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1-1

1 INTRODUCTION AND OBJECTIVES

This report describes Westinghouse Electric Company methodology and methods for analyzing boiling
water reactor (BWR) transients using POLCA-T. POLCA-T is an advanced dynamic system analysis
code with the three-dimensional (3-D) core physics described by the nodal code POLCA presented in the
topical report CENPD-390-P-A Revision 0, “The Advanced PHOENIX and POLCA Codes for Nuclear
Design of Boiling Water Reactors,” December 2000. Once approved, Westinghouse intends to use the
methodology presented here for BWR licensing analyses.

POLCA-T is a computer code for transient thermal-hydraulic and neutron-kinetic analysis of BWRs. It
can be used as a general tool for advanced simulation of single- and two-phase flow systems including
non-condensable gases. The code has a full 3-D neutronic model where each fuel assembly n the reactor
core may be represented in the thermal-hydraulic model. The reactor pressure vessel, external pump
loops, steam system, feedwater system, emergency core cooling systems, and steam relief system can be
modeled in detail. Basic information about the physical models, numerical methods, and BWR specific
system models, that are implemented in the POLCA-T code, are described herein.

The POLCA-T general code description is provided in the main topical with applications described in
Appendix A and B. Additional Appendices C and D will be submitted later. The general code description
section provides basic information about the physical models, BWR process system models, and
numerical methods that are implemented in the POLCA-T code. It also provides an overview of the code
structure and how POLCA-T connects to other codes in typical analyses. Details on the use of the codes,
including their interactions, are presented in the application specific appendices. The applications will be
introduced in a staged process and will include Control Rod Drop Accident (CRDA) Analysis, Stability
Analysis, Transient Analysis, and Anticipated Transient without Scram (ATWS) Analysis. The first two
applications are included as Appendix A and B. Subsequent applications (including Transient Analysis
and ATWS) will be submitted prior to their use. Each application is included as an appendix which
contains the evaluation model and the qualification of the code for performing the intended analysis.

Appendix A, “Control Rod Drop Accident Analysis,” presents the evaluation model for performing
control rod accident licensing analysis and the qualification of the evaluation model. An Organization for
Economic Co-Operation and Development (OECD) rod ejection benchmark problem and representative
SPERT-III-E cases are analyzed. The CRDA, as modeled by the current RAMONA-3 licensed
methodology, is compared to the CRDA as modeled by POLCA-T.

Appendix B, “Stability Analysis,” presents the evaluation model for performing stability licensing
evaluations and the qualification of the evaluation model. Only determination of a stable operating
domain and the exclusion zones are considered. The qualification is performed against plant stability
measurements and FRIGG loop stability measurements.

Additional application appendices will be submitted later as supplements to this POLCA-T topical report.
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Appendix C, “Transient Analysis,” will include the evaluation model and its qualification for transient
analysis and the determination of the plant operating limts.

Appendix D,” Anticipated Transients Without Scram Analysis,” will include the evaluation model and its
qualification for ATWS analysis.
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2 BASIS OF POLCA-T

The POLCA-T code utilizes or incorporates codes/models developed and used in other Westinghouse
codes that have been and still are used for design and licensing analysis of BWRs. Many of these
codes/models have been reviewed and approved by the NRC. Others have been used in European
applications for licensing basis analyses. This section will provide an overview of the POLCA-T code.
Subsequent sections will provide details of the individual codes/models. Figure 2-1 provides clarification
of the structure of POLCA-T.

POLCA-T o

SAFIR or Built-in

e
Process Models PARA & SCRAM2/3 < sqe®

2
Fully incorporates
these subroutines

Incorporates all

[ ] . .
equations, tables, etc . DF%I Dl”lfll lglllx Cf)rr]ell\jllu:)hn,d
as describes later M CCFL and Numerical Methods

.
T Linked Interface e
STAV GOBLIN

POLCA/PHOENIX

Figure 2-1. Codes Providing Medels and Methodological Input to POLCA-T

The PHOENIX/POLCA (Reference 2.1) code suite is the static core simulator where cell data are created
for each fuel assembly type in the core. POLCA also 1s used to calculate the fission power distributions
in the core. POLCA-T incorporates the kinetics terms used for transient calculations and iterates with
POLCA to solve the two-group diffusion equations with a number of delayed neutron families determined
by the code user. As described in this topical, POLCA-T was developed with PHONEIX4/POLCA7
(Reference 2.1) as the static core simulator. However, any latter versions of the static core stimulator that
are licensed by the NRC can be used with POLCA-T.

POLCA-T’s thermal-hydraulics model (RIGEL — an advanced 3-D thermal-hydrualics code developed
and used in Europe) models each fuel assembly in the core, including intra- and inter-assembly bypass
regions. This model has been fully incorporated into the POLCA-T code and interacts with the neutron
kinetics (POLCA/PHOENIX) through arrays that store data structure for communication between the two
codes.

POLCA-T includes two different control and safety system modules (SAFIR or built-in process models).
These modules model a series of relief, safety, and controlled depressurization valves that can be located
on the steam lines of a BWR. Several of these valves may be associated with the automatic
depressurization system (ADS). The valve model includes the capability to simulate delay times in
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opening and closing, force open and force close signals, low power close interlocks, and a programmed
controlled opening, as in the control depressurization valves. The application of SAFIR will be described
and validated in subsequent application appendices (not required for Appendices A and B).

The entire PARA and SCRAM2/3 codes have been fully incorporated in POLCA-T for compatibility with
BISON simulation of the behavior of the steam lines and the scram system during pressurization events.
The application of these routines will be described and validated in subsequent application appendices
(not required for Appendices A and B).

The GOBLIN code provides the bases for the solution formulation and several models for
thermal-hydraulic and heat transfer simulations. The DFO01 drift flux correlation is used with the same
validity range as in the loss-of-coolant-accident (LOCA) Evaluation Model (EM). The mass, momentum,
energy, and state equations along with the pump speed equations are solved simultancously using
Newton's method. The Jacobian matrix includes all derivatives and 1s inverted using a sparse matrix
technique.

All of the equations, tables, and so forth specified in Section 14 are from the STAV code. These
equations, tables, and so forth have been directly incorporated into POLCA-T.

All code modifications comply with Westinghouse’s Appendix B Quality Assurance Program.
2.1 REFERENCES

2.1 “The Advanced PHOENIX and POLCA Codes for Nuclear Design of Boiling Water Reactors,”
CENPD-390-P-A, December 2000.
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3-1

3 POLCA-T SUMMARY DESCRIPTION

POLCA-T is a computer code for transient thermal-hydraulic and neutron kinetic analysis of BWRs. It
can be used also as a general tool for advanced simulation of single- and two-phase flow systems
including non-condensable gases. The code incorporates a full 3-D neutronics model of the reactor core
and cach fuel assembly in the core, including in- and inter-assembly bypass regions, may be represented
in the thermal-hydraulic model. The reactor pressure vessel, external pump loops, steam system,
feedwater system, emergency core cooling system (ECCSs) and steam relief system can be modeled to
the desired detail. Control and safety systems are modeled using the SAFIR code package, which is an
integral part of the code.

The application areas of the POLCA-T cover:

1. Anticipated operational transients

2. Core stability

3. Reactivity initiated accidents (RIA)

4. Anticipated transients without scram (ATWS) and anticipated transients without (crediting)

control rods (ATWC)
5. LOCAs without uncovering of the core

The POLCA-T code is specifically adapted to the analysis of transient events where the 3-D power
generation phenomena in the core become important. The code also contains models for boron transport,
which makes it possible also to analyze different types of boron shutdown scenarios (ATWS and ATWC).

The models implemented in the code allow for flexibility in the description of the primary system and
secondary systems to accommodate various plant designs.

The reactor is divided into a user-specified number of volume cells and flow paths connecting volume
cells. Figure 3-1 shows a sample geometric representation for the POLCA-T code.

The POLCA-T code models can be divided into four main sections:

1. The thermal-hydraulic model includes thermal non-equilibrium between phases and has full
geometric flexibility. The model solves the mass and energy conservation equations for each
phase and for each volume cell. The momentum conservation equation is solved for each flow
path. Constitutive equations are included for calculating the fluid properties and their derivatives.
Empirical correlations are implemented for the calculation of pressure drops, fluid properties,
solubility of non-condensable gases, phase flows (drift flux), and critical flow rate.

2. The system models contain models of the various reactor components. They include the steam
separators and dryers, reactor water level measurement, reactor trip system, depressurization
systems, and recirculation and jet pumps.
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abo
Figure 3-1. Typical Nodalization of a BWR Reactor Pressure Vessel for POLCA-T
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3. The thermal model solves the heat conduction equation for the heat structures (fuel rods, pressure
vessel, and internals) using heat transfer boundary conditions. The result is the heat transfer to
the coolant. A complete range of convective heat transfer regimes is included in the code.

4. The power generation models calculate the heat generation due to fission in the fuel, direct heat
released in the coolant, and decay heat. A two group 3-D neutron kinetics model determines
fission power. The neutronics models in the code are the same as those that are used in the static

nuclear core analyzer POLCA7 with the addition of proper kinetic terms for transient use.

The user has the option to use a fully implicit numerical method or a semi-implicit method to solve the
hydraulic model and the simultaneous heat transfer and thermal conduction equations.

The following provides a summary description of the main POLCA-T models. A more detailed
description of each model is given in separate sections that follow.

3.1 THE THERMAL HYDRAULIC MODEL

The hydraulic model solves the governing equations for the coolant flow, as follows:

I

The mass conservation equations for boron and non-condensable gases are solved if the user has
requested such models. '

The above set of equations (together with the necessary secondary relations and constitutive correlations,
and boundary conditions) form a complete system of equations for calculating the fluid flow conditions.

The mass and energy conservation equations for the fluid flow are integrated over the volume cells, and
the resulting set of equations are cast into finite-difference form using a fully or semi-implicit scheme.

1. Gas may be a mixture of vapor and non-condensable gases.
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The momentum balance is integrated between the centers of the volume cells connected by the flow path
as shown later in Figure 7.2-2.

For each volume cell, values of pressure, phase temperatures, void content, and average phase velocities
are determined by the solution of the conservation equations. Properties such as steam qualities, void
fractions, fluid temperatures, velocities, etc., are calculated using secondary relations and constitutive
correlations. '

Several constitutive equations and empirical correlations are necessary to complete the formulation of the
basic fluid equations. The most important correlations in the hydraulic model of the POLCA-T code are:

[
™

A relation based on drift flux and countercurrent flow limitation (CCFL) correlations calculates the phase
velocities in the flow paths and is also the basis for calculating the two-phase energy transport in these
flow paths. The CCFL correlation is a general formulation applicable to different flow geometries.

Choked flow 1s treated using correlations for critical flow valid for a wide range of coolant states.
3.2 COMPONENT MODELS

POLCA-T includes specific models for the following boiling water reactor systems and components:

[

*

The speed of the main circulation pumps is determined from the solution of the angular momentum
balance for the pump impeller. This equation 1s solved simultancously with the fluid conservation
equations. The applied torque represents the net torque from all sources, 1.e., the hydraulic interaction
between the fluid and the pump impeller (usually referred to as the “hydraulic torque™), frictional losses
in the rotating machinery, and torque supplied by the pump motor. The pump head and hydraulic torque
are determined from user supplied homologous curves which are functions of pump speed, volumetric
flow rate, and void fraction. The user can, instead of using the homologous pump curves, use pump
performance data for positive flow and head as input to the pump model, which in some cases could be
very advantageous. ‘

The jet pump model modifies the 1-D momentum equation to account for the spatial and temporal
acceleration due to the significant momentum exchange occurring between the jet pump drive and suction
flows.
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Models describing the efficiency of the steam separators are included. The model determines the
separation efficiency expressed by the carryover fraction (water entrained by the steam to the steam
dome) and carryunder fractions (steam entrained by the water to the downcomer).

The steam hine flow and moisture content can be specified as a function of time. The feedwater system
flow and enthalpy can also be specified versus time.

Loss-of-offsite power can be modeled to occur at any time during the transient with the subsequent diesel
start, pump start, and valve actuation delays. The steam pressure relief/safety valve system including the

automatic depressurization system (ADS) can be modeled in the desired detail to account for opening and
reset delays. The control logic and controllers are modeled by the SAFIR package.

The ECCSs for both core spray and injection can be modeled using tables of flow rates as a function of
differential pressure between the reactor and the containment wetwell if the condensation pool is the
source of the water. Other ways to model the flow are available if the ECCS uses water from other
sources.

3.3 THE THERMAL MODEL

The thermal model in the POLCA-T code calculates the heat transferred from the fuel rods, reactor vessel,
and internals to the coolant (to steam and water phases separately), and the energy interchange between
phases. The surface heat transfer and material heat conduction problems are solved simultancously to
determine the rate at which total heat is transferred to the coolant.

The heat transfer coefficient couples the hydraulic solution to the thermal conduction solution through the
coolant state and surface temperature. Empirical heat transfer coefficient correlations are included for
single-phase liquid and vapor, two-phase non-dryout, transition boiling, and post-dryout heat transfer
regimes.

The radial heat conduction equation is solved for the fuel rods (axial conduction is neglected) using an
implicit finite-difference technique and the appropriate heat transfer coeflicients as boundary conditions.

Detailed models for heat transfer from the reactor vessel and the internals are also included. These
components are referred to as “slabs” or in general as “heat structures.” The user can specify any number
of heat transferring heat structures, which can be in contact with coolant on both sides or isolated on
either side. The 1-D heat conduction equation is sotved for a user-specified nodal subdivision of each
heat structure using a finite difference technique. Each heat structure can be composed of several layers,
cach of them made from different material.

3.4 POWER GENERATION MODELS

The power generation part of POLCA-T calculates the fission power and decay power. A 3-D two-group
kinetics model allowing for up to six delayed neutron groups calculates the fission power generation in
the core. Reactivity feedback is included for moderator (coolant) temperature, fuel temperature, boron
concentrations and reactor control rods. The power fraction deposited directly in the coolant is modeled
as a function of coolant density.
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The decay power generation is calculated by specification of fractions of slow and fast decaying parts of
decay power, together with its time constants, simulating the decay of Uranium-239 and Neptunium-239.
A second option is to provide a table as decay power versus time to simulate the decay power generation.

3.5 NUMERICAL METHODS

The mass and energy equations for the phases (liquid and gas), the momentum equation, and the drift flux
correlation for each flow path along with the pump speed equations are solved simultaneously using
Newton’s method. The Jacobian matrix includes all derivatives and is inverted using a sparse matrix
technique.

The heat structure conduction equations are solved by Gaussian elimination and back substitution. The
conduction equation and the surface heat transfer are solved iteratively for the surface temperature.

The 3-D-kinetics model, POLCAT7, is solved using an iterative method and is then iterated in an outer
loop including the thermal-hydraulic equations until convergence is reached.

The hydraulic model can be solved using a fully implicit or semi-implicit method. The thermal
conduction and heat transfer models are solved using a method that is implicit in time. The hydraulic and
conduction solutions are coupled through the surface heat transfer. The hydraulic fluid conditions are
treated implicitly in the heat conduction and heat transfer solutions. The surface heat transfer, however, is
treated explicitly in the hydraulic solution. Figure 3.5-1 shows the outline of the computational procedure
in POLCA-T.

Figure 3.5-1 illustrates schematically the time integration of the models.

a,%:
Figure 3.5-1. Time Integration Schematic INlustration (advancing from time step n-1 to n)
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4 CODE STRUCTURE
4.1 INTERACTION OF THERMAL-HYDRAULICS AND NEUTRON KINETICS
The POLCA-T kinetics is based on the static neutronics version of POLCA7 (Reference 4.1), with some

additions due to the time dependencies. The POLCA7 part of POLCA-T solves the two-group diffusion
equations with a number of delayed neutron families determined by the code user.

[

>

a{)lg
Figure 4.1-1. | 1*€
[
P
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4.2 POLCA-T STRUCTURE

The physical system is nodalized, i.e., divided into a number of nodes. The nodes are of two basic types:
volume cells and flow paths. Volume cells and flow paths alternate in a network to form a staggered
mesh.

Volume cells represent physical volumes with capacities to contain things such as a fluid mass or heat
energy. Flow paths (junctions) represent boundaries between volume cells, with characteristic variables
“velocities,” “energy flows,” etc. A flow path has two volume cell neighbors. Neighbors to the volume
cells do not need to be specified; a network is completely determined by the flow paths and the volume
cells they connect.

The spatial variation of physical properties inside any volume cell is assumed to be uniform. Hence, the

nodalization 1s a special kind of spatial discretization, allowing the physical system to be represented by a
set of ordinary differential equations.

Vi =fi(y) (4-1)

for the “primary variables™ ¥, , where the dot denotes time derivative. The primary variables defining the

state vector y with relatively few components can group the equations of the system (4-1).

™
43  REFERENCES

4.1 “The Advanced PHOENIX and POLCA Codes for Nuclear Design of Boiling Water Reactors,”
CENPD-390-P-A, December 2000.
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Figure 4.2-1. Overview of POLCA-T Structure

a,b,c
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5 GEOMETRICAL MODELLING ASSUMPTIONS

This section describes the geometrical modeling assumptions for the hydraulic model in the POLCA-T
code.

The primary circulation system of the reactor is subdivided into a number of volume cells connected by
flow paths. The volume cells may have more than one inlet or outlet flow paths. The total number of
volumes and flow paths is determined by the user, based on experience gained in the application of the
code. The boundaries between the volumes, as well as the sizes of them, are mainly determined by the
requirement of spatial resolution in the results considering the physical processes that will take place
during the event that will be analyzed.

Furthermore, the subdivision into volumes is governed by the assumptions inherent in the hydrauhc
models. One typical such assumption is that of a spatially constant fluid temperature within a volume,
which for instance means that, a control volume boundary should be placed immediately above the
feedwater inlet to the pressure vessel.

The geometrical models for fuel rods and internal or bounding structures are closely related to the
geometrical model for the hydraulic models. The state in the hydraulic model’s volume cells 1s used as
boundary condition to the heat transfer and conduction models for those elements. At the same time, the
heat transfer rates to or from the fuel rods and structures are supplied as source terms in the energy
balances for the hydraulic volume cells.

Normally, the fuel rods and structures are subdivided so that there is only one volume cell bounding the
individual pieces of a rod or structure (there may be one volume cell at each side of a two-sided
structure).

A number of boundary cells/flow paths with pre-specitfied (potentially time dependent) fluid conditions
may also be used with POLCA-T modeling. They can be useful in simulating an interaction with
out-of-vessel systems (feed water, core spray) especially when simulating experimental loops.

WCAP-16747-NP March 2007
Revision 0



y ” \ k b

6-1

6

PRIMARY VARIABLES — STATE VECTOR CONCEPT

The basic equations are formulated (see Section 7) for the volume cells and flow paths by integrating the
space-dependent equations over the volumes and introducing macroscopic variables (such as mass content

and mass flow rates) instead of microscopic variables (such as density and velocity). The momentum

balance equation is integrated between the centers of the volume cells connected by the flow path. The
resulting basic equations, which now are in the form of ordinary differential equations, are formulated as
functions of the primary variables.

The primary variables for the volume cell
(Figure 6-1) are collectively the state vector for that
volume cell. They are:

Volume averaged total pressure (p)

Void content (void) (volume fraction of
gas(z))

Liquid temperature (Tjq)

Gas temperature (Tg.)

Partial pressure of non-condensable gas (P,.)
Boron concentration (Cpg)

Average velocity for liquid (Usigm)

Average gas velocity (Ugam)

For the flow paths the velocities of liquid and gas
are chosen as primary variables making up the state
vector for a flow path:

Liquid velocity (Ujg)
Gas velocity (Usgas)

a,b,c

Figure 6-1. Primary Variables for Volume Cells

2. Wherever the word gas is used it means the mixture of vapor and non-condensable gas (if present).
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The equations are kept in their conserving form (1.e., conserving masses and energy for each phase and
momentum for the mixture of gas and liquid). Secondary variables are introduced in order to simplify the
solution procedure. These variables describe the results from the constitutive equations and empirical
correlations (such as energy flow rates, mass flow rates, pressure drop, and so forth) and are functions of
the primary variables.

[
I*
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7 HYDRODYNAMIC MODEL

The hydraulic models in the POLCA-T code are based on the following main principles and assumptions.

A geometrical model of the primary system uses flow paths to connect volume cells. The code user
determines the number of volume cells and flow paths as well as the layout of them, which is based on the
user’s experience or stated in application-specific topical reports and qualification reports. The volumes
of each volume cell are fixed, the water level in each cell is calculated both as a condensed level or as a
two-phase level as a secondary variable calculation. The basic equations determine the fluid state in each
volume cell and the mass flow rates of the phases through each flow path. The basic equations are the
mass, energy, and momentum conservation equations. They are derived for 1-D flow. The mass and
energy equations are separate for each phase — gas and liquid — while the momentum equation is
formulated for the mixture of liquid and gas.

The main assumptions used in this derivation considering the two-phase flow are:
1. The phases may be in thermal non-equilibrium (i.e., have different temperatures).
2. The individual phase velocities can be determined from empirical correlations.

The non-equilibrium model is based on the formulation of two mass balances (one for the liquid and one
for the gas/steam phase), two energy balances (one for the liquid and one for the gas phase), and one
momentum balance for the mixture.

The equations of state supplemented by empirical correlations for the fluid properties support the basic
equations.

Empirical correlations are used to determine the interfacial heat and mass (solubility of non-condensable
gases) transfer, heat transfer to heat structures, the pressure drop for the flowing fluid due to friction and
local flow obstacles, critical flow, and the flow of the individual phases in the case of two-phase flow.

The basic (conservation) equations result in ordinary differential equations for each volume cell and flow
path. The solution of these equations describes the time variation of a set of basic (conserved) variables
for each volume and each flow path. All other variables describing the state in a volume cell or the flows
in a flow path, the primary variables, can be derived from these basic variables using the constitutive
models (empirical relations and equattons of state). The basic variables for the volume cells are the liquid
mass (M), the gas mass (M,), the energy of the liquid (E,) and the energy of gas (E;). For flow paths, the
basic variable is the mixture mass flow rate (w). In addition to these equations, algebraic equations are
set up for each volume cell to determine the average velocities of the phases.

Water (two-phase) levels may be tracked as a secondary variable in vertical columns of control volumes.
In this case, the basic equation is a correlation describing the movement of the level and the associated
basic variable is the level position.

The steady-state conditions are calculated by the code using the same set of equations as for transient
analysis but with time derivatives equal to zero. A minimum set of boundary conditions are used to
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specify the initial steady-state condition. These boundary-conditions are the power generation and its
distribution, given by POLCA?7, the feedwater temperature, the steam line pressure, the pump revolution
rate, and the water level in the downcomer 1n the case of simulating a BWR.

The hydraulic models interact with the thermal conduction and/or heat transfer models for fuel rods and
internal structures to bounding the primary system. Furthermore, the hydraulic models interact through
mass, energy, and momentum source terms with the system models (steam separators, pumps, emergency

cooling water systems, etc.).

The constitutive models that are used are described in Section 9. The application of the models to the
volume cell and flow path approach that is used in the code 1s explained in the rest of this section.

7.1 VOLUME CELL

This section describes the basic equations that are used in the thermal-hydraulic model for each volume
cell. The basic equations are:

Mass Balances

) A mass balance for the gas phase in the volume
. A mass balance for the liquid phase in the volume

As an option, and in addition, to these two mass balances, the following two mass balances of boron and
non-condensable gas can be added to the set of equations for specified volume cells:

o A mass balance for the boron in the volume
. A mass balance for the non-condensable gas in the volume

Energy Balances

o An energy balance for the gas phase in the volume
o An energy balance for the liquid phase in the volume
[
I*
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Figure 7.1-1. A Volume Cell in POLCA-T with State Variables
7.1.1 Mass Conservation Equations

Hereafier, the theoretical basis for the mass conservation equations 1s given. Then the formulation of the
equations in the POLCA-T code is derived and described.

Theoretical Basis

The mass conservation equation for the phases/components (References 7.1 and 7.2) 1s:

9,

:—V U 7-
o (pu;) (7-1)

Integrating (7-1) over a control volume (volume cell) as shown in Figure 7.1-2 results in the following

formulation:
%=Zjo -Sj+ Wsre+ T (7-2)
where:
W; s the mass flow rate through flow path number j,
W accounts for external mass source and sink terms, and
r is the interfacial mass transfer rate, j, between phases/components.

The summation extends over all flow paths connected to the volume and the number of flow paths is
unlimited with practically no restriction.
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Wj { S, positive )
W_ . ( external source
orsink )
-
_ 1 D Volume
I" ( interfacial cell
mass transfe
W, (S, negative )
Figure 7.1-2. Volume Cell with Mass Flow Paths

Furthenmore,

+ 1 if positive flow through flow path j is directed into
J the volume

5 =

- 1 otherwise

The external mass source W, and sink terms account for:

Wbr =

Wecc

I

Wsep

W cond

r =

Break flow rate from control volume,

Coolant flow into control volume from various systems
(e.g., feedwater, spray),

Coolant flow into control volume from separator outlets,
Coolant flow into control volume from steam dryer outlets, and
The contribution in mass transfer rate from interfacial flow accounts for evaporation

and condensation interfacial mass flow and for solution/dissolution of
non-condensable gases in the liquid phase.
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Application in the POLCA-T Code

The integrated mass conservation equation is written in finite difference form using a fully implicit to
semi-implicit finite difference scheme method as specified by the user. Hence equation (7-2) becomes for
the phases:

Liquid Phase Mass Conservation E quation

a+l n

-y weEs -t -wel =0 (7-3)
At -

hg,areid

where superscripts n and n+1 denote time t, and t,, respectively, the subscript 1 denotes fluid volume cell
number and subscript j denotes flow path number. The summation is extended over all flow paths
connected to volume i.

Mg i = liquid mass in volume cell 1,
Wiy = liquid mass flow rate through flow path number j,
I3 = liquid generation rate in volume cell 1 due to condensation/evaporation, and

Wigeei = liquid flow into or out from volume cell'i due to external sources or sinks
(cf. Wsrec above).

The conserved quantity My, is a function gy, of the primary variables (p, void, Tliq):
Miq = giq(p;void, Ty) (7-4)
Gas Phase Mass Conservation E quation

The gas mass conservation equation is derived in the same manner as the liquid mass conservation

equation:
L’I u-Fl _ o .
gas,i gas i n+] n+l n¥l _ _
— L YW S Y W =0 (7-5)
s J
where:

Mgas,i = wvapor mass in volume cell i,

Wgas, = wvapor mass flow rate through flow path number j,

I = vapor generation rate in volume cell 1 due to evaporation/condensation +
generation of non-condensable gas (dissolution or generation from other sources),
and
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Wgas,sre,i = vapor flow into or out of volume cell 1 due to external sources or sinks
(cf Wsre above).

The conserved quantity Mgas 15 a function ggas of the primary variables (p, void, Tgas):

My =85, v, D= 00" Vi @-6)
where:
o« = volume fraction of vapor (is a function of the primary variables (p v, H)), and
Vs = specific volume of vapor (also a function of the primary variables (p, v, H)).
The same equation set up is used for component of non-condensable gases and for boron mass
calculation.
For a non-condensable gas it will be:
patl n »
Mo M S Wi, T - Wik, =0 @
where:
Mncgas,1 = mass of non-condensable gas in volume cell 1,
Wnegas,] = mass flow rate of non-condensable gas through flow path number j,
I = non-condensable gas generation rate in volume cell 1 due to
solution/dissolution of non condensable gases (or other sources), and
Wnegas,sre,i = non-condensable gas flow into or out from volume cell 1 due to external
sources or sinks (cf Wsre above).
The conserved quantity Mgas 15 a function ggas of the variables (px, Tgas):
Mgas = ggasPre, Tgas) (7-8)
For mass balance of boron it will be:
ntl n
“j%gz—% L Wiy Wi ies =0 -9)
The conserved quantity Mo 15 a function gee of the primary variables (Cyer, Wisy).
Miar = Zhr(Coor, Wig) (7-10)
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7.12 Energy Conservation Equations

This section describes the derivation and application of the energy balance equation that is applied to each

phase in the POLCA-T code.
Theoretical Basis

The general form of the energy conservaton equation (References 7.1 and 7.2) 1s:

@ +V(epu) +Vq' —q" - V() =0 (7-11)
P k. =
where:

e = eint + ekin + epot = total specific energy (7-12)

eint = internal energy,
ekin = lkinetic energy,

epot = potential energy,

p = denstty,

u = velocity field vector,

g" = heatflux,

q" = internal heat generation per unit volume, and

II'=3

= stress tensor,
The specific enthalpy h 15 introduced,
h=eint+pfp (7-13)
and the stress tensor is divided into a normal and shear stress
cj=-pdij+ Ty (7-14)

where Jjj 1s the Kronecker delta, defined by

{0 [i#)
Ay = 1if i=j (7-15)

p =local static pressure, and

- > T.ﬁ: ..
T, =8 - 2—3—- - 8ij (7-16)

K=l
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The stress deviator term jj represents the part of the forces in the fluid, due to relative motion of nearby

particles in the fluid.
Equation (7-11) can be now rewritten as:

a(hgt'P)+V . (hpl_l_)+ v - qn_qm:

0 . '
- —6;(9(e kin T €par )= V- (plekin + epotyu+ V- (z u) (7-17)

The right hand side of equation (7-17) represents the contributions from kinetic and potential energy and
dissipation due to stress. Below it is demonstrated that some terms of the right hand side of
equation (7-17) can be neglected, hence the energy equation used in the POLCA-T code 1s:

O((h+ey, )p-p)

2 + V- (hpu + e pu) +V - q" - q" = 0 (7-18)

The potential energy and dissipation terms are omitted in equation (7-18). Section 22 demonstrates that
these terms are negligible.

Finite Difference Formulation of the Energy

Equation (7-18) 1s integrated over the volume cell shown in Figure 7.1-3.

[ >

a,b.c

Figure 7.1-3. | ™
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The first term is

HO ., ~V,-B) (-19)

phase i

o((h + ey, )p-p) _ ﬂ_ . _ a4
i - dV—dt;[((thehn)p PV = —-(M

~

where for each phase/component phase (liquid or gas):

J'pphm’idV = The mass of phase n'in the volume cell
Y,

1
HO s = E—————jpﬁzm G uf}hm /2)dV = Average total enthalpy of phase n in the volume

phass 7 ¥,

cell

1 .
PEy fpd\’ =Mean pressure of the control volume

7

The second term, applying the divergence theorem, gives

[V po-h +e) 0, av=[p, (5, +ey,)u, n-dS
L4 5

Since u =0 on the rigid boundaries, the surface integral reduces to

-

[V 0. 0, +ew) u, - dv=3"| [ p,(h, + ) -u,-n-dA |+ [ph-u-n-da
4 344 4.

= z |Wp3m.ss,j ' (hpka.ss,j + eh‘nd‘m'!).sj‘ J_ %srcwm.‘ (7'2'0>

J

where the summations are performed over all flow paths connected to the volume (note that Wh and
(Wh)spe have positive direction into the volume).

The term thmphasei 1s the enthalpy flow source of phase due to extemnal sources or sinks connected to

the volume cell 1.

The third tetm, applying the divergence theorem, gves

.i'v.g".d\f:jg"-ﬁ-dS:QA (7-21)
v S
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where Q4 1s heat transfer through the surface. The conduction over the fluid surfaces (Ajand A}) have
been neglecte @

The fourth term

farav ==,
v

The term Qy consists of internal heat generation due to neutron slowing down, gamma absorption and

scattering in the fluid, and the interfacial heat tran sfer rate Qriz between phasesfcompornents in the cell.
The term Qy is lumped together with Q4 and Qr=Qrig + Orw and the sum 1s the net heat source to each

phase.
Qi=Q, T Qu+Qr (7-22)
The integrated energy equation can now be written

d
E{(Mp}msj ' Hop}ms,i - Vz’ : ‘p:) + Z (Whpkws,j : Sp?ws,j)-l_ (Wpium eh‘n,pﬁws ):‘ - Wh.srcﬂg“., -
J

© e s =0 (7-23)

The fully implicit finite difference or a semi-implicit form of equation (7-23) isused 1s POLCA-T for
each phase. The fully implicit formulation is:

l(Mp!mw;' : Hopkasw;')ml - (Vz ' Pz‘)nﬂl_ l(MPPms i Hopfuwg')n - (Vz ' R)n)] +
Fi%s

Z (Wh;;alu,j ) Spha.w,j + (W ase eh’n,p.‘wpr )?H - Wh.:;:fpﬁuss - Q;;i;;;' =0 (?'24)

2

The energy of the fluid phasesfcomponents in volume cell 115 defined as

Ecs!!,z’ = ZMphaseHOphase -Vi5
phase

3. The heat flux due to conduch on within the fluud cdearly can be neglected for most transient analysis when
companng the magmtude of terms two and three. The fuid conduchion is of the order

g" = -k - dTldx = - (0.7 Wim, K)-(10 K/m) = 7 Wim?

or less, which is clearly negligible when compared to the energy transported by the fluid ofthe order 10° - 10",
Wim?*
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and the mass flow rate
thase = Aphase Uphase Pphase
for each phase (=liquid or gas).

The primary variable from energy equation is the temperatures of each phase/component, Tiig, Tgas. The
temperatures of non condensable gas and vapor are equal; 1.€., they are in thermodynamic equilibrium.

7.2 FLOW PATH

> a,b,c
Figure 7.2-1. | ™
7.2.1 Momentum Conservation Equation
In this subsection, the momentum conservation equation is described including the application in the
POLCA-T program. The momentum equation is set up for the mixture gas and liquid.
Theoretical Basis
The general formulation for the momentum equation (References 7.1 and 7.2) is:
0 7:25
S (PrW="VP-uu=Vp+Vi+pg (7-23)
where the terms in (7-25) are:
0
X (p-u) = Rate of momentum change,
—Vp-uu = Rate of momentum gain by convection,
Vp = Pressure force,
\% = Rate of momentum gain due to viscous stress, and
pg = Gravitational force.
WCAP-16747-NP March 2007
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Equation (7-25) 1s integrated over a fixed control volume V with solid surfaces S,

j%(p-u)d\f:J%Vp-ul_l—Vp+V§+pg v (7-26)
A\

v

The Gauss divergence theorem is applied to the first and third terms on the right-hand side of
equation (7-26) giving

[Vpuudv = [ puu nds (7-27)
v S

jvi dV=I£ ndS (7-28)
v N

where n is the outward normal vector of surface element dS.

Substituting (7-27) and (7-28) into (7-26) yields

jgt—(p~g)d\/=—jpgl_1 gdS—J.pdV+J.£ gdS+ngdV (7-29)
S 14 S 14

v
This equation is applied to 1-D pipe flow by integrating the component of the vector equation, which is

parallel to the pipe over a short section of the pipe (x] to x2). The coordinate along the pipe’s x and the

pipe area, A(x), i1s a function of X. The evaluation is done term by term in equation (7-29) by taking the
scalar product of it and unit vector (nx) along the pipe and integrating:

n e Ig(p ‘w)dV= % j{ Jpl_ldA}dX = % [ Wxdx (7-30)

v x1f A(x)

where the mass flow rate (W) has been introduced and where u for convenience denotes the component of
the velocity in the x-direction i.e., u=nx-u.

The momentum flux term of (7-29) is zero on the rigid wall of the pipe and hence it can be written:

n, « fpuu ndS= [pu’da- [puldA=(Wu), - (Wu), =

S A, A
(7-31)
2 OWu
| X
x1 aX
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The pressure gradient can directly be integrated:

x1| A(®)

n,e jpdV = Tl: j %dA}dx = ]A(x)%dx (7-32)

The third term on the right-hand side of equation (7-29) is the unrecoverable friction loss term which is
zero except on the rigid surfaces. It can be written:

n, .jzgds_:xf-rpwdx (7-33)

S x1

where Py is the wetted perimeter and 7 is the wall shear stress defined to be positive for positive flow.

The gravity term of equation (7-29) is treated in similar way to the pressure gradient term:
x2
n,efpgd=g, [AG) pdx (7-34)
14 x1

where gx is the component of gravity vector in the x direction given by gx = -g-dz/dx.

At this stage Jp/dx and p represent area averaged values as does u in equation (7-30).

Substituting equations (7-30) through (7-34) into (7-29), dividing by Ax, taking the limit as Ax goes to
zero and dividing by the area yields the 1-D momentum equation use as a base for discretization in
POLCA-T:

1oW 106 W' op P, 8
TW_ 1O MNP _ T 0 7.35
A Aoxpn) ox A ox P (7-33)

Finite Difference Formulation of the Momentum Equation

In this section the mathematical formulation of the momentum equation will be written in the finite
difference form used in POLCA-T.

Consider the flow path j shown in Figure 7.2-2. Equation (7-35) 1s integrated between points xj and
Xj+1] to give

Xist 1 6W Xiv1 1 6 Wz Xiy1 ap Xis1 <P Xis1 o
— 04k =- [ =2 )dx— [ (Dydx- [ =2 dx— [ =(pgz)dx g
JA& ;[AGX(pA) !(ax) I A !ax(pg) (7-36)
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Figure 7.2-2. Volume Cells with Flow Junctions
Tem poral Acceleration Term
[
>
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Unrecoverable Pressure Losses

The unrecoverable pressure losses are divided into a wall friction term, APfi¢, and a term corresponding
to unrecoverable pressure losses, APoc, due to area changes.

=) 9= AP T AP (7-40)

The wall friction term corresponds to each half of the momentum equation control cell. The expression
for the friction pressure drop, valid for both co-current flow and counter current flow over a length 1, can
be written as:

AP g = Apfric,liq : rliq + Apﬁ'ic,gas ) Fgas (7-41)
where I'jjq represents the liquid wetted fraction of the perimeter in the volume cell and Iy, 18 the
non wetted fraction, (I'iiq +T gas = 1).
L-fRe,,&) py iy
A‘Pfric,liq = D = : qu = .F(a(pgas /pliq )) (7-42)
h

The void correction factor is used to take into account the velocity distribution in the channel when void,
o, occurs. The correction factor has the form below:

F(a(py | pi)) = 1+1/1— ’; = (@’C, +aC,) (7-43)
lig
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and for the gas part;

2

L. f(Regas, K) . P gasU gas
D 2

Apfric,gas = (7_44)

h

and the relative surface roughness by:
Kk = &/Dp (7-45)

In the application of equation (7-43) in the code the friction loss from x; to xi+1 in Figure 7.2-2 is
calculated as the sum of the friction in each of the two volume cells that are connected by the flow path.
Actual cell densities and viscosities are used in both volumes cells together with flow area, hydraulic
diameter, and surface roughness for each cell. The velocities, uyiq, U,as, are taken as the primary variables
from the volume cells connected by the flow path.

The area change pressure loss is calculated in the similar way to the friction pressure loss. In both
co-current and countercurrent flow:

Aploc = Aploc,liq : (1 - (Z) + Aploc,gas x (7_46)
PonaceUphase
Aplm:,phase = ‘f(Rephase’ direCtion) ) ‘mz& (7-47)
Spatial Acceleration
The momentum flux term
Xiyl 1 a W 2
————dx=-Ap fux (7-48)
: AOx pA

1s formulated by considering spatial acceleration due to gradients in mass flow rate, density and area
separately. The integral in equation (7-48) can developed into three terms:

il ] 9 W2
X-é-“ A dx = I1 + IZ + I3 (7-49)
n Aok p
with:
l Xivi a '
I = A%p I &Wzdx (velocity gradients) (7-50)
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W2R 91
I,= ——dx denst adient 251
2 2 ) % o (density gradients) (7-51)
W2 a1
—_ S ——— s -
A0 ;{[ &(—dxA {area gradient) {7-52)

The integration of these three terms for each phase, liquid and gas, 15 performed from x; to %41 using the

mean value theorem of integrals and appropnate approximations:

2

I ii —ﬁ> 53
LT Ai Pl A1+1 p1+l C\N l J (? )
(W, [”1+ 1 Nl _li
ED Al AL Lpwm i)
- (7-54)
]f“"gj'{pi_pii—i)go
0
; W}[l YL 1]
clatelEmw
Aa P A (7-55)

Finally inserting equations (7-37) through (7-55) into (7-36) yields

oW

I Ez pi - pi+l - Apfm: - ﬂkplb( - Apgmv - ﬁlpﬂux + &pp‘un@ (7_56)

A fully implicit fimte difference scheme or a serm-implicit method can be used to represent the
momentum equation. The time derivative 1s approximated by

i 1 n
8&‘&} _ PVJ.‘“ —W'J.

= -57
> Y. (7-37)

where the upper index denotes time step number (At apart). In the fully implicit formulation, all other
state variables in equation (7-57) are calculated at time step ntl (e, at t+At).

7.3 REFERENCES
7.1 R. B. Bird, W E_Stewart, E. N. Ligthfoot, “Transport Phenomena” John Wiley & Sons, 1960.

7.2 “Water Reactor Emergency Core Cooling System Evaluation Model: Code Description and
Qualification,” RPB 90-93-P-A {(Proprietary), October 1990.
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8 POWER GENERATION MODEL

The volumetric heat generation in the fuel and coolant are calculated in POLCA-T. The heat sources for
the fuel appear in the heat conduction equation as the volumetric heat generation term, ¢, in

equation (13-1). The heat sources for the direct nuclear heat to coolant appear as the volumetric heat
generation term, Q, in the energy equation (see equation (7-22)).

Heat generation due to reactor power and decay power is modeled as the sum of heat generated from three
basic sources — prompt fission power, fission product decay, and actinide decay. The total prompt fission
power is the sum of the power generated in the fuel and direct heating fission power generated in the
coolant. The total power is distributed axially and radially throughout the core based from calculation by
a neutron 3-D-kinetics model.

The fission products and actinide decay power can be calculated by the code it self or by reading
user-supplied files. Finally, it can be calculated by using the built-in function for end of cycles cores for
decay power generation in a typical BWR core.

8.1 3-D KINETICS

The POLCAT7 portion of POLCA-T solves the two-group diffusion equation with arbitrary number of
delayed neutron families, for each thermal-hydraulic iteration performed until convergence is reached,
named herein as “power — void iterations.”

A full description of the 3-D-neutron kinetics model can be found in Reference 8.1.
8.2 DECAY POWER GENERATION

The decay power generation of the core can be simulated either by tables or by a set of equations where
the user can take into account the increase or decrease of fission power depending on the behavior of the
transient.

8.2.1 By Tables

The user can supply files describing the power decay coast down during a certain event or use built-in
functions for decay power according to American Nuclear Society - ANS79 standard. This built-in
function for decay power is based on conditions that envelope BWR core designs with a possibility to add
any number of sigma uncertainties.

8.2.2 By Equations
The reactor kinetics equations include effects arising only from the direct fission power. The user must

provide the decay of fission products and actinides. The total power generation is the sum of the fission
and decay power.

Q(®) = Qfiss(t) + Qdecay(t) (8.2-1)
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The decay based on the total power given by

Qdecay(t) =4 Q() (8.2-2)
The total decay heat generation rate is
Qdecay() = > f2, 20 - (823)
i=1

Where fd j 1s the decay power fraction at steady-state and t; is the decay power time constant for decay
group 1.

Combining equation 11-1 to 11-3 gives the decay power as function of fission power

Qdecay = __fr:ngw—Qﬁss (I) (82—4)

1- Z f;i,i
i=1

™

The number of groups m is a user input and the model can be applied for different fuel bundle burmups
also defined by the user. The time constants and effective energy fractions for the number of selected
groups can be based on a fit to the proposed ANS Standard 5.1 of 1971 Reference 8.2. The decay time
constants and effective energy fractions can also be based on Reference 8.3. The user, via input, can add
to the resultant fission product power generation an uncertainty of 20 percent as required by Appendix K
of 10CFR50.

8.3 REFERENCES

8.1 “The Advanced PHOENIX and POLCA Codes for Nuclear Design of Boiling Water Reactors,”
CENPD-390-P-A, December 2000.

8.2 American Nuclear Society, “American National Standard for Decay Heat Power in Light Water
Reactors,” ANSI/ANS-5.1-2005, Approved April 1, 2005.

8.3 ISO 10645, “Nuclear Energy — Light Water Reactors - Calculation of the Decay Heat Power in
Nuclear Fuels, First Edition, March 1992.”
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9 CONSTITUTIVE MODELS

9.1 DRIFT FLUXEQUATION

The relationship between the velocities of the gas and liquid phasesis given by the dnift flux equation.
This drift flux equation is the sixth basic equation in the hydraulics model. The definitions of the

velocities are shown in Figure 9.1-1.

The dnft-flux equation includes a countercurrent flow limitation correlation ofthe form defined by
Wallis (Reference 9.2).

The dnft lux formulation for relative motion between two phases (Reference 9.2) 1s
Jga = Q0 (Jgay + g ) T (9-1)
where the superficia velocities are defined as;
i Vif(Augt Agl=uyfl-a) (®-2)
for the liquid phase
Ja= V(A A =u g (3-3)

for the gas phase

where jz and j) are superficial veloaties of gas and liquid and the concentration coefficient, Cy, slip
velocity 5 and the drift veloaity Vg are defined by empirical correlations.

Ugas Ugj

Figure9.1-1. Ddinitions of Velocities
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[
1™
Where the slip ratio and the relative velocity are defined as:
The relative velocity u,4 =u,, -u,, (9-5)
The relative velocity can also be related to the drift velocity according to:
V..
g -6
urel:—:g(a)'v (9 )
(1~a) *©
and
(@=(1-a)"*,
n = 1-3 depending on the flow regime.
where Voo is the terminal velocity of a single bubble in quiescent liquid.
The slip ratio
U X i l-a
S = 8as __ P q ( ) (9_7)

uliq l_x pgas a

9.1.1 The DF01 Drift Flux Correlation
The relation between the phase velocities for two-phase flow is determined from a drift flux correlation
developed from the work of Holmes (Reference 9.1) and includes a countercurrent flow limitation

correlation of the form defined by Wallis (Reference 9.2).

Concentration Coefficient Correlation

[
I*
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To be used together with the formulation of the drift flux equation (9-4), the relative velocity and the slip
ratio is:

ugas
S(a,p)=——=

liq —_—

(9-12)

and the relative velocity is:

COKch

urel (a’ p) = p (9_13)
1-aC,|1- [
Piig

The drift flux correlation of the Holmes type given above was derived from a regression analysis of data
from void measurement — equations (9-6) and (9-7). The values of correlation parameters from this study
are implemented in the DF01 correlation.

9.1.2 The DF02 Drift Flux Correlation

Based on the void measurement data from tests performed at Westinghouse’s FRIGG Test Loop, a new
regression analysis was made for a different formulation of the drift flux correlation.

[
*
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I*
The characteristic velocity is based on the Laplace length according to following formulation:

Vel= g Lp(uj (9-15)
[

and for the gas phase

Veg=Vcl/ /E’i (9-16)
P

The Kutateladze number is calculated for each phase & and is depending on the amount of void in cell 7 as;

Ku, = {j,} — P (9-17)

204/P, — Py

Jk is the superficial velocity of phase k.
c is the surface tension.
p 1s the density of hiquid respective gas.

During the regression analysis of the measured data, constants for low void and high void were
determined, as well as transition values for void parameters, for flow function calculation.

9.2 WALL FRICTION AND SINGULAR IRREVERSIBLE LOSSES

The frictional pressure drop in co-current flow is calculated from Equation (7-41). The friction factor
correlations are described in the following subsections.

9.2.1 Single-Phase Friction Factors

The single-phase friction factors is calculated for turbulent flow in fuel bundles by (Reference 9.4):

f; = C1-ReC2 (9-18)
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where
[Cl =02
cz2 =102
Re =¥ Dy
A ]

For turbulent flow in other parts of the flow loop, the Colebrook's correlation (Reference 9.5), is used by
defanlt.

. . 1 £ '}06 ;
f=55102 [1+ @108 == 7 )17 (9-19)
g

where £1s the surface roughness.

Optionally, the user can specify that the Blasius formulation shall be used instead or by mixed
correlations.

0,316
= Red2

¥4 (9-20)

For laminar flow the fnction factor 1s:

£ =64/Re (9-21)

The transition between laminar and turbulent flow occurs at the Reynolds number when the friction factor
for turbulent fl ow 15 equal to the one at laminar il ow

Optionally, the flow can be modeled as friction-free or a constant friction factor can be specified for
selected parts of the geometry model.

9.2.2 Irreversible Losses Due to Contraction/Expansion

The local momentum losses (implemented in equation (7-47) are modeled by use ofirreversible loss
coefficients. These coefficients are functions of the geometnc details ofthe flow channel or pipe and
sometimes the actual flow direction. Irreversible losses associated wath flow through a sharp-edged
expansion or contraction is calculated according to the following formulas, if the values for the loss
coefficients are not @iven by the user
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Sudden expansion, Carnot-Bordaloss:

¢=( —iJ ©-22)

Sudden contraction:

£ = 0.4[1—[%] } (9-23)

93 COUNTERCURRENT FLOW LIMITATION CORRELATION

[

™
First the CCFL correlation to be used in POLCA-T1s described, then an expression for Gg aboveis
dertved. Refer to the following subsection.

931 CCFL Correlation

In the countercurrent flow region, there is a physical linmt to the downward water flow for a given upward
stem flow Countercurrent flow limitation has been described by Wallis (Reference 9.2) for flowin
vertical tubes, with the dimensionless relationship:

gl L KiGpt? K
[g D (ps - pg }m [M}m : (9-26)
Ps . pr
[ 1™
Defining the charactenstic length as:
g {172
=j— 9-2
P [gAp} @27
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and dividing both sidesby DL and multiplying by pl/4 gives.
;gl YOI S
[ Jns 3‘ 1;3 = [__c_{'lfs = Ko (9-28)
PE L £ _ gAp
[
I

Holmes (Reference 9.1) reported a geometry dependence of CCFL as a function of the dimensionless pipe
di ameter D™ in the form (D*-20(D*+2.5) where:

D* = [géﬁ}m D=2 (9-29)
) DL

and D is the pipe diameter.
[

]u

The ahove relation 15 applicable at 0.45 < o < 1.0 and the other relation 1s applicable at0 <o <018 Ths
latter rel ation, given by Holmes, has been modified to include the geometry dependencies. Thus

Dn ,
_255 Do - (9-31)
Kup = Co Du . :
DL =
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where Dy 15 the hydraulic diameter,

[

I

932 DMassDrift Flux

Now the mass dnft flux, G, can be calculated from the CCFL correlation. Using the following
defiritions:

G G ¢ ;
g = —£ = =t Ve = [g—%?)l 4 (9-33)
Pg Pt P
in equation (3-24) aive:
pf
Gg - . X -
Pz 12 { - Gf ;1;’2 _ (9-34)
pf-Ku- V¢ pf - Ku-Vci

For the countercurrent flow regime, and for void fractions greater than 0.45, the dnft flux r_ela{:ion,
equation (9-4) gives lines of constant @ which are tangential to the CCFL curve, equation (9-34). This
relationship 1s shown in Figure 9.3-1. The resultant expression is

_ X' (1-X") pfKu Ve

¢ (9-35)

1- X%+ X' [EE

Pg
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a close
to 1

~ Equation 12-35

Equation 12-34

\/

&’
o
7/
//
o

Figure 9.3-1. CCFL Curve Together with Mass Drift Flux G,
9.4 HEAT AND MASS TRANSFER BETWEEN PHASES

The steam generation in POLCA-T, or more generally the mass and energy transfer between the liquid
and gaseous phases, 1s modeled as a combination of surface and bulk processes.

In a boiling channel with subcooled conditions at the inlet, the heat flux from the heated surfaces will heat
the water and the water temperature near the surfaces will be higher than in the bulk. As soon as the
temperature at the surface becomes higher than the saturation temperature, steam will start to form while
the bulk of the water is still subcooled. Steam that is formed at the surface will migrate to the bulk and
condense. Thus, the amount of steam in the channel will be determmned by a balance between formation
of steam at the surface and condensation of steam in the bulk. Along the channel, the bulk water
temperature will increase and condensation will gradually reduce and become zero at the point where the
bulk water reaches saturation.

The heat and mass transfer models are used together with the mass balance equations, equations (7-3 and
7-5) for the liquid and gas phase and the energy equations for the phases, equation (7-23). Appropriate
heat transfer coefficients etc depend on actual flow regime and possible mode of heat transfer.

The interfacial mass transfer rate of fluid — liquid to gas or gas to liqud - 1s divided into two parts:

=T+, (9-36)
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where:
I' is the total mass transfer rate at the phase interface and at the wall,

Iy, is the interfacial mass transfer rate between the two phases in the bulk, and
I'w, 1s the condensation/evaporation mass transfer rate, which is a function of the wall temperature.

The heat transter is also divided into two parts. One part takes into account the heat transfer between the
fluid and the heat structure, qr., described in Section 11 regarding the convective heat transfer models.

The second part takes care of the bulk heat transfer between the phases, the interfacial heat transfer S Tlg -
Heat transfer between fluid and heat structure,
qrw = qliq + qgas * Gne (9-37)
with the partial contributions to the wall heat flow,
qiiq heat flux to surface from liquid phase

(gas heat flux to surface from gas/vapor phase
Qne surface heat flux due to near wall condensation

The second part, S rig, that are the heat flow per unit volume in the bulk between the phases,

Sl"lg = Srliq+STgas (9‘38)

Figure 9.4-1 1s schematic view of the heat and mass transfer process in a-volume cell with a connected
heat structure.

Figure 9.4-1. Interfacial Heat Flow and Mass Flow Paths in a Volume Cell
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95 HEAT TRANSFER TO HEAT STRUCTURES

The components in the heat transfer between the fluid phases and the heat structure are calculated as
shown below. See Section 11 for the description of convective heat transfer models.

Heat flux to liquid phase:

Qi = Byg - Ty _Tﬁq) (5-39)
Heat flux to the gasfvapor phase:
Grs =g & ~T,) (5-40)
Phase change heat flux that generates.or condensate steam:
a; =hy (T ~T) (9-41)

Appropriate heat transfer coefficients are calculated based on the actual flow regime, actual heat transfer
regime map and phase. See Section 11 for the descniption of the convective heat transfer.

[

]M
96 HEAT TRANSFERBETWEEN THE PHASES IN THE BULK

The phase change processes in the bulk are driven by the di fference between the liquid temperature and
saturatton and by the difference between the gas temperature and saturation.
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"
9.6.1 Bulk Evaporation/Condensation, L.ow Void

If the liquid temperature is higher than the saturation temperature, then liquid will be evaporated in the |
fluid. In that case, POLCA-T assumes that the interfacial heat transfer coefficient for the liquid is h;;.

The interfacial area and heat transfer terms in the low void fraction region are given by:

Interfacial heat flow per unit volume to liquid phase:

i il

Suow = A1 Ty = T,) (0-43)

Interfacial heat flow to gas phase:

Sigiow = (Af-hfg + kgstrong )(Tgas - Tliq) (9-44)

[
I*
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>
9.6.2 Bulk Condensation/Evaporation, High Void
At high-void contents, the heat transfer is based on heat transfer to drops and to the film layer. A film
thickness is calculated and used to select appropriate heat transfer coefficients. For the drops, an
estimation of the drops are made and then the heat transfer to the drops is calculated. Selected models for

heat transfer coefficients are based also on the values of Tiig, Tyas, and Ty

Minimum film thickness 1s calculated from:

1/5
180—771?(] ‘
dﬁlmo = 7 3 (9-49)
p lig
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Liquid volume fraction is:
B=l-a

and the liquid fraction based on the mimmum film thickness;

4y
B = d gpyo (9-50)
Dy
where the fraction of surfaces that are wetted 159755,
The volume fraction of film 1s:
P 2
1-]11-—— . :
fom = ’6"[ ( 2,60]] if A<28, (5-51)
B if Bz25
The volume fraction of drops 1s:
.’Bdmp = /8_ }Bﬁjm
Interfacial area gas to film 1s calculated as:
A Hig 9-52
o Dy N
Interfacial area of drops to gas 15 calculated as:
[ 6 a"?ath
ﬂtdmp éf ‘QTga; >0
A =) 5, 10.0001 if AT, <0 (9-53)
lé g 0. <
ddmp
And the heat transfer terms for the high void fraction region are given by:
Si&&igfz = (-A;ﬂm'ggzsﬁm +Aia?apki&z’rap +kbmxg)(?;q _T;a:) (9'54)
Sigow = (Apigm + v Pigirey Y Ts = o) (9-55)
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9.6.3 Near Wall Condensation

Vapor condensation takes place also close to the heated wall if the wall temperature 1s higher than the
saturation temperature while the liquid temperature 1s lower than the saturation temperature; this

condition can also be referred to as sub cooled boiling. Near wall condensation 1s modeled in POLCA-T

0.662

by using the Hancox-Nicoll correlation for the Nusselt number, i.e., Nu=0.1x Re, x Pr;. Similar to

the case of bulk condensation, the heat transfer coefficient for the near-wall condensation, h,, is
calculated.

9.7 WALL CONDENSATION

Condensation when the heat structure surface temperature 1s below the saturation temperature 1s
calculated by the appropriate heat transfer coeflicients from the heat transfer coefficient map.

9.7.1 Mass Transfer

The mass transfer rate during condensation or evaporation between the phases when heat 1s transferred to
a heat structure 1s calculated from:

r - hy, (T *_Tm) -h, (T, - T,) (9-61)

w
1

gas_sat - 1liq_sat

where:
lgas sat - vapor enthalpy at saturation and
liq sat - liquid enthalpy at saturation
hye - near wall condensation heat transfer coefficient, subsection 9.6.3

When bulk vaporization or condensation of the fluid takes place it 1s calculated from following equation
can be set up, S Tlg, S Tiig , and S rgas as described in Section 9.3.

I_, _ Sr]g - .Srlig+SI‘gas (9—62)

gas _sat - leq _sat lgas_sat - Iliq _sat

WCAP-16747-NP March 2007
: Revision 0



9.8 REFERENCES

9.1 J. A. Holmes, ‘Description of the Drift Flux Model in the LOCA Code RELAP-UK,” Conference
in Heat and Fluid Flow in Water Reactor Safety, I Mech E, Manchester, 1977.

9.2 G. B. Wallis, “One-dimensional Two-phase Flow,” New York, McGraw Hill, Inc., 1969.

9.3 R. T. Lahey and F. J. Moody, “The Thermal-hydraulics of a Boiling Water Nuclear Reactor,”
ANS Monograph, 1977.

9.4 “Water Reactor Emergency Core Cooling System Evaluation Model: Code Description and
Qualification” RPB 90-93-P-A (Proprietary), October, 1991.

9.5 F. Colebrook, Turbulent Flow in Pipes with Particular Reference to the Transition Region
between the Smooth and Rough Pipes, J. Inst. Civil Engineers, No. 4, 1938.

WCAP-16747-NP 'V | March 2007

Revision 0



10-1

10 HEAT STRUCTURE MODELS

The thermal model in the POLCA-T code calculates the heat transferred from the fuel rods, reactor vessel,
and internals to the coolant. This is used for the hydraulic transient calculation. The surface heat transfer
and material heat conduction problems are solved simultaneously to determine the total heat transfer to
the coolant.

The heat transfer coefficient couples the hydraulic solution to the thermal conduction solution through the
coolant state and surface temperature, as shown Figure 10-1. Empirical heat transfer coefficient
correlations are modeled for: single-phase liquid heat transfer, two-phase non-dryout heat transfer,
transition boiling, two-phase post-dryout heat transfer, single-phase vapor and surface to surface radiation
heat transfer.

The models are described in more detail in Section 13.

The radial heat conduction equation is solved for the fuel rods (axial conduction is neglected) or the slab
heat conduction equation 1s solved for slabs using an implicit finite-difference technique in combination
with the appropriate boundary conditions.

Detailed models for heat transfer from the pressure vessel and the internals are also included. These
components are referred to as “heat structures.”

The user can specify an arbitrary number of heat structures, which can be in contact with coolant on both
sides or isolated on either side. The 1-D heat conduction equation is solved for a user-specified nodal
subdivision of each heat structure using a finite difference technique. Each heat structure can be
composed of several different materials.

heat structure

9y X)
gas
T

gas
gas phase

volume cell ¥ surf

Figure 10-1. Volume Cell With Heat Structure
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11 CONVECTIVE HEAT TRANSFER MODELS

The coupling between the hydraulic and thermal model is through the surface to fluid heat transfer. The
surface heat transfer appears in the energy conservation equation (7-17) as the component QA (defined in

equation (7-22)) of the term Q. The total surface heat transfer 1s divided into convective components
based on liquid and gas phase heat transfer.

QA =QClig + QCgas (11-1)

The convective heat transfer to water and gas/steam (QCliq and QCgas, respectively) 1s calculated

separately for each phase that has been specified to be in convective contact with heating surface and is
defined by:

QCliq= h1 - Aht1 - (Tsurf - Tliq) (11-2)
QCgas= hg - Ahty - (Tsurf - Tgas) (11-3)
where:
Teurf = surface temperature,
Tiig, Tgas = temperature of water and steam phase, respectively,
hi, hg = heat transfer coefficients to water and steam phase, respectively, and
Aht], Ahtg = heat transfer area (contact area) to water and steam phases, respectively.

The convective heat transfer is calculated using an empirical correlation, which 1s primarily a function of
fluid properties, flow, surface material, and surface temperature.

In POLCA-T, modeling the interfacial heat transfer between water and steam phases is also accounted for
as described in the Section 9.4 description of heat and mass transfer.

In many heat transfer regimes, the heat transfer coefficient is surface temperature dependent. The
solution method used in POLCA-T accounts for this dependency by solving the heat transfer and heat
conduction problems simultaneously.

This section describes the heat transfer regimes, convective heat transfer correlations, dryout correlation,
Leidenfrost temperature, and transition boiling correlation.

Distribution of energy transferred from structures to water and steam is calculated separately from chosen
correlations. The logic matrix of heat transfer regimes is presented in the next section.
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11.1 HEAT TRANSFER REGIMES
The various heat transfer regimes modeled in POLCA-T are shown in Figure 11.1-1:

Pre-dryout Heat Transfer (Tgyrf> Tgat, Boiling or Steam cooling)

Heat Transfer to Water

. Boiling according to Chen (H5)

Heat Transfer to Steam

. Turbulent natural convection (H6)
. Turbulent forced convection (HS)

Pre-dryout Heat Transfer (Tsyrf < Tsat, Single-phase Water or Steam)

Heat ‘Transfer to Water

. Turbulent natural convection (H1)
. Turbulent forced convection (H3)
. Condensation of steam (H4)

Heat Transfer to Steam

. Turbulent natural convection (H6)
. Turbulent forced convection (HS)

Post-Dryout Heat Transfer

Heat Transfer to Water

. Forslund-Rohsenow (H11)

(Direct wall to liquid heat transfer in dispersed flow)
Heat Transfer to Steam

. Forced convection to steam with (H10)
Two-phase enhancement factor for dispersed flow

. Modified Bromley (H12)
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Figure 11.1-1. Heat Transfer Regime Maps Used in POLCA-T
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11.1.1 Two-Phase Subcooled, Nucleate and Flow Boiling Regim e (H5)

For nudleate and non-dryout flow boiling, the Chen's comrelation (Reference 11.1) 1s used:

kf
— 3., — 08 })IU_4 .F

+ 000122 - D epf0 8- pO D (114
) - 605, MfO.QB . hng..24 . pg0.34
- (Tsurf - Tgar)0-24 - (pw - p)0-73-s
where:
Re = GfDwupt
Pr = pfepfkf
Tw = max{Tsurf Tsat+23), and
Pw = Psat(Tw
The twn-phase Reynolds number factor F 1s
[ 1.0for Xerl < 0.1
F=1
| 23511447 - (X! +0.213)0-736f0r Xy1 > 0.1
where
- PP S
Xl = (5] 09 [p—fi 0.5.{28] 0,
: V1-X) pg) k)
and X 1s the steam quality, whi ch is limited to less than 0.981.
The subcooling suppression factor S is:
1/(1+0.012 - ReTpl-1%)for ReTp < 32.5
S =93 141+0.042 - Rep0-78)for 32.5 <ReTp <70 where
0.1for ReTp =70
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11.1.2 Laminar and Turbulent Natural Convection Regime (H1 or H6)

The heat transfer coefficient for natural convection of steam or water 1s from M. Jakob (Reference 11.2)
for vertical plates.

Nu = C - (Gr-POn

h = kflm- Nu/L (11-5)
where Listhe film length
kflm
and
Gr = g Bflm- L Tsurf- Tel - ll\igii} :

The subscript“c” 1s for the water regime (H1) and g 15 for the steam regime (H6).

The subscript“flm” means that properties shall be evaluated at film temperature Tfim

TAm = (Teurf + Tc) - 0.5

and Pflyy1s the thermal expansion coefficient

where:

specific volume, and

Gibb's free enthalpy.

g

The coefficents C and n for laminar natural convection, are;

C =135 n=015 for 1 <GrePr<5554

C =057 n= 025 for 5554 < Gr- Pr< 1.057-108

and for turbulent natural convection:

C =013 n=0333 . for 1057108 <Gr-Pr
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11.1.3 Steam Condensation (H4)
Near Wall Condensation
According to Hancox-Nicoll (Reference 11.4) the near wall condensation is calculated as:

h =k Nu/D, 4 (11-6)

Nwcond liq
together with

Nu=0.1Re ﬁ'q“z Pry,
Bulk Condensation

For prediction of condensation in turbulent flow inside of horizontal tubes, the general technique from
Shah (Reference 11.5) 1s used. This correlation is good for all flow patterns as long as both the liquid
film and vapor core is turbulent. That means following basic three conditions must be considered:

u, >3m/s,Re; >350, Reg > 3500
h/h, =1+3.8/2°% (11-7)

The parameter Z 1s defined as:

]_ 0.8
7= (—— 1) . Pr®*
X

The superficial heat transfer coefficient h; is calculated as:
h; = hL(l - X)M

hy, is the heat transfer coefficient, assuming all mass to be flowing as liquid, and is calculated by
Dittus-Boelter equation (Reference 11.3) as:

GD 0.8 k
hy = 0.023 (_J prf0-4 f (11-8)
Mg Dhyd
For Reg < 35000..
The condensation heat transfer coefficient is calculated in accordance with (Reference 11.6) as:
hTP =Fs .hNu (11'9)
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Where hy, 15 calculated from:

K hep, (b —PE
Digate 8Ty

! .
hy = 07725 :| and F, = 0.77 according to (Reference 11.6).

11.1.4 Turbulent Forced Convection Regime (H3 or HS)
Dittus-Boelter correlation (Reference 11.3) 1s used for turbulent forced convection of steam and water,
Nu =0.023 - Rep0-8 - prc04
h =ke - NwDp (11-10)
where again subscript “c” is for the water regime (H3) and g is for the steam regime (H8).

|Gfl Dh
uf (1-a)

Ref =

Uf- Cpf
Prf——k—f'&

11.1.5 Post-Dryout Heat Transfer Regime
11.1.5.1 Direct Wall to Liquid Heat Transfer (H11)

Direct wall to liquid heat transfer at wall temp erature above Tmin (Lerdenfrost temperature) 1s calcul ated
using the Forslund-Rohsenow equation (Reference 11.7):

7 {62/3 ;
bhwd = 02 z(_—{}* (1- q)2,13

i

(11-11)
g pf py hfg k3 1/4
: _ /3 ~ (Tsurf - Tgap)
(Tsurf - Tsat) 1w Lg)
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where D 15 a drop diameter calculated as described in Reference 11.5.

11.1.5.2 Forced Convection to Steam with Two-Phase Enhancement Factor for Dispersed Flow
(H10)

The dispersed flow film boiling heat flux 1s used when o > 0.9 and Tsyef » Tmin.

H = \P’hspv (11-12)
where:
hepy = turbulent heat transfer coefficient to steam (H8), and
W = enhancement factor for dispersed flow

Thi s two-phase enhancement factor for dispersed flow, y 1s approximated by an extension of analogy
hetween wall shear stress and heat transfer, as follows:

_ He 26 ["1 ‘ -rd]l;‘z.
v Hspv Tw . Tw

_ 3 .ad py CDd (Uy - Ug)?

Td 4Dg
1 Uy?
Tw = 5 Pv fw Dh
where
i = nterfacial shear due to droplets,
Tw = wapor-wall shear stress,
2% = total shear stress for 2 dispersed flow = wy + 14,
fr = wdl friction factor,
for = 0.0791-Rey 025
Chp = drop drag coefficient,
24 c
= + 0?:)
CDd Rep (! *01ReD )
Dy = drop dhameter,
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ad = volume fraction of entrained drops,
Rep = Reynolds number for vapor over drops, and
ReD _ Dd pv (Uy - Ud)
My
11.1.5.3 Low Flow Film Boiling Regime (H12)
Forthe inverted annular regime, a modified Bromley correlahon 1s used
h = Nu-kg/LH (11-13)

The Musseltnumber 1s given by

Ra-hfg 114

Nu = 0.6z Lpg SlT\\'{,g

where:
ATy = Teurf—Tsat, and

Ly’ g pg (pf-pg) - Prg
2
ng?

Ra =
and the Ly 1s the Helmholtz instability length1s

o heg3 pg? 111
Pelpf- pg)’ g2 kg3 AT3)

LY = 16.24-

11.1.6 Transition Boiling

Transition boiling, or unstable boiling, occurs when the surface temperature 15 above the cnitical
temperature, Ty, but below the Leidenfrost temperature, T1 gid (see Figure 11.1-2). Thisregimeis

some times called the unstable dryout regime.

The heat flux in the unstable dryout regime 15 calculated by weighting of the heat transfer correlahons

from forced convection, H10, direct wall to liquid heat transfer, H11, and low flow film boiling regime,
Hiz.
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Heat flux

@) A

S ct g—-————————————————

"
D Leig

q-——————-——-—

Surface>

el Temperature (T)

cnit

Figure 11.1-2. Heat Flux versus Surface Temperature

The heat transfer coeflicients to the phases for temperatures between the critical and the Leidenfrost
temperatures is approximated by the interpolation relationship:

h1 =11 -hiH10 + £2 - hiH11 + £3 - hiH12 (11-14)
a—0.6
=703
a—0.6
S = 0.3
-0.6
£=1-9706 55
and
hg = f1 *hgH10 + £2 - hgH11 + 13 - hgH12 (11-15)
a—0.6
="03
a-0.6
f= 0.3
fi=1=2796 425
3
WCAP-16747-NP March 2007
Revision 0



11-11

11.1.6.1 Ledenfrost Temperature

It 15 assumed that the minimum film boiling temperature 15 the wall temperature that results in an
instantaneous contact temperature equal to the homogenous nucleation temperature, THN. Using a

contact temperature correction to include the effects of surface thermal properties, the mintmum film
boiling temperature 1s (Reference 11.8):

TLeid = THN + (THN - T1) -E@%)m (11-16)

where the homogenous nucleation temperature 15 given as a function of pressure by a simple curve fit:

THN =(673.44 - 4.722:10-2DP + 2.3907-10-3-DP2

‘ 11-1
- 5.8193:10-9-DP3) -5/9 (11-17)

where DP=3203.6 - 14.5038-10-2 “p.

The rminimum film boiling temperature 1s specified as the larger of etther equation (11-1) or that given by
Henry's modificahon of the Berenson correl ation:

TLeid = T + 042 (TB - TY)

(11-18)
[ (kpCplt T2 { hfg ]lo.é
(k p Cp)surf] Cpsurf (TB-TH J
where
pv hfs
B = Tsgat + 0.127 T
\!
{11-19)
_{g (pf-p2dbB [ o }1;2 _ [ Bv }1;‘2
(prHpg) gpf-pg)| (rf- Pg)
There are limits on maximum and minimum values of TLeid predicted by the above correlations.
(
]a,&
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12 DRYOUT AND DNB CORRELATIONS

The boiling transition between non-dryout heat transfer and post-dryout heat transfer is determined from
critical heat flux (CHF) correlations.

The critical power ratio (CPR) is evaluated in BWRs. The CPR is a measure of the margin to dryout, for
a given CHF correlation. The CPR at an axial location is defined as the ratio of the integrated bundle
power from the inlet to the dryout location, to the actual integrated bundle power over the same length.
CPR correlations appropriate for each unique assembly type in the core are included in POLCA-T. One
example of CPR correlations for Westinghouse BWR fuel is found in Reference 12.1.

The departure from nucleate boiling (DNB) is a local quantity that describes when bubble formation 1s
rapid enough to cause a continuous vapor film to form at the tube wall.

The critical heat flux used is the maximum between a flow boiling and a pool boiling correlation:

Q" = max {q" , 4"} (12-1)
The calculation of CPR or DNB for all fuel bundles during steady-state and transient conditions are
performed by its fuel-specific correlation which is chosen by the user depending on the fuel type. The
CPR correlation developed for each new fuel type is submitted for NRC review and approval as a part of
the fuel type licensing activities. Once approved, the new correlation is added to the dryout correlation
library.
12.1  FLOW BOILING CRITICAL HEAT FLUX CORRELATION

One of the CHF correlation of the @/x-type in POLCA-T is the AA-74 correlation This correlation is
developed from ASEA-ATOM 8x8 fucl assembly CHF test data, as shown later in Figure 12.2-1. [

P
Other ®/x-correlations for POLCA-T are available via a common library, which is linked to POLCA-T.

12.2 FLOW BOILING CRITICAL QUALITY

Another type of flow boiling critical quality correlation available in POLCA-T is correlations of the type
of critical quality versus boiling length, correlation of type x/L-correlation, as shown in Figure 12.2-1.
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Heat flux Heat flux Power to
@ o Carsiaton (@ yield dry-
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outatz,
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A
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power levels. | I I
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| | power |
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Quality Length
Figare 12.2-1. Principles of Computation of Critical Heat Flux
[

]n.c
Other x/L-correlations for POLCA-T are available via a common library, which 15 linked to POLCA-T.

123 DNB-CORRELATION

The correlation for calculating the DNB in POLCA-T 1s based on alookup table for CHF, Reference 12.2.
The correlation for the CHF 13 of the form:

CHFMM = CHFs(p,G,X)*kl*kg*kfh*kj#kg (1 2-3)
where:
p = local pressure,
G = mass flux,
x = thermodynamic quality, and
k; = factors for local peaking pattem and fuel bundle geometry, etc.
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12.3
And the heat flux ratio, the DNB rathio (DNBR) 15
DNBR = CHFypm/® (12-4)
where:
i " = actua heat Bux and
CHFppal = cntical heat flux at actual position.

124 POOL BOILING CRITICAL HEAT FLUX

The critical heat flux in pool boiling 15 calculated from a modified Zuber (Reference 12.3) correl ation.
The onginal Zuber correlaton was

‘Gg(pf-pg?rm { pf ‘)152

T
=5, "hfs-pg-
ez ~ 24 Mg P o opg2 ) \Pf+ Pg,

L}

(12-5)

This correlation 15 denved and tested for a heated wire. When applied to arod bundle the correlation is
multiplied by a factor, FRE, to account for the differences.

FD
FRB = o+ Fp

- Dheat
D =75
e (pf- pg))

According to Griffith (Reference 12 4) the correlation should be modified for two-phase mixtures by
multiplying by (1-o), where o 1s the void fraction. Hence, the final correlation for the critical heat flux in
pool boiling 1s:

" - cglpf-piti4 | pf 2 ,
pe 2 . pg? PETPg
12.4.1 Rod Critical Temperature
The cnitical temperature 1s calculated from:
Tent = e Teoolant (12-7)
H iy (T)
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where:

qQ"crit = maximum heat flux (equation (12-1), and
Herit = heat transfer coefficient in the two-phase boiling regime.

Stnce Herit depends on Terit, an iterative solution is necessary.

12.4.2 Slab Critical Temperature

The critical temperature for the reactor vessel and internals (metal slabs) is calculated from
Reference 12.4

Terit = Tsat + 23°C (12-8)
where Tg,t is the saturation temperature.
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13 HEAT CONDUCTION MODELS

The themal model in POLCA-T consists of a 1-D conduction model. Cylindneal coordinates are used to
model the fuel rods and shell structures and models while cartesian coordinates are used to model the
reactor vessel and internals. The thermal properties of the structural matenals are also considered.

The heat conduction model accounts for the influence of a mowing two-phase water level on the heat
transfer. This 15 done by subdinding any rod or slab into a portion above and below the water level and
performing separate heat conduction calculah ons for each subdinsion.

13.1 CYLINDRICAL ROD CONDUCTION MODEL

In POLCA-T, the conlant conditions are specified by the hydraulic model and the heat transfer coefficient
15 solved implicitly with the heat conduction solution. The POLCA-T can al so handle hot rod models of
the average fuel rod for each fuel hundle. The hotrod model has a thermal-hydraulic environment, which
15 equal to the same state conditions as the average rod. The hot rod model have either a user-specified
internal power peak factor, Fint, or a Fint that 15 calculated by the POLCA7 for the entire core running
with the pin-power reconstruction mode activated.

Heat transferin a fuel rod dunng, for example, a LOCA can be characterized as a multi-region, transient,
2-D conduction problem with volumetnic heat generation and general boundary conditions. Since the
axial temp erature gradients in the fuel rod and cladding are much smaller than the radial temperature
gradients, azmal conduction 15 assumed to be negligible, and 15 not modeled.

With these assumptions, the time-dependent heat conduction equation may be written (in cylindncal
coordinates) as:

5T 1 5{ &T _
pcq =7+ gl (5D

The fuel rod or fuel rod simulator1s divided into N radial nngs charactenzed by matenal type, inner
radius, outer radius and volumetric heat generation rate, as shown in Figure 13.1-1. The matenal types
incude U0y and Zircaloy among others Also gas gaps are treated as radial nings.

Equation {13-1)1s multiplied with r and integrated over anng fromryto ry

3 Y s - kN PN "
ry - T L ’_GTJ N BT)
) G, - g, 152
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The upper bar denotes aring average value. Introducing the temperatures af ra and ry (Tq and Ty) and the
temperature a the radial midpoint of the nng (Ty,) the spatially discretized form of equation (13-2) 15
written:

i (o AT
. " _q

2 4 i
(13-3)
2k(Tm) )
= b - Ia (fb(Tb‘Tm) +ra{T.a‘Tm)) = {(T5. T To)
This equation is further discretized in time to read:
(rp2-15%)
—
(p{ec('fm H(1-0)e(Te®)} - {(Tart2Tant To)™*! - (Tat 2Tt To)} | _ (13-49)
4 At ;o

= @.f{Tauﬁ-l?fmnﬂ ,Tbﬂ+1} + {1-@)'f{T3“,Tmﬂ,Tbﬂ)

|nner Outer
Boundary * Boundary
' : A
(1) (-1 ) |+ (N)
Tm,1 Tm i-1 m i Tm,i+1 Tm,N
A7
Ta,1 lTb,i-1 . Tb,1 Ton
ai 3
i .
Y

Figure 13.1-1. Typical Subdivision of a Cylindrical Heat Structure

The upper index 15 used here as usual to denote the time step number. The equati on can be looked upon
as an energy balance for aring where " now represents the time step average volumetric heat
generaton rate. The implicitness factor @ 1s zero for a fully expli at numerical scheme and unity fora
fully implicit numerical scheme. In order to use the equation in POLCA-T for a cylindncal rod dinded
into nngs, conditions must be specified on the interfaces between the nngs and also on the boundary of
the rod.
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Inner Boundary

The inner boundary 1s either the center line (zero radius) or at some finite radins. In both cases, the radial
temperature gradient 1s assutned to be zero:

Tat =Tt (13-5)
Interfaces Between Rings
The heat flux on each side of an interface must be equal:

2k(To i) (Tmi-Tod)  2k(Tmir1) (Tmit1-Toi+1)
Thi-Taa Thi+l - Tait+l

(13-6)

Of course, fb,i:fé,iﬂ and T i=Tai+1-
Outer Boundary

On the outer boundary ofthe rod, either the total heat flux 15 known or the heat flux 1s given as the sum of
radiate and convective components to water and steam. The equations corresponding to the two cases
are:

2K(TmN)  (TmN-ToN)

= ot

ol - TN (13-7a)
or
2%(Tm ) - (TN - To )
' == = hy - + hel -T2 13-7b
BN - TaN by (TN - TY + he(ToN - To) + Grad (13-7b)
where:
T, T, = temperature of water and steam, respectively, and

hy hy heat transfer coefficient of water and steam, respectively.

Equation (13-5) with (134) repeated N times and (13-6) repeated N-1 times with (13-7a or 13-7b) to
form a three-diagonal, dmost linear, system of equations for [Ty 1, (Ty 3, T i4=1,2,...N)]. The
coefficient matnx depends on the temperatures through the material properties (k(T) and c(T)). The
system 15 solved by direct Gaussian eliminahon, which 1s iterated untl convergence requirements have
been met.

After elimination phase the denvative

dT, N L . Az
v N 2.1 thN- Az C(13-8)
dg C,N+12
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can be calculated, where Can+1,2 is the diagonal element of equation (13-7a or 13-7b). This denvative 1s
used in solving the coupling between conduction and heat transfer phenomena

The conductivity of a gas gap 15 cal culated from:
k=hgap - (tp-re) - (1) (21y) {13-9)
where hgap 15 cal culated as described in Section 14.1. The specific heat of a gas gap 15 setto zero.

The implicitness parameter, ®, has avalue of 0.5 which gives the Crank-Nicolson method

(Reference 13.1). The volumetric heat generation rate 15 determined from the total heat generation in the
reactor and power distnbution for channel to channel, rod section to rod section, and radial ring to radial
ring. The power generation includes fission power, decay power, and power due to metal-water reaction.

132 SLAB CONDUCTION MODEL

POLCA-T can model any number ofheat-transferning slabs (simulating parts ofthe vessel or the
internals) which are in contact (cooled) with coolant on both sides or insulated on etther side. The 1-D

heat conduction equation 15 solved using a finte difference techmoue and a user-specified nodal
subdivision of each slab. Each slab has one conduction area (A ) and also heat transfer areas on each

side (AL, AR), which in tum can be hquid (A, Ar) orin the gas phase (g1, &og). It can be composed of
different maten als.

The 1-D heat conduction equation

eT & oT
P = ax (KD ] (13-10)
15 integrated over the conduction nodes (see Figure 13.2-1).
Fornodei equation 13-101s:
oT; &T T .
p;c;Axig = -k Sl Tk Sl (13-11)
Left Side 0] (D (F1)] () (+1) (N) F(N+1) Right Side
Hydraulic Hydraulic
Volume Cell  § Tt Tid TmilTmjet T V%UTB
» o » u L] L} u p s e
T T
T\tL TLRR
e i
H H
A:t A X Lﬂ}{i AUR
R
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Figure 13.2-1. Typical Subdivision of a Slah Heat Structure
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The partial denvatives are approximated by the followang differences:
e _ I T (13-12)
&t B At
er, o ___Li-Tia (13-13)
oxl1-11 0.5 -(Ax; + Axiy)
&T Tivg - 1)
- . = 13-14
ox|rtl 0.5 (A% + Axj+1) ( )
ol _Ti-To (13-15)
ox|L.1 ~ 0.3-Axq
oT CIna1- In (13-16)
Ox|NR = 0.5 -Axn
The thermal conductivity at the boundaries of the nodes 15 calculated using the requirement of a
continuous heat flux across the node boundaries.
o KT K(Tir) - (A% + Axi+1) (13-17)
LT T (T Axger + k(Tis) Axg
Equation (13-11) 1s wniten in the finite di fference form uang the method developed by Crank and
Nicolson (Reference 13.1).
o+l Tn
L -1
pi Ax; ci(T®) — A =
n
k1 ; (13-18)

T 0.5 (Ax + Axi=1) Lo i
n
. ki j+1  pl
0.5 (Ax; + Ax;q)

where ® is the implicitness.

+1 + h
leT] "+ qo)T - 91‘?_11 ; (_1-@}T§1)

( : n n+1
©T,, +(1@)T, -0T, - (I-{E))_TJ

On the outer boundaries ofthe plate, either total heat fluxes are known or the heat transfer components

are given as the sum of the convective components.
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For the left boundary, the following equation 1s used:

a+l _nt+l
Iy, -1, o+l o+l

i
*T] To5ax,  Ac= AL HO(Ty  -Typ )

. —n+l n+l (13-19)
+ Ay Hyp (TO - TVL )

n
AL qgqp T QaistL

and for the nght-boundary:
Tn+1 Tnﬂ
n "N ~ N+l _n+l n+1
kTN “osaan  Ac = ArtHe (T -Tig ) (13-20)
. _n+l nti
+ Asp - Hew (T +1 T‘&;’R )

+ AR Qasr

where Qdisty and Qgiqg ‘are the disturbances introduced to calculate denvatives,

dTo dTo dTn+1 dTNw (13-21)
dQr dQr* dQL - dQr

used to solve coupling between heat conduction and transfer

The heat conduction problem for the slabs 1s solved using equations above. These form a three-diagona
linear system of equations with three right-hand sides (undisturbed, disturbed on left or nght side) wath
the unknown temperatires (Tk,1=0,1,. ,N+1). The system is solved using a Gaussian elirnination
technique accounting for the structure ofthe matrix.

13.3 REFERENCES

131 ] Crank and P Micolson, “A Practical Method for Numerical Evaluations of Solutions of Partial
Differential equations ofthe Heat Conduction Type,” Proc. Cambndge Phil. Soc, Vol 43, 1347,
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14 FUEL ROD MODEL

In POLCA-T, all fuel assembles can be modeled. Each fiuel assembly can cong st of an average fuel rod,
part length rods, and water rods. The number of rods 15 deterrmned by the user. In addition to this model,
ahot rod fuel rod can be simulated. This stmulation only uses the thermal-hydrauli c environment for the
average rod to calculate mamimum temperatures when an internal peaking factor 15 set for this het rod.
The internal peaking factor can be constantly user-specified, or be taken from POLCA7T asthe internal
peaking factor calculated from pin-power reconstruction.

All ofthe equations, tables, etc. stated in this section and used in POLCA-T are from the STAV code
(Reference 14.1) for completeness of the section, except for a few equations that are explicitly referenced.

14.1 GASGAPMODEL

Gas phase heat conduction (hy), as well as thermal radiation (hnq), cany out the heat transfer across the
pellet-cdladding gap. In the case of a fuel-cladding surface contact, a third term (hen) might contnbute to
the overall gap heat conductance which furthermore enhances the heat transfer.

The overall heat transfer coefficient across the gap 1s the sum of the iterns menti oned above.

11:h13d+hg+ heo (14-1)

The mathematical formulation and implementation of these mechanisms in the POLCA-T code 1s
presented inthe following subsections.

14.1.1 Radiation Heat Transfer

Lambert’s and Stefan-Boltzmann’s laws govern the thenmal radiation between fuel and cladding. It may
be represented by the followang equation:

ng 'TC4 . 2 2
hrag = Ci;c ) Ts- T = Cf,c (Tg +To) - (Ter - T (14-2)
where:
g
Ctc ZW
—+ - - (14-3)
Ef &
and
s = Stefan-Boltzman constant = 5.67032-10% W m-2 K-4
€ = emissivity _
T = surface temperature, K
¢  =ratio of pellet to cladding radius
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The subscripts f and c stand for the fuel and cladding, respectively. The amount of heat transfer by the
radiation term is significant only during the LOCA, where the surface temperatures ofthe fuel and
cladding become high.

14.1.2 Gas Gap Heat Conduction, Solid Cylinder Pellet

The pellet-cladding gap 15 usually filled with helium gas and fisaon gases, which are produced during the
fuel life cycle. The heattransfer ability of the gap depends prmarily upon the thermodynamic properties
of the gas mixture in the gap. The heat transfer coefficient ofthe gas muxture, hg, 1s given by:

n
hg = 2hgi (14-4)
=1
whete hgjisthe heat transfer coefficient o fthe gas constituent 1 in the gas mixture
On the other hand, the heat transfer coefficient of a angle pure gasis given as:
hei = Ki / Giefr (14-5)

in which K represents the effective gas thermal conductivity of component 1 in the gas mizture and G o
is the effective gap aze.

The effective thermal conductivity of a single pure gas in a gas mizture 15 calculated, based on the
thermal conductivity of pure gases making up the mixture, according to the following equation:

kixi
Ki =
2A5° % (14-6)
=1
where:
ki = thermal conductivity of pure gasi, Wm-1 K-1,
xt = mole fraction of gas 1 in the mixture,
&1 = Sutherland weighting factor for the gas species 1, in the gas mixture, and
n = number of gas constituents 1n the mixture.

The Sutherland weighting factor can be obtaned from the following equation:

1 B 2{‘34 1“21” T++f5i8 14-
=t P 1o Ty (147
4 p} Ml

. J T
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where:

viscosity of pure gas,

molecul ar weight,

temperature in degrees Kelvin, and

Sutherland constants for gas species (@ven in Table (20-2) for some common gases).

42T
Il

The temperature profile across the fuel rod 15 discontinuous at the houndaries to the solid surfaces
(fuel and cladding). In order to make the heat transfer continuous over boundaries, the real gap size
should be extended into the solid surfaces by an additional distance called temperature jump distance.
Therefore, the thermal gap size for each gas constituent in the mixture can be expressed as:

GTi = Go +Re + EZijunp (14-8)
where:
GT; = thermal gap size for gas speaes [,
Gp = nominal design gap size,
R. = roughness equivalence, and
gijump =  temperature jump distance for gas spectes 1.

The temperature jump distance of gas1 1s calculated according to the gas kinetics theory formula

f ‘ k
gijump = { -1 ! 1-:—?1 p, Cpi A (14-9)
whete:
ki wp. cpi = conductivity, viscosity and heat capaaty of the gasy,
Of O = accommodaton coefficients for the pellet and cladding
A = mean free path ofthe molecules1 in the mixture, and
vi = cvicp =ratio of specific heat at constant volume and constant pressure
respectively.
The accommodation coeffictents for fuel and cladding surfaces are given 1n Table 20-4.
According to the thermodynamics of gases:
ki 9-5¥i
e S 4 (14-10)
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and mean free path of the gas molecules 15 given by:

L
-C. K eff
I .
N (14-11)
where:
p, T are pressure and temperature of gas,
Mi, Wi eff are molar weight and effective viscosity of species 1 1n the gas mixture, and
C constant = 114.5.
The effective viscosity of gas in the mixture 15 calculated from the following expression:
HiX{
Hieff = 7
> Ay (14-12)
=1
Combining theses equations and solving for gj jump will resultin:
9-5%i {1 1 .\ _ Jieff
Sijump = €T '{— +——1J S—
Pro e - oc T (14-13)
P M
The effective gap size 15 calculated by the following equation:
—MT-L 14-14
Gmff J ( )
where wi(r) is distribution function for the roughness with the following properties:
vw(rdr=1, and, vrw(t)dr="0 (14-15)
Assuming w(r) to be aparabolic distribution function of the foll owing form:
e 3 Y -
w) = 32 | 1- &) ] | (14-16)
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where R, = 5 AfRZ + RZ  and wir) =0if |r] >R,
As aresult, the effective gap size Gpp can be calculated as:

1 3 (Q+ 1 14-17

G TR (27 0@ u{gT) e

where Q= Q =%

To speed up the execution time of POLCA-T, a simplification ofthe modeling is made, without loss of
simulation accuracy. In particular, temperature jump distance, gj jump has been replaced by amean value

E jump, Which is calculated based on the mole fractions of gases in the mixture.

n
g jump = X X Zijump
i=1

(14-18)

This simplification, in turn, implies a mean thermal gap size to be defined by the following relationship:

G1=0Cp+Ret g jump (14-19)
and consequently the raho:

_ GrT GO+ g junyp (14-20)

Q=% 1" R

implying that Q > 1 is always true.

The mean value of effective gap size 15 expressed as:

G or= G T F(Q) (14-21)
where:
— 4
F(Q)= —
:._——_J{,— O n. _Q_+1‘7 (14-22)
IISQ..[_Q+(1 Q)mq-lj'
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and finally:

K esr K et (14-23)
G eff

he = — —
GT-F(Q)

g

The constants R, and Gp are input values in POLCA-T input data file.
14.1.3 Gas Gap Heat Conduction, the Cracked Pellet

Upon sufficient nse in rod power, large temperature gradient develops across the fuel pellet. This
produces cracks in the pellet. These cracks expend some of the free area of the gap, meaning that they
cause the fuel perimeter to increased and the occurrence of pelletrelocation. Pellet relocation changes the
gas heat transfer coefficient and thus needs to be included in the gap heat transfer modeling.

The effective gap, G T, 1s modified to incorporate the effect of relocation. This has been done by
mo difiring the mean plane gap by

G T =0 Ry+(1-T) R (14-24)

where " denotes the fraction of pellet fragments which emanates from azmuthal “misfitting”, (1-T)
represents the corresponding quantity for the radial misfiting, and % is the radial displacement of the
pellet due to relocation.

Since locally the pellet fragments are assumed to be distnibuted statistically, the local Heat transmission
coefficient 2 becomes a stochastic variable with a generalized mean value defined by:

<> = By (g (14-25)

where B (%" 15 a generalized mean value for any monotonic continuous function £, its exact
mathematical definition 15 given in STAV.

1

S (14-26)
ki’ +Cxla

Fy=

where x1s the fuel pellet conductinity, o 1s the pellet radius, and C=15.0 15 an empinical constant.
14.1.4 Conduction Heat Tr ansfer by Fuel-Cladding Contact Area

The heat transfer occurs by solid-solid conduction mechanism when the fuel pellet comes into contact
with the cladding surface.
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A model assuming cylindrical area of contact between pellet and cladding calculates gap conductance
according to the following expresaon:

heont = F- [E%C-Jn (14-27)

where:

F represents physical properties ofthe surfaces 1n contact,
P, interfacial pressure,

H Meyer hardness (T-dependent), and
n 1/21fP/H < 0.001 elsen=1.

The parameter F is calculated from the expression:

F=C -km/Rm (14-28)
and
C = 774-RM52
Rm = Fy2+R.2
2krke
T Ktk

where kr and k; are the conductivity of fuel pellet and dadding.

Meyer hardness 1s the measure of matenal hardness and 1s defined as the load divided by the area 1e,
H=4P/(md)2 where P1s the applied load and d1sthe diameter of area idented the metal surface with a
solid ball. The dependence of Meyer hardness on temperature 15 expressed by the following equation:

H=exp(A+ BT+ CT2 + DT3) (14-29)

where T 15 temperature in degrees Kelvin and

A = 2.6034-10+1
B - 2.6394-10-2
C = 4.3502-10-5
D = -25621-108

As shown by the equation, Meyer hardness decreases rapidly with temperature.
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14.1.4.1 Gas Gap Pressure

Forthe POLCA-T calculations, the fuel rods are axmally divided into anumber of segments (as current
standard 25 aual segments per rod). Knowing volume and temp erature within each segment as well as
the total number of moles of gas 1n the gap, the pressure can be calculated as follows:

Mtor
K
}i {14-30)
Ty
k=1

P =

where nio 15 the total number of gas moles and Viand Tk are volume and temperature in segment k. The
calculated pressure 1s used afterwards to update the value of gjump.

The number of moles of gas 1n each rod 1s calculated from fission gas release models and the initial
mimber of moles ofhelium the rods are filled wath. The gas volume for each axial rod segment 1s
calculated when pellet and dladding displacement are calculated as described below. Thus cal culation of
the rod pressure 1s updated only after each time step.

Figure 14.1-1 presents a fuel rod with its pellets. The pressureis equd in the entire rod pgs, butthe
pressure on the outside 15 changing wath the axal level. The volume for each segment 15 calculated as
below when the gas gap for each segment 15 cal culated.

Vy = (o + AY - g, +8F | 1, (14-31)

where:

A 15 the displacement of the dadding inner radius,

o 1s the displacement ofthe pellet outer radius,

tq 15 the nominal cladding inside radius,

fpo 15 the nomunal pellet outside radius, and

ly  1s the length of the segment.
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Figure 14.1-1. Fuel Rod with Definition of Pressures and Other Characteristic Variables

Figure 14.1-1 is an outline drawing of a fuel rod with definition of pressures and characteristic
geometrical quantities to calculate the displacement of the cladding. According to the figure:

Pressure p 1s the pressure distribution along the rod.

Pgas is the gas gap pressure for the entire rod.
gap is the gas gap distance.

g and re, is the inner and outer radius, respectively.
Lt 1s the length of the rod plenum.

142 PELLET MODEL

Fuel pellet can be either be made of UO, or (U, Gd)O, material. The fuel models apply to normal
operation of light water reactor fuel.

The fuel pellet 1s treated as a stiff body, which interacts with elastic and plastic Zircaloy cladding. Pellet
cracking is not considered explicitly. However, the effect of cracking on thermal expansion and
pellet-cladding gap reduction (pellet relocation) is taken into account. Fuel restructuring is not presently
treated in the code. Figure 14.2-1 shows a pellet with possible cracks.
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Figure 14.2-1. Pellet with Cracks

14.2.1 Pellet Conductivity

The heat conduction inside the pellet and the power generation inside the pellet is treated as a 1-D
problem and the temperature field is calculated as described in Section 13.1 regarding cylindrical rod
conduction model for heat structures.

In POLCA-T with the STAV option, the thermal conductivity of UO, fuel is temperature and burnup
dependent using the built in function of the form k = f{T,D¢, G, Bu).

where:

k is the thermal conductivity (W/mK),

T  is the temperature (C),

D¢ 1s the density fraction due to cracking up,
Gr  1s the Gadolinium fraction, and

Bu  1s the average burn up of pellet (MWd/kg).

The function used in POLCA-T, which is applied for each radial zone in the fuel pellet model at a
volumetric average temperature for each elevation of the fuel rod:

K
k=P ! +K, e 5 ]
[Kz + K by +min(T,1650) 20 | Tr0<T<L [°C] (14-32)

where:

k = thermal conductivity in [W/m °C],

P = porosity correction factor (see equation 14-33),

T = temperature [°C],

b(u) = fuel burnup dependent term (see equation 14-36),

Tp(u)= bumup dependent melting temperature [°C], and

u = local burnup.
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The melting temperature for UO, fuel is:
Tw(u) = 2805-3.2u (14-33)
here uis in [MWd/'kgU]. [
a,c
] ab,c
Table 14.2-2 shows the values of constants used in equation (14-32).
The porosity correction factor appearing in equation (14-32) is given by:
1-40-D
_ 1A Dy (14-34)
1- (1 -0.95)
where D7 is the fraction of theoretical density and S 1s a porosity coefficient given by:
p=258-58x107"T (14-35)

Figure 14.2-2 shows the plot of P as a function of fraction of theoretical density for temperatures 500°C
and 1500 °C.

Porosity factor

0.8 T T T L
09 0.92 0.94 0.96 0.98 1

Fraction of theoretical density

Figure 14.2-2. The Porosity Correction Factor to Thermal Conductivity P of UO, Fuel, as a
Function of Fuel Density (as can be seen, the factor is normalized to one for
95-percent dense fuel.)
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P>
Gadolinium Fuel Thermal Conductivity
Thermal conductivity of unirradiated gadolintum-uranium has been a subject of several measurements.
The thermal conductivity correlation used for (U,Gd)O, in POLCA-T is the extension of the UO,
correlation described in subsection 9.3.1:
K
k, =P ! - + K05
_ K, +K,b(u)+K;w, + min(T,1650)
for  0°C<I<T,(u,w,) [°C]
0 <w, <0.1 (14-37)
where
T, w, )= To1)-375 w, (14-38)

where k, 1s the (U,Gd)O, thermal conductivity in [W/mK], w, is the weight fraction of gadolinium in
(U,Gd)0,, K5=4670, P is given by equation (14-33), b(x) by equation (14-36), 7,,{(u) by (14-33), and K
through K, are listed in Table 14.2-1.

14.2.2 Pellet Volume Change

The volume change of UO, fuel is the sum of the volume changes due to thermal expansion,
densification, and fuel swelling. These phenomena are treated in the POLCA-T code.

The swelling 1s defined as the increase in fuel volume caused by the replacement of heavy atoms by
fission products in the fuel. However, due to the porous structure of ceramic nuclear fuel, the crystal
lattice accommodates a sizeable portion of fisston products during irradiation without a significant
deformation of the pellet. The swelling is to be distinguished from the total volume changes during
wrradiation of the fuel, which includes also fuel densification, as a volume decreasing mechanism, as well
as fuel relocation and crack formation and healing as volume increasing mechanism. The total fuel
volume change can etther be positive or negative. However, the swelling is always positive.
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Swelling mechanism can be subdivided into two parts: swelling due to solid fission products, and
swelling caused by gaseous and volatile fission products such as cesium which can be in a liquid state at
operating fuel temperatures. The gaseous fisston products diffuse to the grain boundaries and form into
bubbles at fuel temperatures above 1000°C. These bubbles can dominate the swelling behavior of fuel at
high temperatures and burnup, and their interlinkage leads to fission gas release.

The total fuel swelling is obtained by adding different contributions of swelling types and densification,
1.e.

(AV / V)tota! =

(14-39)
(AV IV, +(AV V)

FAV VY, + (AV V),

solid

where (AV/V) designates fraction of change in fuel volume and the subscripts, total, sohid, D, 4, G, denote
the contributions of the total swelling, solid swelling, densification, swelling accommodation, and
gaseous swelling, respectively.

14.2.2.1 Pellet Solid Swelling

The solid swelling rate 1s assumed to be directly proportional to the local burnup. A correlation provided
from STAV for solid swelling 1s:

0,836 p,
D, = max| 0,0; (14-40)

"10520,0 - (Bu—-13,8)
where:
Dpg 15 the pellet swelling (pm),

pe s the pellet density (kg/m?), and
Bu is the pellet average burnup (MWd/kgU).

14.2.2.2 Pellet Densification

Fuel densification is caused by the shrinkage of submicron size pores during irradiation. Densification of
UO, fuel has been studied extensively. The main results of these investigations show that:

. In-pile densification is correlated to the out-of-pile 1sothermal resintering tests, for example at
1700°C, for 24 h under argon-8% H, atmosphere.

. The densification saturates after a rather low burnup, which ranges between 1 to 7 MWd/kgU.
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Thus, the negative contribution of the densification to swelling is given by:

10,2-A
D,y = —— P (14-41)

PD - Bu
0,75- {1 —e*’! J

Dpp s the pellet densification (mm) rod internal free volume,
Ap  1s the thermal stability (%), and
Bu s the pellet average burnup (MWd/kgU).

where:

Same correlations as for UO, fuel for densification and swelling are used for (U,Gd)O, fuel.
14.2.2.3 Pellet Relocation Model

A raise in fuel rod power produces cracks in the pellets due to thermal stress induced by the radial
temperature gradients across the fuel pellet. The pellet-cladding gap area accommodates the spacing area
developed by these cracks inside the pellet. This gap size reduction, or alternatively, increase in apparent
pellet diameter due to pellet cracking is referred to pellet relocation.

Based on an analysis similar to that of Oguma’s the following pellet relocation model has been devised
for STAV:

R =0 for 0<Q,
R=C, aF(E)[1 _ M ‘Q)] for 0=0, (14-42)
with
F(E)=C, +(1-C,)e """ (14-43)
where:
R pellet relocated radius [m],
a pellet outer radius [m],
E  local burnup [MWd/kgU],
O  linear heat generation rate [k W/m},
Q. critical power for pellet cracking (onset of relocation) = 4 kW/m,
C, =40x10",and
C, =15L
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The relocation effect is an irreversible function of power, which varies with time. During transients the
relocation can be treated constant throughout the run, but as an option, the relocation can be calculated
after each time step when the gas pressure in the rods is recalculated.

14.2.3 Pellet Thermal Expansion

The stress state in the pellet and its effect on pellet dimensions is not calculated by POLCA-T. Since
there is a great temperature gradient along the pellet radius, an integral of pellet thermal expansion
coeflicient over pellet radius is necessary. A simple lincar thermal expansion model for a solid pellet with
an infinite number of radial cracks 1s considered:

RU
i [or (rdr 1 R
(@r)per == o lar(yar (14-44)
[dr 00
0
where:
radial : o .
(ar) radial pellet thermal expansion, dimensionless,
T / pellet P p

ar(r)y=ar (T(r)) UO, thermal expansion coeflicient at temperature 7°(r) and radius r, and

Ro pellet outer radius.

The linear thermal expansion coeflicient is defined by:
a, =—— (14-45)

where L 1s the length, and dL/dT its derivative with respect to temperature. For temperatures below
melting, the fractional linear thermal expansion i1s expressed by:

AL - —4 -6
L(T)——4.972x10 +7.107x107°T (14-46)
+2.581x107°7T* +1.140x107° 7>

where, AL/ L is the fractional lincar thermal expansion 7" is temperature [°C]. Figure 14.2-3 shows the
plot of AL/L versus temperature.

The axial pellet thermal expansion is calculated as:

axial
(aT )pellet = aT(Tav )
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where T, 1s the radial average pellet temperature.

Measurements of the coefficient of thermal expansion of (U,Gd)O, fuel indicate that, for gadolinium

concentrations less than 12 wt %, the UO; coefficient of thermal expansion is applicable.
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Figure 14.2-3. Temperature Dependence of the Linear Thermal Expansion of UO,

14.2.4 Model of Fission Gas Production
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™
143 CLADDING MODEL

The cladding is made of Zircaloy and is treated as a long, thin tube. The material is considered to be
isotropic except for the thermal expansion, which is taken to be different in the radial and axial direction.
The cladding temperature model includes thermal conductivity and specific heat. The cladding
deformation models include thermal expansion, elasticity and plasticity, creep, and growth.
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14.3.1 Thermal Expansion
The thermal expansion model for Zircaloy cladding in POLCA-T 1s from STAV. Thermal expansion
varies linearly with temperature in the alpha phase (300<7<1073 X) according to:
AL _ 4.44 x107°7T —1.24x107? (14-60)
0
and
AD
—— =6.72x107°T -2.07x107? (14-61)
DO
where:
T = linear axial strain caused by thermal expansion (-),
0
Lo = length at a reference temperature (m),
B = diametric strain caused by thermal expansion(-),
0
Dy = diameter of cladding at a reference temperature (m), and
T = temperature (K)

14.3.2 Zircaloy Cladding Elastic Moduli

Zircaloy cladding elastic moduli mainly depends on temperature, the fast neutron fluence, the amount of
cold work, and the oxygen content. The following relations are selected for the STAV code.

[

1*
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e
The relationships used for calculations of Cry, Cgi1, C; and Cs are:
Cr=(6.61x10" + 5.912x10° 1A (14-66)
Car= (7.07x10"-2.315x10° DA (14-67)
Cy =1 or ®<1.0x10** [n/m’] |
C, =0.88+0.12 exp(— i(%j for ©>1.0x10" [n/m’] (14-68)

Cs=-2.6x10"°C (3.23)

where:
A = kg oxygen/kg Zircaloy, is the average oxygen concentration minus oxygen
concentration of as-received cladding and is default 0,
® = fastneutron fluence, Zi MeV [neutrons/m’], and
¢ = cold work [dimensionless ratio of areas], 1s default 0.

The standard error for Young’s modulus is 6.4x10° Pa and for the shear modulus is 9x10° Pa.

Using these correlations, the temperature dependence of elastic moduli are plotted in Figure 14.3-1.
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Flgure 14.3-1. The Elastic Moduli of Zircaloy as a Function of Tem perature for Unirradiated
Material with A=0 ppm and =0
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14.3.3 Poisson’s Ratio

Poisson’s ratio for isotropic claddin is given by:
s Mo o

= ] 14-69
! G ( )

where:
Poisson’s ratio for isotropic cladding,

Shear modulus for Zircaloy with random texture [Pa], and
Young’s modulus for Zircaloy with random texture [Pa].

RS

and
Cr=C=C3=0 in the equations for elastic moduli above.

14.3.4 Creep Deformation

[

I
14.3.5 Elastic Deformation

For a pipe cross-section, see Figure 14.3-2 for geometrical conditions.

q

&

Figure 14.3-2. Fuel Tube, Geometrical Dimensions
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Figure 14.3-2 Fuel Tube Geometrical Dimensions can be determined to be:

dir(m,)-% 0 (14-71)

Together with a compatibility relationship as:

de, 0 (14-72)
g +r——g = -
¢ dr r

and together with Hooks general constitutive equations:

e, =%(0, ~vs,,) (14-73)
2= (o, ~v0,) (14-74)

The following differential equation can be set up:

d? d
p2. 8% 13,50 g (14-75)
dr?® dr
With the general solution:
6,=A+Br™ (14-76)
And boundary conditions as:
r=athen's,=pandr=b 5,= -q
v p b’ -r?)-qa? -1’
Gr(r)= ( a"z)— b"z( ) (14-77)
p-b?+r?)-q-a? +r?
G(p(r): ( a_z)_b_y'_( ) - ) (14‘78)

And, finally, the displacement of the radius can be calculated (in the hoop direction there is no
displacement due to symmetry in load), the radial displacement is:

u(r)= r- sw(r) (14-79)

which is used for calculating the volume of the gas gap and the displacement of the inner radius of the
cladding due to the pressure difference.
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14.4 METAL-WATER REACTION MODEL

The reaction of zirconium a steam is treated using the correlation suggested by Baker and Just
(Reference 14.2). The metal-water reaction model is coupled with the fuel rod deformation model. In
case of rupture of the cladding the inside of the cladding can react. The metal-water reaction can occur in
different fuel bundles for different rods depending on the actual core model.

The metal-water reaction model calculates the oxide thickness on the cladding surfaces. However, it does
not alter the thermal properties of the cladding as the oxide layers develop. The model calculates the
amount of hydrogen feed from each surface undergoing metal-water reaction, this hydrogen does not get
included into POLCT-T hydraulic equations, nor does the steam being consumed get withdrawn from the
steam mass balance.

The reaction rate between zirconium and steam is expressed as:

Zr +2H,0 - ZrO, + 2H, + AE (14-80)

The isothermal heat evolved, AFE, for this reaction is about 6510 kJ/kg Zr reacted. There are two broad
types of rate-limiting phenomena that can represent the mechanism for the oxidation of zirconium in a
steam environment. They are:

. The gas-phase diffusion of stcam from the bulk stream toward the cladding surface, through
gaseous hydrogen which must diffuse away from the zirconium dioxide product layer.

o The solid-state diffusion of various ionic species through the zirconium dioxide product layer and
into the base metal, a phenomena quantitatively expressed as the parabolic rate law.

In POLCA-T, the reaction is conservatively considered not to be steam limited. The parabolic rate law
expressing the solid-state diffusion is taken as suggested by Reference 14.7. The power generated per
unit length of rod is the energy released per mass reacted times the rate of cladding oxidation.

Ovwr = AEPZ’S?’ /o) (14-81)

where the zirconium density is 6560 kg/m® and the oxidation heat:

AE = 6.669-10° —257-T (J/kg) and temperature T in Kelvin.
The reacted cladding volume is calculated from the oxidation rate equation:

dr Cl [— Cz]
—_—— . X -
arr (14-82)
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Integrating the equation above gives the radius oxidized over time A¢. The volume per unit length
oxided cladding is thus:

2 -
Z = I:Zﬂ' h . I}C1 . exp[ < J‘At
Az Rt r (m?) (14-83)

where 1y, 1, and 1, are respectively the outer cladding radius, initial oxidation front radius and final radius
in time Af. The default values of the constants are chosen to match the Baker-Just correlation. C,= 3.937

10" m®/s, C, = 2298.84 K. The constants for Cathcart-Powel correlation C;= 0.1126 10™ and
C,=18062.41 K.

The power calculated by equation (14-81) 1s added in the cladding conduction calculation for the nodes
between radius r; and r, depending where the oxidation front is located.

14.5 CLADDING RUPTURE MODEL
The criterion for rupture of a cladding tube is formulated as a burst stress which is compared with the true
stress (from equation (14-78)). The burst stress is temperature dependent but also influenced by the
thickness of the double layer of oxide and oxygen stabilized a-phase zircaloy and the oxygen
concentration. The base formulation is taken from Reference 14.3.

gy = a-exp(-b'T) (14-84)

where:

a and b are temperature-dependent parameters.

For T <Tg:

a = 705600 MPa

b = 0.00793 K!

AtT = Top (= U2(To + Tp)):
a = 3000 MPa

b = 0003 K-1

- For T> Tj:

a = 2300 MPa

b = 0.003 K!

The transition temperatures (T, and Tg) are given by equations (14-89) and (14-90). The values for a
and b in equation (14-84) are taken from Reference 14.8, except in the aregion where a fit to data has
been made.
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Linear interpolation in 1n(a) and b is used in the lower and upper halves of the a+f region.

The burst stress used in POLCA-T takes into account oxygen effects through a multiplier that is
considered to account for the reduction in burst stress for the main metal, and through an additive term
that accounts for the strength of the double layer.

0-90 ) (14-85)
c,=0 .expl-C, - X" +o_, =
B Bl 5 p( 5 ) xo 5
where:
Cs = temperature dependent coefficient,
m = temperature dependent exponent,
X = total oxygen concentration defined by equation 14-103,
oX, = burststress of the double layer (oxide plus oxygen stabilized a-phase),
) = actual cladding thickness (m), and
0x, = thickness of the double layer (oxide plus oxygen stabilized a-phase).
The following relations are used for the parameters:
0.7<T,
= . (T - ac) -
C,=495 Aﬂ"T)a T,<T<T, (14-86)
95. T <T
1.T<T,
m={ 1 05T, <T (14-87)
051
Ty
0 X = 8577-exp(-0.003-T) MPa (14-88)

The burst stress for the double layer has been determined from a data point in Reference 14.4 that
implicitly gives the value 113 MPa at 1170 °C and assuming the same decay constant (b) as for f-phase
zircaloy. :

The burst stress and true stress are evaluated at each time step and compared in order to detect a rod burst.

14.5.1 Cladding Creep Model

The cladding creep is usually given by an (empirical) equation determining the creep rate (tangential
strain rate). The creep rate is affected mainly by:

o Tangential stress in the cladding

. Temperature of the material

o Material properties
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The material properties are temperature dependent and also dependent on the crystal structure ofthe
cladding matenial. Furthermore, the properties are affected by the oxygen uptake (by oxadation and
di ffusion) that occurs athigh temperatures.

Zircaloy cladding material exhibits two distinct crystal structures corresponding to two allotropic phases.

Atrelatively low temperatures (less than approximately 800°C), the equilibrium phase corresponds to an

anisotropic hexagonal-closed-packed Chep) crystal structure. This phase is called the o-phase. At higher

temperatures (approximately greater than 975°C), the equilibrium phase corresponds to an 1sotropic body
centered cubic (beo) crystal structures. This phaseis called the the B-phase.

Athigh temperatures in steam atmosphere, the zircaloy cladding wll oxidize. Furthermore, oxygen wall
di ffuse into the zircaloy material. The zirconium oxide 1s brittle and may crack, especially if the cladding
tube is strained. Oxygen that diffuses into the zircaloy wall be present as interstitial defects. The effect of
this1s called an oz dation hardening, 1.e., the cladding wall be less prone to creep deformation. Diffusion
of oxygen into the zircaloy will also cause a stabilization of the a-phase, i.e., it will exist even at
temperatures higher than the aforementioned transformation temperature.

The model in POLCA-T for cladding burst gives a burst stress as a function of material properties and
temperature. The influence of surface oxide and oxygen that has diffused into the zircaloy 15 accounted
for. The burst stress1s compared to the true actual stress to detect arupture. The true actual stress s
calculated as a function of the pressures instde and outside of the rod and the straned dimensions of the
rod.

A comprehensive background to the area of lugh temperature deformation and falure of zircaloy tubes s
given in Reference 14.5. There the evolution from methods based on correlations for engineenng burst

stress or burst strains to more mechanistic models are desenbed.

The validation of the dadding strain model and comparison with the numerous expenmental data can be
found in Reference 14 4.

14.5.1.1 Basic Creep Model

The original formulation of the creep law in Reference 14.6 reads:

8 = Ao exp(-QRT)

c (14-39)
where:
& = tangential strain rate = dg . /dt
a = true tangential stress (based on actual dimensions)

AnQ = cormrelation parameters according to  Reference 17.7

T = absolute cladding temperature (K)
R = general gas constant (8.31441 J/moLX)
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The values of the correlation parameters (A, n and Q) depends on the structural phase of the zircaloy. The
structure or phase can be a, o+, or  depending on the temperature. The transition temperature between
aand o+ Bis:

T. = 1085.15 + 14.28 (dT/dt)**®  (K) (14-90)
and the transition temperature between o +f8 and B 1s:
TR = 1248.15 (K) (14-91)

In the a-phase (i.e. for T< Tg), the material is anisotropic and the following parameter values are used in
equation (14-89):
A=11616 MPa>%/s
n=589 (14-92)
Q = 321000 + 24.69 (1-923.15) J/mol

In the f -phase (i.e. for T>T), the material 1s isotropic and the following parameter values are used in
equation (14-89):
A=8.719 MPa™"%/s ‘
n=3.78 (14-93)
Q = 141919 J/mol

In the a +f region (i.e. T <T<Tp), two different methods of interpolation are used to calculate A, n, and

Q depending on a formal strain rate:

deg/dt = 0.24-0.6194-6> % exp(-102366/(RT)) (14-94)

If dey/dt< 0.003, then a two-region linear interpolation is made for In (A), n, and Q from Ty to Ty and
from Tep to Tp where Tqp 1s:

Tap = 1/2:(Te:+Tp) (14-95)
and at TOLB:
A =0.240.6194 MPa>*.¢7!

n=233 (14-96)
Q = 102366 J/mol

If dgo/dt> 0.003, then a two-region linear interpolation is made for In(A) whereas n and Q are calculated
through hnear interpolation from Ty to Tp. At Top:

A =29.2-1.2497 MPa**’ ¢! (14-97)
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14.5.1.2 Calculation of True Stress

The true stress used in equation (14-89) is based on the actual strained dimensions of the dladding taking

into account both creep and thermal deformation. Given the creep and thermal strains and also the
thickness ofthe oxide scale (g;, s and 8,y), the cladding inside radius, cladding thickness and cladding

outside radius are calculated fom:

teo = (1 + g+ &) Teio - (14-98)
5= 1 +g)- (8, - Box )+6"" {14-99)
1+e; ° 147777 1,
feo =tci+ 8 (14-100)
where:
teio = nomina cladding inside radius, and

i nominal cladding wall thickness.

The true tangential stressis obtained from a force balance on half ofthe dadding tube:

= (Pitci - Poteo) f & (14-101)
or more exact by equation (14-78).
14.5.1.3 Modified Creep Law

The creep law just described has been modified to account for the effect of oxdation that 1s apparent
when the model 15 compared to data from hi gh temperature creep tests in steam amosphere. When
zircaloy comes into contact with steam at high temperature (above 800-900°C), a scale of zirconium
oxide 1s formed on the surface and dlso alayer of oxygenrich o -phase metal 1s formed beneath the oxde.
This layer does not change the crystallic structure when 1t 1s heated above T but, instead, it retains the
e-phase structure at all temperatures. The o -phaseis said to be oxygen stabilized. Some oxygen wall
also be dissolved in the main metal body beneath the stabilized layer.

The presence of oxygen in the material markedly reduces the creep rate. To account for this, it-has been
assumed that both the thickness of the double layer of oxide and stahilized c-phase and the oxygen
concentration tn the main metal affects the rate of strain. The double layeris assumed to have a
hardening effect only for a combined thickness greater than 15 pm 1n accordance with experimental
observations in Reference 14.8 of the crack pattern. The concentration of oxygen in the main metal 1s
assumed to influence the creep rate at all levels of concentration.
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The modification ofthe equation (14-88) 15 made by substituting the true stress wath an effective stress,

which 15 equal the true stress divided by a correction factor:

Geff=a /{1 + CcX'c, + Co *(Bye f So ) {14-102)
where
X = massconcentration of oxygen in the cladding
Cc = temperature dependent coefficient.
n, = temperature dependent exponent.
8ya = thickness ofthe double layer (oxygen stabilized plus oxide) minus 15 pm e
Syo = max(Sox *+ 8g- 15 pum, 0).
Cp = hardenng coefficient (temperature dependent).
n, = temperature dependent exponent.
The following relahions are used for the parameters in equation (14-102):
Geot _
X=E - 6.0012 (14-103)
where:
Giot - totad oxygen uptake (kgm-2),
Pzy - zirconium density (6490 kgm-3), and
8 - actual cladding thickness (m).
¢ 3T<T,
| 34 + (145-34)(T-ToW(Top- T ToST<Tog (14-1040)
- .
© ] 145+ (390-145)(T-Top)(Tp-Tag) Tep<T<Tg
390/ (14+4-(T/Tp-1)%-5)Tp<T
085/(1 +6(1-TIT NT<T,
( ( ) T<Ty (14-105)
n.=9 0.85+015(T-T(Tp-To)To<T<Ty
'ITBET
I5T<
. J"’T Tp | (14-106)
o 3 25 + (T/Tg-1)(-69.2308+(T/Tp-1)-133.136 )Tp<T"
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[ 0.5T<Tg

|
| 0.5+ (T/Tp-1)3Tp<T

The functional relations for C; and n. has been determined from datain Reference 147 up to the

P-transition. Above that temperature, some data from internal overpressure transients in Reference 14.8
have been used in the development.

14.5.14 Steam — Metal Reaction Kinetics

Calculation ofthe cladding creep strain and the rupture stress require the calculation of oxygen uptake by
the arcaloy both by oxidation and by diffusion (see Sections 14.5.1 and 14.5 ahout cladding creep and the
cladding rupture model).

The growth of the oxide-layer, the growth of the oxygen stabilized a-layer and the rate of total oxygen
uptake are all calculated using parabolic rate laws:

de/dt= Cq-exp(-Co/T)(1 + C3-50)% {14-108)

Here 7 represents any of the quantities in Table 14.5-1 which also specifies the numerical values of the
constants C1, C2, and C3. They are taken from Reference 14.3.

Table 14.5-1. Table of Constants for the Parabolic Rate Law ,Equation 14-108

Quantity ] Cy Ca
T

Oxygen uptake (kgm'z) 26.21 kg2n1'4s’1 20962 K 1208
(Gtop

Oxide Layer (m) 302100 mlsl 20214 K 0
(Box)

Oxygen stabilized o-layer 25 410°6 m2gl 21922 K 0
() ()
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1S SPECIAL PROCESS MODELS
151 CRITICAL FLOW MODEL

The POLCA-T code 15 based on the Moody cntical flow model for two-phase breal fl ow with frozen
mixture between phases and homogenus flow conditions. The slip between phases 1s equal to unty.

The break mass flow rate is calculated for a given coolant state (pressure, po, enthalpy, hy, and if
applicable, water level) at the break, receiver (downstream) pressure, break area and flow loss
coefficient. For guillotine pipe breaks, the two break locations are specified and the flow path connecting
the two pipe sectionsis closed off

Critical flow checks may also be specified for any flow path. For a flow path being checked, the
evaluated mass flow rate 1s compared to the mass flow rate calculated by the critical flow model and
limited to this value if warranted.

Critical Flow

This model 1s described in References 15.1 and 15.2.

The assumptions used in the model, which includes friction in the pipe, are:

1. Straight pipe with constant flow area and adiabatic walls

2. Steady flow, 1sentropic flow

3. Annular flow without entrainment and liquid in contact with the wall

4. Liquid and vapor in thermodynamic equilibrium at any secthon, homogenus flow conditions for

the two-phase flow

5. Uniform and linear veloaties of each phase
6. No phase transfer, frozen flow
Subcritical Flow

For receiver pressures, pp, greater than the pipe exit pressure base on cntical flow, p2, the mass flow rate
1s calculated from:

2{po - pB) pPo(po.ho)
G = Tt e (15-1)
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where £ is the flow resistance of the pipe (1.c., the subcritical flow is calculated by the regular momentum
equation between volume cells.) If the vessel pressure is less than the receiver pressure, pp, it 1s assumed

than saturated steam is entering the vessel from the surroundings.

15.2 PRESSURE RELIEF VALVE SYSTEM

A series of relief, safety, and controlled depressurization valves can be located on the steam lines of a
BWR. Several of these valves may be associated with the ADS. All these valves can be simulated in
POLCA-T (together with SAFIR), or by the built-in control functions in POLCA-T, the PM09xx models.
The valve model includes the capability to simulate delay times in opening and closing, force open and
force close signals, low-power close interlocks, and a programmed controlled opening, as in the control
depressurization valves.

15.3 REFERENCES

15.1 F. S. Moody, “Maximum Flow Rate of a Single Component, Two-Phase Mixture” ASME
Paper 64-HT-35, August, 1964.

152  F. J. Moody, “Introduction to Unsteady Thermofluid Mechanincs™ Wily-Interscience,
ISBN-0-471-85705-X, 1990.
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16 CONTROLSYSTEM MODEL

In POLCA-T, there are different ways to add and use a control system to a computational model.
Essentially, one can distinguish between explicit control system and implicit control system functions.

16.1 DIGITAL CONTROL SYSTEM SIMULATION PACKAGE

Digital control system simulation is available with POLCA-T. The package SAFIR simulates a digital
control system and s implemented in POLCA-T for explicit control system evaluation. The overall
control logic, algorithms, structure of control blocks, and logic, etc. in SAFIR is similar to most industrial
digital control systems. That means that control systems buildup in the plants can be well simulated with
the code package.

16.2 IMPLICIT CONTROL SYSTEM
The implicit control system in POLCA-T is mainly used to simulate minor control system and a system
that is used to create steady state. In that case, the controllers are automatically discarded after steady

state has been reached, if the user opts for it.

The term implicit control system implies that the control equation used is a part of the entire equation
system and is solved simultancously together with the state vectors for the computational problem.

The building blocks for control are limited to the following functions:

. Proportional integrator (PI) controller
. Mathematical measurement of state variables
PI Controller
3=(SETPNT-y)~G—IQ (16-1)
ot
where:
SETPNT = is the setpoint value output signal,
y = 1s the n signal,
G = is the gain factor, and
T = is time constant

in addition, the derivatives of cach signal with respect to its dependency, (1.e., the Jacobian) is required.

0000000000000 0000000000000000000000000000
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17 SUPPORTING METHODS

17.1 TIME STEP CONTROLAND ACCURACY

A variety of checks on solution acceptability are used to control the time step. These include material
Courant limit checks, material properties out of defined ranges, and water steam gas property error and
ranges. Checks are also made for very fast disturbances so the code 1s able to follow the disturbance.

Time Step

The time steps in a transient are calculated by the code and set within the bounds specified by the user.
Start time step is also specified by the user as well as final time of the simulation.

In some cases, it can be useful to have the time step selected so it follows a disturbance exactly. The user
can opt for this automatic adjustment to disturbance knots. The time step decreases if the accuracy within

a specified number of allowed iterations are not fulfilled for each state variable.

Accuracy

[

™
Time Integration Method

By default, the time integration method for the state variables 1s fully implicit, theta factor equal to unity,
which is a first order method to integrate in time. However, the practice in using the code is to use second
order time integration by specifying the theta factor close to 0.5 (References 17.1 and 17.2).

17.2 REFERENCES

17.1  D. A. Anderson, John C. Tannehill, Richard H Pletcher, “Computional Fluid Mechanics and Heat
Transfer,” Mc Graw-Hill Book Company, 1984.

17.2  U. Bredolt, On the Time Integration Method an Its Impact on Prediction of Hydraulic Stability by
the POLCA-T Code,” International Conference on Nuclear Engineering, ICONE 15, 2007
(to be published). '
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18 COMPONENT MODELS

This chapter aescﬁbes the models of different plant components.
18.1 PUMPS

18.1.1 Turbo Pumps

The behavior of the main recirculation line reactor coolant pumps 1s modeled for single- and two-phase
flow conditions under normal operation and coastdown conditions.

Pump Speed and Torque

The behavior of themain recirculation pump is modeled by the conservation of angular momentum

da
|—muT
- (18-1)
where:
® = angular veloctty,
t = time,
T = nettorque on the shaft, and
I = mass momentumn of inertia.
The difference formulation of equation (18-1) 1s:
nt+l _ 0 T+l
0} ot = -0 (18-2)

At 1

The pump equation is solved at every time step simultaneously with the basic conservation equations.
Thenet torque, T, 1s calculated as,:
T=Tm - Thyd + Tfic (18-3)

Thetorque T represents the net torque on the pump impeller. It consists of three components:

. The hydraulic component of torque, Thyd, due to the interaction between the fluid and the pump
‘mpeller
J The friction component of the torque, T gy, due to friction losses in the bearing and rotating
machinery
. The third component, the pump motor torque or drive torque, Ty,
WCAP-16747-NP March 2007
Revision 0



18-2

The pump motor torque is evaluated at the initial time, when the pump speed is constant and there is no
net torque on the pump impeller (See equation (18-1)). Thus:

Tm(t) = Thyqlt =0) - Tyt = 0) (18-4)

This value for Tyy(t) is maintained until the pumps are disturrbed at a time specified by the user.

The user inputs homologous curves for hydraulic torque as four tables of dimensionless hydraulic torque
versus the ratio between dimensionless flow and speed (or its reciprocal). The tabulated curves are:

Independent Dependent
Table Variable Variable Usage Criteria
1 via B/ocz led 2 v, > 0
2 alv [N lod <[V, v<0
3 Vi pref o 2 M, & <0
4 afv % lod <[], v>0
where i
B = Thyd / Thydref {torque ratio)

Thyrher is the hydraulic reference torque.

v = Q/ Qpef (flow ratio)
Qs 1s the volumetric flow reference.

o = ®/ oref (speed ratio)
apef 15 the speed reference value.

For a specified volume flow, Q, through the pump and a specified pump speed, w, the dimensionless
hydraulic torque is calculated by quadratic interpolation from the appropriate table.

The absolute hydraulic torque is then calculated from:

Thyd = B Thydref — (—p—) (18-4)
Pref,
where
p = density of fluid in the pump, and
pref = reference pump fluid density.
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The friction torque, Teyic, 1s calculated by:
HC, (™) yfor | 0™ |> HC5
Tfric = el (18-5)
HC4-wlor|o™ " |=HC;3
where
n
y== +1foro” <0 (18-6)
~1foro" >0

The constants HCp, HC3, HC4 and HC5 are user-specified constants and represent the friction torque
coefficient (HCp) at angular speeds greater than HC3 and the friction torque (HC4) when the angular
speed is less than HC3. The constant HCs is the friction torque that must be overcome to start the pump
from zero speed, as shown in Figure 18.1-1.

Frictional Torque

Tfrlc A
-HC,
Stopped pump
[
-HC, —®,| ®  HC, Shaft
HC,+ - Speed o
HC, ' Min. revolution rate

Figure 18.1-1. Frictional Torque Versus Shaft Speed

If the pump speed at the earlier time step (o) was less than a user-specified value (@), the pump will
stop. Only if the hydraulic torque is greater than the maximum friction torque at rest (HCs), will the

pump start running again.

The friction torque as a function of the pump speed is shown in the Figure 18.1-1.
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Pump Hydraulic Head

The momentum equation of the control volume containing the pump includes a term for the pump head
(see equation (7-56)). The user mputs homologous curves for head as four tables of dimensionless pump
head versus ratio between dimensionless flow and speed (or its reciprocal). The tabulated curves are:

Independent Dependent
Table Variable Variable Usage Criteria
1 Vi Wo? lod > [v], >0
2 /v hv? lo] < Jv|, v <0
3 viow hod o > v, <0
4 oy hiv? log <[v], v=0
where:’
h = H/Hpef (head ratio)
Href is the hydraulic reference head.
v = Q/Qref (flow ratio)
= o/ Oref (speed ratio)

For a specified volume flow, Q, and pump speed, o, the dimensionless hydraulic head is calculated by
quadratic interpolation from the appropriate table.

The absolute pump head 1s then calculated from:
Appump = & * ppump * (h - Href - HC10 - Q - |Q)) (18-7)
where HC 1s the pump diffuser head loss coefficient.

Two-Phase Pump Behavior

A user-specified set of homologous differential head curves and a two-phase multiplier determine the
pump head under two-phase flow conditions, which is a function of void fraction. The two-phase
dimensionless head is then calculated from:

hogp =hyp - M(a) - hp (18-8)

where M(a) is the tabulated multiplier and hp is the difference between the single and two-phase pump
head at a reference void fraction. The single-phase head, h} is calculated as described in the previous
section. This formulation is adapted from Reference 18.1.

The two-phase pump head 1s then calculated from equation (18-8).
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18.1.1.1 Simplified Turbo Pump Model
A simplified turbo pump model is available in the POLCA-T code. The simplification is mainly the input
to the model. Instead of providing a full set of homologous data, a set of data for the first quadrant of

pump characteristics is enough. The pump performance, flow rate, pump head and torque for the other
quadrants are calculated by the model (Reference 18.2).

18.1.2 Jet Pumps

Figure 18.1-2 is'an outline of a jet pump where a definition of the main parts are made.

i W, We | Suction i

@ 0, !

Throat

Figure 18.1-2. Outline of a Jet Pump
The main parts are:

J Drive is the nozzle where the drive mass flow rate, Wp , is injected from the drive pumps, and can
be characterized by an area Ap.

. In the mixing plane where the recirculation mass flow rate, W starts to mix with the drive flow,
an area 1s defined with an area Ag.

. The suction part of the pump is defined by its length, Dzr.
o The throat of the pump where a pressure recovery is made is defined by the area At and the mass
flow rate Wr.

The momentum equation for the jet pump drive and suction flow paths are modified to account for the
momentum exchange between the two flow paths (Reference 18.1), as shown in Figure 18.1-2.
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The temporal acceleration term in equation (7-37) for the drive flow path is:

XT M XT
(1AW (1AW (1AW
‘ Adt &= JaTar &t JaTer & (18-9)
XD XD XM
XM XT XT

dWp 1 dWpn 1 dWg 1

- odt JADN dx + dt JAD dx + dt JAs dx

XD XM XM

I*

For the drive and suction flows, the spatial acceleration term, equation (7-48), is also modified to account
for the increased mixing losses in the throat region when a density difference exists between the drive and
suction fluids. The spatial acceleration term for the drive flow is:

XT XM XT -
1@ ( w2 1 a(w2 1 8 (w2
JA'&(X.PA,} e = jA'&’X(PA) et JA'&(_M &
XD . XD XM
w2 (1 1 yv1 {wr2 w2 wp? ) | |
= o5 lap? - 7) AT "\pTAT ~ psAs ~ ppap ) 112 (18-13)
P \AD-  ADN-/¢ PT PSAS  pDAD.
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where

(18-14)

IWp > 0
f1 =

OWp < 0

and the factor f7 accounts for the additional mixing losses due to the density difference between the
suction and drive flow. The factor f> has been calculated by solving the momentum equation in the jet
pump throat for two adjacent streams of differing density. This analytical result has been correlated, for a
range or jet pump flow and density differences, by

~ a1 (1+a2) - (pPD/PS) .
for > 1
a2 + (pD/ps) PD/PS.

£ (18-15)

aj (1+a2) - (psipm),01 foe <1
101 S =
a2 + (ps/pD) PDPS =

where a1 =0.933 and ay =0.78.

The spatial acceleration for the suction flow path is analogous to equation (18-16).
18.2 STEAM SEPARATOR

Figure 18.2-1 shows an outline of a steam-water separator.

18.2.1 Definition of Carryover and Carryunder

For a known inl et steam and water flow rates and user-specified water carryover, CO, and steam
carryunder, CU, fractions, the phase separation can be calculated.

The carryover and carryunder are defined as:

The carryover

_ Wigs

Wgas,s

CoO = water flow / total upward steam flow (18-16)

The carryunder

CU = —="" = steam flow / total downward water flow (18-17)
Wiiq,p "

where the subscript s is secondary flow path and p is primary flow path, as shown in Figure 18.2-1.

WCAP-16747-NP March 2007
Revision 0



18-8

Ulig, Whig,s

Uiig, Wiig.p

Uhq, qu}in

Ugas, Wgas, s

%

econdary flow path

"9

Ugas., Waasp
Primary flow
path

QC)/vane

Figure 18.2-1. Principles of Steam Separation in a BWR

18.2.2 Mechanistic Separator Model

[

™
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]n,c
18.3 DRIVE DEVICE
18.3.1 Asynchronous Motor

Figures 18.3-1 and 18.3-2 show the characteristic view of an asynchronous electrical motor torque versus
frequency or revolution rate.

Close to zero slip, the drive torque is almost linear. For a large asynchronous motor, a good
approximation of the drive torque is equal to (Reference 18.2):

2ss
T=T_ - m (18-21)
. o max 2 2
S m +S
where:
s = slip,
Sm = motor constant, small for large motors < 0.1,
R R
s = 2 2
XZO f
T = torque, and
Twex = maximal torque.
Grid
[ o S——
Pump
FFrequency synchronou
o converter \ -
Motor Shaft A
o1 :
Figure 18.3-1. Principal Drive Equipment for a Pump
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Torque
TIT ik

max

U/f = konst

Drive Torque

Load
Torque

-
¢ frequency
rev rate
Figure 18.3-2. Torque Versus Rev Rate for Asynchronous Motor
2
U

T =K— (18-22)

max f2

U grid voltage
Xz  reactance for the core bobbin at frequency
R2  rotor resistance for each phase

Within the normal operational area for the motor is the slip s small compared to motor constant s,
s? <<s?.

The slip dependency on the controlling frequency can be written as:

f
s=1-2 00 (18-23)
w,
2 2ss 2
T=C~U—2-2—mz=cmotor.-p—-s (18-24)
f Sy S f
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where:

Chotor 18 a constant for each motor type and size,
f 1s the converter frequency,

U 1s the voltage from converter, and

T ts the torque from the motor.

18.4 REFERENCES

18.1  “Water Reactor Emergency Core Cooling System Evaluation Model: Code Description and
Qualification RPB 90-93-P-A (Proprietary), October, 1991.”

18.2  D. Babala, ““A Fast Semi-Implicit Integration Method for Thermohydraulic Networks.” Trans.
Am. Soc., 47, 295-7, 1984."
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19 SOLUTION METHOD

The mass, momentum, energy, and state equations along with the pump speed equations are solved
simultaneously using Newton's method. The Jacobian matrix includes all derivatives and is inverted
using a sparse matrix technique (Referenice 19.1).

The rod and slab conduction equations are solved by Gaussian elimination and back substitution. The
conduction equation and the surface heat transfer are solved iteratively for the surface temperature. The
kinetics model is solved using a second order integration method.

The hydraulic model is solved at different grades of implicitness, ranging from 1,0 to 0,5, defined by the
user, with time. Thermal conduction and heat transfer models are also solved implicitly with time. The
hydraulic and conduction solutions are coupled through the surface heat transfer. The hydraulic fluid
conditions are treated implicitly in the heat conduction and heat transfer solution. The surface heat
transfer, however, is treated explicitly in the hydraulic solution.

19.1 NUMERICAL SOLUTION

Several numerical methods are employed in POLCA-T to solve the power generation, hydraulic, and heat
conduction/transfer models. A simplified flow chart of the calculation sequence is shown in
Figure 19.1-1.

After initialization of the problem, the first quantities evaluated for each calculation time step are the
boundary conditions (e.g., ECCS flow rates) and power generation. The reactor kinetics model, used in
evaluating the power generation, is solved by an improved Gauss-Seidel iteration method, NEU3.

Next the hydraulic model is solved iteratively for the primary variables. The hydraulic problem is solved
by a simultaneous solution of the conservation equations and pump speed equations using methods
described in Sections 7 and 6.

The primary variables are pressure, p, void, a, temperatures, Tgu, Tiig, of the phases, gas and liquid
velocities, Ugas, Wiq, boron concentration, Cyer, and partial pressure py of the non-condensable gases, if
any. Secondary variables are calculated from supporting expression where the primary variables can be a
part of, which is normally made after each completed and accepted time step. Variable transient time step
logic based on the transient hydraulics is used to optimize the computational time. If the hydraulic
problem does not converge the time step 1s reduced and the calculation restart from the last accepted time

step.

The heat transfer is solved together with the linearized heat conduction. Once the hydraulic problem is
solved, the coolant state is used in finding the solution of the rod and the heat structure heat conduction
problems. The convective and radiate heat fluxes are then calculated from the known temperatures and
heat transfer coeflicient.

The calculation procedure is outlined in Figure 19.1-1.

¢
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\ Input reading
\\
.
0
N \ \
N\ N S
N N\ \\\ D
. = \
.
Figure 19.1-1. Simplified Flow Chart of the Calculation Sequence
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19.2 REACTOR KINETICS SOLUTION
The numerical solution of the two-group kinctic model in POLCA7 1s well described in Reference 19.2.

19.3 HYDRAULIC MODEL SOLUTION

[

e
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*
19.4 HEAT CONDUCTION AND TRANSFER SOLUTION

The heat conduction equations (as described in Section 3) are solved with the boundary condition for
surface heat flux q:

Gsurf =gl + Qv (19-18)
where:

qi = heat flux to water, and
Qv heat flux to steam.

When setting up and solving heat conduction equations for heat structures the derivatives in the form
dTsurf/dqsuef are calculated. These derivatives are used subsequently in linearization of conduction

problem when solving hydraulic equations.

19.4.1 Coupling between Rod Heat Transfer and Hydraulic

The heat conduction equation can be looked upon as a linear relation between surface heat flux and
surface temperature:

Gsurf= (A+Tsurf) 'k (19-19)

The convective heat fluxes can be expressed as:

q = g + bj(Teurf — T1) (19-20)

Qv = ay + by(Tsurf "Tv) (19-21)
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Finding surface temperature Tg,rf from equation (19-20) and substituting to (19-20 and 19-21), one
obtains:

q (1-kb).—q kbj=a—-b - (A+T) (19-22)
~qkby+qy (1-kby)=ay —by - (A+Ty)

The convective heat fluxes q| and qy can now be determined from equation (19-22).

_ (1-kby) (a1 - bi(A+TD) + kby (ay - by (A+Ty)) (19-23a)
= 1-k(bj+b,)
_ kby(a - b (AT + (1-kbp (ay - by (A+TY) (22-23b)
Qv = 1-k(by+by)

The constant A is calculated after the solufion of heat conduction equation is found:
A= (qo1 + qov) k —Tosurf
Coupling between slab heat transfer and the hydraulic.

The convective heat transfer at the slab surfaces is (see Figure 19.4-1):

QL= AL - hr - (T —TLY) (19-24)
Quv =AL - hry - (TL, - TLy) (19-25)
Qr1=AR " hr1- (TR —TrI) (19-26)
Qrv =AR " hry * (TR —Try) (19-27)

where subscripts L and R refer to the left and right side respectively and subscripts | and v refer to water
and gas phase, respectively.

| eft Right
Side - Side
(L) (R)
Q=0,+0Q, < TTTNQ,= Oy + 0y,
R L

Figure 19.4-1. Slab Heat Transfer to Hydraulics
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On the other hand, the conductive heat fluxes can be expressed in linearized form as,
_ cQL Qo (19-28)
QU = Qo + Zx (TL - TLo) eTR (TR - TrO) :
. SR ¢QR 1929
Qr = Qro * ap, (TL-TLo) + 5 (TR-TrO) ( )
where the subscript 0 denotes instant when conduction equation is solved.
Equations (22-24) through (22-29) can be solved together to give:
_ QL (19-30)
T. = (CL.-Sg + Cr E”:TR)IJ
QR (19-31)

TR = (Cr-SL. + CL'@TL ) /3

where:

QL
S = (b T hiv)AL - Zpp

SR = (B + bR AR - Fo
CL = Qro - TLO'O;% - TRO'??; + Ap-(hpyTri + b Trs)
CrR = Qro - TLO'?% - TRoi?-i + AR (hrrTr1 + hrv TRy
J = 8L SR - i’%;_ i%f

The derivatives:

oIy ¢TI &Ir cTr
cQL’ ¢Qr’ éQL and 2Qr

are calculated by simultaneous solution of the equation system with the right hand sides with boundary
condifions undisturbed and disturbed on the left and right sides.
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One can say that surfaces temperatures are the function of the surface heat fluxes:
Tr, = TL(QL, QRr)
Tr =Tr(QL, QR)

and the reverse derivatives can be expressed as:

QL 1 cIr
T~ E aQr
QR _ 1 SIr
T, " E éQu
QL 1 eI
éTlrR =~ ~E &Qr
¢QrR 1 CIL
&R~ B QL

where

¢T1. cIp ¢T;. cIp
S AL QR AQr QL

19.5 REFERENCES

19.1  “Water Reactor Emergency Core Cooling System Evaluation Model: Code Description and
Qualification,” RPB 90-93-P- A (Proprietary), October, 1991.

19.2  “The Advanced PHOENIX and POLCA Codes for Nuclear Design of Boiling Water Reactors,”
CENPD-390-P- A, December 2000.
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20 MATERIAL PROPERTIES

This section presents methods for calculating the material properties.

Section 20.1 describes the calculation of steam-water data used in evaluation of thermal-hydraulic
models.

Sections 20.2 and 20.3 describe calculation of properties such as thermal conductivity, heat capacity, and
density of solids. This data are applied in solving heat conduction problems.

Section 20.3 also provides tables with correlations for properties of gases used in modeling of gas gap.
20.1 STEAM-WATER PROPERTIES

Steam-water data are calculated using an interpolation method with bicubic B-splines in rectangular
temperature-pressure mesh. Mesh data have been generated from a formulation presented in

Reference 20.1.

The critical point data resulting from this formulation are:

Temperature Terit = 373.976 °C = 647.126 K
Pressure Perit = 22.055 MPa
Density perit = 322 kg/m3 (20-1)

Free enthalpy gerit =-767.44kJ/kg
Entropy Scrit = 4.409 kJ/kg K

The saturation line position Pyt ™ p(T) has been determined from base equation of formulation by stating

the Gibbs conditions:
Tliquid = Tvapor
Pliquid = Pvapor (20-2)
8liquid = Bvapor

The spinodal limits (border of the metastable state) for water Tml(p) and steam Pmv(T) have been found
from base equation of the formulation.

The evaluation of the steam-water data is performed by the set of FORTRAN 95 routines. The data base
consists of the eight tables stored in rectangular (t, p) mesh. From this data base, all thermodynamic
parameters and derivatives can be calculated.
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The water mesh data cover a range of pressure from p=ps41(0°C)=612 Pa up to a critical pressure Pt and
the temperature range from 0°C up to min(T¢rit, Tmi(p)), where Ti(p) is the temperature of the spinodal

(metastable) limit for a given pressure.
The steam mesh data cover a range of temperature from 0 up to 2000°C and a range of pressure from
200 Pa up to min (Pgrit, Pmw(T)), where Pyy(T) 1s the pressure of the spinodal limit for a given

temperature.

Figure 20.1-1 shows the saturation line and spinodal limit lines for water and steam.

108?
7] >
10
i = —
1 —_— psat

10° 3 ’ Pmv(T)
Pml(T)

Pressure (Pa)

0O 100 200 300 400 500 600
Temperature (°C)
Figure 20.1-1. Saturation Line and Metastable Lines for Water

20.2 PROPERTIES OF SOLIDS
Only a few material property equations, as a function of temperature, are incorporated into POLCA-T.
The material properties of most interest are thermal conductivity, heat capacity, and density. The user
must provide the data as tables to POLCA-T. The values in tables are linearly interpolated and integrated
by the trapezoid rule from the first pair of data.

Temperature T in °C.

Conductivity  k in W/m K.

Heat capacity ¢ in JkgK.

Density p 1 kg/m;.
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203 PROPERTIES OF GASES

Evaluation of some properties of gases is necessary in POLCA-T. It concerns mainly fission gases
encountered in the gas gap.

Thermal conductivity of pure gases is approximated with the formula:
k=a-T+b (20-3)
where coefficients a and b are shown in Table 20-1.

The effective thermal conductivity of asingle pure gas in a gas mixture is calculated, based on the
thermal conductivity of pure gases making up the mixture, according to the following equation:

o » (20-4)

where:

ki = thermal conductivity of pure gasi, Wm™ K-1.
mole fraction of gas i in the mixture,
Sutherland weighting factor for the gas species i, in the gas mixture, and

et
=
o

=]
Il

number of gas constituents in the mixture.

The Sutherland weighting factor can be obtained from the following equation:

i—i . \'Ij"‘ ; .1. + S T 4+ QLG
L by \My) T+S; T+S;

where:

= viscosity of pure gas,

molecular weight,

temperature in degree Kelvin, and

= Sutherland constants for gas species.

w3 ZE
1
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Table 20-1.  Thermal Conductivity of Gases: k=a-T+b
Gas a b
Helium 2.693-107 0.7085

Argon 2.986-10" 0.7224
Xenon 4351107 0.8616
Krypton 8.241-10° 0.8363
Nitrogen 531410 0.6898
Hydrogen 1.097-107 0.8785
Oxygen 1.853-10" 0.8729
CcO 1.403-10™ 0.9090
CO, 9.460-10° 1.3120
H,0 8.720-10° 1.3401

Molecular weights and Sutherland constants for some common gases are shown in Table 20-2.

Table 20-2.  Molecular Weights and Sutherland Constants for Gases

Gas Molecular Weight Sutherland Constant
Helium 4.003 70.0
Argon 39.994 142.0
Xenon 131.300 252.0
Krypton 83.700 188.0
Nitrogen 28.060 110.6
Hydrogen 2.016 93.4
Oxygen 32.000 127.0
CO 28.010 118.0
CO, 44.010 274.0
H;O 18.020 650.
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Viscosity of pure gases is approximated with u = a-T + b where coefficients a and b are given in
Table 20-3.
Table 20-3.  Viscosity of Pure Gases: p=a-T+b
Gas a b
Helium 0.47632-10° 0.65752
Argon 0.57621-10°¢ 0.65417
Xenon 0.46019-10°° 0.71428
Krypton 0.30786-10°¢ 0.76293
Nitrogen 0.16851-10° 0.69647
Hydrogen 0.46667-10° 0.64550
Oxygen 0.51638-10°° 0.65601
CO 0.44641-10°° 0.65304
CO, 0.23544-10° 1.74008
H,O 0.13470-107 1.15010
The accommodation coefficients for fuel and cladding surcaces (o) are shown in Table 20-4.
Table 20-4.  Accommodation Coefficients, o
Gas Gas-cladding Zircaloy Gas-fuel
Helium 0,33 0,35
Argon 0,86 0,84
Xenon 1,03 1,03
Krypton 0,808 0,30
20.4 REFERENCES
20.1 L. Haar, J. S. Gallagher, G S. Kell, “NBS/NRC Steam Tables.” Hempshire Publishing
Corporation, 1984.
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21 MODELING CAPABILITY

This section discusses the valid formulation range of the basic equations, the applicability of the

correlations and finally the range of the steam water tables used in POLCA-T.

The code it self can be used to model a BWR at system level down to component level or specific parts of
such a nuclear power plant.

The POLCA-T code can also be used as a pure thermal-hydraulic tool to simulate non-nuclear plants or
phenomena in single-to two-phase flow conditions.

21.1 VALIDITY RANGE OF EQUATION FORMULATION

The basic 1-D thermal-hydraulic conservation equation, mass balances (4 equations) energy equations
(2 equations), and mixture momentum equation (1 equation) are general and cover the flow range from
stagnant flow/gravity driven flow up to supersonic flow via forced flow, in arbitrary flow direction and

can handle reverse flow situations with counter current flow situations.

However, stratified flow in horizontal pipes with a free surface is not within the range for the code for
Nnow.

Validity for form losses, friction coefficients, etc, is method/user dependent.
The heat conduction is limited to one direction heat flow both in general heat structures and in fuel rod

heat structures. Valid thermal properties data for heats structures, both general and fuel rod structures, are
method/user dependent.

21.2 VALIDITY OF CORRELATIONS

21.2.1 | 1

[

™
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21.2.2 Heat Transfer Correlations

The heat transfer correlation package validity range and usage can be found in Section 9.4 heat transfer

between phases and Section 11 for convective heat transfer and references to the correlations.

21.3 EQUATION OF STATE

See Section 20.1 regarding the validity range of steam water properties. Non-condensable gases are

treated as 1deal gases.

21.4 REFERENCES

21.1  “Water Reactor Emergency Core Cooling System Evaluation Model: Code Description and

Qualification” RPB 90-93-P-A (Proprietary), October, 1991.
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22-1
22 THE POTENTIAL ENERGY AND DISSIPATION TERMS
During a typical transient, the maximum values of epot are:
epot =g - 2=9.81 m/s2 - 10 m = 100 J/kg (22-1)

One hundred Jkg corresponds to a change in water temperature of about 0.02°C. Hence, these terms are
clearly negligible compared to the fluid internal energy.

In order to justify omission of dissipation effects, the dominating terms of ¥V - (z- u), the dissipation term,
must be examined.

V-(r-u) ~ —:(f}. u,)
= ot
0 - Cux
- ET Ut T (22-2)
_ EUX
I &y

where x is the main flow direction and y is perpendicular to x. The term tyx can be estimated by an

equation for pressure drop due to friction.
Twall - Pw = Apfric / Ax - A (22-3)

which for a typical rod bundle is:

Twall = TAx Pw 4 Ax Dn ,
(22-4)
= 1/4-5000-0.01 = 10 N/m?
Furthermore:
Cux u 13
e SR B - -1 22-5
3 “Dp ~oo1 —1500s (22-5)
substituting into equation (2) the dissipation term gives:
V- (z -u) =10 1500 Nm/m3s = 0.015 MW/m3 (22-6)
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When compared to the power density of the core (per cubic meter coolant)

qv = (3000 - 100 W) / 24 m3 ~ 100 MW/m3

(22-7)

the dissipation term is clearly negligible.
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The following is a compilation of used nomenclature for different quantities, superscripts, and subscripts.

NOMENCLATURE, SUBSCRIPTS AND SUPERSCRIPTS, AND

DIMENSIONLESS GROUPS

Alist of the most common used dimensionless groups can be found in the end of the section.

23.1

NOMENCLATURE
Quantity Symbol Coherent SI Unit

Absorptivity (radiation) a -
Absorption Coefficient (radiation) m?
Activation Energy of a Reaction
Angle

plane a By 6o rad

solid 7 ST

of contact rad
Area

cross-sectional A, S m?

surface A, A, m?
Coefficient of Volume Expansion B =(1/v) (0v/0T), K*
Compressibility Factor (= ;) /R T) VA -
Density

mass (=M /V) p kg/m’
Coordinates

Cartesian Xy z m, m,m

cylindrical noz m, rad, m

spherical P m, rad, rad
Diffusion Coefficient D m*/s
Diffusivity, Thermal (= k/pc,) a m’/s
Dryness Fraction (quality) of flow x -

x* -

Emissive Power (radiation) E W/m?
Emissivity (radiation) s -
Energy E J=Nm

kinetic E, J=Nm

potential E, J=Nm

transfer per unit time (power) W W=Nm/s=kg m*/s’
Enthalpy (: U+ pV) H J

specific hi Jke
Entropy S K

specific s Tke
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Quantity Symbol Coherent SI Unit

Force F N=kg m/s*

weight (force of gravity) Mg N=kg m/s’
Fraction

mass, of species i X; Yi -

void

gas volume a -

liquid volume B -
Frequency v, f Hz=s"

circular w rad/s
Gas Constant

molar (universal) R J/kmol K

specific, of species i R, Jkg K
Gibbs Function (: H-TS5 ) G J

specific (: h —Ts) g Tke
Gravitational Acceleration g m/s’
Heat

quantity of Q ]

rate (power) Q W=J/s

flux (Q /A) q,9" W/m?

rate per unit volume S, g™ W/m®
Heat Capacity C K

specific (constant v or p) € Cp Jkg K

ratio CyCp y -
Heat Transfer Coefficient h, hte Wim?K
Helmholtz Function (: U- TS) F )

specific (=u—T) 7 kg
Intensity (radiation) 1 W/m?sr
Internal Energy U J

specific u Jkg
Length L m

width w m

height H m

diameter D m

radius R m

distance along path s m

film thickness J m

thickness 6, 4 m
Mass M m kg

flow rate M, m,w kg/s

velocity of flux (flowrate per unit area’ = M /4.) G, pu kg/m®/s
Mass Transfer Coefficient Hy, Ko m/s
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23-3
Quantity Symbol Coherent SI Unit
Mass Transfer Rate I keg/s
Mean Free Path Al m
Pressure )4 Pa=N/m*
drop 4p Pa
partial pi Pa
Reflectivity (radiation) p -
Scattering Coefficient radiation) A m?!
Shear Stress T Pa=N/m?*<kg/m s’
Surface Tension o N/m=kg/s*
Temperature t C
Temperature
absolute T K
Thermal Conductivity k W/mK
Time ¢ s
Velocity u m/s
components in Cartesian coordinates x, ¥, z uv,w m/s
View Factor (geometric or configuration factor) 'y -
Viscosity
dynamic (absolute) u Pa s=N s/m*=kg/m s
kinematic (= p/p) v m*/s
Volume 14 m’
flow rate v m’/s
Work w J=Nm
rate (power) W W = J/s=Nm/s
23.2 SUBSCRIPTS AND SUPERSCRIPTS
Quantity Symbol
Bulk b
Critical State c
Fluid f
Gas g, gas
Liqud 1, liq
Hydraulic hyd
Change of Phase
evaporation lg
Mass transfer quantity m
Solid or Saturated Solid s
Saturated conditions sat
Wall w
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Quantity Symbol
Free-stream 0
Inlet mn, 1
Outlet out, 2
At Constant Value of Property P v, T etc
Stagnation (subscript) 0
Interface 1
Water film film
Water drops drop
Gas bubble bub
23.3 DIMENSIONLESS GROUPS®
Quantity Symbeol
Biot Number Bi=hL/k
Eckert Number Ec =1//c,4T
Euler Number Eu=4p/ (%p1’)
Fourier Number Fo = a L’
Fricton Factor, Darchy f=1, /(1pi)
Froude Number Fr = u’/gl
Grashof Number Gr = Bgl’AT /V*
Graetz Number Gz=(Re)Pr)D/L
Knudsen Number (A = mean free path) Kn=A/L
Mach Number M=u/u
=y /(yRT/A/f)%ﬁrpe'fectgas
Nusselt Number Nu = ALk,
Péclet Number Pe = (Re)(Pr)
Prandt] Number Pr=c,wk
Rayleigh Number Ra = (Gr)(Pr)
Reynolds Number Re=ul/v=pulL/yu=mL/u
Stanton Number St=(Nu)/(Re)(Pr)=h/pc,u
Strouhal Number St =vL/u
Weber Number We=1’pL/c

4. The symbol L in the dimensionless groups stands for a generic length, and is defined according to the particular
geometry being described; i.e., it may be diameter, hydraulic diameter, plate length, etc.
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ABSTRACT

This appendix describes the Westinghouse boiling water reactor: (BWR): control rod. drop accident
(CRDA) methodology and provides quallﬁcatlon information demonstrating that the methodology 1 is
adequate for ensuring compliance to General Design Criterion (GDC) 28 and the Standard Review Plan
(SRP) NUREG-800. The purpose of this appendix is to present.an advanced CDRA methodology for use
in performing BWR licensing analysis that is based on the three-dimensional (3-D) dynamic code:
POLCA-T instead of the RAMONA-3code.

A complete cycle-specific analysis is fundamentally a two-step.approach. The first step involves
determination of possible candidates for the control rod that would cause the most severe consequences
resulting from a CRDA. The second step is simulation of the dynami¢ response to the identified worst
dropped control rod(s) and the subsequent consequences to the fuel. This evaluation is performed with
the.coupled 3-D neutron kinetics and thermal-hydraulics system transient code POLCA-T.

The Westinghouse strategy for a.cycle-specific. evaluation includes systematic review of existing results.
and the use of bounding: calculations to envelope worst-case consequences. of the.CRDA for the subject
cycle.

The examples of the Westinghouse CRDA methodology are provided in this appendix. It is demonstrated
that the methodology described and justified in this report is practical and can be conveniently and
accurately utilized for the CRDA evaluation on a cycle-specific or generic basis.
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ABBREVIATIONS
APRM average power range monitor
ASME American Society of Mechanical Engineers
B&W black and white.
BE best estimate
BOC beginning of cycle
BOP balance of plant
BPWS banked position withdrawal sequence.
BNL Brookhaven National Laboratories
BWR boiling water reactor
CFR Code of Federal Regulations
CR control rod
CRDA control rod drop accident
czp cold-zero power
EM evaluation model
EOC end of cycle
EPRI Electric Power Rescarch Institute
FA fuel assembly
FP full power
FSAR Final Safety Analysis Report
GDC General Design Criterion
GE General Electric.
HZP hot zero power
LPRM local power range monitor
LWR light water reactor
MD mean absolute -deviation
MOC middle of cycle
msec milliseconds.
MSL main steam lines
NEA Nuclear Energy Agency
NK neution kineticé
NPP nuclear power plant
NRC United States Nuclear Regulatory Commission
NSC Nuclear Science:Committee:
OECD: Organization for.Economic Co-operation and Development.
PB2 Peach Bottom Atomic Power Station Unit 2
pemi. per cent mill,e..'(,IIO’s,f)'
PIRT Phenomena Identification and Ranking Table
PPF power peaking factor "
PSU Pennsylvania State University
PWR. pressurized water reactor
REA: rod ejection accidents:
RG Regulatory Guide
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ABBREVIATIONS (Cont’d)
RMS root mean square
RPCS rod pattern control system
RPV reactor pressure vessel
RSCS rod sequence control system
RWM rod worth minimizer
sec seconds
ST spectrum interaction
SPERT special power excursion tests
SRP Standard Review Plan, NUREG-0800
SRV safety/relief valves
SS steam separator
TH thermal-hydraulic
TIP traveling in-core probe
TSV turbine stop valve
TT turbine trip
XS cross-section
3-D three dimensional
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Al SUMMARY AND CONCLUSIONS
A.11 Scope

This appendix describes the Westinghouse boiling water reactor (BWR) control rod drop-accident
(CRDA) methodology and provides qualification information demonstrating that the methodology is
adequate for ensuring compliance to General Design Criterion (GDC) 28, “Reactivity Limits,” of
Appendix A to 10 CFR Part 50 (Reference 1) and the Standard Review Plan (SRP) NUREG-800
(Reference 2). The current Westinghouse analysis methodology for the CRDA. 1s based upon the use of
the RAMONA-3 code is described in the Nuclear Regulatory Commission (NRC) approved Topical
Report CENPD-284-P-A (Reference 3). The purpose of this report is to p'résent an advanced CRDA
methodology for use in performing BWR licensing analysis that is based on the three-dimiensional (3-D)
dynamic code POLCA-T instead of the RAMONA-3 code.

The Westinghouse methodology for performing CRDA analyses and the systematic.cycl’e.—speciﬁd strategy
utilized by Westinghouse are described 1in this report.

A complete cycle-specific analysis is fundamentally a two-step approach. The first step involves
determination of possible candidates for the control rod that would cause the most severe consequences
resulting from a CRDA. [

T*° The three dimensional steady-state-nodal code POLCA7, in
conjunction with the lattice physics code PHOENIX4, are utilized for this evaluation. The-codes are
described in the NRC-ap'proved.’Topical Report CENPD-390-P-A (Referen¢6.4_).

The second step is the simulation of the dynamic response to the identified. worst dropped control rod(s)
and the subsequent consequences to the fuel. This evaluation is performed with the coupled 3-D neutron
kinetics and thermal-hydraulics systems code POLCA-T. The candidates for the worst-case condition
established in the first step are simulated in the POLCA-T core model for the dynamic evaluation. The
POLCA-T methodology utilizes state-of-the-art phenomenological models, including moderator
feedback, to describe the overall transient reésponse of the plant and cor¢ i c()njunc;fibh_ with the local
thermal behavior of the fuel.

The Westinghouse strategy for a-cycle=specific evaluation includes systematic review of existing results
and the use of bounding calculations to envelope worst-case consequences of the CRDA for the subject
cycle.

The qualification basis of the Westinghouse CRDA methodclogy:is describéd in this-report. It is shown
that the. PHOENIX4/POLCA7 system of codes is qualified for i)rovi‘ding adequate local pin power
distributions, cross-sections, burnup and void histories, and steady-state control rod worth determinations
by reference to the Westinghouse Nuclear Design Methodology in Reference 4. The methodology for
steady-state and dynamic-evaluation using POLCA-T is applied to-the NEACRP-L.-335 benchmark:
(References 5 through 7). The:validation presented in-Section A.3-of this Appendix-demonstrates the.
adequacy of the methodology:for:establishing the reactivity and power response resulting from an gjected.
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controlrod and capability in predicting the local power that is crucial for determining the correct fuel
enthalpy. In addition, the validation against integral tests such as the Peach Bottom end-of-cycle (EOC)
2 turbine trip (TT) tests (Reference 8) and the SPERT-HII-E power excursion tests (Reference 9)
demonstrates the POLCA-T capability for the simulation of very fast transients resulting from pressure
increase or a dropped control rod. Finally, the comparison of the POLCA-T with the RAMONA-3 code
for commercial BWR CRDA analyses illustrates the similarity of the results obtained by tools previously
used and the ones presented in this report. '

The examples of the Westinghouse CRDA methodology are provided in this appendix. It is demonstrated
that the methodology described and justified i this appendix is practical and can be conveniently and
accurately utilized for the CRDA evaluation on a cycle-specific or generic basis.

Al1.2 Objectives
The main objective of this appendix 1s to identify the specific design bases which, if satisfied, assure that

all:requirements specified in GDC 28 and NUREG-0800 applicable to the CRDA are satisfied. Other
objectives of CRDA analysis methodology applying POLCA-T code are:

) Use up-to-date comprehensive methods and models for fuel, core, and plant analyses

. Pelform_consiste:nt core design and plant safety analyses, that is, steady-state and transient
calculations

] Integrate the methods and codes

. Converge to a common methodology for European and U.S. applications

The above objectives also contribute to reducing the risk of human errors in applying the methodology in
plant applications.

A13 Not Used
Al4 Conclusions

Based ot the evaluation in this appendi, it can be concluded that:

1. The design bases: and acceptance criteria identified are sufficient to assure that all requirements
and guidelines identified in the applicable GDCs and NUREG-0800 for the CRDA will be
Satisfied.

2. The methodology and strategies described are acceptable for design and licensing:purposes.

‘Specifically, they are acceptable for identifying the limiting event and evaluating BWR: plant
response and subsequent consequences to the fuel systems resulting from a postulated CRDA
relative to the design bases acceptance. criteria for A_,dés’i"g'n-’and licensing purposes:

3. The methodology described in this appendix can be used to analyze CRDASs for current BWR
plant designs and control rod designs. '
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A2 CRDA MODEL REQUIREMENTS
A21 Accident Description

The CRDA assumes the decoupling of an inserted rod drive from the control blade. It 1s postulated that
the drive mechanism is withdrawn while the control blade sticks in position and that the blade -
subsequently falls at its maximum speed to the position of the drive. Since it is assumed that the event
can occur in any reactor operating state, consideration must be given to all the control rod configurations
that can occur in normal operation as well as those that can occur as a result of equipment malfunction:or
operator error (such as, the most severe single operator selection of an out-of-sequence control rod).

The accident is most severe when it is assumed to occur at low- or zero-power conditions when the:
control rod patterns required to establish criticality provide the highest values of incremental (dropped)
single control rod worth. Furthermore, the presence of voids in the core at any significant power level
will decrease the consequences of the accident through the negative moderator density reactivity (void)
coeflicient and the enhanced heat transfer to the coolant relative to the cold case. Consequently, large:
subcooled conditions (such as a startup from cold shutdown) that do not result in significant boiling.
usually provide the most severe initial states for the event.

For a particular plant, consideration must be given to the hardware employed for rod sequence control and
the Technical Specifications concerning inoperable rods in order to determine the limiting incremental rod
worth.

For some banked position withdrawal sequence (BPWS) plants, the rod worth minimizer (RWM) is used
below a specified power (typically 5 to 20 percent) to enforce the rod withdrawal sequence, To limit the.
worth of the rod that could be dropped in the group notch class of plants a group notch rod sequence
control system (RSCS) 1s installed to control the sequence of rod wlthdrawal. In General Electric (GE)
built BWR/6 plants, a rod pattern control system (RPCS) is used to enforce BPWS rules.

The sequence of the accident is as follows:

1. At some time, a fully inserted rod becomes decoupled from its drive and sticks in the fully
inserted position.

2. During the startup sequence, rod patterns are employed that are permitted by the constraints on’
rod movement imposed by the plant Technical Specifications and hardware'including the
maximum allowable number of bypassed rods. At'some:time; under critical reactor conditions, a-
rod pattern exists for which the decoupled.rod has the maximum incremental worth from fully
inserted to the position of its drive. The rod is assumed to drop-at this time.

3. The reactor goes on a positive period, and the initial power burst is terminated by the fuel
temperature reactivity feedback.
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4. The 120-percent average power range monitor (APRM) power signal scram occurs (no credit is
taken for the intermediate range monitor or setdown APRM scram).

5. All' withdrawn rods, except the decoupled rod, scram at the Technical Specifications rate.

6. A scram terminates the accident.

A2.2 Current Analysis Method

The current CRDA analysis method is described in Reference 3 and employs PHOENIX4/POLCA7
(Reference 4) and RAMONA-3 codes. As described in this report, the POLCA-T code replaces
RAMONA-3 code: Thus, the:steady-state methods are the same as the ones employed in the current
CRDA methodology. The code replacement affects only the transient method applied in the dynamic
evaluation of CRDA consequences. In general, the POLCA-T code utilizes the same approach as
RAMONA-3. However, POLCA-T incorporates advanced neutron kinetics and thermal-hydraulics
models and integrates the Westinghouse core design and thermal:mechanics methods in its applications.

A2.3 Design Basis

The licensing:requirements. for the consequences of the CRDA are established in GDC 28 (Reference 1).
According to GDC 28, the effects of postulated reactivity accidents should neither result in damage to the
reactor.coolant pressure boundary greater than limited local yielding, nor cause sufficient damage to the
core, its support structures, or other reactor pressure vessel internals to impair significantly the capacity to
cool the core.

In.addition? thc‘:»offlsj'i,te.rad'ib'logical consequences resulting from the',’predvict,edvf_uelifailures; during the
postulated CRDA should be within the requirements of 10 CFR Part 100, Reactor Site Criteria.

A.24 Design Basis Acceptance Criteria

The Westinghouse.design bases for the CRDA have been selected to be in compliance with the
requirements in subsection A.2.3.
The design basis acceptance-criteria against which the consequences of the. CRDA are:evaluated are given

in Reference:2 (NUREG-0800, SRP Section A.15.4.9). The current SRP acceptance criteria are:

1. Reactivity excursions should not result in a radially averaged fuel rod enthalpy greater than
280.calories/gram at any axial location in any fuel rod.

2. The maxirnum reactor: pressure during any portion of the:assumed éxcursion shoiild be less than
the valug that will cause stresses to exceed the “Service'Limit C” as defined in the American
Society of Mechanical Engineers (ASME) Code.
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3. The number of fuel rods predicted to reach assumed thresholds and associated parameters, such
as the mass of fuel reaching melting conditions, will be input to a radiological evaluation. The
assumed failure thresholds are a radially averaged fuel rod enthalpy greater than
170 calories/gram at any axial location for zero- or low-power initial conditions, and fuel
cladding dryout for rated power initial conditions.

Recent tests of rapid (prompt-critical) reactivity insertion events with highly irradiated fuel have indicated
that the current NRC peak fuel enthalpy criterion may not be conservative. Therefore, various new
criteria are being proposed by the industry through the Electric Power Research Institute (EPRI)
(Reference 11) for the allowable fuel enthalpy increase as a function of thé fuel burnup or cladding
oxidation. The revised criteria are expected to apply only to the zero- or very-low-power promptébritiCa’l
case,.and may affect the fuel failure limit as well as the coolability limit. ' '

Revised SRP design basis acceptance criteria are not currently available, but will be adopted by
Westinghouse when they become finalized and endorsed by the NRC.

A28 Parameter Sensitivities and PIRT Tables

All processes and phenomena that occur during a CRDA do not equally influence the plant behayior:
Phenomena Identification and Ranking Tables (PIRTs) are developed to reduce.all candidate phenomena
to a sufficient manageable sct by identifying and ranking the phenomena with respect to their influence on
the critical safety parameters. The ranking is based on the perceived impact of the phenomena on
specified critical parameters and the critical parameters:depend on the accident scenario.

The CRDA licensing analysis must demonstrate that the design acceptance criteria for the accident as
establishied in subsection A.2.4 have been satisfied. The critical safety parameters will be those that have.
a strong impact on the radially averaged fuel rod enthalpy and reactor pressure.

The phenomena that are of importance in determining the consequences of a rod ejection accident in-a.
pressurized water reactor (PWR), particularly in high burnup fuel cores, have been identified in the
NRC’s PIRTs for this accident as described in Reference 12 (NUREG/CR-6742). The phenomena.
identiﬁt:a_tion and ranking tables presented in this document are based on References 12 thr'ough 14, and
ori'the work ‘previously performed and documented in Reference 3 (.CENPD<‘284¥P-A). ’

The PIRTs have also the additional purpose of determining the scope of uncertainty analyses.
Uncertainties in the modeling of highly ranked phenomena are carefully evaluated and then combinedto
determine the total model uncertainty. Sensitivity analyses are used to-quantify how individual
uncertainties. influence the total uncertainty so that the greatest.effort can be focused on-establishing the
uncertainties. of those phenomena that have the greatest impact on the critical safety parameters.
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A.2.5.1 Rankings

The ranking of the phenomena is done on a scale.of “ndt.appfiCabIe7’ ti;),"_‘high irnpo'rt’an'cé” usingathe
following categories:

High importance (H): The phenomenon has a significant impact on the critical safety parameter
and should be included in the overall uncertainty evaluation;.

Medium importance (M): The phenomenon has a moderate impact on the.critical safety parameter-
and may be excluded in the overall uncertainty evaluation.

Low mmportance (L): The phenomenon has nio impact on the critical safety. parameter ‘arid does
not need to be considered. in the overall uncertainty evaluation.

Not applicable (NA) The phenomenon is not applicable to-the:CRDA event.
A.2.52  Critical/Key parameters

The critical/key parameters for the CRDA analyses focus on characterizing \the;»powe‘r history during the
reactivity pulse and the fuel enthalpy increase during the pulse including the temperature distribution in
the fuel rod (pellet, gap, and cladding). The high and'medium importance phenomena are shown in
Table A.2-1 and have been ranked relative to how they impact these-critical parameters for the system:
analyses.
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Table A.2-1. -Control Rod Drop Accident Analysis PIRT
Subcategory| Phenomenon. Importance Affected® Rationale
Control rod worth High Yes Determines the antount of feactivity insertion.
Rate of reactivity . Within limits, the accident outcéme is insensitive
. - Medum No - O
mserticn to-the rate of reactivity msertion.
While the moderator coefficient can be up to
. . . ) b - . )
Moderator feedback | Medum Yes 30 tmes larger than ( h? Doppler tem perafure,
) ’ ’ coefficient, the moderdtor temperature rise 15
Calculation small. The effect is small, but not negligible.
of Power The fuel tem perature feedback causes the powes
History Fuel temperature , ) ¢ fuel temperature feedback causes the power
» S ' High Yes excursion to turn around and essentially limits the
During Pulse| feedback : . :
: o : energy deposition.
(including; :
pulse width) Delaye_d fheutron High Yes Determines when prompt criticality is reached.
fraction .
Reactor trip (scram) It is important to terminate the accident, but the
T Low No o X : :
reactivity effect 1s minor relative to the pulse.
_ Determmnes the total control rod worth, and it may
Fuel Cycle design High Yes also affect the high burnup fuel assemblies
adjacent to fresh fuel assemblies.
Heat resistance 1n Per Reference 12, at maximum, 25% of the
high burnup fuel, Medium Yes deposited energy is conducted out and does not
gap, and cladding contribute to the fuel enthalpy. increase.

‘ _ z;iaajllgilrelnffo-coolant Per Reference 12, at:maximum, 25%.of the:
(‘Zalp_ul‘a‘u.on heat trarg15 fer ‘ Medium No deposited energy is conducted out and does not
.Qf_ Pin'Fuel fFici contribute to the fuel enthalpy ‘increase.
Enthalpy coefficient ’ , .
Increase Fuel and cladding . The enthalpy is the 1nt§gral of heat cqpamt_y"and ’
During Pulse heat capacities High No temperature. Enthalpy and enthalpy increase are:
(including 4P both highly important.
cladding’. | Fractional energy The fraction of the total power deposited. in the

N Low No .
temperature) | deposition in pellet coolant is small.
Pellet radial power Medium No ‘This element is rated lower because it is only one-
distribution. part of the total heat transfer-audit.
Pin-peaking factors High Yes Determ mes how much energy is directed to. the
. peak location.

" . High No Affects the inlet subcooling, initial axial power
Initial power level shape, and moderator density-feedback.

o Feedwater. High No Affects the inlet subcooling, initial axial power
Imtlal. ) temperature shape, and moderator density feedback.
Conditions o1 core flow NMedium No | Fuel enthalpy is relatively insensitive to core flow.

Steatn dome pressure|  Medjum No Affects the moderator properties (dssuming
-constant inlet temperature).
Notes:
1. Affected referste. whether-or not the phenomenon can be affected by core design, fuel type or'pl‘giﬂt.type.
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A.2.5.2.1 Control Rod Worth

The control rod worth détermines the amount of reactivity insertion. The peak fuel enthalpy increases
rapidly with increasing total reactivity worth. [

P

The sensitivity of peak fuel enthalpy to total reactivity worth and the clear correlation between the:two
parameters confirm the usefulness of the total reactivity worth as an indicator of CRDA severity. This
sensitivity also illustrates the importance of identifying the startup configurations with the highest total
reactivity wortth for a specific CRDA-evaluation, Thersfore, the sensmVlty of the: peak fuel enthalpy
during a:CRDA to total reactivity worth and the strong correlation bétween the two parameters: prov1de
both motivation and justification for the Westinghouse two-step process for evaluating the CRDA. The
speed and convenience of the 3-D nodal simulator calculations allow a sufficiently broad survey of the
startup control rod sequences during the cycleto confidently identify-a relatively small number of
candidates for the limiting configuration. These-candidates then can be evaluated with the POLCA-T
dynamic calculations.

A.2.5.2.2 Fuel Temperature Feedback

The Doppler effect is treated by assuming that the nodal fast absorption, removal, and fission
cross-sections vary-as the square root of the fuel temperature in the POLCA-T calculations.. The Doppler
effect is, therefore, provided to POLCA-T on a:nodal basis: and handled as.part.of the cross-section
treatment. The-Doppler effect terminates and reverses the initial power excursion. Therefore, the peak
fuel enthalpy is generally quite sensitive to the magnitude of the Doppler feedback.

Since the effects of fuel temperaturé.and burnup are accounted for by the'cross-section dependence;, the
impact of these variables on the Doppler feedback is automatically accounted for with the Westinghouse.
methodology. As.discussed in-Section A.4, candidates for the:most limiting dropped rod are cvaluated at
a-sufficient number of state poirits throughout the cycle to.assure that the most reactive configuration is
identified. POLCA-T dynamic calculations are performed with the cross-section, burnup, and void:

history information from the appropriate state point for which a given candidate was identified. The same.

nucléar data base that was used for the static 3-D.nodal simulator calculations, (that is; core desig‘n
calculations) is used for the dynamic POLCA-T calculations. Furthermiore; the fuel temperature 1s
updated at each time step in the POLCA-T-calculations. Therefore, the effects of burnup and fuel
temperature-are explicitly accounted for.

A.2.5.2.3° Delayed Neutron Fraction

POLCA-T uses the nodal effective delayed neutron fractions obtained by POLCA7, thus their historical
and spectral dependencies are accounted for. They are treated in a similar way to the cross-sections (XS)
and are updated each time step during the transient simulation to account for their dependence on the
instantaneous density, the control rod (CR) presence in'the node, and the nodal neutron flux changes.
Despite their small impact on the fuel enthalpy, the delayed neutrons precursors.constants and neutron-
-velocities are treated . the same way as the delayed neutron fractions.
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A.2.5.2.4 Fuel Cycle design

This phenomenon with a high importance ranking is addressed in the first step of methodology selection
of the candidates for the limiting CR when the cycie-sp,éCif'ib calculatiors are performed, The
methodology is accounting for the core loading pattern and cycle exposure by evaluating the possible CR.
sequences and out-of-sequence CR at a suﬁicieht number of state points throughout the cycle from the:
beginning to end of cycle (BOC to EOC). Axial and radial power distribution, CR bank positions, and
xenon distribution are also considered in the first step of methodology. POLCA-T dynamic calculations
of CRDA for the selected CRs are performed with the cross-section, burnup,void history, xenen, and
iodine information from the appropriate state point for which a given candidate was identified.

A.2.5.2.5 Fuel and Cladding Properties and Gas Gap Modeling

Fuel and cladding properties (that is, heat:capacity and.thermal conductivity),:and gas gap model of a
licensed fuel performance code (such as, STAV7 of Reference 15) are incorporated into.the POLCA-T
code and used in the. CRDA analysis. In the transient CRDA simulation, [

1*¢ The hot fuel rod.
temperature and properties are used to calculate the peak nodal enthalpy. Thus, the transient:CRDA
methodology using POLCA-T codeapplies the same methods and models used in the fuel thermal
mechanical design.

A.2.5.2.6: Pin Peaking Factors

The nodal pin peakingfactors used in POLCA-T are obtained by incorporated pin power reconstruction
model of the core simulator POLCA7 (Reference 4). The local peaking factors are updated at each time
step of the transient simulations. |

]** Nodal pin peaking factor is accounted for in the enthalpy
evaluation of the so-called hot fuel rod in each node-as described.in subsection A:2:5:2.5.
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A.2.5.2.7 Rate of Reactivity Insertion

The rate of reactivity insertion for a given CR worth is determined by the CR. drop velocity. The CR drop
velocity has minor effect on the power and fuél enthalpy maximum values. It affects. mamly the time
when these maximum values are observed. The CR drop velocity for a. GE-built plant is vthe,s_ar_n«e
bounding value used in Reference 3 (CENPD-284-P-A) that is, 0.948 m/sec (3.11 ft/sec)'). For licensing
calculations and in the absence of plant-data that would justify the use of a less conservative value, the
control rod is assumed to drop-at the maximum drop velocity of 0.948 m/sec (3.11 ft/sec) established.in
Reference 3.

A.2.5.3 Initial Conditions

The initial conditions must be assessed to determine how they impact the: plant response. t to the CRDA..
The identified most important initial conditions-and their perceived importance ranking on the critical
safety parameters are presented in Table:A.2-1. Sensitivity studies were then performed to .confirm the
perceived rankings for these initial conditions. The confirmed ranking was used to select either a
bounding or a characterizing range of those high- or medium-importance ranked conditions.

A.2.5.3.1 Initial Power Level

The initial power affects the peak fuel enthalpy through the heat conductivity, moderator density
feedback, and initial axial power shape. When the initial power increases, the inlet subcooling is reduced.
This, in turn, increases.the heat:conductivity and moderator density feedback. This results in a reduced
peak fuel enthalpy.

The initial power level at cold-zeto-power (CZP) condition at a given subcooling does not affect.the
results of the transient significantly. If the initial power, for example, rises from 40 Wto 1 kW, it just
implies that the power peak occurs earlier in the transient. The final makimum power level will,
therefore, not change significantly. In both cases, a power excursion is generated due to prompt
reactivity. The power peak; at a strongly subcooled condition, will mainly be interrupted by-the negative.
reactivity feedback from Doppler. The amount of negative reactivity from Doppler 1s caused by the same
fuel temperature rise in‘both.cases; which implies that the maximum. enthalpy is essentially the same.

A.2.5.3.2 Feedwater Temperature

The feedwater temperature. determings the core inlet temperature/subcoolmg ‘The moderatoi temperature
affects the fuel enthalpy both through'the heat conductivity from the fuel rod.to the coolant and the-
moderator density feedback to-the core power. For a given reactivity imsertion by thedropped control rod,
the initial moderator subcooling is:an important factor in determining the fluid properties of the moderator
during the transient. |

I

1.. According to:Reference: 3, this velocity is justified in the NEDO-10527 report as.the maximum rod drop speed
that could be achieved allowmg for tolerances in physical dimensions at the:3 ¢ Tevel.
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A.2.5.3.3 Steam Dome Pressure

]a,c,
A.2.5.3.4 Total Core Flow

Therefore, the minimum allowed core flow rate is used in present analyses at hmrtmg CZP.condmons.

Sensitivities have established that the accident is most severe when it is assumed to occur at'low- or.
zero-power conditions when the CR patterns required to establish criticality provide the highest values:of
incremental (dropped) single CR worth. Furthermore, the presence of voids in the core at any:significant
power level will decrease the consequences of the accident through the negatlve moderator density.
reactivity (vord) coeflicient and the relatively low heat conduct1v1ty associated with subcooled conditions,
Consequently, the:evaluation of the accident usually can be limited to hlghly subcooled conditions ahd
dropped control rod configurations providing relatively large integrated reactivity and high final nodal
peaking.

A3 ASSESSMENT DATA BASE

The validation matrix of POLCA-T ranges from simple available:analytical solutions, over small-scale
basic and component.tests known also as separate effects tests, to full-scale BWR bundle tests; to- integral
thermal-hydraulic tests, to well accepted mternational/Organization for Economic Co-operation.and
Development (OECD) benchmarks, and finally te recorded reactor plant events.and-transients.

This section contains information to validate that the ‘Westir‘rghouse methodolo gy described in Séction A.4-
for evaluation of the CRDA is sufficiently accurate and conservative for licensing applications. The
validation is provided by systematically addressing the significant components of the methodology that
affect the'predicted peak fuel enthalpy, which is compared to the design.bases. The.qualification work is -
divided in two parts: the first part considers the single parameter confirmation and separate effects, and

the second considers the validation against mtegral effects. Specifically, the following areas are
addressed:

1. The capability of the: supporting. PHOENIX4/POLCAT: system of codes to provide adéquate Jocal

pin‘power distributions, cross-sections, burnup, and-void. histories for POLCA-T is discussed in
subsection A.3.1.1. [

1™
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2. The capability of the POLCA-T code to predict physical phenomena important for the
determination of peak fuel enthalpies is addressed in subsection A3.1.2. Specifically, the
adequacy of the methodology for establishing the Doppler temperature feedback, reactivity, and
power response resulting’ from an ejected CR and capability in predicting the local power that is
crucial for determining the correct frel enthalpy are discussed in POLCA-T qualification agamst
the NEACRP-L-335 3-D LWR Core Transient benchmark.

3. The capability of POLCA-T to simulate very fast integral events such as the Turbine Trip event
(TT). Specifically, simulations of the Peach Bottom EOC 2 TT tests are provided in
subsection A.3.2.1. ‘To.our knowledge, these tests provide the best data for directly testing the
POLCA-T neutronic (the moderator density feedback), thermal-hydraulic (heat transfer from the
fuel rod to the coolant, void fraction formation, and collapse), and fuel rod thermal-mechanic

models (fuel, cladding, and gas gap properties) capabilityto simulate a very fast transient with the-

same time scale as a CRDA.

4. The capability of POLCA-T to simulate integral tests of a CRDA. Specifically, the results.of the:
simulations of three of the SPERT-III-E power excursion tests are provided in subsection A.3.2.2.
These SPERT tests provide the data for directly testing.the POLCA-T capability to describe a
CRDA. '

5. Finally, the comparison of the POLCA-T with the RAMONA-3.code for commercial BWR
CRDA analyses illustrating the similarity of the-results obtained by previously used.tools and the
ones-described in this report-is presented in subsection A.3.2.3.

A.31 Single Parameter Confirmation And Separate Effects
A.3.1.1  PHOENIX4and POLCA7 Qualification

The PHOENIX4 code provides cross-section data to POLCA7 as well as local (pin) power distributions:
and kinetics parameters, such as delayed ncutron fractions and inverse velocities, for the CRDA
calculations (see Section A:4). POLCAT7 provides burnup.and void history-distributions and is used to
identify candidates for the POLCA-T control rod drop; analysés: primarily based on calculated total control
rod,reacti\'/jt‘y‘WQﬁhs. [ ' '

P

Confirmation of the:capability of PHOENIX4 and POLCAT to calculate these quantities with sufficient
accuracy to support demonstration by POLCA-T that the CRDA design bases are satisfied is provided in
Reference 4. The mentioned reference contains detailed qualification bases-for the use of the
PHOENIX4/POLCA7 code system for steady-state nuclear design and analyses of BWR cores and was
accepted by the NRC for BWR reload désign and analysis ap_pli’ca_ti'dns’ in.2000.

The quahhcahon of POLCAT is described in details in Reference 4 (Topical Report CENPD-390-P-A),
Section'A.4, Quahﬂcatlon activities are divided.into two categorles tefeired to as verification and
‘validation. Verification involves the testing of individual models ‘or combinations of mode¢ls to verify that
they perform as mtended Vahdatlon involves the companson of POLCA7 predictions with measured
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The POLCAT7 verification was-performed by comparison with computational benchmarks generated by
means of reference calculations as well as by comparison with experimental data suitable for evaluating
the individual model being verified. Specifically, the POLCAT7 verification effort covers the threg areas:
listed below: ‘

. The neutronics model is verified by comparison with established 2-D analytical benchmarks..
Three of the analytical benchmarks.involve power calculations without:depletion for both PWR
and BWR cores. The fourth 'benchmark provides-verification of the POLCA7 depletion'models.

. Verification .of the thermal-hydraulic model by comparisons w1th testloop pr_'é's’surﬁeldr'gp‘
measurements and individual channel flow measurements in a Nordic BWR: -

. The POLCAT pin power reconstruction model is verified by comparison with a pin power
distribution benchmark. Furthermore, the capability of POLCA7 to predict relative nodal fuel pin.
and fuel rod power-distributions is verified by comparisons with fuel- rod gamma scan.data.

The POLCA7 validation involves the evaluation of core follow predictions. for four reactors as well as
comparisons with gamma scan measurements. Sp'ec:iﬁcally,'keffecﬁve values at hot and.cold conditions
calculated by POLCA7 are evaluated, and measured in-core detector responses. and measured gamma
scan data are compared with POLCA7 predictions. The gamma scan, reactivity, and travéling;ﬁﬁ(:oréﬂ
probe (TIP) data were obtained from four BWRs; two Westinghouse-built internal pump reactor and.
two GE-built plants (a BWR/4 and a BWR/6). For more details see Reference 4.

A.3.1.2 OECD NEACRP3-D.LWR Core Transient Benchmark

The Nuclear Science Committee ‘(N‘S’C)’vo_f' the Nuclear Energy Agency (NEA)/OECD has reléased a set of
computational benchmark prob‘l_e'ms,fbf the calculation of reactivity transients in PWRs and BWRs
(Reference 5). These benchmark problems verify data-exchange in a coupled code system and test the:
neutronics coupling to fuel transient conduction methodology. Among the benchmark BWR. problems,.
there is none mvolving fast reactivity initiated transient. Thus, the validation against the PWR rod
gjection accidents (REAs) benchmark is aimed at validating the code forthe BWR CRDA;.as the analyses.
of both transients: ’réquire identical phenomena to be modeled. '

All six cases of the NEACRP PWR rod ¢jection transients benchmark have been analyzed by the-
POLCA-T code. The hot-zero-power (HZP)-and full-power realistic problems with symmetrical and
asymmetrical rod gjection cover a variety of reactivity excursions from 0.1$ to 1.26$. The obtained-
results were compared with the reference PANTHER® solutions and the published results of
RAMONA/POLCA/RIGEL, CORETRAN, RETRAN-3-D, and TRAC-BF1/NEM codes.

2. The Nuclear. Energy PANTHER code solves two-group homogeneous neutron diffusion equations in both.
steady-state:and:transient form using an analytical nodal method and generalized thermal-hydraulics:feedback
modelfor a PWR. '
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Of the six, problem C1, the HZP full-core asymmetrical case, is the most severe and relevant to the

CRDA case. The POLCA-T results of C1 case are summarized and compared to the PANTHER 4x4
reference solution (Reference 7) and the results of Westinghouse PWR 3-D kinetic tools: SPNOVA/VIPRE.
(Reference 14) in Table A.3-1. ' ab,c

Figure A.3-1 presents the core average axial power distributions predicted by POLCA-T code and their
comparison with reference solutions.and POLCA7 results for benchmark case C1. POLCA-T and
POLCAT results and reference solutions-have been normalized before the comparison. Nean absolute
Deviations (MD) and root mean square (RMS) errors have:also been calculated and provided in.

Table A.3-2 for all six benchmark cases®.

3. Thereference axial and radial power distributions are-available only from-the original 2x2 solution’
(Reference:6). Thus the comparison is-performed:against:this solution:
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a,B‘;C",__
Figure A.3-1. POLCA-T Case C1 Core Axial Power Distribution and Com parison with the
Reference Solution (Reference 6) and POLCA7 Code ab.o
MD and RMS error (standard deviation) were defined by the following formulas
: 1 L
MD =—Y|x,=%,|, and (3.1)
N i=1 »
1 N -
RMS =, '—Z(x:_f: )z > (3:2)
VN I -
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where x, is the core average axial nodal power calculated by POLCA-T (or POLCA7) code, X, is the

reference core average axial nodal power obtained by PANTHER code; N is the number of axial nodes.

[

P

Figure A.3-2 presents the comparison of POLCA-T predicted power time history for benchmark C1 case
with reference PANTHER solutions (References 6 and 7). [

a,c
] v »a,b,‘C

Figure A.3-2. POLCA-T Case C1 Power Tinie History and Comparison with PANTHER
Reference:Solutions (References 6 and 7)

Figure A.3-3 presents local power at axial layer 13 radial power distributions at.initial state-and at-power
peak. The comparison of POLCA-T and reference’PANTHER solution radial power distribution at initial
state, at power peak, and at final state 5 s are summarized in Table A:3-3. Absolute deviations and RMS:
errors defined by equations:(3.1) and (3:2)are[  ]*percentand[ > percent for ass‘emb'ly?-, average.
powerand less than [ ]* percentand [ *° pjerfcéht for local power: '
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NEACRP case C1 initial state
Axial Layer 13

Relative power

4.5000-5.0000
4.0000-4:5000.
3.5000-4.0000
3.0000-3.5000
2.5000-3.0000
2.0000-2.5000
0 1.5000-2.0000
1.0000-1.5000
0.5000-1.0000
.0000-0.5000

5.0

Relative power

@ 4.5000-5.0000
[ 4.0000-4.5000
m 3.5000-4.0000
'B-3.0000-3.5000
‘B8 2:5000-3:0000
A 2.0000-2.5000
2 1.5000-2:0000
@ 1.0000-1.5000
©0.5000-1.0000
| 0.0000-0.5000

b)

and b):at Power Peak

Figure A.3-3. POLCA-T Case C1 Radial Power Distribution at Axial Layer 13: a) at Initial State
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ab,c

Summarizing the POLCA-T results and comparison with the reference solution allows the following

observations to be made:

. [ > The déviation is small and of the
same.range as other codes.

. POL.CA-Tpredicts the initial power distribution well.

* | J*° The deviation is
small and conservative.

. POLCA-T [ ]* the fuel temperature increase-and the core exit temperature
increase.

WCAP-16747-NP: March 2007

Appendix A ‘Reévision 0



A-19.

The following conclusions had to be drawn:

1. POLCA-T initial steady-state results demonstrated excellent agreement in critical boron, CR
reactivity worth, and 3-D power distributioris with both the reference solution (PANTHER) and
the POLCAT7 results.

2. POLCA-T transient results are-'within the spread of the PANTHER reference solution and other

state-of art codes for predicted power peak and energy contents. The observed deviations-are
small for the most severe, and most CRDA relevant, case C1. The POLCA-T transient results
demonstrated:

- Good agréement in transient 3-D power shz;pe with reference PANTHER solutioi, axially
and radially, at time of power peak and in final transient state

- Good agreement in core:average fuel temperature increase and in core outlet coolant

temperature
3. POLCA-T gives similar agreements as the NRC-approved Westinghouse PWR transient code-
SPNOVA/VIPRE.
4. Overall, the above conclusions show that POLCA-T is a state-of-art tool to accurately predict::

- Inserted reactivity at design basis:control rod/assembly initiated accidents
- Core response to the reactivity insertion
- The resulting global and local core power transients

Since the local transient power is accurately predicted, the resulting fuel enthalpy increase will also be:
adequate. Thus the NEA REA benchmark supports that POLCA-T is a state-of-art tool also for BWR
CRDA analysis.

A3.2 Integral Effects.

The validation of POLCA-T against integral tests such as the Peach Bottom EOC 2 TT tésts (Reference 8)
and the SPERT-II-E power excursion tests (Reference 9) and the comparison’ with the RAMONA-3 code
for commercial BWR CRDA analyses are presented in this section.

A.3.21  OECD/NRC BWR Turbine Trip Benchmark and Peach Bottom 2 EOC 2 TT
TeStS

The Peach Bottom 2 (PB2) three TT tésts conducted at thé EOC 2 has been widely used for validation of
system thermal-hydraulic codes. Despite the fact that the turbine trip event is mainly-driven by void.
feedback, the Doppler feedback contributes up to 20 peicent of the total reactivity, Tuarbine trip tests.
conducted at PB2 at the EOC 2 are-of the same time scale as the CRDA, that is, the sharp power increase
is.observed in. the very.first second of the transient. Thiss, turbine trip tests play an important role.in. the

-validation of fuel and core models of coupled codes. In tlus report,-the tests are used to assess the’

capablhtles ‘of the neutron kinetics and thermal-hydraulic.code models to correctly predict the plant
behavior in a very fast transient.
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The first step of POLCA-T validation against PB2 EOC 2 TTs was performed in the frame:of
OECD/NRC BWR turbine trip benchmark. POLCA-T results had been submitted for all three phases of
the benchmark including the extreme scenarios. The code results of exercises 1 and 2 have béen
published also in the OECD benchmark summary reports References 16 and 17. A summary report on
exercise 3, including the extreme scenarios, will be 1ssued by OECD in the near future. However, the:
benchmark was limited to only one of the turbine trip tests - TT2, although it also required the analyses.of
challenging extreme cases without scram or/and steam bypass activation, and even without safety/relief
valves (SRVs) available. Moreover, some limitations in the benchmark specifications such. as using
Pennsylvania State University (PSU) cross-section data in specific format, specified fuel properties and
models, did not allow the utilization of all POLCA-T features and the validation of Westinghouse BWR.
methodology for transient analyses. Consequently, additional validation was c¢onducted against all three
performed turbine tests TT1, TT2, and TT3 (Reference 19). The work consisted of cross-section data
generation using the PHOENIX4 code, core follow calculations for PB2 Cycles 1.and 2 by the POLCA7
code and POLCA-T simulations of TT1, TT2, and TT3 tests.

The accuracy of the PHOENIX4 XS data and core follow calculations was confirmed by good agreement
with available TIP measurements at the EOC 2 prior to the conduction of the TT and stability tests.

The comparison of results obtained from steady-state calculations by both the POLCA7 and POLCA-T
codes for the state prior to TT2 demonstrated that use of Westinghouse’s multi-table cross-section data
gives much better agreement with plant data (“P1 edit” in Figure A.3-5) for axial power distribution that:
the previous results reported in the frame of the benchmark (see Figure A.3-4). This demonstrates the
effect of using the PHOENIX4 multiple cross-section table and accounting for historical effects in BWR
modeling.

Figure A.3-4. POLCA-T Core Average Axial Power Profile Obtained by Different-Cross-Section
Data at EOC2 State Prior to TT2. (Comparison versus-plant data (P1 edit
Reference 8))

ab.c
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Figure A.3-5. POLCA7 and POLCA-T Core Average Axial Power Profile for State Prior to TT1
(2).and TT3:(b) tests. (Comparison versus Plant Data (P1 edit Reference 8))
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The 3-D core model was qualified by comparison of core axial power profile with plant data (*P1 edit™)
for each state prior to TT tests (see Figure A.3-5a for TT1 and Figure A.3-5b for TT3). POLCA-T
simulation is performed with PHOENIX4 cross-section data only. POLCA-T local power-distributions;
were compared with available local power range monitor (LPRM) records for all three TT tests: |

™

Two different POLCA-T simulations of the TT2 test have been performed using both sets of cross-section
data, that is, the one distributed in the-benchmark and the other generated by PHOENIX4. [

1*¢ The results with PHOENIX4 cross-section data (both with and without spectral
interaction model) showed better agreement with the measured power than the results obtained with the:
PSU cross-section data. The power peak 1s shghtly underestimated by POLCA-T when using
PHOENIX4 cross-section data, and overestimated when using PSU cross-section data (see Table A.3-4).
PHOENIX4 XS data improved the agreement to the measured time of the power peak. The results of the
POLCA-T TT 2 transient simulations are in good agreement also with measured data for steam dome,
core exit, main steam line and turbine inlet pressures, and reactor pressure vessel (RPV) level.

a,b,c

The sequence of events and peak power values-for TT1 and TT2 tests are presented in Table A.3-5.
Figure A.3-6 presents the TT2 fission power time history. Figure A.3-7 illustrates POLCA-T predicted.
fission power time history in the first 5 seconds of the TT1 transient and.its zoom 0.5 —1.0.seconds.
Results show that POLCA-T slightly oviréstimates the power. Comparison of POLCA-T predictéd time
histories and measured data for;_inte'g'ral‘param’etejr‘s, (that is, steam dome and core exit pressures, main,
steam line and turbine inlet pressures, and RPV water level) are in good agreement also.

4. Spectral interaction model is a part of POLCA7 cross-section' model incorporated:in POLCA-T. It corrects.the
cross=section for the spectral index, thatis, the:ratio of:the epithermalto thermal neutron fluxes.
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a,b,c

Comparison between 'measured and calculated transient 'res'_pon'se_js of thrée.selégted(ﬁ.) LPRM strings are
shown in Figures A.3-8 and A.3-9 for TT1.and TT2 tests. It is shown that POLCA-T predicts the local
power well.

5. Strings 5'(08-49) and 13 (24-41) are:selected torepresent the core periphery and the core central zone.
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a,b,c

Figure A.3-6. Comparison of POLCA-T TT2 Fission Power Time History Obtained by Different
XS Data Versus PB2 Measured Data

ab.c

Figure A.3-7. Comparison of POLCA-T TT1 Fission Power Time History.vs. PB2 Measured Data

WCAP-16747-NP March'2007
Apperidix A, Reyision 0



A-25.
_ a,b_,c
- Figure A.3-8. T'I'1 Transient LPRM Response for String 5 -
- a,be
Figure A.3-9. TT1 Transient LPRM Responsg for String 13
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The validation of POLCA-T against PB2 TT2 tests proved the code capabilities to correctly simulate
pressurization transients with very fast power increases. The results obtained for the extreme cases
demonstrate the POLCA-T code wide-range capabiliﬁes‘ to simulate transients with failure of the scram,
steam bypass, and SRV at extremely high reactor pressure :and,cor‘e_poWer; The results of the validation
work can be summarized as follow:

1. POLCA-T steady-state results agree well with the measured PB2 steady-state data: TIP, P1 edit,
and LPRM.
2. POLCA-T transient simulations of PB2 EOC2 TT tests .are in good agreeient with

measurements: both for integral ard local parameters.

3. The results for TT2 that showed better agreement with the measured data where obtained with
PHOENIX4 generated cross-section data. This is observed both in the'steady-state and transient
simulations. [

*
4. The power peaks -are in good agreement with measured data for TT1 and TT2. [
B e
5. The predicted pressures for the turbine inlet, main steam line, and steam dome-are i good
agreement with measurements.
6. Comparison of calculated and measured LPRM signals demonstrated the code capability for both

steady-state and transient local power simhulation.

The POLCA-T neutronic (the moderator density feedback), thermal-hydraulic (heat transfer from the fuel
rod to the coolant, void fraction formation and éollapse), and fuel rod thermal-mechanic-models (fuel,
cladding, and gas gap properties) were validated and qualified for the simulation of a very fast.
pressurization transients with the same time scale as a control red accident.

A.3.2.2  SPERT-III-E RIA Experiments

This section presents the results of POLCA-T analyses performed for the codevalidation against the:
Special Power Excursion Tests (SPERTs) performed in the 1960s in the SPERT-III E-core (Reference 9).
The analyses demonstrate the POL.CA-T system code capability to accurately simulate reactivity insertion
accidents at CZP conditions.. HZP conditions.are considered in -subsection:A.3.1.2..

The SPERT-III-E-core reactor was:set up using t,he_;IDO-'r'eports that describe the SPERT-III-E-core and
the experiments performed. Cross-sections genération, steady-state, and transient analyses have been
performed with the PHOENIX4/POLCA-T package. To validate the POLCA-T code against the
SPERT-III-E-core experiments, three cold startup tests were selected —Cases 18; 43, and 49.
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The SPERT-III-E-core was an experimental facility and 1s somewhere in between.a PWR and a BWR in
design. This type of experimental reactors 1s very different from the commercial reactors normally-
simulated with the PHOENIX4/POLCA-T code package. It is a very small reactor, approximately 1 by 1
by 1 meter, and it consists of only fresh fuel, which causes a huge leakage compared to commércial
reactors. Another difference from commercial reactors is the fuel followers, or the so-called control rods.
They contain fuel in the lower section and poison material, borated stainless steel, in the upper section.
Additional difficulties in the simulation were caused by the lack of some initial data. For example, the
position of control rods of follower types 1s known for critical conditions with the transient control rod
withdrawn, but not at the states prior to the tests. The reactivity inserted 1s known, but not the position of
the control rod that corresponds to that reactivity value. Moreovert, the initial power level is known to. be
somewhere in between 0 and 50W. The reported uncertainties.in the SPERT data are 15 percent for
reactor power, 4 percent for reactivity insertion, and 17 percent for energy release to time.of peak power
(Reference 9). "

The positions of the fuel followers were, therefore, adjusted to-match the peak power value. Then, the
time of peak power, inserted reactivity, and energy release were compared to the experimental values.
Only the steady-state conditions were adjusted to match the measured peak value, and no adjustments of
the transient calculations have been performed.

Table A.3-6 summarizes POLCA-T results and presents the comparison with experimental data
(Reference 9). The comparison shows that, with a little less inserted reactivity, POLCA-T predicts a
higher than measured peak power and fuel enthalpy. The peak power time predicted by POLCA-T is.
close to the measured data. Figure A:3-10 presents the comparison of POLCA-T predicted and measured
fission power for cold cases 43 and 49. It has to be noted that quite better agreement between POLCA-T
p'r_edictions and measured data is observed for the prompt critical Case 43 with $1.21 inseﬁed",reac'tivitﬁy
than in Case 49 with corresponding inserted reactivity of $1.00.
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ab,c

o
4
o |

Figure A.3-10. Comparison of POLCA-T Predicted and Measured Fission Power for Cold
Cases43 and 49,

The comparison of POLCA-T simulation predictions with SPERT-III-E. power excursion test results
demonstrate that, for a.peak power consistent with the experimental data, the. Westinghouse methodology
using POLCA-T predlcts tesulting; values of inserted feactivity, power shape, mtegrated energy, and
time-to-peak power which, agree with the expenmental values within the experimental uncertaintics.
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Therefore, it 1s:concluded that the Westinghouse methodology predicts the results of the SPERT-III
E-Core tests for which the.comparisons were made within the uncertainties in the tests and the
uncertainties-associated with the information-available regarding those tests.

A.3.2.3 POLCA-T Comparison with RAMONA-3

This section presents the results of POLCA-T CRDA comparison with RAMONA-3 for two CZP cases
and one hot case at 1 percent.initial power®. The comparison has been performed for a Westinghouse
(former. ASEA-ATOM) designed BWR internal pump plant. The considered core is loaded with
SVEA-96 Optima?2 fuel in an equilibrium ¢ycle.

The analyses. were aimed to compare the results of POLCA-T and RAMONA-3 codes application for the
CRDA analysis of a commercial BWR. Each code has been run with the normally used CRDA analysis
options and models. RAMONA-3 control rod input data were adjusted in order to match the POLCA7
predicted neutron multiplication factor and total incremental steady-state CR worth”). The analyzed
initial conditions were identical in order to fairly compare the results. Hereafter, the RAMONA-3 and
POLCA-T case.runs, results, and.observations are desceribed.

Table A.3-7 summarizes the initial conditions. for the two CZP cases and one hot case at 1 percent of rated
initial power:

a,b.c
6. The iritial power is defiried as 1% of rated réactor power
7. TheCR cross-sections manipulation’by a- multiplayer is normally used in'CRDA analyses performed by
RAMONA-3to. match POLCA7 CR.worth. This adjustment is not needed in POLCA-T applications as
POLCAZ7 is fully integrated into POLCA-T and both codes steady-state results-are consistent:
WCAP-16747-NP March 2007,
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The dropped CRs have been defined together with CR checkerboard (black and white) pattern as the ones.
with the maximum worth rod. The subcooling in the analyzed CZP was selected to make the CRDA more:
severe and to compare the codes results for prompt critical transients.

The full core is modeled in RAMONA-3 and POLCA-T with one-to-one mapping between
thermal-hydraulic channels and neutronic modeling of fuel assemblies.

The selected control rods in all three cases are dropped from fully mserted to fully withdrawn position.
with a constant acceleration of 7.4 m/s? in CZP and 8.0 m/s* in-the hot case. Positions of dropped CR
during the transient are presented in Figure A.3-11 and_‘Figure’A.3- 13. The dropped control rods-are.
highlighted in the figures.

This section describes and discusses the RAMONA-3 and POLCA-T results for the evaluated CRDA

cases. Table A.3-8 presents the summary of the main steady-state and transient parameters. abec

The adjustment of CR cross-sections in RAMONA-3 is done-with certain conservatism and RAMONA-3
over predicts the CR worth by about 40 pcm in CZP .cases compared to POLCA-T (see Table A.3-8).

Figures A.3-11 and A.3-13 present:a comparison of POLCA-T ‘and RAMONA-3 predicted core power"
time history for the three analyzed CRDA cases. [

1™
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Figures A.3-12 and A.3-14 present a comparison of POLCA-T and RAMONA-3 predicted time history of
maximum fuel enthalpy. [

1> These POLCA-T
fuel enthalpy maximum values are observed later than in RAMONA-3 for CZPcases and practically' at
the same time in the hot case.

The following observations are made from the performed POLCA-T and RAMONA-3 CRDA analyses at
CZP and hot conditions:

1. POLCA-T predicted peak power is higher than RAMONA-3 at CZP and lower at hot conditions.
POLCA-T predicted time of peak power is later than the one observed in RAMONA-3 results in
CZP cases and almost the same as RAMONA-3 at the hot case. [
™

2. - POLCA-T predicts higher maximum fuel enthalpy than RAMONA-3 in all cases.

W

POLCA-T also predicts. higher maximum fuel centerline temperature in all three cases than
RAMONA-3.

The analyses show that while the trends are very similar, POLCA-T predicts: generally higher maximum
fuel enthalpy values than RAMONA-3. The differences between the two codes are not.unexpected,
taking into consideration the large differences that exist in models, data, and methodology.

A.3.3 Conclusions
The results in subsections A.3.1.and A.3.2 suppert the following conclusions:

1. The qualification of the PHOENIX4/POLCAT system of codes in Reference 4 is sufficient to
support their application in the Westinghouse CRDA methodology described in Section A 4.
Specifically, the local pin power distributions, cross-sections, burnup, and void histories provided
for POLCA-T are calculated with sufficient accuracy to support demon'stration by POLCA-T that
the CRDA design bases are: satisfied. Furthermore, powef distributions and-void vdvist'r’ibu,t'ions are.
predicted by POLCAT with sufficient accuracy to provide an adequate reference-point for the
corresponding power and void distributions predicted by POLCA-T just prior to the control rod
drop. [ '

1*“ Finally, the
control rod worths calculated by POLCATY are sufficiently accurate to assure that the-most

limiting configurations-are identified and that subsequent evaluation of these configurations by
POLCA-T will:assure that the. CRDA design bases are satisfied.

It is concluded that the available benchmark data base for the PHOENIX4/POLCA7 code system
fully qualifies it for the manner in which it is applied in the Westinghouse CRDA methodology

‘described in Section A.4.
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ab,c

Figure A.3-11. Comparison of POLCA-T and RAMONA-3 Predicted Core Power for CZP Case 1

ab,c

‘Figure A.3-12. 'C omparls on of POLCA-T and ' RAMONA-3 Predicted Maximum Fuél' Enth al]’i_y;'ifot"
‘CZP Case 1 ‘
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Figure A.3-13. Comparison of POLCA-T ind RAMONA-3 Predicted Core Power for Hot Case.

Figiire'A.3-14. Comparison of POLCA-T and RAMONA:3 Predicted Maximum Fuel Enthalpy for
' Hot Case '
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The POLCA-T neutron kinetic, thermal-hydraulic, and fuel rod performance models predict the
time variation of core power, Doppler temperature feedback, moderator density feedback, heat
transfer from the pellet to the coolant, and fuel pellet enthalpy with sufficient accuracy to provide
reliable predictions of peak fuel enthalpy during the CRDA to confidently demonstrate that the
CRDA design bases are satisfied using the Westinghouse methodology described in Section A.4.

Comparison of POLCA-T predictions with the PANTHER reference solution for the
NEACRP-L-335 3-D LWR Core Transient benchmark show good agreement in transient

3-D power shape,.axially and radially, at the time of power peak and the final transient state.
Thus it is-confirmed that POLCA-T is a state-of-the art tool to accurately predict the inserted
réactivity at; des1gn basis control rod/assembly initiated accidents, the core response to the
réactivity insertion, and the resulting global and local core tran51ent power. Since the local
transient power is accurately predicted, the resulting fuel enthalpy increase will also be adequate.

Comparison between POLCA-T simulations and PB EOC 2 turbine trip tests recorded data
showed good agreement for both integral and local parameters. Thus, POLCA-T neutronic (the
moderator density feedback), thermal-hydraulic (heat transfer from the fuel rod to the coolant,
void fraction formation and collapse), and fuel rod thermal-mechanic models (fuel, cladding, and
gas.gap properties) capability to accurately simulate a very fast transient with the same time scale

‘as.CRDA was demonstrated.

Comparison. of POLCA-T predictions with SPERT-III-E power excursion test results shows that
the POLCA-T simulations using the Westinghouse CRDA methodology show good agreement
with the tests for which the nominal initial conditions quoted appear to reflect the actual situation.
The comparisons demonstrate that for a peak power consistent with the-experimental data, the
Westinghouse: methodology using POLCA-T predicts resulting values.of the inserted reactivity,
power shape, integrated energy, and time-to-peak power that agree with the experimerital values
within the experimental uncertainties. Therefore, it is concluded that the Westinghouse
methodology predicts the results of the SPERT-IIT E-Core tests for which the comparisons were
made within the uncertaintiesin the tests and the uncertainties associated with the information
available regarding those tests.

Comparison of the POLCA-T with the RAMONA-3 code for commercial BWR CRDA analyses
show that the results of both'codes, in general, agree within the code-uncertainty established in.
Reference 3. POLCA-T predicts maximum fuel enthalpy values higher than RAMONA-3.

In summary; the Westinghouse methodology described in-Section A.4 for.evaluating the’'CRDA using
POLCA-T simulations can predict peak pellet enthalpies during-a postulated CRDA, which are
sufficiently-accurate to demonstrate that the design bases provided in subsection A.2.4 are satisfied.
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Ad WESTINGHOUSE BWR CONTROL ROD DROP ACCIDENT ANALYSIS
METHODOLOGY
A.4.1 Introduction

The CRDA is analyzed for.commercial BWRs as a design basis accident, which is bounding for all
postulated accidents involving additions of prompt reactivity. The method of analysis chosen must.-be
capable of treating the effects of rapidly changing power distributions which are caused by the rapid
control rod movement.

This section describes the methodology used by Westinghouse to determine the most limiting dropped
control rod configuration and to evaluate the consequences of a CRDA in BWRs of any design, v
containing fuel and control rods of Westinghouse or other vendors’ designs. The methodology is
illustrated with typical results including uncertainty treatment described in Section A.S.

A.4.2 Overview

The results of a CRDA are highly dependent of the control rod worth of the dropped rod, which in turn,
are dependent on the core loading and fuel design (see Section A.2). This implies that the.consequences
of the CRDA may be addressed on a cycle-specific basis-or in a generic, bounding analysis. The strategy
for the cycle-specific evaluation is provided in Section 4.6. The PHOENIX4, POLCA7, and POLCA-T
computer codes are used to evaluate the CRDA. The Westinghouse methodology for a CRDA evaluation
1s discussed in Sections 4.3 through 4.6.

The consequences of the accident relative to the design bases are evaluated for the most limit'ing»tfvime n
the'cycle and the most limiting reactor conditions.

Any control rod in the startup sequence may be'subjected to a CRDA at any time in the cycle. Thus, the
CRDA must be analyzed for the most limiting control rod at the most limiting time in-cycle.
Furthermore, the analyses must be bounding for the most limiting reactor condition defined in
subsection A.4.4.2.

The Westinghouse methodology for a complete: analys1s of the CRDA 18 fundamentally a‘two-step
approach and is briefly described hereafter.

A.4.2.1 Methodology Step 1 — Steady-State Evaluations

The aim-of step 1 1s to find the most limiting control rods-in the. core -with respect to CRDA with a
steady-state method. The analyses are performed for CZP condition at the most limiting reactor
conditions defiried in subsection A.4.4.2. The primary parameter that is utilized to detérming the most
limiting rod drop positions or candidates is the dropped control rod increméental reactivity worth. [

;]'?éf?
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I*° An NRC-approved three-dimensional static nodal code, such as

POLCAT, in conjunction with the cross-section generator code PHOENIX4, is utilized for this evaluation.
The screening of the core is as.follows:

1. [
™
2. [
e
3. The analyzed cases encompass a sufficient number of state-points during the cycle.

In reality, a control rod cannot drop longer than to the position of its drive.. [

]* Sevéral candidates with the highest incremental
reactivity are selected for the further transient analyses. in step 2.of the methodology, and are:described in
following section.

A.4.2.2  Methodology Step 2 - Dynamic Evaluations
Having established the pbfential candidates for the most limiting.dropped control rods within the cycl_e,_

the second step is analysis of the dynamic r.esp_onse'-t(‘)'rt'h()se'd’r‘(_')pp'ed.cjohtt()ﬂl' 1ods and the subsequent
consequences to the fuel. This evaluation is. performed with POLCA-T, [

¢ The
dynamic calculations are as follows:
L
|
2. The'rod is assumed to drop from a fully inserted position to'a banked position giving the highest
incremental reactivity. “
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3. [
™

4. The.dynamic analyses are performed taking into account the uncertainty treatment described in

‘Section A.5.
5. T'he.maximum local enthalpies are compared to the acceptance criteria..
The two'steps of the methodology are described in detail in subsections A.4.3-and A.4.4.
A.43 Determination of Candidates for the Limiting Control Rod
A.4.3.1  Analysis Methodology
L

1*¢ The total reactivity worth of a given rod.is defined for this
application as:
o G
Total Reactivity Worth, CR,, , =—=—%
Ld kout" kln
efil Vel

where:

k e’; Corek ;.. . with the control rod is fully inserted, and

k;;f Core k g .o with the control rod withdrawn to its final position.
[

*
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Discussion:

The incremental reactivity msertion as a.function.of position -as the control rod dro"ps" is referred to as “the
reactiVity shape function.” [

I

Since it must be assumed that the reactor can be shut down and restarted-at any time-during the cycle, the
possibility of a'control.rod-drop in this operating range must-be considered throughout the cycle. The
parameters to which the severity of the accident is sensitive can change throughout the:cycle. For:
example, the Doppler coefficient typlcally tends to. get somewhat more negative with the exposure, while

the delayed neutron fraction typically tends:to decrease with increasing: eXpOSUre; which tends to make the

accident more severe.

The 3-D core simulator POLCA7 is.used to'simulate the control rod withdrawals observing the
restrictions imposed by:the plant Technical Specifications. The two most common rod withdrawal
sequences. specified for U.S. Plants are the BPWS and the. group notch:sequence. These control rod.
programs are used to withdraw the control rods in-a manner which will. mitigate the severity.of the.
CRDA:
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&
A.43.2 Exampleofa chpiﬂg_(_jalculati"on‘

This section provides an illustration of the Westinghouse methodology for establishing candidates for the
core.conditions and dropped control rods that will result in the most limiting control rod-worths for a
given cycle. '

The illustrative-calculations. were performed:for a.648 fuel assemblies BWR/6 core. The rated core
thermal power and flow rate are 3,600 MWt and 11,511 kg/s, respectively. An equilibrium, reload core of
Westinghouse SVEA-96 Optima 2 assemblies des1gned for-12-month cycle application was utilized for
this illustration. The most limiting reactor condition according to subsection A:4.4.21s selected for the
evaluations. Three cycle exposures are analyzed; BOC, mlnddlc-of-cycle_‘_ (MOC), and EOC. Initial
operating conditions are specified in Table A:4-1.

The control rod patterns. are defined by adherence to the startup sequence A. The locations of the
different control fod groups are shown in Figure.A4-1. All control rod patterns from cold global
ciiticality to 97 percent.of all control rods withdrawn are.covered by the: anialysis. At each step in the:
startup sequence, all withdrawn control rods are: analyzed with respect to'rod drop, the rod drops from a
fully inserted to a fully withdrawn position.

Table A.4-1. .Operating Conditions Used In Step 1
Parameter Value

Core Power, relative to-rated 10®

Core Flow, kg/s 3,112

Reactor Pressure, MPa | 1.0

Inlet Temperature, °C - 100

Inlet Subcdoling, °C 80
WCAP- 16747 P, "' March 2007
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Rod Groups in the Start-up Sequence

NI - Group 1-4 , From ARI to B&W pattern

- Group 5-10, From B&W pattern'to ARO

F igu re A.4-1. Group As‘si{gn‘m_e_ijt‘;for"thé-Aﬁ Seq,uence

Groups 1-4 are withdrawn in the consecutive order Group 1(5 steps) =>" Group 2 (33 steps) => Group3
(32 steps) => Group 4 (36 steps). Groups 5-10 are withdrawn in 135 steps in non-consecutive order.

The obtained incremental reactivity versus the sum of the total withdrawn control rods in percent is
provided in Fig igure A.4-2. Figure A.4-3 displays the relation between the maximum nodal power and the
incremental react1v1ty Elght control rods have an incremental worthi at the EOC that is at least 400 pciii,
higher than the corresponding worth of the cach of remaining rods at BOC and MOC states. [

™
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Figure A.4-2. Total Reactivity Worths for Sample BWR/6 Withdrawal Sequence A,

ab,c

Figure A:4-3. Relative Maximum Nodal Peak Power. as 4 Function.of the Dropped CR Worth

WCAP-16747-NP
Appendix A

‘March 2007.
Revision O

a,b,c




A-42

a,b,c

Figure A:4-4. Control Rods Patterns at Steps 113 and 114 with Selected Candidates for the
‘ Limiting:Control Rod
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In this-example, in order to-include total reactivity worths which would envelope those:which we expect:
for a typical plant and cycle specific-evaluation, the.3-D nodal simulator calculations to determine:
po_ssible candidates for the control rod(s) which would cause the most severe consequences from.a CRDA
WEre_pe’rforrﬁed assuming worst-case conditions. [

™

In the dynamic analyses, a realistic drop of the control rod 1s considéred. Table'A.4-3 presents: the control
rodworthand [  1* of the selected candidates for the limiting rod at a realistic 8 notches drop. In the
limiting case a drop of the control rod from a fully inserted position to a banked position of 8 notches

gives in this case a highest incremental reactivity of [ ]** pcm for CR number 85. The other control

rods in the same group as the dropped rod belongs, are:withdrawn to the banked position.4-notches. abc

-

The determination of the actual cases to simulate in<the transient calculations is done'on a [

P
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The selected candidates are utilized in Section A.4.4 in order to define the limiting control:rod.
Ad.4 Dynamic Analysis To Determine Eﬁ‘er’gy Deposition in Fuel
A.4.4.1  Analysis Methodology

The dynamic analysis is performed with the POLCA-T code for cach of the CR candidates identified in
the three-dimensional nodal simulator scoping evaluation as described in subsection A.4.3. The
calculations are performed at the limiting reactor initial. conditions: [

™

The initial conditiens, such:as core power, flow rate, inlet temperature, control rod pattern, and RPV
pressure. are the same as the.conditions in the corresponding three-dimensional nodal simulator scoping
evaluation.

The data required for CR drop and reactor trip simulation are taken from plant Technical Specifications.
In the absence of plant-specific data, the control rod is assumed to drop at the. maximum drop velocity of
0.948 m/sec:(3.11 fi/second) established in Reference 3. [

I

Discussion:

The core nodalization is: exactly the same as in the s‘_teady-state evaluations performed With the POLCA7T
three-dimensional nuclear simulator ¢ode; Full-core calculations are performed with one-to-one
neutronics to the thermal-hydraulic mappmg scheme. Thus the possible asymmetric effects in the single
control rod drop simulation areaccounted for. The two-group cross-sections, kinetics data (delayed:
neutron fractions, precursor’s constants, and inverse velocities), and local pin peaking factors:are-
generated by PHOENIX4 for each fuel composition and saved in a standard POLCAT7 representation form
(Reference 4). They are treated on nodal base by the POLCA7 standard cross-sections:and
homogenization models. The: nodal burnup and void history for. éachi specific case are.provided by the
POLCA7 code. The instaritancous moderator derisity, fuel temperature, and control rod- dependences at
discrete burnup; and density history:state points are accounted by the POL.CA7. standard cross-sections
model.. The cross-sections, Kinetics:data, and.local pin peaking factors are updated at:each time step
during the POLCA-T transient simulations.using standard POLCA7 models.

The fuel peak ,ent_h‘alP,ie’s are calculated in.each niode using the nodal powers from the dynamic POLCA-T
calculation and the local pin peaking factor calculated for that node. [

1>
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P

Uncertainty treatment and conservatisms included by assuming bounding input parameters are described
in Section A.5.3.

A.4.42  Example of a Determination of the Lijnit'mg_ Initial Conditions.
In this section, the limiting reactor condition to be utilized in the upcoming CDRA analyses is
determined. This determination is generic and does not have to be carried out cycle-specific since it is

related to the reactor startup procedures.

The following section illustrates the procedure and provides an example-of the limiting reactor-initial
conditions determination as a still conservative base case for POLLCA-T CRDA applications.

Add21 [ P
[

]??5.
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ajb,c
- L
Figure A.4-5. [
I ab,e
L _
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A.4.422 |
]'a,_c

P

Table A.4-5. Input Data for the Limiting Initial Condition Cases

Parameter Value
Initial Power, relative to rated 10®
Cycle Exposure EOC
CR Step 113 and 114
Dropped CR #85and # 14
Dropped CR Speed, m/s 0.948
Dropped CR Speed, ft/sec 3111
Scram delay from 120% trip, s [ ]v_z‘»"b-*c

8 notches.

A scram-1s activated with [

conservatively underestimated..

The dropped control rod was assuméd to drop from the fully inserted to the position.of its drive by

1€ The scram insertion.

position is specified according to the:typical BWR/6 plant Technical Specifications and is provided in
Table A.4-6. Technical Specifications place limits on the scram rate in the form of maximum times.for
control rods reaching 5, 20, 50, and 90 percent of inisertion. Therefore, the effectivéness of the scram is:

ab,c
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The results are summarized in Table A.4-7. For CRs number 14 and number 85 that have the highest and
the lowest reactivity worth, the case at | ]*€ inlet temperature provides the
limiting initial conditions that lead to highes't peak enthalpy. It has to be noted that these conditions and
the ones at [ T¢ inlet temperature produce both closer values-to thievalues
obtained at 1 bar or 70 bar pressure and 20°C.inlet temperature. The results obtained for CR number §5

confirm the same trends as the ones observed in CR number 14 results. 5
a,D,C

Figures A.4-6 and A.4-7 illustrate the POLCA-T predicted reactor-power-and peak fuel enthalpy time:
histories for the CRDA limiting initial conditions cases for both CR aumber 14 and number 85. |

I
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A.4.4.3  Example of a Dynamic Calculation to-Determine the Energy Deposition.in the
Fuel at Limiting Reactor Initial Conditions

This section illustrates the Westinghouse methodolqu"f0r~-per'forrning the dynamic' CRDA evaluation.
The results are shown for the same:BWR/6 equilibrium SVEA-96 Optimia2 core for which the
steady-state evaluation was presented in subséction‘A.4.3.2. The example dynamic evaluation of CRDA
is performed at the limiting initial conditions of [ 1*°, which in subsection A.4.3.2-was
found to lead to the highest peak enthalpy.

The very same plant model and mput data described in subsection A.4.4.2 areused in the dynami‘c.
calculations pl'ésented in this section. The dropped control rod was assumed to drop from fully inserted to
the position of its drive by 8 notches. Table A.4-8 presénts the summary of the obtained results for the
peak power, maximum energy deposited in the fuel and maximum hot rod fuel temperature as well as the
timing of observed peak values for all selected CR candidates. [

J** Thusthe CR number 85 is determined to be the limiting control rod for the considered
BWR/6 plant loaded with SVEA-96 Optima2: equilibrium core.
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ab,e
Figure A.4-6: POLCA-T Predicted Reactor Power Time Histories for CRDA Limiting Initial
Conditions Cases
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a.bc

Figure A.4-7. POLCA:T Predicted Peak Fuel Enthalpy Time Histories for CRDA Limiting Initial
Conditions Cases

WCAP-16747-NP Marchi 2007
Apperidix A ‘Révision O



ab.ec
a,b,c

March 2007
Revision 0

]‘f‘,c

[

WCAP-16747-NP

Figure A.4-8;.
Appendix A

A-52




A53.

Insight into the transient is provided by examining the core power response, reactivity, power shapes, fuel
enthalpy, and temperature as a function of time for limiting case calculation summarized in Table A.4-8.

Figure A.4-9 shows the core power as a function of time for all candidate control rods. F igure A.4-10-and
Figure A.4-11 preserit the POLCA-T predicted peak fuel enthalpy time histories for-the candidate limiting
control rods in the sequence steps 113 anid 114, respectively. .

BWR/6 Plant SVEA-96 Optima2 Equilibrium core CRDA
Transient Evaluation of Candidate CRs
10000 : :
- - - .CR #12
CR_#14
8000 CR #5551
( — - -CR #65
L CR. #85
, Py — - <CR #95
% 6000 N e e CR #1367
= 5-,\/ “*;\ — —CR#138
2 & VAN
g 4000 _ “&\\
2000 B }\s \x\%\
LN N
0 : ]
0.65 0.80 0.85 0:90 0.99
Time, s

Figure A:4-9. POLCA-T Predicted Reactor Power Time Histories for the Candidate Limiting CRs

I
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Figure A.4-10. POLCA-T Predicted Peak Fuel Enthalpy Time Histories for the Candidate Limiting
CRs in Step 113

ab.c
— -

Figure A.4-11. POLCA-T Predicted Peak Fuel Enthalpy Time Histories for the-:Candidate Limiting
CRs in Step 114
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A.4.4.4 Summary and Conclusions

Summary and conclusions from the limiting case determination and transient evaluation evaluitions can
be summarized as follows:

1. [

I

A4S Evaluation of Peak System Pressure During:'tll'e Transient Methodology

e
Discussion:

The system.pressure increase during a CRDA analyses-is calculated by the POLCA-T code. As an
example, the selected base case, with a maximum enthalpy of [  ]*° calories/gram, resulted in a pressure
inciease of only [ ]*° MPa, which must be consideéred as an insignificant_jpfe_ssure increase. The system
pressure is not expected to increase signiﬁéantly higher even if the clﬁddiiig failure limit is reached.

.
[

I
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A.4.6 Cycle-Specific Evaluations Methodology

Sections 4.3 and 4.4, respectively, described the Westinghouse methodology for performing CRDA
analyses and provided an application example of those methods to a BWR/6 reactor. This section
describes the type of strategy which Westinghouse intends to use for applying these methods:to

cycle-specific licensing evaluations of the CRDA.

[

>
Figure A.4-12 illustrates the procédure followed forthe cycle-specific CRDA evaluations.
A.4.7 Comparison of Analysis Results with Evaluation Criteria

Arreload design is acceptable only if it conforms to the.design criteria-in Section A.2.4. [

I

Peak fuel enthalpies are confirmed to be less than the peak enthalpy. limit for fuel d‘is_‘pcrsgil‘.,

WCAP-16747-NP-
Appendix A

March 2007
‘Reyvision 0



A-57

If the peak enthalpy exceeds the limit for fuel failure, the number of rods exceeding this value at any axial
level 1s calculated from the pin power distributions. The radiological consequences of the number-of:
failed rods is demonstrated to be bounded by the Final Safety Analysis Report (FSAR) radiological
evaluation or new values are established and confirmed to be below the acceptance critefia s'pééiﬁed"i‘h

Section 2.4.

[

Step 1
Stationary Calculations

CR Worth < CR Worth max

]a,c

Yes =

No Further
‘Caleulations.

Step 2
Dynamic 3-D Evaluations,
Section A.2.4 acceptance
criteria met?

No Further
Calculations:

Step 3
Redesign of Fuel and/or
Loading Scheme

Go'to Step-1

Figure A.4-12. Strategy for Cycle-Specific Evaluations
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A5 EVALUATION MODEL ASSESSMENT

This section describes the assessment of the adequacy of the Westinghouse CRDA evaluation model that
utilizes PHOENIX4/POLCA7/POLCA-T code system. Based on th'vevPIRT of Section 2.5, the assessment
of the POLCA-T code sensitivities have been investigated and the results are presented. Uncertainties in.
the parameters with high ranked importance for the fuel enthalpy evaluation are established as a part of
Westinghouse CRDA methodology. ‘

A.5.1 POLCA-T Sensitivity Studies

POLCA-T code sensitivity studies. are based on the CRDA PIRT desciibed in Section A.2.5. Many-
reports and papers are available in the literature, which contain discussion of the mechanics of the
accident, and parametric studies of the consequences-as function of control rod pattemns, fuel type, and
exposure. These reports and papers are generically applicable and cover a large number of input variables-
including different fuel types and core designs at different exposures and initial conditions. We have
augmented these existing sensitivity studies with our own calculations of BWR/6 and ASEA-ATOM
designed BWRs utilizing the POLCA-T code. The critical/’key parameters for the CRDA analyses focus
on characterizing the power history during the reactivity pulse and the fuel enthalpy increase during the
pulse including the temperature distribution in the fuel rod (pellet, gap, and cladding). The phenomena in
Table A.2-1 have been ranked relative to how they impact these critical parameters for the system
analyses. Hereafter, the sensitivities on the key parameters are presented and discussed.

Sensitivities-of the peak fuel enthalpy reached during the accident to the following parameters are
discussed in this section:

™

A.5.1.1  Total Control Rod Worth

I
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™

a,b,c

Figure A.5-1. POLCA-T Predicted Peak Fuel Enthalpy Versus Total CR Reactivity Worth
A.5.1.2 Doppler Temperature Feedback

The Doppler effect is treated in the POLCA7-calculations by assuming that the nodal cross=sections vary
as the square root of the average nodal fuel temperature. The Doppler effect is, therefore, provided to
POLCA-T on a.:nodal basis:and handled as part of the cross-section‘treatment. The Doppler effect
terminates and reverses the initial power excursion. Therefore, the peak fuel enthalpy is generally quite
sensitive to the magnitude of the Doppler feedback. '

.
I
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The effect of Doppler feedback when the fuel temperature change from 7', to 75 can be evaluated by the
Doppler coefficient C, defined as

C kw(Tz)——kw(Tl)

where the k., values are the nodal cigenvalues calculated by PHOENIX4 code.

The Doppler coeflicient alsovaries with nodal exposure, typically, for example, decreasing with
increasing exposure for low exposures.

[

a,c
I ab.c

‘A.5.1.3 Delayed Neutron Fraction.

POLCA-T treats the effective 'delayed neutron fractions oi a nodal basis similar to the:way of treatiment of
the cross-section data. [

] a, C.
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a,?_b‘:c

Figure A.5-2. POLCA-T Predicted Peak Fuel Enthalpy Versus Doppler Coefficient Multiplier b
a.b.c

A.5.1.4  Pin Peaking Factors

In this study, the nodal pin peaking factors were varied by 5 percent or 10.percent using a multiplayer
option built into the POLCA-T code. The option allows: one to multiply the pin peaking factor in every
fuel node by the user-specified input number. In order'to inveStigaté‘tﬁé effect éind:fa'i"ﬂy compare the
peak enthalpy, however, a.constant in time pin power peaking factor was used in the calculations
presented in this section. These nodal p_eaking'facvt}ors_ had been obtained by POLCAT7 calculations of the
steady-state with dropped control rod. The calculations were performed for given core loading at certain
state of the fuel cyele and starting from the very same initial condition in all four simulations which
results are provided in Table A.5-3 and Figure A.5-3. |

P
WCAP-16747-NP: March 2007
Appendix A Revision 0



As62
| |
ac
] abc
ab,c
Figure A.5-3. POLCA-T Predicted Peak Fuel Enthalpy Versus Pin Peaking Factor
A.5.1.5 Initial Power Level
The impact of the core power from which the CRDA is initiated was investigated for ASEA-ATOM
designed:BWRs utilizing the POLCA-T code: [
.]a,c
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[

1* The amount of negative reactivity from.
Doppler is caused by the same fuel temperature rise in both cases, which imply that the maximum
enthalpy practically will be the same.

A.5.1.6 Feedwater Temperature (Core Inlet Temperature/Subcooling)

The moderator temperature affects the fuel enthalpy both through the heat transfer from the fuel rod to-the
coolant and the moderator density feedback to the core power. For a given reactivity insertion by the
dropped control rod, the initial moderator subcooling is‘an important factor in determining the fluid
properties of the moderator during the transient.

The effect of the moderator subcooling on peak fuel enthalpy was evaluated by running both CZP'and
HZP sets of the dropped control rod cases. The results are summarized in Table A.5-4. |

™

a.b:c

The effect of the moderator subcooling on peak fuel enthalpy at'a constant:core inlet temperature was
evaluated in separate study at low-pressure cases presented in.Table A.5-5. The results show that'the.
moderator subcooling increase leads to increased peak fuel enthalpy. [

I
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ab.c

A.5:1.7 Rate of Reactivity Insertion

The efféct of accident reactivity insertion rate was examined in this study by control rod drop calculations
in which the dropped control rod velocity was varied. The CR drop velocity of 0.948 m/sec.(3.11 ft/sec)
is justiﬁed in Reference 3 as the maximum rod drop speed that could be achieved allowing for t‘ol_erancés
in'physica‘l'dimen'sions atthe 3 o level. This is the licensing basis for this-accident in many BWR plants
and is utilized as the base case. velocity in the referenced work. The same velocity is used in the current
study: The effect of dropped control rod velocity for a given total reactivity worth was investigated by
repeating:the calculations for control rod drop velocities of 0.57 m/sec and 1.53 m/sec (1.86 ft/s and

5.00. ft/'s_),,.and constant acceleration of 7.4 m/s*. Table A.5-6 shows the summary of obtained results.

[

- 1> Figures A.5-4 through A.5-7 preserit the fission power, peak
fuel enthalpy, maximum hot rod fuel temperature and maximum fuel centerline temperature time
histories. |

a,c
] ab.c
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ab:c

Figure A.5-4. POLCA-T Predicted Fission Power Time Histories at Different Reactivity Insertion

Rates
a,b,c )
FigureA.5:5. POLCA:T Predicted Peak Fuel Enthalpy Time Histories at Different Reactivity-
Insertion Rates
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, a,b,c
Figu_r’e A.5-6. POLCA-T Pred'i_c't,éd;Ma_'Xim'um Hot Fuel Rod Temperature Time Histories at

Different Reactivity Insertion Rates

abe

Figure A.5-7. POLCA:-T Predicted Maximum Fuel Centerline Rod Tem perature Time Histories at

Different Reactivity Insertion Rates
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A.5.1.8 Moderator Density and Void Fraction Feedback

The fact that the-moderator feedback to the power does not contribute substantially to the reversal.of the
initial power burst at CZP is widely described in the literature. Evidently, the Doppler reactivity feedback
provides the large:initial negative reactivity component that terminates and reverses the initial steep
power burst. The moderator density and void fraction feedbacks come into the picture later in the:
transient when the coolant approaches the saturation conditions. Even at CZP cases with high initial
subcooling of about 80°C, some local voiding occurs in the nodes with highest energy release. |

I
[.
a,c
] . a,b—f
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A.5.1.9  Steam Dome Pressure

The effect of the RPV pressure.on peak fuel enthalpy at constant core inlet temperature was evaluated in a
se‘paraté(study' at'low pressire casés prgsented',above‘ in Table A.5-5. [

I
A:5.1:10 Total Core Mass Flow

The effect on the peak fuel enthalpy of the core mass flow was investigated at CZP conditions and is
illustrated in Table'A.5-8 and Figure A.5-8. [

ac

! a.b.c
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ab.c

Figure A.5-8. POLCA-T Predicted Peak Fuel Enthalpy Time Histories at Different Core Mass
Flows

A.5.1.11 Fraction of the Energy Deposited in the Fuel

Direct energy deposition in-the moderator due to neutrons slowing down and gamma radiation reduces: the
fraction of the energy deposited in the fuel. The time constant of this phenomena is very short and it has a
potential to affect the-peak fuel enthalpy observed during the CRDA. |

I
A.5:1.12  Summary on the Sensitivities Studies
The results of performed sensitivity evaluations using POLCA-T code can be summarized as follows:

1. The POLCA-T results presented in Section A.4.4 are consistent with conclusions and sensitivities:
provided.in this:section and previous POLCA-T and RAMONA-3 works. The sensitivities
observed utilizing POLCA-T code for CRDA analysis agrees with the reported in the literature
sensitivities of the peak fuel enthalpy to the considered parameters.

2. [

.]a, C-
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"
I

A52 Peak Fuel Enthalpy

Based on the present and previous sensitivity evaluations performed by POLCA-T code, the following
parameters have the greatest impact on peak fuel enthalpy in the fuel rods:

[

. 1>

These parameters, depend onisuch variables as-the control rod-pattern; the core hydraulic conditions, the-
core burnup:and burnup distribution, and type of fuel in the core: Therefore; analysis of a cycle for the:
most limiting:situation requires, in principle; a large matrix-of core conditions and burnups. However, as:
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noted above, the range of evaluation of the accident can usually be limited to a range from cold critical to
hot standby:. Furthermore,.as described.in Section A.4.6, the cycle-specific strategy utilizes a systematic
approach based on-existing sensitivities to reduce the scope of repetitive cycle-specific evaluation, which
can iricrease errorslike situations.

A.53 Establishment of the POLCA-T Uncertainty

This section describes the treatment of bounding values and uncertainties in the POLCA-T CRDA
analysis. Uncertainties in the:modeling of highly ranked phenomena are carefully evaluated and then
combined to determine:the total model uncertainty. Sensitivity analyses are used to quantify how
individual uncertainties influence the total uncertainty so that the greatest effort can be focused on
establishing the uncertainties of those pheénomena that have the greatest impact on the critical safety
parameteis. ~

[

I

An uncettainty-analysis is,used to address the effect on peak fuel enthalpy of the variation in parameters
relative to'theirnominal values for which bounding values have not been utilized in the nominal
POLCA-T calculations. Bounding values are typically used for parameters for which the assignment of a
bounding value 1s practical. Forexample; utilization of a bounding value of the velocity with which the
dropped control rod exits;the core'is usually practical.

[

P
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¥

An example of the application of this uncertainty analysis -zl_ppr()aéh to the corresponding limiting
CR number 85 case described.in subsectiont A.4.4.3 and Table A.4-8 of Section A.4 is provided in this’
' is intended to provide an upper limit for the 95 percent

section, In this case the uncertainty, A, -,

confidence level.

[

] ac:
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A.53.1 Total Control Rod Worth
:
]a,c
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Figure A.5-9. Linear Least Square Fit of POLCA-T Predicted Peak Fuel Enthalpy Versus Total
CR Reactivity Worth
AS532 |
[
i
AS533 | 1*
[
I
AS34 | 1
[
Pl
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— ] a,lzl(_:
A.83.5  Fuel and Cladding Heat Capacities and Thermal Conductivity
[
™
A.5.3:6 Gas Gap Heat Transfer Coefficient
[
i
AS3.7 | 1*
[
e
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A.54 Conservatism in POLCA-T CRDA Methodology
Conservative assumptions in POLCA-T CRDA methodology are summarized as follow:
1. Initial.conditions for the CRDA analysis: [
]a,c
2. Scram set point: |
g
3. Scram time delay and speed: The value of [ ]** seconds:delay is based on a specific BWR/6

plant Technical specifications, that is; from input data for safety analyses that are conservative.
The specific plant data will.be used whenever available. The assumed scram speed is based also
on typical Technical Specifications that place limits on scram raté in the form of makimum times
from derenerg'izatioﬁ,df the seram solénoid valve for control rods réaching 5, 20, 50, and

90 percent of insertion. “Therefore, the:effectiveness of the scram is.coniservatively

underestimated.
4. Scram reactivity insertion: [
5. Fuel and cladding heat capacities and thermal conductivity: [

-]h.,cv,
6. Gas gap heat transfer coefficient: [
I
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ABSTRACT

This appendix summarizes the work done to validate POLCA-T as a tool for stability applications.. The
report is based onvalidations against [ - T stability
tests. It also discusses uncertainties i bothi measured and calculated decay ratios. Assensitivity study is
included in order to investigate limitations and to support the uncertainty analysis. ‘Stability methodelogy
is discussed only briefly since it is essentially the same as the earlier approved methodology for '
RAMONA-3.
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B.1  INTRODUCTION

The purpose of this-appendix is to describe the validation-of POLCA-T as a tool for reactor stability
analysis. The code: quahﬁcanon against plant stability measurement demonstrates the capability of
performing stability analyses in support of plant-specific applications, such as reload licensing
evaluations:

The Westinghouse methodology for performing reload stability-analyses-using the POLCA-T code is
essentially the same compared to the earlier approved methodology using the RAMONA-3 code
(Re’fgrenc_e’ 1). Additional features compared to the RAMONA-3:methodology are presented in
Section B.9.

B.2 SUMMARY AND CONCLUSIONS

This report demonstrates the ability of the POLCA-T code to predict the margin to the plant instability
limit.

The features of the POLCA-T code that make it an excellent tool for s_ta‘bﬁity calculations include:

L The ability to represent the entire core configuration: This allows explicit modeling.of the
thermal-hydraulic, neutronic, and fuel thermo-dynamic behavior for each fuel assembly.

2. The ability to describe in' detail the entire reactor and plant; including all relevant systems,
components, and.controllers.

3. The ability to performi a fully coupled thiee- ditnenisional transient thermal-hydraulics and
neutronics. calculation.

Based on the information contained in this report, specific conclusions that can be made regarding the use
of the POLCA-T stability methods are:

1. POLCA-T can accurately predlct the onset of global (core-wide) and.azimuthal (regional) 11m1t
cycle oscillations.

2. POLCA-T can accurately predict global decay ratjos for'damped oscillations.
3. POLCA-T can accurately predict oscillation frequencies for damped oscillations.
4. . Mixed.core configurations can be explicitly simulated, eliminating modeling uncertainties due to

grouping of fuel typés-and averaging of the thiee-dittiensional power. distribution.

5. POLCA-T comparisons with 70.plant data measurements of global oscillations show full
consistency by applying:the evaluated simulation uncertainty.
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Therefore, the overall.conclusion is that POLCA-T as described in:this report.can be used to reliably
predict the margin to the plant-instability limit. Furthermore, the thorough benchmarking of the code
provides good definition of the code uncertainties. The methodology for applying;thefc‘ode‘and the
application of the code ungertainties for reload applications is furtlier discussed in Section' B.9.

[

1*. Thus, POLCA-T is applicable to existing reactors and fuel designs.
Dependencies on core state variables are consistent with earlier approved codes and no additional
limitations on POLCA-T applicability exists.

B.3 STABILITY ANALYSIS PROCESS:

This section describes the general Westinghouse process for performing a stability. calculation' with,
POLCA-T. The general process is used in the plant measurement qualification calculations presented.in
Sections B.4 and B.S, and is provided primarily to clarify the:discussion in those:sections. As discussed

in Section B.9, a similar process is-used for reload design and licensing analyses.

The general steps for performing a stability calculation with POLCA-T cani be summarized as follows:

J Set up a plant vessel model;

1. [

I*

. Set up the core cOnﬂgura'tion';

3. [

4.

5.

6.

]a,.c-

. Set up the core statepoint:

7. [

|
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. Establish the mnitial conditions for the reactor state of mterest:

10,

I1.
]a,,c

. Perform the reactor stability evaluation:

12 [

13.

14.

15. >

The general layout of the flow-loop model is similar to those of standard one-dimensional system analysis
models (such as, RETRAN, BISON, GOBLIN): The number of nodes in each section 1s, however,
normally higher and the description is more detailed. Channel geometry, core layout, and control rod
pattern are generally based on three-dimensional steady-state:simulator models (such as POLCA7).

Steam lines, pressure controller, or feedwater flow controller models are. generally not included because
of their limited impact.on the stability margin evaluation.

The nuclear data library is based on data generated-with-a two=dimensional lattice physms code (such as,
PHOENIX, CASMO, or PARAGON). These data are used in exactly the same way as‘in POLCAT.

Historical data (such as, burnup, den51ty h1story, etc), xenon aiid iodine distributions aréréad dlrectly
from the three-dimensional steady-state core simulator distribution file

As discussed above, steady-state results are used to confirm that the POLCA-T model is consistent with
three-dimensiorial steady-state simulator results and plant coré supervision recordings.

The dynamic behavior of thereactor is simulated by POLCA-T starting from the-appropriate initial.
conditions. ‘The response of the system is evaluated by imposing-a suitable perturbation (typically control
rod igvement)and observing the: evolution in ‘tifne, after the effect-of the initial perturbation has died.out..
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This evolution determines the rate at which oscillations will decay or grow, thereby determining the decay
ratio. The perturbation is typically imposed for a period of about.one second.

The perturbation should be:chosen so that it has no influence on the asymptotic behavior of the system.
That is, after the effects of the perturbation have disappeared, the system will oscillate at its owii.
characteristic frequency and will exhibit-decaying oscillations if the system. is-damped or growing:
oscillations if the system is undamped. Controlled perturbations are preferable also for unstable systems
since it helps to identify the limiting oscillation mode (global/leolonal) and to.create proper oscillation’
amplitudes for the evaluation purposes. In such cases, oscillations will grow evenin‘the absence of*an
initial perturbation, However, the evaluation might b_ec'ome more difficult and calculation time will be
longer.

B4 POLCA-T CORE STABILITY QUALIFICATION —~ GLOBAL MODE
OSCILLATIONS

To date; a large.database has been assembled for qualification of POLCA-T for stability evaluations.. The:
core stability measurement database includes numerous tests-conducted.in European plants. The:data
cover a large range of flow and power conditions, and a variety of fuel designs and power distributions.

The POLCA-T qualification effort against core stablhty measurements is an ongoing process as new:data
become available, This section provides an assessment of the reliability of POLCA-T'to simulate boiling
water reactor (BWR) mstabilities based on comparisons;ef.code predlctlons against data from stablhty
tests using the Westinghouse stability analysis process described in Section' B.3. The qualification cases
presented here-are:

[ 1% Cycles 7, 10, 13, and 19 stability tests:
. [ ]1*¢ Cycles 14, 15, 16, and 17 stability tests.
. [ 1> Cycles 19.and 20 stability, tests

These qualification cases comprise 70 individual POLCA-T simulations of measured stability data.
B.4.1 | 1*“ CYCLE 7, 10, 13, AND 19:STABILITY TESTS

B:4.1.1  Plant Description

The [ J*“nuclear power plant is a General Electric (GE).
designed BWR located in the [ 1*. The principal plant characteristics are
listed in Table B.4-1.

Core stability tests were conducted at] I*¢ in the Be_gihniﬁ'g of the seventh, tenth, thirteenth, -and

nineteenth qycles;’_of:opcration. The core.composition for Cycle:7 is: showii in'Table B:4-2. The core
consisted primarily of'GE 8x8 open lattice fuel. The core composition for Cycle 10 is shown i’

Table B.4-3. The.core dominant fuel was-SVEA-96-(10x10). water-cross fuel with the remainder
consisting:of GE 8x8 fuel. The core composition-in Cycle-13 is shown.in Table B.4-4, the.core is' almost
entirely SVEA=96. In Cycle 19; a large fraction of the core consisted of fuel with-part.length rods: The:
composition is shown.in Tible:B.4-5.
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B-S
TableB4-1 | ]1** Plant.Characteristics
Parameter Value.
(Original) | (Uprate 1). | (Uprate2)
Plant Manufacturer General Electric
Product Liné . BWR/6
Commercial Operation Date 1984 1996 2002
Rated Thermal Power 3,138 MWy, 3,515MWj, 3,600 MWy,
Nominal Core Flow (100 percent) 11,151 kg/sec
» (88.5 Mib/hry
Nuriiber Fuel Asseniblies 648
Recirculation System 20 Jet. Pumps.
Core Power Density 54.7 kWiliter | 613 kW/liter i 62.8 kw/liter
Table B4-2 | 1**Cycle 7 Core Composition
Bundle Type Assémbly Description, Num ber: of Assemblies
1 GES8x8-2: 532
2 GE8x8-4 108
3 KWU 9x9:-L.TA 4
4 ‘SVEA-64-LTA 4
Total 648
Table B4-3 | ]*¢ Cycle.10 Core Composition
Bundle Type AssemblytD'escription. Number of :A_s_sembﬁes
I ) 70
2 GE8x8-4 144,
3 SVEA-96 330
4 GE11-LTA 4
Total 648
Table B4-4 | ]*¢ Cycle 13 Core:Composition
Bundle Type Assembly Description Number. of Assemblies
1 SVEA:96 414
2 ‘SVEA-96+ 232
3 GE11-LTA. 2.
‘Total 648
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B.4.12 | 1€ Cycle 7 Tests

B.4.1.2.1 Cycle 7 Description
A core stability test was conducted at | 1% in the beginning of the seventh operating season during the
power ascension phase (Reference 2) The test served three purposes, namel‘yb

. Investigate the stability characteristics of the core in various regions of the power/flow map, with
special emphasis on the low-flow region ’

. Qualify the core on-line stability monitoring system (COSMOS)
. Collect a databaseifor future reéactor operations
B.4.1.2.1.1 Testing Sequence

After an initial recording (Record 1) at61.4-percent power and. 76.1-percent flow (performed primarily to
check that the recording system.was functioning properly and that the recording procedures were:
satisfactory), the recirculation pumps were switched from high to low speed and the drive flow control
valves were opened fully. The core power was about 34 percent. About an houi later, withdrawal of
control rods cominénced.

A second recording (Record 2) was initiated shortly after completion of a control rod withdrawal
campaign. The core power was;55.2 percent'and core coolantflow was 36:5 percent.

The power increase was completed by withdrawing peripheral control rods, which resulted i a
bowl-shaped radial power distribution, with high power in the peripheral reglon and 1ow powerin the
central region. Also the peripheral region experienced a gradual downward tilt.of its axial power shape
throughout the power ascension. High-power, bottom-peaked peripheral regions were created to promote.
the'occurrence of out-of—phase oscillations.

The third recording(Record 3) was conducted while a control.rod withdrawal campaign was.in progress.
During the recording, the cere-power.rose from about 53 percent to 56.9 percent for a core flow of
36.6 percent flow.
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7
The next core performance log printout showed a core power of 58.6 percent and a core flow of

36.7 percent. The fourth signal recording (Record 4) was. initiated shortly after this core performance log.
Minor control rod withdrawals of the central rods were effected on two occasions while thisfrecor,ding
was in progress. These rod withdrawals caused a gradual increase of the LPRM,sighal oscillation ‘
amplitiides - which continued until an alarm was triggered and the operator promptly reinserted some
control rods. By the time the recording was completed, thie power had dropped to 55.9 percent and the
core flow to 36.6 percent, according to the next core performance log. '

A final recording session (Record 5):was conducted during which.the core power was raised fairly rapidly
from about 48 percent to the vicinity of the stability limit that hiad been established during the previous
recording. ‘The core power was then 58 percent and the coolant flow was 36.4 petcent. The reactor was
left for a few minutés at this opérating.condition arid then control rods were inserted to reduce power.

The stability test was then terminated.

B:4.1.2.1.2 Test Data

Only Record 2 was used in the comparison with POLCA-T calculations for the global mode evaluation.
Conditions for the measurement point that was used in the simulations are given 1n Table B:4-6. The:
analysis times correspond te the time on the P-1 performance ’log_prihtou_ts’_('see Figure B.4-1). Values for
power, coolant flow, and steam pressure were taken from the P-1 logs. Feed water temperature was
derived from subcooling data using POLCA7 calculations. '

The evaluation of the collected data was made using noise analysis techniques. Results from the
evaluation are given in Table B.4-7.

Table B4-6° | 1*° Cycle 7 Test-Conditions
Case Power Core Flow Feedwater Temperature SteamDome:
(7o) (kg/sec) O Press (bar)
Record2 (21:35) 55.2 4,071 186.9 . 69.65
Table B4-7 [ ]*¢ Cycle 7 Measurement Results’
Case Decay O requency Mode Comments
Ratio (Hz) h
Record 2 0.65 0.49 Global BasedonAPRM Control rod.
‘movement during masurement
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Flgure B4l | ( ]"‘" Core Power Transient' During Cy cle 7 Stability: Measurements.
CThe symbols o] marks ‘thetimes when.P:1 core  performance maps were pnnted and the correspondmg
pOWerS. T1rne perw ds eovered by recordmgs 2 through 5-are, mdieated) )

B4122 Cycleﬂf?f-lﬁf'lb del ‘D"escripti’ on

APOLCA-T model: wag'developed for]  ]*°. Both plant-specific data and Cycle 7 specific data-are:
described inthis section.

The: 648- bundle ""ore,1s represented in full -core geomei:rjar with each bunidle represented as'a hydraulic
channel'and 25 axial nodes. An extra hy draulic channel modéls all internal -and commen hyp ass-flows:
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“The geometry of the loop outside the core is. modeled according to a detailed description provided by

[ J*°. The two recirculation loops are lumped into one, and the 20 jet pumps-are represented by.
onc.pump. One short steam line is modeled and used for applymg boundary-condition. The pressure
controller is-not modeled. A simple feedwater controller that only affects the; steady ~state calculation is

used.

LPRM assignments are explicitly represented in accordance:with their location in-the core. The total
number-of LPRMs is 35. The LPRM signals-are calculated according to POLCAT.

The nuclear data input to POLCA-T includes cross-sections-and kinetics: parameters. Cross-section data.
and kinetics parameters are the same as used in.the POLCA7 core follow calculations for Cycle 7.

B.4.1.23 Cycle 7 Test Simulations

Before the dynamic simulations were started, static calculations were made to assure that the dynamic
simulations started from the proper operating point, Results from the steady-state runs were compared to
corresponding results from P,OLC‘AT Axial and radial power distributions, core inlet subcooling, kgand
bypass flow fraction were included in the comparison. -

The transient calculation was started by introducing a triangular control rod position disturbance.

Typically, the stability characteristics of the in-phase oscillation mode were determined from the first

15 to 20 simulation seconds. Decay ratio and resonance frequency were determined based on the

calculated power trace.

Thie results of the calculations are sumimarized in Table B.4-8 and Figure B.4-2. The measuicd and
calculated stability parameters for the record have large uncertainties associated with them. The transient
state of the reactor prior to the measurement pefiod resulted in: (1) larger than thenormal uncertainties in
the deduced decay ratio and frequency,.and; (2) large uncertainty in the state parameters recorded at the

plant.

ab.c

The uncertainties in input for-this record are large and the results are therefore acceptable,

B.4.1.3 | 1™ Cycle 10 Tests

B.4.1.3.1 Cycle 10 Test Description

Accore stability test was conducted at [

] in the beginning of its tenth.operating cycle. When the test

was performed, the reactor had been operating at’ full power for a. few days (after a restart upon.
completion of its annual refueling and mainténance shutdown perlod) The core:composition for Cycle 10:

was shown in Table B.4-3.
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There are two regions in the | 1*“ power flow map in which stability related operating restrictions
apply. These two regions are referred to as “Exclusion Region 17 and “ExclusionRegion 2”7 and are
characterized as follows:

. Exclusion Region 1: no operation is allowed.above the 80-percent load line with coolant flows
below 40 percent. The region may be enter‘ed‘temporaril_y only with permission from the Safety
Authorities.

. Exclusion Region 2: the region between 40-percent and:45-percent flow .and above the

80-percent load line may not be entered, unless there is active surveillance based on
APRM/LPRM signals or the on-line stability monitoring system COSMOS, and the opetator’
takes appropriate action if the core stability limit is:approached.

The objectives of the Cycle 10 stability test was to evaluate core stability performance for a number of

low-flow conditions, investigate the characteristics of a:mixed core-of GE 8x8-4-and SVEA-96 (10x10-4);.

and to study the onset of power oscillations and-their suppression with-a manual select rod insertion
(SRI). All test points were performed with both recirculation pumps running at:

. The upper flow border of Exclusion Region 2.
. The.flow border between Exclusion Region 1 and Exclusion Region 2
. The highest and lowest coolant flows with recirculation pumps running at minimum speed, within.

Exclusion Region 1

B.4.1.3.1.1 Testing Sequence

The test procedure for this cycle differed significantly from that of the previous stability test-at [ 1
which was conducted during Cycle 7. The Cycle 10 test was initiated after the plant had been running at
full power for a sufficiently long time for xenon equilibrium conditions to be established. The:
power/flow areas of interest for stability testing were then approached using controlled reduction of core
coolant flow in combination with power increases via control.rod withdrawals. Throughout the test, the
decay ratio was monitored by COSMOS and LPRM tecordings were conducted by GETARS (a [ ]'i”é
data acquisition system). A total of 10 signal recordings were made during the test. A description of the:
test recordings is given below. ’ . v

>

The power was reduced by the:combined effect of control rodinsertion to the 100-percent rod line-and
recirculation flow rundown to 45-percent core coolant flow. At the.constant core flow of 45 percent, the
power was increased by careful control rod withdrawal until the minimum critical power ratio:(MCPR)
operating limit'was reached. At this point recording number 4 was taken at 67.8-percent power. The:
axial power shape was bottom peaked and the radial power distribution was flat.
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From the previous test point, the thermal power-was. reduced by control rod insertion to the 100-percent:
rod line and recirculation flow reduction to 40 percent core flow. The.core flow was then kept constant at
40 percent.and the power was increased by» careful rod withdrawal to 61 percent, until the MCPR
operating limit was reached (Record 6).

The thermal power was then reduced by control rod insertion to the 80-percent rod line: A core flow of
35 percent was established by switching the pump speed from high to low and by fully opening the flow
control valves. 'When steady conditions were obtained.a recording was performed (Record 8). With.
constant core flow-of 35 percent, power was increased by rod withdrawal until the MCPR operating limit
was again reached. The power at this point was 59 percent (Record 9). The thermal power was.reduced.
by control rod insertion to 80-pércent tod line. The pump speed was kept',,lfbw and both flow control
valves were fully closed. Thie core flow reached was 27 percent. The power was then increased and at
43.5-percent power oscillations in the LPRMs appeared (Record 10). Aftera period the oscillations,
amplitude reached about 4-percent peak-to-average.

The SRI was triggered when the oscillations reached the amplitude of 4 percent. The SRI promptly
reduced the core thermal power by-about 9 percent and the power oscillations - were successfully.
suppressed.

The test demonstrated that the Cycle 10 core design had excellent stability performance and that the use
of SRI effectively suppressed power oscillations.

B.4.1.3.1.2 Test Data
Dufihg_ the stability measurements, only global oscillations were present. No regional.oscillations were

observed. Table B.4-9-shows the plant conditions for Recordings 4, 6,,8?_9_’,;.an'(i: 10. Table B.4-10 shows
results from the noise analysis of these five measurements.

Table B4-9 [ 1% Cycle 10 Test Conditions

Case Power ‘Core Flow Feedwater Temperature Steam Dome

(%) (kg/sec) ) Press. (bar)

Record 4 (15:36) 677 5,064 1965 70.35.
Record 6 (17:19) 613 4,462 191.9 1 69.99
Record 8 {19:12) 51:6 3,999 183.5 : 69.42
Record 9 (19:47) 58:6 4,007 188.9 69.81
Record 10. (21:07) 43:0 3,161 175.7 68.98-
Table B4-10 | 1*.Cyecle 10 Measurement Results ,

Case Decay Raitio. Frequency (Hz) Mode ‘Coniments:
Record 4 0.44 ' 0.60 Global -
Record 6 053 0.54 Global -
Record.8 ‘ 0.45 048 Global -
Record 9 065 ' 0.50 Global -
Record 10; 0.97 0.47 Global matural circulation.
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B.4.1.3.2 Cycle 10 Model Description

The plant-specific [ > model is identical to that used for Cycle 7 (see subsection B.4. 1.2.2). The
core model was in the same way as for Cycle 7 extracted from the CM2 database.

B.4.1.3.3 Cycle 10 Test Simulation

During the test, 10 recordings of selected signals were made. Each recording lasted.10 minutes.
Qualification of POLCA-T code was performed for five of the | 1> Cycle 10 tests. Table B.4-9
shows the conditions for the selected measurement points. The time chosen for the analyses is three
minutes after recording initiation. The values for power, core coolant flow, steam Dome Pressure, reactor
water level, and feedwater temperature are taken from CM-PRESTO, the three-dimensional core
supervision code used at [ 1.

Steady-state POLCA-T calculations were first performed and the results compared to results from
POLCA7. This was done to assure that the dynamic simulations start from the proper operating point.
Axial and radial power distributions, bypass flow fraction and k.4 were compared.

The transient calculations were initiated by introducing a control rod disturbance. From about § to

20 seconds after the initial disturbance, decay constants and resonance frequencies were determined based
on the oscillation time plots.. The results of the analyses are.given with comparisons to measured data in
Table B.4-11 and in Figure B.4-2. ab.c

As can be seen from the table there is. good agreement between the measured-and calculated:decay ratios
and frequencies.

B.4.1.4 | ] Cycle 13 Tests
B.4.1.4.1 Cycle 13 Test Description’

Arcore stability test was.conducted at | 1* in the beginning of its thirteenth operating Cycle: When
the test was performed, the reactor had been operating at full power for a number of days, after a restart:
upon completion-of its annual refueling and maintenance shutdown period. The core composition for
Cyele 13 is shown in Table B.4-4. The core consisted of about 64-percent SVEA-96 fiiel and 36-percent
SVEA-96+ fuel.
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‘B-13,

The objectives of the Cycle 13 stability test-were to evaluate core stability performance for a number-of
low-flow conditions, and to investigate the characteristics of the core after the introduction of SVEA-96:+
fuel. The tests were a part of a program that aimed to increase the core power to 112 percent. All tests
were performed with both recirculation pumps running at:

. Above the upper flow border of Exclusion Region 2
. At the upper flow border of Exclusion Region 2

B:4.1.4.1.1 Testing Sequence

The test procedure for this cycle:was rather similar to the stability testat | 1*¢ during.Cycle:10. The
Cycle 13 test was initiated after the plant had been running at full power for a sufficiently long time for
xenon equilibrium conditions to be established. The power/flow areas. of interest for stability testing were-
then approached using controlled reduction of core coolant flow in combination with power increases via
control rod withdrawals: Throughout the test, the decay ratio was monitored by COSMOS and LPRM
recordings were conducted by GETARS. Actotal of elght s1gnal recordings were made during the test. A
description of the test recordings conducted following rod withdrawal campaigns is given below.

The power was reduced by the combined effect of control rod insertion to-the 100-percent rod line and
recirculation flow rundown to 55-percent core coolant flow.. At the constant core flow of 55 percent, the
power was increased by careful control rod withdrawal until the 3,138 MWj;, maximum extended
operating domain (MEOD) operating limit-was reached. At this point recording number 2 was performed.
at 79.7-percent power: The axial power shape was bottom peaked and the radial power distribution'was:
flat.

From the prévious test point, the thermal power was reduced by control rod insertion to 100 percent rod
line and recirculation flow reduction to 50-percent core flow. The core flow was then kept constant at
50 percent and the power was.increased by careful rod withdrawal to 74.0 percent, until the 3,138 MW,
MEOD operating limit was reached (Record 4).

The thermal power was then reduced by control rod insertion to: 100-percent rod line. A core flow of

45 percent was established. When steady conditions-were obtained 4 recorditig was performed

(Record 5). With a constant core flow of 45 percent, power was increased by ; rod withdrawal. appr oachiing’
the 3,138 MWy, MEOD operating limit. Three recordmgs (6a, 6b; and 7) were performed at power

levels 66.0, 66.8, and 68.2 percent.

B:4.1.4.1.2 TestData.
During the stability measuréments, only global oscillations wére present. No regional oscillations were

observed. Table B.4-12 shows the plant conditions for Recordmgs 2,4, 6a, 6b, and 7. Table B.4-13
shows results from the noise analysis.of these five measurements;
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Table B.4-12 | ]** Cycle 13 Test.Conditions
Case Power Core Flow Feedwater- Steam Dome
(%) (kg/sec) Temperature (°C) Press. (bar)
Record 2 (19:10) 79.7 6,077 2059 72.94
Record 4 (20:07) 74.0. 5,539 202.4 12.69°
Record 6a (20:58) 66.0. 5,002 _ 197.3 72.36
Record 6b (21:08) 64.8 4,982 198.0 7232
Record 7 (21:34) 68.2 4,990 198.8 72.47
Table B4-13 | 1" Cycle 13 Measurement Results '
Case Decay Ratio Frequency (Hz) Mode
Record 2 0.34 0.61 Global
Record 3 0.45: : 0.58 Global
Record 6a 0.44 0:51 Global
Record 6b 0.46 0.55 Global
Record 7 0.46 0.55 Global

B.4.1.4.1.3 Cycle 13 Model Description

The plant-specific [ ]*¢ model is identical to that used for Cycle 7 (see subsection B.4.1.2.2) and
Cycle 10. The core model was in the same way as for Cycles 7 and 10 extracted from the CM2 database.

B.4.1.4.1.4 Cycle 13 Test Simulation

During the test, 8 recordings of selected signals were made: Each recording lasted 10 minutes.
Qualification of the POLCA-T code was performed for five of the | > Cycle 13 tests. Table B.4-12
shows the conditions for the selected measurement points. The time chosen for the simulation is the
starting time for the recording. The values for power, core'coolant flow, steam dome pressure,.reactor
water level and feedwater temperature are taken from CM-PRESTO registrations approximately at-the:
starting time for the recording. CM-PRESTO is ‘the-three-dimensional core supervision code used at

Lo :

SteadJy—,stzite POLCA-T caleulations. were first quqnncd,‘andv_th_e;-_r_esultsv compared to results from.
POLCA7. This was done to assure that the dynamic simulations start:from the proper operating point.
Axial and radial power distributions, bypass:flow fraction-and k. were compared.
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The transient calculations were initiated by introducing a control rod disturbance. From about 8 to

20 seconds after the initial disturbance, decay constants and resonance frequencies were determined based.

on the oscillation time plots. The results of the analyses are given with comparisons to measured data in

Table B.4-14 and in Figure B.4-2. As can be seen from the table and figure, there is good agreement

between the measured and calculated decay ratios and frequencies. ' ab.c

B.4.1.5 | ]*¢ Cyele 19 Tests
B.4.1.5.1.1 Cycle 19 Test Description

A core stability test was conducted at [ J** in'the beginning of its nineteenth operating Cycle. When
the test was performed, the reactor had been operating at full power for a number of days, after a-restart.
upon completion of its annual refucling and maintehance shutdown period. The:core composition for
Cycle 19 is shown in Table B.4-5. [

] ac.

The objective of the Cycle 19 stability test was to evaluate core stability performance for a number of*
low-flow conditions and to investigate the characteristics of the core. The tests were the last part of a
program that aimed to increase the core power to 115 percent of the-original design. The nominal power
had already before the cycle start been redefined such that 3 L600MW,, was 100: percent. The exclusion
regions had already from the previous power upgrade been extended. A second reglon congisting of the
flow regime between 45 and 50 percent, and power above the 3,138 MWH, MEQOD line had been added to
exclusion region 2. Exclusion region 1 had been extended with the region below. 45 percent and power
above the 3,138 MW, MEOD line.

All test points were performed with both recirculation pumps running at:

. Above the upper flow border of Exclusion Re_gion 2
. Different flows within both Exclusion Regions 1 and 2, with the recirculation pumps running at
high speed
. [
]C
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B.4.1.5.1.2 Testing Sequence

The test procedure for this cycle was similar to the stability test in [ 1*°during Cycles 10 and.13.
The Cycle 19 test was initiated after the plant had been running at full power for a sufficiently long time:
for xenon equilibrium conditions to be established. The power/flow areas of interest for stability testing
were then approached using controlled reduction of core coolant flow in combination with power
increases via control rod withdrawals. Throughout the test, the decay ratio-was monitored byCOSMOS
and LPRM recordings were conducted by GETARS. A total of eleven signal recordings were made
during the test. Description of the test recordings conducted following a rod withdiawal campaign is
given below. 4

All data except Record 2 are-of good quality and could be useful for COmpariS on' with:caléulations. There
were some problems with the data collection system during the second recording and the collected data
are, therefore, not useful for validation purposes..
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B.4.1.5.1.3 Test Data

During the stability measurements, only global oscillations were present. No regional oscillations were
observed. Table B.4-15 shows the plant conditions for Recoidings 1 and 3 through 11. Table B.4-16
shows results from the noise analysis of these ten measurements.

B.4.1.5.2 Cycle 19 Model Description

The plant-specific [ 1% model is 1dentical to that used for the:other cycles (see subsection B.4.1.2.2).
The core model was in the same way as for the previous cycles extracted from the CM2 database:

B.4.15.3 Cycle 19 Test Simulation.
During the test, 11 recordings of selected signals-were made. Each recording lasted 10'minutes.

Qualification of POLCA-T code:was performed-for ten of the [ TP Cycle- 19 tests. Table B.4-15
shows the conditions for the selected. measurement points. The time chosen for.the simulation is the
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starting time for the recording. The values for power, core coolant flow, steam dome pressure, reactor
water level, and feedwater temperature are the average values ebtained from the GETARS data.

Steady-state POLCA-T calculations were first performed and the results compared to results from
POLCA7. This was done to assure that the dynamic simulations start from the proper operating point.
Axial and radial power distributions, bypass tflow fraction and &,z were compared.

The transient calculations were imtiated by introducing a control rod disturbance. From about 8 to
20 seconds after the imtial disturbance, decay constants and resonance frequencies were determined based.
on the oscillation time plots. The results of the analyses are given with comparisons to measured data:in

Table B.4-17 and in Figure B.4-2. As can be seen from the table and figure, there is acceptable agreement
between the measured and calculated decay ratios and frequencies.

abc
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Figure B.4-2. Comparison of | 1** Cycles 710, 13, and. 19 POLCA-T ‘Calculations with
Global Mode Oscillation Measurements

B.4.2 | 1*“ CYCLE 14, 15, 16, AND 17 STABILITY TESTS
B.4.2.1  Plant Description

[ 1*is an ASEA-ATOM designed BWR. located on the | P I
™ is an external recirculation loop design BWR that went into commercial operation in 1977, In 1989;
the plant was uprated from its original rated power of 2,270 MW, to 2,500 MW,;,. Plant characteristics

for [ }J*¢ are summarized in Table B.4-18.
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Table B4-18 | 1% Plant Characteristics

Parameter Value
(Original) (Uprate)

Plant Manufacturer ASEA-ATOM.
Product Line External Pump Design
Commercial Operation Date 1977 1989
Rated Thermal Power 2,270 MWy, 2,500 MWy,
Rated Core Flow 9,400 kg/seconds

(74.6 Mib/hr)-
Number Fuel Assemblies 648
Recirculation System 6 External Pumps
Core Power Density 40.8 kW/liter 44.9 kW/liter
[ 1*¢ plant utility, performed extensive stability measurements during Cycles

14,_ 15,.16, and 17. For all these cycles, the core was comprised almost exclusively of the ABB SVEA-64
water-cross fuel. The core compositions for these four cycles are shown in Table B.4-19 through

Table B.4-22.

Table B4-19 |

1% Cycle 14 Core Composition

‘Bundle Type Assembly Description Number of Assemblies
1 ASEA-ATOM 8x8-1 145
2 ASEA-ATOM SVEA-64-1 183
3 ASEA-ATOM SVEA-64 320
Total 648

Table B4-20 [

1™ Cycle 15 Core Composition

Bundle Type AssemblyDescription Number of Assemblies
T ASEA-ATOM 8x8-1. 126
2 ASEA-ATOM SVEA-64-1 124
3 ASEA-ATOM SVEA-64 398
‘Total 643
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B-21.
Table B4-21 | ]** Cycle 16 Core Composition
Bundle Type Assembly Description Number of Assemblies
1 ASEA-ATOM 8x8-1 112
2 ASEA-ATOM SVEA-64-1 74
3 ASEA-ATOM SVEA-64 458
4 ASEA-ATOM SVEA-100 4
Total 648
Table B4-22 | ] Cycle 17 Core Composition
Bundle Type Assembly Description _ Number of Assemblies
1 ASEA-ATOM 8x8-1 76
2 ASEA-ATOM SVEA-64-1 40
3 ASEA-ATOM SVEA-64 528
4 ASEA-ATOM SVEA-100 4
Total 648
The [ ]*¢ tests for these Cycles have carlier been selected by the nuclear committee of the

OECD/NEA to provide a benchmark problem for stability calculations (Reférence 3). Because of this
benchmark, it is relevant to include these data in a validatien even if the core content is not representative
for a modern core:

B.4.2.2 | 1*° Cycle 14 Tests

B.4.2.2.1.1 Cycle 14 Test Description

Noise measurements were performed by | ¢ plant petsonnel at the beginning of Cycle 14 during
power ascension after refueling in September 1990. The recordings were made:at points arranged ma
grid layout in the high power/low-flow region of the operating range.

The most important process parameters (APRM, LPRM-on Levels 2 and 4 from the top, core flow, steam
flow, feedwater flow:and temperature, reactor pressure, reactor water level) . were measured with a data
scanner at ten operating states, as described in Table B.4-23.
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Table B4-23 | ]*¢ Cycle 14 Test Conditions
Case Power Core Flow Feedwater

(%) (kg/sec) Temperature (C)

1(A) 65.0 4,105 1577
3(C) 65.0 3,666 157.6
4(D) 70.0 3,657 160.3
5(B) 70.0 3,868 160.3
6(F) 70.2 4126 - 160.4
8 (H) 75.1 3,884 162.0
9(G) 72.6 3,694 161.2
100 717 4,104 162.8

The recording order-follows the alphabetic identifiers shown in Table B.4-23. No oscillations were
observed in the readings for the operational points 1 to 6. After measurement 6, the core flow was
reduced to mintimum.flow and control rods were withdrawn. At about 72-percent power (Record 9), the
LPRM instruments started to oscillate. Oscillations were suppressed by gradﬁal'iinseﬁion of control rods.
The oscillations:stopped.after two steps:in the control rod inéel’tionvseqUence. The flow was then slightly
increased from the flow limit ling; and the last two points (Records 8 and 10) were measured under stable
conditions. '

The recorded data were analyzed several times by [ 1 and ASEA-ATOM (today Westinghousc)
to evaluate the quality of the measured signals, resonance frequencies, decay ratios and phase shift
between LPRM detector signals (see Section B.7.1). The result of the latest data analyses are shown in
Table B.4-24.

Table B.4-24 | ]"‘""""ACY'cle‘ 14 Measurement Results

Case Decay Frequency Mode ‘Comments

Ratio Hz)

1(A) 0:30. 043 global -

340) 0.69: 043 global -

4{D) 0.79 0.55 global -

5(E) 0.67 ‘ 051 global -

6 (F) 0.64 0,52 global -

8 (H) 0.78 0.52 global =

9@ 0.80 0.56 global APRM signal measurement

10:¢I) 0.71 0.50 global -
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B.4.2:2.1.2 Cycle 14 Model Description

The reactor core was modeled in full symmetry. This avoids any symmetry assumption and is necessary
when régional oscillations are to be studied. The core consists of 648 channels. All channels have béen
treated explicitly in the neutronic and hydraulic calculations. An independent hydraulic channel
represents common bypass and leakage flows. The total size of the model is:

. Number of neutronic channels: 648
. Number of hydraulic channels: 649
. Number of axial nodes: 25

Anew model for the recirculation flow loop was developed. The model follows the -outline used for the
BISON model of [ 1*¢. All data used for the BISON model have been reviewed against original
drawings. The steam lines were not modeled. A simple control system for the feedwater flow has been
applied.

Cross-section data were extracted from the CM2 system. The CM2 system has also been used for core-
follow (burnup) calculations and detailed xenon tracking.

B.4.2:2.1.3 Cycle 14 Test Simulation

The analysis procedure is the same as that outlined for the 1* simulations. Results from the
POLCA-T calculations for Cycle 14 are shown in Table B.4-25.

‘a,b,c

Figure B:4-3.shows measured and calculated decay ratios forall the-analyzed Cycle 14 tests. The
agreement i‘s-"acc;ep,table,gven if there is a systematic uﬁdér,"px;é_diétion.
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Figure B.4-3. Comparison of I ]** Cycle 14 POLCA-T Calculations with. Measurements
B.423 | 1*¢ Cycle 15 Tests

B.4.2.3.1.1 Cycle Test Description

Stability measurements were made at the begmmng of Cycle 15 (September 10-11, 1991) followmg a
procedure similar to that performied for:Cycle 14 (see subsection’'B.4.2:2.1.1). Thie test state points used
for stability evaluation are shown in Table B.4-26. The:deduced stability parameters foreach. test point
are given in Table B.4-27, In all measurements, the in-phase (global) oscillation mode dominated.
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Table B4-26 [ ]* Cycle 15 Test Conditions
Case Power Core Flow Feedwater
(%) (kg/sec) Temperature (°C)
1 64.7 4,138 159.2
2 65.2 3,881 159.2
3 65.1 3,649 158.8
4 70.1 4,165 161.4
5 70.1 T 3,945 161.4
6 703 3,775 161.3
8 75.2 3,994 1635
9 71.1 3,633 162.0
10 773 4216 1634
Table B4-27 | 1" Cycle 15 Measurement Results
Case Decay Ratio Frequency (Hz) Mode ‘Comments
1 0.23 0.44 global -
2 0.24 0.42 global -
3 021 0.43 global -
4 0.33 0.44 global -
5 0.43 0.44 global -
6 0.59 0.47 global -
8 0.77 0.55 global -
9 0.67 0.53 global -
10 0.60 0.54 global -
B:4:2.3.1.2  Cycle 15 Model Description
The POLCA-T (pllant) model developed for [ 1> Cycle 14 was used. ‘Cross-section data and
histerical data. including xenon were extracted from the CM2 system using the same I_)rQ(_:q:dl’lfr&:lS for
Cycle 14.
B.:4.2.3.1.3  Cycle 15 Test Simulation
As with the Cycle 14 tests, POLCA-T simulations were performed for each measurement ‘p_o'int in
Table B.4-26. Results from the POLCA-T calciilations for Cycle 15 are shown in Table B.4-28.
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Figure B.4-4 also shows measured and calculated decay ratios for all the analyzed Cycle 15 tests. The.

agreement is fairly good.

Figure B.4-4. Comparison of |

1**Cycle. 15 POLCA-T Calculations with Measurements
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B.4.2.4 |

1% Cycle 16 Tests

B.424.1.1  Cycle 16 Test Description

Stability measurements again were imade at the beginning of Cycle 16 (February 11-27, 1993) and also
about six months later (July 24, 1993) during Cyeie operation. The measurements followed the same
procedure as that performed for Cycles 14 and 15 (see subsection B.4.2.2.1.1). The test state points used
for stability evaluation are shown in Table B.4-29. The deduced stability parameters foreach test point
are given in Table B.4-30. In all measurements, the in-phase (global) oscillation mode dommated.

Table B4-29 |

1*€ Cycle 16 Test Conditions

Case Power Core flow (kg/seconds) Feedwater
(%) temp (C)
1 64.3 4,112 157.6
2 64.6. 3925 1574
3 64.6 3,698 : 157.6.
4 70.2. 4,165 159:6-
5 69.9 3,932 159.5
6 69.5 3,673 1595
7 74.4 4,081 162.0
8 74.9 3,907 162:0°
9 74.6 3,678 1622
10 76.0 4,217 1627
11 66.1 3,653 158:3
mocl 77.4 6,588 163:6.
moc2 75.6 6,034 162.4-
moc4 -57.5; 3,815 155.0

Table B4-30 [

1*¢ Cycle 16 Measurement Results.

Case Decay Ratio Frequency Mode Comments,
1 0.54 0.48 global measurement at beginning of cycle
2 0.54. 0.48 global measurement at beginning of ¢ycle
3 0.69- 0.47 global measurément at beginring. of cycle
4 0.71 0.52 global measurement-at beginning of cycle
5 0.67 0.49 global measurement at-beginning of cycle
6 0.79 0.49- global measurement at beginning of cycle
7 0.72 0.50 global measurement at beginning of cycle
8 0.82 0.49 global measurement at beginning of cycle
9 0.87 0.48 global measurement at beginning of-cycle
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Table B4-30 [ ]** Cycle 16 Measurement Results
(cont.)
Case Decay Ratio Frequency Mode Comments:
(Hz) _
10 0.65 0.50: global measurement at beginning. of cycle
11 0.66- 0.48 .global measurement at beginning.of cycle
mocl 0.35 0.68 global measurement-during cycle
moc2 0.33 0.61 globat measurement.during. cycle
moc4 0.73 0.51 global measurement during cycle:

B.4.2.4.12 Cycle 16 Model Description

The POLCA-T (plarit) model developed for [

Cycles 14 and 15.

B.4.2.4.1.2  Cycle 16 Test Simulations

1> Cycle 14 was used. Cross-section data and.
historical data including xenon were extracted from the CM2 system using the same procedure as for

As with the Cycles 14 and 15 tests, POLCA-T simulations were performed for each measurement point in
Table B.4-29. Results from the POLCA-T ¢alculations for Cycle 16 are shown in Table B:4-31.

Figure B.4-5 also shows measured and calculated decay ratios for all the analyzed Cycle 16 tests. Better

agreement was-obtained for'the begmnmg -of-cycle tests compared to Cycles 14 and 15, "ﬂle
middle-of-cycle tests showed similar agreéément as.the previous cycles.

a,b,c
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Figure B.4-5. Comparison of | ]1**Cycle- 16 POLCA:T Calciilations with Measurements

B.4.25 | ]1*¢Cycle 17 Tests
B.4.2.5.1 Cycle 17 Tests Description

Stability. measurements-again were made-at the beginning of‘_Cyc_lc 17 (fNoQ\'(embjer 17, 1993). The
measurerménts followed the same procedure as that performed for'Cyicles. 14,15, and 16

(see subsection B.4:2:2.1.1). The test state points used for stability evaluation are shown in Table B.4-32.
The deduced stability parameters for each test point are given in Table'B.4-33. In all measurements, the
in-phase (global) oscillation mode:dominated.

Table B4-32 [ }* Cycle-17 Test Conditions »_
Case Power Core Flow Feedwater:
(%) (kg/sec) Temperature (°C)

2 '65.6 3,954 158.6"

3 65.6 3.680 158.6

4 69.5 4,166 16033

5 699 4015 15928
WCAP-16747-NP March 2007
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Table B4-32 | J*¢Cycle:17 Test Conditions
(cont.)
Case Power- Core flow (kg/seconds) Feedwater
(%) Temperature:(°C)
6 69.7 3,758 156.4
7 749 4,140 162:6
8 5.1 4,020 1625
9 75.4 3,739 162:5
10 78.1 ' 4,058 1638
Table B4-33 | 1**Cycle.17 Measurement Results:
Case Decay Frequency- Mode Comments
Ratio (Hz)
2 0.24 0.46. global -
3 0.22 0.44 global -
4 0.32 0.46 global -
5 0.28 0.42. global -
6 0.34 0.46 global -
7 0.33 0.46 global -
8 0.41 0.48. global -
9 0.57 0.47 global -
10 0.49 0.49 global _ -

B.4.2.5.2 Cycle 17 Model Description

The POLCA-T (plant) model.developed for | 1> Cycle:14 was used. Cross-section data and
historical data including Xenon were extracted from the CM2 system using the same procedure as for the
previous cycles.

B.4.2.5.2 Cycle 17 Test Simulation.

As with the previous Cycle tests, POLCA-T simulations were performed for each measurement point in
Table B.4-32. Results from the POLCA-T calculations for Cycle 17 are shown in-Table B.4-34. ab,¢
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Figure B.4-6 also shows measured and calculated decay ratios for all the analyzed Cycle 17 tests. The.
agreement for these tests was good, even if the decay ratios: are slightly over estimated.

Figure B.4-6. Comparison of [ 1*Cycle 17 POLCA-T Calculations - with. Measurements.
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B.4.3 |

]A’C CYCLES 19 AND 20 STABILITY TESTS

B.4.3.1 Plant Description

[ ]*¢ is an ASEA-ATOM designed BWR located on the |

0

] went into.commercial operation in 1981. The original rated core thermal

power was 2,711 MWy, In 1987 it was uprated to operate at 108.0 percent of rated power (2,928 MW,).
The original rating of 2,711 MWy, maintained as 100-percent-nominal power following the uprate. Plant
characteristics for [ 1*¢ are summarized in Table B.4-35.

Table B4-35 | 1*“ Plant Characteristics

Parameter Value:
(Original)- (Uprate)

Plant Manufacturer ASEA-ATOM
Product Line BWR 7%
Commercial Operation Date 1981 1987
Rated Thermal Power 2,711 MWy, 2,928 MWy,
Rated Core Flow 11,000 kg/seconds

(87.3 Mlb/hr)
Number Fuel Assemblies 676
Recirculation System 8 internal pumps
Core Power Density 46.1 kW/liter I 49.8 kW/liter

Stability tests are performed every cycle at [ 1*. Tradltlonally, one measurement has been.
performed at beginning of cycle and one at middle of- cycle. The main puipose of the tests is to-verify
prior-calculations and to confirm the exclusion region. DuringCycles 19 and 20, a larger number of
measurements have been performed to investigate the sensitivity to different state points (power and
recirculation flow).

Cycle 19 is divided into the subcycles 19a.and 19b (and. 19¢) due to a short outage to remove a leaking

assembly (and the symmetry assembly). The leakmg assembly and the symmetry assembly were replaced.

with assemblies of the same type. The core composition. for Cycles 19 and 20 are shown in Tables B.4-36
and B.4-37, 1espect1yely The core content is dominated by SVEA-100 and SVEA-96 assembliés. A
small number of SVEA96 Optima2 lead test assemblies with part length rods are also-present in the two
cycles.

Table B4-36 | ]1* Cycle 19 Core Composition:

Bundle Type Assembly Description Number of Assemblies
1 ABB SVEA-100 504,
2 ABB SVEA-96 146
3 ABB SVEA-96 Optima?2 6
Total ' 676
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Table B4-37 |

]* Cycle 20 Core Composition:

Bundle Type Assembly Description Number of Assemblies
1 ABB-SVEA-100 392
2 ABB SVEA-96 278
3 ABB SVEA-96 Optima2: 6
Total 676
B.4.3.2 | ]*¢ Cy¢le 19a Tests

B.4.3.2.1 Cycle 19a Test-Description

During Cycle 19a in [ 1%, four stability measurements were conducted three at the beginning:of.
the Cycle and one in the middle. The three measurements performed at beginning of cycle (BOC) were.
performed during power ascerision. The fourth recording was carried out in connection‘with the periodic
main steam isolation valve test on October 31, 2000:(see Table B.4-38).

Table B.4-38 | ]*¢ Cyc¢le 19 Test Conditions

Case Power Core Flow Core Inlet
' (%) (kg/sec) Temperature: (°C)
Cl19a-1 59.2 3,783 2631
Cl19a-2 64.9 4,139 2638
C19a-3 69.9 4,940 266.4
Cl9-4 65.0 4,491 , 2652
C19b-5 ‘ _ 61.5 4,901 2679
C19b-6 655 5,304 2683

The recording of measured parameters during each state point was done after steady-state conditions were
obtained. Each recording took approximately 10 minutes. The decay ratio‘and core resonance frequency
were.determined using parametric identification methods (see subsection B.7.1.1). Thededuced-decay
ratios and core resonance frequencies are shown in Table B.4-39. The.in-phase (global) oscillation mode:
dominated for-all measurements.

Table B4-39 | ]1*¢ Cyclé 19 Measurement Results

Case Decay Fr equency Mode Comments’
Ratio (Hz)
‘Cl9a-1 0.76 0.46 Global Begirining of Cycle measurément
C1%2 | 075 0:50 Global Beginning of Cycle measurement’
C19a-3 0.59 0,54 Global Beginning of Cycle measurenient
‘Cl19a-4 0.78 = 0:54 Global Middle of Cycle meastirenent
C19-s | 077 0:55 Global Middle of Cycle' measureient
C196-6 0.50" 055 Global Middle of Cycle measiirement
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B.4.3.2.2 Cycle 19a Model Description

The full reactor core was modeled. This avoids any symmetry assumption and is necessary if regional
oscillations are to be studied. The core consists of 676-channels. All channels have been tre‘ated,t
explicitly in the neutronic and hydraulic calculations. An independent hydraulic channel represents
common bypass and leakage flows. The total size of the mo_del' is:

. Number of neutronic channels: 676
. Number of hydraulic channels: 677
. Number of axial nodes: 25

A new POLCA-T model for the recirculation flow loop was developed. The model follows the outline
used for the BISON model of [ 1*. All data used for the BISON 'model have been reviewed
against original drawings. The steam lines were not moedeled. A simple control system for the feedwater
flow has been applied. The internal recirculation pumps are lumped into one cquivalent pump.

Cross-section data and historical data (burnup, etc.) were extracted from the CM2 systém. The CM2
system has also been used for core follow (burnup) calculations and the detailed xenon tracking
calculations were performed with “stand-alone” POLCAT.

B.4.3.23 Cycle 19a Test Simulation

Before the dynamic simulations were started, static calculations:were made to assure that the dynamic
simulations started from the proper operating point. Results from the static runs:were compared to
corresponding results from POLCA7. Axial power distributions, core inlet subcooling, core average void
and kg were included in the comparison.. '

The transient calculation was started by introducing a triangular control rod disturbance. Typically, the
stability characteristics of the in-phase oscillation modé were determined from the first 8 to 15 simulation
seconds. Decay ratio and resonance frequency were determined based on the calculated power trace.

The results of the calculations are'summarized in Table B.4-40-and in Figure B.4-7. The:frequencies
calculated with POLCA-T are slightly over predicted while the decay ratios agree well with measured
data.

ab,c
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B.4.3.3 |

1™ Cycle 19b Tests

B.43.3.1 Cycle 19b Test Description

During Cycle 19b in [

¥, two stability measurements were conducted. Both were conducted
during the power ascension after the short outage to remove a leaking assembly. Two different state
points were analyzed (Table B.4-38).

The recordings were conducted in the same way as in Cycle 19a. The deduced decay ratio and core
resonance frequency are shown in Table B.4-39. The in-phase (global)-os¢illation mode dominated both

measurements.

B.4.3.3.2 Cycle 19b Model Description

The plant-specific [

1**model is identical to that-used for Cycle 19a (see subsection B.4.3.2:2).
The core model was also identical to Cycle 19a with exception of four assemblies due to the removal of a
leaking assembly. Historical data were extracted from CM2 according to the standard technique.

B.4.3.3.3 .Cycle 19b Test Simulation

The simulations were performed in exactly the same way as for Cycle 19a. The results of the calculations
are summarized in Table B.4-40 and in Figure B.4-7. The frequencies calculated with POLCA-T are
slightly over predicted while the decay ratio does not show any trend:

B.4.3.4 |

1> Cycle 20 Tests

B.4.3.3.3 Cycle 20 Test Description

During Cycle 20 in [

J*¢, three stability measurements were conducted. One measurement was.
conducted during power ascension after the outage and the other two at different state points in the middle
of the cycle. The latter two were conducted in connection with the periodic main steam isolation valve:

test on January 11, 2002 (s¢e Table B.4-41).

Table B.4-41 [

1*€ Cycle 20 Test Conditions

Case Power Core Flow Core Inlet
(%) (kg/seconds) Temperature (°C)
C20-1 64.8 4333 2628
C20-2 64,2 4,444 2649
C20-3 64.4 4,618 265.7

The recprdings' were performed the same 'way as in Cycle 19. That is, performed under steady-state
conditions and data were recorded for approximately 10 minutes; The decay ratio and.core resonance:
frequency were determined using parametric identification methods. The deduced decay ratios and core
resonance:frequencies-are shown in Table B.4-42.
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Table B4-42 | 1™ Cycle 20 Measurement Results
Case Decay Frequency Mode Coniments
Ratio (Hz)
C20-1 0.72 0.55 Global Beginning .of cycle measurement’
C20-2 0.72 0.48 Global Maddle of cycle measurement
C20-3 0.66 0.49 Global Middle of cycle measurement.

B.4.3.42 Cycle 20 Model Description

The POLCA-T plant model developed for | > Cycle 19 was also used for Cycle 20. The
cycle-specific core model for Cycle 20 was obtained by extracting data from CM2. The cote composition
is given in Table B.4-37. The nuclear cross-section data were extracted from CM2 using the:standard
technique. Detailed xenon-tracking calculations were used to obtain the correct xenon and iodine
concentrations at the different state points.

B.4.3.43 Cycle 20 Test Simulation

For Cycle 20, the transient calculation was started by introducing a triangular control rod disturbance.
Decay ratio and resonance frequency were determined based on the extremés of the calculated power
trace.

The results of the calculations are summarized in Table:B.4-43 and in Figure B.4-7. The decay ratios for

the MOC recordings are in excellent agreement with the measurement. For the BOC recording, the decay
ratio is.under predicted. The frequencies for the two middle-of-cycle (MOC) recordings are slightly over
predicted, while the BOC recording shows excellent agreement. ab,c
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a,b.c
Fi’gure B.4-7. Com parison of | 1*“Cycles 19 and 20 POLCA-T Calculations with
Measurements
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B.S POLCA-T CORE STABILITY QUALIFICATION — REGIONAL MODE
OSCILLATONS

To date, only a limited number of measurements of regional mode oscillations exist for qua_liﬁcation of
POLCA-T for stability evaluations. The qualification will be based on the | 1**Cycle 7
measurements, where recording 5 showed the typical signs of a regional mode oscillation.

The general description of the reactor (see subsection B.4.1.1) the core loading (see subsection B.4.1.1)
and the testing sequence (see subsection B.4.1.2.1.1) are given above.

B.5.1 TEST DATA

Record 2 has been used for the validation of the global oscillation mode calculations
(see subsection B.4.1.2.3). Record 5 is analyzed in this section for the qualification of the regional mode
calculations with POLCA-T.

Conditions for the measurement point that was used in the simulations are given in Table B.5-1. The
analysis time corresponds to the time on the performance log printout (see Figure B.4-1). Values for
power, coolant flow and steam pressure were taken from the log. Feedwater temperature was dérived
from’subcooling data using POLCA7 calculations.

The evaluation of the collected data was made using noise analysis techniques. Results from the noise
evaluation of Record 5 are given in Table-B.5-2. Recording 5 exhibited out-of-phase (regional)
oscillations during portions of the measurement, with the boundary between the oscillating regions
rotatifig with time.

Table.B5:1 | 1™ Cycle 7 Test Conditions

Case Power Core flow Feedwater ; Steam dome

(%) (kg/sec) Temperature (°C) press. (bar)
Table B5:2 | 1™ Cycle 7 Measurement Results’
Case Decay Frequency Comments
Ratio (Hz)
Record 5 0.97-0.99 0:58 Regional Based on LPRM. Contrel rod
movement during measurement
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There are large unc‘ertainties in the deﬁ'nition of the operating COnd'itiOns di]’r'iﬁg the. Cycle 7 rec()rdings.
powel level changcs, and changes in the recuculamon loop and feedwater condltlons) The POLCA—T
evaluation did not account for these phenomena, and therefore.could not reproduce all the transitions
between modes and variations observed. |

I*

The results are shown in Table B.5-3. The simulation shows that limit cycle out-of-phase oscillations
were obtained for Record 5. A comparison of three different LPRMs 1s shown in Figure B.5-1. The
oscillation amplitudes are in good agreement with what was observed.during the test. The phase shift
between LPRM 16-41 A and 40-17 A in the two opposite halves of the core can clearly be seen in Figure
B.5-1, confirming that it is an out-of-phase. oscillation. The positions of the-detectors in the core are.
shown in Figure B.5-2. The global mode may disturb both the:calculation and the analysis.of the
measurement. However, the analysis of LPRM 16-17 A shows that the impact in the:simulation is very
limited (see Figure B.5-1).

q ) 4 / q ¢
3 b b A 4 A
a d o -
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Figure B.5-1. Selected LPRM Signals from the Simulation of Record S Cycle 7.
(The TPRMs are normalized against core power, which is different from the plant normalization).

T6-17| | 40-17

Figure B.5-2. Inserted Control Rods (+) and 'Detectors (o) Recorded During Record. 5. _
(Eightjshall_o_w controls rods are marked with thinner lines than the 'deepl_y inserted control rods. An
approxiinate p(')siiio_n" of the symmetry-lme is'shown by the dashed line-(--).)
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B.6 POLCA-T CORE STABILITY QUALIFICATION —- CHANNEL MODE
OSCILLATONS

Qualification against plant measurements provides a measure of the code capability to capture the effects
of density wave oscillations combined with the effect of power feedback and fuel thermodynamiics. This.
is-discussed in Sections B.4 and B.5. Qualification against thermal-hydraulic loop test data measures the
capability to predict the onset of density-wave oscillations for a single channel (that is, fuel assembly)
operating at constant power. These comparisons, therefore, represent a separate effects test in the sense
that the. nuclear feedback is not included.

Measuréments of thermal-hydraulic oscillations have been performed on a variety of assembly designs at
the ’Westinghouse"s test loop FRIGG. This section provides a demonstration of POLCA-T calculatidns,foi'
the SVEA-96 Optima2 design. Description of the SVEA-96 Optima2 fuel design is provided-in Section 2
of Reference 4. '

The general purpose of the FRIGG stability tests is to demonstrate and evaluate the stability properties-of
a-new fuel design. The measurements also provide data for code validation.

The FRIGG loop test vessel (Figure B.6-1) consists of an electrically heated test section and lower and
upper plenum. The two-phase flow enters through the riser section up to the part-wise perforated
chimney, that is, the steam separator. The steam is transported to the condenser, the condenser hot water
is cooled in the heat exchangers, and fed back to the test loop. The condenser and heat exchange system
are not shown in Figure B.6-1. Saturated water, from the steam separator, and subcooled feedwater is:
mixed-in the downcomer before the main circulation pump. The subcooling of the feedwater controls:the.
tést section inlet temperature. The water level is controlled by a spray system within the bulk water
volume.

Stability tests.are performed by establishing the desired hydraulic conditions, at constant pump speed,.and
increasing the bundle power step-wise until flow oscillations occur.

Due to-the thermal-hydraulic stability properties of the SVEA-96 Optima2 design and the test loop
characteristics, it is not possible to reach instability at 70 bars pressure-without first getting dryout in'the
te's"t_j'asscmbly; Therefore the pressure was decrea‘éed, and the:‘pbwer'-step-procedure'Wasirepeat_gd, witil
instability occurred. For the SVEA-96 Optima2 méasurements, instabilitics were reached at about

S
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Figure B:6-1. Flow Diagram of the FRIGG-Loop
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B.6.1 SVEA-96 OPTIMA2 STABILITY TESTS

The SVEA-96 Optima2 sub-bundle used in the FRIGG loop test consists of 24 electrically heated rods of
three different types: [

1%¢. The flow arca and hydraulic diameter thus vary along the sub-bundle.
Nominal dimension heater rods, fuel channel, and spacers were used to create correct flow conditions in
the test assembly.

The selected measurements are performed at |
1* in the SVEA-96 Optima?2 test series. In Table B.6-1, the measured

and calculated steady-state values are compared. ab.c
Pump speed, axial power distribution, bundle power, inlet temperature and inlet pressure are boundary
conditions in the calculations. The pressure drops and inlet flow are calculated values.
Table B.6-1 shows that the [ |
1%°. It can thus be expected that POLCA-T would
predict the instability onset [ T
[
J*
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Figure B.6-2. Developing Channel Instability POLCA-T Calculation
[
P
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B.7  POLCA-T CORE STABILITY UNCERTAINTY

To estimate the unceﬁamty associated with determining the accuracy of decay ratio predictions using.
POLCA-T, two sources of uncertairity must be considered in examining the benchmark results:

. Measured decay ratio uncertainties
. Simulation uncertainties.

Measurement uncertainties are associated with the accuracy to which a decay ratio can be deduced from
the APRM or:LPRM sjgnafls. Contributing factors are:

. Sample rate and length of the recording

. Relative magnitude of the signal to background noise

o Accuracy of the method used to transform time signals into decay ratios and oscillation
frégu'encies

The POLCA-T simulation unceitainties can be attributed to the following:
a,c

>

The above uncertainty elements are discussed in more detail below. Section B.7.1 discusses measurement
uncertainty. Section B;7.2 discusses simulation uncertainties and associated studies performed to
understand specific stability predictions.

B.7.1 MEASUREMENT UNCERTAINTY

B.7.1.1 Data Evaluation

The concept of the decay ratio-is often'used to measure the stability of BWRs. The decay ratio is the ratio
between two consecutive maxima of the impulse response. For a second Qrdér-System§, this ratio 1s
constant for any two consecutive thaxima. For higher order systems;.the impulse response:is formed by
contributions of all the:poles and the ratio between consecutive peaks is not.constant, but it converges to
an asymptotic value associated with the least stable pair of poles (Reference 5).

In the data reduction of the plant measurements, two methods have been commonly used:

. The autocovariance function (Reference 5)

. Parameter identification methods based on auto-regressive (AR).or auto- regresswe moving
average (ARMA)modeling of the neutron noise (Reference 6).
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The autocovariance function of a signal from an oscillatory system has similar properties regarding decay
ratio and resonance frequency as the impulse response. That is, the “asymptotic” “decay ratio from the
autocovariance function is used to quantify the stability of the system, and the ““apparent” décay ratio is
not a good indicator of the system’s stability margin. Parameter identification methods applied to the
neutron detector signals have been used exclusively for the measurements described in this repoit.

The neutron flux signal is modeled as an ARMA process:

v(b) + a1y(t-1) + agy(t-2) +....+ apay(t-na) =

coe(t) +cqe(t=1) +. . .+ cpce(t-ne) (7-1)

where:

y 1s the micasured output signal,
¢ 1s the white noise, and
t 1s the discrete time values from the measurement.

The identification process consists of determining the coeflicients a and ¢ given a selected model order.
Once the coeflicients are determined, the stability characteristics of the system can be readily derived,
either from the impulse response of the model or preferably, from the model coeflicients directly. The
model-given above is the ARMA model.

B.7.1.2 Evaluation Method Uncertainties

The uncertainty associated with the measured decay ratio depends on the sampling time, the

signal-to-noise ratio, and the stability margin of the system. For-a given recording quality, the uncertainty

in deducing a decay ratio value from Equation 7-1 contains::
' a,c

The uncertainty due to model order is. larger for low decay ratios because of the low signal-to-noise ratio.

[
1™

[ I (72)

|
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B.7.1.3 Evaluation Differences

Evaluation uncertainties have also been the subject for an O1'ganization‘_for Economic
Co-Operation/Nuclear Energy Agency (OECD/NE) benchmark (Reference 8). About 10 different
institutes and companies contributed and in total 15 different eValua,t_ionsfor‘ca“c_h record were performed.
One of the test cases consisted of 14 different noise recordings from [ 1€ from dedicated
stability tests performed under controlled conditions. The decay ratios varied between about 0.4 and 0.8,

In Figure B.7-1, selected data from the benchmark study are shown. The base for the selection of data 1is
to include methods similar to those.applied for the measured data referenced in this r_epo'rt(l). This means
that AR and ARMA methods deducing the decay ratio from the dominiating poles of the ideritified model
have been included. The figure also shows the one sigima uncertainty ban;d«,:according to Equation 7-24%:
A comparison of the data sample in Figure B:7-1 with the uncertainty band shows that they are fully
consistent.

Figure B.7-1. Variation in Deduced Measured Decay Ratio — Different, Methods (Mi) According to
the  OECD. Benchmark-(Reference 8)-
1. WestingholUse/ABB Atom [ 1™ and [
]1** have used the ARMA method in thé:evaluations;
2. Thesamplés in the' OBCD benchmirk ¢ontainied only 4,000 samples-and scaling factor 1/42 have been applied
to Equation. 7-2: '
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B.7.2 SIMULATION UNCERTAINTY

Simulation uncertainty includes:
a,c

The simulation uncertainty has been estimated to be | T#¢. This uncertainty includes [

1*¢, which'is appropriate for a validation. For a predictive calculation, the plant
state data are [ ~ ]*“therefore conservative
for predictive calculations.

Figure B.7-2 shows the complete qualification database and the combined evaluation and simulation
uncertainty band (one sigma). The figure shows that the data are fully consistent with the applied
uricertainties.

Figure B.7-2. Overall Comparison of POLCA-T Simulation Decay: Ratio with Plant'Measurement
Database
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Measured versus calculated core resonance frequencies are shown in Figure B.7-3. POLCA-T predicts;
the resonance frequencies for all plant measurements quite well. |
1*° Some characteristics of the POLCA-T simulation database are
discussed in the following subsections. The data set gives an overall unicertainty of [ ]*** Hz with a
bias of [ J*° Hz (calculated minus measured). '
a,b,c

tindd

'Figurie B.7-3. Overall Comparison of POLCA-T Simulation Core Resonance Frequency with
Plant Measurement Database

B.7.2.1 Qualification Database Studies

The stability database used in qualiﬁc’ation‘ of POLCA—T,.jspan_s a wide range of conditions:

. Core power (~ 1,300 to 2,700 MWj,).
° Core flows (~ 3,200 to 6,100 kg/s)
. Fuel designs (e.g:,.open lattice 8x8, wateriod 8x8, water-cross '8x8, water-cross 10x10,

water-cross 10x10'with part lengthirods)
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o Combinations between fuel designs (see fuel composition tables in Section B.4)
. Core power distributions

However, the POLCA-T code and methodology instability analysis could be applied to othér core power
and core flow ranges provided appropriate benchmarks are performed to demonstrate their acceptability.

B.7.2.2  Cycle-to Cycle-Data Studies
The’POLCA-T qualification database contains a number of data. measurements following similar test
proce‘dhres in consécutive cycles, but performed for different core fuel compositions andponﬁgur_at_ionsy.

Sp‘e‘éiﬂca]ly,‘ POLCA-T simulations have been made for:

. [ *— Cycles 14, 15, 16, and 17
. 1 J*—Cycles 19 and 20.

Examination of the POLCA-T predictions of these cycle-to-cycle tests shows quy consistent results.for.

[ 1*° (see Figure B.4-7). For [ 1>, a'trend in the data'comparison can be observed
(compare Figure B.4-3 through Figure B.4-6). In Cycle 14, [

.

WCAP-16747:NP March2007
Revision 0



‘B-51

B.8 SENSITIVITY STUDIES

The sensitivity analysis intends to cover both uncertainties related to the state parameters as well as more
genéral dependencies. The state parameters included in the analysis are the core power; the core coolant
flow, and the core inlet temperature. The choice of state pal'ameiers follows the standard PIRT table
concept (see for example Reference 9). The more general dependencies inctude reactor type, fuel design,
cycle burnup, and stability characteristics (that is, nominal decay ratio).

Record 9 from | ]*¢ Cycle 10 has been chosen as a reference case. The decay ratio is relatively high,
that 1s, it is of about the same magnitude as would be expected for limiting cases in a core design analysis.
Further, the calculated decay ratio shows good agreement with the measured one. Because of the content
of the database, it is possible to perform studies of general parameters. This is possible since
measurements with varying conditions have been performed at the same reactor with different core
compositions. The core composition is also similar to the cycles analyzed for [ 1*, which
makes reactor type dependent studies possible. The state parameters have been varied [

1. The
nominal results are summarized in Table B.8-1 together with the results from the following sensitivity
analysis. [

1™ It should be kept in mind the.
variations applied in this section are examples, and the magnitude of the variations in a reload analysis
must be based on plant-specific data.

abc
In order to investigate if the response is-dependent on the magnitu,de.,pf theid_ecafyf ratio Record 4 from
[ 1™, Cycle 10 was chosen. The nominal decay ratio is 0.44 and is significantly’lower than for the
reference case. [
|

3.1 _

] ac
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To investigate the dependence on fuel design Record 10 from [ 1™, Cycle 19 was chosen.
[
™
Record 1 from Cycle. 20 at | ]1*¢ illustrates the dependency on reactor type, an ASEA-ATOM

internal pump design compared to the GE BWR/6 in the reference case. |

I

Finally, the effect on cycle bumnup is investigated by comparing Record 2 with Record 1 for

[ J**Cycle 20. The former measurement is performed at 4,534 effective full-power hours
(EFPH) (MOC) and the latter at BOC in:a 12-month cycle (9,097 EFPH). The comparison of the two:
[ ]”’ ‘cases shows that the responses are very similar.

In Figure B.8-1, the results of the sensitivity study is summarized. The relative change in decay ratio is
plotted for the five different cases: From the figure, the above conclusions are obvious, (that is, that the

responses. in respective variable are comparable for the five cases with the [
[

1*¢ The dependencies on' core state
variables.are consistent with earlier approved code and impose no additional limitations on POLCA-T

applicability.
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ab,c

e

Figure B.8-1. Results of Input Sensitivity Study
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B.9 STABILITY METHODOLOGY
The proposed stability methodology using POLCA-T as a tool is essentially the same as the
RAMONA-method,olo'gy earlier licensed (Reference 1). As RAMONA, POLCA-T is a three-dimensional

coupled nautroni,g:’-thc_nﬁal-.hy,draulic time domain code.

The Westinghouse core stability methodology can be summarized as follows:

1. Establishes acceptance limits for demonstrating acceptable stability performance

2. ‘Id'enfifiés th’é_!stab,iﬁty anaiys'is methods that are used to demonstrate compliance with the
acceptance limits

3. Establishes the process for identifying the limiting plant conditions to be evaluated

4. Identifies the process of relating the calculated limits of acceptable stability performance to a

domain of acceptable plant operation

Westinghouse stability analys‘is methodology for licensing safety evaluation, reload fuel applications, or
plant operation modifications falls within the already accepted non-vendor specific U.S. Boiling Water
Reactor Owners Group (BWROG) methodologies (Reference 10).

The stability solutions were: developed to comply with the requirements of 10 CFR 50 Appendix A,
“General Design Criteria for Nuclear Power Plant”. The Appendix A criteria related to stability are:

Critetion 10: The reactor ¢ore and associated coolant, control and protection systems shall be desigried
with appropriate inargin to ensure that specific acceptable fuel design limits are not
CXQQG_C{E:,d during any conditions of normal operation, including the effects of anticipated
occurrences.

Criterton 12 The reactor:-cere and associated coolant, control and protection systems shall be designed
to ensure that"_power'"o'scillations which can result in .conditions exceeding specified V
aCCéptablé-fl;el design limits are not possible or can l:)evrelia'bly and readily detected and
suppressed.

These criteria form the design basis.and are implemented in different ways for different utilities. The
Westinghouse:stability safety-analysis process 1s performed as required by the plant specific stability:
licensing basis, either it follows:the Option1, II, or III solutions (References 10 and 11).

The fundaméntal approach&s to provide protection against reactor power-flow oscillations are:

1. An acceptable approach is to reduce the operating domain by defining an exclusion region where
the reactor is not allowed to operate. The exclusion region; defined by the area'in the operating
map where stability criteria-are not met, should be-enforced automatically. In-addition to the
exclusion region, this approach.defines a larger buffer region, which is-enforced with
admuinistrative controls: The buffer region minimizes challenges to the reactor protection system.
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2. An,ajitan‘atiVe acceptable approach 1s to readily detect and suppress unstable power oscillations
by scramming the reactor before specified acceptable fuel design limits (SAFDLSs) are violated.
-An approved detect and suppress solution, which relies on calculations of the reduction in critical
power ratio margin for oscillations of a given magnitude, should be implemented. The approach
defined in Reference 11 1s an approved-detect-and suppress methodology.

All stability solutions should have backup options in case the licensing solution is declared inoperable.
Backup options in effect for short periods may rely on administrative controls and manual operator
actions only if operator actions required to prevent violation of the SAFDLs can be reasonably prompt.
Backupsolution exclusion regions should be confirmed for specific Cycles.

As indicated above; the second approach requires coupling of power-flow oscillations to limiting fuel
design criteria such as the minimum critical power ratio (MCPR). The approved methodology for
performing these calculations is prescribed in Reference 11 and is not covered in this document.

The anticipated power-ﬂow (also called density ’Waves) oscillatory modes in a BWR are:
1. ‘Glebal (core-wide), when the power and flow of all core channels oscillate in phase

2. Regional, when the power and flow of half the core channels oscillate out-of-phase with the other
half, and neutron kinetics excite the first azimuthal neutron flux mode resulting in fuel channels
1in.one region oscillating out-of-phase with fuel channels in another region in the core. The
regional mode symmetry line' (or plane) separates the core regions oscillating out-of-phase.

3. Sihgle channel, when tlie flow in a single c‘hannél'ovscillatesaccompanied.by small power
-oscillations.

Decay-ratios and oscillation frequencies, describing the stability properties of the power-flow oscillations,
are-evaluated from plant stability measurements. in order to validate the method and evaluate the
associated uncertainties.

The decay ratio 1s defined as the ratio between consecutive oscillation amplitudes. The value of decay:
ratio is. 1.0 at the instability boundary. The decay ratio for increasing amplitudes (unstable system) is
higher-than 1.0 and for decreasing amplitudes (stable system) less-than 1.0.

Oscillation frequency is characteristic for the system and set mainly by the thermal-mechanical.and
hy'dfahlik:_,prbperties -of the fuel and core. Oscillation frequency is an important parameter for stability
monitoring and detection but of limited importance with regard to fuel integrity.

For global (core-wide) oscillations, the decay ratiois calculated using the transient reactor power
oscillations, or APRM signal. For regional oscillations, the decay ratio is calculated using the transient
local powet, of LPRM signal. For channel oscillations, the channel inlet flow is used to deterniine the
decay tatio.

* The symmietry plane may also rotaté due to simultaneous excitation of twd neéutron flux azimuthal hatmonics.
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A limitation of time domain codes is that they can only predict the decay ratio of the dominating
oscillation mode, that is, the global or the regional but not both.at the same time. A symmetric control rod
perturbation 1s introduced to excite the global mode. An asymmetric Gontrol rod perturbation s
introduced to excite the regional mode, However, one riuist'seaich for the phase shift and the coré
symmetry line to ensure that the regional mode has been excited. A perturbation in for cxampl_e',‘channel
pdwer_ is used to excite the.channel instability mode. '

The reactor is considered stable if the calculated decay ratio (DR) for all three .common stability modes
(global, regional, and channel) satisfies the criterion:

[ ]
The prediction uncertainty.is tool specific and evaluated from the validation against actual plant
measurements. In a best-estimate methodology, a common way to define prediction uncertainty is by

using the simulation uncertainty. The-evaluated simulation uncertainty for POLCA-T is |
"> (see Section B.7.2).

¥
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