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0

1 INTRODUCTION AND OBJECTIVESS
* 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 POLCApresented 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
0can 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 in 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.
0

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 implemnented 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.0

* 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

Sdomain and the exclusion zones are considered. The qualification is performed against plant stability
5measurements and FRIGG loop stability measurements.

Additional application appendices will be submitted later as supplements to this POLCA-T topical report.S
0
S
S
S
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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 limits.

Appendix D," Anticipated Transients Without Scram Analysis," will include the evaluation model and its
qualification for ATWS analysis.

0
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O 2-1

O 2 BASIS OF POLCA-TO
* 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.
Q Subsequent sections will provide details of the individual codes/models. Figure 2-1 provides clarification
O of the structure of POLCA-T.

P O L C A -T .............................................

''"BISON

SAFLR or Built-in PARA & SCRAM12/3 4 *0 Fly no0oae

these subroutines

Incorporates all RI DF0 Drift Flux Correlation,

equations, tables, etc D * CCFL and Numerical Methods

as describes later C a N Mto

................ In te rfa ........................................................

STAV GOBLIN

POLCA/PHOENIX

O Figure 2-1. Codes Providing Models 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 is used to calculate the fission power distributions

0 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
O 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.

O 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

O 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

O

WCAP- 16747-NP March 2007
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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 DF01 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 simultaneously using

Newton's method. The Jacobian matrix includes all derivatives and is 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 each 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)0
4. Anticipated transients without scram (ATWS) and anticipated transients without (crediting)

*control rods (ATWC)

5. LOCAs without uncovering of the core0
*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.
0
*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.

0
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

0systems, and recirculation and jet pumps.0
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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:

[

PaC

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.

WCAP- 16747-NP March 2007
Revision 0



3-4 0
0

The momentum balance is integrated between the centers of the volume cells connected by the flow path 0
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:

0

0

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.

0
Choked flow is treated using correlations for critical flow valid for a wide range of coolant states.

3.2 COMPONENT MODELS 0
POLCA-T includes specific models for the following boiling water reactor systems and components:

0
S

jac

The speed of the main circulation pumps is determined from the solution of the angular momentum
balance for the pump impeller. This equation is solved simultaneously with the fluid conservation
equations. The applied torque represents the net torque from all sources, i.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. S
The jet pump model modifies the 1-D momentum equation to account for the spatial and temporal 5
acceleration due to the significant momentum exchange occurring between the jet pump drive and suction
flows. 0

S
S
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0

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).

0The steam line 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
0start, 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

0differential pressure between the reactor and the containment wetwell if the condensation pool is the

0source 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 simultaneously to

* determine the rate at which total heat is transferred to the coolant.0
*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.
0
* 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 coefficients 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 solved for a user-specified nodal subdivision of each

0heat structure using a finite difference technique. Each heat structure can be composed of several layers,
*each of them made from different material.

3.4 POWER GENERATION MODELS0
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.

0
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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, POLCA7, 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 suiface 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.

0
0

0
S

0
0

0
0
S

0
S
0

S

0

S

0
0
0

0

0

S
0
0

Figure 3.5-1 illustrates schematically the time integration of the models.
a,b,c

Figure 3.5-1. Time Integration Schematic Illustration (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 neutronic~s 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.

[

I ac
ab,c

Figure 4.1-1.

[

]a,c

I ac
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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. Aflow 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 is a special kind of spatial discretization, allowing the physical system to be represented by a
set of ordinary differential equations.

Yi =fi(y) (4-1)

for the "primary variables" Y1 , where the dot denotes time derivative. The primary variables defining the

state vector 5 with relatively few components can group the equations of the system (4-1).

[
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4.3 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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a,b,c

Figure 4.2-1. Overview of POLCA-T Structure
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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 hydraulic
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 is 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).

Anumber of boundary cells/flow paths with pre-specified (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.
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O 6 PRIMARY VARIABLES - STATE VECTOR CONCEPT

O 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

S 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 a,b,c

* (Figure 6-1) are collectively the state vector for that
O volume cell. They are:

5 Volume averaged total pressure (p)$
* Void content (void) (volume fraction of

gas(2))

* Liquid temperature (Tliq)O
* Gas temperature (T.a)

* • Partial pressure of non-condensable gas (Pnc)

O * Boron concentration (Cbo)

* * Average velocity for liquid (Uliqm)

* * Average gas velocity (Ug.)

*0 For the flow paths the velocities of liquid and gas
O are chosen as primary variables making up the state

Svector for a flow path: Figure 6-1. Primary Variables for Volume Cells

O * Liquid velocity (Uli)

* Gas velocity (Uga,)O
O
0
S
O
O
O
o

2. Wherever the word gas is used it means the mixture of vapor and non-condensable gas (if present).

O
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The equations are kept in their conserving form (i.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.
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* 7 HYDRODYNAMIC MODEL0
* 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
0determines 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

0volume cell and the mass flow rates of the phases through each flow path. The basic equations are the
0mass, 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.

0The main assumptions used in this derivation considering the two-phase flow are:0
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.0
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.0

*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
0gases) transfer, heat transfer to heat structures, the pressure drop for the flowing fluid due to friction and
5• 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
0path. The solution of these equations describes the time variation of a set of basic (conserved) variables
5 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 equations of state). The basic variables for the volume cells are the liquid
mass (MI), the gas mass (M.), the energy of the liquid (El) and the energy of gas (Eg). For flow paths, the

0basic variable is the mixture mass flow rate (w). In addition to these equations, algebraic equations are
5set 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.
0In 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 to0
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specify the initial steady-state condition. These boundaryconditions are the power generation and its

distribution, given by POLCA7, the feedwater temperature, the steam line pressure, the pump revolution

rate, and the water level in the downcomer in 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 is 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

0

S

0
0
0
S
0
S
S
S
S
S

S
S
S

0
S

0
S
S

0

S

A mass balance for the gas phase in the volume
Amass 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:

0

0

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

Energy Balances

0

0

An energy balance for the gas phase in the volume
An energy balance for the liquid phase in the volume

I

I a~c

0
S
S
S
S
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a,b,c

Figure 7.1-1. A Volume Cell in POLCA-T with State Variables

7.1.1 Mass Conservation Equations

Hereafter, the theoretical basis for the mass conservation equations is 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) is:

Op
at - V(piu1 ) (7-1)

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

formulation:

am = Yj Wj Sj + Wsre + F
at

(7-2)

where:

w.
Wsrc

F

is the mass flow rate through flow path number j,
accounts for external mass source and sink terms, and
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 )

F (inter
mass tr•

Wsrc ( external source
or sink)

I D Volume
rfacial cell
an sfe

Wk( Sk negative)

Figure 7.1-2. Volume Cell with Mass Flow Paths

Furth enn ore,

0
0
0
0
S
S

0

S

S
0

0
0

0
0

0
0
S
S
0

0

0
0
0
0
S
0

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

- 1 otherwise

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

Wbr = Break flow rate from control volume,

Wecc = Coolant flow into control volume from various systems

(e.g., feedwater, spray),

Wsep = Coolant flow into control volume from separator outlets,

Wcond = Coolant flow into control volume from steam dryer outlets, and

F = 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 Equation

n-f-IMh i' M41 -1W I S _ r+ _ Wp+I I =0 (7-3)
A t W iq'-j i i -- liq'srci

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

connected to volume i.

Mi14 i = liquid mass in volume cell i,

W14j = liquid mass flow rate through flow path number j,

Ti = liquid generation rate in volume cell i due to condensation/evaporation, and

W1ý,ij = liquid flow in to or out from volume celli due to external sources or sinks

(cf. Wsrc above).

The conserved quantity MNq is a function ghq of the primary variables (p, void, Tliq):

Mlq = glq(pvoid, TN)

Gas Phase Mass Conservation Equation

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

equation:

(7-4)

A, n4- l 19i g ZWn st-1  yn-lI iWn+I V = 0

A t 2 25 M.
(7-5)

where:

Mgas,i

Wgasj

Fi

= vapor mass in volume cell i,

= vapor mass flow rate through flow path number j,

= vapor generation rate involume cell i due to evaporation/condensation +

generation of non-condensable gas (dissolution or generation from other sources),

and
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0
Wgas,src,i = vapor flow into or out of volume cell i due to external sources or sinks 0

(of Wsrc above).

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

=ggj(p, v, H) = acv V./vg,, (7-)S
0

where:

a = volume fraction of vapor (is a function of the primary variables (p v, H)), and
vg•, = specific volume of vapor (also a function of the primary variables (p, v, H)). 0

The same equation setup is used for component of non-condensable gases and for boron mass
calculation. 0
For a non-condensable gas it will be: ,

Mn+l . ,lVn
a ing%-•.tncgzsý n~l__ I ÷ n+IAt N 1,*,nsj -W g.ti = (7-7)

At ,

where: 0
MInvcgas, i = mass of non-condensable gas in volume cell i,

Wncgas,j = mass flow rate of non-condensable gas through flow path number j,

Li = non-condensable gas generation ratein volume cell i due to
solution/dissolution of non condensable gases (or other sources), and

Wncgas,src,i = non-condensable gas flow into or out fromvolume cell i due to external
sources or sinks (cf Wsrc above).

The conserved quantity Mgas is a function ggas of the variables (pm, Tgas): 0
Mgas = ggas(PI, Tgas) (7-8)

0
Formass balance of boron itwill be:

b oT 1W n+ 1 S9- W 0 ( 7 -9 )
At ber j br,sre,i

The conserved quantity I4g• is a function gb of the primary variables (Cbr, Wij). 0
KV,.r = g&or(Cbor, WhC (7-10)

0
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* 7.1.2 Energy Conservation Equations0
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
0

The general form of the energy conservation equation (References 7.1 and 7.2) is:

* d(ep) + V(epu) +V q" q- - V(n) = 0 (7-11)
* at

where:

e = eint + ekin+ epot =total specific energy (7-12)0
eint = internal energy,

ekin = kinetic energy,
epot = potential energy,
p = density,

u = velocity field vector,
q" = heat flux,

q"' = internal heat generation per unit volume, andOr
= - stress tensor,

*The specific enthalpy h is introduced,0
h = eint + P/P (7-13)

0and the stress tensor is divided into a normal and shear stress0
*j=- p 8j + Tij (7-14)

where aij is the Kronecker delta, defined by

0
Si9={ if =j (7-15)

0

p local static pressure, and

0
* ? .t" = 5t- }.:ii (7-16)
0
0
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The stress deviator term Tij 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:

O(hp - p + V (hpu) + V" q" - q"' =

at

P-(p(ekin + ep.,)- V (p(ekin + epot) u + V" (T u)at (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 is:

0((h + Cki )P - P) + V (hpu + ekin pu) + V • q" - q"' = 0

at
(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) is integrated over the volume cell shown in Figure 7.1-3.
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Figure 7.1-3. [ 12,C
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The first term is

, %((h + ek)pP)dv = d df, ý--ý -d t((h)+ e, )p-p)V= (M , -O. P)
dt atade,2 <h

(7-19)

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

fPprh=,,dV = The mass of phase nin the volume cell

1 JPha8 (h th,6 + 2 a5
H Mph...- f (• ph, / 2)dV = Average total enthalpy ofphasen in the volume

cpheli ,
cell

Pi fpdV =Mean pressure of the control volume

V

The second term, applying the divergence theorem, gives

IV V p,(h., + ebfl,)-u. - dV pf (h, + e,)-u,-ndS
S

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

J Vp -(h, + ehj n)un.dV=ZrJ
V A

pn(h, +ekj,).un.nJJdA J+ Pnh un.dA

= Z Lrwe,Y, (hpji,=e + e , h-l).s sj]- r (7-20)

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

The term Whsrc is the enthalpy flow source of phase due to external sources or sinks connected to
phaseji

the volume cell 1.

The third term, applying the divergence theorem, gives

0
0
S
0
S
S
S
S

jV.V q. dV =q n.dS=QA
v s

(7-21)

WCAP-16747-NP March 2007
Revision 0



7-10

where QA is heat tran sfer through the surface. The conduction over the fluid surfaces (Aj andAk) have

been neglected(3).

The fourth term

f q"' dV =QV=Q
V

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

scattering in the fluid, and the interfacial heat transfer rate Qng between phases/components in the cell.
The term Q, is lumped together with QA and Qr=QIl + Qr, and the sum is the net heat source to each

phase.

Qi = QA + QV + Qr (7-22)

The integrated energy equation can now be written

d -V<f-.) + 1 (Wh. -Anse j )+ (W P ,. . ) - wh,c

Qpý • = 0 (7-23)

The fully implicit finite difference or a semi-implicit form of equation (7-23) is used is POLCA-T for

each phase. The fully implicit formulation is:

km •o.,.. Ho ,.),,+' - (V.. P,.)°+a *. Hopho,) - (V.. P,.)%J

0
0
S

0

0

0

0
S
S
0

0

0
S
0
0

0
0

0
0
0
S
S
S
0
0

At

e~=+ )n+l - Wh n+1 - =+ = 0Z(WAZLŽ j'Pý,,+ (Wphae hflhi)7 WAi' sr =hs QS, • :"e,•+(.o o•- .e, - .. (7-24)

The energy of the fluid phases/components in volume cell i is defined as

Bce/I, = Z mphaseHOphase -V
phase

3. The heat flux due to conduction within the fluid dearly can be neglected for most transient analysis when
comparing the magnitude of terms two and three. The fluid conduction is of the order

q" =-k- dT/dx=- (0.7W/m,K)-(10 Km)=7W/m2

or less, which is clearly negligible when compared to the energy transported by the fluid of the order 109 - 101,

W/m2.
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and the mass flow rate

Wphase = Aphase Uphase Pphase

for each phase (=liquid or gas).

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

7.2 FLOW PATH

[

I ac a,b,c

Figure 7.2-1. [ Ia,c

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:

(p .u) = -Vp - Vp + V1 + pg
at

(7-25)

where the terms in (7-25) are:

(p-u) = Rate of momentum change,
at-

- Vp -uu =Rate of momentum gain by convection,

Vp

V[

Pg

= Pressure force,

= Rate of momentum gain due to viscous stress, and

= Gravitational force.
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Equation (7-25) is integrated over a fixed control volume V with solid surfaces S,

f 2 (p.u)dV= {-Vp•uu-Vp+Vc+ pg ýdV
V - V

(7-26)

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

VpuudV = f puu n dS
S

JVr dV fr ndS
V S

(7-27)

(7-28)

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

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

fa(p'u)dV=-Jpuu ndS- fpdV + f__r ndS±+ pg dV
at V 5 f

(7-29)

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 (xi to x2). The coordinate along the pipe's x and the

pipe area, A(x), is 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:

nx f-(p-u)dV= f Ipuu- x =x - f (x)ux (7-30)

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~x fpuu ndS= fpu2dA- fpu2dA= (Wu)2- (Wu)I =
S A 2  A,

(7-31)
x2l

Xaxl

0
0
0
0
0
0
0
S
0
0
0
0
0
0
0
0
0
0
0
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* The pressure gradient can directly be integrated:
0

-x f xpdV = 2 P dA x =xA(x)Pdx (7-32)
nxopV = x1A) di X1

*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:

*x2

O nx f-EndS= --EPwdx (7-33)
S xl

0where Pw is the wetted perimeter and c 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

*x n f pgdV =g A(x) p dx (7-34)
V xl

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

At this stage Op/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

O POLCA-T:

S1 aw I W2 a W aP PW a

A at A ax pA azx A (7-35)

0Finite Difference Formulation of the Momentum Equation0
*• 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 pathj shown in Figure 7.2-2. Equation (7-35) is integrated between points xi and
xi+ 1 to give

Xi, 1 I aW I~ 1 1 a W2  xi" ap dx-' -x pw Xi-i a
dx= )dx - j() - dx- f (pgz)dx (7-36)

* A Xi pAi Xi Xi ax
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a,b,c

0
0
S
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

0
0
0
0
0
0
0
0
0
0
0
S
0
0

Figure 7.2-2. Volume Cells with Flow Junctions

Temporal Acceleration Term

[

Ia
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a~c

Unrecoverable Pressure Losses

The unrecoverable pressure losses are divided into a wall friction term, APfric, and a term corresponding

to unrecoverable pressure losses, APloc, due to area changes.

- i' -1? dx = -Apf n,: - p .

A

(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:

APfric =A'Pfijcjjq * F iq + Apfric~gas , gas (7-41)

where Fliq represents the liquid wetted fraction of the perimeter in the volume cell and Fga, is the
non wetted fraction, (F1iq +F- = 1).

A~fr~c L -Lf (Re jig,K) Piz g~ (7-42)
1-11h Y.

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(pga,, / q))=1 + 1 Pg. (a 2 C 2 + aC 1 )
FFýPghq

(7-43)
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and for the gas part;

2
fic,gas f(Re 8 K) Pgasgas

D h 2 (7-44)

and the relative surface roughness by:

Kc = P/Dh (7-45)

In the application of equation (7-43) in the code the friction loss from xi 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, Uliq, ug8 , 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:

APIo, = Apocjq " (1 - a) + Aplocgas *a

2

Aploc, phase = ý(Revhase, direction). Pphaseuphase

2

(7-46)

(7-47)

S
S
S
S
S
S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S

Spatial Acceleration

The momentum flux term

X+1 1'0 W2 dx =-Ap5 1 1
Xi A Ox pA

(7-48)

is 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:

X.i a WZ 2
dx = 11 +1

A Ox pA
(7-49)

with:

A 2 p f W 2 dx (velocity gradients) (7-50)
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12 = 2 J-___dx (density gradients) (7-51)

O a,
•w2 ý; +4 a1

* 13 = f 7 - --dx (area gradient) (7-52)Ap .. Gx, OA
0
O The integration of these three terms for each phase, liquid and gas, is performed from xi to ;i+1 using the

0 mean value theorem of integrals and appropriate approximations:

2 1 2-2 2 -- 3
AO 1 2 --Pi " (W3,A~ iMil -WO) (7-53)

2 [ii+i /i + 1 Pi .)* J ~2 W/ F

Lk=1W P+ i (7-54)
• [ 1

if W •-(i -liJ !) 0

4.1.o T14 AA+ I-'J (7-55)

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

aw
Ij at = p* - p il - Ap - Apb, - Apm - Ap b + Ap (7-56)0

A fully implicit finite difference scheme or a semi-implicit method can be used to represent the
momentum equation. The time derivative is approximated by

O O~ - W=+I ••(7-57)

a At

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

* 7.3 REFERENCES0
7.1 R. B. Bird,W E. Stewart, E. N. Ligthfoot, "Transport Phenomena" John Wiley &Sons, 1960.

S7.2 "Water Reactor Emergency Core Cooling System Evaluation Model: Code Description and
* Qualification," RPB 90-93-P-A (Proprietary), October 1990.
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* 8-1

S
* 8 POWER GENERATION MODEL0

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, q"', 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)).
0

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

0power 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 KINETICS0
*The POLCA7 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.
S
*8.2 DECAY POWER GENERATION

0The 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 TablesS
0The 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
Sany number of sigma uncertainties.S
*8.2.2 By Equations

SThe reactor kinetics equations include effects arising only from the direct fission power. The user must
Sprovide the decay of fission products and actinides. The total power generation is the sum of the fission
5and decay power.

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

Qdecay(t) = f d Q(t) (8.2-2)

The total decay heat generation rate is

m
Qdecay(t) = Z-fd,•Q@t)

i=1

(8.2-3)

Where fd,i is the decay power fraction at steady-state and ui is the decay power time constant for decay

group i.

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

fd,1Qdeay = m QflS (t)
1 fdi

(8.2-4)

a~c

The number of groups m is a user input and the model can be applied for different fuel bundle burnups
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 Powerin
Nuclear Fuels, First Edition, March 1992."
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9-1

9 CONSTITUTIVE MODELS

9.1 DRIFT FLUX E QUATION

The relationship between the velocities of the gas and liquid phases is given by the drift 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 drift-flux equation incdudes a countercurrent flow limitation correlation ofthe form defined by
Wallis (Reference 9.2).

The drift flux formulation for relative motion between two phases (Reference 9.2) is

421=ac g +j4) v (9-1)

where the superficial velocities are defined as;

j -V/(4i +A,) (9-2)

for the liquid phase

ja-- \: Aj~j+ A V (9-3)

for the gas phase

where Jg andjl are superficial velocities of gas and liquid and the concentration coefficient CQj, slip

velocity S, and the driftvelocity Vd are defined by empirical correlations.

Ugas

Uji,

......................................................................

................................................................................

Ugas ULgj

.i.IAq~

Figure 9.1-1. Deimitins ofVelocities
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9I

]apc

Where the slip ratio and the relative velocity are defined as:

The relative velocity Ure = Ugas - uliq (9-5)

The relative velocity can also be related to the drift velocity according to:

U re, -- = ;(a)" V(1-at)0
(9-6)

and

;(a) = (1_CL)n+l

n - 1-3 depending on the flow regime.

where V is the terminal velocity of a single bubble in quiescent liquid.

io
The slip ratio

0
0
S
0
0
S

0
0
0

0
0
0

0
0
0
S
0
0
S

0
0
S
S

0
S
0

0
0

0

0

0

gus x Phq (- a)

U liq 1- x Pgas, a
(9-7)

9.1.1 Tite 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

]a,c
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9-3

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

u 1-ct
S(a, p)= - = 1

Uliq 1

C"

(9-12)

and the relative velocity is:

ure .(a, p) =
(9-13)

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 DFO1 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.

I a'c
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0
0

0

0

0

Vcl= gLp( IP) (9-15)

0and for the gas phase

Vcg = Vcl/ (9-16) 0Vp1  0
0

The Kutateladze number is calculated for each phase k and is depending on the amount of void in cell i as-,

Kuk={jk Pk (9-17)
gcx p -Is 0

Jk is the superficial velocity of phase k. 0
G is the surface tension. 0
p is the density of liquid respective gas.

During the regression analysis of the measured data, constants for low void and high void were 0
determined, as well as transition values for void parameters, for flow function calculation. S

S
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 S
correlations are described in the following subsections.

9.2.1 Single-Phase Friction Factors S

The single-phase friction factors is calculated for turbulent flow in fuel bundles by (Reference 9.4): 0
S

fi = Cl Re-C2  (9-18)

S
S
S
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9-5

where

[Cl = 0.2

C2 = 0.2

W\ Dm-
Re = A l ]pc

For turbulent flowin other parts of the flowloop, the Colebrook's correlation (Reference 9.51 is used by
de fault.

fi =s5.510-3 [1 + (2I04 + Re )11!3D~.Re (9-19)

where cis the surface roughness.

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

0,316f- ReO0,25 (9-20)

Forlaminar flow the friction factor is:

fi = 64 / Re (9-2 1)

The transition between laminar and turbulent flow occurs at the Reynolds number when the friction factor
for turbulent flowis equal to the one at laminar flow.

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 equafion (7-47) are modeled by use o firreversible loss
coefficients. These coefficients are functions of the geometric details of the flow channel or pipe and
sometimes the actual flow direction. Irreversible losses associated with flow through a sharp-edged
expansion or contraction is calculated according to the following formulas, if the values for the loss
coefficients are not given by the user.
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Sudden expansion, Carnot-Borda lo ss:

A,

-A2

(9-22)

Sudden contracton:

C - O .4 1o( A DI-
(9-23)

9.3 COUNTERCURRENT FLOW LIMITATION CORRELATION

[

I ac

0
S

S
0
S
S

0
0
0

0

S
0

0
S

0
S
S
0

0
S
0
S
0
0

S
0
0

First the CCFL correlation to be used in POLCA-T is described, then an expression for Gd above is

derived. Refer to the following subsection.

9.3.1 CCFL Correlation

In the countercurrent flow region, there is a physical limit 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 tub es, with the dimensionl es s relationship:

jL 12 K+ (1i V2
[g D (pf - p_) 1/4 +[gD(pf - pg,)14 -

Pg L Pf I
(9-26)

I I k •

Defining the characteristic length as:

DL= [cu]1112 (9-27)
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and dividing both sides by DL1/ 4 and multiplying by D1/4 gives:

• IL([Ug4P]118
Pg -I

K1 (-i6"1
Fogp -l/8

7
p I

K- D11 4

r -<1/ K 1- 2

kgApj

(9-28)

&,C

Holmes (Refrence 9.1) reported a geometry dependence of CCFL as a function of the dimensionless pipe
diameter D* in the form (D*-2)Y(D*+2.5) where:

.D * =1i 2 -D -DL (9-29)

and D is the pipe diameter.

The above relation is applicable at 0.45 < a, < 1.0 and the otherrelation is applicable at 0 < cx < 0.18. This
latter relation, given by Holmes, has been modified to include the geometry dependencies. Thus

Dh
--i - 2ý

2.55 DLKu2 =- O " D
CO +D2.5

DL

(9-31)
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where Dh is the hydraulic diameter.

9.3.2 Mass Drift Flux

Now the mass drift flux, 0 d, can be calculated from the CCFL correlation. Using the following

definitions:

Ggjg -Pg Gf

Pf
\Tc = (&Ag) (9-33)

0

0

0

0
0

0

S
S
0
0

0

S
S
S
0

0

0
0
0
0
S

in equation (9-24) give:

+ Gf ]1/2
+ of' -• KuVcj = 1 (9-34)

For the countercurrent flow regime, and for void fractions greater than 0.45, the drift flux relation,
equation (9-4) gives lines of constant ctwhich are tangential to the CCFL curve, equation (9-34). This
relationship is shown in Figure 9.3-1. The resultant expression is

X (1 - X*) pfKuVc
Gd= Pf

X*Pg
(9-35)
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G AL
Q9

I ac close
to 1

* Equation 12-35

Equation 12-34 I0
S

" -• ",, ow (X

Figure 9.3-1. CCFL Curve Together with Mass Drift Flux Gd

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, is modeled as a combination of surface and bulk processes.S

*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

0the bulk of the water is still subcooled. Steam that is formed at the surface will migrate to the bulk and
0condense. Thus, the amount of steam in the channel will be determined 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.0

0The 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.S
*The interfacial mass transfer rate of fluid - liquid to gas or gas to liquid - is divided into two parts:
S

F = Fig + Fw (9-36)

S
S
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where:

F is the total mass transfer rate at the phase interface and at the wall,
Fig is the interfacial mass transfer rate between the two phases in the bulk, and
Fw is the condensation/evaporation mass transfer rate, which is a function of the wall temperature.

The heat transfer is also divided into two parts. One part takes into account the heat transfer between the
fluid and the heat structure, qrw, 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 Sri8 .

Heat transfer between fluid and heat structure,

qrv = qliq + q8sa + qnc (9-37)

with the partial contributions to the wall heat flow,

qliq heat flux to surface from liquid phase
q.- heat flux to surface from gas/vapor phase
qnc surface heat flux due to near wall condensation

The second part, Sri8 , that are the heat flow per unit volume in the bulk between the phases,

0

0

0
0

0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
S

0
0
0
0
0
0
0
0
0
0
0
0
0

Srig = Srunq + Srgas (9-38)

Figure 9.4-1 is 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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9.5 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:

QL0=hqfrw -'ri) (9-39)

Heat flux to the gas/vaporphase:

h - T - Tý-__
(9-40)

Phase change heat flux that generates -or condensate steam:

qtz = h.0 -(T. - Ts.) (9-4 1)

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

9.6 HEAT TRANSFERBETWEEN THE PHASES IN THE BULK

The phase change processes in the bulk are driven by the difference between the liquid temperature and
saturation and by the difference between the gas temperature and saturation.

WCAP-16747-NP March 2007
Revision 0



9-12

ja~c

9.6.1 Bulk Evaporation/Condensation, Low 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 hnl.

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:

0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
S
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
S

Sjjý = Ai hk (Tig - T301) (9-43)

Interfacial heat flow to gas phase:

Sig,,,. = (A1 ý + kgstrong )(Tgg -Ti) (9-44)

I

I a'c
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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

S heat transfer coefficients are based also on the values of Tjjq, Tga,, and T.-j.

@

* Minimum filmn thickness is calculated from:

2 1211/5
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Liquid volume firaction is:

I= (1-a)

and the liquid fraction based on the minimum film thickness;

4 jn = yý
Dky

(9-50)

where the fl-action of surfaces that are wetted is ylkj.

The volume fraction of film is:

413. = if 63<2A (9-51)

The volume fraction of drops is:

Interfacial area gas to film is calculated as:

S
S
0
S
S
S
0
S
0
S
0
S
S
S
0
S
S
S
0
0
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S

~~vd
(9-52)

Interfacial area of drops to gas is calculated as:

f d•
A•.• =,l{6Pp + 0.00 0 1

[ d

0i ATg• >0

if ATg: •0 (9-53)

And the heat trans&r terms for the high void fraction region are given by:

Z 2k. = (4vuk, hlv, ±+ A.,,hjgp+ (TjýI- T,2) (9-54)

(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 is higher than the

saturation temperature while the liquid temperature is lower than the saturation temperature; this

condition can also be referred to as sub cooled boiling. Near wall condensation is modeled in POLCA-T
-n 0.662

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

the case of bulk condensation, the heat transfer coefficient for the near-wall condensation, hnc, is 0
calculated. 5

9.7 WALL CONDENSATION

Condensation when the heat structure surface temperature is below the saturation temperature is
calculated by the appropriate heat transfer coefficients from the heat transfer coefficient map. 5

9.7.1 Mass Transfer 5S
The mass transfer rate during condensation or evaporation between the phases when heat is transferred to 5
a heat structure is calculated from:

h Ig • (TLurf - Tsar h hne • (Lat -- Wiqs)

(rrw =-. _. -Ti) (9-61) l
lgas-sat lliqsat (

where: S
0

igas sat = vapor enthalpy at saturation and
iliqsca = liquid enthalpy at saturation
hnc = near wall condensation heat transfer coefficient, subsection 9.6.3 5

S
When bulk vaporization or condensation of the fluid takes place it is calculated from following equation

can be set up, Srlg,Sriiq, and Srgas as described in Section 9.3. 5
S

g ig Srliq + Srgas (9-62)
gas-sat liqsat gas sat - q _sat

S
S
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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 is 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 heatstructure can be
composed of several different materials.

heat structure

Vvolume cell

Figure 10-1. Volume Cell With Heat Structure
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0

* 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 tern Q. The total surface heat transfer is divided into convective components
*. based on liquid and gas phase heat transfer.0
* QA = QCliq + Qcgas (11-1)

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

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

QCliq= hl Ahtl (Tsurf- Tliq) (11-2)

QCgas= hg Ahtv (Tsurf- Tgas) (11-3)

where:

Tsurf = surface temperature,
0 Tliq, Tgas = temperature of water and steam phase, respectively,

hl, hg = heat transfer coefficients to water and steam phase, respectively, and
Ahtl, Ahtg = heat transfer area (contact area) to water and steam phases, respectively.

The convective heat transfer is calculated using an empirical correlation, which is primarily a function of
0fluid properties, flow, surface material, and surface temperature.
S

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.

0This 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
0correlations. The logic matrix of heat transfer regimes is presented in the next section.0
0
0
0
0
0
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11.1 HEAT TRANSFER REGIMES
0

The various heat transfer regimes modeled in POLCA-T are shown in Figure 11.1-1:

Pre-dryout Heat Transfer (Tsur> Tsat, Boiling or Steam cooling)
0

Heat Transfer to Water

* Boiling according to Chen (H5)

Heat Transfer to Steam

* Turbulent natural convection (H6)
* Turbulent forced convection (H8) 0
Pre-dryout Heat Transfer (Tsurf_< Tsat, Single-phase Water or Steam)

Heat Transfer to Water 0
* Turbulent natural convection (H)1)
* Turbulent forced convection (H3)
* Condensation of steam (H4)

Heat Transfer to Steam
0

* Turbulent natural convection (H6)
* Turbulent forced convection (H8)

Post-Dryout Heat Transfer

Heat Transfer to Water 0
* Forslund-Rohsenow (HI I)

(Direct wall to liquid heat transfer in dispersed flow) 0
Heat Transfer to Steam

0
* Forced convection to steam with (H 10)

Two-phase enhancement factor for dispersed flow
0

* Modified Bromley (H112)

0
0
0
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a,bc

Figure 11.1-1. Heat Transfer Regime Maps Used in POLCA-T

[

0
0
0
0
0
0
0

I a~c
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0

11.1.1 Two-Phase Subcooled, Nucleate and Flow Boiling Regime (1H5)

For nucleate and non-dryout flow boiling, the Chen's con-elation (Reference 11.1) is used:

kf 0
h = o.O23. - Re 0.8 p. 0 -4 ' F

kfOt79, cpfO45,. pf. 4 9  (11-4)
+000122 0 .5 fO.29 0 24 , pgO.24

- (Tsu-f- Tsat)0 2 4 . (Pw - p)0-75 .S

where: 0

Re = Qf Dh/jpt
Pr = p f cpfcf/k
Tw = max(Tsurf, Tsat+23), and

Pw = Psat(Tw)- 0
The two-phase Reynolds number factor F is 5

1 1.Ofor Xtt- •0.1,F

S2.3511447" (Xtt-1 +0..213)0- 7 36 for Xtt-1 > 0.1

where S,1 x, oO.Azio+
= -X>)o9 [Pf)o.5.ft) S

and X is the steam quality, which is limited to less than 0.981. 5

The subcooling suppression factor S is: '

1?(1+0.012 -ReTp1 -14 )for ReTP < 32.5 0

S = 1/(1I+0.042 ReTp 0 -7 8)for 32.5 5 ReTP < 70 where 0
0. 1 for ReTp >_> 70

ReTp 10-4 IGI" -(0-x) DhIfp"F 1- 25  0
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11.1.2 Laminar and Turbulent Natural Convection Regime (H1 or H-6)

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

* Nu = C- (On. pr)n

h = kflm" Nu/L (11-5)

where L is the film length0
* flm • Cpflm

Pr = gf n

0
* and

Gr g Pflm -L -!TstUrf- TcI L fl m)

*The subscript"c" is for the water regime (H1) and gis for the steam regime (H6).

*The subscript"flm" means that properties shall be evaluated at film temperature Tflm0
Tfim (Tsurf + Tc)" 0.5

0
and 3flmis the thermal expansion coefficient

*• 11 2

*tim=v "pT. v -Tap
0

where:

v = specific volume, and
g = Gibb's free enthalpy.

0
The coefficients C and n for laminar natural convection, are:

C = 1.35; n= 0.15 for I <Gr* Pr<55540
C = 0.57; n = 0.25 for5554 • Gr Pr< 1.057.108

and for turbulent natural convection:0
C = 0.13; n = 0.333 ffr 1.057.108 < 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:

11 NWcond = kliq Nu/D hyd (11-6)

together with

Nu = 0.1 0662 Priiq

Bulk Condensation

For prediction of condensation in turbulent flow inside of horizontal tubes, the general technique from
Shah (Reference 11.5) is 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:

U8 > 3m/s, Re, >350, Reg >3500

LI ./ hf =I+ 3.8/Z0 9 -' (11-7)

0
0
0

0

0

0
0
0
0
0

0

0
0
0

0
0
0

0

0

0

S

The parameter Z is defined as:

Z 1) .-Pr-

The superficial heat transfer coefficient hj is calculated as:

Lh = hL(-x)

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

hl, = 0.023 ( GD)°8 prfO.4 kff) Dhyd
(11-8)

For ReG < 35000..

The condensation heat transfer coefficient is calculated in accordance with (Reference 11.6) as:

hi =~ =F. -h, (11-9)
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Where hn1is calculated from:

- 1
khgg(Pf - pg)g ]:

hihu = 0.7 2 5 - D[I •PP pg ]A, and F, = 0.77 according to (Reference 11.6).

*11.1.4 Turbulent Forced Convection Regime (H3 or HiS)

Dittus-Boelter correlation (Reference 11.3) is used for turbulent forced convection of steam and water.

Nu =0.023 - Rec0 .8 . Prc0 -40
h =kc • Nu/Dh (11-10)

S
where again subscript "c" is for the water regime (H3) and g is fir the steam regime (HS).

0oGtl Dh
Ref -pf(1-cx)

1f" Cpf

Prf = kf
0

* iGgi Dh
Reg - pg a

lkg =~-Ig Cpg

* kg

11.1.5 Post-Dryout Heat Transfer Regime0
* 11.1.5.1 Direct Wail to Liquid Heat Transfer (Hll)

Direct wall to liquid heat transfer at wall temperature above Trnjn (Leidenfro st temperature) is calculated

using the Forslund-Rohsenow equation (Reference 11.7):S

hwd = 0.2 [6".213 (I- a)2' 3
04

g pf pý, hfg kv3  1/4
TSf. .saO 61/ 3  ] (Tsurf - TsaO
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0
where Dd is a drop diameter calculated as described in Reference 11.5. 0

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

The dispersed flow film boiling heat flux is used when ca> 0.9 and Tsurf > Tmin.

H = hspv (11-12)

where:

hspv = turbulent heat transfer coefficient to steam (H8), and

T/ = enhancement factor for dispersed flow

This two-phase enhancement factor for dispersed flow, p is approximated by an extension of analogy
between wall shear stress and heat transfer, as follows: 0

0
H2,ýD 4? '' d 1/2

= Hspv Tw T

3 ad Py CDd (Uv- Ud)2  0
Td 4 Dd

0
I Uv2  S

Tv = 2 Pvf-v Dhh

where: 0
Id = interfacial shear due to droplets,

w = vapor-wall shear stress, 0S
21> = total shear stress for 2,t dispersed flow %i + 'Ed,

fw wall friction factor, 00
fw = 0.0791" Rev-0 25'

CDp = drop drag coefficient. S
C- 24 (1 +0.1 ReD0 .75)

CDd - ReD

Dd = drop diameter, 0
0
S
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0

0

S

0

0

S

0

0

0
0

0
S

0

0

0

ad = volume fraction of entrained drops,

ReD = Reynolds numb er for vapor over drop s, and

ReD
Dd Pv (Uv - Ud)

I'v

11.1.5.3 Low Flow Fihl Boiling Regine (H12)

For the inverted annular regime, a modified Bromley correlation is used

h = Nu-kg/LH (11-13)

The Nusseltnumber is given by:

I~n = c R62 Ilf'g 4
NIX = 0." \-,pg A'TwJ,"1/

where:

ATw = Tsurf- Tsat, and

LH 3 . g pg. (Pf- Pg) -Prg
Ra =

and the LH is the Helmholtz instability length is

LH = 16.24" C4 hfg3  11/l

;pg(pf_ pg)5 g5 kg 3 AT 3,

11.1.6 Transition Boiling

Transition boiling or unstable boiling, occurs when the surface temperature is above the critical
temperature, Tcit, but below the Leidenfrost temperature, TLeid (see Figure 11.1-2). This regime is

some times called the unstable dryout regime.

The heat flux in the unstable dryout regime is calculated by weighting o fthe heat transfer correlations
from forced convection, H10, direct wall to liquid heat transfer, H 11, and low flow film boiling regime,
H12.
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Heat flux
(q") j

q"crit

q "Leid

0

0

S
0
S

0

0

0

0T~dt T Leid Surtace-
Temperature (T)

Figure 11.1-2. Heat Flux versus Surface Temperature

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

hl = fj hlHlO +f`2 -hflI1-+f`3 -hWJ12 (11-14)

Aa-0.6

0.3

- 0.6
0.3

a -0.6
A =I 0 .30.75

and

hg = fl "hgH1O + f2" hgHll + f3 hgH12 (11-15)

a-0.6

0.3

a - 0.6
0.3

a -0.6
A = 1- 0.25

S
S
S
S
S
S
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11.1.6.1 Lddenfrost Tamperature

It is assumed that the minimum film boiling temperature is 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 ofsurface thermal prop erties, the minimum film
boiling temperature is (Reference 11.8):

TLeid = THN + (THN - T) (k p Cp)surf) (11-16)

where the homogenous nucleation temperature is given as a function ofpressure by a simple curve.fit:

= (673.44 - 4J722"1- 2 -DP + 2.3907"10- 5*DP2

- 5.8193.10- 9 .Dp 3 ) .5/9 (11-1 7)

where DP= 3203.6 - 14.5038-10- 5 .p.

The minimum film b oiling temperature is specified as the larger of either equation (11-1) or that given by
Heniy's modification of the Berenson correlation:

TLeld = TB + 0.42 (TB- Ti)
(11-18)

{r (k p[Cp: i1/2 C p ! _f4 ,0.6

L(k p Cp)surf "LCpsurf (TB-Tf)jj

where

pv hfa
TB = Tsat + 0.127. kv

(11-19)

[9F (Pf - P,01/3 g p-pg)]111 L(Pf Pg)j,1

There are limits on maximum and minimum values ofTLeid predicted by the above correlations.

I c
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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 is
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:

qfcrit = max { q"fo , q } (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 Cl-F correlation of the '1/x-type in POLCA-T is the AA-74 correlation This correlation is
developed from ASEA-ATOM 8x8 fuel assembly CHF test data, as shown later in Figure 12.2-1. [

I ac

Other 1/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 flu
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Figure 122-1. Principles of Computation of Critical Heat Flux
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Other x/L-correlations for POLCA-T a-e available via a common library, which is linked to POLCA-T.

12.3 DTNE-CORRELATION

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

CHF~al = CHFs(p,Qx)*kl*k2 *k3*k4 *k5 *k6 (12-3)

where:

p
G
X

= local pressure,
= mass flux,
= thermodynamic quality, and

ki = factors for local peaking pattern and fuel bundle geormetry, etc.
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And the heat flux ratio, the DNB ratio (DNBR) is:

DNBR= CHFakP (12-4)

0

0

0

0
0
S

S
0
0

0

0
0

where:

C)
C HFo,, 1

actual heat flux, and
critical heat flux at actual position.

12.4 POOL BOILING CRITICAL HEAT FLUX

The Mitical heat flux in pool boiling is calculated from a modified Zuber (Reference 12.3) correlation.
The original Zub er correlati on was

7 fgO(pf- Pg)V4 Pf f 1/2
qpc.Z 24 hfg .Pg' 2 , I Ig2 k"Pf +Pg.

(12-5)

This correlation is derived and tested for aheated wire. When applied to arod bundle the correlation is
multiplied by a factor, FRB, to account for the differences.

FD
FRB -10 FD

Dheat
FD G a

,g (PfW Pg,

According to Griffith (Reference 12.4) the correlation should be modified for two-phase mixtures by
multiplying by (1-ac where a is the void fraction. Hence, the final correlation for the critical heat flux in
pool boiling is:

" n (• g (Pf-P 1/~l4qpc = FRB" (1-a) " - hfg- pgj p- g

12.4.1 Rod Critical Temperature

The critical temperature is calculated from:

Trit -= l + Tcoolant

7pfa+ pall
(1-2-6)

0
0
0
0
0
0
0
0
0
0

(12-7)
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where:

q"crit
Herit

= maximum heat flux (equation (12-1), and

= heat transfer coefficient in the two-phase boiling regnie.

Since 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

Tcrit = Tsat + 23 °C (12-8)

where Tsat is the saturation temperature.

12.5 REFERENCES

12.1 10x10 SVEA Fuel Critical Power Experiments and CPR Correlation: SVEA-96 Optima2,
WCAP-16081-P-A, March 2006.

12.2 HTFS Handbook Volume 2, BM24, Tabular method for predicting critical heat flux for water in
vertical tubes, Harwell, N.E.L. Chalk River, 1985.

12.3 N. Zuber, M. Tribus, J. W. Westwater, The Hydrodynamic Crisis in Pool Boiling of Saturated and
Subcooled Liquids, International Developments in Heat Transfer Part II, 1961, pg. 230-236.

12.4 P Griffith, K. T. Avedisian, J. F. Walkush, Countercurrent Flow Critical Heat Flux, National Heat
Transfer Conference San Francisco, Aug. 1975.
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O 13-1

*13 HEAT CONDUCTION MODELS

O The thermal model in POLCA-T consists of a 1 -D conduction model. Cylindrical coordinates are used to
model the fuel rods and shell structures and models vhile cartesian coordinates are used to model the

0 reactor vessel and internals. The thermal properties of the structural materials are also considered.

The heat conduction model accounts for the influence of a moving two-phase water level on the heat
* transfer. This is done by subdividing any rod or slab into aporti on above and belowthe water level and

performing separate heat conduction calculations for each subdivision.

* 13.1 CYLINDRICAL ROD CONDUCTION MODEL0
In POLCA-T, the coolant conditions are specified by the hydraulic model and the heat transfer coefficient
is solved implicitly with the heat conduction solution. The POLCA-T can also handle hot rod models of

O the average fuel rod for each fuel bundle. The hotrod model has a thermal-hydraulic environment which
is equal to the same state conditions as the average rod. The hot rod model have either auser-specified
internal power peak factor, Fint or a Fint that is calculated by the POLCA7 for the entire core running

with the pin-power reconstruction mode activated.0
* Heat transferin a fuel rod during, for example, a LOCA can be characterized as a multi-region, transient

2-D conduction problem with volumetric heat generation and general boundary conditions. Since the
axial temperature gradients in the fuel rod and cladding are much smaller than the radial temperature
gradients, axial conduction is assumed to be negligible, and is not modeled.

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

OT t a " _IT'Ij (13-1)
* pc q r+ t r)
0
O The fuel rod or fuel rod simulator is divided into N radial rings characterized by matenial type, inner

radius, outer radius and volumetric heat generation rate, as shown in Figure 13.1-1. The material types
O include UOQ and Zircaloy among others. Also gas gaps are treated as radial rings.0
O Equation (13-1) is multiplied with r and integrated over aring from rato rb,
o
O r ; (pcie -q"i =- (klow-C) (13-2)

O
O
S
S
O
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The upper bar denotes a ring average value. Introducing the temperatures at ra and rb (Ta and Tb) and the
temperature at the radial midpoint of the ning (T..) the spatially discretized form of equation (13 -2) is

written:

2ra- r,, -,c:•_ . ý d (T,, + 27",, + T•d -"

2 4d

(13-3)
2 k(Tm)
r2k_-_( ) (rb(Tb-Tuj +ra(Ta-TrD) f(TaTmTb)ro - Ea

This equation is further discretized in time to read:

(rb2 -r.-2)

{®c(TmýI l)+-(1-E®)c(Tun)}"{(Ta+2Tm+Tb)n+1 - (Ta+2Tm+Tb)1 1} N =
{ T O T 4 At =

.®. 3TaI1+ 1,Tmn)+,Tbn+ 1) + (1-)'f(Tan,Tm',Tb")

(13-4)

Inner
Boundary

Outer
Boundary

(1)

Tm,1
0

(i-1)

TM.
S

(i )

Tm,i-" 1~i.

(i+1)

Tbi

(N)

Tm ,N

I

0

S
0
0
S
0

0
0

0
0

0
0

0

0
S
S
0
0
0
0
0
0
S
0
0
S
S

Az
I-b,N

rbi
U 4 .4- .4-

I F

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

The upper index is used here as usual to denote the time step number. The equation can be looked upon
as an energy balance for aring where q"" nowrepresents the time step average volumetric heat
generation rate. The implicitness factor ® is zero for a fully explicit numerical scheme and unity for a
filly implicit numerical scheme. In order to use the equation in POLCA-T fur a cylindrical rod divided
into rings, conditions mustbe specified on the interfaces between the rings and also on the boundary of
the rod.
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Inner Boundary

The inner boundary is eitherthe centerline (zero radius) or at some finite radius. In both cases, the radial
temperature gradient is assumed to be zero:

Tal = Ti1 I (13-5)

Interfaces Between Rings

The heat flux on each side of an interface must be equal:

2k(Tn.(u)'7Trm -TbJi)
rb~i - ra-i

2 'k(Tmi+1)-(Tmin+j-Tbi+1)
Thkr~l - ra,i+1 (13-6)

Of course, rbi=rai+1 and Tb,i=Tai+1.

Outer Boundary

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

2"k(TyN) '(TmN - Tb.N)
= -totrbN - ra,N (1 •_o

or

(13-7b)2 -k(T~ > (TIN- - TbN) = hr-(TbN - T1) -hv-(TbN - T O + oad

fbN - raN

where:

T1,T, = temperature of water and steam, respectively, and

hlhv = heat transfer coefficient ofwater and steam, respectively.

Equation (13-5) with (13A) repeated N times and (13-6) repeated N-I times with (13-7a or 13-7b) to
form a three-diagonal, almost linear, system of equations for [T8, 1, (Tm,i,Tii,i=l, 2, ... ,N)]. The

coefficient matrix depends on the temperatures through the material properties (k(T) and cT). The
system is solved by direct Gaussian elimination, which is iterated until convergence requirements have
been met.

After elimination phase the derivative

dTb.N 2. x.rbN.Az

dq C 2 N + 1,2
(13-8)
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can be calculated, where C2N+1,2 is the diagonal element of equation (13-7a or 13-7b). This derivative is

used in solving the coupling between conduction and heat transfer phenomena

The conductivity of a gas gap is calculated from:

k = hgap" (rb-r) - (rb+r)/(2-rb) (13-9)

where hgap is calculated as described in Section 14.1. The specific heat of a gas gap is set to zero.

The implicitness parameter, E), has avalue of 0.5 which gives the Crank-Nicolson method
(Reference 13.1). The volumetric heat generation rate is determined from the total heat generation in the
reactor and power distribution 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-waterreaction.

13.2 SLAB CONDUCTION MODEL

POLCA-T can model any number ofheat-transferring slabs (simulating parts of the vessel orthe
internals) which are in contact (cooled) with coolant on both sides or insulated on either side. The 1-D
heat conduction equation is solved using a finite difference technique and a user-specified nodal
subdivision of each slab. Each slab has one conduction area (AC) and also heat transfer areas on each

side (AL, AR), which in tum can be liquid (Au, AIR) orin the gas phase (A•L, AI). It can be composed of

different mated als.

The 1-D heat conduction equation

0

0

0

0

0

0

0
0
0
0
0
0
0

0

0
0

0
0
0
0

S
0

&T a STpcst = - [k(T)N- ] (13-10)

is integrated over the conduction nodes (see Figure 13.2-1).

Fornodei equation 13-10 is:

Pi Ci jxi at -ki-,r &xi-1i + kii+l - (13-11)

Left Side Q0) (1) (o)

Hydraulic
Volume Cell Tm.1 Tmj. Tm3

TIL

TVL
HIL

HNLHV x

(I)
/.. .\ ,I .. ....

WA,)

r mW+1
W

Tm ,N

U'J4fl Right Side
Hydraulic
Volume

I M Cell
TIR
T V
HIR
HvR

AýR

Figure 13.2-1. Typical Subdivision of a Slab Heat Structure
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The partial derivatives are approximated by the following differences:

ceTi Tini-l - Tin
At

T, -Ti -1

&x i-i 0.5 '(Axi + Axpi-)

6iTi+ Ti+j Ti

a i 1 0. 5 -(A.xi +AXi~l

9T , T1 - To

x L,1 0.5 -Axi

(13-12)

(13-13)

(13-14)

(13-15)

(13-16)

0'ax N,R.

TN±1 - TN

0.5 -mt

The thermal conductivity atthe boundaries of the nodes is calculated using the requirement of a
continuous heat flux across the node boundaries.

k(Ti) k(Ti+1) (Axi + Axi-1)
k k(Ti) Ax÷i+ + k(T÷i~) Axi

(13-17)

Equation (13-11) is witten in the finite difference form using the method developed by Crank and
Nicolson (Reference 13.1):

TW11+I- Tn
1 1

Pi Axi ci(Tin) At

n

0-5 (Axo + Ax.-.) Y' T1i
kn
i,ikl-1 n+1

+ 0_5 (AIXi + Axi+j) Ti+1

0 0)T i-i( -11 Tj-,;T

n n+I n)
+(1-) Ti+I - O Ti - ( 1-0)Ti}

(13-18)

where a is the implicitness.

On the outerboundaries ofthe plate, either total heat fluxes are known orthe heat transfer components
are given as the sum of the convective components.
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For the left boundary, the following equation is used:

nU+1 UI+1
To - T1

-k1T * 0-5 Ax-1 .Ac
11+1 n+I

AIL' HIL_ (T0  - TIL

tb+I n+1
AvL- HL" (To - TvL

(13-19)

11
+AL -¼ciin QdistL

and for the nightboundary:

n+1 n-+1

kTn TN TN+l
N 0.SAxN Ac AR. HR (Tn+ _ TnR+lAm H' TN+I IR)

(13-20)

SnH-I _- Tn+ ArR"- H-R (T+ T )

+ AR Qda

where QdistL and QcwstR are the disturbances introduced to calculate derivatives,

0

S

S

0

0

0
0

0
0

0
0
0

0
0

0

0
S
0
0
0
0

0
0

dTo dTo dTN+I dTN+I
dQL' dQR - dQL dQR

(13-21)

used to solve coupling b etween heat conduction and transfer.

The heat conduction problem for the slabs is solved using equations above. These form a three-diagonal
linear system of equations with three right-hand sides (undisturbed, disturbed on left or tight side) with
the unknown temperatures (Tk,i=0 1,..,N+I). The system is solved using a Gaussian elimination
technique accounting for the structure of the matrix.

13.3 REFERENCES

13.1 J. Crank and P Nicolson, "A Practical Method for Numerical Evaluations of Solutions of Partial
Differential equations of the Heat Conduction Type," Proc. Cambridge Phil. Soc., Vol. 43, 1947.
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* 14 FUEL ROD MODEL0
* In POLCA-T, all fuel assembles can be modeled. Each fuel assembly can consist of an average fuel rod,

part length rods, and water rods. The number of rods is determined by the user. In addition to this model,
ahot rod fuel rod can be simulated. This simulation only uses the thermal-hydrauli c environment fir the
average rod to calculate maximum temperatures when an internal peaking factor is set for this hot rod.
The internal peaking factor can be constantly user-specified, orbe taken from POLCA7 as the internal
peaking factor calculated from pin-p ower reconstruction.

* All of the 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 GAS GAP MODEL

Gas phase heat conduction (&e), as well as thermal radiation %(j), canry out the heat transfer across the
*pellet-cladding gap. In the case of a fuel-cladding surface contact, a third term (h3)o might contribute to

the overall gap heat conductance which furthermore enhances the heat transfer.

The overall heat transfer coefficient across the gap is the sum of the items mentioned above.0
h = 1rad+ hg + hcont (14-1)

The mathematical formulation and implementation of these mechanisms in the POLCA-T code is
*D presented in the following subsections.0
*14.1.1 Radiation Heat Transfer

* Lambert's.and Stefan-Boltzmann's laws govern the thermal radiation between fuel and cladding. It may
*be represented by the following equation:0

Tfi - Tc4

brad = Cf<" Tf- Tc Cfc• (T f + T3) (Tf2 - Tc2 ) (14-2)0
S

where:
OG

* U
* Cf' - (14 -3)

* Ef 2c

* and
0

a = Stefan-Boltzman constant= 5.67032-10-8 W m-2 K-4

C = emissivity

T = surface temperature, K
*4 =ratio of pellet to cladding radius

0
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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 of the fuel and
cladding become high.

14.1.2 Gas Gap Heat Conduction, Solid Cylinder Pellet

The pellet-cladding gap is usually filled with helium gas and fission gases, whircl are produced during the
fuel life cycle. The heattransfer ability of the gap depends primarily upon the thermodynamic properties
of the gas mixture in the gap. The heat transfer coefficient ofthe gas mixture, hg, is given by:

Ii

hg= Zhg~i

i=1
(14-4)

where hgi is the heat transfer coefficient of the gas constituent i in the gas mixture.

On the other hand, the heat transfer coefficient of a single pure gas is given as:

hgi = Ki / 0 i,eff (14-5)

in which Ki represents the effective gas thermal conductivity of component i in the gas mixture and 0 ,eff
is the effective gap size.

The effective thermal conductivity of a single 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:

ki xiK4 =- .

0
0
S
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
S
0
S

0
0
0
0
0
0
S

Ii

j=l

where:

ki = thermal conductivity of pure gas i, Wm-l K-l,

xi = mole fraction of gas i in the mixture,
Aiu = Sutherland weighting factor for the gas species i, in the gas mixture, and
n = number of gas constituents in the mixture.

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

(14-6)

A~j= I II
[i (Mi3/4 T +_Si}]121}2
jij ,,M *.)

T +S (14-7)
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where:

S. = viscosity ofpure gas,

M = molecular weight,
* T = temperature in degrees Kelvin, and

S = Sutherland constants for gas species (given in Table (20-2) for some common gases).

The temperature profile across the fuel rod is discontinuous at the boundaries 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:

* GT1 = Go + R- - gjjmup (14-8)

0where:

* Ti = thermal gap size for gas species I,
Go = nominal design gap size,
Re roughness equivalence, and

0 gijump = temperature jump distance forgas species i.
0
* The temperature jump distance of gasi is calculated according to the gas kinetics theory formula

* (I"_ 1 4 ki
g .. . - "- a X (14-9)9 gjump v• = a c 14-t Iti mCPi

0
where:

kj, W c-i = conductivity, viscosity and heat capacity of the gas i,0
ac, c = accommodation coefficients for the pellet and cladding

= mean freepath ofthemoleculesi in the mixture, and

0i = cv/cp = ratio o f specific heat at constant volume and constant pressure

* respectively

The accommodation coefficients for fuel and cladding surfaces are given in Table 20-4.0
0 According to the thermodynamics of gases:
S

kj 9-5yi0 _ __ (14-10)
ji Cp 4
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and mean free path of the gas molecules is given by:

= C I-ieff

T (14-11)

where:

p,T

Mi, C eff
C

are pressure and temperature of gas,
are molar weight and effective vi scosity of species i in the gas mixture, and

constant = 114.5.

The effective viscosity of gas in the mixture is calculated from the following expression:

Ptl - i 'x i
Pi.eff- n

(14-12)

j=1

Combining theses equations and solving for gi,jump will resultin:

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0

0
0
0
0
S
0
0
0
0
0
0
0
0
0
S
0
0
S
S
0
S

C !L] ,'1 +1. "/ 1 t~
gi, jup = C 1 ÷ 7i ac,

The effective gap size is calculated by the fMlowing equation:

1 _ f- w_&)•_
Geff J GTi + r.

where w(r) is distribution function for the roughness with the following prop erties:

vw(r) dr 1, and, V rw(r) dr=O

Assuming w(r) to b e a parabolic distribution function of the foil owing form:

O = ReI ReJ

(14-13)

(14-14)

(14-15)

(14-16)
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where Re = -J 5 R? + Rc2  and w(r) = 0 if Irl > Re.

As a result, the effective gap size Oeff can be calculated as:

1 3 1 (Q + l"
Gi.eff = 4-- {Q + (1 -Re-- [ I)j

(14-17)

where Q GTi
Re

To speed up the execution time of POLCA-T, a simplification of the modeling is made, without loss of

simulation accuracy. In particular, temperature jump distance, gijump has been replaced by a mean value

g jmp, which is calculated based on the mole fractions of gases in the mixture.

n
g jump = Dix* gijump

(14-18)

i=1

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

G T = GO + Re + g jump (14-19)

and consequently the ratio:

G T
Q -

GO + g juimp
1 + Re

(14-20)

implying that Q Ž 1 is always true.

The mean value of effective gap size is expressed as:

G eff = G T 'F(Q) (14-21)

where-

F(Q) =
4

3 •--Q - I 2-Q
+ +

(14-22)
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and finally: 0
K eff K eff (14-23)0

hg Geff G- G F(Q) 0
0

The constants Re and Go are input values in POLCA-Tinput data file.
0

14.1.3 Gas Gap Heat Conduction, the Cracked Pellet

Upon sufficient rise in rodpower, large temperature gradient develops across theffuel 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 pellet relocation. 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, is modified to incorporate the effect ofrelocation. This hasbeen done by

modifying the mean plane gap by: 0
G T =Go+R,+(l-F)l (14-24)

0
where F denotes the fraction of pellet fragments which emanates from azimuthal "rMisfitting", (1-f)
represents the corresponding quantity for the radial ri sfitting, and 91 is the radial displacement of the
pellet due to relocation.

Since locally the pellet fragments are assumed to be distributed statistically, the local heat transmission
coefficient h.ý" becomes a stochastic variable with a generalized mean value defined by:

W>2 = k(hg~) (14-25) 00
where E:(hgtý is a generalized mean value fbr any monotoni c continuous functionf its exact
mathematical definition is given in STAV

J(f )= (' 1 (14-26)
h"" + Crc I a

0

where Y.is the fuiel pellet conductivity, a is the pellet radius, and O 15.0 is an empirical constant.

14.1.4 Conduction Heat Transfer by Fuel-Cladding Contact Area S
The heat transfer occurs by solid-solid conduction mechanism Vwen the fuel pellet comes into contact
with the cladding surface.

0
0
0
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Amodel assuming cylindrical area of contact between pellet and cladding calculates gap conductance
according to the following expression:

h~~co\t =/

(14-27)

where:

F
PC

H
n

= represents physical properties of the surfaces in contact,
= interfacial pressure,

= Meyer hardness (T-dependent), and
= 1/2 ifP/H < 0.001 elsen7-1.

The parameter F is calculated from the expression:

F=C •km/Rm (14-28)

and

C = 77.4. R0.528

Rm = ,R 12+R,2

Km = kf ke

where kf and k, are the conductivity of fuel p ell et and cl adding.

Meyer hardness is the measure of material hardness and is defined as the load divided by the area, i.e.,
H = 4 P/(nd)2 where P is the applied load and d i s the diameter o f area idented the metal surface with a
solid ball. The dep endence of Meyer hardness on temperature is expressed by the folloWing equation:

H = exp(A+ B'T + O-T2 + D'T3) (14-29)

where T is temperature in degrees Kelvin and

A
B
C
D

- 2.6034-10+1
- 2.6394-10-2
- 4.3502"10-5

= -2.5621"10-8

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 axially divided into a number of segments (as current
standard 25 axial segments per rod). Knoving volume and temperature within each segment as well as
the total number of moles of gas in the gap, the pressure can be calculated as follows:

ntot

Kp

T7
ýi# 14-) U)

k=I

where ntat is the total number of gas moles and Vkand Tk are volume and temperature in segment k. The
calculated pressure is used afterwards to update the value of gjpmip.

The number of moles of gas in each rod is calculated frtom fission gas release models and the initial
number of moles ofhelium the rods are filled with. The gas volume for each axial rod segment is
calculated when pellet and cladding displacement are calculated as described below. This calculation of
the rod pressure is updated only after each time step.

Figure 14.1-1 presents a fuel rod with its pellets. The pressure is equal in the entire rod p., but the
pressure on the outside is changing with the axial level. The volume for each segment is calculated as
below when the gas gap for each segment is calculated.

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
,0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0

Vil = n . [("i + L), - (r'. + 8ý ] -1, (14-31)

where:

A

rci

r'PO

is the displacement of the d adding inner radius,
is the displacemnent of the pellet outer radius,
is the nominal cladding inside radius,
is the nominal pellet outside radius, and
is the length of the segment.
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i -- gap

O 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 is the pressure distribution along the rod.

Opgas is the gas gap pressure for the entire rod.

O gap is the gas gap distance.
Or and r., is the inner and outer radius, respectively.

* Lple is the length of the rod plenum.

O 14.2 PELLET MODEL
O

Fuel pellet can be either be made of UO2 or (U, Gd)0 2 material. The fuel models apply to normal

operation of light water reactor fuel.

O The fuel pellet is 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

O 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.

0
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cracks
fission

gas
release

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 U0 2 fuel is temperature and bumup
dependent using the built in function of the form k = f(TDfGf, Bu).

where:

0
0
0
0
0
0
0
0
0
0
S
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0

0
0

0
0
0
0

k
T
Df
Gf
Bu

is the thermal conductivity (W/mK),
is the temperature (C),
is the density fraction due to cracking up,
is the Gadolinium fraction, and
is 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= K1
[K 2 + Kib(u) + min(T,1650)

+ K3eK4TI for 0<T<Tm [°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),
Tn(u) = burnup dependent melting temperature [°C], and
u = local burnup.
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The melting temperature for U0 2 fuel is:

T.,(u) = 2805-3.2u (14-33)

0
0
0
0
S

0

0

0

0
S

0
S
0

0
0

0

0

0

0

here u is in [MWd/kgU]. [
Iapc

a,b,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:

P I- #(1 - D0)
1 - 8(l( - 0.95) (14-34)

where D7 is the fraction of theoretical density and 8 is a porosity coefficient given by:

9 = 2.58- 5.8 x 10-4T (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.

40

°0,

1.15

1.1

1.05

1

0.95

0.9

0.85

0.9 0.92 0.94 0.96 0.98

Fraction of theoretical density

Figure 14.2-2. The Porosity Correction Factor to Thermal Conductivity P of U0 2 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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0

{c 0

Gadolinium Fuel Thermal Conductivit, 00
Thermal conductivity of unirradiated gadolinium-uranium has been a subject of several measurements.

The thermal conductivity correlation used for (U,Gd)Oz in POLCA-T is the extension of the U0 2

correlation described in subsection 9.3. 1:

K2 + Kb(u) + Ks5wV + inin(T,]650)j
0

for O0 C<T<Tm(uwg) ['C]

0
0 <wg <0.1 (14-37)

where

0
Tm(ujg)=Tm(U)-375 wg (14-38)

where kg is the (U,Gd)0 2 thermal conductivity in [W/mK], wg is the weight fraction of gadolinium in 0
(U,Gd)02 , K5=4670, P is given by equation (14-33), b(u) by equation (14-36), T"(u) by (14-33), and K1

through K4 are listed in Table 14.2-1.

14.2.2 Pellet Volume Change 0
0

The volume change of UOz 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 is defined as the increase in fuel volume caused by the replacement of heavy atoms by 0
fission products in the fuel. However, due to the porous structure of ceramic nuclear fuel, the crystal
lattice accommodates a sizeable portion of fission products during irradiation without a significant

deformation of the pellet. The swelling is to be distinguished from the total volume changes during

irradiation of the fuel, which includes also fuel densification, as a volume decreasing mechanism, as well S
as fuel relocation and crack formation and healing as volume increasing mechanism. The total fuel
volume change can either be positive or negative. However, the swelling is always positive.

O
0
0
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S
* 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 fission 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

0 high temperatures and bumup, and their interlinkage leads to fission gas release.0
* The total fuel swelling is obtained by adding different contributions of swelling types and densification,
* i.e.:

* (A V / V ) ,,o ,, =

* (AV /V)D + (AV / V)So,,Z + (AV / V)A + (AV / V)o (14-39)

* where (AV/M) designates fraction of change in fuel volume and the subscripts, total, solid, D, A, G, denote
* the contributions of the total swelling, solid swelling, densification, swelling accommodation, and

gaseous swelling, respectively.

* 14.2.2.1 Pellet Solid Swelling
0
* The solid swelling rate is assumed to be directly proportional to the local burnup. A correlation provided

from STAV for solid swelling is:

0 = max[0,0; 0,836" 1PF (14-40)
D L ma 10520,0 (BuI -13,8)(

0
where:

S ~Dis is the pellet swelling (pm),
* pF is the pellet density (kg/m3), and
* Bu is the pellet average burnup (MWd/kgU).

0
14.2.2.2 Pellet Densification

0 Fuel densification is caused by the shrinkage of submicron size pores during irradiation. Densification of
U0 2 fuel has been studied extensively. The main results of these investigations show that:

In-pile densification is correlated to the out-of-pile isothermal resintering tests, for example at
* 1700'C, for 24 h under argon-8% Hz atmosphere.
0

The densification saturates after a rather low burnup, which ranges between 1 to 7 MWd/kgU.

0
0
0
O
0
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Thus, the negative contribution of the densification to swelling is given by: S
DPD 10,2-Ap (14-41)

0,75- 1- e2,71j

0

where: 0
DPD is the pellet densification (mnm) rod internal free volume,

Ap is the thermal stability (%), and
Bu is the pellet average burnup (MWd/kgU).

Same. correlations as for U0 2 fuel for densification and swelling are used for (U,Gd)0 2 fuel. 0
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 Q<QC
0

R CIaF(E)1 - e 0 154 (•-Q)] for QQc (14-42) 0
with

F(E) = C2 +(1-C 2 )e-°1 5 E (14-43)

where: 0
R pellet relocated radius [in],
a pellet outer radius [in],

E local burnup [MWd/kgU],
Q linear heat generation rate [kW/m],
Q, critical power for pellet cracking (onset of relocation) = 4 kW/m,

C1  = 4.0x 10 3, and

C 2  = 1.51.

0
0
0
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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
coefficient over pellet radius is necessary. A simple linear thermal expansion model for a solid pellet with
an infinite number of radial cracks is considered:

R,

JaT (r)dr
Sradial 0

(aT )pellet - Ro

I dr
0

1 RJ
- Jar(r)drRo o

(14-44)

where:

.radioal
(aT )pellet

aT(r) = aT (T(r))

radial pellet thennal expansion, dimensionless,

U0 2 thermal expansion coefficient at temperature T(r) and radius r, and

Ro 0pellet outer radius.

The linear thermal expansion coefficient is defined by:

1 dL
aT =LdTL dT (14-45)

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

L (T) = -4.972 x 10- 4 + 7.107 x 1O- 6 T
(14-46)

+ 2.581 x 10-9T 2 + 1.140 x 10- 13 T 3

where, AL / L is the fractional linear thermal expansion T is temperature [°C]. Figure 14.2-3 shows the

plot of AL/L versus temperature.

The axial pellet thermal expansion is calculated as:

)axial r( •
(aT )pellet = aT(T,
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where T, is the radial average pellet temperature.

Measurements of the coefficient of thermal expansion of (U,Gd)0 2 fuel indicate that, for gadolinium

concentrations less than 12 wt %, the U0 2 coefficient of thermal expansion is applicable.

*1
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Figure 14.2-3. Temperature Dependence of the Linear Thermal Expansion of UO2

14.2.4 Model of Fission Gas Production

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

[

I a

WCAP- 16747-NP March 2007
Revision 0



0
S
S
0
S
0
S
0
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
0

14-17

I

I ac

WCAP- 16747-NP March 2007
Revision 0



14-18

I

0

0

0
0
0

0
0

0

0
0
0
0
S
0
0
S
0

0

0

0
0
S
0
0
0
S
0
0
0
0
0
0

I ac

14.3 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 is from STAV. Thermal expansion
varies linearly with temperature in the alpha phase (300<T<1073 K) according to:

AL = 4.44 x 10-6T - 1.24 x i0- (14-60)
Lo

\--

and

ADAD 6.72 x 10-6T - 2.07 x 10-i
Do

(14-61)

where:

AL

Lo
- linear axial strain caused by thermal expansion (-),

Lo = length at a reference temperature (in),

AD
Do - diametric strain caused by thermal expansion(-),

Do = diameter of cladding at a reference temperature (in), 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.

pc
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0

The relationships used for calculations of C-i, Ccl, C 2 and C3 are: 0
0

CEv= (6.61-10' + 5.912×10 8 T)A (14-66)

Co1= (7.07×1011-2.315× 108 T)A (14-67)

C 2 = 1 or (I<1.0×1022 [n/mr2]

C2 = 0. 88 + 0.12 exp 1 for(_>1.Ox10 22 [n/m 2] (14-68)

C3 = -2.6x 101°Q (3.23) S
where:

A = kg oxygen/kg Zircaloy, is the average oxygen concentration minus oxygen
concentration of as-received cladding and is default 0, 0

(D = fast neutron fluence, > 1 MeV [neutrons/m 2], and

( = cold work [dimensionless ratio of areas], is default 0.

The standard error for Young's modulus is 6.4x 109 Pa and for the shear modulus is 9x 109 Pa.

Using these correlations, the temperature dependence of elastic moduli are plotted in Figure 14.3-1.

100-

n 80
~2.-B- G

S60-

o 40 _

20
W 0 . . . . 0

200 400 600 800 1000 1200

Temperature (K)

Figure 14.3-1. The Elastic Moduli of Zircaloy as a Function of Temperature for Unirradiated
Material with A=0 ppm and Q=0
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14.3.3 Poisson's Ratio

Poisson's ratio for isotropic cladding, y, is given by:

/- =
E

2G
I (14-69)

where:

G
E

Poisson's ratio for isotropic cladding,
Shear modulus for Zircaloy with random texture [Pa], and
Young's modulus for Zircaloy with random texture [Pa].

and

CEI=CGl=C 3=O in the equations for elastic moduli above.

14.3.4 Creep Deformation

Ic

14.3.5 Elastic Deformation

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

Figure 14.3-2. Fuel Tube, Geometrical Dimensions
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0

Figure 14.3-2 Fuel Tube Geometrical Dimensions can be determined to be: 0
d (ro_ = 0 (14-71) OdrO

Together with a compatibility relationship as: 0

&f +r r ° F, =0 (14-72) 0
dr

and together with Hooks general constitutive equations: 0

S =1(0 -r'oao) (14-73) O
E

P,=E-1 (oYý_ - ) (14-74)

The following differential equation can be set up:

2 d2 (r 3 du,
r - +3r = 0 (14-75)dr 2 dr

With the general solution:

Cr = A + Br- 2  (14-76)

And boundary conditions as: 00
r=a then ar = p and r=b ;, = -q 0

)p "qb-2 - r-2)- q. (aý2 - rz) (

Sb a - 2  (14-77)

0
r p (b-2 + r-2)" q (a- + r-2) (14-78)

a-,()=2 -b-ý (1O8

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: 0
0

u(r)= r - (r) (14-79) 0
O

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. 0
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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

0amount 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:S
Zr + 2H 2 0 - ZrO2 + 2Hf + AE (14-80)

0
*The isothermal heat evolved, AE, 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:S

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

0The 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
0unit length of rod is the energy released per mass reacted times the rate of cladding oxidation.

QMWR =ALPzr( Vz /Az) (14-81)

where the zirconium density is 6560 kg/mi3 and the oxidation heat:
0

AE = 6.669.10 6 - 257 T (J/kg) and temperature T in Kelvin.

The reacted cladding volume is calculated from the oxidation rate equation:0
a dr CI -C2

dt r exPL T21 (14-82)

0
0
0
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Integrating the equation above gives the radius oxidized overtime At. The volume per unit length

oxided cladding is thus:

Vz [2 ,r 2 r°A L +r -~I ci *.cxp C2 A
(m2) (14-83)

where r0, rl and r2 are respectively the outer cladding radius, initial oxidation front radius and final radius
in time At. The default values of the constants are chosen to match the Baker-Just correlation. C1= 3.937
10-o m2/s, C2 = 2298.84 K. The constants for Cathcart-Powel correlation Cl= 0.1126 10.' and
C2= 18062.41 K.

The power calculated by equation (14-8 1) is added in the cladding conduction calculation for the nodes
between radius r, and ridepending 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.

oYB1 = a'exp(-b'T) (14-84)

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

where:

a and b are temperature-dependent parameters.

For T < Ta:

a
b

= 705600 MPa
= 0.00793 K-'

At T = T-P (= 1/2"(T,+ To)):

a

b
3000 MPa

0.003 K-I

For T > Tp:

a
b

2300 MPa
0.003 K'

The transition temperatures (T, and Tp) 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 a region where a fit to data has
been made.

WCAP-16747-NP March 2007
Revision 0



* 14-25

0Linear interpolation in ln(a) and b is used in the lower and upper halves of the a+[3 region.S
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

Sthat accounts, for the strength of the double layer.

_ 3- 3 (14-85)
O-B = or Bexp(-CC .X )+-7 .-

0where:

C, = temperature dependent coefficient,
m = temperature dependent exponent,
X = total oxygen concentration defined by equation 14-103,
ox• = burst stress of the double layer (oxide plus oxygen stabilized a-phase),
6 = actual cladding thickness (in), and

6 xa = thickness of the double layer (oxide plus oxygen stabilized a-phase).

The following relations are used for the parameters:

* [0. T<T

C= 9 5 .(T T, V T), T <T6<T, (14-86)

* [95. T<T

0
m*05T ! (14-87)

G 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 [3-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 Model0
The cladding creep is usually given by an (empirical) equation determining the creep rate (tangential

strain rate). The creep rate is affected mainly by:0
* Tangential stress in the cladding

Temperature of the material
0 Material properties0
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0
The material properties are temperature dependent and also dependent on the crystal structure of the 0
cladding material. Furthermore, the properties are affected by the oxygen uptake (by oxidation and •
diffusion) that occurs athigh temperatures.

Zircaloy cladding material exhibits two distinct crystal structures corresponding to two allotropic phases.
At relatively low temperatures (less than approximately 800 oQ, the equilibrium phase corresponds to an
anisotropic hexagonal-closed-packed (hcp) crystal structure. This phase is called the c-phase. At higher
temperatures (approximately greater than 9750C), the equilibrium phase corresponds to an isotropic body
centered cubic (bcc) crystal structures. This phase is called the the 3-phase.

Athigh temperatures in steam atmosphere, the zircaloy cladding will oxidize. Furthermore, oxygen will 0
diffuse into the zircaloy material. The zirconium oxide is brittle and may crack, especially if the cladding
tube is strained. Oxygen that diffuses into the zircaloy will be present as interstitial defects. The effect of
this is called an oxidation hardening, i.e., the cladding will be less prone to creep deformation. Diffusion
of oxygen into the zircaloy will also cause a stabilization of the ct-phase, i.e., it will exist even at
temperatures higher than the aforementioned transformation temperature.

The model in POLCA-T for cladding burst gives aburst stress as a function ofmaterial properties and
temperature. The influence of surface oxide and oxygen that has diffused into the zircaloy i s accounted
for. The burst stress is compared to the true actual stress to detect a rupture. The true actual stress is
calculated as a function of the pressures inside and outside of the rod and the strained dimensions of the
rod.

A comprehensive background to the area of high temperature deformation and failure of zircaloy tubes is •
given in Reference 14.5. There the evolution from methods based on correlations for engineening burst
stress or burst strains to more mechanistic models are described.

The validation of the cladding strain model and comparison with the numerous experimental data can be
found in Reference 14.4.

14.5.1.1 Basic Creep Model 0
The original formulation of the creep law in Reference 14.6 reads:

n0
ýc = A a exp(-Q/RT) (14-89) 00

where: O0
9c = tangential strain rate = dEcsidt 0

a = true tangential stress (based on actual dimensions) O0
A n,Q = correlation parameters according to Reference 17.7 0
T = absolute cladding temperature (K) S
R = general gas constant (8.31441 J/molK) 0

0
0
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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, a+[, or P depending on the temperature. The transition temperature between
a anda• + P is:

Tct= 1085.15 + 14.28 (dT/dt)°2 8  (K) (14-90)

* and the transition temperature betweena +a3 and P3 is:

TI = 1248.15 (K) (14-91)

In the a-phase (i.e. for T< Ta1, the material is anisotropic and the following parameter values are used in

*equation (14-89):

A 11616 MIPa-58 9/s
n = 5.89 (14-92)
Q =321000 + 24.69 (T-923.15) J/mol

In the P3 -phase (i.e. for T>Tp), the material is isotropic and the following parameter values are used in

equation (14-89):

A= 8.719 MPa'3- 7 8/s

n =3.78 (14-93)
Q 141919 J/mol

* In the a +P3 region (i.e. Ta _<T<T3), two different methods of interpolation are used to calculate A, n, and

Q depending on a formal strain rate:

dso/dt = 0.24'0.6194"o-2- exp(-102366/(RT)) (14-94)

* If djo/dt< 0.003, then a two-region linear interpolation is made for In (A), n, and Q from Ta to T ap and
* from Tap to Tp where T ap is:

Tap = 1/2"(Ta+Tp3) (14-95)

* and at Tcp:

* A = 0.24"0.6194 MPa 2 "3 3"s

n = 2.33 (14-96)

* Q = 102366 J/mol

*If deo/dt> 0.003, then a two-region linear interpolation is made for ln(A) whereas n and Q are calculated
through linear interpolation from Ta to Tp. At Tap:

A = 29.2"1.2497 MPa-4. 835 s-1 (14-97)
0
0
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0
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 cladding taking

into account both creep and thermal deformation. Given the creep and thermal strains and also the
thickness of the oxide scale (s, ct and 5ox), the cladding inside radius, cladding thickness and cladding

outside radius are calculated from:

rc (1 + CC + 60-rCi 0 (14-98)

8= sox (14-99)
+ ( 4

rco =rci + 6 (14-100)

where:

rejo = nominal cladding inside radius, and 0
6, = nominal cladding wall thickness.

The true tangential stress is obtained from a force balance on half o fthe cladding tube:

ac= (Pi'ri - Po'r,0 ) /5 (14-101)

or more exact by equation (14-78).

14.5.1.3 Modified Creep Law 0
The creep lawjust described has been modified to account fir the effect of oxidation that is apparent
when the model is compared to data from high temperature creep tests in steam atmosphere. When
zircaloy comes into contact with steam at high temperature (above 800-9000 C), a scale of zirconium
oxide is formed on the surface and also alayer of oxygen-rich a -phase metal is formed beneath the oxide.
This layer do es not change the crystallic structure when it is heated above Ta but, instead, it retains the

a-phase structure at all temperatures. The a -phase is said to be oxygen stabilized. Some oxygen'will
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 stabilized a-phase and the oxygen
concentration in the main metal affects the rate of strain. The double layer is assumed to have a
hardening effect only for a combined thickness greater than 15 pam in accordance with experimental
observations in Reference 14.8 of the crack pattern. The concentration ofoxygen in the main metal is
assumed to influence the creep rate at all levels of concentration.

S
S
S
S
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The modification of the equation (14-88) is made by substituting the true stress with an effective stress,
which is equal the true stress divided by a correction factor:

Ce~ffa=j/ (I + C0 &.3c; + Ca - (5xa/So)fla) (14-102)

where

X
cc
nc

CL

CM

= mass concentration of oxygen in the cladding.
= temperature dependent coefficient.
= temperature dependent exponent.

= thickness ofthe double layer (oxygen stabilized plus oxide) minus 15 pxm i.e.:
= max (5ox + 5a- 15 pm, 0).
= hardening coefficient (temperature dependent).
= temperature dependent exponent.

The following relations are used for the parameters in equation (14-102):

X - - 0.00125"pý, (14-103)

where

Gtot - total oxygen uptake (kgm-2),

Pz, - zirconium density (6490 kgr-3), and

5 - actual cladding thickness (m).

34TSTrC

34 + (145-34)-(T-Tay(Tp-

145 + (390-145).(T-T•)pY.(Tp

390 / (1+4{.(TpTp-1). 5 )TI•T

'-TS!)TTap

-TA)TP!!T<TP

(14-104)

0.85 /(1 + 6.(b-T/Ta))lT-Ta

fie l 0-85 + 0.1 5(T-Ta)/(T-T)TST-<T<'e

t lTp:•r

(14-105)

(14-106)c J 2-STc-Tp

25 + (/Tp-1)-(-69.2308+(T/Tp-1)-133.136 )T13•[,
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0.5T<T'p
0 5 + (T/T- 1).3Tp5ý. T (14-107)

The functional relations for C, and n, has been determined from data in Reference 14.7 up to the

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

14.5.1.4 Steam - Metal Reaction Kinetics

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

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

r-drdt= ClI-xp(-C2T1.(1 + C3.q)2 (14-108)

Here z 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 Refrence 14.3.

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

Quantity C1 C2 C3

Oxygen uptake (kgn-2) 26.21 kg2f- 4 s-1 20962 K 1.208
(otoo

Oxide layer (mn) 3.92.10-6 m2 g-1 20214 K 0
(8ox)

Oxygen stabilized a-layer 25.4.10-6 m2s-1  21922 K 0
() (6 )

14.6 REFERENCES

14.1 "Fuel Rod Design Methods for Boiling Water Reactors," CENPD-285-P-A(proprietary),
CENPD-285-NP-A(non-proprietary), July 1996.

14.2 L. Baker, L. C. Just, "Studies of Metal-Water Reactions at HighTemperatures: III Experimental
and Theoretical Studies of the Zirconium Water Reaction," ANL-6548, 1962.

14.3 S. Leistikow, . Schantzý "Oxidation Kinetics and Related Phenomena of Zircaloy-4 Fuel
Cladding Exposed to High Temperature Steam and Hydrogen-Steam Mixtures Under PWR
Accident Conditions," Nuclear Engineering and Design 103 (1987) 65-84.
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14.4 ABB ATOM Report RPB 88-108, 89-05-30, "Models for Zircaloy Cladding Tube Creep and
Rupture Following a Loss-of-Coolant Accident in a BWR".

14.5 Y R. Rashid, "Transient Failure of Zircaloy Cladding, Nuclear Engineering and Design 101"
(1987) 305-313.

14.6 F. J. Erbacher, H. J. Neitzel, H. Rosinger, H. Schmidt, H. Wiehr, "Burst Criterion of Zircaloy Fuel
Claddings in a Loss-of-Coolant Accident," Zirconium in the Nuclear Industry; Fifth Conf.
ASTM STP 754.

14.7 M. E. Markiewicz, F. J. Erbacher, "Experiments on Ballooning in Pressurized and Transiently
Heated Zircaloy-4 tubes," KtK 4343, February 1988.

14.8 T. Jonsson, Y. Haag, C. Wikstr6m, "Kapslingsbeteende vid LOCA-transienter upp till 1300, C,"
Studsvik report NF(P) - 81/64.
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* 15 SPECIAL PROCESS MODELS

*15.1 CRITICAL FLOW MODEL

The POLCA-T code i s based on the Moo dy cnitical flow model for two-phase break fl ow with frozen
*mixture between phases and homogenus flow conditions. The slip between phases is equal to unity.

*The break mass flow rate is calculated for a given coolant state (pressure, Po, enthalpy, ho, and if
applicable, water level) atthe break, receiver (downstream) pressure, break area, and flowloss
coefficient. For guillotine pipe breaks, the two break locations are specified and the flow path connecting

*the two pipe sections is closed off
0
*Critical flow checks may also be specified fr any flow path. For a flowpath being checked, the

evaluated mass flow rate is compared to the mass flow rate calculated by the critical flow model and
*limited to this value if warranted.

*Critical Flow

This model is 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, isentropic flow
0

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

4. Liquid and vapor in thermodynamic equilibrium at any section, homo genus flow conditions for
* the two -phase flow

5. Uniform and linear velocities of each phase

6. No phase transfer, frozen flow
0

Sub critical Flow

For receiver pressures, PB, greater than the pip e exit pressure base on critical flow, P2, the mass flow.rate

is calculated from:
2 2(po - PB) p0(P0jh0)

G1+ (15-1)
0
0
0
0
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where ý is the flow resistance of the pipe (i.e., the subcritical flow is calculated by the regular momentum
equation between volume cells.) If the vessel pressure is less than the receiver pressure, PB, it is 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.

15.2 F. J. Moody, "Introduction to Unsteady Thermofluid Mechanincs" Wily-Interscience,
ISBN-0-471-85705-X, 1990.
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16 CONTROL SYSTEM 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 is 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 simultaneously together with the state vectors for the computational problem.

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

0

0

Proportional integrator (PI) controller
Mathematical measurement of state variables

PI Controller

ayZ=(SETPNT- y)-G -t'
at

(16-1)

where:

SETPNT

y
G
TI

= is the setpoint value output signal,
= is the in signal,
= is the gain factor, and
= is time constant

in addition, the derivatives of each signal with respect to its dependency, (i.e., the Jacobian) is required.
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17 SUPPORTING METHODS

17.1 TIME STEP CONTROL AND ACCURACY

Avariety 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 is 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

]ac

Time Integration Method

By default, the time integration method for the state variables is 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 describes the models of different plant components.

18.1 PUMPS

*' 18.1.1 Turbo Pmnps

The behavior of the main recirculation line reactor coolant pumps is modeled for single- and two-phase
0 flow conditions under normal operation and coastdown conditions.0
* Pump Speed and Torque

The behavior of the main recirculation pump is modeled by the conservation of angular momentim
*
* al (18-1)
S

where:

* co = angular velocity,
St = time,

* T = net torque on the shaft, and
I = mass momentum of inertia.

* The difference formulation of equation (18-1) is:
0
* cn0 +1 - Co)n T+l- (18-2)

At, I

The pump equation is solved at ev ery time step simultaneously with the basic conservation equations.S
The net torque, T, is calculated as,:

ST =Tm -Thyd + Tfric (18-3)0
5 The torque T represents the net torque on the pump impeller. It consists of three components
S

The hydraulic component of torque, Thyd, due to the interaction between the fluid and the pump

impeller

* The friction component of the torque, T fic, due to friction losses in the bearing and rotating

* machinery

* The third component the pump motor torque or drive torque, Tm0
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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) = Thyd(t = 0) - Tfnc(t = 0) (18-4)

This value for Tm(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 [/3/? t - I[>I ca > 0

2 a/v p/v2  I < IvN, v < 0

3 v/co P/c? Ic > IIvI, a < o

4 a/v PA lvd < IvlvŽ _ 0

where

= Thyd / Thydref (torque ratio)

Thydrbf is the hydraulic reference torque.

v = Q / Qref (flow ratio)

Qref is the volumetric flow reference.

ca = O / ccref (speed ratio)

aref is 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 = P'Thydref - (18-4)

where

p = density of fluid in the pump, and

Pref = reference pump fluid density.
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The friction torque, Tfric, is calculated by:

where

Tfnc = HC 2 "(con+l ) 2.for I ,n+l 1> HC3

n+1LHC 4 "41forI (o0 = HC 3

{ forcon <_0

(18-5)

(18-6)

The constants HC2, HC3, HC4, and HC 5 are user-specified constants and represent the friction torque
coefficient (HC 2) at angular speeds greater than HC3 and the friction torque (HC4) when the angular
speed is less than HC 3. The constant HC 5 is the friction torque that must be overcome to start the pump

from zero speed, as shown in Figure 18.1-1.

Frictional Torque
Tic A,

-HC 5

Stopped pump

-HC4 /

-HC 3 Shaft
Speed o)HC 4-

HC 5 Min. revolution rate

Figure 18.1-1. Frictional Torque Versus Shaft Speed

If the pump speed at the earlier time step (con) was less than a user-specified value (coo), the pump will
stop. Only if the hydraulic torque is greater than the maximum friction torque at rest (HC 5), 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 inputs 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

I v/ct h/o2 IaŽ > IvI, a_> 0

2 ctv h/v2  jai < Ivl, v < 0

3 v/a h/cC2  IIŽ _> VI1, a < 0

4 c/v h/v 2 II < VIl, v _ 0

where:

h = H/Href (head ratio)

Href is the hydraulic reference head.

v = Q/Qref

OL = CO/dOref
(flow ratio)
(speed ratio)

S

0
0

0
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S
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0

S

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

The absolute pump head is then calculated from:

A~pump= 9Ppurnip *h'Hrref -HCjo -Q -QI) (18-7)

where HC 10 is 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:

h21D=hpl- M(a) -hD (18-8)

where M(oc) is the tabulated multiplier and hD is the difference between the single and two-phase pump
head at a reference void fraction. The single-phase head, h1• is calculated as described in the previous

section. This formulation is adapted from Reference 18.1.

The two-phase pump head is then calculated from equation (18-8).
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O 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
O 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).
S

18.1.2 Jet Pumps

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

I /Drive
Mixing As
Plane A /

O W M Suction

* DZT

O /Throat

* AT WT

0
Figure 18.1-2. Outline of a Jet Pump

O The main parts are:O
O • Drive is the nozzle where the drive mass flow rate, WD, is injected from the drive pumps, and can

be characterized by an area AD.O
O In the mixing plane where the recirculation mass flow rate, Ws starts to mix with the drive flow,

O an area is defined with an area As.

O The suction part of the pump is defined by its length, DzT.O
O The throat of the pump where a pressure recovery is made is defined by the area AT and the mass

flow rate WT.

0 The momentum equation for the jet pump drive and suction flow paths are modified to account for the

O momentum exchange between the two flow paths (Reference 18.1), as shown in Figure 18.1-2.

0
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The temporal acceleration tenn in equation (7-37) for the drive flow path is:

XT

1_ dx
XA dt dx

XD

XM
. I dw
AX.D - dx

XD

XT

+ - dx

XM

(18-9)

dWD

dt

XMv

JADN dt

XD

XT r.--D ciWs
A dx + dt--

XT

f ' SS dx

XM XM

MWD
Idt

dWS
dt (18-10)

[
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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

. dx+ fdx
XD XD XM

WV2 (1 1 1 (WT2 WS2 WD~t
2ADN2)-AT .pTAT D fl f2PD "{,- AD 2 -V TA 1A PD _ D.) (18-13)
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where0
* lIWD > 0 (18-14)

fl = OWD <_ 0

and the factor f2 accounts for the additional mixing losses due to the density difference between the

suction and drive flow. The factor f2 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

al (1+a2) '(PD/PS)f

Sf 2 + (p pPD+(PD/PS) > 1

*a fI = 
(18-15)

a (r (ps PD)o
a2 + (PS/PD) o PD1PS < 1

* where al = 0.933 and a2 = 0.78.

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

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

18.2.1 Definition of Carryover and Carryunder0
0 For a known inlet 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:

0 The carryover

Wliq~s
CO = W water flow / total upward steam flow (18-16)

O Wgas,s*
* The carryunder

Wgasp
CU- steam flow / total downward water flow (18-17)

* Wliq'p

where the subscript s is secondary flow path and p is primary flow path, as shown in Figure 18.2-1.0
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Uliq, Wliq,s Ugas, Wgas, s

f
Secondary flow path

scr 
pqr

Ugns, WpS.P

Primary flow
path

0
0
0

S

0

0

0
S
S
0

0
0

0
S

Uliq, Wiq, p

mne

U,,,, WI"in Ugas, Wgas, in

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

18.2.2 Mechanistic Separator Model

I

0

Iapc
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I

f c

0
0
0
0
0
0
0
0,
0
0
0
0

0
0
0
0
0
0
0
0
0
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0
0
0
0

0
0
0
0
S
0

a,b,c

Figure 18.2-2. [ 8,C
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a,b,c

Figure 18.2-3. [ I aBc
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I

18.3 DRIVE DEVICE

1.8.3.1 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):

T=T -2ssm

max 2 2In +
(18-21)

where:

s = slip,

s,, = motor constant, small for large motors < 0.1,

R 2  R 2
s - occ

m X20 f

T = torque, and
T,..,. = maximal torque.

00

0
0

S

Grid
0

0

Pump
Frequency
converter

,4synchronou S

ShaftMotor

0

Figure 18.3-1. Principal Drive Equipment for a Pump

WCAP- I 6747-NP March 2007
Revision 0



18-12

Torque 0
T/TmaxA

U/f = konst

Drive Torque

S

0----- •- •Load

• •.t To rque

0

f frequency
n rev rate

Figure 18.3-2. Torque Versus Rev Rate for Asynchronous Motor

T =k U (18-22)
max f2

S
U grid voltage
X2 0  reactance for the core bobbin at frequency f

SR2 rotor resistance for each phase

Within the normal operational area for the motor is the slip s small compared to motor constant Sm,
S2 2

The slip dependency on the controlling frequency can be written as: S
s=- (0 (18-23)

cof f

T=C- U 2  2 ssm =C U 2  (18-24)T=-f2 s2.+s2 -motor'-f-'(182)e

MO
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where:

Cmotor is a constant for each motor type and size,
f is the converter frequency,
U is the voltage from converter, and

T is 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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S

* 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 (Reference 19.1).

0The 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.0
*19.1 NUMERICAL SOLUTION

0 Several numerical methods are employed in POLCA-T to solve the power generation, hydraulic, and heat

0conduction/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
5boundary 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.
0

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.
0

The primary variables are pressure, p, void, ax, temperatures, T8 ,,, Tliq, of the phases, gas and liquid

velocities, ug88 , Uiiq, boron concentration, Cbor, and partial pressure pnc 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 is reduced and the calculation restart from the last accepted time

step.0
*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

0heat transfer coefficient.0
*The calculation procedure is outlined in Figure 19.1-1.

S
0
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Input reading

I

I

I
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Figure 19.1-1. Simplified Flow Chart of the Calculation Sequence

WCAP- 16747-NP March 2007
Revision 0



0
0

0
0
0

0

0
0
0

S
0
0
0

0
0

0
0
0
S
S
0
0
0
0

0
0
0

0

S
S
0

19-3

19.2 REACTOR KINETICS SOLUTION

The numerical solution of the two-group kinetic model in POLCA7 is well described in Reference 19.2.

19.3 HYDRAULIC MODEL SOLUTION

[

I ac
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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:

qsurf = ql + 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 forn
dTsurf/dqsurf 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:

qsrf = (A + Tsurf) / k (19-19)

where k -tswf

The convective heat fluxes can be expressed as:

ql= al + bl(Tsurf T1)

qv= av + bv(Tsurf -Tv)

(19-20)

(19-21)
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0
Finding surface temperature Tsurf from equation (19-20) and substituting to (19-20 and 19-21), one 0

obtains: '

0

- ql k bv + qv (1-k bv)= av -bv• (A +Tv) 0
0The convective heat fluxes cql and qv can now be determined from equation (19-22).

(1 - k by) (al - b1 (A+TO) + kb 1 (av- bv (A+Tv)) (19-23a)
qI - k (bl+bv)

0
k bv (al - b1 (A+T1)) + (1 - k b) (a, - by (A+Tv)) (22 -23b)

qv 1- k(bl+bv)

The constant A is calculated after the soluti on of heat conduction equation is found:

A = (qoI + qOv) k -Tosu-f

Coupling between slab heat transfer and the hydraulic. 0
The convective heat transfer at the slab surfaces is (see Figure 19.4-1):

QLl = AL hLl (TL -TLl) (19-24) 0
QLv = AL hLv (TL - TLv) (19-25) 00
QRI = AR hRI (TR TR1) (19-26)

QRv = AR hRv (TR -TRV) (19-27) 0
where subscripts L and R refer to the left and right side respectively and subscripts 1 and v refer to water
and gas phase, respectively.

Left Right 0
Side Side
(L) (R) 0

-t : ,, + t  .LV % ...------ ', R , + R Rv

Tu' hLI TI, "R

TLv' hLv TRW, hRV

0
Figure 19.4-1. Slab Heat Transfer to Hydraulics

0
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On the other hand, the conductive heat fluxes can be expressed in linearized form as,

QL = QLO + OL'(TL-TLO)

8QR
QR = QRO + -TL -TL-TLO)

0QL
+ R (TR- TRo)

8QR
+ O. -(TR- TRO)'TR

(19-28)

(19-29)

where the subscript 0 denotes instant when conduction equation is solved.

Equations (22-24) through (22-29) can be solved together to give:

TL = (CL" SR

TR = (CR SL

+ 
8RQLFCtTR j U

+ CL' OR /J
C'TL

(19-30)

(19-31)

where:

SL = (hLl + l'Lv)-AL -
&QL
C 'TL

aQR
SR = (hRI + hR)AR - 3TR

CL = QLO -

CR = QRO-

3 QL
TL0' 8TL

8 QR
T L0- TL

8QL
- TR"--R

eQR
-TRO- TR

+ AL'(LIUTL1 + hL;'TL,)

+ AR'(hR-TRI + hRvT~v)

3QL
J= SL'SR -8 TR

aQR
OTL

0

0
0
0

S

0

The derivatives:

L2TL CtTL ,TR adTR

u CQR' CQL and

are calculated by simultaneous solution of the equation system with the right hand sides with boundary

conditions undisturbed and disturbed on the left and right sides.

WCAP-16747-NP March 2007
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0

One can say that surfaces temperatures are the function of the surface heat fluxes:

TL = TL(QL, QR)

TR = TR(QO, QR

and the reverse derivatives can be expressed as:

eQL

CTL

8QR
8TL

8QL
8TR-

L$TR

0
1a1TR

E 8 QR

1 CTR
E 0FQL

1 CTL
B ',?QL

where

-TL TpTR
&QL. 0QR

CTL CTR

BCQR 8 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.

0Section 20.1 describes the calculation of steam-water data used in evaluation of thermal-hydraulic
models.S
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.
0

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:S
Temperature Tcrit = 373.976 'C = 647.126 K

Pressure Pcrit = 22.055 MPa0
Density Pcrit = 322 kg/m3  (20-1)

0
Free enthalpy gcrit =-767.44 kJ/kg

Entropy Scrit = 4.409 kJ/kg K0
The saturation line position psat = p(T) has been determined from base equation of formulation by stating

*the Gibbs conditions:
0

Tliquid Tvapor

Pliquid = Pvapor (20-2)

0
gliquid gvapor

*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
0 parameters and. derivatives can be calculated.
0
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The water mesh data cover a range of pressure from P=Psat(0 'C)= 6 l 2 Pa up to a critical pressure Pcrit and
the temperature range from 00 C up to min(Tcrit,Tml(p)), where Tml(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 (Pcrit, Pmv(T)), where Pmv(T) is the pressure of the spMiodal limit for a given

temperature.

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

10• ,q

10
7
7 .4,A..%

1[f

5 ~

CL

Ca)

7I:
10

10

q I___ ___ ______

4 ___ ___ ___ ___

Psat

Pmv(T)

Pml(T)

102

F J

0
S

0
0
S
0

0

0

0
0

0
0

0
0

0
0

0

0
0

p ~- e. -~ ~ . p - -

0 100 200 300 400

Temperature ("C)

S00 600

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 c in J/kg,K.

Density p in kg/m3.
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20.3 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 a single pure gas in a gas m ixture is calculated, based on the
thermal conductivity of pure gases making up the mixture, according to the following equation:

Ki-

rAij - xj
j=1l

(204)

where:

ki = thermal conductivity of pure gas i, W m- 1 K-1,
xi = mole fi-action of gas i in the mixture,
Aij = Sutherland weighting factor for the gas species i, in the gas mixture, and

n = number of gas constituents in the mixture.

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

_i f I + F Mtn' T+Sill/212 T+Sj
+i 0 2 Tf *ST+Jj (20-5)

where:

it
M

T
S

= viscosity of pure gas,
= molecular weight,

= temperature in degree Kelvin, and
Sutherland constants for gas species.
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Table 20-1. Thermal Conductivity of Gases: k = a - T + b

Gas a b

Helium 2.693" 10.' 0.7085

Argon 2.986-10-4 0.7224

Xenon 4.351.10.' 0.8616

Krypton 8.241-10.5  0.8363

Nitrogen 5.314"10-4 0.6898

Hydrogen 1.097.10.' 0.8785

Oxygen 1.853.10-4 0.8729

CO 1.403.104 0.9090

CO2  9.460.10-6 1.3120

H20 8.720-10m6 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

CO2  44.010 274.0

H20 18.020 650.

S
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0
0
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Viscosity of pure gases is approximated with g = a-T + b where coefficients a and b are given in
Table 20-3.

Table 20-3. Viscosity of Pure Gases: a - T + b

Gas a b

Helium 0.47632-10-6 0.65752

Argon 0.57621.10.6 0.65417

Xenon 0.46019-10.6 0.71428

Krypton 0.30786-10-6 0.76293

Nitrogen 0.16851-106 0.69647

Hydrogen 0.46667.10.6 0.64550

Oxygen 0.51638-10- 0.65601

CO 0.44641.10.6 0.65304

CO2  0.23544.10-6 1.74008

H2 0 0.13470-10-7 1.15010

The accommodation coefficients for fuel and cladding surcaces (oc) are shown in Table 20-4.

Table 20-4. Accommodation Coefficients, a

Gas Gas-cladding Zircaloy Gas-fuel

Helium 0,33 0,35

Argon 0,86 0,84

Xenon 1,03 1,03

Krypton 0,808 0,80

20.4 REFERENCES

20.1 L. Haar, J. S. Gallagher, G S. Kell, "N\BS/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

now.

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 [ I a,c

II

Ia~c
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a,b,c

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 ideal 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 THE POTENTIAL ENERGY AND DISSIPATION TERMS

During a typical transient, the maximum values of epot are:

epot = g" z = 9.81 m/s2 " 10 nm z 100 Jikg (22-1)

One hundred J/kg 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 ternms ofV.- Q7 u), the dissipation term,
must be examined.

V-0--'11) :--t(t ( )
_ a~t

6 -- Ix=--r Ux+r,
tF (22-2)

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:

Apfiic A = 1 APfric

Ax Pw- 4 Ax

1/4. 5000- 00.1 = 10N/rn 2

(22-4)

Futhternmore:

Cix 1u 15
, ^_ _ - 1500 s"1tx •"Dh ~0.01 (22-5)

substituting into equation (2) the dissipation term gives:

7" (ru)z 10"- 1500 Nm/m3 s =0.015 MW/m3 (22-6)

WCAP- 16747-NP March 2007
Revision 0



22-2

When compared to the power density of the core (per cubic meter coolant)

qv- (3000 - 106 W) / 24 m 3 • 100 MW/m3

the dissipation term is clearly negligible.

(22-7)
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23 NOMENCLATURE, SUBSCRIPTS AND SUPERSCRIPTS, AND
DIMENSIONLESS GROUPS

The following is a compilation of used nomenclature for different quantities, superscripts, and subscripts.
A list 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) K m1

Activation Energy of a Reaction

Angle

plane 6, f, 0(,P rad

solid 0 sr
of contact rad

Area

cross-sectional A,, S m2

surface A, A, m2

Coefficient of Volume Expansion 13 =(I/v) (av/OT)p K4

Compressibility Factor (= pv / R T) Z

Density

mass (=M/V) p kg/mr3

Coordinates

Cartesian x, y, z m, m, m
cylindrical r, p, z m, rad, m
spherical r, 0,(P m, rad, rad

Diffusion Coefficient D m2/s

Diffusivity, Thermal (= k/pc) a m2/s

Dryness Fraction (quality) of flow x
X*

Em issive Power (radiation) E W/m 2

Emissivity (radiation) C

Energy E J=Nm
kinetic Ek J=Nm

potential Ep J=Nm
transfer per unit time (power) W W=Nm/s=kg m 2/s3

Enthalpy (=U + pV) H J

specific h, i J/kg

Entropy S J/K

specific s J/kg
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Quantity Symbol Coherent SI Unit

Force F N=kg m/s 2

weight (force of gravity) Mg N=kg m/s 2

Fraction

mass, of species i xC y,-

void

gas volume a

liquid volume /3 8

Frequency v, f Hz=s1

circular co radls

Gas Constant

molar (universal) R J/kmolK

specific, of species i R, J/kg K

Gibbs Function (= H - TS) G J

specific (= h - Ts) g J/kg

Gravitational Acceleration g m/s 2

Heat

quantity of Q J

rate (power) Q W=J/s

flux (Q/A) c!, q" W/m 2

rate per unit volume 5, q.' W/m 3

Heat Capacity C J/K

specific (constant v or p) c", cp J/kg K

ratio cp/c -

Heat Transfer Coefficient h, htc W/m2K

Helmholtz Function (= U - TS) F

specific (= u - Ts) f J/kg

Intensity (radiation) I W/m2sr

Internal Energy U J

specific u J/kg

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, A m

Mass M, m kg

flow rate MI, rh, w kg/s

velocity of flux (flowrate per unit area = IA,) G, pu kg/m2/s

Mass Transfer Coefficient h, kmr m/s

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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Quantity Symbol Coherent SI Unit

Mass Transfer Rate F kg/s

Mean Free Path , m

Pressure p Pa=N/m2

drop Ap Pa

partial PA Pa

Reflectivity (radiation) p

Scattering Coefficient radiation) US

Shear Stress r Pa=N/m 2=kg/m s2

Surface Tension a N/m=kg/s 2

Temperature t C

Temperature

absolute T K

Thermal Conductivity k W/mK

Time t s

Velocity u m/s

components in Cartesian coordinates x, y, z u, v, w m/s

View Factor (geometric or configuration factor) F.

Viscosity

dynamic (absolute) Ii Pa s=N s/m2=kg/m s

kinematic (= P/p) v m2/s

Volume V m3

flow rate T' m3/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

Liquid 1, liq

Hydraulic hyd

Change of Phase

evaporation ig

Mass transfer quantity m

Solid or Saturated Solid s

Saturated conditions sat

Wall w
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Quantity Sym bol

Free-stream 00

Inlet in, 1

Outlet out, 2

At Constant Value of Property P, v, T, etc

Stagnation (subscript) 0

Interface i

Water film film

Water drops drop

Gas bubble bub

23.3 DIMENSIONLESS GROUPS(4 )

Quantity Symbol

Biot Number Bi=hL/k

Eckert Number Ec = u2/cpAT

Euler Number Eu = Ap / (½4pu2)

Fourier Number Fo = a t/L2

Fricton Factor, Darchy f = r, /(½pu2)

Froude Number Fr = u2/gl

Grashof Number Gr ="/gL3 T/v2

Graetz Number Gz = (Re)(Pr)D/L

Knudsen Number (X = mean free path) Kn = /L

MachNumber M = U/U sowd

= U /(yRT/M) forperfect gas

Nusselt Number Nu = hL/kyf

P~clet Number Pe (Re)(Pr)

Prandtl Number Pr c= Ak

Rayleigh Number Ra = (Gr)(Pr)

Reynolds Number Re = uL /v = puL /p = mL /p

Stanton Number St=(Nu)/(Re)(Pr)=h/pcpu

Strouhal Number Sr = vL/u

Weber Number We=u2pL/I

0

0

0

0

0

0

0
0

0

0
0

0
0

S
0
0
0
0
0
0

0

0
0
S
0

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 qualification information demonstrating that the methodology 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-3 code.

Acomplete 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 dynamic, respoi-se to the identified worst
dropped control rod(s) and the subsequent consequences to the fuel. This evaluation isperformed with
thecoupled 3-D neutron kinetics and thermal-hydraulics system transient codePOLCA-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 CRDAfor 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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* A-I

* A.1 SUMMARY AND CONCLUSIONS0
A.1.1 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 CRDAis 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 present an advanced CRDA

methodology for use in performing BWR licensing analysis that is based oh the three-dimensional (3-D)
dynamic code POLCA-T instead of the RAMONA-3 code.

The Westinghouse methodology for performing CRDA analyses and the systematic.cycle.-specific, strategy
* utilized by Westinghouse are described in this report.

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

0

S..]aC. 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-approvedTopical Report CENPD-390-P-A (Reference. 4).

0The 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 thedynamic evaluation. The

*POLCA-T methodology utilizes state-of-the-art phenomenological models, including moderator
feedback, to describe the overall transient response of the plant and core in conjunction with the local

*thermal behavior of the fuel.

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

The qualification basis of thedwestinghouse CRDA methodology is described inthis, report. It is shown
*that thePHOENIX4/POLCA7 system of codes is qualified for providing adequate local pin power

distributions, cross-sections, burmup 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 evaluationusing.POLCA-T is.applied to-the NEACRP-L-335 benchmark:
(References 5 through 7). Thevalidation presented inSection A.3 of this Appendix-. demonstrates the
adequacy of the methodology: for: establishing, the reactivity and power. response resulting from an ejected.0

WCAP- 16747-NP: March 2007
Aplendix A Revision 0

0



A-2.

control:rod and capability in predicting the local power that is crucial for determining, the correct fuel 0
enthalpy. In addition, the validation against integral tests such as the Peach Bottom end-of-cycle (EOC) Q
2 turbine trip (TT) tests (Reference 8) and the SPERT-III-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 in this appendix is practical and can be conveniently and S
accurately utilized for the CRDA evaluation on a cycle-specific or generic basis.

A.1.2 Objectives

The main objective of this appendix is to identify the specific design bases which, if satisfied, assure that
allrequirements specified in GDC 28 and NUIREG-0800 applicable to the CRDA are satisfied. Other ,
objectives of CRDA analysis methodology applying POLCA-T code are:

0 Use up-to-date comprehensive methods and models for fuel, core, and plant analyses
0,

0. Perform consistent core design, and plant safety analyses, that is, steady-state and transient
calculations

* Integrate the methods and codes

0 Converge to a common methodology for European and U.S. applications 0
The above objectives also contribute to reducing the risk of human errors in applying the methodology in
plant applications.

A.1.3 Not Used S0
A.1.4 Conclusions

Based on the evaluation in this appendix, it can be concluded that:

1. The designbasesý 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 desgn bases acceptance criteria fordesign and licensing purposes. 0

3. The methodology described in this'appendix can'be used.to analyze CRDAs for current.B.WR
plant designs and control rod designs.
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* A-3
0

* A.2 CRDA MODEL REQUIREMENTS

A.2.1 Accident Description

* The CRDA assumes the decoupling of an inserted rod drive from the control blade. It is 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 malfunctionor

0 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 highestvalues 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)
coefficient 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 insignificant boiling
usually provide the most severe initial states for the event.

0 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
wvorth.

* For some banked position withdrawal sequence (BPWS) plants, the rod worth minimizer (RWNDVIis 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) is installed to control the sequence of rod withdrawal. 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.

0
* 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 hardwareincluding the
0 maximum allowable number of bypassed rods. At some time, under critical reactor conditions, a
5rod pattern exists for which the decoupledrod 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 js terminated by the fuel
*temperature reactivity feedback.
0
0

0
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4. The 120-percent average power range monitor (APRM) power signal scram occurs (no credit is 0
taken for the intermediate range monitor or setdown APRM scram).

S
5. All withdrawn rods, except the decoupled rod, scram at the Technical Specifications rate.

6. A scram terminates the accident. 0
0

A.2.2 Current Analysis Method

The current CRDA analysis method is described in Reference 3 and employs PHOENIX4/POLCA7 0
(Reference 4) and RAMONA-3 codes. As described in this report, the POLCA-T.code replaces
RAMONA-3 code. Thus, thesteady-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 0
models and integrates the Westinghouse core design and thermal mechanics methods in its applications.

A.2.3 Design Basis 0

The licensingm 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, norucause sufficient damage to the
core, its supportstructures, ,or other reactor pressurevessel internals to impair significantly the capacity to
cool the core.

In .addition, the offsite radiological consequences resulting from the predicted fuel'failures during the
postulated CRDA should be withinlthe requirements of 10 CFR Part 100, Reactor Site Criteria.

A.2.4 Design Basis Acceptance Criteria
0

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 (NTREG-0800, SRPSection 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 maximum reactor pressuire during any portion of the assumed excursion should be less than
the value that will cause stresses to exceed the "Service Limit C" as defined in the American
Society of Mechanical Engineers (ASME) Code. 0

0
0

0
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0 3. The number of fuel rods predicted to reach assumed truesholds 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 the fuel burnup or cladding
oxidation. The revised criteria are expected to apply only to the zero- orvery-low-power prompt-critical

*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.
0

A.2.5 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 set 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 CRIDA licensing analysis must demonstrate that the design acceptance criteria for the accident, as
established in subsection A.2.4 have been satisfied. The critical safety parameters will be those that have

astArong 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.

identification and ranking tables presented in this document are based ,on References 12 through 14, and
onfthe work previously performed and documented in Reference,3 (CENPD-284-P-A).

0
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 thatthe greatest effort can be focused on establishing the

uncertainties of those phenomena that have the greatest impact on the critical safety parameters.

0
0
0
0
0
0
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A.2.5.1 Rankings

The ranking. of the phenomena is done on a. scale of "not applicable" to "high importance" using the
following categories:

High importance (H):

Medium importance (M):

Low importance (L):

Not applicable (NA)

The phenomenon has a significant impact on the critical safety parameter
and should be included in the overall uncertainty evaluation..

The phenomenon has a moderate impact on the critical: safety parameter.
and may be excluded in the overall uncertainty evaluation,.

The plienomenon has nr0ojimpact on the critical safety parameter and does.
not need to be considered in the overall uncertainty evaluation.

The phenomenon is not applicable to the:CRDA event.

A.2.5.2 Critical/Key paramneters

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~distributionin
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.

0

0

0
0
0
0
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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 amount of reactivity insertion.
Rate of reactivity Medium No Within limits, the accident outcome is insensitive
insertion to the rate of reactivity insertion.

While the moderator coefficient can be up to
M rfeedback Medium Yes 30 times larger than the Doppler temperature,.

Moderattio coefficient, the moderator temperature rise is
Calculation small. The effect is small, but not negligible.
of Power The fuel temperature feedback causes the powerHistory Fuel temperature
During Pulse feedback High Yes excursion to turn around and essentially limits the(including energy deposition.

pulse width) Delayed neutron High Yes Determines when prompt criticality is reached.
fraction

Reactor trip (scram) Low No It is important to terminate the accident, but the
reactivity effect is minor relative to the pulse.

Determines 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 in Per Reference 12, atmaximum, 25% ofthe
high.bumup fuel, Medium Yes deposited energy is.conducted out and does not
gap, and cladding contribute to the fuel enthaipy increase.

Transiento Per Reference 12, at maximum,. 25%. of the:
Calculation cladding-to-coolant Medium No deposited energy is conducted out and does not,of pin,.Fue1 heat transfer

contribute to the fuel enthalpy increase.
Enth,'alpy coefficient ______

Increase The enthalpy is the integral of heat capacityr'andincrease Fuel and cladding
During Pulse High No temperature. Enthalpy and enthalpy increase areIheat capacities
(including *both highly important.
cladding. Fractional energy L No The fraction of the total'power deposited in the
.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.

Sfactors High Yes Detern ines how much energy is directed to, the
Pin-peaking fpeak location.

Initial power level High No Affects the inlet subcooling, initial axial power
shape, and moderator density, feedback.

Feedwatere High No Affects the inlet.subcooling, initial axial power
Initial temp erature shape, and moderator density feedback.
Conditions Total core flow Medium No Fuel enthalpy isrelatively insensitive to core flow.

Steam-dome pressure Medium No Affects the moderator properties (assuming
constant inlet, temperature).

Notes:
1. Affected refers to ywhether or not the phenomenon can be affected by core design, fuel type or plnit type.
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A.2.5.2.1 Control Rod Worth

The control rod worth determines the amount of reactivity insertion. The peak fuel enthalpy increases
rapidly with increasing total reactivityworth. [

apc
0

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 tobt
reactivity: worth for a specific CRDAevaluatipn. Therefore, the sensitivity ofthe peak fuel enthalpy,
during aiCRDA to total reactivity worth and the strong correlation between the two parameters provide
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 sufficientlybroad survey of the
startup control rod. sequences during the cycle to confidently identily 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-sectionsvary' 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 temperature 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 Westinghouse0

methodology. As.discussed in Section A.4, candidates for the most limiting dropped rod are evaluated at
a sufficient number of state points 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 informationfrom the appropriate state point for which a given candidate was identified. The same
nuclear data base that was used for the static 3-D nodal simulator calculations, (that is, core designS
calculations):is used for the dynamic POLCA-T calculations. Furthermore,: .the fuel temperature is ,
updated at each time step in the POLCA-T'calculations. Therefore, the effects ofbumup and fuel
temperature: are explicitly accounted for.

A.2.5.2.31 Delayed Neutron Fraction

POLCA-T uses the nodal effective delayed, neut6n fractions obtained by POLCA7, thus their historical
and spectral dependencies are accounted for. They are treated in a similar way to the. cross-isections (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 in, the same way as the delayedrneutron fractions.

S
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A.2.5.2.4 Fuel Cycle design

This phenomenon with a high importance rankingis addressed in the first step of methodology selection
of the candidates for the limiting CR when the cycle-specifii calculationis 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 sufficient 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, xenon, and
iodine information from the appropriate state point for which a givencandidate 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 1.5) are incorporated into. the POLCA-T
code and used in the. CRDA analysis. In the transient CRDA simulation, [

]P' 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 peaking factors used in POLCA-T are obtained, by incorporated pin power reconstruction
model ofthe core simulator POLCA7 (Reference 4). The local peaking factors are updated at each time
step of.the transient simulations. [

1]P- Nodal pin peaking factor is accounted for *in the enthalpy
evaluation of the so-called hotfuel 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 0

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.powei and fuel enthalpy maximum values. Itaffects mainlythe time
when these maximum values are observed. The CR drop velocity for a GE-built plant is the same
bounding value used in Reference 3 (CENPD-284-P-A) that is, 0.948 mi/sec (3. 11 ft/sec)(1). For Ilicensing 0
calculations and in the absence of plant data that would justifythe use of a. less conservative value, the
controlrod is assumedto drop at themaximum drop velocity of.0.948 m/sec (3.11 ft/sec) established in
Reference .3.

A.2.5.3 Initial Conditions 0

The initial conditions must be assessed to determine how they impact the plant responseto, 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 toconfirm the 0
perceived rankings for these initial conditions. The confirmed ranking was used to selecteither a
bounding or a characterizing range of those high- or medium-importance ranked conditions.

A.2.5.3.1 Initial Power Level 0
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 initialtpower level at cold-zero-power (CZP) condition at a given subooling does not affectlthe
results of the transient significantly. If the initial power, for example, rises from 40 W to 1 kW,ijtjust
implies that the power peak occurs earlier in the transient. The final maximum power level will,
therefore, not change significantly. In both cases, a power excursion is generated due to prompt 0
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 is caused-by thesame
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 determines the core inlet temperature/subcooling.. The moderatorItemperature
affects the fuel enthalpy boththroughtthe heat conductivity 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. [

1. According to Reference 3, this velocity is justified in the NEDO-1,0527 report as the maximum rod. drop speed

that could be achieved allowing for tolerances,in physical dim ensions at the3 a level. 0
0
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0 A.2.5.3.3 Steam Dome Pressure0
*
0
0

*A.2.5.3.4 Total Core Flow0
* The peak fuel enthalpy is relatively insensitive to core flow within .the range expected during startup.

Therefore, the. minimum allowed core flow rate is used in present analyses at limiting CZPconditions.

0 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 negative moderator density
reactivity (void) coefficient and the relatively low heat conductivity associated with subcooled conditions.

*Consequently, the:evaluation of the accident usually can be limited to highly subcooled conditions and
* dropped control rod configurations providing relatively large integrated reactivity and high final nodal

peaking.

A.3 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 effectN tests, to full-scale BWVR bundle tests,` to integral
thermal-hydraulic tests, to well accepted international/Organization for Economic Co-operation and
Development,(OECD)benchmarks, and finally to recorded reactor plant events and transients;

* This section contains information to validate that the Westinghouse methodology described in Section.A.4
* for evaluation of the CRDA4is 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. Thequalification work is

0 dividedin two parts: the first part considers the single parameter confirmation and separate effects, and
the second considers the validation against integral effects. Specifically,1the following areas are
addressed:

1. Thl capability of the supportingPHOENX4/POLCA7Tsystem of codes to provide adequate!local

pinpower distributions, cross-sections, bumup, and void histories for POLCA-T is discussed in
subsection A.3.1.1. [

0
*
0
0
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0
2. The capability of the POLCA-T code to predict physical phenomena important for the

determination of peak fuel enthalpies is addressed in subsection A.3.1.2. 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 fuel enthalpy are discussed in POLCA-T qualification against
.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 TTtests 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 coolants 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 powerexcursion tests are provided :in subsection A.3.2.2.
These SPERT tests provide the data for directly testingthe 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 obtainedby previously used tools and the
oneszdescribed in this reportis presented in subsectionA.3.2.3.

A.3.1 SinglePararneter Confirmation And Separate Effects

A.3.1.1 PHOENIX4 and POLCA7 Qualification

The PHOENIX4 code provides cross-section data to POLCA7 as well as local (pin) power distributions
and kinetics parameters, such as delayed neutron fractions and inverse velocities, for the CRDA
calculations (see Section A.4). POLCA7 provides, bumup. and void historydistributions and is used to
identify. candidates for the POLCA-T control.rod drop, analyses: primarily based on.calculated total control
rod reactivity worths. [

Confirmation of the capability of PHOENIX4 and POLCA7 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.design and analysis applications in,2000.

The qualification of POLCA7 is described in details in Reference 4 (TopicalReport CENPD-390-P-A),
Section A. 4,, Qualification activities are divided into two categories teferred to as verification and
validation. Verification involves the testing of individual models or combinations of models to verify, that
they• perform as intended. Validation involves the comparison of POLCA7 predictions with measured
data to establish the accuracy of the system operating. as a whole.
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*The POLCATverification 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 POLCA7 verification effort covers the three areas

listed below:

* The neutronics model is verified by comparison with established 2-D analytical benchmarks,.
Three of the analytical benchmarks involve power calculations withoutd•e f..

and BWR~cores. The fourth benchmark provides verification of the POLCA7 depletion models.

* Verification :of the thermal-hydraulic model.by comparisons with test.:loop Pressure drop,
0 measurements -and individual channel flow measurements in a Nordic BWR. -

S The POLCA7 p 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;.0
The POLCA7 validation involves, the evaluation of core follow predictionsfor four reactors as well as
comparisons with gamma scan measurements. Specifically, kfftie values athot and cold conditions

0calculated 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 traveling incor•e
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 NEACRP 3-D LWR Core Transient Benchmark
0

The Nuclear Science Committee (NSC) of the Nuclear Energy Agency (NEA)/OECD has. released'a set. o
computational benchmark problems, for the calculation of reactivity transients in PWRs and BWRs
(Reference 5). These benchmark problems verify data exchangein a coupiled code system and test the
neutronics coupling to fuel transient conduction methodology. Among the benchmark BWR problems,

*there :is none involving fast reactivity initiated. transient. Thus, the validation against the PWRrod
ejection accidents (REAs) benchmark is aimed at validating the code for the BWR CRDA,., as the analyses.

*of both transients require identical phenomena to be, modeled.0
All six cases of the NEACRP PWR rod ejection transients benchmark have been analyzed byt•te,
POLCA-T code. The hot-zero-power .HZP) and frll-power realistic problems with symmetrical and
asymmetrical rod ejection cover a variety of reactivity excursions from 0.15 to 1.26S. The:obtained
results were compared with the reference PANTHER(2) solutions and the published results of

*RAMONA/POLCA/RIGEL, CORETRAN,,RETRAN-3-D, and TRAC-BFI/NEM codes.
0
0
0
0

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'.therm al-hydraulics feedback

* model for a PWR.
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Of the six, problem C 1, the HZP full-core asymmetrical case, is -the most severe and relevant to the
CRDA case. The POLCA-T results of CI 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. a~b,c

Figure A.3-1 presents the core average axial power distributions predicted by POLCA-T code and their
comparison withreference solutions and POLCA7results for benchmark case CL. POLCA-T and
POLCA7 results and reference solutionshave been normalized before the comparison. Mean 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);
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3. The reference 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•

FigureA.3-1. POLCA-T Case C1 Core Axial Power Distribution and Comparison with the
Reference Solution (Reference 6) and POLCA7 Code a~b,c,

MD and RMSerror (standard deviation) were defined bythe following formulas

I N

A0 =- I x. -Y, , and

RMS (

(3.1)

(3:2)
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where x,. is the core average axial nodal power calculated by POLCA-T (or POLCA7) code, Y, is. the

reference core average axial nodal power obtained by PANTHER code, AT is the number of axial nodes.

Ic

Figure A.3-2 presents the comparison of POLCA-T predicted power time history for benchmark Cl case
with reference PANTHER solutions (References 6 and 7). [

]a2c
a,b,c

0
0
S

0

0

S

0

S

S

S

0

0

0

S
0

0

0

S
0

FigureA.3-2. POLCA-T Case C! Power Tine History and ComparisOn with' PANTHER
Reference. Solutions (Reference$s6 and 7)

Figure A.3-3 presents local power at, axial layer 13 radial power distributions-atinitial state and at power
peak. The comparison of POLCA4T and:reference PANTHER solution radialpower distributionat 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 [ ]fJpercent and [ ]°'€percent for assembly average
power and less than [ ] percent and [ ] percent for local power.

WCAP- 16747-NP,
Apoendix.A,

M.rchl 2007
Revision 01



0

S

0
0
0

0
S
0

0

0

0
0
0
0

0
S
0
0

A-17

NEACRP case C1 initial state
Axial Layer 1.3

Relative power

* 4.5000-5.0000

*g 4.0000-4.5000.

m 3.5000-4.0000

o 3.0000-3.5000

o 2.5000-3.0000

o 2..Z0000-2.5000

o 1.5000-2.0000

a 1.0000-1.500.0

o 0.5000-1.0000

m 0.0000-0.5000'

5.0-

4.5

4.0-1
3.5-ý
3.0
2.5-

2.0-
1.5-
1.0-
0.5-
0.0-

13
15

a)

NEACRP case Cl at power peak
Axial .Layer 13

5.0-

Relative power 4 5

4.0

m 4.5000-5.0000 3.5

in 4.0000-4.5000 30

o3.5000-414000 25

S3.0000-3.5000 20

70 2-.5000-ý.3:0000 1.5
.0 2.0000-2.5000 10

0 1.5000-2.0000 0.5
'E 1.0000-1.5000 0.0

0.5000-1.0000 1

S30000-0.5000 5 7

15

b)

Figure.A.3-3. POLCA-T Case Ci Radial Power Distributfion at Axial Layer 13: a) at Initial State
and b)-;at Power Peak
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a,b,c
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Summarizing the POLCA-T results and comparison with the reference solution allows the following

observations to be made:

same range as other codes.
]"' The: deviation is small and of the

POLCA-Tpredicts the initial power distribution well.

0 [
small .and conservative.

]r'C The deviation is

POLCA-T [
increase.

] the fuel temperature increase and the core exit temperature
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0 The following conclusions had to be drawn:0
1. POLCA-T initial steady-state results demonstrated excellent agreement in critical boron, CR

reactivity worth, and 3-D power distributions with.both the reference solution (PANTHER) and
*the POLCA7 results.

2. POLCA-T transient resultsare within the spread of the PANTHER reference solution and other
state-of art codes for predicted power peak and energy contents. The observed deviationsare
small for the most severe, and most CRDArelevant, case Cl. The POLCA-T transient results

0demonstrated:0
- Good agreement in transient 3-Dpower shape with reference PANTHER solution, 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.o
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.

A.3.2 Integral Effects

The'Validation of POLCA-T against integral tests such as the Peach Bottom EOC 2 TT tests (Reference 8)
and. the SPERT-flI-E power excursion tests, (Reference 9) and the comparison with the RAIMONA-3 code
for.commercialBWR CRDA analyses are presented in this section.

A.3.2.. OECD/NRC BWR Turbine Trip Benchniark and Peach Bottom 2 EOC 2 TT
Tests

The Peach Bottom.2 (PB2) three TT tests conducted, at the 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 percent of the total reactivity. Turbine trip tests

conducted at:PB2 at the EOC 2 are-of the same time scale as the CRDAthatis, the sharp power increase
*is .observed in, the very: first second of the transient. Thus, turbine triP tests play an important role in-the

• validation of fuel and core models of.coupled codes. In this report, the tests are used to assess the
capabilities of theneutron kinetics .arid thermal-hydraulic code models to correctly predict the plant
behavior in a very fast transient.0
WCAP- 16747-NP :.March 2007.
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The first step of POLCA-T validation against PB2 EOC 2 TTs was performed in the frameof

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-been
published also in the OECD benchmark summary reports References. 16 and 17. A summary report on

exercise 3, including the extreme scenarios, will be issued by OECD in the hear 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 conducted 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. a,bhc
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Figure A.3-4. POLCA-T Core Average Axial-Power Profile Obtained by Different-Cross-Section
Data at EOC2 State Prior to TT2. (Coin parison versus plant data (P1 edit

Reference 8))

WCAP- I.674T-NP
Apperjix A

March 2007
Revision 0.



A-21

POLCA7 and POLCA-T: PB2 EOC2 TT1 Steady state
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FigureA.3-51 POLCA7 and POLCA-T Core Average Axial Power Profile for State.Priorto TT1
(a),and TT3 (b) tests. (ComparisIsonversus 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 peiformed 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. [

]a~C 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 is slightly 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

,bc

0
0

0

0
0
0

0
0

0
S

0
0

0

0
0
0The sequence of events and peak power values.for TTI and TT2 tests are presented inTable A.3-5.

Figure A.3-6 presents the TT2 fission power timehistory. Figure A.3-7 illustrates POLCA-T predicted
fission power time history in the first 5 seconds of the TTI transient andits zoom 0.5 - 1.0 seconds.
Results show that POLCA-T slightly overestimates the power. Comparison of POLCA-T predicted time
histories and measured data for.integral parameters, (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-sectionmodel incorporatedin POLCA-T. It corrects the
cross-section for the spectral index,,thatis, the ratio of theepithermalto thermalneutron fluxes.
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a,b,c

Comparison between measured and calculated transient responses of three selecteI.d : LPRM strings are
shown in Figures A.3-8 andA.3-9 for TTI and TT2 tests. It is shown that POLCA-T predicts the.local
power well.

5 Strmigs 5'(08-49) and 13 (24-41) arelselected to represent the core periphery and the. corecentral zone.
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d,b,c

FigureA.3-6. Comparison of POLCA-T TT2 Fission Power Time History Obtained by Different
XS Data Versus PB2 Measured Data

a,b;c

Figure A.3-7. Comparison of POLCA-T TTI Fission Power Time History.:vs. PB2.Measured Data
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a,b,c

Figure A.3-8. TTI Transient LPRM Response for String 5
a,b,c

Figure A.3-9. TTI Transient LPRMResponse for String 13
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The validation of POLCA-T against PB2 TT2 tests proved the code capabilities to correctly simulate 0
pressurization transients with very fast power increases. The results obtained for the extreme cases
demonstrate the POLCA-T code wide-range capabilities to simulate transients with failure of the scram,
steam bypass, and SRV at extremely high reactor pressure:and core power. The results of the validation
work can be summarized as follow:

1. POLCA-T steady-state results agreewell 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 agreement with
measurements: both for integral and. 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 bothin thesteady-state and transient
simulations. [

ac0

4. The power peaks are in good agreement with measured data for TT 1 and. TT2. [

0

5. The predicted pressures for the turbine inlet, main steam line, and steam dome are in good
agreement with measurements.

6. Comparison of calculated and measured LPRM signals demonstrated the code capability for. both
steady-state and transient local power simulation.

The POLCA-T neutronic (the moderator density feedback), thermal-hydraulic (heat transfer from the fuel
rod to the coolant, void fraction fornation and collapse), 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 rod accident.

A.3.2.2 SPERT-III-E RiA.Experiments
0

This section presents the. results of POLCA-T analyses performed for the code validation against the.
Special Power Excursion Tests (SPERTs) performed in the 1960s in the SPERT-I!I E-core;(Reference 9).
The analyses demonstrate the POLCA-T system:code capability to accurately simulate reactivity insertion
accidents at CZP conditions. HZP conditions~are considered insubsectionA.3.i.2;. 0
The SPERT-IH-E-core reactor Was, set up using the IDO-reports that describe the SPERT-IfH-E-core and.
the experimentspe-formed. Cross-sections gefteration, steady-state, and transient analyses have been
performed with the PHOENIX4/POLCA-T package.. To validate the POLCA-T code against the0
SPERT-III-E-core experiments, three cold startup tests were selected - Cases 1ý8,43, and 49.

0
0
0
0
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0 The SPERT-HI-E-core was an experimental facility and is somewhere in between.a PWR and a BWRin

design. This type of experimental reactors is 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 commercial
reactors. Another difference from commercial reactors is the fuel followers, orthe so-called control rods.

0They 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 is known for critical conditions with the transient control rod

withdrawn, but not at the states prior to the tests. The reactivity inserted is known, but not the position of
the control rod that corresponds to that reactivity value. Moreover, 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 powel; 4 percent for reactivity insertion, and 17percent 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*
0close 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
* predictions and measured data is observed for the prompt critical Case 43 with $1.21 inserted reactivity
* than in Case 49 with corresponding inserted reactivity of $1.00.
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a,b,c
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0

0
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a,b,c
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0

Figure-A.3-1O. Comipa~rison of ,POL.C.AT Predicted and Measured. Fission Power for. Cold0
Cases,43 and 49..

The comparison of POLCA-T simulation predictions with SPERT-I11i-E power excursion. testresults
demonstrate that, for, a-peak power consistent~with the experimental data, the; Westinghouse. methodology
using POLCA-T predicts -resulting values of inserted, reactivity, ýpowe.r shape, initegrat~ed eneirgy, and0
timie-to-peak p'ower whi ch agree with the'expeiental values within' t'he'exp'erim:-ental uncertainties.0
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Therefore, it is concluded that the Westinghousemethodology predicts the results of the SPERT-II
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 ofpOLCA-T CRDA comparison with RAMONA-3 for two CZP cases
and one hot case at 1 percent initial power(6'. The comparison has been performed for a Westinghouse
(fonrer ASEA-ATOM) designed BWR internal pump plant. The considered core is loaded with
SVEA-96 Optima2 fuel in an equilibrium cycle.

The analyses were aimed to compare the,results of POLCA-T and RAMONA-3 codes application for the
CRDAanalysis of a commercial BWR. Eachco~de. has been run with the nonnally 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(7). The analyzed
initial conditions were identical in order to fairly compare the results. Hereafler, the RAMONA-3 and
POLCA-T case runs, results, and observations .are described.

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 initial power is defined as I% of rated reactor power

7. The CR cross-sections manipulation by a multiplayer is normally used in CRDA analyses performed by
RAMONA-3 'to match POLCA7 CR worth. This adjustment is not needed in POLCAT applications as
POLCA7 is fully integrated into POLCAzT and both codes steady-stateresults are consistent.
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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 inserted to fully withdrawn position
with a constant acceleration of 7.4 m/s2 in CZP and 8.0 m/s2 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. a b,c
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The adjustment of CR cross-sections in RAMONA-3 is donewith 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 andRAMONA-3 predicted core power
time history for the three analyzed CRDAcases. [

]aoc
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* Figures. A3-12 and A.3-14 present a comparison .of.POLCA-T and RAMONA-3 predicted time.history of
maximum fuel enthalpy. [

S• 'These POLCA-T

*fuel enthalpy maximum values are observed later than in RAMONA-3 for CZP cases and practically at
Sthe 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. [

0 p

* 2. POLCA-T predicts higher maximum fuel enthalpy than RAMONA-3 in all cases.

3. 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.S
A.3.3 Conclusions

*• The results in subsections A.3. Land A.3.2 support the following conclusions:

1. The qualification of the PHOENIX4/POLCA7 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 demonstration by:POLCAT that
*the CRDA design bases are satisfied. Furthermore, power'distributions and void distributions are
* predicted by.POLCA7 with.sufticient accuracy to provide an adequate referencepoint for .the

corresponding.power and void, distributions predicted by POLCA-Ijust prior to the:control rod0 ~drop..[
droi ]• Finally, the

*control rod worths calculated by POLCA7 are sufficiently accurate to assure that the most
limiting configurations are identified and that subsequent evaluation of these configurations by
POLCA-T williassure 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.,
0
0
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a,b,c

FigureA.3-11. Comparison of POLCA-T and RAMONA-3 Predicted Core Power for.CZP Case 1
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FignreA.3-12. 'Comparison of POLCA-T andIRAMONA-3 Predicted .Maximnm IFuelEnfithalpyor:
CZP Case 1
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,a'blc

Figure A.3-13. Comparison of POLCA-T and RAMVIONA-3 Predicted Core Power for Hot Case
,a,b,c:

Figure A3-14. Comparison of POLCA,-T and RAMONA'3 Predicted Mjamum:.i Fu Elnthalpy for.,
Hot:Case
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2. 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.

3.., 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 0
reactivity at design basis control rod/assembly initiated accidents, the core response to the
reactivity insertion, and the resulting global and local core transient power. Since the local
transient power is accurately predicted, the resulting fuel enthalpy increase will also be adequate.

4. Comparison between POLCA-T simulations and PB EOC 2 turbine trip tests recorded data 0
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 veryfast transient with the same time scale
as CRDAwas demonstrated. 0

5. 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 thetests for which the nominal initial conditions quoted appear to reflect the actual situation. 0
The comparisons demonstrate that for a peak power consistent with theexperimental data, the
Westinghouse methodology using POLCA-T predicts resulting valuesof the inserted.reactivity,
power shape, integrated energy, and time-to-peak power that agree with the experimental values
within the experimental uncertainties. Therefore, it is concluded that the Westinghouse
methodology predicts the results of the SPERT-III E-Core tests for which the comparisons were
madewithin the uncertainties in the tests and the uncertainties associated with the information
available regarding those tests.

6. Comparison.of the POLCA-T with the RAMONA-3 code for commercial BWR CRDA analyses 0
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 the1CRDA using
POLCA-T simulations. can predict peak pellet enthalpies during a postulated CRDA, which are
sufficientlyaccurate to demonstrate that the design bases providedin subsection A.2.4 are satisfied.
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0
* A.4 WESTINGHOUSE BWR CONTROL ROD DROPACCIDENT ANALYSIS
* METHODOLOGY

A.4.1 Introduction0
* 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 mustbe

capable of treating the effects of rapidly changing power distributions which are caused by therapid
0 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,
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.5.

*A.412 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 theconsequences

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
* is discussed in Sections 4.3 through 4.6.0
* The consequences of the accident relative to the design bases.are evaluated for the most limiting time in

the .cyclp. 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 incycle.

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 analysis of the CRDA is fundamentally a two-step
*approach and is briefly described, hereafter.,

AA4.2.1 Methodology Step 1 - Steady-State Evaluations0
The aim of step 1 is to find the most limiting control rods in the. corewith, respect to CRDA with a
steady-state method. The analyses are performed for CZP condition at the most limiting reactor
conditions defined in subsection A.4.4.Z The primary parameter that is utilized to determine the most
limitingrod drop positions or candidates is the droppedcontrol rod incremental reactivity worth.

0
0
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] aC An NRC-approved three-dimensional static nodalco4e, such as

POLCA7, in conjunction with the cross-section generator code PHOENIX4,: is utilized for this evaluation.
The screening of the core is as f6llows:

1. [

]a'C

2. [

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. [

]ac Several 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 potential candidates for the most limitingdropped control rods, Within the cycle,
the second step is analysis of the dynamic response.to those dropped contrl rods and the subsequent
consequences to the fuel. This evaluation is, proredwith POLCA-T. [

T]"C The

dynamic calculations are as follows:

0
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1.
Ia~c

2. The rod is assumed to drop from a fully inserted positionto a banked positiongiving the highest
incrementalreactivity.
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3.

4. Thedynamic analyses are performed taking into account the uncertainty treatment described in
Section A.5.

5. The maximum local enthalpies are compared to the acceptance criteria.

The two0steps of the methodology are described in detail in subsections A.4.3 and A.4.4.

A.4.3 Determination of Candidates for the Limiting Control Rod

A.4,3.1 Analysis Metlhodology

[

]Y" The total reactivity worth of a given rodis defined for this
application as:

kout '
Total Reactivity Worth, CRo,,h - eff eff

k out.

where:

k 'n.eff

koeff

Core keffective with the control rod is fully inserted, and

Core keffective with the control rod withdrawn to its final position.

I

I ac
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Discussion:

The incremental reactivity insertion as afunction of position as the control rod drops is referredjto as "the
reactivity shape function." [

1.

2.

pC

Since it must be assumed that the reactor can be shut down and restarted, atany time. during the cycle, the
possibility of acontrolxrod drop inthis operatingrange mustbe 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 typically tends to get somewhat more negative with the exposure, while
the delayed neutron fraction typically tendsito decrease with increasing. exposute, which tends tomake the
accident moie seyere.

The 3-D core simulator POLCA7:is used to simulate the control rod withdrawal's obser•ingthe
restrictions imposed bythe plant Technical .Specifications. The twomos.t 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: willmitigate theseverifty of the,
CRDA.

0

0
0

0
0
0
0
0
0
0
0
0
0
0

0
0

0
0

0
0

0
0
0
0
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0
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["

]a;c:.

A.4.3.2 Example of a Scoping Calculation

This section provides an illustration of the Westinghouse methodoIogy 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. 648fuel assemblies BWR/6 core. Therated core
thermal power and flow rate are 3,600. IIt and 11,511 kg/s, respectively. An equilibrium, reload core of
Westinghouse SVEA-96 Optima 2 assemblies designed for 12-month cycle application Was utilized for
this illustration. The most limiting reactor condition according to subsection N414.2:is selected for the
evaluations. Three cycle exposures are analyzed; BOC, middle-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 rod groups are shown in Figure A.4-1. Al, control rod patterns from cold global
criticality to97 percentof all control rods withdrawn are c6vered by the analysis, At each step in the.

startup sequence, all withdrawn control rods are analyzed with respect torod drop, the rod drops from a
fully inserted to a fully withdrawn position.

Table A.A-1. Operating Conditions Used In Step 1

Paranieter Value

Core Power, relatiye to rated 108

Core Flow, kg/s 3,11:2

Reactor Pressure, IK'Pa 1.0

Inlet Temperature, ' iC 100

Inlet Subcdooing, Qc 80
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Rod Groups in the Start-up Sequence

5

1 N F9 21 10 21

F-3 8 4 7 3 7~ 4

1 9 2 10 1 9 1 110~

1 ~7. 3 R 4 R~ I

FN] -Group 1-4, From ARI to B&W pattern

FN] -Group 5-10, From B&W pattern to AR(

0

S

0

0

0

S

0
S

0
0

0

0
0

0

0
0
0

3

Figure A.4-1. GroupAssignmtent forethe.A Sequence

Groups 1-4 are withdrawn in the consecutive order Group 1(5 steps) => Group 2 (33.steps) => Group:3
(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 Figure A.4-2. Figure A.4-3 displays the relation between the maximum nodal power and the
incremental reActivity.: Eight control rods have an iricremental worth at thleEOC that is at least .400 pcm
higher lhan the corresponding worth of the each of remaining rods at BOC andMOC states.[

]ac
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a,b,c

Figure A.4-2. Total Reactivity Worths for Sample BXWR/6 Withdrawal Sequence A

Figure A.4-3. Relative Maximum Nodal Peak Power as a Functionof the Dropped CR Worth

a,b,c
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a,b,c

S
0
0
0

0

0
0
0
0
0

0

a~b,c:

S
S
S
S

S
o
0
0
0
0
0
S
0
0
S

Figur~eA.4-4. C~ontrol Rods patterns at: Steps 113 and 114 with ;Selecte~d Candidates for the
L~imiting Control Rod
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In this. example, in order toinclude 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
possible candidates for the control rod(s) Which would cause the most severe consequences from.a ýCRD.A
were.performed assuming worst-case conditions. [

]a.c

In the dynamic analyses, a realisticdrop of the control rod is considered. Table.A.4-3 presents the control
rod worth andj [ ]ac ofthe selected candidates for the limitig 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 [ ]a'C pcmfor CR number 85. The other control
rods in the same group as the dropped rod belongs, are withdrawn to the banked position.4.notches, a,b,c

The determination of the actual cases to simulate, inthe transient calculations is done on a [

I aý
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The selected candidates are utilized in Section A.4.4 in order to define the limiting controltrod. 0
A.4.4 Dynamic Aiialysis To Determine Eniergy Deposition in Fuel

A.4.4.1 Andysis Methodology

The dynamic analysis is performed with the POLCA-T code for each of the CR candidates identified in.

the three-dimensional nodal simulator scoping evaluation as described in subsection A.4.3. The 0
calculations are performed at the limiting reactor initial conditions. [

0
0

The initial conditions, 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 themaximum drop velocity of 0
0.948 mi/see (3.11 ft/second) established in Reference 3. [ac

Discussion:

The core nodalization is exactly the-same as in the steady-state evaluations performed with the POLCA7

three-dimensional nuclear simulator code. Full-core calculations are perfonned with one-to-one

neutronics to the thernal-hydraulic mapping scheme. Thus the possible asymmetric effects in the single 0
control rod drop simulation are accounted for. The two-group cross-sections, kinetics data (delayed
neutron fractions, precursor's constants, and inverse velocities), and local pin peaking factors ýare

generated by PHOENIX4 for each fuel. composition and saved in a standard POLCA7 representation form

(Reference 4). They are treated on nodal base by the POLCA7 standard cross-sections: and S
homogenization models. The:nodalburnup and void historyfor each specific case are provided by the

POLCA7 code. The instantaneous moderator density, fuel temperature,, and control rod dependences at

discrete burnup, and density historystate points are accounted by the POLCA7 standard cross-sections

model., The cros,s-sections, kinetics data, and local pin peaking factors are updated at each time step

during the POLCA-T transient simulations:using standard POLCA7 models. S
o

The fuel peak enthalpies are calcuiiated.in, each node using the nodal powers from the dynamic POLCA-T
calculation and the local pin peaking factor calculated for thatnode. [ 0

0
O
O

p° 0
]ac
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jac

Uncertainty treatment and conservatisms included by assuming bounding input parameters, are described
in Section A. 5.3.

A.4.4.2 Example of a Determination of the Liniting 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 POLCA-TCRDA applications.

A.4.4.2.1 [ I aC

I

] a,
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a;bc

FigureA.4-5. [

12,C alb,c
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A.4.4.2.2 [
a,c

I

Ia~c

Table A.4-5. Input Data for theLimiting Initial Condition Cases

Parameter Value

Initial Power, relative to rated 10"1

Cycle Exposure EOC

CR Step 113 and 114

Dropped CR #:85 and #14

Dropped CR Speed, m/s .0.948

Dropped CR Speed, ft/sec 3.111

Scram delay from 120% trip, s [ ab,c

The dropped~control rod was assumed to drop from.the fully inserted to the position, of its drive by
8 notches.

A scram is activated with [ ]' 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 insertion. Therefore, the effectiveness of the scramiis
conservatively underestimated.

, .. ., .E i~b,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[ f'¢ inlet temperature provides the

limiting initial conditions that lead to highest peak enthalpy. It has to be noted that these conditions and

the. ones at [ ]a'cinlet temperature produce both closer values to thevalues

obtained at 1 bar or 70 bar pressure and, 200 C inlet temperature. The results obtained for CR number 85

confirm the-same trends as the ones observed in CR number 14 results.
a,b,c

0
0
0
,0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

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 number 14 and number 85. [

]Pc
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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 methodologyfor performing the d"namic CRDA evaluation.

The results are shown for the same BWR/6 equilibrium SVEA-96 Optima2 core for which the

steady-state evaluation was presented in subsection A.4.3.2. The example dynamic evaluation of CTWA

isperformed at the limiting initial conditions of [F ]•, which in subsection A;4.3.2 was
found to lead to the highest peak enithalpy.

The very same plant model and input datadescribed in subsection A.4.4.2 are used ýin the dynamic

calculations presented 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 presents the summary of the obtained results-,for the

peak power, maximum energy deposited in the fuel.andmaximum hot rod fuel temperature as well as the
timing of observed peak values for all selected CR candidates. [

I" 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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a,b,c
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FigureA.4-6: POLCA-T Predicted Reactor Power Time Histories for CRDA Limiting Initial: 0
Conditions CasesS
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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 A4-8.
Figure A.4-9 shows the core power as a function of tine for all candidate control rods. Figure A.4-10-and
Figure A.4-11 present the POLCA-T.predicted peakfuel enthalpy time histories for-the candidate limiting
control rods in the sequence steps 113. and 114, respectively.

BWR/6 Plant SVEA-96 Optima2 Equilibrium core CRDA
Transient Evaluation of Candidate CRs

10000 •_,
-... CR,# 12

- -CR. #14

8000 -CR #55• •£,• •-- -CR #65

-CR. #85

6000 
.CR #95

o 4000 - _

2000-_____

... . .--1 . ................2o0
0-65 0.70 0.75 0.80 0.85 0.90 0.95

Time, s

Figure A.4-9. POLCA-T Predicted Reactor Power Time Histories for the Candidate Limiting CRs
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a-b~c

FigureA.4-10. POLCA-T Predicted Peak Fuel Enthalpy TimeHistories for the Candidate Limiting
CRs in Step 113

axb-c

Figure A.4-11. POLCA-T Predicted. Peak Fuel Enthalpy Time Histories fortheCandidate Limiting
CRs in Step 114
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A.4.4.4 Sunimary and Conclusions

Summary and conclusions from the limiting case determination and transient evaluation evaluations can
be summarized as follows:

1. [I

2.

3.

4.

a•c

A.4.5 Evaluation of Peak System Pressure During tihe Transient Methodology

[
ajc

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
inctease of only'[ I` MPa, which must be consideredas an insignificant pressure increase. The system

pressure is not expected to increase significantly higher even if the cladding failure limit is reached.

[ac

I]a.C
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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 methodsto.
cycle-specific licensing evaluations of the CRDA.

a~c

Figure A.4-12 illustrates the procedure followed for the cycle-specific CRDA evaluations.

A.4.7 Comparison of Analysis Results with Evaluation Criteria

A reload design is acceptable only if it conforms to the.design criteria iii Section A.2.4. [

Peak fuel enthalpies are confirmed to be less than the peak enthalpy limit for fuel diSpetsal.
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If the peak enthalpy exceeds the limit for fuel failure, the. number of rods exceeding this value at any axial
level is 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 criteria specified in

Section 2.4.

Step I
Stationary Calculations

CR Worth < CR Worth max

[
I a,c

Step 2
Dynamic 3-D Evaluations
Section A.2.4 acceptance

criteria met?

No Further
Yes Calculations

0

zý

Step 3
Redesign of Fuel and/or

Loading Scheme

Go to Step 1

FigureA.4-12. Strategy for Cycle-Specific Evaluations
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A.5 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 the PIRT 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 CRDAPIRT described in Section A.2.5. :Many

reports and papers are available in the literature, which contain discussion ofthe mechanics of the
accident, and parametric studies of the consequences as function of control. rod patterns, 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. Hereafier, 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:

* 1
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A.5.1.1 Total Control Rod Worth
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I

] BC
abc

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 fueltemperature. The Doppler effect is, therefore, provided to
POLCA-T on a nodal basis and handled as part of 'the cross-section treatment. The Dopplereffect
terminates and reverses the initial power excursion. Therefore, the peak fuel enthalpy is generally quite
sensitive to the magnitude of the Doppler feedback.

r

]r~c
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The effect of Doppler feedback when the fuel temperature change from T1 to T2 can be evaluated by the

Doppler coefficient CD defined as

CD k.(T )-k.(T) 'j2

where the k. values are the nodal eigenvalues calculated by PHOENIX4 code.

The Doppler coefficient also varies with nodal exposure, typically, for example, decreasing with

increasing exposure for low exposures.

I ac
a.b.c
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A.5.1.3 Delayed Neutron Fraction

POLCA-T treats the effective delayed neutron fractions oni a nodal .basis:.similar to the.way of treatment of
the cross-section data. [

]PC.
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abc

Figure A.5-2. POLCA-T Predicted Peak Fuel Enthalpy Versus Doppler Coefficient Multiplier
ab.c

A.5.1.4 Pin Peaking Factors

In this study, the nodal pin peaking factors were varied by5percent 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 investigate the effect and fairly compare the
peak enthalpy, however; a constant. in time pin power peaking factor was used in the calculations
presented in this section. These nodal peaking factors had been obtained by POLCA7 calculations of the-
steady-state with dropped control rod. The calculations were performed for given-core-loading at certain
state of the fuel cycle 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. [
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I
1kc ah3=c

a,b,c
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FigureA.5-3. POLCA-TPredicted Peak Fuel Enthalpy Versus Pin PeakingFactor

A.51.,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. [

.PC
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] 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 CZPand
HZP sets of the dropped control rod cases. The results are summarized in Table A.5-4. [

a,c 
a .bx,

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. [

]E;c
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a-b.c

A.5.1.7 :Rate of Reactivity Inseition

The effect ofaccident 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 tolerances
in physical dimensions at the 3 ( 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
repeatingjthe calculations forcontrol 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 mi/s2 . Table A. 5-6 shows the summary of obtained results.
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],,C Figures A-5-4 through A.5-7 present the fission power, peak

fuel enthalpy, maximum hot rod fuel temperature and maxinum fuel centerline temperature time
histories. [

] as a -b.c
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a,bc

FigureA.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

FigureA.5,6. POLCA-T Predicted Maximum Hot Fuel Rod Temperature Time Histories at
Different Reactivity Insertion Rates

a~b,c
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FigureA.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

Thefactthat the moderator feedback to the power does not contribute substantially to the reversal ýof 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 Themoderator 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 highestenergy release. f

]8°c

Ia :a,b~c
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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

separatestudy at low pressure cases presentedabove in Table A.5-5. [

p ac

A45.1.10 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 FigureA.5-8. [

a.b-c
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abc

FigureA.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 inthe 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. [

a.c

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.
providedin this:section and previous POLCA-T and RAMONA-3 works. The, sensitivities
observedutilizing POLCA-T code for CRDA analysis agrees with the reported in the literature
sensitivities of the peak fuel enthalpy to the considered parameters.

2. [

Ia,c
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3.

4.

6.

7.

8.
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I a~c

9. 1
I a~c

A.5.2 Peak 'Fuel Enthalpy

Basedon the preSent anid previous.sensitivity evaluations performed by POLCA-T code, the following
parameterslhave the greatest impact on peakftiel enthalpy in% the-fue rods:

0 Ia~c

These parameters, depend on suc'h variables as. the control rod patt•er;the core hydraulic conditions, theý
core bumup and bumup distribUtion, and type-of fuel..inth•ecore. Therefore, analysis of a cycle for the
most limiting situation requires, in principle, a large matrix tofcore conditions: and burnups. However, asl
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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 describedin 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 inCrease error-lke situations.

A.5.3 Establishment of the POLCA-T Uncertainty

This section describes, the treatment of bounding values and uncertainties in the POLCA-T CRDA
analysis. Uncertainties in thernodeling 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 influencethe total uncertainty.so that the greatest effort can be focused on
establishingthe uncertaintieS of thosephenomena that have the greatest impact on the critical safety
parameters.

],,C

An uncertainty analysis iis us.ed to address the effect on peak fuel enthalpy of the variation in. parameters
relative to, their nominalvalues 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 is practical. For example, .utilization of a bounding value of the velocity with which the
dropped control rod exits~the coreis usually practical.

[

I
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[.
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An example of the application of thi's uncertainty analysis approach to the corresponding limiting
CR number 85,case described, in subsection A.4.4.3 and Table.A.4-8 of Section AA is provided in this!
section. In this case the uncertainty-,Ao is intended to provide an upper limit for the 95 percent

confidence level.
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A.5.3.1 Total Control Rod Worth

[

p0c
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a,b,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

A.5.3.2 I IAc.

I

E]•

A.5.3.3 [ ac

I

I a~c

A.5.31.4

[

I a,cý
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Ic a,b,c

A.5.3.5 Fuel and Cladding Heat Capacities and Thermal Conductivity

[

A.5.3.6 Gas Gap Heat Transfer Coefficient

a.c

A.5.3.7 I a,c

[

.Ia~c,
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A.5.4 Conservatism in POLCA-TCRDA Methodology

Conservative assumptions in POLCA-T CRDA methodology are summarized as follow;

1. Initial conditions for the CRDA analysis:- [

PaC

2. Scram set point: [

a~c

3. Scram time delay and speed: The value of [ ]ac 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 rate in the form of maximum.times
from de-energization of the scram solenoid valve. for controilrods reaching 5,.20, 50, and
90 percent .of insertion. Therefore, the effectiveness of the scram is. conservatively
underestimated.

4. Scram reactivity inserti0n: [

I ac

5. Fuel and cladding heat. capacities and thermal conductivity-[

•ac

6. Gas gap heat transfer coefficient: [

]ac

WCAP- I 6747;-NR
Appendix A

Marech 2007
Revision 0'



A-78

A.5.5

I
I a,c

I a~c
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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 on validations against [ ]c stability
tests. It also discusses uncertainties in both measured and calculated decay ratios. Asensitivity stdy iS

included in order to investigate limitations and to support the uncertainty analysis.. Stability methodology
is discussed only briefly since it is essentially the same as the earlier approved methodology for
RAMONA-3.
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ACRONYMS

APRM
AR
ARMA
BOC
BWR
BWROG
CM2
COSMOS
DR
EFPH
[ ]8ýc

GE
GETARS
[ I ac

LPRM
MCPR
MEOD
MOC
NEA
OECD
[ ]ac

SADL
SRI

average power range monitor
auto-regressive method
auto-regressive moving average method
beginning of cycle
boiling .waterreactor
Boiling Water Reactor Owners Group
Core Master 2, Westinghouse BWR core engineering tool
core on-line stability monitoring system
decay ratio
.effective ..full-power ,hours[ ]8,C

General Electric.
.[ ]' 8Cdata acquisition system
[ ac

local power rangemonitor
minimum .critical power ratio
maximum extended operating domain
middle of cycle
Nuclear Energy Agency
Organization for Economic Co-operation and Development

[ I a9

specified acceptable fuel design limit
select rod insert
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* B.1 INTRODUCTION

*The purpose of this appendix is to describe the validationof POLCA-T as a tool forreactor stability
*analysis. The code,qualification against plant stability measurement demonstrates the capability of

performing stability analyses.in support of plant-specific applications, such as reload licensing
0evaluations.

*The Westinghouse methodology for performing reload stabilitye analyses:using the.POLCA-T code is
essentially the same compared to the earlier approved methodology using the RAMONA-3 code
(Reference 1). Additional features compared to the RAMONA-3'methodologyý 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.
0

The features of the.POLCA-T code that make it an.excellent tool for stability calculations include:

1. The ability to represent the entire core configuration. This allows explicitmodeling, of the
* thermal-hydraulic, neutronic, andcfuel 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 p~erfo•r a fully coupled thi-ee-dimensional 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 predictthie onset of global (core-Wide) and azimuthal (regional) limit
* cycle oscillations.0

2. POLCA-T can accurately predict global decay ratios 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 types and averaging of the three-dimensional power. distribution.

5. POLCA-T comparisons with 70.plant data measurements of global oscillations show full
*consistency by applyingthe evaluated simulation uncertainty.
0
0
0
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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 the code and the
application of the code uncertainties for reload applications is further discussed in Section B.9.

[
I". Thus, POLCA-T is applicable to existingreactors 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 performning a'stability caliculation with
POLCA-T. The, general process is used in the plant measurement qualification ,calculations presented. in
Sections B.4 andB.5, 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 f6r performing a stability calculation with POLCA-T can be summarized as follows:

Set up a plant vessel model:

1. [

2. I ac

0
S
0

0

0
0
0

0
0
0
0
S

0
0
0

S

0
S
0

S

0
0
0
S

S

Set up the core configuration:

3. [

4.

5.

6.
]a,C.

Set up the core:statepoint:

7. [

P aC

WCAP-16747-NP. 'March 2007
Revision 0



0

0

0

0
S
0
0
S

0

0

0
0
0

B-3

Establish the initial conditions for the reactor state ,of:interest:

-8. [

9.

10O

11.
.ac

Perform the reactor stability evaluation:.

12 [

13.

14.

15. I ac

The general layout of the flow-loop model is'similar to those of standard onedimensional system analysis
models (such as,,.RETRAN, BISON, GOBLIN), The.number of nodes in each section is, however,
normally higher and the description is more detailed. Channel geometry, coreldayout,,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 physics. code .(such as,
PHOENIX, CASMO, or PARAGON). These dataz are used in exa~ctly the same Way as inPOLCA7

HistOrical data (such as, bUrnup, density history, etc),,xehoni and iodine distributions, areread. directly
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-dimensionalsteady-state simulator results and plant core supgevision recordings.

The dynamic behavior of the. reactor is simulated by POLCA-T. starting from the appropriate initial
conditions. Theresponse of the system is evaluatedbyimposing a suitable perturbation :(typically control
rodimovement) and observing the evolution in time, aft•e theeffect.of the initial pertur atioi has died.oUt.,

0
0
0
0
0
0
0
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This evolution determines the rate at which oscillations will decay 'orgrow, thereby determining the&decay 0
ratio. The perturbation is typically imposedcfor 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 own.
characteristic frequency and will exhibitdecaying oscillations if the system, is dampedor 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/regional) and to, create proper oscillation
amplitudes for the evaluation purposes. In such cases, oscillations will .grow even inthe absence ofan
initial perturbation, However, the evaluation might become more difficult and calculation timetwill be
longer. 0
B.4 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 conductedin 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 stability measurements is an ongoing process as nev.data
become available. This section provides an assessment of thefreliability of POLCA-T to simulate boiling
water reactor (BWR) instabilities based on comparisonsof code predictions; against data from stability
tests using the Westinghouse stability analysis-process described in Section B.3. The qualification cases
presented here are:

* [ ] ,,C Cycles 7, 10, 13,,and 19 stability- tests.
* [ ] "C Cycles 14, 15, 16, and 17 stability tests,

a [ ]aC Cycles 19 and 20 stability tests

These qualification cases comprise 70 individual POLCA-T simulations of measured stability data.

B.4.1 [ ] A,C CYCLE 7,10,13, AND 19 STABILITY TESTS

B.4. 1.1 Plant Description
S

The [ ]•C nuclear power plant is a General Electric (GE)
designed BW7R located in the. ]•. The principalplant characteristics are
listed in Table B.4- 1.

Core stability.tests were conducted at[ ] in the beginning of the seventh,. tenth, thirteenth, -and
nineteenth cycles of operation. The core composition forCycle '7 is shown in Table B.4-2. The core"
consisted primarily of GE 8x8 open lattice fuel. The core composition for Cycle.10 isshown in
Table B.4-3. Thelcore dominant fuel was- SVEA-96'(10x10) water-cross fuel with theremainder
consisting:lof.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 Table B.4-5.

0
0
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Table B.4-1 [ ]J'ý PlantCharacteristics

Parameter Value.
( Original) (Uprate 1) (Uprate2)

Plant Manufacturer General Electric
Product Line BWR/6
Commercial Operation Date 1984 1996 2002
Rated Thermal Power 3,138 MWth 3,515'MWdl 3,600 MWih
Nom imal Core Flow (1 00 percent) 11,151 kg/sec.

(885 Mlb/hr)
NumnberFuel Assemblies 648;
Recirculation System 20 Jet Pumps.
Core Power Density 54.7 kW/liter 61.3 kW/liter 62.8 kw/liter

Table B.4-2 [ ]"C'Cycle 7 Core Composition

Bundle Type Assembly Description. N4umber of Assemblies

I GE8x8-2 532
2 GEWxS-4 108

3 KWU 9x9-LTA 4
4 SVEA-64-LTA 4

Total 648

Table R4-3 [ ]•'c Cycle,10 Core Composition

Bundle Type AssemblyDescription Number of Assemblies

1__ _ _ _OE8x8-2 170
2 GE8x8-4 144

3 SVEA-96 330
4 GEl1-LTA 4

Total 648

Table B.4-4 [ ]a~c Cycle: 13 Core;Composition

Bundle Type AssemblyDescription Number ofAssemblies

I SVEA-,96 414.

2 SVEA-96± 232
3 GE I1 -LTA. 2

fTotal 648

WCAP-167147-NP. Marish2007
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B.4.1.2 [ 1, Cycle 7 Tests 0S
B.4.1.2.1 Cycle 7. Description

A-core stability test was .conducted. at [ ]ac in the beginning of the seventh..operating season during the
power ascension.phase (Reference 2). The test served three purposes, namely: 0
* Investigate the stability characteristics of the core in various regions of the power/flow map, with

special emphasis on the lowýflow region

* Qualify the core on-line stabilitymonitoring system (COSMOS)

Collect a database for future reactor operations

B.4.1.2. !.1 Testing Sequence.

After an initial recording (Record 1) at 61.4-percent power and. 76.1-percent flow '(peiformed primarily to
check that the recording systemrwas functioning properly and that the recording procedures were-
satisfactory), thexrecirculation pumps were switched from high to low speed.and the. drive flow control
valves were opened fully. The core power. was, about 34 percent. A.bout an hour later, withdrawalof
control rods commenced.

A second recording (Record 2) was initiated, shortly after completion of a contro.l 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, whichresulted in a
bowl-shaped radial power distribution, with high power in the peripheral regioin and low power in the
central region. Also, the. peripheral regionr experienced a gradual downward tilt of its axial power shape
throughout the power ascension. High-power, bottom-peaked peripheral regions, were created to, promote0
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 core power, rose from about 53 percent to 56.9 percent for a core flow of
36.6 percent flow.

0
0
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The next core performance log printout showed a core power of 58.6percentand 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 this recording
was in progress. These rod withdrawals caused a gradual increasdof" the LPRNIsignal oscillation
amplitudes - which continued until an alarm was triggered andthe Operator promptly reinserted some
control rods. By the time the recording was completed, the power had dropped to 55.9 percent and the
core flow to 36.6 percent, according to the next core performance log.

Afinal 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 had been established during the previous
recording. Thq core power was then 58 percent and the coolantfloW was 36A percent. The reactor was
left for a few minutes at this operating condition and 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 themeasurement point that was used in the simulations are given in Table BA4-6. The
analysis times correspond to the time on the P-1 performance log printouts (see Figure B.4-1). Values for
power, coolant flow, and steam pressure were taken from the P-i 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 B.4-7 [ ]a'e Cycle,7 Measurement Results

Case Decay Frequency Mode Comments
Ratio (Hz)

Record 2 0.65 0.49 Global Basedon .APRM. Control rd
movement during measurement
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Figure B.•-. j r'Core P.ower Transirnt Durinifg Cye0,7. Stab'ility ::Melasu•re inmts
(e symbol1s 0m arksthe.t•mes when, P-I core p erformance.map s.were, pnnted, and the corresponding
powers. Tim.e periodsdcoveredbyrecordings2 through S areindicated).

B.4.l.2.2 Cycle:7 Model Description

A POLCA-T mon de wA 't .deeop ed o for.[
described in this section,.

]t Both plant-sp ecific data and Cycle 7 specific data &e.

The 6481tbu dl e. core i sr ,ep res ented in full' -coe gedometfrywith ,each bundle represented as a hydraulic
channel'and. 25: axial nodes. An extrahydrauiic channel models all intemal and common bypassfi4owsz.
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* The geometry of the loop outside the core is modeled according to a. detailed description provided by

[ ,C The two recirculation loops are lumped into one, and.the 20 jet pumpsare.represented by

one pump. One short steam line is modeled and used for applying boundary condition. The pressure
controller is not niodeled. A simple feedwater controller that only affects the steady-state calculationis
used.0

*LPRM assignments are explicitly represented in accordancewith their location in: the core. The total
*number of LPRMs is 35. The LPRM signals are calculated according to POLCA7.

0 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.

0
B.4.1.2.3 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 POLCA7. Axial and radial power distributions, core inlet.subcooling, keff and

0bypass 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.

The results of the calculations are summariZed in Table.B.4-8 and Figure B.4-2. The measured and
calculated stability parameters for the record have large uncertainties associated with them. The transient

* state of the reactor prior to the measurement periodresulted in,. (1) largerthan thenormal uncertainties in
*the deduced decay ratio .and frequency, and; (2),large uncertainty in the state parameters recorded at the
* plant. abc

S

The uncertainties in input for this record .are large and the results are therefore acceptable.

*• B.4.1.3 [ ]2,c Cycle 10 Tests
S

B.4.1.3.1 Cycle 10 Test Description

A core stabilitytest was conducted at [ ]a,¢ in the beginning .of its tenth.operating cycle. When the test
* was performed, the reactor had been operating atffull power for a few days (after a restart upon.

completion of its annual refueling and maintenance shutdown period),. The core composition for Cycle 10
was shown in" Table B.4-3.0

0
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There are two regions in the [ ]acpower flow map in which stability related operating restrictions 0
apply. These two regions are referred to as "Exclusion Region 1" and '"Exclusion.Region 2" and are
characterized as follows:

Exclusion Region 1: no operation is allowed above the 80-percent load line with coolanit flows
below 40 percent. The region may be entered temporarily only with permission from the. Safety
Authorities.

Exclusion Region 2: theregion 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
APRMILPRM signals or the on-line stability monitoring system COSMOS, and the operator
takes appropriate action ifthe 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 characteristicsof a mixed core of GE 8x8-4 and SVEA-96 (0x10-4),0
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 20

The flow border between Exclusion Region 1 and'Exclusion Region 2

The highest and lowest coolant flows with recirculation pumps running at minimum speed, within0
Exclusion Region 10

0
B.4.1.3.1.1 Testing Sequence

The test procedure for this cycle differed significantly from that of the previous stability testat[ ]ac,
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/flowareas 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 (a [ ]'
data acquisition system). A total of 10 signal recordings were madeduring the test. A description ofthe
test recordings is given below.

The power was reduced by the combined effect of control rod insertion to the 100-percent rod line and0
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 criticalpower ratio(MUCPR)
operating Ilimit .'vas reached. At this point recording number 4 was taken at 67.8-percent power. The,
axial power shape was bottom peaked and the radialtpower distribution was flat. 0

0
0
0
0
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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-percent rod line. The pump speed was kept low and bothiflow control
valves were fully closed. The core flow reached was 27 percent. The power Was then increased and at
43.5-percent power oscillations in the LPRMs appeared (Record 10). After a periodlthe oscillations
amplitude reached about 4-percent peak-to-average.

The SRIwas triggered when the oscillations reached the amplitudeof 4 percent. TheSRI promptly
reduced the core thermal power by about 9 percent and the power oscillationsmwere 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.I.2 Test Data

During the stability measurementsý, only global oscillations were present. No regional oscillations were
observed. Table B.4-9, shows the plant conditions for Recordings 4, 6, 8, 9, and 10. Table B1.4-10 Shows
results from the noise analysis of these five measurements.

Table B.4-9 [ ]a'C Cycle 10 Test Conditions
Case Power Core Flow Feedwater Temperature Steam Dome

(%) (kg/sec) (0C) Press. (bar)

Record 4 (15:36) 67:7 5,064 196.15 70.35.

Record 6 (17:19) 61.3 4,462. 191.9 69.99
Record 8 (19:12) 5.1.6 3,999 183.5 69.42

Record 9. (19:47) 5.8.6 4,007 188.9 69.81

Record 1:0. (21:07), 43.0 3,161 1.75.7 ý68.98

Table B.440 [ ]•'C Cycle 10 Measurement Results

,Case Decay Ratio Fr!equency (Hz) Mode Comments

Record 4 0.44 0.60 Global

Record 6 0.53 0.54 Global

Record.8 0.45 0.48' Global

Record 9 0.65 0.50 Global

Record 10.. .0:97 0.47 Global natural circulation
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B.4.1.3.2 Cycle 10 Model Description

The plant-specific [ Jac model is identical to that used for Cycle 7 (see subsection B4. 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 [ ]TC 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, [ ]

Steady-state POLCA-T calculations were firstperformed 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 kewere compared.

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.4-11 and in Figure B.4-2. ab;c
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As can'be seen from the table there is good agreement between the measured and calculated decay ratios
and frequencies.

B.4.1.4 ]fl' Cycle 13 Tests

BA4.1.4.1 Cycle. 13 Test Description.

A core stability test was conducted at f ] in thebeginning of its thirteenth operating.Cycle. When

the test was performed, the reactor had been operating at full power for a number of days, after arestart:

upon: completion of its annual refueling and maintenance shutdown period. The core composition for

Cycle 13 is shown itn Table B.4-4. The core consistedof about 64-percent SVEA-96 fuel and 36-percent

SVEA-96+ fuel.
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Reyision 0



* BI 3,

*The objectives of the Cycle 13 stability testwere 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 powerto 112 percent. All tests

*were performed with both recirculation pumps running at:

0 Above the upper flow border of Exclusion Region 2
* At the upper flow border of Exclusion Region 2

B.A.1.4.1.1 Testing Sequence

* The test procedure. for this cycle was rather similarto the, stability test-at [ ], 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. Atotal of eight signal 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 MWth maximum extended,
operating- domain (MEOD) operating limit was reached. At this point recording number 2 was performed
at 79.7-percent powern The axial power shape was bottom peaked and the radialpower distribution was:

*flat.
0
* From the previous 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 wasincreased by careful rod withdrawal to 74.0 percent, until the 3,13 8 MWth

*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 of0 45.percent was established. When steady conditions. were. obtained a recording was performed
(Record 5). With a constant core flow of 45 percent, power was increased by rod withdrawal approaching

*the 3,138 MWth MEOD operatinglimit. Three recordings (6a, 6b, and 7) were performed at power
*levels 66.0, 66.8, and 68.2 percent.

*B.4.1.4.1.2 Test Data0
*D During the. stability measurements, only global oscillations were present, No regional oscillations were

observed.. Table B.4- 12shows the plant conditions for Recordings 2,4, 6a, 6b, and.7. Table B.4-13,
shows results from the noise analysis of these five measurements.0

0
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Table B.4-12 [ ]acCycle 13 TestConditions

Case Power Core Flow Feedwater Steam Dome
(%) (kg/sec) Temperature ('C) Press. (bar)

Record 2 (19:10) 79.7 6,077 205.9 72.94
Record 4 (20:07) 74.0 5,539 202.4 72.69:
Record 6a (20:58) 66.0. 5,002 197.3 72.36
Record 6b (21:08) 64.8 4,982 198.0 72.32

Record 7 (21:34) 68.2 4,990 198.8 72.47

Table B.4-13 [ ]•'C Cycle 13 Measuremnent Results

Case Decay Ratio Frequency (1hz) 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 [ ]ac 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 extractedfrom 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 [ 1' Cycle 13 tests. Table B.4-12
shows the conditions for the selected measurement points. The time. chosen for.the simulationis 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 atthe
starting time for the recording. CM-PRESTO is'the three-dimensional core supervision code used at
[ °.a C

Steady-state POLCA-T calculations were first performned, and theresults 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 keff 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, ofthe 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. a ,býý

B.4.1.5 ]jC Cycle 1.9 Tests

B.4.1.5.1.1 Cycle 19 Test Description

A core stability test was conducted at [ ] in thebeginning 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 re§tart
upon completion of its annual refueling and maintenance shutdown period. The core composition ftor
Cycle 19 is shown in Table B.4-5. [

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 theoriginal design. The nominal power
had already before the cycle start been redefined such that 3,600MWV was 100 percent. The exclusion
regions had already from the previous power upgrade been extended. A second region consisting of the•
flow regime between 45 and 50 percent, and power aboye the 3,138 MW'th MEODline 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 MWth MEOD line.

All test points were performed. with both recirculation pumps running at:

* Above the upper flow border of Exclusion Region 2

Different flows within both Exclusion Regions 1 and 2, with the recirculation pumps running at

high speed

* [

IC
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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 [ ]' 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 by -COSMOS
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 withdrawal campaign is
given below.

All data except Record 2 are of good quality and could be useful for compariso0n withcalculations. There
were some problems with the data, collection system during the second recordingandcthe collected data
are, therefore, not useful for validation. purposes.

a,c
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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 plantconditions for Recordings I and 3 through 11. Table B.4-16
shows results from the noise analysis of these ten measurements.

a,b,c

B.4.1.5.2 Cycle 19 Model Description

The plant-specific[ ]a•c model is identicalto that used for theother cycles (see subsection B.4..2.2).
The core model was, in the same way as for the previous cycles extracted from the CM2 database.

B.4.1.5.3 Cycle 19 Test Simulation

During the test, 11 recordings of selected signalsweremade, Each recording lasted 10minutes.
Qualification.gofPOLCA-T code was performedfor tten of the [ ]C Cycle 19 tests. Table B.4-15'
shows the conditions for the selected measurement pointts. 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 obtained 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 flow fraction and kf-were compared.

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- 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. a,b,c
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Figure B.4-2. Comn parison of [ ]aC Cycles 7 10, 13, and 19 POLCA-T Calculations with
Global Mode Oscillation. Measurements

B.4.2 A,C CYCLE 14,15,16, AND 17 STABILITY TESTS

B.4.2.1 Plant Description

I],c is an ASEA-ATOM.designed BWR• located on the [ ]ac [
],C 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 MWth to 2,500"MW0 , Plant.characteristics
for [ r C are summarizedin Table B.4-18.
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Table B.4-18 [ ]a, Plant Characteristics

Parameter Value

(Original) I (Uprate)

Plant Manufacturer ASEA-ATOM

Product Line External Pump Design

Commercial Operation Date 1977 .1989

Rated Thermal Power 2,270 MWt[ 2,500 MWth

Rated Core Flow 9,400 kg/seconds
(74.6 Mlb/hr):

Number Fuel Assemblies 648

Recirculation System 6 External Pumps

CoreoPower Density 40.8 kW/liter 44.9. kW/liter

[ ]aC 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 B.4-19 [ ]0,C Cycle 14 Core Composition

Bundle Type Assembly Description Number of Assemblies

1 ASEA-ATOM 8x8-1 145

2 ASEA-ATOM SVEA-64-1 1,83

3 ASEA-ATOM SVEA-64 320

Total 648

Table B.4-20 [ ]',C Cycle 15 Core Composition

Bundle Type AssemblyDescription Number ofAssemblies

I ASEA-ATOM 8x8-1 1:26

2 ASEA-ATOM SVEA-64-1 124

3 ASEA-ATOM SVEA-64 398

'Total 648
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Table B.4-21 [ ]a'c Cycle 16 Core Composition

Bundle Type Assembly Description Number of Assemblies

I 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 B.4-22 [ ]a', 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 earlier been selected by the nuclear committee of the

OECD/NEA to provide a benchmark problem for stability calculations (Reference 3). Because of this
benchmark, it is relevant to include these data in a validation even if the core content is not representative
for a modem core.

B.4.2.2 [ ]C Cycle 14 Tests

B.4.2.2. 1.1 Cycle 14 Test Description

Noise measurements were performed by [ ],C plant peisonnel at.the beginning of Cycle 14 during
power ascension after refueling in September 1990. The recordings were made at points arranged in a
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 atten operating states, as described in Table B.4-23.
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Table B.4-23 I Ia' Cycle 14 Test Conditions

Case Power Core Flow Feedwater
(%) (kg/sec) Temperature (C)

1 (A) 65.0 4,105 157.7

3(C) 65.0 3,666 157.6

4 (D) 70.0 3,657 160.3

5 (E) 70.0 3,868 160.3

6:(F) 70.2 4,126 160.4

8(H) 75.1 3,884 162.0

9(G) 72.6 3694 161.2

10(1) 77.7 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 minimum flow and control rods were withdrawn. At about 72-percent power (Record 9), the
LPRM instruments started to oscillate. Oscillations were suppressed by gradual insertion of control rods.
The oscillations stopped after two, steps in the control rod insertion.sequence. The flow was then slightly
increased from the flow limit line, and the last two points (Records 8 and 10) were measured under stable,
conditions.

The recorded data were analyzed several times by [ ]'-c and ASEA-ATOM (today Westinghouse)
to evaluate the quality of the measured signals, resonance frequencies, decay ratios and phase shift
between LPRNIV detector signalsý (see SeCtion B.7.1). The result of the latest data analyses are shown in
Table B.4-24.

Table B.4-24 [ ]a~CCycle 14 Measurement Results

Case Decay Frequency Mode Comments
Ratio (Hz)

1 (A) 0.30 0.43 global

3:(C)Q 0.69 0.43 global
•4 (D) 0.79 0.55 global

5(E)) 0.67 0.51 global

6;.(F) 0.64 0.52 global

8 (H) 0.78 0.52 global

9 (G) 0.80 0.56 global APRM signal measurement

10(I) 0.71 0.50 global

0
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B.4.2.2.1.2 Cycle 1.4 Model Description

The reactor core was modeled in full symmetry. This avoids any symmetry assumption and is necessary
when regional oscillations are to be studied. The core consists of 648 channels. All channels have been
treatedexplicitly in the neutronic and hydraulic calculations. An independent hydraulic channel
represents common bypass and leakage flows. The total size of the model is:

0

0

Number of neutronic channels:
Number of hydraulic channels:
Number of axial nodes:

648
649

25

A-new model for the recirculation flow loop was developed. The model follows the outline used for the
BISON model of [ ]PC. 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 [
POLCA-T calculations for Cycle 14 are shown in Table B.4-25.

] ac simulations. Results from the

a,b,c

Figure B1.4-3 shows measured and calculated decay ratios for all the analyzed Cycle 14 tests,. The
agreement is acceptableeven if there is a systematic under prediction.
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a,b,c
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Figure B.4-3. Comparison of[ 1•c Cycle 14 POLCA-T Calculationswith Measurementsf

B.4.2.3 ]"'C Cycle 15 Tests

B.4.2.3.1.1 Cycle Test Description.

Stability measurements-were made atthe beginning of Cycle 15 (September 10-11, 1991) following a
procedure similar to thatperformed for Cycle 14 (see. subsectionB.4.2.2. 1. 1). The test statepoints used
for stability evaluation arevshown in Table B.4-26. Thededucedstabilityvparameters for each test point
are given in Table B.4-27, In all measurements, the in-phase (global) oscillation mode dominated.

WCAP-16747-NP 
March 2007

WCAP-16747-NP, MaRehs2007
Revision 0



S

0
0

S
S
S

0

B-25

Table B4-26 [ ]',C 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 3,945 161.4

6 70.3 3,775 161.3

8 75.2 3,994 163.5

9 71.1 3,633 162.0

10 '77.3 4,216 163.4

Table B.4-27 ]a'c Cycle 15 Measurement Results

Case Decay Ratio Frequency (Hz) Mode Comnments
1 0.23 0.44 global -

2 0.24 0.42 global -

3 0.21 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 1:5 Model Description

The POLCAT (plant) model developed for [ ]8,C Cycle 14 was used. Cross-section data and
historical data including xenon were extracted from the CM2 system using the same procedure as for
Cycle 14.

B.4.2.3. 1.3 Cycle 1.5 Test Simulation

As with the Cycle 14 tests, POLCA-T simulations were performed for each measurement point in

Table.B.4-26. Results from the POLCA-T calculations for Cycle 15 are shown in Table B,.4728.
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a,b~c

Figure B1.44 also shows measured and calculated decay ratios for all the.analyzed.Cycle 15 tests.. The
agreement is fairly good.

ab,_c
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Figure B.4-4. Comparison of[ .'CCycle 1S POLCA-T Calculations with Measurements
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B.4.2.4 I", Cycle 16 Tests

B.4.2.4.1.1 Cycle 16 Test Description

Stability. measurements again were made at the beginning of Cycle 16 (February 11-27, 1993) and also
about six months later (July 24, 1993) during Cycle operation. The measurements. followed the same

procedure as that performed for Cycies 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 for each test point

are given in Table B.4-30. In all measurements, the in-phase (global) oscillation mode dominated.

Table B.4-29 [ ]',C Cycle 16 Test Conditions

Case Power Core flow'(kg/seconds) Feedwatef
(%_ _temp (C)

1 64.3 4,112 157.6
2 .64.6. 3,925 .157.4
3 64.6 3,698 1571.6
4 '70.2. 4,165 159.6:
5 69.9 3;932 159:5
6 69.5 3,673 159.5
7 74.4 4,081 162.0
8 74.9 3,907 162.0
9 74.6 3,678 162.2,
10 76.0 4,217 16217
11 66.1 3,653 158.3

mnocl 77.4 6,588 163.6
moc2 75.6 6,034 162:4
moc4 57.5, 3,815 155.0

Table B.4-30 []•' Cycle 16 Measurement Results,

Case Decay Ratio Frequency Mode Comments
50z):

21 0.54 0.48 global measurement at beginning of cycle

3 0.54 0.47 global measurement at beginnig of cycle

4 0.69 0.42 global m easurement at beginning, of cycle
4 0.17 0.52 global measurement at beginning of cycle

5 0.67 0.49 global m ea surem ent at, beginning of cycle
6 0.72 0.49 global m easurem ent 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 mn easuremi ent at beginning of~cycle
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Table B.4-30 ] a'c Cycle 16 MeasurententResults
(cont.)

Case Decay Ratio Frequency Mode Coninentfsý
1sZ)

10 0.65 0.50 global measurement at beginning of cycle
11 0.66 0.48 global measurement at begning. of cycle

mocl 0.35 0.68 global measurement during cycle
m oc2 0.33 0.61 global measurement, during, cycle
moc4 0.73 0.51 global measurem ent during cycle:

B..4.2.4.1.2 Cycle. 16 Model Description

The POLCA-T (plant) model developed for[ ]" Cycle 14 was used. cross-section data and.
historical. data including xenon were extracted from the CM2 system using the same. procedure as for
Cycles 14 and 15.

B.4.2.4.1.2 Cycle 16 Test Simulations

As with the Cycles 14 and 1.5 tests, POLCA-T simulations were performed for each measurement point in
Table B.4-29. Results from the POLCA-T calculations for Cycle 16 are shown in Table B1.4-3.'1.. 1.,

'*t, U ,t
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Figure B.4-5 also shows measured and calculateddecay ratios for all the analyzed Cycle 16 tests. Better
agreement was obtained forfthe beginning-of-cycle tests compared to Cycles 14 and 15. The
mid~dle-of-cycle tests showed similarageement as; the previous cycles.
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a~b,c

Figure B.4-5. Comparison of [ ]a',Cycle16 POLCA-T'Calculations with .Measurementsý

B.4.2.5 [ ]2'C Cycle 17 Tests

B1.4.2.5.1 Cycle 17Tesis Description

Stability measurements, again were madeat the beginning of Cycle 17 (November .17, 1993). The
measurements followed the same procedure as that peiformed for'Cycles 14, 15, and 16
(see subsection 114.2:2.1.). The test state points used for stability eyaluation are shown in Table B+-32.
The deduced stability: parameters for each test point are given in TabJe'B.4-33. In all measurements, th.e
in-phase (global) oscillation mode dominated.

Table B.4-32 [ ] Cycle 1.7 Test Conditions

Case Power Core Flow Feedwater-
(%) (kg/sqc) Temperature (PC)

2 65.6 3,954 158.6

3 65.6 3,680 1:58.6

4 69.5 4,166 160.'3
5 .69.9 4,015 159"8

WCAP-16747-NP March2007
Revision 0



B-30

Table B.4-32 ] `a~C Cycle:17 Test Conditions
(cont.):

Case Power Core flow (kg/seconds) Feedwater
(%) Tern perature (OC)

6 69.7 3,758 156.4

7 74.9 4,140 162.6

8 ý75,1 4,020 162.5
9 75.4 3,739 162.5

10 78.1i 4,058 16318

Table B.4-33 [a', Cycle,17 Measurement.Results.

Case Decay Frequency- Mode Comments
Ratio (lHz)

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 [ ]a'c.Cyccle: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

C
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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. :a,b,c
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a.b;c

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.

aib,c.

Figure B.4-6. Comparison of Cycle'17 POLCA-T Calculations with Measurements
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B.4.3 j IA,C CYCLES 19 AND 20 STABILITY TESTS

B.4.3.1 Plant Description

[ ]fc is an ASEA-ATOM designed BWR located on thef

]C. [ ]aC went into, commercial operation in 1981. The original rated core thermal

power was 2,711 M'Wth. In: 1987 it was uprated to operate at 108.0 percent of rated power (2,928 MWth).

The original rating of 2,711 MWth maintained as 100-percent-nominal power following the uprate. Plant

characteristics for [ ]'C are summarized in Table B.4-35.

Table B.4-35 [ ]•cPlant Characteristics

Parameter Value'

(Original) (Uprate)

Plant Manufacturer ASEA-ATOM

Product Line BWR 75'
Commercial Operation Date 1981 1987
Rated Thermal Power 2,711 MWth 2,928 MWh

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 49.8 kW/liter

Stability tests are performed every cycle at [ ]a. Traditionally, one measurement has been
performed at beginning of cycle and one at middle of cycle., The main purpose of the tests is to verify
prior calculations and to confirm the. exclusion region. During'Cycles 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 subeycles 19a and 19b (and.19c) due to a short outage to remove a leaking
assembly (and the symmetry assembly). The leaking assembly and thesymmetry assembly were replaced
with' assemblies ofthe same type. The core conmposition for Cycles 19 and,20 are shown in Tables B.4-36
and B.4-37, respectively. The core content is dominated by SVEA-100 and SVEA-96 assemblies. A

small number of SVEA96 0ptima2 Ilead'test assemblies with part length rods are also present in the-two
cycles.

Table B.4-36 f ]ac Cycle 19 Core Composition

Bundle Type AssemblyDescription Number of Assemblies

I ABB,SVEA-100 524,

2 ABB SVEA-96 146

3 ABB SVEA-96 Optima2: 6

.Total 676
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TableB.4-37 I I"c Cycle 20 Core Composition.

Bundle Type Assem blyDescription 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 ]"' Cycle 19a Tests

B.4.3.2.1 Cycle 19a TestDescripfion

During Cycle 19a in [ ]", four stability measurements were conducted three at thebeginning of
the Cycle and one 'in the middle. The three measurements performed at beginning of cycle (BQC) were
performed during power ascension. Thefourth recordingwas carried out in connectionwith the periodicý
main steam isolation valve test on October 31, 2000 (see Table B.4-38).

Table B.4-38 [ ]C Cycle 19 Test Conditions

Case Power Core Flow Core Inlet
(%) (kg/sec) Temperature (0C)

Cl9a-l 59:2 3,783 263.1
Cl9a-2 64.9 4,139 263'.8
Cl9a-3 69.9 4;940 26614
Cl9a-4 65.0 4,491 265.2
C19b-5 611.5 4,901 26719

C 19b-6 ,65.5 5,304 268.3

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). The'deduceddecay
ratios and core resonance frequencies are shown in Table B.4-39. The.in-phase.(global) oscillation mode,
dominated for all measurements.

Table B.4-39 [ ]C Cycle 19 MeasurementResults

Case Decay Frequency Mode Comments'
Ratio (lz)

Cl9a-1 0.76 0.46 Global Beginning of Cycle measurement

C19a-2 0.75 050 'Global Begiing of Cycle measurement

C19a-3 0.5.9 0.154 Global Beginning of Cycle mieasurement

C.19a-4 0.78 0.54 Global Middle ofUCycle measilrement

,C!9b-5 0.77 0:55 Global Middle of Cycld'easureh1ent

C19b-6 0.50. 0.55 Global Middle of Cycle meastremint
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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 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:

0

0

0

Number of neutronic channels:
Number of hydraulic channels:
Number of axial nodes:

676
677

25

A new POLCA-T model for the recirculation flow loop was developed. The model follows the outline
used for the BISON model of [ ]a,. Aildata 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. The internai recirculation pumps are lumped into one equivalent pump.

Cross-section data and historical data (burnup, etc.:) were extracted from the CM2 system. The CM2
system has also been used for core follow (burnup) calculations and the detailed xenon tracking
calculations were performed with "stand-alone" POLCA7.

B.4.3.2.3 Cycle 19a Test Simulation

Before the dynamic simulations were started, static calculations were made to assure lhat the dynamic
simulations starled from the proper operating point. Results from the static runs-were compared to
corresponding results, from POLCA7. Axial power distributions, core inlet subcooling, coreq average.void
and keff 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 mode were determined from thefirst 8. to 15 simulation
seconds. Decay ratio and resonance frequency were determined based on the calculated powertrace.

0
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0
0
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0

0

0

0

S

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.

adb,c
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B.4.3.3 I ]"'• Cycle 19b Tests

B.4.3.3.1 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 remoye 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),oscillation mode dominated both
measurements.

B.4.3.3.2 Cycle 19b Model Description

The plant-specific [ ]c 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 predictedwhile the decay ratio does not show any trend.

B.4.3.4 ]"C Cycle 20 Tests

B.4.3.3.3 Cycle 20 Test Description

During Cycle 20 in [ T", 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 (see Table B..4-41).

Table B.4-41 [ ]J Cycle 20 Test Conditions

Case Power Core Flow Core Inlet
.(%) _(kg/seconds) Tein perature ('C)

C20-1, 64.8 4,333, 262:8

C20-2< 64.2 4,444 264:9

C20-3 64.4 4,618 265.7

The recordings 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 ratiosand core'
resonance~frequencies are shown in Table B.4-42.
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Table B.4-42 [ ]•C Cycle 20 Measurement Results

Case Decay Frequency Mode Comments
Ratio (Hz)

C20-1 0.72 0.55 Global Beginning of cycle measurement

C20-2 0.72 0.48 Global Middle of cycle measurement

C20-3 0.66 0.49 Global Middle of cycle measurement,

B.4.3.4.2 Cycle 20 Model Description

The POLCA-T plant model developed for [ ],,c Cycle 19 was also used for Cycle 20. The

cycele-specific core model for Cycle 20 was obtained by extracting data from CM2. The core 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.4.3.4.3 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 extremes 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. a.
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a,b,c

Figure B.4-7. Comparison off
Measurements

]ac ;Cycles 19 and 20 POLCA-T Calculations with
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B.5 POLCA-T CORE STABILITY QUALIFICATION - REGIONAL MODE
OSCILLATONS

To date, only a limited number of measurements of regional mode oscillations exist for qualification of
POLCA-T for stability evaluations. The qualification willI be based on the [ ]ac 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.

19.5.1 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 perfornance log printout (see Figure B.4-1). Values for
power, coolant flow and steam pressure were taken from the log. Feedwater temperature was derived
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
rotating with time.
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11TableR.B5-2 [ ], Cycle 7 Measurement Results

C om ments

Based on LPRM. Control rod
movement during measurement
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'a,b,c

There are large uncertainties in the definition of the operating conditions during the, Cycle 7 recordings.
The measurements were conducted in transitory conditions (xenon buildup, control rod movements,
power level changes, and changes in the recirculation loop and feedwater conditions). The POLCA-T
evaluation did not account for these phenomena, and therefore could not reproduce all the transitions
between modes and variations observed. [

a~c

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 LPRIVRs is 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 Aand 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).
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ab,c
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0

Figure.B.5-1. Selected LPRM Signals from the Simulation of Record 5 Cycle 7.
(The LPRMs are normalized against core power, which is different from the plant normalization).
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Figure B.5-2. Inserted Contr'ol Rods (+) and Detectors (o) Recorded During Record 5.
(Eight shallow controls. rods are marked with thinner lines than the deeply inserted control rods. An
approximate position ofthe symmetry line is shown by the dashed line (--).)
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* B.6 POLCA-T CORE STABILITY QUALIFICATION - CHANNEL MODE
O0SCILLATONS*

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 thermodynamics.. This
*is, discussed in Sections B.4 and B.5. Qualification against thermal-hydraulicloop test data measures the,
* capability to predictthe 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.0
MleastUrements of thermal-hydraulic oscillations have been performed.on a variety of assembly designs at

*the Westmnghouse's test loop FRIGG. This section provides a demonstration of POLCA-T calculations.for
the..SVEA-96 Optima2 design. Description of the SVEA-96 Optima2 fuel design is providedin Section 2
of Reference 4.0

*The general purpose of the FRIGG stability tests is to demonstrate and evaluate the stability properties of
a anew 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

0 mixed in the downcomer before the main circulation pump. The sub.cooling of the feedwater controls;the.
* test section inlet temperature. The water level is. controlled by a spray system within the bulk water

Svolume.

*Stability tests are performed by establishing the desired hydraulic conditions, at constant pump speed, and
0increasing the bundle power step-wise until flow oscillations occur.

Due to the thermal-hydraulic stability properties of the SVEA-96Optima2 design and the test loopocharacteristics, it is not possible to reach instability at 70 bars pressure without first getting dryout in the
test. assembly. Therefore the pressure was decreased, and thepower-step-procedure was repeated, until

*instability occurred. For the SVEA-96 Optima2, measurements, instabilities werereached at about
* [ I°" •a,c
0
0
0
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0
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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: [

11"c. The flow area and hydraulic diameter thus vary along the sub-bundle.

Nominal dimension heater rods, fuel channel, and spacers were used to create correct flow 'onditions in
the test assembly.

The selected measurements are performed at [
]` in the SVEA-96 Optima2 test series. In Table B.6-1, the measured

and calculated steady-state values are compared. a

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 [
]•. It can thus be expected that POLCA-T would.

predict the instability onset [

]ac

Lb,c
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a,b,c

Figure B.6-2. Developing Channel Instability POLCA-T Calculation
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B.7 POLCA-T CORE STABILITY UNCERTAINTY

To estimate the uncertainty associated with determining the accuracy of decay ratio predictions using
POLCA-T, two sources of uncertainty 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 orLPRM signals. Contributing factors are:

* Sample rate and length of the recording

* Relative magnitude of the signal to background noise

* Accuracy of the method used to transform time signals into decay ratios and oscillation
frequencies

The POLCA-T simulation uncertainties can be attributed to the followino:

K.
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 isthe ratio
between two consecutive.maxima of the impulse response. For a second order system, this ratio is
constant for any two consecutive maxima. For higher order systems, the impulse response is formed by
contributions of all the poles and theratio between consecutive peaks is notconstant, 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 funcfion (Reference 5)

S" Parameter identification methods based on auto-regressive (AR) or auto-regressivermoving
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" decay ratio is
not a good indicator of the system's stabilitymargin. Parameter identification methods applied to the
neutron detector signals have been used. exclusively for themeasurements described in this report.

The neutron flux signal is modeled as an ARMA process:

y(t) + aly(t-1) + a2y(t-2) +....+ anay(t-na) =

coe(t) + cle(t-1) +. .. + cnce(t-nc) (7-1)

where:

y is the measured output signal,
e is the white noise, and
t is the discrete time values from the measurement.

The identification process consists of determining the coefficients a and c given a selected model order.
Once the coefficients are determined, the stability characteristics of the system canbe readily derived,
either from the impulse response of the model or preferably, from the model coefficients directly. The
model given above is the ARMArmodel.

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
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The uncertainty due to model order is larger for low decay ratios because of the low signal-to-noise ratio.
[

I ]apc (7'2)

I
I ac
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B.7.1.3 Evaluation Differences

Evaluation uncertainties have also been the subject for an Organization for Economic
Co-Operation/Nuclear Energy Agency (OECD/NE) benclunark (Reference 8). About 10 different,
institutes and companies contributed and in total 15 different evaluations for each record were perforned.
One of the test cases consisted of 14 different noise recordings from [ ]•,' 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 forthe selection of data is
to include methods similar to those applied for the measured data referenced in this report('). This means
that AR and ARMA methods deducing the decay ratio from the. dominating poles of the identified model
have been included. The figure also shows the one sigtua uncertainty band according to Equation 7- (2)

A comparison of the data sample in Figure B17-1 with the uncertainty band shows that they are fully
consistent. 'a,b,c

Figure B.7-1. Variation in Deduced Measured Decay, Ratio -DifferentMethods (M) According to
'the, OECD Benchmark (Reference 8)

1. Westinghouse/ABB Atom[ I ale and [
a," have'used, the ARMA method in the&evaluations.

2. The samples in the OECD benchmark c6ntained only 4,000 sampl es ands# sl.ing factor 1/N2. have been applied
to Equation 7-2.
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B.7.2 SIMULATION UNCERTAINTY

K
Simulation uncertainty includes:

The simulation uncertainty has been estimated to be [ ]a~b~C This uncertainty includes. [
] 8C which is appropriate for a validation. For a. predictive calculation, the plant

state data are [ ]a'c therefore conservative
for predictive calculations.

a,c

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
uncertainties.

Figure B.7-2. Overall Comparison of POLCA-T Simulation Decay Ratio withPlantýMeasurement
Database.

a b;c
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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. [

] Some characteristics of the POLCA-T simulation database are
discussed in the following subsections. The ,data set gives, an overall uncertainty of[ ]a,b,c Hz with a
bias of [ ]ab~C Hz (calculated minus measured).

a,b,c

Figure B.7-3. Overall Comparison of POLCA-T Simulation Core Resonance Frequency with
Plant MeasurementDatabase

B.7.2. 1 Qualification Database Studies

The stability database used in qualification of POLCA-T spans a wide range of conditions:

Core power (- 1,300 to 2,700 NWih),

'Core flows (- 3.200 to 6,100 kg/s)

Fuel designs (e.g., open lattice 8x8, water rod 8x8, water-cross 8x8, water-cross: lOx1O,
Water-cross 1 xlO witihpart length rods)
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* 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 other 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

procedures in consecutive cycles, but performed for different core fuel compositions and configurations.

Specifically, POLCA-T simulations have been made for:

0

0

[
Ii

",- Cycles 14, 15, 16, and 17

F -Cycles 19 .and 20.

Examination of the POLCA-T predictions of these cycle-to-cycle tests shows fully consistent results for
[ ] •¢ (see Figure B.4-7). For [ ]', a trend in the data comparison can be observed
(compare Figure B.4-3 through Figure B.4-6). In Cycle: 14, [

ac.
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B.8 SENSITIVITY STUDIES

The sensitivity analysis intends to cover both uncertainties related to the state parameters as well as more
general 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 parameters follows the standard PIRT table
concept (see for example Reference 9). The more general dependencies include reactor type, fuel design,
cycle burnup, and stability characteristics (thatis, nominal decay ratio).

Record 9 from [ ],C Cycle 10 has been chosen as a reference case. The decay ratio is relatively high,
that is, 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 [ ]aC, which
makes reactor type dependent studies possible; The state parameters have been varied [

jC The

nominal results are summarized in Table B.8-1 together with the results from the following sensitivity
analysis. [

] It. should be kept in mind the,
variations applied in this section are examples, and the magnitude of thevariations in a reload analysis
must be based on plant-specific data. a,b,c.

In order to investigate if theresponse is:dependent on the magnitude of the decay ratio Reerd 4 from
[ ]%C Cycle 10 was chosen. The nominal decay ratio is 0.44 and is significantlylower than for the

reference case. [

3, II.
] ,c
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To investigate the dependence on fuel design Record 10 from
[

Ss, Cycle 19 was chosen.

I c

Record .. from Cycle. 20 at[ ] 'c illustrates the dependency on reactor type, an ASEA-ATOM
internal pump design compared to the GE BWR/6 in the reference case. [

a.c

Finally,ý the effect on cycleburnup is investigated by comparing Record 2 with Record 1 for
[ ja'v Cycle 20. The former measurement is performed at 4,534 effective fullpower hours

(EFPH) (MOC) and, the latter at BOC in a 12-month cycle (9,097 EFPH). The comparison of the two
[ ]fY 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 ratiois
plotted for the five different cases; From the figure, the above conclusions are obvious, (thatis, that the
responses in respective variable are comparable for the five cases with the [

]ac

] Ic 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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a,b,c

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-methodology earlier licensed (Reference 1). As RAMONA, POLCA-T is a three-dimensional
coupled neutronic-thermal-hydraulic time domain code.

The Westinghouse core stability methodology can be summarized as follows:

1. Establishes, acceptance limits for demonstrating acceptable stability performance

2. Identifies the stability analysis 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 theprocess of relating the calculated limits of acceptable stability performance to a
domain of acceptable plant operation

Westinghouse stability analysis 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:
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Criterion 10:

Criterion, 12:

The reactor0pore and. associated coolant, control and protection systems shall be designed
with appropriate margin to ensure that specific acceptable fuel design limits are not
exceeded during any conditions of normal operation, including the effects of anticipated
occurrences.

The reactor core and associated coolant, control and protection systems shall be designed
to ensure thattpoWerosciilations Which can result. in conditions exceeding specified
acceptable fuel design limits are not possible or can bereliably and readily detected and
suppressed.

These criteriaý fonn the design basis and are implemented in different ways for different utilities. The
Westinghouse stability safety analysis process is performed as required by the plant-specific stability
licensing basis,.either it follows:theOption 1, 11; or III solutions (References 10 and 11).

The findamental approaches to provide protection against reactor power-flow oscillations are:

1. An acceptable approach is to reduce the operating domain by defining an exclusiqn 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,
administrative controls. The buffer region minimizes challenges:to the reactor protection system.
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S2.. An alternatiVe acceptable approach is to readily detect and suppress unstable power oscillations
*by scramming the reactor before specified acceptable fuel design limits (SAFDLs) 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 is an approved-detect-and suppress methodology.

All stability solutions should have backup options in case the licensing solution is declared inoperable.
0 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.
Backup solution 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

0performing these calculations is prescribed in Reference 11 and is not covered in this document.
0

The anticipated power-flow (also called density waves) oscillatory modes in a BWR are:

:1. 'Global (core-wide), when the power and flow of all core channels oscillate in phase
S

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
in one region oscillating out-of-phase with fuel channels in another region in the core. The
regional mode symmetry line4 (or plane) separates the core regions oscillating. out-of-phase.

3.. Single channel, when the flow in a. single channel oscillates accompanied.by small power
* oscillations.

0Decay 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 is 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.
0

Oscillation frequency is characteristic for the system and set mainly by the thermal-mechanical and
hydraulic properties 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.0
For global (core-wide) oscillations, the decay ratio ýis calculated using the transient reactor power
oscillations, orAPRM signal. For regional oscillations, the decay ratio is calculated using the transient

*0local powe,. or LPRM signal. For channel oscillations,.the channel inlet flow is used to determine .the
*decay ratio.

040

4 The symmetry plane may also rotate.due to simultaneous excitation of tw6& neutron flux, azimuthal harimonicsi.

0
0
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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. Asymmetric control rod
perturbation is introduced to excite the global mode. An asymmetric control rod perturbationwis
introduced to excite the regionaltmode, However, .one mu.st seatch for the phase.shiftanid the:core
symmetry .ine to ensure that the regional-mode has been excited. Aperturbation in for example6 channel
power is used to excite the channel instability mode.

The reactor is considered stable if the calculated decay ratio (DR)for allithree common stability modes
(global, regional, and channel) satisfies the criterion:

[ I

The prediction uncertainty is tool specific and evaluated. from the validation agaiitst actual plant
measurements. In a best-estimate methodology, a common way to defmeiprediction uncertainty is.by
using-the simulation uncertainty. The evaluated simulation uncertaintyfor POLCA-T is[

,b,(see Section B.7.2).

]a,c
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