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Legal Notice

This document was prepared by the General Electric Company (GE). No other use, direct or
indirect, of the document or the information it contains is authorized; and with respect to any
unauthorized use, neither GE nor any of the contributors to this document makes any
representation or warranty (express or implied) as to the completeness, accuracy, or usefulness of
the information contained in this document or that such use of such information may not infringe
privately owned rights; nor do they assume any responsibility for liability or damage of any kind
which may result from such use of such information. Furnishing this document does not convey
any license, express or implied, to use any patented invention or any information of GE disclosed

herein, or any rights to publish or make copies of the document without prior written permission
of GE.

Bars in left-hand margin denote substantive changes to this version from the previous

revision; for example, where the only change is the number of an equation, that change has not
been highlighted.
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Abstract

This document provides a description of the models in TRACG. TRACG is a computer
codc for the prediction of boiling water reactor transients ranging from simple operational
transients to design basis loss-of-coolant accidents, stability and anticipated transients without
scram. TRACG incorporates a two-fluid thermal-hydraulic model for the reactor vessel. the
primary coolant system and the containment and a three-dimensional kinetics model for the
reactor core. The physical models and the numerical scheme are described in this report. The
basic conservation equations and their solution are detailed, and the models needed for the
closure relationships are developed.

Revision 1 is also intended to serve as a Models and Correlations Report for TRACG. It
expands the description of the individual models and correlations utilized in the code. The
technical basis and assumptions, implementation details and range of applicability are discussed
for each correlation.

Abstract
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1.0 Introduction

TRACG is a General Electric (GE) proprietary version of the Transient Reactor Analysis
Code (TRAC) [1-1,1-2]. It is a best-estimate code for analysis of boiling water reactor (BWR)
transients ranging from simple operational transients to design basis loss-of-coolant accidents
(LOCAs), stability and anticipated transients without scram (ATWS).

1.1 Scope and Capabilities

TRACG is based on a multi-dimensional two-fluid model for the reactor and containment
thermal hydraulics and a three-dimensional neutron kinetics model for the reactor core.

The two-fluid model used for the thermal hydraulics in TRACG is fundamentally the same
as the basic two-fluid model in TRAC-PF1 [1-2] and TRAC-BFI [1-1]. The two-fluid model
solves the conservation equations for mass, momentum and energy for the gas and the liquid
phases. TRACG does not include any assumptions about thermal or mechanical equilibrium
between the phases. The gas phase may consist of a mixture of steam and noncondensible gases,
and the liquid phase may contain dissolved boron. The thermal-hydraulic model is a multi-
dimensional formulation for the vessel component and a one-dimensional formulation for all
other components.

The conservation equations for mass, momentum and energy are closed through an extensive
set of basic models consisting of constitutive correlations for shear and heat transfer at the
gas/liquid interface as well as at the wall. The constitutive correlations are flow regime
dependent, and are determined based on a single flow regime map, which is used consistently
throughout the code.

In addition to the basic thermal-hydraulic models, TRACG also contains a set of component
models for BWR components, such as recirculation pumps, jet pumps, fuel channels, steam
separators and dryers. TRACG, furthermore, contains a control system model capable of
simulating the major BWR control systems such as the pressure, level and recirculation flow
control systems.

The three-dimensional kinetics moas) is consistent with the GE BWR core simulator
PANACEA [1-3]. It solves a modified <e-group diffusion model with six delayed neutron
precursor groups. Feedback is provided froi1 the thermal-hydraulic model for moderator density,
fuel temperature, boron concentration and coatrol rod position.

‘The TRACG structure is based on a modular approach. The TRACG thermal-hydraulic
model contains a set of basic components, such as pipe, pump, valve, tee, channel, jet pump,
steam separator, heat exchanger and vessel components. System simulations are constructed
using these components as building blocks. Any number of these components may be combined.
The number of components, their interaction, as well as the detail in each component, are

Introduction 1-1
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specified through code input. TRACG consequently has the capability to simulate a wide range
of facilities, ranging from simple separate effects tests to complete BWR plants.

TRACG has been extensively qualified against separate effects tests, component
performance data, integral system effects tests and full-scale BWR plant data. Separate
qualification for the basic models against separate effects tests and component qualification
against BWR component performance data are included in this report. The purpose of this
qualification is to demonstrate the applicability of the basic models in TRACG and to quantify
the model uncertainty.

1.2 Background

TRAC was originally developed for pressurized water reactor (PWR) analysis by Los
Alamos National Laboratory (LANL), the first PWR version of TRAC being TRAC-P1A [1-4].
The development of a BWR version of TRAC started in 1979 in close cooperation between GE
and Idaho National Engineering Laboratory. The objective of this cooperation was the
development of a version of TRAC capable of simulating BWR LOCAs. The main tasks
consisted of improving the basic models in TRAC for BWR applications and in developing
models for the specific BWR components. This work culminated in the mid eighties with the
development of TRACBO4 at GE [1-6-1-12] and TRAC-BD1/MODI1 at INEL [1-5], which were
the first major versions of TRAC having BWR LOCA capability. Due to the joint development
effort, these versions were very similar, having virtually identical basic and component models.
The GE contributions were jointly funded by GE, the Nuclear Regulatory Commission (NRC)
and Electric Power Research Institute (EPRI) under the REFILL/REFLOOD and FIST programs.

The development of the BWR version has continued at GE since 1985. The objective of this
development was to upgrade the capabilities of the code to include transient, stability and ATWS
applications. During this phase, majer developments included the implementation of the three-
dimensional kinetics model and an implicit integration scheme into TRAC. The containment
simulation was included for simplified boiling water reactor (SBWR) applications, and the
simulation of the BWR fuel bundle was also improved. TRACG was the end result of this
development.

This document is intended to be a complete, stand-alone description of TRACG. Because of
their common ancestry, a number of sections are similar to those for other versions of TRAC,
notably TRAC-BF1. Major differences between TRACG and TRAC-BF! are discussed in
Appendix A.

1.3 Enhancements in Revision 1

Revision 1 of this report has been expanded to provide additional details on the models and
correlations. It is also intended to serve the purpose of a Models and Correlations Report as
defined in the Compendium of ECCS Research for Realistic LOCA Analysis, NUREG-1230
[1-15].  This documentation supports the Code Scaling, Applicability and Uncertainty

1-2 Introduction
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Methodology [1-16] used for the application of best-estimate computer codes. According to
NUREG-1230, the objectives of the documentation on the models and correlations are to:

* Provide detailed information on (the quality of) the closure equations (i.e., on correlation
models and/or criteria used in the code).

* Describe how these closure equations are coded in the program and (to) assure that what
1s coded is indeed what the code uses.

* Provide a technical rationale and justification for using these closure relations in the
range of interest to nuclear power plant (NPP) safety evaluations.

These objectives are to be met by providing the following information on each
model/correlation:

(1) The original correlation:

(a) Source or reference

(b) Database

(¢) Accuracy

(d) Applicability to NPP conditions

(2) Assessment of effects if the model/correlation is applied outside its database.
(3) Implementation of the model/correlation in the code.
(4) Description of modifications required to overcome computational difficulties.

(5) Assessment of effects of implementation and/or modification on code overall
applicability and accuracy.

Table 1.3-1 shows where these requirements have been addressed in the subsections of
Sections 6 and 7. It is not practical to address the assessment of the code in detail in the Model
Report. For this purpose, the TRACG Qualification Report has been frequently referenced.

Revision 1 also includes new models that have been added. These are:

* Capability for multiple noncondensible gas species (Section 3.1). Previously only one
gas could be treated in addition to steam.

* A correlation (Forster-Zuber) for poo! boiling (Section 6.6.4).

* The Kuhn-Schrock-Peterson correlation for condensation in the presence of
noncondensibles (Section 6.6.11).

Introduction 1-3
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* The Uchida correlation as an option for condensation heat transfer from walls in the
presence of noncondensibles (Section 6.6.11).

* An interpolation method for the calculation of the degradation factor for heat transfer to
different species of noncondensible gases (Section 6.6.11).

These models were implemented after the release of the TRACG Quaiification Report [1-
13]. However, these models only affect the calculation of condensation heat transfer in the
presence of noncondensibles, the distribution of noncondensible species in the drywell and the

heat transfer in the condenser pools. Thus, none of the results, with the possible exception of the
GIRAFFE test facility analysis, should be affected.
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1-1
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Table 1.3-1
NUREG-1230 Requirements
Requiremeni TRACG Section

1. The original correlation: Technical Basis and

a. Source or reference Assumptions

b. Database

c. Accuracy

d. Applicability to NPP conditions Applicability
3. Implementation of the model/correlation in the code. Implementation
4. Description of modifications required to overcome

computational difficulties.
2. Assessment of effects if the model/correlation is applied Assessment

outside its database.

Assessment of effects of implementation and/or modification
on code overall applicability and accuracy.

1-6
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2.0 Modular Structure

TRACG has a modular structure and flexible geometry capability. It contains a set of basic
thermal-hydraulic components, such as vessel channel, pipe and tee components. These
components are then used as building blocks to construct the system simulation. An example is
shown in Figure 2.0-1, where a BWR/6 reactor vessel is simulated with the TRACG components.

The components can be connected through flow paths or heat transfer paths. The components
are described in detail in Section 7.

[ l
VENT AND HEAD SPRAY ‘ ‘ / VSsL
L
i
i
_— PIPE
i B Ko
}
.- SEPARATOR
1 /
}-
/ PIPE
CORE SPRAY LINE }
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e PIPE
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CORE SPRAY SPARGEN s oo et ’ y -
! ] \ J
' - s JETP
ET m ———————— ‘ i /
FUEL CHANNELS
_~ PIPE
RECIRCULATION LINE F‘=/
i _\ix
| e —" TEE

VESSEL SUPPORT =" |

CONTROL ROD DRIVES ——" |

IN-CORE FLUX MONITOR

Figure 2.0-1. Simulation of a BWR/6

Modular Structure 2-1
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TRACG also contains a modular control system consisting of a set of control blocks. These
control blocks can be connected either to each other or to thermal-hydraulic components to form
complex control systems such as a BWR water level control system. The control system is
described in detail in Section 10.

2.1 Component Modules

TRACG contains the following thermal-hydraulic components:

PIPE

PUMP

VLVE

JETP

CHAN

HEAT

2-2

The pipe (PIPE) component is the simplest component in TRACG. It contains a one-
dimensional hydraulic model for the fluid flow in the pipe and a one-dimensional
model for the radial heat conduction in the pipe wall. The number of hydraulic cells
for the fluid flow and radial nodes for the wall heat trausfer are specified through
input.

The pump (PUMP) component is similar to the pipe component, except that a model
for a pump is included at one of the cell boundaries in the component. The pump
model calculates the pump speed and the hydraulic head imposed by the pump on the
fluid.

The valve (VLVE) component is similar to the pipe component, except that the flow
area of one of the cell boundaries can be varied to simulate the opening and closing of
a valve.

The tee (TEE) component consists of two pipe components that are connected
together to form a TEE or a WYE.

The separator is an option to the tee component. The primary branch simulates the
standpipe and the separating barrel in a BWR steam separator, and the secondary
branch simulates the liquid discharge path. When the separator option is activated,
special models are included to simulate the separation of the steam and liquid in the
component.

The jet pump (JETP) component is similar to the tee component, except that special
modeis for the interaction and mixing cf the drive and suction flows are included.

The channel (CHAN) component is based on a tee component and includes
simulation of the fuel rods. The primary branch represents the zctive channel, and the
fuel rods are included there. The secondary branch simulates the leakage flow path
from the bottom of a BWR fuel channel. An optional internal branch can be specified
to simulate water rods within the channel. A one-dimensional model is included for
the radial heat transfer in the fuel rods. Special models are included for the power
generation and the heat transfer in the channel component.

The heat exchanger (HEAT) is a composite component. It is based on a tee
component, which represents the primary side of a heat exchanger. The secondary
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side of the heat exchanger is simulated by a pipe component. Special models are
included for the heat transfer between the primary and secondary sides of the heat
exchanger. The heat excnanger component is provided to simplify input generation.
A heat exchanger can be constructed using the heat transfer connection hetween cells
of an input defined primary and secondary side simulation.

VSSL The vessel (VSSL) component is the only multi-dimensional component in TRACG.
It can be nodalized in two dimension® using cartesian coordinates and in two or three
dimensions using cylindrical coordinates. A multi-dimensional version of the
hydraulic model is used for the fluid flow in the vessel component. Heat slabs
simulating the structures can be included at several lo~ations in the vessel component.
A lumped heat slab can be included in every vessel cell and a one-dimensional heat
slab can be included at the boundary between two vessel cells either in the axial or
radial direction.

All the components in TRACG utilize the same basic models. There is a common one-
dimensional hydraulic model used by all the one-dimensional components. The multi-
dimensional hydraulic model is used by the vessel component only, and it is identical to the one-
dimensional model, when reduced to one dimension. One common heat conduction mode) is
used by all the one-dimensional components for the wall heat transfer and by the vessel
component for the radial heat slabs. The one-dimensional heat conduction model used by the
vessel component for the axial heat slabs is similar except for the discretization. Finally, there is
only one set of constitutive correlations for shear and heat transfer in TRACG, and it is used by
all the components.

2.2 Component Interfaces

TRACG components can interface with each other either through fluid flow or through heat
transfer between components.

2.2.1 Flow Connections

One-dimensional components can be connected to each other at their junctions by specifying
the same junction number for two components. A typical example of this is the recirculation line
for a BWR, which can be simulated by combining pipe, pump, valve and jet pump components.

One-dimensional components can be connected to any cell in the three-dimensional vessel
component by specifying a corresponding junction number for the one-dimensional component
and source number for the vessel component. A typical example is the channel component in
| Figure 2.0-1, which is connected to the lower and upper plena in the vessel through the channel
inlet and outlet junctions, and to the bypass region of the vessel through the leakage junction.
Multiple source connections can be made to a single vessel cell.
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2.2.2 Heat Transfer Connections

The walls of a one-dimensional component can communicate with the fluid in any other
component through heat transfer. A typical example of this feature is the channel component in
Figure 2.0-1, where there is heat transfer from the outside of the channel wall to the fluid in the
bypass region of the vessel component. Another example is a heat exchanger, where the primary
and secondary sides can be modelled by tee and pipe components which are connected through
heat transfer.

2.3 Control System

TRACG has a modular control system in addition to the modular components. TRACG has
a large number of control blocks, which perform elementary functions such as adding two
signals. A control block has up to three inputs and one output signal. The input to a control
block can be an output from another control block or a parameter from one of the TRACG
components. An example of the latter is the water level position in a BWR vessel, which is an
input to the water level control system. The output from a control block can go to another
control block or to a TRACG component. An example of the latter is the control of the flow
control valve position in a BWR/6,

2-4 Modular Structure
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3.0 Thermal-Hydraulic Model

The main purpose of the TRACG code is to solve a coupled set of field equations describing
the thermal-hydraulic behavior of the fluid coolants in the BWR system, the flow of energy in the
fuel and the structural components of the reactor, and the generation of the nuclear power in the
reactor core.

The following subsections describe the fluid field equations. The field equations for
structures are described in Section 4 and for the neutron kinetics in Section 9.

3.1 Field Equations

TRACG, like TRAC-PFI/MODI1 [3-1] and TRAC-BF1/MOD1 [3-2], uses a two-phase two-
fluid model for fluid flow in both the one-dimensional (1-D) and tiree-dimensional (3-D)
components. Kocamustafaogullari [3-3], Ishii [3-4], and Delhaye [3-5] have provided detailed
derivations of the equations similar to those used in TRAC, and a more concise derivation related
to the TRAC equations is available in a report by Addessio [3-6]. The fact that this model is
formally ill-posed was the subject of considerable debate several years ago and is discussed by
Stewart and Wendroff [3-7]. However, our experience has always been that this is a moot point,
since the numerical solution procedures effectively introduce n.‘nor modifications to the field
equations, making them well-posed. A paper by Stewait [3-8)] confirms these observations and
demonstrates ciealy that, with normal models for interfacial drag and reasonable finite-
difference nodalizations, the problem solved numerically is well-posed.

3.1.1 Nomenclature

Before presenting the fluid field equations, we need to define certain terminology. In our
nomenclature, the term gas implies a general mixture of steam and noncondensible gases. The
subscript v will denote a property or parameter applying to the gas mixture; the subscript s
indicates a quantity applying specifically to steam and the subscript a formerly used for air now
signifies the summation of all noncondensible gases. The term liguid implies pure liquid water,
and the subscript # denotes a quantity applying specifically to liquid water. For convenience, we
define the following terms that will be used in the subsequent equations and list them
alphabetically with the Greek symbols at the end:

Nomenclature
A flow area between mesh cells
A, interfacial area
Bonix shear term due to turbulence
B, source term in momentum equation
c concentration (boron)
€ internal energy

Thermal-Hydraulic Model 3.1-1
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- mixing term in energy equation
" source term in energy equation
wall shear

interfacial shear

acceleration of gravity

heat transfer coefficient

internal enthalpy

hg - hy

volumetric flux

Kutateladze constant in CCFL correlation

constant in virtual mass term in momentum equation
constant in CCFL correlation

mixing term in continuity equation

:r:r:-m-wi’nmm

=

2
>

source term in mass equation

w

pressure

heat transfer rate

gas constant

radial dimension for 3-D components
temperature

time

cell volume

velocity

dimension for 1-D component

axial dimension for 3-D components

Greek Symbols

o gas volume fraction

N % <« £~ PO VT T TR

¢ interfacial mass transfer rate (I'y = T';)

microscopic density
surface tension

< Q ©

shear tensor

6 azimuthal dimension for 3-D components

Subscript

all noncondensible gases
boron

Thermal-Hydraulic Model
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¢ continuous phase
crit critical velocity
d dispersed phase
f saturated liquid
g saturated steam
i interface
) liquid phase
n noncondensible gas
r relative (vapor-liquid)
$ steam
sat saturation
v gas phase (mixture)
w wall
Superscript
d donor celled
n time step number

In the discussion of the finite-difference equations, all quantities except for the velocities are
centered in the hydrodynamic cell (cell-centered), and the velocities are cell-edge quantities.

3.1.2 Model Formulation and Assumptions

The basic two-phase, two-fluid model consists of the volume and time averaged
conservation equations for mass, momentum and energy for each phase as given by Stuhmiller
[3-9]):

Gas Mass:

g—((apv)= -V.(apv‘_’v)"'rvi (3.1-1)

Liquid Mass:

%((l—u)m): ~Ve((l-a)p,¥,)+ T}, (3.1-2)

Conservation of mass at the interface require:

I+l =0 (3.1-3)
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Ga: Momentum:

J

a(apviv)+V-(apv§va)=-.V(an)+ V-(a;v }vapvgﬂ:dv (3.1-4)

where the interphase momentum transfer term is given by:

h:iv =I,v,; +P,Va-Vaer, (3.1-5)

Liguid Momentum:

£ (1=a)p,v, +Vo((l—a)pﬁﬁl):-V((l—a)P[)+Vo (l-—a):t(

ot

(3.1-6)

+(l-a)p,§+r:4f
where:

M, =TV, +P,V(-0)-V(I-a)s1y (3.1-7)
Conservation of momentum at the interface requires:

r’ :
> [Py + =2 | Vay - Vay o1y |= f (3.1-8)
K Pi

where k represents the liquid and gas phases, and f4 is the pressure drop caused by the curvature
of the interface.

In TRACG a number of simplifying assumptions have been made for the momentum

equations:

3.1-4

The mass transfer terms have been neglected. This is justifiable as these terms are
small compared to the other interfacial forces like the interfacial drag. (For nucleate

boiling in a BWR at a power density of 50 kW// the interfacial force due to mass
5410

hfx
v, = 0.3 m/sec, whereas the interfacial drag balancing the buoyancy is given by
o (1-0) Ap g = 1.6 » 103 kg/m2-sec?, using o = 0.4 and ¥ - 7 MPa).

transfer i1s T v, =

. ve = 10 kg/m?-sec? using hg = 1.54106 J/kg and

r

Uniform pressure has been assumed ie., P, = P,; = P;; = P, = P. This assumption
simplifies the equations in the sense that only one pressure needs to be calculated.

Thermal-Hydraulic Model
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The effect of local pressure variations at the interface, however, is lost and must be
accounted for in some other way. For dispersed flow e.g., droplet flow, the pressure
vanation around a droplet is directly related to the relative velocity of the droplet
[3-10]. The interfacial force due to the local pressure variations around the droplet
can thus be correlated with the relative velocity.

In TRACG tws terms have been included; a term that is a function of the relative
velocity:

E[v - ;lv (;’r)

which is the drag term; and a term that is a function of the derivative of the relative
velocity:

- - dv
fym = fum (—af)
which is the virtual mass term.

* The shear tensor is neglected except for shear at the boundaries against solid
structures and shear at the interface for separated flow. The shear against the solid
boundaries can be accounted for through wall friction terms F,, and F,, which can
be correlated against the fluid velocity and properties. The shear at the interface for
separated flow f,, can be correlated against the fluid properties and the relative

velocity.

* The pressure differeiice between the phases due to interphase curvature is neglected.
This term has little impact on the fluid properties and does not impact the relative
motion of the phases. (For particles with a radius of 104 m the pressure change
across the interface is less than 10 Pa for typical BWR conditions.)

With these simplifications. the momentum equations reduce to:

Gas Momentum:
p - o . Lo -
3 (ap,¥,) + Ve(ap,¥,V,) =-aVP-F,, +ap.g-f, - fyy (3.1-9)

This equation can be further simplified by subtracting the gas continuity equation (3.1-1)
multiplied by v . This gives:

v, . R - .
ap, ;t‘ +op, V, Vv, =-aVP-F  +ap g- o =14

v

M (3.1-10)
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Similarly, the liquid momentum equation can be simplified.

Liquid Momentum:

ov Fs -
(1 —a)p,j{‘--&(l o) ¥y e VYV, = ~(1-0)VP~F, +(1-a)p, g +f, +f, (3.1-11)

Gas Energy:
2 2
% [apv(cv +-!-;’—-)] + P% = - V-{(}va?v(cv +—\15—)] (3.1-12)
-Ve(Pav,)+ q5, + qf, + oh,
Liquid Energy:
9 v 5o .
.= (1-a)p,(e, + >) 'P'ST:'V' (1-a)p,v,(e, +=5-) (3.1-13)

-Ve(P(l-0)v,) +q5, +q}; - Fghy

In the energy equations similar assumptions have been made:

3.1-6

Uniform pressure has been assumed ie., P, =P, =P, =P, =P.
The terms associated with the shear tensor have been neglected.

Conductive heat transfer in the fluid has been neglected except for heat transfer to
solid structures which is included as the wall heat transfer terms q,, and qy,, and
heat transfer at the interface q;, and q;;,. Neglecting conductive energy transfer within
the fluid is justified as it is much smaller than the convective heat transfer for steam
water mixtures.

Potential energy has been neglected as it is much smalier than the internal and
mechanical energies.

The mechanical energy or kinetic energy has been kept in the equations except for the
terms associated with the interfacial mass and energy transfer. The omission of the
kinetic energy for the latter term is justified as the relative velocity is much smaller
than the fluid velocity for conditions where the kinetic energy is important (Note that
except for critical flow, the kinetic energy is insignificant).

The fluctuating energy term arising from the averaging of the fluctuating velocity has
been neglected. Similar to the kinetic energy, this term is small.
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An altermative to solving both the phasic mass equations is to solve one phasic mass
equation and the total mass equation. The total mass equation is obtained by adding Equation
3.1-1 and Equation 3.1-2:

Total Mass:

g—[(l-a)p, + ap\,] = -Ve[(l-a)p,v, + ap, Vv, ] (3.1-14)

Solving either Equation 3.1-1 or 3.1-2 together with Equation 3.1-14 is completely
equivalent to solving both Equations 3.1-1 and 3.1-2.

Similarly, the total energy equation is obtained by adding Equations 3.1-12 and 3.1-13:

d sz \'[2
& ap, (e, +—-2-—) + (1-a)p,(e, +—2—) = (3.1-15)

2

) v )
- v, - 4
-Ve ap vyle, +——=) + (1-a)p,v,(e, + 5 )J

-V (Pav, + (l-a)ii))-tq“'v( +9%,

Solving either Equation 3.1-12 or 3.1-13 together with Equation 3.1-15 is completely
equivalent to solving both Equations 3.1-12 and 3.1-13.

Closure is obtained for these equations with normal thermodynamic relations, which for
water are described in Appendix B, and specifications for the interfacial-drag (f,, ), the interfacial

heat transfer (q7, and q[;), the phase-change rate (I'y), the wall shear (F, and F,) and the
wall heat flows (q7, and q7,). These equations do not require directly the quasi-steady

assumption as long as the correct closure relations for the given transient exist. A real difficulty
arises because, depending on how the closure relations were developed, a different set of closure
relations may be required for each transient, and each set must comply with the assumptions
associated with the definition of the time and volume averaging used in the field equations.
However, if a steady- or quasi-steady-state database or a relationship derived from such a
database is used to represent a closure relation, the code necessarily appiies the quasi-steady
assumption. This iatter case applies for the closure relations within TRACG. Assessment shows
that this is not a major limitation for BWR applications.

The phase-change rate required by the equation set is evaluated from a simple thermal-
energy jump relation:

” + .
I, = iy T8 (3.1-16)
by,
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where

. _ Ah (T, -T)

B )

qiv = v (31'17)
and

L Ah,(T,.-T,)

g » —gttd (3.1-18)

Here, Aj and the hj terms are the interfacial area and heat transfer coefficients and T, is the
saturation temperature corresponding to the partial steam pressure. Section 6 discusses the
closure relationships used to define A; and h;.

The wall heat flux is given by Newton's law:

Aw hwv (Tw B Tv)

£ < (3.1-19)
and
Ay h T
gz, = Au wt‘(;rw ¢ (3.1-20)

where Ay, is the actual heated surface area.

The hy,, and hy, of the cell include the information regarding the portion of the wall having
gas and liquid contact. Section 6.6 discusses the closure relationships used to define h,,, and

hye-

The mass and energy equations are written in fully conservative form to permit the
construction of a numerical scheme that rigorously conserves some measure of the system fluid
mass and energy. In previous TRAC versions, the kinetic energy was eliminated using the
momentum equation. This simp! “ed the energy equation; however, at the same time, the flow
work was reduced to a nonconserving form. Consequently, energy was not perfectly conserved
and energy balance errors would occur, particularly for high velocity flow as in critical gas flow.
In TRACG, this simplification is not made, and the kinetic energy is implemented into the energy
equations in a conserving form.

The nonconservative form of the momentum equations permits simpler numerical solution
stratezies and can generally be justified because the pressure and shear terms preclude a fully
conserving form of the momentum equation. The shear tensor was neglected in the momentum
and energy equations and shear is only accounted for through the wall and interfacial shear terms
in the momentum equations. This is reasonable for most BWR applications as the wall shear is
the dominant term due to the large wall surface area and corresponding small hydraulic diameter,
The solution to the momentum equations will approximate a porous medium solution for these
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regions. Large nodes, where not all cells are in contact with the wall can only exist in the upper
plenum and the containment volumes. In these regions viscous shear is insignificant, but
turbulent shear will affect the bulk motion and mixing of the fluid. In the TRACG nodalization
an average velocity is used for each node boundary. Variations in the velocity and fluid
properties, however, will exist across the node boundary either due to velocity profile o
turbulent fluctuations. When fluid properties are averaged over the node boundary e.g., the apvy
term in the momentum equation, two terms result: & p vV where v is the average velocity and

ap v'v' where v’ represents the velocity fluctuations. For one-dimensional flow this latter term
is usually accounted for through the wall friction. For multi-dimensional flow the term can be
included as a simple mixing term

Such mixing terms, which are based on Prandtl's mixing length model, have been very
successful in modeling the flow and phase distribution with subchannel codes using relatively
large computational cells [3-11]

In TRACG a mixing term has been included in the 3-dimensional finite difference equations
(Section 3.2.2). The mixing term is described in Section 6.7

3.1.3 Noncondensible Gas

Muitiple noncondensible gases may be included. All noncondensible gases are assumed to
be in thermal equilibrium with any steam that is present and to move with the same velocity as
the steam (mechanical equilibrium). Hence, only a single field equation i .eeded to track the
noncondensible gas. The noncondensible gas mass equation- . soived individually for each
gas: however, it is convenient to sum the individual equations to define a single equation that
represents the total for all noncondensible gases

Total Noncondensible Gas Mass:
g (ap,) = - Ve(ap.v. ) 3.1-21)
Jt Yal = ° ( D‘I v (3.1-2

With this field present, the total gas density anu energy are sums of the steam and the
noncondensible components.

-— 7 — 4 ; P %
p A" it ‘) “ + "’\' - ;“‘ S ‘ / }) “ ' '\ - l e
and
» - > b » 2 + 2 My |
Pyey = P& + P, e, =p. € zpnun (3.1-23)

We assume Dalton’s law applies; therefore,

P, =P +P =P +3P (3.1-24)

v
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We assume that the noncondensible gases are ideal gases, so that locally the gas constant for
all noncondensibles is given by:

The subscripts s and a indicate, respectively, the steam and total noncondensible properties.
By default, the code applies the thermodynamic properties for air to a single noncondensible gas.
However, the code user may select any single noncondensible gas or a combination of multiple
noncondensible gases as an alternative.

3.1.4 Liquid Solute

TRACG includes a mass-continuity equation for a solute moving with the liquid field.

Liquid Solute Mass:
% () ==V = (cp¥) (3.1-25)

where cy, is the solute concentration (mass of solute/unit volume) in the liquid phase.

The solute does not affect the hydrodynamics directly. If we assume that the solute
represents boron, the amount of the dissolved and the plated-out boron in the core may affect the
hydrodynamics indirectly through reactivity feedbac™. If the solute concentration exceeds the
solubility at the liquid temperature in a specific hydrodynamic cell, we assume that the excess
solute in that cell plates out. Plating can occur if the cell fiuid {lashes or boils and increases the
concentration beyond the solubility limit. We also assume that an plated-out solute
instantaneously redissolves to the maximum allowable concentration if more liquid enters the
cell. Because the solute does not affect the hydrodynamics directly, the solute variable may be
used as a tag to track the movement of fluid from a specific source through the system.

3.1.5 One-Dimensional Field Equations

In one dimension, the conservation equations reduce to:

Gas Mass:

) d

o (ap,) = -;(—(apvvv) + T (3.1-26)
Liguid Mass:

9 | il / I 3.1-27
Sil(-a)p,] = —=-1(1-a)p,v,] - T, (3.1-27)
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Total Noncondensible Gas Mass:

387 (ap,) = ‘-aa;(apavv) (3.1-28)

Liguid Solute Mass:

d 0
5 () = =g eyv,) (3.1:29
Gas Momentum:

d = avv 1 9P va flv fVM
&VV --Vv-x-pvs;-apv -'as-v—'fg-apv (3.1-30)

Liguid Momentum:

d. .. 9% 19 F, foy fym
37\( = .v’.g)-(_--ﬁ:ﬁ;-(l-a)p[ +(,-a)pl +g+(l-—a)p, (31-3])

Gas Energy:

2 2
-g‘— (apv(ev +X£—)] + P%% = '%[apv"v(‘v + VE )] (3.1-32)

a ~ »
-X(GPVV)«’- Qe + G5, ¢ I‘ghg

Liquid Energy:

2 2

._a%.((l -o)Pv,)+q5, +a) - Tohg
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3.2 Finite Difference Formulation
3.2.1 One-Dimensional Finite Difference Formulation

For the 1-D components, the code solves Equations 3.1-26 through 3.1-33 to provide a
complete description of the fluid field, although Equation 3.1-28 and/or 3.1-29 can be turned off
through input. The spatial mesh used for the difference equations is staggered (Figure 3.2-1)
with thermodynamic properties evaluated at the cell centers and velocities evaluated at the cell
edges.

i-3/2 i-172 i+1/2 i+3/2

-1 1 1+1
Figure 3.2-1 Staggered Grid Variables

Donor cell differencing is used everywhere, and the flux across an interface between two
cells is given by:

% if vy >0
(VO)41/2 = Visrs2 _ (3.2-1)
Oisr i Viyyp <0

where ¢ can be any cell-center state variable or a combination of such variables, and v is either

the liquid or vapor velocity, as appropriate. The subscript i+1/2 points to a cell interface, and the
subscripts i and i+l indicate the hydrodynamic cells on each side of the cell interface.

av ,
For the momentum equation, the donor-cell form of v — at the interface between two cells

ax
is given by:
B2 “Pisya gy 50
AX. i+1/2
P Xi+1/2
. %,
V.+|/2(3‘,{1 =DV (3.2-2)
. +1/2 Ev. - Fv.
i+3/2 i+1/2 if v <0
Axi-rl/" i+1/2
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where Ax; /5 is the average of Ax, and Ax,,,, respectively, the cell lengths of cells i and i+],

Ax; + Ax; Ax.0. + Ax. .0,
Axi+l/2 = 3 =L and ¢i+l/2 = lA)l(i % Alx:illﬂ (3.2-3)
The factors D, E, and F are used to obtain the correct Bernoulli (or reversible) pressure loss
(gain) through area reductions (expansions). The formulations for D, E, and F yield exact resuits
for single-phase flow and approximately correct results if the change in the void fraction through
the area change is small:

1 Az . Aian
D= 2( A + A, (3.2-4)

1 1+1

where Aj is the average flow area in the cell:

V.
A, = XX-L (3.2-5)
1

and

A
i+1/2

A
E = (3.2-6)
A.

3/

1+

[ A
-1/
1

F = 1 (3.2-7)

ALy
T—z- for v,y <0
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1.2.1.1 Momentum Equations

The finite difference form

of the 1-D momentum equations is given by:

Gas Momentum:
+_ 0 n n+l _ n+l
vy = vo ok Peislra Vy =Vy —v3+vln = o
At (ap )" At ¥
Vi+l12
( n+l n
Evyisiz -FVyian f > 0
AX. . /s O Vyis1/2
n -
Dvy 1129 x
n n+
Evyivaa-Fvyian R, 2 &
L AXi 4112 e
[ n+l n
¥ -y,
r,i+l/2 r,i-1/2 |
n Ax fOr ‘d.l+l/2 2'.
-k Pei+1/2 . n Setl
( )n vd.i+l/2< |
: n n+
vlivin Ynivdi2 T Veiv2 oo <0
‘ Ax|+l/2 d,i+1/2
n+l n+l
1 Fy-R 5 +B
n Ax. Eiv1/2 ¥ Pyvivir2
Py.i+1/2 i+1/2
n n
_ 1 " 4+ ava vl _yn) ava yotl
n wv av._ v v av[ £ ¢
(a'pv).ﬂ/z ; +1/2
SRR R fvfon+l _on), A n+l _ n
_( )n foy + v (vv Vv)+ av’ (\l Vl)
apv i+1/2 ¥ - 1+1/2
Here for convenience the virtual mass term has been introduced as
f f x k = o (3.2-9)
= —te —_—tV, — 2-
VM =ivm | T FRPe 1 5 Va3
and a source term has been introduced to account for connections to other components.
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Liquid Momentum:
+1 n n n+l n+l n n
vy =y & Peivl/z Yy —Vg mVytvy 3210
At n At N
-
(( )p()|+ll2
[ BVt R
£ivl/2 £,i-1/2
ey forveieia 2 0
= 1+1/2
Dvyis172] 1
Ev?. -Fvit
£,1+3/2 fi+l/2
- : forv, . < 0
£i+1/2
AX{ 11/2 at
[ .l n
v, -y,
LA*1/2 rai=-1/2
" v for vgis1/220
Pe i+1/2
k C.l*l/2 vn 4
- 3 d,i+1/2 ‘
((l '“)pl)iﬂ/z V:'.ns/z -V is1/2 b % <0
A"i+|/2 d,i+1/2
n+l n+l
. 1 %ﬂ °Pi

+ g +B,,.
n ] 1+1/2 séi+1/2
Pri+1/2 AXis12

JF" JF"
N [r-:,+———w'(-"+*-v°)+—-w'<vr'—v?)]
] 1+1/2

av, ' VY Vi v
((l - a)p’)nuz X f
1 n aflnv n+l n aflnv n+l n 1
- foy + x>V -vgl+ Vg =Yg
((l_a)pl)?+1/2[ avv ( : ) ?V—t_( ) +1/2
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3.2.1.2 Mass and Energy Equations

The 1-D mass and energy equations are integrated over the cell volume. The conserving
finite difference formulation is given by:

Gas Mass:
V(e *telt - afel ) = (3.2-11)

n+l

[ o forvii,, 20

| (apv)i-l
n+
+AA 1 2Vyian

| |
(ap,)" forvii, <0

( n+l

n+l
@i forvyiiy, 20
n+
~AtA; 12y iv12

n+l n+l
(apv)i+l for"'v.n-IIZ <0

n+l
+AVII T + AtVM

Mixture Mass:

V(o 4 (1= o plt - alpl | - (1-aMpl, ) = (3.2-12)

f n+l n+l
o J@ia forvyiy, 20
n
+AA{ 2V
n+l

(ap )M for v0!

vi-l72 <0

J((l-a)p,){'f," for "?,T.lwz 20

n+l
+AA; 2V 172

(1-ap )M forvitlh , <0
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n+l

n+l ¢
n
~AWA 1 2Vvien 1 1
n+ K
(@p,)isy forviily, < 0

J((l-a)p,):"' for vit! . 2 0

n+l
: Al'A|+l/2vl.|+l/2

((1-ep )Y for vy, < 0

+Atvi(,dsv.i L Msl.i)
Total Noncondensible Gas Mass:
V(o +tpntt - afipl ) = (3.2-13)

[(“Pa)?-Tl forvith,, 2 0
n+l
+AA; 9 Vyi2 1 ‘
A e
(apa)i“ for V?I-uz <0

l[(‘xpa)irwl for v}l 2 0

n+l
'mi+l/2vv‘i+l12 ; :
(@p,)fyy forviil,, <0

+AtViMs"i
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For a particular noncondensible gas n, the subscript a in Equation 3.2-13 is replaced by the
subscript n.

Liquid Solute Mass:
Vet -ep;) = (3.2-14)
: Cgtll f°”?f.ll/2 20
,n+
+AWA; 12V a2

n+l n+l
Chi forv“.”2 < 0

[ n+l n+l
cbl for vt’.i+l/2 20

+1
-AA 2V 2

n+l . n+l
Chisl fOrVyisya <0

+AtVi M sb

Gas Energy:

2 2

Vil (ap, (e, + o X" (ap e, ¥ inden )) +PP@M -al) | = (3.2-15)

2

| (ap, (h, + ))""l for vitl,, 2 0
+AA; v LS
A2Vv,i-172
1 vl 2
(@p, (hy +—5- Mt forvitl,, <0

.

@py (hy +-5 ))n” forviiiy, 2 0

n+|
-AA L2V 41723

n+l
v,i+l/

2
n+l

(@p, B, ¢ ))|+l for v

2<O

+ AV Tphet! + vigiht + vigiht + VE )

17 g, wv, i 1778v.1
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Liguid Energy:

2 § -
Vi v

vi{((n.a»,<e,+—2'-)),"+’-((1-a)p,(e,+-2i>);' -ViPM @ -af) = (3.2-16)

’ 2
Vil n+l

1 ((1-epythy + =Ny forveiy, 2 0

+AA V)

1
2

v
L((l-a)m(h, +—2L)){“\l fOfV?,T-ll/z <0

¢

2
v
((l-a)p,(h,+—2i));‘*‘ forvitl . 20
n+l
“AA 12V i) :

v
\((l-a)p,(h,*'?l))?:]] for "?nl/z <0

+at- Vgt gt + viglht! + vigiht + ViE, )

As in the momentum equations, a source term has been introduced in these equations to account
for connections to other components.

In these equations the heat flux terms are linearized with respect to void fraction and
temperature as:

( N
A. oh!
gt = g aR (T - T + S (! - o), -Tv")] (3.2-17)
i
( n
A oh’
on] 1 1 4 |
qi€n+ = —V—'- h:}(’f&t - ’ﬂ+ ) + _a_(‘!-(uh*' - (1")(’1"5“at - Ttn)] (3.2-18)
i
\
on+l Aw n n+l n+l. 32.19
wy =Thwv (Tw "Tv ) (3.2-19)
1
and
on+l _ Aw n n+l Tn+l 3.2.20
Qi RV hw[ (Tw -4 ) (3.2-20)
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The interfacial heat transfer terms are linearized with respect to temperature and void
fraction in order to assure numerical st:»ility and to assure that the heat flux terms approach zero
in case of thermal equilibrium and in \ae limit of o approaching 0 or 1. The wall heat transfer is
linearized with respect to temperature to assure numerical stability and energy conservation in
connection with the solution of the conduction equation for the wall.

3.2.2 Three-Dimensional Finite Difference Formulation

The 3-D vessel component in TRACG uses a cylindrical coordinate system, as shown in
Figure 3.2-2.

The grid is staggered with the velocities specified at the boundary of each cell and the
remaining properties such as «, P, p, e specified at the cell center.

Donor cell differencing is used everywhere (Section 3.2.1).

~

\ b
v.JJ‘K' 12

P B

\\ Vn.u.m.u

I Figure 3.2-2. Cylindrical Coordinate System with Staggered Grid

<

R
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3.2.2.1 Momentum Equations

In the 3-D formulation, when the shear tensor and the interfacial shear are integrated over the
node and when the effect of local pressure variations is accounted for, terms for interaction with

the walls F, and F,, and terms for interaction between the phases wili arise. As in the 1-D

formulation, the interfacial drag and the virtual mass are accounted for separately. In a 3-D
formulation there will be other forces like the Bassett force and forces associated with the spatial
distribution of phase, velocity and turbulent kinetic energy. TRACG, however, like the other
versions of TRAC or RELAPS, uses relatively large nodes and a simulation of these terms is not

meaningful. Consequently, these terms have been neglected in the 3-D finite difference
formulation.

However, when the flow terms are integrated over the boundary for the node, a term will
arise from the fluctuating component of the velocity. Again, with the relatively large nodes
typically used in TRACG, standard turbulence models will not accurately mode!l this term.
Instead. using an equivalence to Prandtl's mixing length theory, a simple mixing term has been
incorporated in the momentum equations. This way the effect of turbulent shear and mixing is
included and sensitivity studies can be performed on the importance of the mixing.

The momentum equations are discretized directly for each face of the cell. Neglecting the
off-diagonal terms in the virtual mass, the spatially discretized equations become:

Avxial Gas Momentum:
P —_— : |
Yz 1+1/2,1 K sl v av"z\f +V.p o | 4 L aVVZ (3.2-21)
ot vzl 9z ) v JR R L)
1+1/2,) K
kp v av ‘\d
Py +1/2,1,K| J 1+1/2,),K
P, - P
] 1+1,].K LK 1 i
_ . 2B lge—etf, +—F }
Py.1+1/2,1.K Azy 12 [ ap, & Tep, W | ik

+stz. [+1/2,J.K * Bmixu.l+1/2.J.K

Here, if a property is not defined at the face, linear averaging is used; e.g.:

. _ Aoy A7y, 04,5k
[+1/2JK =
Az, + Azp,

Az; (Vigr k-2 ¥ Vel J.K+l/2)+Azl+l(_vv9.l+l.1.l(-l/2 V0141, 1.K+1/2
R (AZI +Azl+l )

Vvel+1/2, 1K =
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The discretization with respect to time is identical to the discretization of the 1-D equations
described in Section 3.2.1.1. The superscript d on the convective term indicates that the
convective term is calculated using donor cell differencing, as described in Section 3.2.1
(Equation 3.2-2). (For the off-diagonal terms, a value of unity is used for D, E and F.)

Radial Gas Momentum:
VR 1 J+1/2.K [ (o T ov av v2 1
A, A vR vR vo )
x *[sz 9 [ aR R e

kp 1 P v Y
A4] - nadione ViR * V4R (__LB..J
(apv .Jn/z.x[ a "

1LJ+1/2, K
1 Pyaik - Pk I -
B AR ) flv +(1 I"wv
Pvl J+1/2 K J+1/2 ap, Py R, LI+1/2.K
I +Bor 1,7+1/2K * BmixvR 11 +1/2.K
Azimuthal Gas Momentum:

9V 6 1.1, K+1/2 +rv (9v,q T“, Vg . Ve Vo + 0 Y\R
ot [ vl 9z ; R @R R | 06 R
1LJK+1/2

(3.2-23)

f kp; a ) Xgi— aV& p
+L°‘pv ljxu/’{g‘m TR [ae

i 1 Piker - Pk [ I
PyriK+1/2 Rysp2 88k 0 P,

LLK+1/2

l_ g

f,.
Iy apv wyv

]G,I.J.KHIZ

| + Boo s K+1/2 * Bmixvd 11 K+1/2

Similar expressions exist for the liquid phase.
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Axial Liguid Momentum:
Nageaak | (3 v V(g Y|
=B (5 a3 (5] |
12,0 K
kp 1 l:av [av d

(R i - S + ¥ =
(l-a)p dz _5.[1

¢ A+1/2,3K 1+1/2,0,K

I Pogk - Pk 1 | ]

F 225 LD -| g = r——— f, + ———— F
Pr1s1/2,0.K Azy /9 (I-op, ™ (A-ep, ™| ok

+Byy 141720k * Bmixez 141720,

Radial Liquid Momentum:
[ ¥
8vm.l.1+l/2.x+ b ath +vm(_a_"_gz_ [T Ve (3.2-25)
ot 2\ 9z ~dR R\ 96 R
CEs O E RGN
T=ap o R dR | T3R B
£ NI+1/2,K LI+1/2, K
i 1 Pk - Pk [ - AR S 1
- wt
Pel 14172 K ARy 112 (1-op, Y= ap, P, JR. LI+1/2.K

+ Byr 15+172K * BmixtR1LJ+1/2,K
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Azimuthal Liquid Momentum:
Mg 11 Ke1/2 . Vg Lo 9V 4 i Vo [ 940 ) Vo V!R]
ot 2\ 9z Rl 3R R | 96 R L
JK+1/2
(3.2-26)

d
L__'E&__ . i (E’i@_J ?
=00 Aixsina| & o e L1,K+1/2

: 1 Pliksr - Pk [ - B R ._1:]
PergKe1/2 Ry 80,10 |[(A-a)p, & " (Q-a)p, W 0.1 K+1/2

+ Byorsk+1/2 * Bmixto.15.K+1/2

3.2.2.2 Mass and Energy Equations

The mass and energy equations are integrated over the volume of the cell to give the total
change in mass and energy for the cell.

Gas Mass:

a f
Vik 5 (@0 )y + Z;(A“pv ~) ok = Vox(Tg + M, )mc
J=

(3.2-27)

. z (AMmlxv )j' UK

=1

In these equations the discretization with respect to timne is identical to the discretization of
the 1-D equations described in Section 3.2.1.2. The superscript d on the convective term
indicates that the convective term is calculated using donor cell differencing, as described in
Section 3.2.1 (Equation 3.2-1). In these equations, the summation over j indicates the summation
over 2ll the faces of the cell with the convention that flows out of the cell are positive.
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Mixture Mass:
N
Vi -g‘- [(1-c0p, +0p )] + 2(A(l -a)p(vl)(;‘ux (3.2-28)
=1
Ny 4 N,
+21(Aapvvv)j‘m( i VUK(Msl * Msv)lJK * Z(A (Mmixv +Mmixl))j UK
)= j=l s
Total Noncondensible Mass:
Vi 2 ¥ A ¢ v (M 5
UK ﬁ (apa )UK * 21( apavv)j.m( & UK( sa)m( + ‘ ‘(AMmixa)j,UK (3.2-29)
)= )=
Liguid Solute Mass:
3 N y Ny
Vik 3 (o) + Zl(AcbV!)wK = Vi (e )y + zl(’\Mmub)j,ux (3.2-30)
= )=
Vapor Energy:
p 2 N 2
Vmcgt-[apv (e, + 121)} + X[Aapvv‘{hv +Xi‘-’-]r (3.2-31)
UK =1 JjJJK

. N
dot . . '
+VUK(P KLK o VUK(qiv » rg hg +*Qquy * Esv)m( " Z(AEmixv)J"ux
j=1

Mixture Energy:

o v2 v2
Vok 57| (1-00p, [ e+ | + op, e, 3 (3.2-32)
1K

» ' A(]'G)Pt\’[. hl ‘."—2" + 2 Aapvvv hv +—§Y— =
" \ juk )= i UK

Ny
VIJK( q:vl . q:vv + Esv ¥ Est" )UK i Z(A (Emixv + Emle))j 1K
=1 :

—

3.2-14 Thermal-Hydraulic Model



NEDO-32176, Rev. 1

3.3 Modifications to Momentum Equations

There are several situations and places in the code where the regular momentum equations,

as discussed in the previous sections, are modified or are not used. These situations and places
are:

* Critical flow or choking

* Counter-current flow limitation (CCFL)

* Stratified flow with void fraction gradients

* Pump component at the location of the pump impeller

* Steam separator component at the separating face entering the side branch
* Jet pump at the mixing region

* TEE component joining cell

The last four cases will be discussed in Section 7 of this report. The first three cases will be
discussed here, since these modifications to the momentum equations may occur for all
components.

3.3.1 Cridical Flow

In previous versions of TRAC, the criteria for choked flow were determined by a
characteristic analysis of the partial differential equations governing the flow. However, it has
been found empirically [3-12] that a simplified, approximate criterion may be used in place of
the detailed characteristic analysis and still obtain good code/data comparisons. Accordingly, the
following criterion is used in TRACG to determine whether the flow is choked:

ap,v, + (1-op v, .
ap, + (l-a)p, — “emit

(3.3-1)

If the velocity as calculated by Equation 3.3-1 exceeds the acoustic propagation speed, the
velocity is limited to the critical velocity.

When the velocities are limited, an additional requirement is needed to determine the
individual velocities. Conservation of the slip ratio is chosen as the additional criterion.
3.3.2 Counter-Current Flow Limitation

Counter-current flow limitation (CCFL), also called flooding, determines the amount of
liquid that can penetrate flow restrictions. If limitation occurs (e.g., at the upper tie plate of a
BWR fuel bundle), the amount of liquid that can penetrate into the bundle is reduced.
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CCFL is a complicated hydrodynamic phenomenon and is thought to arise as a result of the
interfacial friction between the liquid and the vapor phases [3-13]). CCFL in a BWR has been
found to be described by a Kutateladze-type correlation of the form [3-14, 3-15]:

JK, +m/K, = VK (3.3-2)

where:
iy P
Ky = - 1v/4 (3.3-3)
(Apgo)
Jr P
K, = —-—’—‘[——fr‘; (3.3-4)
~ (Apgo)

This correlation specifies the maximum downflow liquid velc ity in counter-curren: flow
through flow restrictions that can be obtained for a given upward vapor velocity. Thus, CCFL
represents an upper limit to the liquid penetration in counter-current flow. That is analogous to
critical flow, which determines the upper limit of the discharge flow rate in co-current flow from
a source of fluid at high pressure. A detailed description of the CCFL model is given in Section
6.1.7.2. if the calculated liquid velocity exceeds that allowed by the CCFL correlating it is
limited such that the CCFL correlation is satisfied.

3.3.3 Stratified Horizontal Flow

In a horizontal flow path at low fiow rates, a horizontally stratified flow will develop with a
force resulting from the difference in the hydrostatic heads in adjacent computationa! cells
(Figure 3.3-1). This force term is given by:

APgratisr2 = B =P = (Pr-Py)isy2 Bisy2 (@ - ) AZ (3.3-5)

This force is added to the liquid phase momentum equation. The main effect of this term is
to equalize the liquid levels between the two cells. The term added to the momentum equation
represents information lost in the derivation of the 1-D momentum equations by the integration
over the cross-sectional area perpendicular to the flow direction.
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1 1+1
Az
(1-o4) Az (1-04,) Az
Ax

Figure 3.3-1 Void Gradient Gravity Head
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4.0 Heat Conduction Model

TRACG solves the heat conduction equation for the fuel rods and other structural materials
in the system. The structures include the pipe walls for the one-dimensional (1-D) components,
the outer wall of the vessel component, and internal heat slabs in the vessel component. For the
I-D component walls, the inside heat transfer is to the fluid in the component. The outside heat
transfer can be to the fluid in any other component. The internal heat slabs in the vessel
component can be placed either completely inside a vessel cell or at the boundary between two
vessel cells, either in the axial or the radial direction.

The nomenclature used for the heat conduction equation is as follows:

Nomenclature
A =  surface area
Cp =  specific heat
bl =  heat transfer coefficient
k = conductivity
M = mass
q = heat flux
r = radial dimension
q" =  heat flux
q" = volumetric heat generation rate
t = time
T = temperature
z =  axial dimension
Greek Symbols
p = density
0 = indicator for implicit/explicit integration (h' draulic model)
4 = indicator for implicit/explicit integration (Lieat conduction model,
=  length measured in the direction normal to the surface
Subscripts
gap =  fuel gas gap
v = vapor
¢ = liquid
w =  wall

1 ner surface
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0 = outer surface

) = node number

rad =  thermal radiation

N = last node number

M = last node number in fuel (next to the gap)

Superscript

n =  time step number

4.1 Governing Equation for Heat Conduction in Solid Materials

Because the heat flux in solid material is a vector quantity, the following general equation
describes the heat conduction process in an arbitrary geometry:

pCp%(I =~ Veq +q” 4.1-1)

The heat flux q can can be expressed in terms of the temperature gradient by Fourier's law
of conduction [4-1]:

q=-k VT (4.1-2)

Inserting Equation 4.1-2 into Equation 4.2-1 gives:

a‘r "
=V -3
pCp-at— Ve(kVT) + q (4.1-3)
Equation 4.1-3 does require boundary conditions on the surface of the heat structure given
by:
aT

— k—-— = L (4. 1"4)

ag 9

where { is length measured in the direction normal to the surface and q” is the transport of
thermal energy away from the surface. An adiabatic boundary condition corresponds to q"* = 0.

TRACG solves the heat conduction equation for the heat slabs either as a lumped slab model
or using a one-dimensional model.

4.1-2 Heat Conduction Model
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4.1.1 Lumped Slab Formulation of the Heat Conduction Model
The lumped slab model is used for the heat slabs internal to one vesssl cell, and is given by:

JT

MCp-a—t- =-A [h[ (T—-T[) +hV (T—Tv)] (4.1-5)

No heat generation is included for the lumped slabs.

4.1.2 One-Dimensional Formuiation of the Heat Conduction Model

The 1-D heat conduction model is used for the 1-D component walls and the double-sided
vessel slabs. For the double-sided heat slabs connecting two axial levels, the heat conduction
equation is formulated as:

ar af aT)
+q

pCpTﬁt— = Ekk—d-; (4.1-6)

For the the double-sided heat slabs connecting two radial rings, for the 1-D component
walls, and for the fuel rods, the heat conduction equation is formulated in cylindrical coordinates:

T 13f ) .

The heat generation rate can either be specified through input, calculated from the kinetics
model, or be a result of metal-water reaction.

The heat flux at the fuel rod or 1-D heat slab surfaces consists of convection heat transfer
given by Newton’s law of cooling and thermal radiation heat transfer (fuel channels only):

Q" =h, (T-T,) +h, (T-T,)+q" (4.1-8)

rad
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4.2 Finite Difference Formulation of Heat Conduction Equation

The heat conduction equation for the fuel rods and heat slabs is solved using either a lumped
slab model or a 1-D model. The 1-D model can be formulated either in cartesian coordinates or
in cylindrical coordinates. The lumped slab model is used for heat slabs completely internal to a
single cell in the vessel component. The 1-D model using cartesian coordinates is used for heat
slabs in the vessel component situated between two axial levels. The 1-D model using
cylindrical coordinates is used for the fuel rods, the wails of a 1-D component, and for heat slabs
in the vessel component situated between two radial rings.

4.2.1 Lumped Slab Heat Conduction
The lumped slab heat conduction model is given by:

My Chw (T8*1-10<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>