenssensssnsssnsssannsanes 10
WaAll DFag ..cuuiiieeeeiiiiieceitineeirernnesrenaneseennsseseenssssseensssssesnsssssesnsssssesnsssssennsssssennssssnsnnssssennsssssennnnns 11
L =T = Tl T 1IN0 Y N 15
INterfacial Heat Tran S er.. ittt ettt rereesessassessassesssssesssssssssssssssssssassnnsnnsanss 15
LTAT YL L= L =1 =) 21
CONCIUSTIONS «euieeteriireeeriereeereereseesssreseesssressessssesssssssesssssssesssssssssssssssasssssssasssnsssasssssssasssnassanes 30
WV OKKS GO, .eureieirireireerereireteereereseesssressesserassesssrassessssassessessssessesassassessssassessssassessssassassssanes 31



Introduction

The RELAP-7 (Reactor Excursion and Leak Analysis Program) code is the next generation nuclear
reactor system safety analysis code being developed at Idaho National Laboratory(INL). The
code is based on the INL’s modern scientific software development framework MOOSE (Multi-
Physics Object Oriented Simulation Environment) [1]. The overall design goal of RELAP-7 is to
take advantage of the previous thirty years of advancements in computer architecture,
software design, numerical integration methods, and physical models. The end result will be a
reactor systems analysis capability that retains, and improves upon, RELAP5’s [2] and TRACE’s
[3] abilities and extends the analysis capability for all reactor system simulation scenarios.

This document presents the verification activities on the closure relations used in vertical flow
for pre-critical heat flux(CHF) flow conditions, that is, where the wall heat flux is less than that
required for departure from nucleate boiling(DNB). Future reports will address verification of
the closures for horizontal flow including stratified flow, as well as for Post-CHF conditions.



RELAP-7 Models

RELAP-7 can be perceived as having been derived from two major theoretical foundations, the
first being a set of mathematical models to describe the physical phenomena being simulated,
and the second being a set of numerical methods to act on those mathematical models to
obtain meaningful outputs.

We assign these models into 4 categories:

e Basic equations models

e Flow-field and other constitutive models
e Component / equipment models

e Special-purpose models

Basic Equations Models
The basic equation models category includes the fundamental conservation and transport PDEs,
as well as the thermodynamic state relations for the fluid (equation of state):

e Conservation of fluid mass

e Conservation of fluid momentum
e Conservation of fluid energy

e Heat Transfer

e Equation of state

Flow-Field and Other Constitutive Models

To model transfers of mass, momentum, and energy, both between fluid phases and between
the fluid and wall, the basic equations must be supplemented with an additional set of models.
These transfer models are derived from the literature and form the majority of the empirical
correlations in RELAP-7.

Greater detail on the closure relations theory is presented in RELAP-7 Closure Correlations [4]

The flow-field and other constitutive models category includes the following:

Flow regime maps
Fluid mass exchange models
» Wall mass transfer (boiling and condensation at the fluid-wall interface)
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» Interphase mass transfer (evaporation/flashing and condensation at the phasic
interface)
+* Fluid momentum exchange models
» Wall momentum losses (drag)
» Interphase momentum transfer (drag and entrainment)
» Localized pressure losses (e.g., orifice plate, grid spacer, etc.)
¢ Fluid energy exchange
» Wall energy transfer
» Interphase energy transfer

Like TRACE, from which we derive most of our closures, RELAP-7 uses flow regime maps to
determine which models to apply. Currently, RELAP-7 shares a map for interfacial drag and heat
transfer, but has independent maps for wall drag and wall heat transfer.

Component / Equipment Models

RELAP-7, as a primarily 1D systems code, uses Component / Equipment models in situations
where it is neither desirable, nor computationally feasible, to model components in full detail
using only the fundamental basic equations models. Instead, component and equipment
models use simplified input and output models to capture the relevant effects and performance
of system components. Some subcategories of Component / Equipment models include the
following:

% Centrifugal pump
% Check-valve
% Valve

Component / Equipment Models are verified as a part of the development of the component
itself and are not verified here.

Verification Methodology

To check both the flow regime maps and the individual closure relations, we have chosen to
verify specific points inside the domain of each correlation and every flow regime. We
determine a set of thermal hydraulic properties and flow conditions, that use a particular
correlation and verify that the flow regime logic selects the correct correlation and that the
result matches what the TRACE code implementation provides.

To verify these states, we have developed a capability in RELAP-7 to calculate the output of
these relations without running a full model. This ensures that we can precisely set the flow
conditions even in states that are far from equilibrium.

We have also created a similar standalone utility based on the TRACE Modules for closure
relations provided by the US Nuclear Regulatory Commission. This utility receives a complete



set of flow conditions and thermodynamic state, and with these values computes the
correlated value. For the TRACE property utility, we have bypassed TRACE’s Equation of State
(EOS) package and provide all required thermodynamic properties to these utilities based on
the RELAP-7 formulation of IAPWS-95. This avoids issues in variations due to the evaluation of
thermodynamic properties, and simplifies the utility logic as it does not need to instantiate
TRACE components.

These capabilities assure that we will be able to continually verify that the closure relations are
properly implemented with greater confidence than can be obtained simply through the use of
validation test cases.

Choice of Verification Conditions

For Part 1, vertical correlations less that the critical heat flux or DNB, a matrix of 36 cases was
developed for wall drag, interfacial drag, interfacial heat transfer, and wall heat transfer. The
cases were selected with the intent to test each combination of fluid state (subcooled,
saturated, superheated, void fraction, and flow regime) that results in a different closure being
utilized according to the coded logic in RELAP-7. For wall drag, interfacial drag, and interfacial
heat transfer closures, the two-phase flow regimes include bubbly/slug, annular/mist, cap
bubble/slug, and transition regions. For wall heat transfer only the pre-DNB closures were
tested, and these included laminar and turbulent forced convection, laminar and turbulent
natural convection, film condensation, and transition regions.

For wall drag seven cases were tested. For interfacial drag six cases were tested. For interfacial
heat transfer five cases were tested. For wall heat transfer eighteen cases were tested. The
figure below shows the coded logic in RELAP-7 for wall heat transfer, with each branch of the
logic tree considered in the selection of test cases.
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Figure 4. Logic to determine pre-CHF wall heat transfer mode
following TRACE code [3].

Three types of test problems were used in the 36 test cases. For the wall drag and interfacial
drag cases, measured data and small extensions of the measured data were used to test the
RELAP-7 closures. The wall drag test data used were the Ferrell-McGee data that were used for
the TRACE code validation. The interfacial drag test data used were the Argonne air-water test
data, also used for the TRACE code validation. For the interfacial heat transfer cases a dummy
RELAP-7 Pipe component test problem consisting of a 0.1 meter diameter pipe at ~500°K was
created. For the wall heat transfer test cases three test problems were used. The first was the
same dummy Pipe component test problem. The second was a single fuel rod and subchannel
RELAP-7 RodBundle component based on the BEAVRS PWR neutronics benchmark database,
which is applicable to a Westinghouse 17x17 fuel assembly design with a 0.360 inch diameter
fuel rod. The third was the Christensen Test 15 data used for the turbulent forced convection
test case.

For many of the 36 test cases the RELAP-7 input file parameter values required some
adjustments so that the RELAP-7 coded logic would result in testing the desired closure.
Parameter values that were candidates for adjustment were the power, the fluid velocity, and
the hydraulic diameter.



Verification Results

RELAP-7 and TRACE provide nearly identical values for each of the conditions evaluated, in all
cases yielding less than 1% difference between codes. We believe that these differences are
primarily due to a lack of precision in input thermodynamic state, and to a lesser extent,
differences in compiler optimization and order of operations. Because of this, unless stated
otherwise, results presented in the following tables match both RELAP-7 and TRACE to the
precision presented in the table. All values are in Sl units.

In the course of verifying these relations, we have come across both implementation errors in
RELAP-7 and errors in documentation of TRACE. For the vertical flow relations, all of these
issues have been resolved. We know of no errors with respect to the relations in TRACE or
RELAP-7 at this time.
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