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ABSTRACT

The TRAC-BWR code development program at the Idaho National
Engineering Laboratory has developed versions of the Transient
Reactor Analysis Code (TRAC) for the U.S. Nuclear Regulatory
Commission an® the public. The TRAC-BF1/MOD1 version of the
computer code provides a best-estimate analysis capability for
analyzing the full range of postulated accidents in boiling water
reactor (BWR) systems and related facilities. This version provides
a consistent and unified analysis capability for analyzing all areas
of a large- or small-break loss-of-coolant accident (LOCA),
beginning with the blowdown phase and continuing through heatup,
reflood with quenching, and, finally, the refill phase of the
accident. Also provided is a basic capabil.ty for the analysis of
operational transients up to and including anticipated transients
without scram (ATWS). The TRAC-BF1/MOD1 version produces results
censistent with previous versions, Assessment calculations using
the two TRAC-BF]l versions show overall improvements in agreement
with data and computation times as compared to earlier versions of
the TRAC-BWR series of computer codes.

FIN No. L2031--Documentation and Maintenance of TRAC-BF1/MOD1
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SUMMARY

The TRAC-BWR Code Development Program at the ldaho National Engineering
Laboratory (INEL) i1s developing versions of TRAC (Transient Reactor Analysis
Code) to provide the U.S. Nuclear Regulatory Commissicn (NRC), and the public,
a best-estimate capability for the analysis of postulated accidents and
transients in boiling water reactor (BWR) systems and related experimental
facilities. The first publicly released version of the code, TRAC-BD1, |
provided a basic capability for the analysis of design basis loss-of-coolant :
accidents (DBLOCAs). The second publicly released version of the code, TRAC
BD1/MOD1, was developed to provide an analysis capability for operational ]
transients, including anticipated transients without scram (ATWS), as well as :
to provide an improved analysis capability for both large- and small-break
LOCAs. The third release, TRAC-BFl, is a further improvement, particular y in |
the areas of computational speed and space-dependent (one-dimensional) neutron *
kinetics modeling capability. The fourth release, TRAC-BF1/MOD1, again f
improves the calculational speed, provides an improved steam separator-dryer :
model, and corrects many errors c¢r omissions. i

]
The code provides a consistent and unified analysis capability for an :
entire accident sequence. For a large break LOCA, this includes the blowdown 5
phase, heatup, reflood with quenching, and, finally, the refill phase of the
LOCA accident sequence., For an ATWS event initiated by the closure of the l
main steam isolation valve, the sequence includes the initiating event, the i
reactor power excursion caused by void collapse and terminated by reactivity :
feedback, periodic power excursion caused by cycling of the safety relief
valves, and ultimate reactor shutdown though the injection of soluble boron
poison.

Unique features of the code include (a) a full nonhomogeneous,
nonequilibrium, two-fluid, thermal-hydraulic model of two-phase flow in all
portions of a BWR system, includ? j a three-dimensional thermal-hydraulic
treatment of a BWR vessel; (b) detailed modeling of a BWR fuel bundle,
including a thermal radiation heat transfer model for radiative heat transfer
between multiple fuel rod groups, liquid and vapor phases, and the fuel ﬁ
channel wall, with quench front tracking on all fuel rod surfaces and inside :
and outside of the fuel channel wall for both bottom flooding and falling film !
quench fronts; (c¢) detailed models of BWR hardware, such as jet pumps and !
separator-dryers; and (d) a countercurrent flow limiting model far BWR-1ike
geometries.

o B e e e

Other features of the code include a nonhomogeneous, thermal equilibrium :
critical flow model and flow-regime-dependent constitutive relations for the ]
interchanges of mass, energy, and momentum between the fluid phases and |
between the phases and structur=,

TRAC-BD1/MOD1 contained several upgrades and componen’ enhancements.

Xii



. These include:

Balance of plant component models, such as turbines, feedwater
heaters, and steam condensers

A simple lumped parameter containment model

A comprehensive control system model

Reactivity feedback model, including the effect of soluble boron
Boron transport model

Noncondensable gas transport model, including the effe~ts of
noncondensable gas on heat transfer

Mechanistic separator-dryer model
Two-phase level tracking mode!
Generalized component-to-component heat and mass transfer models

Moving mesh quench front tracking model for fuel rcds and both
inside and outside surfaces of fuel channel wall

Improved constitutive relations for heat, mass, and momentum

transfer between the fluid phases and between the fluid phases and

structure

A free-format input processor with extensive error checking.

New features of TRAC-BF1/MOD1 not available in the previously released

version of the code include:

Courant-limit-vielating (fast-running) numerical solution for all
one-dimensional hydraulic components

Implicit steam separator/dryer model
Implicit turbine model
Improved interfacial package

Condensation model for stratified vertical flow for realistic
prediction of condensation in such cases

One-dimensional neutron kinetic model (for space-dependent
variations of power in ATWS-type transients)

xiii
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. Improved control system solution logic
. Preload processor

- Conversion to ANSI standard FORTRAN 77.

From the very beginning of the TRAC-3F1/MOD] development, adherence to a
strict quality control program ensured that a well-documented, working version
of the code would be available at all times. All changes to the code, however
small, are given a program change label that appears on the modified FORTRAN
statements and on all documentation that accompanies the changes. This
ensures that all changes are traceable to documents that describe the basis
for the change and the model developer making the change. A set of test cases
was developed and executed after each successive working version of the code
was assembled to ensure that recent changes did not affect changes or models
inserted into previous versions of the code.

After the final working version of TRAC-BF1/MOD] was assembled, a series
of developmental assessment test cases was executed. These test cases
provided insight into the code simulation capabilities for various separate
effects hydrodynamic tests, separate effects heat transfer tests, and integral
system effects tests. Cn the whole, agreement between the TRAC-BF1/MODI
simulation of the various problems and r.easured test data is exccllent.

The TRAC-BF1/MOD]1 code is described by three documents: TRAC-BFI1/MOD]:
An Advanced Best-Est./mate Computer Program for Boiling Water Reactor Accident
Analysis, Volumes 1 and 2, and TRAC-BF1/MOD] Models and Correlations. Volume
1: Model Description describes the thermal-hydraulic models, numerical
ethods, and component models available. Volume 2: User’s Guide describes
the input and output of the TRAC-BF1/MCD]1 code and provides guidelines for use
of the code modeling of BWR systems. TRAC-8F1/MOD] Models and Correlations is
designed for those users wishing a detailed mathematical description of each
of the models and correlations available in TRAC-BF1/MOD1. This document
reflects the as-coded configuration of the descriptive information provided in
Volume 1.
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NOMENCLATURE

Most of the symbols used in equations are described within the text where
they first appear. Since different sets of symbols are used in describing
some models in TRAC-BF1/MOD1, this nomenclature is divided into different
sections corresponding to different models in the text. The first section is
a general set that applies to all the original TRAC-BD1/MOD1 models, as well
as to the Courant limit violating numerics, interfacial heat transfer, and
interfacial friction discussions.

ParT I: GENERAL NOMENCLATURE

A area

a absorptivity

Ays homogeneous equilibrium sound speed

B radiosity

C shear coefficient or reactivity coefficient

C, coefficient of modified relative velocity in interfacial shear
term

Ep heat capacity at constant pressure

C. heat capacity at constant volume

CNB number of bubbles per unit volume

L, distribution parameter in drift-flux model or liquid velocity
coefficient in interfacial shear term

C, vapor velocivy coefficient in interfacial shear term

C specific heat or nozzle efficiency constant

C, boron mass per unit mass of liquid

D diameter or diffusion coefficient

DZ hydvodynamic cell height

DZL height of two-phase level above bottom of cell

D baffle separation distance

XV







’ " B 4
g § . v 4 ¢ 5 ’ # +




U energy flow rate

u turbulent velocity variation
Vv velocity (mean)

Vol volume

Vi drift velocity in drift flux model
Ye velocity of continuous phase
¥y velocity of dispersed phase
Viey two-phase level velocity

Vo mixture mean velocity

Ve relative velocity (Vg - Vi)
v specific volume

We Weber number

W, weighting factor

wave number

X guality or mass fraction

X, flow quality or fraction of node that transfers heat to the
lower outer cell, which it overlaps

X axi1al distance

Y vector of mass and energy inventories inside containment
components

LGF quench front axial location

b4 axial coordinate in reactor vessel or core

a volume fraction

B volume coefficient of expansion; | —=— (Section 2.2)

y (kpc),
r interficial mass transfer rate or mass generation rate
Iy boron mass source
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n

n+l

NF+1

fuel

liquid or film property fission, or friction
vaper proper.y

homogeneous equilibrium

interfacial property, or node index
interface to gas

inter face to liquid

cell or node index

liquid property

liquid property or lower node property
moderator

mixture property or mass source

outer slab surface node

noncondensable gas

old-time property

new-time property

outer fuel conduction node

inner cladding conduction node

core property

relative velocity between gas and 'iquid (V, = V

rated value

radiation heat transfer property
source term

saturated property

saturation property

saturated vapor property

saturated liquid property

xx1
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Other
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ParT

1 9 £,

1 | ;'V v;w"’,

fuel temperaturs
mcderator ',";;, -'_.10 e
?‘ ;)ﬂ\_

turbine

pper node property
vapor property

voi1Q
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tast neutron Qqr I}
fast therma neutror Jroup
therma neutror Jroup
property 1r el above a two ‘l'.“‘(‘ leve]

property in cell beiow a two-phase leve)

a bar above a symbo! 1ndicates a vector quantity or a mean
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Subscripts

19

k+1/2

incremental value

specitic heat ratio = CP/CV

volumetric mass source due to interphase transfer (kg/m’—s)
turbine stage efficiency

mass density of phase p (kg/ms)

(Vv - & 2

property associated with junction a (Figure 3.11-2)
property associated with junction b (Figure 3.11-2)

property at entrance to turbine membrane (Junction b, Figure
3.11-2)

property at exit to turbine membrane (Junction b, Figure
3.11-2)

property associated with junction ¢ (Figure 3.11-2)
critical (choked) flow

contindous phase

property associated with junction d (Figure 3.11-2)
dispersed phase

donor cell value

vapor property

vapor-liquid interfacial property

transport properly becween saturated interface and vapor
value at center of kth spatial node

value at junction between kth and (k+1)st spatial nodes
liquid property

homogeneous mixture property

phase indicator ("g" for vapor phase, "¢" for liquid phase)
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INTRODUCTION

TRAC-BF1/MCD1: AN ApvANCED BEST-ESTIMATE
CompuTER PROGRAM FOR BoILING WATER REACTOR
ACCIDENT ANALYSIS
VoruMe 1: MoperL DESCRIPTION

1. INTRODUCTION

The TRAC-BWR Code Development Program at the Idaho National Engineering
Laboratory (INEL) is a program developing versions of the Transient Reactor
Analysis Code (TRAC) to provide the U. S. Nuclear Regulatory Commission (NRC)
and the public with a best-estimate capability for the analysis of accidents
and transients in boiling water reactor (BWR) systems and related experimental
facilities. This effort began in October 1979 and resuitec in the first
publicly released version of the code, TRAC-BD1,' ' which was sent to the
National Energy Software Center in February 1981, The mission of this first
version of the code was to provide a best-estimate capability for the analysis
of design basis loss-of-coolant accidents (LOCAs) in BWRs. The code provided
a unified and consistent treatment of the design basis LOCAs sequence
beginning with the blowdown phase, through heatup, then reflood with
quenching, and finally ending with the refill phase of the LOCAs scenario.

New models developed for TRAC-BD] in order to accomplish its mission included
(a) a full two-fluid nonequilibrium, nonhomogeneous thermal-hydraulic mogel of
two-phase flow in all parts of the BWR system, including a three-dimensional
treatment of the BWR pressure vessel:; (b) a detailed model of a BWR fuel
bundle, which includes the following models: a radiation heat transfer model
for thermal radiation between multiple fuel rod groups, the inner surface of
the cha.nel wall, and the ligquid and steam phases in the channel; a leaxage
path model; and a guench front tracking capability for both falling films and
bottom flooding quench fronts on all rod groups and the inner surface of the
channel wall; (c¢) simplified models of BWR hardware components, such as the
jet pump and separator-dryer; (d) a countercurrent flow Iimiting model for BWR
teometries; (e) a nonhomogenecus critical flow model; and (f) flow
regime-dependent constitutive r . ations for the transfer of mass, energy, and
momentum between the liquid and steam phases in two-phase flow and between
each phase and structure.

The missipn of the secord publicly relea~ed version of the code,
TRAC-BD1/MOD1, "**® was expanded to inciude not only large- and small-break
LOCAs but also operational transients and anticipated transients without scram
(ATWS) for which point reactor kinetics is applicable. Models developed ‘o
support the broadening of the scope of the mission of the TRAC-BWR codes
included:

. Balance of plant models, such as turbine, feedwater heaters, and
condenser

1-1 NURFG/CR-4356



INTRODUCTION

. A simple lumped parameter containment model

. Reactivity feedback model for use in tne point reactor kinetics
mode’

. Soluble boron transport mode)

. Norv.~ondensable gas transport model

. Two-phase level tracking mode

. ontrol systems model

. Generalized component-to-component heat and mass transfer models

. Improved constitutiv models for the transfer of mass, energy. and
momentum between t° two pharfes and between the phases and
structure,

User convenience features, such as free-format input and extensive error
checking of the input data, were also included in TRAC-BD1/MOD1.

The mission of TRAC-BF1/MOD] is the same as for TRAC-BD1/MOD1, but the
new capabilities bui't irto this code make it more suitable for that mission.
The new models and capabilities in TRAC-BF1/MOD]1 include:

. Mcterial Courant-limit-violating numerical solution for all one-
dimensional hydraulic components

. Implicit steam separator/dryer model

. Implicit turbine model

. Improved interfacial heat transfer

. Improved interfacial shear model

. A condensation model for stratified vertical flow

. One-dimensional neutr n kinetics model
. Improved control system logic and solution method

In addit‘on to these code improvements, a preload processor has been written
for TRAC-BF1, its graphic routines have been improved for adaptation to the
Nuclear Plant Analyzer (NPA) at the INEL, and more than 95% of the coding has
been converted to ANSI Standard FORTRAN 77.

TRAC-BF1/MOD1 can be applied to any BWR accident analysis or

thermal-hydraulic test facility, including tiose requiring reactivity feedback
effects, control system simulation, and/or a balance-of-plant model.

NUREG/CR-4756 1-2
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INTRODUCTION

TRAC-BF1/MOD] has been applied to experimental facilities ranging from simple
pipe blowdowns, such as *he Edwards pipe tests, to integral LOCA tests, such
a5 the two-loop test apparatus (TLTA) facility, and even to multidimensional
test facilities such as the slab core test facility (SCTF). BWR small-break
LOCAs have also been simulated with TRAC-BD1. The BWR fuel bundle model is
guite versatile and has been used to simulate not only BWR fuel bundles within
a BWR reyctor vessel but also stand-alone. single-bundle experiments in which
advanced bundle hydraulics and heat tviansror models are required.

1.1 BackGaouno

The Reactor Safety Code Development Group a* the Los Alamos National
Laboratory (LANL) has been working toward development of the TRAC code to
provide a modeling technique for analysis of loss-of-coolant transients in
pressurized water reactors (PWRs). Several PWR versions of TRAC have been
released, including TRAC-Pl, TRAC-PIA, TRAC-PD2, and TRAC-PF1/MOD]1 and MOD2.
These codes employ a full two-fluid thermal-hydraulic model in the
three-dimensional vessel component model and a five-equation drift flux model
in the one-dimensional components. The base code from which TRAC-BWR codes
have been developed was an interim version of TRAC-PF1., The base version
contains a full two-fluid thermal -hydraulic model in both one- and
three-dimensicnal component models.

The TRAC-PWR code versions present the user with several problems when
trying to analyze transiente in BWRs. The mair difficulty is accurately
simulating the BWR core during system transients. The reactor core of « PWR
is contained in an open lattice of fuel elements, while the fuel elements in a
BWR are contained within individual channel boxes. The presence of the
channel wall introduces many thermal-*ydraulic phenomena that must be
considered for analysis of BWR transients that are either not present or not
important for analysis of LOCAs in PWRs.

Tre first major phenomenon introduced by the presenze of the channel will
is radiation heat transfer. Small water gaps exist betweea the fuel channel
boxes that fill with emergency core cooling system (ECCS) liquid during
reflood and cool the channel walls. The colder channel wall provides a heat
sink for thermal radiation., Radiation heat transfer is alro p-esent in PWRs,
but the wagnitude of the radiation heat flux is small, since there is no coid
structure within the PWR core. Another ir-artant effect of the channel wall
is to divide the fluid in the core regions into two separate fluid streams
[the two-phase fluid within the fuel rhannels, which is heated by contact with
the he'. fuel rods, and thc fluid in ' 2 bypass (or gap) region between fuel
bundles, which is heated hy heat conauction through the channel walls.] The
PWR versions of TRAC cann - easily address these geometry and heat transfer
aspects of a 8WR core.

Another important phenomer)n that results from the geometric arrangement

of the BWR reactor core is cour _ercurrent “low limiting or flooding. E.CS
liquid is injected directly into the upper plenum of a BWR and drains down

1-3 NUREG/CR-4356
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INTRODUCTION

and implemented into the momentum solution of TRAC-BDI/MODI. This critical
flow model allows longer mesh cells to be used near a break; thus, large time
steps can be used, reducing computational costs of BWR blowdown computations.

A methodology for use of countercurrent flow limiting correlations in
the numerical solution of the momentum equations is also included in
TRAC-BD1/MOD]. Several correlations have been included in the code for
simulation of countercurrent flow liniting at BWR fuel bundle upper tie plates
and side entry orifices.

TRAC-BD1/MOD]1 incorporates a user-convenient jet pump component, JETP,
for simulation of jet pumps in a BWR sysiem (see Figure 1-1). This model
provides corrections to the nonconservative momentum equations for accurate
culculation of mixing losses in the throat of the jet pump. Data requirements
of this component have been reduced substantially for user convenience.

A boiling transition model appropriate for high-quality CHF applications
typical of BWR conditions has been implemented. This model is necessary to
predict the time to CHF for BWR conditions.

A multiple pipe-to-vessel connection capability has been developed that
allows the user to connect more than one one-dimensional component to the same
three-dimensional VESSEL cell, Previous versions of TRAC only allowed for a
single connection between one-dimensional components and vessel cells. This
multiple connection capability allows coarser noding in the VESSEL component,
reducing the computational cost of BWR analysis.

Many other changes in the areas of user-convenience or improved modeling
capabilities nave also been made. Some of these improvements are discussed
below. The latest ANS decay heat standard has been incorporated into the code
to improve the accuracy of the decay heat calculatiouns,

An improved VALVE mode) has been developed for accurate simulation of the
automatic depressurization system (ADS) and main steam isolation valves (MSIV)
in the BWR system.

Generalized heat slab and pipe wall heat transfer models have been
developed that allow accurate compitation of stored energy and energy release
rates from the BWR pressure vessel and its internal structures.

Finally, many user-convenience features were implemented into the
TRAC-BD] code to make it easier for the user 10 set up, run, and examine the
computed results of a TRAC simulation. Some of these features include
free-format input, extensive error and range checking of the input stream,
more readable printed output, improved graphics, and improved traceback
capabilities to assist witl diagnosing a code abort.

Additional improvements have been implemented in the TRAC-BF1/MOD]1
release of the code. The Courant-limit-violating numerical solut:on. which is
based on the Two-Step method (fast numerics) developed by Mahaffy''® at LANL,
allows the code users to run slow transients with large time steps. This cuts
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the computation time and cost considerably. The inclusion of implicit steam
separator/dryer and imglicit turbine models was a necessary step in making the
fast numerics applicable to all one-dimensional components.

The one-dimensional neutron kinetics model is a more realistic way of
representing axial power variations during a BWR transient. This is
considered particularly important in ATWS calculations, where the use of a
point kinetic model is considered inadequate.

Tne new condensation model for stratified vertical flow is particularly
useful in realistic prediction of interfacial heat exchange in a volume with
stagnant or moving stratified liquid level. The old general interfacial heat
transfer model would grossly overpredict the rate of condensation in such
situations.

The improved controi system logic relieves the code user from the burden
of carefully numbering all the control blocks according to the flow of
signals. The user may now number the control blocks in any arbitrary order in
the inputs, and the code automatically establishes the correct order to
treating them according to their function and the paths of signals.
Furthermore, in order to avoid inaccuracies due to large time steps allowed in
the hydraulics solution, the new control logic selects its own time step and
solves interconnected control blocks implicitly.

The preload processor checks TRAC-BF1/MOD] inputs and loads only the
subroutines needed for solving that problem, thereby adjusting the computer
memory requirement to the size and nature of the problem. This has been shown
to improve turnaround time on & time-shared computer and has given savings in
computation cost.

Conversion to ANS] Standard FORTRAN provides increased portability and is
particularly useful in implementation of TRAC-BF1/MOD1 on a Cray® or on an IBM
system.

1.3 QuALiTY ASSURANCE PROGRAM

From the beginning, development of the TRAC-BWR code has proceeded toward
a unique quality control program that ensures a well-documented working
version of the code is available at all times. Any change to the code,
however small, is given a unique program change label that appears on each
FORTRAN change statement and is used for all documentation associated with
that change to the code. Testing of all changes is performed by execution of
test cases designed by the code developers during model development and

a. Mention of specific products and/or manufacturers in this document implies
neither endorsement or preference nor disapproval by tha U.S. Government, any
of its agencies, or EGAG Idaho, Inc., of the use of a specific product for any
purpose.
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INTRODUCTION

execution of the same test cases by tne code architect after insertion of the
changes into an official code version. The results of the test cases are
lescribed in model design reports and acceptance reports, respectively, which
a/% ~ srenced by the program change lahel asrigned to the change. This
proces o provides traceability of all code changes to documents that describe
the Yas  of the change, the person making the change, a complete list of

vt e, changed, changes to input and output of the code, and the results of
“tyguioon of test cases.

When source ccde FORTRAN is modified, the modifications are implemented
using an automated editing routine. This routine contains job control that
identifies each line in the source code with a unique designation. Subsequent
changes are implemented based on the relative position within the source.
UPDATE is the editing routine used for UN!COS-based versions of the code. The
editing and modifications done on an individual user’s local system will
depend on the software available at that site.
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where aP/dx|_1s the static pressure gradient due to wall friction alone. This
term is calculated by us ing the Hancox two-phase wall <hear multiplier®

(,,,) a5 @ multiplier op the single-phase iiquid wall friction factor (f,,,..)
obtained from the Pfann” ' correlation. The resulting wall friction term Ts

(}k " D“ l

The Hancox multiplier is given by

f

R - 3.1 [1 %;] exp® - -THeS6 (2.1-17)

¢:‘~ 11 Rl,tl"‘(] X,)U EﬁJ '1

0.2
_u!] 1l (2.1-16)

where

It should be noted that the constant in the exponent of Equation (2.1-15)
differs from the value given in Reference 2.1-5. A units conversion error was
discovered in the value given in Reference 2.1-5, and the value presented in
Equation (2.1-15) is correct for S.1. units.

The Pfann correlation used in TRAC covers both the laminar and turbulent
flow regimes and includes the effect of surface roughness e. Since this
correlation 15 a single-valued function, it does not require an iterative
solution, The correlation is

8% For Re s 2300
Re
2
9.9 ] For 2300 < Re 5 —20_
log Re - 0.82 g
f‘o =1 4
I -
e 0.2 . for 80 < Re < 424 0.87 - log §
(3.393 - 0.805¢g,)9, - 2.477 - ]og(} {1J!1
2 -
02V poraze 2871088 p
t10.87 - log &/

(2.1-18)
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where
v
Re Pl (2.1-19)
by
Re §
, oS . 1. i (2.1-20)
’ V10787 - Tog &

he basic finite-difference scheme properly calculates classical Bourda
losses at an expansion but overpredicts the losses at a con*raction. The user
can specify an additional constant hydraulic loss coetficient in any of the
coordinate directions. The user-supplied form loss coefficients (k) are
defined in accordance with conventional usage or, for single-phase flow,

», - %kpv? (2.1-21)

where 4P, is the form loss pressure drop between two adjoining cells.

Forward and reverse form loss coefficients k., and k, are input for each
cell boundary in one-dicensional components. In the vessel component, separate
values of k. and k, are input for the r, 2z, and @ faces of each cell. In
Subroutine FRCW, each additive loss coefticient is converted te a friction
factor and added to the wall friction factor calculated internally, using the
Pfann correlation. The Fanning definition of friction factor (f) is used for
this conversion, shown as

L
N, - 2of 5.¢w? . (2.1-22)

L]

Combining Equations (2.1-21) and (2.1-22) yields

0
fao = 0.25 K .f (2.1-23)

where f“m is the additive friction factor.

The value of k to be used in Equation (2.1-23) is determined by the
direction of the mixture mass flux G, or

NUREG/CR-4356 2.1-6
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2.1.2.2.2 Annular/Dispersed Flow--In annular flow, the flow is
modelled as a vapor core surrounded by a smooth liquid region along the walls.
Therefore, interfacial area 1s correlated with only the channel geometry and
the void fraction. The interfacial shear coefficients are correlated with the
phase-dependent velocities and densities and void fraction. Additionally,
entrainment is possible in annular/dispersed flow. The as-coded mathematical
description is provided in Reference 1, Section 6.1.7.

2.1.2.2.3 Dispersed Droplet Flow--Dispersed droplet flow is very
similar to bubbly/churn flow except that in dispersed flow there are bubbles of
11guid in the vapor phase. As in bubbly flow, the inte facial shear
coefficients and interfacial area in dispersed drcplet flow are correlated with
the phase-dependent velocities and densities, void fraction, and the Weber
Number. However, entrainment is possible in dispersed droplet flow. The as-
coded mathematical descripiion is provided in Reference 1, Section 6.1.7.

2.1.2.2.4 Entrainment--Direct entrainment of liquid droplets inty
the vapor stream is possible in both the annular/dispersed ﬁng dispersed
droplet flow regimes. Entrainment is correlated (by 1shii®"") with the vapor
volumetric flux density, channel geometry, and the liquid Reynolds number. Tue
entrainment correlation in TRAC-BF1/MOD] is modified compared to the origindl
formulation of Ishii. These modifications account for the presence of both wet
and dry walls in the same hydrodynamic section of the model. The as-coded
mathematical description is provided in Reference 1, Section 6.1.9.2.

2.1.2.2.5 Counter-Current Flow Limiting--The counter-current flow
limit (CCFL) calculation is performed in hydrodynamic junctions that are
flagged by the user. The CCFL mgqe1 is of the Kutateladze type and based upon
BWR geometric data taken by Sun.*' ' More information is given in Volume 1,
Section 2.1.3.2. The as-coded mathematical description is provided in
Reference 1, Section 7.3,

2.1.2.3 Interfacial Heat Transfer, HCATIF is the subroutine that
calculates the interfacial heat transfer. The purpose of the subroutine is to
obtain the variables (hA) , and (hA),., 1. e., for the liquid and vapor heat
transfer coefficient times interfacis) area, respectively. The model assumes
that there is an interface that is alwavs at the local saturation temperature
and that steam and water are exchanging energy with the interface at a total
rate of

q = (hA)((Ty - To) + (hA) (T, - T,) . (2.1-27)

The nat mass transfer rate is then

"o . I ) (2.1-28)

where the wall term comes from nucleate boiling, as explained later.
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A simple flow-regime map® ' ' helps to define wt :h correlation for h, A,
or hA to use. This flow-regime map, developed for vertical pipe flow, is the
simplest prescription that provides a rational means for defining the
constitutive equations., Figure 2.1-1 shows the flow-regime map used in
TRAC-BF1/MOD]1. The flow regimes are classified according to void fraction and
mass flow. The map is used to determine the flow regime that exists in a given
computational cell independent of the fluid cell orientation. Once the flow
regime in a cell is determined, the constitutive relations for that flow regime
are used to determine the interfacial area and interfacial heat transfer
coefficients for the cell. Figure 2.1-2 shows the logic flow paths for the
calculation, The as-coded mathematical description is provided in Reference 1,
Section 4.].

I
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. Fig:re 2.1-1. Flow regime map.

2:1-9 NUREG/CR-4356



HYDRODYNAMICS MODEL

Annular or

Bubbly and
i annular mis!

Sluy tow regimes

flow regimes

N
Y < ) O 1E'$. -
< ¥ 2076 »
Ye NGO
USSR SN —— w— CICIO
| |
‘ Adjustments 9 l
for TaT Interpolating
T gar e ogion |
sal ol | *\_) on !
' | }
.~ -l — — e e
s S s PN ———
| | | 1
interpolate ! |
; with old ! e End |
i values | }
e S E e R
INEL 4 1168

Figure 2.1-2, Flow chart for interfacial HTC.
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slugs and small bubbles dispersed in the 1iguid. The void fraction in the
vapor slugs (e ) increases linearly from 0.0 at an overall void fraction of 0.3
to a value of 0.2 at an overall void fraction of 0.5. The void fraction in the
bubbles is the 9ifference between the overall void fraction and a , If the mass
flux >2700 kg/m*-s, all vapor is ascumed to exist in bubble form. Linear
interpolation in mass flux is used in the range 2000 to 2700 kg/iw"-s, as
indicated in Figure 2.1-3. For mass flux <2000 kg/m“-s, the amount of void in
the bubbly region is reduced, and the amount in the sliug region is increased as
the overall void fraction increases from 0.3 to 0.5. At a void fraction of
0.5, 60% of tre va,or is in the s'ugs and 40% in the bubbies.

078 el - *—“]

l s Mnﬂlu:>2700kolm2-s
| - Mass Hux <2000 kgime.s |

| w=cee Any mass fHlux ab |

08}
¥ ‘ o /  Bubbly |
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802‘ //‘1 K s
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N I . -
| ./

| QL.

| A 7 Slug |
iy
| / &QS interpolated i
L,' ag / N\ 05 J
0 L.z - )
0 0.2% 0% 0.7%
4 INEL & 3144

Figure 2.1-3. Bubbly slug voii fraction versus cell average void fraction.

The bubbly flow liguid side interfacial Nusselt number is the larger of
the value givgq q;1an approximate formulation of the Plesset Zwirk bubble
growth model, ' %'

¢
T2 VT W D . (2.1-34)
" [pg(hg‘ hgf]

and a sphere convection cvefficient’ '’

Nu, = 2.0 +0.74 R (2.1-35)

where
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(2.1-42)
i)
Py
1 v,0,
Re, = Max (370 .‘L__mfifi' : (2.1-43)
| -
’ 1/2
Dr ~ lﬂﬁ’ (2.2-48)
a

The entrainment fraction is modiTied by the fractien of the wall that is
wetved, ¥A.,, and shown as

E' = F + (1 - E)WAy, (2.1-45)

where
L’ = modified entrainment fraction
WA, o NA,/NA,O,. (2.1-46)

WA, 1s the total of the rod and wall surface areas for the cell. WA, is the
sum of the rod and wall areas in the cell that are not in the film bo‘]ing or
steam cooling mode. If WA, is greater than zero, the minimum film thickness is
calculated so that WA, can be reduced if there is insufficient water to cover
all the wetted suvfacg., The minimum film thickness is calculated from the
Taminar film sguation®'"" as

3 G \ 1/
,.’_‘.‘_2_‘_1 (2.1-47)
9P
where
G, = Vo]HV,/NA, (2.1-48)

Vol, = (1 - a)(1 - E")Vol = (volume of liquid in the film) (2.1-49)

NUREG/CR-4356 2.1-14




HyoropyNAMICS MODEL

Vol is the cell volume, The new wall area covered with liquid film is
WA, = min[WA,, Vol /3] (2.1-50)

If the entrainment fraction is >0.75, the wetted wall area is further modified
as

WA', = 2WA,(1.02 - £)(3.7) . (2.1-51)

The film heat transfer coefficient between both liquid and vapor and the
interface is calculated from the Nusselt number expression

Nu = 0.02 Re Pr (2.1-52)

if the 1iquid is subcooled. Equation (2.1-52) reduces to
(hA)q » O.OZ(HA;')QQV.CPQ (2-153)

for the liquid. If the liquid is not subcooled, a calculation of the total
wall heat flux to the liquid 1¢ performed and divided by (T, - T,) to obtain a
new (hA) , for the film. If this wall value for (hA) exceer the previously
comouted interfacial value, it is used for the liquid intarfacial heat transfer
ca’zuiztinn to minimize further superheating of tae liquid.

The droplet inte facial area is obtained in a manner analogous to that

used to compute the bubble interfacial area in Equations (2.1-45) through (2.1-
48). The result is

i 6E(1 - a)(Vol)pyly i s
e,

where a critical Weber number equal! to 4.0 for the drops is used. This value
of the Weber number is appropriate for accelerating drops. For those cases
where sensitivity to We, was tested, the results were not influenced strengly
by w7° in the range 2 < We, < 12. The liguid side heat-transfer coefficient is
simply

hil T —— (2.1‘55)

where C, a constant, ha- been chosen to force the droplets to equilibrium under
a variety of flow conditions. The constant C = 11,300 implies a thermal
boundary layer in the drops that is about a thousandth of the drop diameter.

The WCS* "' model is used to compute the vapor-to-droplet heat transfer

2.1-1% NUREG/CR 4356



HYorODYNAMICS MODEL

21.%

p | Va 1 k
ha) . = 1.32 ‘_: 2o vel(} ke | (2.1-56)
(ha), p l Py “&t] (1~ oy o,
where
b, = Min (0, 0.03] (2.1-87)
l
0“[
I+ (1 - X) (2.1-58)
PX
X o
1+ p(1 - @) (2.1-59)
.'"ﬂampvsa i

The droplet and film velues for hA are added together to obtain the final
values for both liquid and vapor,

The as-coded mathematical description for interfacial area in droplet flow
is provided in Reference 1, Section 4.1.7.2. The as-coded mathematical
description for interfacial heat transfer coefficients in droplet flow is
provided in Reference 1, Section 4.1.8.2.

2.1.2.3.3 Annular Film Flow--The interfacial area is determined by
first determining the thizkness of the annular film. The film thickress is the
maximum of the actual film thickness implied by void fraction and a minimum
thickness implied by a force balance on the creeping film. These data are used
to calcuiate the interfactal area per unit volume from the channei geometry.

The vapor interfacial heat transfer coeff‘<ient is determined from the
well-Lnown Dittus-Boelter correlation in L'« turulent regime. In the laminar
regire, the coefficient is adapted from the ci.ssica, solution where Nu =
4.364. The liquid heat transfer coefficient is determined from the Megahed
correlation. The as-coded mathematical description for interfacial area in
film flow is provided in Reference 1, Section 4.1.7.3. The as-coded
mathematical description for interfacial heat transfer coefficients in film
flow is provided in Reference 1, Section 4.]1.8.3.

2.1.2.3.4 Transition Regime--If the cell void fraction is between

0.5 and 0.75, a spline interpolation between the values of hA for annular mist
fiow (¢ = 0.75) and bubbly-slug flow (e = 0.5) is used to obtain both the
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Tiquid and vapor hA.

The as-coded mathematical description for interpolation in the transition
regime is provided in Reference 1, Section 4.]1.8.4.

2.1.2,3.5 Final Adjustments--1f the vapor is subcooled, (hA),. is
increased to help remove the superheat by using

(ha),, = (hA) " (2.1-60)

where

otV = T, -T,. (2.1-61)

DTV is limited to b2 <;.0 and >0.0.

The 1iquid side hA 1s compared with (1000)(Vol)/4X, and the larger of the
two values is chosen. Thus, the minimum allowed value for (hA) ,
arbitrarily set to 1000 times the cell flow area. Additional l\qgid side
adjustments are made if the liquid is subcooled. A modified Unal® "
correlation is calculated

h., - h
‘ (hA) e , = 3a Vol ¢ ¢ 22 (2.1-62)

p.
where
10
9.23 %10 ¢orp 2 1.0 NPa (2.1-63)
4 e P\ a1
61.0 - 0.0000649 (P - 1.7 x 10%) for P < 1.0 MPa
IU &7
6 [ Vil ] (2.1-64)
1976
and
Pe - P
pr = Shniel (2.1-65)
The Unal correlation value of (hA), 15 used for void fractions between
0.0 and 0.5, while the drop-annular value is used >C.75, A spline
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interpolation between the Unal and drop-annular values is used in the
transition range of void fractions (0.5 < a < \".75).

Relative velocity weighting is also performed on the 1iquid side hA if the
liquid is subcooled. The weight factor, WVR, is the ratio of two relative
velocity estimates

WVR « VREL/V,, (2.1-66)
where
174
oy om . T [figfl (2.1-67)
Py
VREL = (1 - aC)¥, - (1 - @)C¥, - (2.1-68)

Below a void fraction of 0.5, C, is assumed to be C, where C, is
computed as

| 1/2
, D
Cop =1 ¢0.2 -fifg‘ ”{ﬁ_,i (1 <0 ™, (2.1-69)
IG(l ¥ lel‘

4

Above a void fraction of 0.75, C  is assumed to be 1.0. Spline interpolation
is used to obtain C_ in the transition range.

A reduction in the liquid side hA for subcooled liguid is also performed
if noncondensable gas (air) is present. In this case, (hA), is multiplied by
10.1

(2.1-70)
(1~ a)pyh |

Coon = 0.168

With (hA) _ and (hA),, as calculated f-om the above considerations,
Equation (2.1-?5) is next multiplied by the time step size to obtain the
predict~1 net interfacial mass transfer am,. If Am, is positive (flashing
case) and >90% of the cell liquid mass, m, , or if kmi is negative (condensing
case) and [am, | 1s >90% of the cell vapor mass, m, both (hA)i' and (hA),, are
reduced by the factor

0.9(M, or m,)
| am |

tc improve stability of the numerical scheme.
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Finally, the coefficients (hA) , and UsA)w are constrained to /ie within
the 1imits (Vol) and (1.0 x 10°)(Vol).

The as-coded mathematical description for adjustments and limits imposed
on the interfacial heat transfer coefficient is provided in Reference 1,
Sections 4.1.9-11.

2.1.3 Flow L. Models

A critical flow mode! and a countercurrent flow limitation (CCFL) model
have been implemented into TRAC-BF1/MOD] to improve the available modeling
flexibility. These models are identified in TRAC as flow limit models. For
the critical flow model, the limitation is on a hybrid mixture velocity and is
based on a two-phase homogeneous equilibrium sound speed. For the CCFL model,
the limitation is on the liquid downflow rate for a given vapor upfiow rate and
is based on an experimentally determined CCFL correlation. The numerics
associated with implementation of these flow 1imit models are described in
Subsection 2.3.4. The models employed in TRAC-BF1/MOD]1 for the critical or
choked flow velocity and CCFL are described in Subsections 2.).3.1 and 2.1.3.2,
respectively.

A critical flow model was found to be advantageous to the user, since it
eliminates the need for a fine spatial noding near the choking plane where
large spatial gradients can occur. For semi-implicit numerics available in
TRAC, such a noding scheme would be very expensive to execute. Also, if a
critical flow model is not available, the user must anticipate the choking
locations before setting up the model or performing the calculation since fine
noding would be required at this location. For these reasons, a special
critical flow model was developed and implemented.

2.1.3.1 Critical Flow Model. In previous versions of TRAC-BF1, the
criteria for choked flow were determined by a characteristic analysis of the
partial differential equations governing the flow. gd?ally. such an approach
is correct. However, it has been found empirically’ ' that a simplified,
approximate criterion

"&mvn ' a.,ng, -
%P; *+ &P

(2.1-71)

'
2
&

may be used in place of the detailed characteristic analysis and still obtain
good code/data comparisons. Accordingly, this criterion is used in
TRAC-BF1/MOD]1 to determine whether the flow is choked.

The homogeneous equilibrium sound speed (a,) depends on the .oid fraction
of the flow just upstream of the choking point., For very low void fractions (a
< 0.01), a, is the larger of (a) the liquid velocity at the point where
flashing begins and (b) the two-phase value of the homogeneous equilibrium
sound speed. For moderate and high void fractions (a > 0.01), a, is simply
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the two-phase value of the homogeneous equilibrium sound speed, (b). .

The liquid velocity (a) is estimated by assuming single-phase liquid flow
up to the point where flashing begin?. Choking is assumed to occur as a result
of initiation of 1iquid flashing.*"* This takes place when the fluid
pressure drops sufficiently far below the saturation pressure corresponding to
the liquid temperature. This saturation pressure undershoot is computed from a
modified Burnell subcooled choking mode]?: 1 E

a

Dogs

ymeuhoot =~ 0.284 Ps (2‘l72)

where o, 1s the surface tension at 200 psia pressure. Using the above
express.on for the pressure undershoot, the critical subcooled liquid velocity
is ¢ nuted from the Bernoulli eguation. The two-phase homogeneous equilibrium
sound speed (b) above is computed from

ap ’]1/2

“w |5 (2.1-73)

$

The as-coded mathematical description for the critical flow model is

provided in Reference 1, Section 7.2.

2.1.3.2 CCFL Model. Countercurrent flow limiting, also called flooding, .
determines the amount of liguid that can penetrate the flow restrictions and
determines spatial distribution of the ECC liquid injected into the reactor
vesse'. The distribution of ECC fluid determines the cooling effectiveness of
the ECC systems. If lTimiting occurs at the upper tie plate of a BWR fuel
bundle, the amount of liquid that can penetrate into the bundle is reduced. If
Timiting occurs at the lower core support plate or the side entry orifices,
refiiling of the lower plenum will be delayed. The limiting at the side entry
orifice can be particu’arly important because it prevents water from leaving
the bnttom of the bundle.

Countercurrent flow limiting is a complicated hydrodynamic phenomenon and
is thought to ari;g s a result of the interfacial friction between the liquid
and vapor phases.” ™ The limiting in a BWR has been found from experiments
using both air-water and steam-water and pgotptypic hardware to be described by
a Kutateladze-type correlation of the form*' '

K2 o mk,? . k2 (2.1-74)

where
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K AL U (2.1-75)
[o,(p, - pg)]""*

172

4 vy (py)
[Gg(f’c P')J‘“

(2.1-76)

and m and K are constants that depend on tne geometry.

This correlation specifies the aximum downflow liguid velocity in
countercurrent flow through flow restrictions that can be obtained for a given
upward vapor velocity. Thus, countercurrent flow limiting (flooding)
represents an upper limit in the liquid penet:ration rate in countercurrent flow
that is analogous to choking, which determines the upper limit of the discharge
flow rate in cocurrent flow from a source of fluid at high pressure.

Tte constants in the flooding correlation, Equation (2.1-76), depend on
the geometry of the simulated restriction. Two sets of constants are available
in TRAC to simulate the upper tie plate of a BWR 7 x 7 or 8 x 8 fuel assembly
and to simulate the side entry orifice in the fuel support piece (see Reference
2.1-26). For an upper tie plate, the constants are m = 1.0 and K = 4.2. These
constants were chosen on the basis of the correlations discussed in Reference

2.1-26. For a side entry orifice, the data are well represented by m = 0.59
and

K= [FIP)) (2.1-77)
where
fF(R)) = 2.14 0.0087 (2.1-78)
and
; P
P = m——
d ] (2.1-79)
g( p{ - pg

The as-coded mathematical description for the CCFL model is provided in
Reference 1, Section 7.3.
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2.1.4 Level Tracking Model

In the normal TRAC solution of the fluid flow equations, the mean cell
void fraction is assumed to exist uniformly throughout each hydrodynamic fluid
cell, If there exists in the cell a ~hase boundary, or liquid level, the
numerical solution to the fluid flow equations results in an artificially high
diffusion or vapor in one direction and liquid in the other.

To minimize this artificial diffusion, it is necessary to accurately
predict the existence of two-phase levels that may occur in vertically oriented
hydrodynamic cells and to take proper account fur this in the numerical
solution of tne flow equations, The TRAC-BF1/MOD]1 two-phase levei tracking
mode] was developed for this purpose. This mode)l provides the capabiiity of
maintaining the sharp void fraction discontinuity across a two-phase level that
may occur in vertical components.

The TRAC lTevel tracking model consists of two parts:

1. Detection nf two-ghase le'.i, plus calculation of their nositions,
velocities, and void fractions above and below the phase boundaries

2. Appropriate modification to the equations governing the flow when a
two-phase level 15 present.

Part 2 above is discussed in Subsection 2.3.4. Part 1 may be further divided .
into two sections: (a) detection of two-phase levels and (b) calculation of the
parameters necessary to describe the propagation of fluid above and below the

phase boundaries.

The as-coded mathematical description for the level tracking model is
provided in Reference 1, Section 6.3.

2.1.4.1 Level Detection, The first step in detecting a two-phase level
is the determination of the type of vertical void profile existing around a
particular cell. The level detection logic required for a normal (increasing
in the vertical direction) void profile is not the same as the logic required
for an inverted (decreasing in the axial direction) veid profile. Once the
type of void profile has been established, the model must determine if the
conditions in the cell indicate the existence of a two-phase level. Although
different logic is used depending on the void profile, the use of cell average
void fraction differences to initiate the level calculations is common to all
conditions. Generally, a level is assumcd to exist in cell j if

(0, - @) or (@ - &) > ALPCLT (2.1-80)

provided that no level exists in cell (j+1) or cell (j-1). Here, ALPCUT is a
predetermined cutoff value.

2.1.4,2 Calculation of Level Parameters. The parameters necessary to .
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for a normal void profile, the two-phase level can be completely described by
tquations (2.1-81) to (2.1-90).

However, if the two-phase leve! is in a cell below a void profile
inversion (a,, < @) or flow arez reduction, Equations (2.1-83) and (2.1-89)
carnot be useJ to determine the void fraction above the level without
modification. In this situation, it is assumed that

Jy = 0.999 ¥, (2.1-21)

and the two-phase level can be described by Equations (2.1-81), (2.1-82), (2.1-
89), and (2.1-90). Ffor a two-phase level occurring above a void fraction
inversion (&, < @, ,) or flow area reduction, the void fraction below the level
is evaluated using the drift flux model

a| - _._.:.}3_..__. (2.1'92)
' CJ + V“_I

where C and V.. are determined assuming bubbly/churn flow. 28
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2.2 HeAT TRANSFER MODEL

Three fundamental heat-transfer mechanisms are modeled by the TRAC-
BF1/MOD] code They include the interfacial heat transfer between the vapor
and liquid phases, conduction within structural components, and heat transfer
between the structures and the fluid. Interfacial heat transfer has been
adiressed in development of the fluid-dynamics equations. The remaining two
mechanisms are discussed below.

The thermal history of the structural reactor materials is obtained from
a solution of the heat-conduction equation. The energy exchange between the
structures and the fluid is modeled using Newton’s law of cooling. The
coupling algorithm is semi-implicit. For each new time step (Figure 2.2-1),
the fluid-dynamics equatiors are solved based on previous values for the wall

heat-transfer coefficient (h) and surface wall temperatures (T, ). The
expression can be written as
q;\.? - hn (T:\ L r‘nt'l) . (2.2-1)

Once the fluid-dynamics equations are solved, the wall temperature
distributions are deduced from the conduction equation.

g Heat-Conduction Models

For simplicity as well as computing efficiency, the conduction models are
separated according to their geometric function. They include conduction
within cylindrical walls, clabs, core rods, and flat channel walls. The first
model analyzes heat conduction within the pipe walls of loop components and of
internal vessel components (control guide tubes and vessel wall). The second
model is used to represent vessel internal structures that cannot be
characterized by a cylindrical conduction model. The third model is used to
represent the heat transfer in a fuel rod. The fourth model is used to
represent heat conduction within the walls of the BWR fuel bundle, or channel.
These walls are assumed to be flat, rather than cylindrical. Each of these
four models is discussed in detail.

In addition, the TRAC-BF1/MOD1 model for the zirconium-steam oxidation
reaction is discussed, together with its effect on outer fuel rod cladding
radius and internal heat generation rate u..d in the conduction equations for
the fuel rods. This section is repeated as coded in Sections 9.0 through %.?
of the models and correlations document associated with this code manual.??

2.2.1.1 Cylindrical Wall Heat Conduction. The temperature distribution
within the walls of a component is determined by Subroutine CYLHT. A solution
is obtained from a finite difference approximation to the one-dimensional
conduction equation
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The finite difference equations are derived by applying an integral method® 2?2
to the elemental volumes shown in Figure 2.2-2. The general form for the ith
volume (1 < i < n) 1is

ria2Ki a2 . FiazeKiazn c 1

/ ] o rar ., - .___.‘_.l] ).
A ‘ A Ar A [ : i) (P)ian

!

NUREG/CR-4356 2.2-2




HeaT TRANSFER MODEL

:
& 1 FiazeKiaze Lo
) !lr‘.‘\r‘ " T‘l(pcp_)‘.!;Z‘ Tv ' ""/:&:T“"'" T\ 1
2] | (o) | a? || (ec,) |
: l r‘y) i -’_‘”1] I.——’P 1+1/2 7"‘ 2 qlr'IJ " r'a,i ' 1 p/ 14172 T‘" + qu/
2 4 | At 4 At (2.2-3
T L T =N
f O ettt B ,
i ; ® :______l_
' BT
| l | * Arl
| | ® | J——
.- e e | |
!!n r 1 Arl-]
. ; |
et S e et i 1 ‘
1
| * L L i =1
<%> 1 ® Conduction node
| ) w == CoOnduction volume
| “>
—Ji } = — g s P — 7
INEL-A-19 19
Figure 2.2-2. Cylindrical wall geometry.
where
" o= T(tYr) . (2.2-4)

The boundary conditions applied to the inner (i = 1) and outer (i = N)
surfaces are
Applying this boundary condition to the inner surface (i = 1), the above
finite difference equation becomes
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The rod conduction solution is obtained for each rod group within each
fuel bundle component specified by the user. The number of rod groups
required to renrecent the radiation Lieat transfer within the bundle is
optional. However, for each rad group, a conduction solution is obtained and
coupling of the rod heat transfer with the hydraulics is modeled with Newton's
law of cooling. Power distributions from bundle to bundle, from rod to rod,
and from node to node within the rod are modeled.

The fuel rod conduction solution method is similar to that described in
the cylindrical geometry sectior. The major differences pertain to treatment
of boundary conditions, user selection of componsite material structure, and
provision for spatial and time-dependent internal heat generation.

The fue)l rod cenduction model has two significant features not found in
the previous code versions. First, axial conduction is included in the finite
difference equations. Second, the nodes arc defined as centered at mater.a’
boundaries, and the code calculates and stores special interface material
properties that are used in the conduction solution.. Referring to Figure
2.2-3, the finite-difference equation for conduction at an interior node (i,])
is identical to that ‘-und in References 2.2-3 and 2.C-4 except that axial
conduction is included and written as

1 1 2 | 2: Tn.l_Tn
~(Az + &2,) |= (P+r)f =< (r+r, ot
ki 18 ) 4( )Jpc" At
[Volumetric Source Terms) + [Normal Radial Conduction Terms) (2.2-9)
[ n n |
| | S Te - T™|
il (r+r)* - 1 tr i r)? |1 (k. + k) — + 3.(kl Y |
4 E |2 &z, 2 Az, |
{ T
! agf LB ¢ b
e gen 42,
I |
e [ e TS S
L d -
| I
| |
ST Az,

_'___ INEL 4 2148

Figure 2.2-3. Nodalization for fuel rod heat conduction.
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rh = i
d ity oo gap e . ( 7 1+ r n+ !)
I‘r . (r ryt {r rl
2 4 ' ; '

+ (axial conduction terms) + (volumetric heat sources)

+ (metal water reaction source) . (2.2-11)

The equation used for the outside of the cladding is similar to Equation
(2.2-10) (outside surface node of the fuel region) except that the radiative
heat flux and metal-water reaction are included. This equation is

I . r+r K T . 3
Pofpnn _gmy o1 U ) { ) (r™ .
A ~
. |y i (r-=r) (r-r)?

r irht(.r.' . T"‘I) . r"v(’vv T"“);

§ O P

= AP = = A =P K =P

+ (axial conduction, metal -water reaction, and radiation terms) . (2.2-12)-

2.2.1.4 CHAN Wall Heat Conduction. The walls of CHAN components are
modeled as flat plates rather than cylinders. In addition, axial conduction
is included in the difference equations when the reflood model is activated.
For the nodalization conventions used in Figure 2.2-4, the finite-difference
form of the conduction equations used in TRAC-BF1/MOD1 are

£ For an inside surface node
' n+l n+l
! | i - ey 1. ~-T
A{A{E’?(Tn Tn) Mh v ‘r : 7"‘”) ’ h\ ? (7:1(1 1 Tﬂ*") " Nk LI
At Al o1 R Tl : ‘ ' A,
Pl RS Te p2
bR, e 4 Ky — - Arq. .+ MZAXG' . (2.2-13)
E =3 ‘yd ' &' | (!d
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B ALY A fo = 1y
‘&[k - GLM..k(_Lmﬁ__A.&Aw“', (2.2-15)

l =y ]

It will be noted that the RHS of the above equations includes terms for
surface convection, axial and transverse conduction, surface radiation, and
internal heat generation. The four conductivities used in these equations
(key kg, k,, k) are linear averages between the conductivity of the central
node and the appropriate outer node.

The channel wall surface boundary conditions are determined from the same
heat transfer correlations package as is used for other components.

2.7 1.5 Metal-Water Reaction. When sufficiently high temperatures are
reached ov zircaloy in a steam environment, an exothermic reaction may occur
that will influence the peak cladding temperatures cttained. The
Zirconium-steam reaction equation is

Zr + 2H,0 = 2r0, + 2H, + Heat . (2.2-16)

In the presence of sufficient steam, the reaction rate expression of Reference
2.2-5 15 written as

v 1126 x 104 (%)
L LR 35 L L SRR (2.2-17)
gt R =7
where
r = reacting surface radius (m)
R, = cladding outer radius (m)

T = cladding surface temperature

and is assumed to be valid.

The method outlined in Reference 2.2-6 is used to calculate the
Zirconium-oxide penetration depth and associated heat source. The mass of
zirconium per unit cladding length (m,.) consumed by the reaction in one time
step is

1

= Rpy (P72 - (rP)Y] (2.2-18)

Equation (2.2-17) is used to calculate r™ ', yielding
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Figure 2.2-5. TRAC-BF1/MOD] boiling curve.

Step 3. If T > T and X > 1 0, wall condensation cannot occur. Heat
transfer to single-phase vapor is assumed (Hode 5).

Step 4. T, is calculated.

Step 5. IfT,>T,, filmboiling correlations are evaluated (Mode %).

Step 6. If T, < T, condensation mode (Mode 0) is assumed for « > 0.05;
convection to single-phase liquid (Mode 1) is assumed for a < 0.05.

Step 7. 1f T < T,, convection to single-phase 1iquid (Mode 1) is assumed.

Step 8. I[f ¢ > 0.999, steam cooling (Mode 5) is assumed. Nucleate boiling
with negligible liquid is thereby prevented.

Step 9. Evaluate the nucleate boiling correlation.

Step 10. A negative ICHF indicates that the user does not want to calculate a
boiling transition; therefore, CHF corr~lations need not be

evaluated. . -
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Step 11. The boiling length is initialized to zero. When cell quality
exceeds zero, the length of the cell is added to the boiling length
if the user has chosen to use a critical qu 1ity correlation (ICHF
=2 or 3).

Step 12. When a user specifies that only a local CHF condition be evaluated
(ICHF = 1), critical quality is not considered. However, if the
user chooses a critical quality evaluation, boiling transition can
occur either when the local quality exceeds the critical value or
when the wall temperature exceeds the value of T, implied by Q.

Step 13. The mass flux must be >200 kg/m,-s and the boiling length must be
larger than I m in order to correct.y apply the critical quality
correlaticas. 1t departure frot nucleate boiling has already
occurred (i.e., Mode > 3}, the critical quality is reduced by 5% to
add a hysteresis effect. When the local equilibrium quality, X, is
greaier than the critical quality, the logic bypasses transition
boiling and assumes fiim boiling conditions,

Step 14. The csurface in question cannot rewet without remaining in transition
boiling for at least one time step.

Step 15. Wren the temperature is below T.,,, nucleate boiling is allowed.

Step 16. Before leaving the subroutine, some smoothing of h, and h_ is
performed. If the void fraction is below 0.15, h, is linearly
interpolated to zero at e = 0. The heat flux reduction caused by the
h, decrease necessitates an h, increase.

2.2.2.2 HTC Correlations. In thic section, the flow chart and
applicable correlations for each heat transfer mode are discussad.

2.2.2.2.1 Condensation (Mode 0)--Figure 2.2-7 shows the flow chart

for condggs;tion. Below a quality of 0.71, use the Nusselt horizontal tube
equation® " shown as

3 174
p!g ng {

Wt | 157 (2.2-22)
D (T, - )j

r
h, = HCOND = 0. 725!
l

At higher qualities, the liquid film becomes thin and h, is interpolated So
zero at X = 1.0. h_is interpolated to the maximum of the Dittus-Boelter?
forced convection equa ion

h, = HOB = 0.023 Re," pr”’fi (2.2-23)

H

NOTE: The power on the Prandt] number has been decreased from the original
value of 0.4,
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Figure 2.2-8. Single-phase liquid flow chart.
{ / /Y | n =
n A + Mir i o e (11 (? ‘ -SO)
4 fore i Y T | Wb
"W £
where
h, Max [Equation (2.2-29),Dittus-Boelter correlation] (2.2-31)
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a quality less than a cutoff value (0.95), the vapor HTC is set equal to zero.
For X > 0.98, linear interpolation in X is used between the current values of
h, and h, and the values that are calculated for single-phase vapor (Mode 5).
This linear interpolation ensures that the boiling curve is smooth between
heat transfer regimes.

For X < 0.96, the possibility of net vapor generation is considered even
though the liquid may be subcooled. Accurate estimates of the axial core void
profile are needed for reactor transients without scram because core power is
very sensitive .) void changes. Estimates of the bu1§ enthalpy needed are
suggested by the .wechanistic model proposed by Lahey.®?'™

2.2-1%

The enthalpy needed to produce net vapor is expressed as

' St
h P_, for Pe > 7000

t
7 0.0065% (2.2.37
s Nu C : ;

h, - P, for Pe < 7000
455

where the Peclet, Stanton, and modified Nusselt numbers (Pe, St, and Nu’.
respectively) are given by

¢
Pe = GD, -2 (2.2-38)
st ;.%g_ (2.2-39)
€
D
Nu' = 325 . (2.2-40)

The parameter HLQD is e minimur. of the actual liguid enthalpy and the
saturated liquid enthalpy. When the net vapor generation enthalpy, HLD, is
greater than HLQD, no bubbles are generated and the generation flux, QEVAP,
used in the energy equation is zero. Otherwise,

QEVAP = q(QF) (2.2-41)

where
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4 n ¢
AR . L

il 2.2-42
h, - HLD \ :

2.2.2.2.4 Transition Boiling (Mode 3)--Transition boiling may be
considered as a combination of nucleate and film boiling. A given spot on the
wall surface 1s wet part of the time and dry during the remainder of the time.

Therefore, contributions to both the liquid and vapor HTCs exist for all
conditions.

The liquid HTC contains two terms. The first is obtaired using a

quadratic 1nte{polatzon factor (F) between the CHF and the minimum stable film
boiling points

(7_ - T )?

i .,__mw_ﬂilj (2.2-43)
(T j

" CHFE min/

where T.. is the wall temperature at CHF conditions and T is the

temperature at the minimum stable film boiling point (the intersection of the
transition and film boiling points). This point is found from the homogeneous
nucleation or Shumway correlations, as discussed in Subsection 2.2.2.9. The

second 1iquid term comes from the film boiling mode that uses the Bromley?'z"é
correlation

U V2N

[ 3 |
| ok (P = pg) Gl |

HBRO = 0.62 | ‘ | (2.2-44)
f wiT, ~T)A _
where the characteristic length, i, is
{ 10.5
875 2 |ttt |2, 14 (2.2-45)
19 (P - R |
The modified latent heat of vaporization (h ) 7 s
heg = Byg O.SCpg(T_ Te) s (2.2-46)

In the final expression for h,, the Bromley correlation is void fraction
weighted. Thus the transntuon boiling liquid heat transfer coefficient is
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The vapor hggt transfer coefficient is the ™iximum of the
Dougali-Rohsenow** '® and the natural convection correlation given by Equation
(2.2-24) times (1 - I"). The Dougall-Rohsenow correlation is the same as the
Dittus-Boelter Equation (2.2-23) except that the Reynolds number is a
volumetric flow type Reynolds number written as

D,
Re, = pfalV,| + (1 - a)Ith)]f . (2.2-48)

The logic flow chart given in Figure 2.2-10 shows at the end that h, goes
to HBRO and h, goes to HDR as the void fraction goes to 1. Wall void
generation flux is set to F times the nucleate boiling heat flux.

2.2.2.2.5 Film Boiling (Mode 4)--The liquid and vapor heat transfer
coefficients in film boiling are

h, = (1 - a)HBRO (2.2-49)

h, = Max (HDR, HLAM, HNC) (2.2-50)

where the vapor thermal conductlvxty in the Dougall-Rohsenow equation has been
evajuated at the film temperature in order to obtain a larger h . Figure 2.2-
11 shows the flow chart for Mode 4.

2.2.2.2.6 Singie-vhase Vapor (Mode §)--Figure 2.2-12 shows what
happens when the quality is above 1.0 and the surface temperature is above
saturation. The liquid heat transfer coefficient is zero, and the vapor value
is set to the maximum of the laminar turbulent or natural convection result.
If the void fraction is <0.99, the Dougall-Rohsenow correlatio. is used in the
turbulent equation; otherwise, the Dittus-Boelter correlation is used. When
the void fraction is between 0.99 and 0,999, an interpolation is made between
the two correlations in the turbulent regime.

2.2.2.2.7 Simple Boiling Curve (Mode 7)--The teventh heat transfer
mode is specifically for nonreactor core structures or for situations ' .ere
accurate values of CHF are not desired. This simpiified logic allows nucleate
boiling up to a wall superheat of 25 K if the quality is not greater than one
and the void fraction is not >0.999. This logic is shown on the left side of
Figure 2.2-13. At very dry steam conditions, h, is set to zero and h, is the
maximum of the natural convection, laminar flow, and Dittus-Beelter
correlations given by Equations (2.2-24), (2.2-29), and (2.2-23),
respectively. For nucleate boiling, the CHEN correlation is used; and
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Figure 2.2-10, Transition boiling flow chart,

NUREG/CR-4356 2.2-24



HEAT TRANSFER MODEL

Calcuylate
HBRO, HLAM
MNC, HDR

Mode = 4 2

o Yes =4.1 '
HDR<HLAM ™ ’[ H'g:d-eHLAM J

Yes Mode = 4.0 ]

HDR = MNC J

HDR<HNC ™

| hy= (1 = x) MBRO | [- \
{ L
¢ h, = HDR ! ’L Gotoend )

‘ '
| /
NI RPN SR )

INEL 4 3155

. Figure 2.2-11. Film boiling flow chart.
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transition boiling uses the loomis~$hunmay2? correlation

h, = HTB = 2000 () - a)([62.36 + 8.804 x 10°%(P))

[11.3 « 1.59 x 10°(P) In(&)} . (2.2-51)

The upper right side of Figure 2.2-13 diagrams the condensation logic.
Mode 7 through 7.5 follow closely Mode 0 through Mode 5; Modes 7.8 and 7.9
have been added for heat exchangers that have horizontal and vertical tubes,
respectively. The equations used for horizuntal and vertical tubes are
related such that differences disappear as the steam flow increases. The
equation 1is

A
Nu = FL Nuy + (1 - FL)Ny, if”"’?: (2.2-52)

where FL 1s thg {gpct\on of tube surface beneath the water pool. Nu, is the
Nusselt number®?® belew the pool surface.

0.5%

Nu, = 0.36Re, Yo

pri (2.2-53)

Nu, is the Nusselt number in the steam region, For horizontal tubes®??

| e
Nuy = XF |1 + —2:278 | patrt (2.2-54)
XE*® Fr HF |
where
[ 1 1/3
XF 0.9 (1 ¢ cnee (2.2-85)
{ RF HF
KAT. - T.)
S . 5.3y M. (2.2-56)
“!h!g
( N2
RF Peby (2.2-57)
P,

Fr is the Froude number based on the volumetric vapor velocity perpendicular
to the tubes in the steam region,
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Vertical tubes use [quation (2.2-22) plus the first term in Equation
(2.2-54). The coefficient in Equation (2.2-22) is 0.943, as recommended by
Chen® “® and the length is the distance betweer baffle plates instead of the
hydraulic diarzter, The first term of Equation (2.2-54)

Nuy = XF Re'”? (2.2-58)

is the only velocity-dependent term and becomes dominant at normal flow rates
$0 that the tube orientation makes little difference.

2.2.2.2.8 Nucleate Boiling Transition--Pressurized water reactor
safety codes have predicted the onset of nucleate boiling transition by using
an empirical correlation to determine the local CHF. Using this transition
criteria alone is inadeguate for boiling water reactors since the high-
quality, high»mass»!lub conditions may introduce memory effects when the heat
flux 1s nonuniform, %

Several methods exist for correlating CHF data for nonuniform heat
fluxes, Perhaps the two most widely accepted for analyzing By%-like phenomena
are the Tong F-factor and CISE critical quality correlations. 4% since the
critical guality correlation is a simpler function to evaluate and has been
used vy General Electric Corporation (GE) to correlate CHF data in BWR rod
bundle simulation, it has been chosen for use in TRAC-BF1. The general form
of the correlation is

Ay

L
B+

(2.2-59)

where

X, = tritical quality

Ly = boiling length
and A and B are functions of pressure and mass flux (see Table 2.2-1).

Implemented into the code are two versions of this corre;stion, as shown
in Table 2.2-1. The first is based upon the Biasi correlation®* originally
used in TRAC-BF1/MOD]1. This correlation has been converted from a local CHF
to a critical quality correlation, as described in Reference 2.2-23. The
second is the CISE-GE correlation derived from data taken from experiments
performed at GE. The Biasi X_correlation gives larger values than the
CISE-GE correlation.

Both correlations are included, since each has distinctive advantages.
The improved Biasi correlation is based on a broad data base of CHF
experimenis. It is, however, subject to the assumptions used in converting to
a critical quality. The CISE-GE correlation, on the other hand, is based on
data from rod bundle experiments and includes effects of local peaking
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Table 2.2-1, Critical quality correlation options.

in | B CISE-Gl
ICHY (1CH} 1)
6. *
P 1 o
A . £ k! _4'_ b L LI
2758 - 10®
I ME v s TR i« M} 1M7.37 x 10°°CH 0.907(7 .17 (:d(,,
¥
A1 f
’ )
~ S — 3 293¢ x 10 4(,, 0 9077 3 4\"(,,’
!‘. ! 0
0.28%7.2 10 A-j,)‘
A F i AL B 0.457 « 200%37.17 1(74..‘1
§ [ 2
B { ”; b e 2307 0% 0.901(7.37 !\"‘l,l‘
A
aly P \
“._-_l.!_( " R If Bundle s 8 x 8, B = B/1.12
2 W
. Aly  1.24
\ Max (X X ———— ins
2 H o« lH R'
L |
HT ) 4% P ) “) expl ¥
LR
I
F(P) = 0.7249 + 0.099 (P - 10%)ex~[03.2 107

factors. The data_base from which 1t is derived is limited to mass fluxes in
the range 300 kg/m’-s < G < 1400 kg/m*-s,

The Tocal CHF Biasi correlatiop has a data base that covers the mass flux
(G) range between 100 and 6000 kg/m-s. The local flux Biasi correlation
logic uses the maximum of
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4 f
o » i X304 00 xl (2.2-60)
Dunc‘/b “-1/6
. 7 ;
PR L L TR (2.2-61)
D, G"*
where
n « 0.4 for D21 cm (2.2-62)
0.6 for D<) em
f, =  0.7249 4+ (0.099)(P)[exp %) (2.2-63)
0, = hydraulic diameter (cm)
G @ mass flux (g/cm2~s)
hy ® <1.159 + (0.149)(P)lexp] + 8.99(P)/(10. + Pz) (2.2-64)

p B precsure (bars).

NOTE: The Biasi correlation uses cgs units, but the constant; in Equations
(2.2-60) and (2.2-61) have been changed so that Quys 15 1n W/m,

If Equation (2.2-60) 1s used, 0.02 is added to the heat transfer mode
number. If Equation (2.2-61) is used, 0.01 is added to the mode number.
Beivow a mass flux of 200 kg/mz-s. the critical quality correlations are not
used. Above 200, departure from nucleate boiling will occur if the Tocal wall
flux exceeds the Biasi CHF or the local quality exceeds either critical
quality correlation specified by the user.

Between a mass flux of 200 and -700 kg/m’-s. the lgcal flux Biasi
correlation is linearly interpolated with the Zuber®:? pool boiling
correlation at a mass flux of zero and the Biasi correlation evaluated at G =
200 for positive flow and G = 700 for negative flow. The modified Zuber
correlation is

Gowr = (1 - @)(0.9 x 0.131 hyp BRAC + QSUB) (2.2-65)
where
og(py - p,)|'"*
BRAC - { = | (2.2-66)
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0, iIfT, eT,
‘2k0(7; Te) ol e
0SU'B oS __._—-—.'_-;. otherwise
r‘lAUkl]'/
P;Eb;
1/2
” =
PN (2.2-68)
7AU ' 2625 *g(pt .,_...‘.)L...___
BRAC

If the flow is countercurrent, the Zuber correlation is used; if the mass
flux is less than -700 kg/m“-s, the absolute value of the flux is used in the
Biasi correlation.

Once q,,, has been obtained from the Biasi correlation, the temperature
correspon¢‘ng,to the CHF point, T.., is calculated using a Newton-Raphson
iteration“*? to determine the intersection of the heat flux found by using
the nucleate boiling HTC and CHF. An iteration is required hecause T = T,
must bc known to evaluate the CHEN correlation; in turn, the CHEN HTC must Be
known to calculate the wall temperature. The expression thus becomes

Qes = PMT, ~T,) . (2.2-69)

$

The equation for TCHF is

g 3 Fewe
el " h
Tews = Tews - “‘“““;*"‘ ‘c;h_ (2.2-70)
CH¥
W

where T° . 1s the CHF temperature for the nth iteration, h is the HIC
evaluated using the CHEN correlation, and dh/dT, is the derivative of the HTC
with respect to the wall temperature.

1 " 2
Convergence occurs when T ~ Ty < 1.0, A maximum of ten iterations is

allowed; if convergence does not occur, a message is printed and a fatal error
results,

The CHF temperature is restricted to the range, (T, + 0.5) ¢ T < (T, +
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. 100). The options available to the user are
1CHF

negative, no CHF allowed

B 0, use simplified boiling curve (Mode 7)

B 1, use Biasi local CHF

- 2, use Biasi critical quality plus Biasi local CHF

B %, use CISE-GE critical quality plus Biasi local CHF.

To assist in understanding the nature of the nucleate boiling transition for
CHAY components, the output variable, FILMTRIP has been added, where

FILMIRIP = 0 implies no nucleate boiling transition
= ] implies local CHF transition
= 2 implies critical quality transition.

2.4.2.2.9 Minimum Stable Film Boiling Temperature, T . --The
minimum stable film boiling point is the intersection point between the
transition and film boiling heat-transfer regimes (Figure 2.2-5). This point
is also used in the interpolation scheme for calculation of the trensition
. boiling liquid HTC.

TRAC-BF1/M0D1 has two options for T . If the input variable ITMIN = O,
the homogeneous ogcleatiun correlation is used; if ITMIN = 1, the correlation
given by Sbumway"'za is used. The homogenecous nucleation minimum stable film
boiling temperature correlation is

Toin = T # (T, ~ TR (2.2-M)
where
kol
PR ) (2.2-72)
(kpc),

and T, is the homogeneous nucleation temperature. In Equation (2.2-72),
subscript ¢ in. cates 1i-uid properties and subscript w indicates wall
properties. Because T 15 a weak function of pressure and varies from 580 K
at atmospheric pressure to the critical temperature (649.28 K) at the critical
pressure, T, is set equal to the critical temperature.

The Shumway correlation depends on saturation temperature, thermodynamic

state, liquid and wall transport properties, and void fraction and critical
pressure

2.2-33 NUREG/CR-4356



HEAT TRANSFER MODEL

v

J 1 1
W + 0 ' h . 0.

v 3 7.£L«f°l -VP»[lo (1 - &)] (1 + 1.8 sneJ*‘Sil 2 (2.2-73)
& C‘,Pr. | P

The Shumway correiation has been evaluated against data in the pressure range
of 0.4 to 9 MPa on tubes between 0.0] and 0.0154 m and on bundles between
0.012 and 0.0135 m,

2.2.3 Radiation Heat Transfer Model

Radiation heat transfer is neglected in all components except CHAN, where
the user specifies a cutoff void fraction (ALPTST) below which radiation heat
transfer is neglected. For void fractions above ALPTST, radiation heat
transfer is modeled as described below. This section is repeated as coded in
Reference 1, Section 4.3.

The governing equations for radiative heat transfer within an absorbing,
emitting, and scattering medium are a set of integrodifferentiag egyations for
which only a few solutions for simple geometries are available.*®
Numerical solutions to these equations are also impractical in terms of cost
and effort. Ffor engineering applications, approximate methods are typically
chosen., A lumped-system approxima;ioy ?1§p ?niform radiosity at the surfaces
has been the traditional approach.‘z Wy Byl A

The Tumped-system approximation of the net-radiation method has been
presented in Reference 2.2-29. The governing radiation exchange equations can
be obtained for the kth surface of area A, of an arbitrary enclosure of N
discrete, diffuse, gray surfaces, as {llustrated in Figure 2.2-14, by
considering the incident and outgoing radiation components. The lotal
radiation leaving surface k is

BA, = e,a,l A, + (1 - ¢, )HA (2.2-74)

Kotk tk

B, = e, 0,1, + (1 - e)H . (2.2-75)

¥

As illustrated in Figure 2.2-15, the total incident radiation for surface k,
assuming a transparent medium between surfaces, is

NUREG/CR-4356 2.2-34




HEAT TRANSFER MODEL







HEAT TRANSFER MODEL

-~radiation heat flux ieflected from surface k due to the incident
radiation heat flux on surface k (H.).

Equation (2.2-78) gives three components to the incident radiant heat flux at
surface k,

.
]
1. .I E;aﬁ“fan
B

-~radiation transferred from all surfaces to surface k without being
absorbed by the two-phase mixture.

2. tmrmA F 0, 7

t) Ik

--radiation reemitted by the vapor phase along the path j to k and
transferred to surface k without being reabsorbed by the liguid.

3. A =

tk vn ﬂ Jk !tl

-<radiation reemitted by the 1iquid phase along the path j to k and
transferred to surface k without being absorbed in the vapor phase.

Equations (2.2-78) and (2.2-79) can be combined to yield a system of
linear equations if the surface temperatures, surface emissivities, view
factors, and fluid radiation pronerties are known and can be solved for the
radiosities for each surface

2[5;« - (1 e)t‘kajle‘

j o1

) tioalr R Uz(rg;htlnonl g " BT slrl) Ft; . (2'2.8”

Given the solution from Equation (2.2-8]1), a solution to Equation (2.2-77) can
be determined to yield the net radiation heat flux from surface k. Equation
(2.2-77) provides the radiation heat transfer boundary condition used for the
conduction solution for surface k. However, additional calculations are
required to determine the portion of radiant energy leaving surface k that is
eventually absorbed into either the vapor, droplet, or film phases of the two-
phase mixture,

The total radiation absorbed by the two-phase mixture is given by
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“ p
EOABS ZZ ‘Au u[B (1= %) = %fu;% o tlh'ohoulrl]} ' (2.2-82)
kel jo
lt can be shown that Equations (2.2-81) and (2.2-82) form a system of
radiative exchange equations that conserve radiation energy

~
Y qA, - 0A8S, - 0. (2.2-83)
k=1

However, since TRAC-BF1/MOD]1 is a nonequilibrium two-fluid code, it is
necessary to determine how much of the totai radiant energy absorbed by the
two-mixture phase is absorbed by the vapor phase and how much by the Tiguid
phase.

The first term on the right side of Equation (2.2-82) is the amount of
radiation absorbed by the two-phase mixture along the path k to j. The second
term i5 the amount of radiation emitted by the 1iguid phase along the path k
to j and not reabsorbed by the vapor phase. The third term is the amount of
radiant energy emitted by the vapor phase along the path k to j and not
reabsorbed by the liquid phase,

One method for splitting the first term on the right side into
vapor/liquid components is to consider the probability that radiation will
travel a distance 2 along a path L from k then to j and be alsorbed in the
vapor phase in the next dz of path length, P,(z)dz, or

x

Py(2) dz = K e v
fquation (2.2-84) assumes that the radiation absorption mechan1gm o; 'he
two-phase mixture can be expressed as an exponential function.’

Equation (2.2-84) is integrated from 0 to L, Py(L) can be determined, which is
the probability that radiation traveling along the path L will be absorbed by
the vapor phase

¢ Kgil

dz . (2.2-84)

K iy
Pald) = = W, b o (2.2-85)
4 b |

The term of one minus the exponential can be recognized as one minus the
transmissivity, since

T = (1 - ag )l - ay) =[1 (1 _e*guln)]

| BT (2.2-86;
Equation (2.2-85) can now be written as
P (l- ) — K“‘}——— ] = ¢ ) (z 9_87)
dv™k . X . v
, Kﬂh ’ Kdﬁj ,
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[“a,(w)Bw,7,)

8 T1L7:i.w-,‘~u , (2.2-93)
.K,B("'ro) dw
where
T, = surface temperature
ao(w) = ei(u), by Kirchoff’'s law
W s wave number of radiation (cm').

The absorption spectrum of water/vapor is generally considered to consist
of six major absorption bands. The wave numbers and absorption coefficients
associated with these bands are given in Reference 2.2-36 and Table 2.2-2. The
values given in this table were obtained for the Thomson model of emissivity
described in Reference 2.2-36, which is essentially the model utilized for the
present calculation. The abscrption coefficient values in Table 2.2-2 were
obtained for a reference temperature of 300 K., These values are assumed to
vary inversely with water/vapor temperature to account for various line
broadening phenomena, or

T
K(w) - de).% (2.2-94)

where T = 300 K and K (W) is the tabular value of K‘. The values of K(,)
used in the present model were assumed to be constent within each band and
zero in the region hetween bands.

Table 2.2-2. Water vapor absorption band data.

Wave Length of Minimum Wave Maximum Wave Absorption
Band Center Number Number Coeffl: wnt
L Aemh) _temh) Ko(w) (Atm™! eml)

20.0 195.5 804 S 0.0959

6.3 1283.0 1892.0 0 2874

o 3399.0 40680 0 2069

1 .87 5043.0 5652.0 0.0166

1.38 6942 .0 7531.0 G.0136

(I 8468.0 9077.0 0 00083
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occur. The algorithm for calculating ihe temperature of an inserted node is

1o BiCoialia * Biaby, i (2.2-114)

where p,..0 Co gy Pjuge G juy 2re the density and specific heat for the nodes
below anJ abbve the' insevted node and

o o Pi t Pin (2.2-1185)

O, = 2t &I (2.2-116)

In general, T. should be very close to 1/2 @ e T,_). and energy
conservation should not be seriously violated’%or defetion of rows of nodes.

Falling film and bottom flood quench fronts are tracked on eack rod
group. A node is considered quenched whenever the node 15 in any heat
transfer mode except 4 or 5. The quench front positions are taken as the
lowermost consecutive quenched node for the falling film and the uppermost
consecutive quenched node for the bottom flood position.

The surface heat transfer on the inside of the channel wall is analogous
to the rod surface heat transfer. Coarse mesh nodes are located at cell
boundaries, and the same temperature and heat-transfer coefticient averaging
schemes are used. Volumetric heat sources and radiation are included, and the
same method for averaging void fractions near a quench front is employed.

The heat transfer situation on the outside of vhe channel wall is
complicated by the fact that the coarse-mesh nodes may not be located at fluid
\ boundaries. Previous versions of the reflood model handled this by
assuning that all the heat transfer from a wall node went into the fluid cell
that overlapped most of the node. The present model partitions the heat
transfer according to the fraction of overlap with each fluia cell. The model
is limited, however, since it only permits a wall node to contact 1 or 2 fluid
cells. This places some burden on the user to ensure proper alignment of
channel and outside-component ceils in order to comply with this rule. In
general, however, the restriction is reasonable, since chaanels are always
noded much finer than the surrounding bypass region. Figure 2.2-18 shows
several fluid cells (both CHAN and outside component) and associated wall heat
transfer nodes (both fine and coarse mesh).

A variable X, has been defined for each wall node that is the fraction of

the node that transfers heat to the lowest outer cell which it overlaps.
Referring to Figure 2.2-18, we have
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2.3 NuMERICAL MODEL

In TRAC-BF1/MOD]1, a semi implicit finite difference scheme is used in
both the one- and three-dimensional flow components. The normal stability
Timit for this numerical scheme is

a < min| YOl &1 (2.3-1)
LIV[A V]

However, TRAC-BF1/MOD]1 employs a Courant-limit-violating numerical scheme in
its one-dimensional flow components, which allows the Courant limit to be
exceeded.

2.3.1 Courant-Limit-Violating Numerics in One-Dimensional Compenents

Two Courant-limit-violating numerical methggs have been developed for
TRAC-BF1/MOD1 by Los Alamos National Laboratory*' and the General Electric
Company (GE).°? These two methods differ substantially in the way in which
they satisfy the two requirements for a Courant-limit-violating numerical
method. An evaluation of the two methods was performed at the INEL, and the
recommendation was made to implement a hybrid Courant-limit-violating
numericai method employing the best features of both of these previously
developed numerical techniques. This hybrid technique employs the GE method
of stabilizing the momentum equation and the LANL method of conserving mass
and energy when violating the Courant limit. The hybrid numerical method will
be discussed in the next sections.

The hybrid Courant-limit-violating numerical method as implemented in
TRAC-BF1/MOD] utilizes the GE method of stabilizing the momentum equation and
the LANL method of conserving mass and energy. The basis of the method is to
modify the momentum equation in the existing semi-implicit solution algorithm
s0 that it is stable for time steps greater than the Courant limit. This
allows larger time steps to be taken, but mass and energy are not conserved if
the material Courant limit has been violated. Using the results of this step,
the mass and energy equations are solved a second time to conserve mass and
energy. Thus, the hybrid technique consists of two steps, the first being a
modification of the existing numerical procedure in TRAC-BF1/MOD1 and the
second being a mass and energy conserving step. These two steps will be
discussed separately, after the existing solution procedure is outlined.

2.3.1.1 Original (TRAC-BD1) Numerical Procedure. The two-fluid
conservation equations consisting of mass, thermal energy and momentum
equations are solved in finite-difference form on a staggered mesh. The
independent variables are the total pressure, void fraction, vapor
temperature, and liquid temperature and are defined at cell centers (whole
number subscript j+1, etc.) and the 1iquid and vapor velocities are defined on
the cell edges (half-integer subscript j+1/2, j-1/2, etc.).

2.3-1 NUREG/CR-4356
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n+l s

i’t,,-h: "n}1.' -

ol A LA L TR =
Mv I‘J»\,;

/" ‘ . (2.3-7)
W, .,
PR ;N nt

h_,.x/g V.';.L/? N _

i i rmiimnes § ¥ jo1s2 <0
5

where the cell edge velocity denoted by the overbar in the velocity difference
has been made implicit. This modification is sufficient to allow time steps
beyond the material Courant limit. A second modification is made to the flux
terms in the mass and energy equations to make them implicit in the "within
cell”™ quantities.

n+1 n n
o B Y 20 (2.3-8)

& 4‘\",..1@ Vu_,o*,'? <0

2 " n

0 P a8 Vi 4 20 (2.3-9)

a:?‘(“u')' pl‘,; /2 b 0

2,3.1.3 Mass and Energy Stabilizer Step. The second :tep in the hybrid
Courant violating numerical procedure is the mass and energy conserving step.
The mass stabilizer equations are

(1‘;. a():u e A il et 1
T ‘1"“"""' ' ;{;7‘"{’xu,:«‘/2“,;-%24;-‘.&" XK,, 1..'?Vk,;-1/;‘A; 1/2} rfk (2'3'10)
)
where
j sl ne+
(" )3 Vi jae 20 (2.3-11)
k 172 el sl
Iaﬂ“‘. Vi 4,2¢<0
l nel n+l
Lo apy ;43 Vi ja 20 (2.3-12)
k,1-1/72 n n+l
apy, i+ ¥y 42 <0

and the independent variables are the macroscopic phasic densities which are
the product of the phasic void fraction and phasic density. The phasic
velocities in the flux terms are taken from the results of the basic step. .
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direction about i,J),k+1/2 based on the sign of V_, . ., .. The above donor
cell differences are '

- for V 20
(V,8.V,) : Vr%i"”f? (V‘nj.udlz V'i—h;.uA/z) Fi,dket/2 (2.3-17)
eortali, g ka2 T o f Vv <
Vr',l,k-ifz (Vl|.1,,,u-|/2 vl:,,,x 1/2) i i i ka2 0
= ) for ¥ 20
(Vo8a,) e Vi ™ Yo 00 Vi (2.3-18)
676" 2 1,},1-1!2 t . f r V "4 0
V°|.;,k~1/2 (V'a.J~1.k~1/2 V‘i,j.x'i/Z) . By, i, k172
-V ) for V 20
(Vv.8.V,) _ V’\,J,u.s/z (V=|,, k+1/2 i, i,k-172 i, ke/2 (2.3-19)
rati ke Ty o for V <V
b‘\.:,kﬂ/? (V‘n.;,kd/z V‘i,),kdlz) 2i,i,ks1/2

The velocities in TRAC-BF]1/MOD1 three-dimensional mesh space are defined
as normal to the face. Therefore, the axial velocity on an axial cell face is
defined (V,, , ,.,,,) and saved from time step to time step. However,
velocities that are not normal to the face must be estimated. For example,
Voi,iwerz @nd Vg, o1, are estimated by the averaging cechnique

l

- ’V -QV + ~
P, j et/ 4( Fiots2, ik TiV2,0.k  TieNs2, ke V"-tlz.j.k'i)

(2.3-20)

For the three-dimensional components, the complete as-coded finite-difference
equations are provided in Reference 3, Sections 2.1.16 through 2.1.30.

2.3.3 Solution Method

The overall solution strategy is described first, then details of the
solution method are presented.

2.3.3.1 Outer Iteration Stiategy. Solution of the thermal-hydraulic
equations for all components is controlled by Subroutines TRANS, PREP, OUTER,
and POST. Subroutine TRANS controls the overall strategy, whereas the others
call each component in turn.

At Teast four computational passes are made through each component. An
initial pass is made to update certain explicit information that must be
availabie before performing the hydrodynamics calculation. This is done by a
call to PREP. The heat-transfer coefficients and relative velocities are
examples of information calculated on the first pass. The next two or more
passes call the basic hydrodynamic routines unti) a solution is found within
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then solved in OUTER by direct methods (Step & in Figure 2.3-1; the B,'s and
C,'s are zero in this case). A back-substitution pass through all
one-dimensional components then follows, in which the known 34P, terms are
used to obtain values for the remaining independent variables (see Step 13 in

Figure 2.:-1) as prescribed by Equations (2.3-23) through (2.3-26).

When one or more three-dimensional components are present, the situation
is slightly more complicated. For the network illustrated in Figure 2.3-2, a
linear set of equations in 8AP, resuits after all possible substitutions are
made as Jescribed above. The equations have the form

]

x xeo0o0o0 P [ M 0

x x x o0 x o (%% Il o 0

0 X X X X 0f |o¥ x| {0 0 F

3 a . :P“ = ”‘ (2.3'5.8)

00X x 00 [se| il o X

0 X X 0 X X laap| WX [0 0

0000 XX Xl |8 0

| AN l V)

where X indicates nonzero matrix and vector elements and 8P , and 8P, are the
temnora)l pressure variations in the vessel cells adjacent to Junctions 1 and
4, respectively., This system is solved directly to obtain

AP, = A + BOP, + C,OP, for i =1,2,... (2.3-29)

(see Step 6 in Figure 2.3-1). Treating the momentum, mass, and energy
equations in the three-dimensional components in a similar manner as described
above for one-dinensional components, a system of the following form is
obtained:

Iy x . ..o 1%s0 [ oA

vi

(2.3-30)

O
&

X . . . . x| |op

w, L

where N is the number of cells in the vessel. This system of equations is now
closed by substitution of Equation (2.3-29) for the junction pressure
difference temporal variations (84P, and 84P.). The system is solved in one
of two ways (see Steps 7 through 12 in "igure 2.3-1). If the input variable,
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bypass region and for feedwater flow between a FILL and the vessel downcomer. .

The Teak path concept includes flow between all one-dimensional and
three-dimensional components (exclusive of the BREAK component). Each leak
path connects two components, one designated the From component and the other
designated the To component. These designations refer to a conventional flow
direction and do not change if the actual flow direction reverses. Positive
leak path flow implies flow from the From component to the To component. Al
leak path geometric data and connection data are input and stored as part of
the From component data base. The geometric data include the leak path flow
area, loss coefficient, and elevation difference, while the connection data
include the From cell number, the To component number, the To cell number, and
the To level number (used only if the To component is a VESSEL). All
components except VESSEL and BREAK may be used as fFrom components, and all
components except BREAK may be used as To components. A given component may
be used as the From component for only one leak path, but no restriction is

placed on the number of leaks To a given component or cell within that
component .

The concept of a disconnected FILL component is also included in this
model to facilitate the use of FILL components as the From component of a leak
path. A disconnected FILL is specified by an input junction number of zero
and is not cennected to any other component through a conventional junction.
Flow from a disconrected FILL to a component takes place only through a leak
path. The use of a disconnected FILL and essociated leak path permits a
reduction in the number of components in a TRAC-BF1/MOD1 model, since FILL
components may be connected directly to a VESSEL cell or 1-D component cel)
through a leck path without the use of an intervening PIPE or TEE.

Leak path hydraulic d:ta are stored and are available to all components.
The donor cell fluid properties for the leak are loaded by Subroutine LEKLOD,
which is celled for each component during the initial pass phase of the TRAC-
BF1/MOD1 calculation. This subroutine performs a search over all leak paths
in the leak path array. If a given component connects to a leak path (either
To or From) and if the previous time step leak velocity is consistent with the
given component teing a donor component, then fluid properties from the leak

cell of the given component are loaded into the appropriate locations in the
leak path array.

2.3.4.1 Leak Path Velocity Calculation. The explicit leak path mixture
velocities are calculated by Subroutine CLEK. A schematic diagram of a leak
path and its associated components is shown in Figure 2.3-3. In this figure,

A = leak path flow area

K = leak path form ioss coefficient

V, = mixture velocity of leak path flow
Q = mixture density

NUREG/CR-4356 2.3-12



NUMERICAL MODEL




NUMERICAL MODEL

nel n

BT v I it 4 R (2.3-34)
2

where p is the donor cell fluid density determined by the sign of M: .

Equation (2.3-34) is then readily solved for

n+l

Vo
yielding
Aor" 4 __e_'ivﬂ
A = (2.3-35)
meﬂ l
e
s piVe |

The numerator of Equation (2.3-33) determines the sign of V™' since the
dencminator of this equation is always positive. Hence, the sign of this :
numerator 1s used for determining the donor cell direction for p. . ;

The calculated value of V™' is then used for calculating source terms
for addition to the From and To component mass and energy equations. For both
components, these source terms are of the form

Sew = Pel1 - @ALH (2.3-36)

Sm = P& Amzvmn" (23'37)

for the liquid and vapor mass source terms, and

nel

See = (€4pe + P)(1 - @)A,,V, (2.3-38)

S, = lep, +PlaA, v (2.3-39)

for the liquid and vapor energy source terms. In these source terms, p, and
p, are liquid and vapor densities, e, and e, are the donor-celled 1iquid and
vapor specific internal energies, and & is the donor-celled void fraction.
These quantities are all donor ..1led according to the sign of the numerator
of Equation (2.3-35). The pressure P used in these source terms 15 the donor
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The method chosen to implement the c¢ritical flow constraint is consistent
with existing TRAC-BF1/MOD] numerics. Explicit new-time velocities and their
derivatives are first calculated as if the flow was not choked. Then, these
velocities are used to evaluate the inequality [Equation (2.3-40)]. If the
flow is choked, Equation (2.3-40) is solved simultaneously with the assumption

1.0, 1 f G s a< 0.0} or
if 0.999999 < a < 1.0 or
v
’.f ( g)o(‘_l > o
AL B Vedoua (2.3-41)
7% Y °9  Jf 0.01 < a < 0.999999 and
(V'.)c'\d
v
f ( g)OJS > 0
V()o'\d

To obtain the choked flow limited velocities, we have

V, = [sign(V,)]a, (2.3-42)
N .é V1t (e 00 < a< 0.0l

lg . f

V, [sign(b%)]-fggﬁ__fiﬁgaﬂf , (2.3-43)

ap, S + &P, if 0.01 < @ s 0.999999

Vg = sV,

V. = [sign(V.)]a 2.3-44

o £ gn{¥)] "‘l if 0.999999 < a < 1.0 . ( )
t g

The velocity derivatives with respect to junction pressure difference are then
calculated numerically by determining the change in the choked velocity
resulting from a small pressure perturbation upstream of the choking point.
This ensures compatibility with Equation (2.3-40) in the back-substitution
step for sufficiently smal)l pressure changes. The as-coded mathematical
description is provided in Reference 3, Section 7.2.

A similar approach is useu to implement the CCFL correlations given in
Subsection 2.1.3.2. The new-time vapor and liquid velocities are computed from
the phasic momentum equations. The computed 1iquid velocity s then compared
with the flooded (maximum) liquid velocity computed by the flooding
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Figure 2.3-4. Fflooded flow situation.

into the cocurrent flow region, as indicated in Figure 2.3-4, and proceed as
before. The as-coded mathematical description is presented in Volume 3,
Section 7.3.

2.3.6 Numerics of Level Tracking Model

As discussed in Subsection 2.1.4, once a two-phase level is determined to
exist in a hydrodynamic cell, the above- and below-level void fractions (e’ ,
¢, respectively) are defined and stored. When the flux terms for mass and
energy are defined for the vertically oriented faces between this cell and its
neighboring cells, the donor void fractions are determined as discussed in
Subsection 2.3, except that now, wh-never a phase velocity is out of the cell
with the level, &’ or a is used as the donor void fraction in place of the
cell average void fraction. Choice of values depends on whether the cell
boundary in question is above the level (a’ being used in this case) or below
(e being used in this case). The same approach is used for the void fraction
dependent flow work terms in the energy equations.

When a two-phase level is determined to exist in a cell, the time (DTLEV)
required for the level to cross the cell upper or lower boundary is estimated .
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Figure 2.3-5. Rising two-phase level.

finite-difference hydrodynamics codes such as TRAC-BF1/M0D1. Sometimes these
excursions reflect real pressure spikes from water hammer effects. However,
they may also occur as numerical artifacts due to filling of a hydrodynamic
cell with nearly incompressible pure iiquid as a result of condensation inside
the cell or rapid propagation of a liquid-vapor interface. In such instances,
the finite-difference equation of motion for the liquid phase fails to produce
a mass flow out of the cell (toward the high void region) that balances the
flow into the cell. The result is an abrupt computed increase in cell
pressure, which produces the required liquid flow out of the cell.

In TRAC-BF1/MOD1, a method has been implemented for mitigating this
"water packing” effect. The method forces a discontinuous change to the
1iquid velocity profile when large pressure increases or decreases are
detected. (Negative pressure spikes may occur when the inverse of the above
described situation occurs; i.e., when liquid outflow exceeds inflow. In this
instance, the liquid flow mismatch is termed a "stretch.") The as-coded

numerical solution for water packing/stretching is provided in Reference 3,
Section 2.1.31.2
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Table 2.4-1. Delayed neutron constants

BRI [, TN, DRS— el —————{ - ————
] 2.47 x 10-4 0.0127
¢ 1.38 x 10-3 0.0327
3 1.22 x 10-3 0.115
H 2 64 x 10-3 0.311
5 8.32 x 10-4 1.40
6 1.69 x 10-4 3.87
A * prompt neutron generation time (s)
A . decay constant of delayed neutron group i (see jTable 2.4-1)
(1/5)
Af, - decay constant for decay heat group J from fissile isotope
i {1/s)
m . number of decay heat groups
n = number of delayed neutron groups
n, - number of fissile isotopes
% = instantaneous total fission power (W)
P v instantanvous fission power of isotope 1 (W)

Q = total energy release per fission (MeV/fission)
R . total reactivity (§).

Equation (2.4-1) describes the time ratz of change of the total
instantaneous power. The first term on the right side describes the power
generated by fissions caused by neutrons generated during the fission process.
The second term describes the power generatcd by fissions caused by neutrons
released during the decay of fission products.

fquation (2.4-2) describes the time rate of change of power generated by
fissions caused by neutrons emitted by fission products as they decay. The
first term on the right describes the decay of these fission products, while
the second term describes their production by the fission process.

fquation (2.4-3) describes the time rate of change of another set of
fission products that also decay; but, instead of producing neutrons, they

NUREG/CR-4356 2.4-2
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. emit bata and gamma rays which, when absorted by the surrounding material, |
produce heat. Because this heat only appears after the decay of the fission |
products, it i1s called the decay heat. The power determined from Equation
(2.4 1) would be the power deposited in the core if there was no decay heat
stored in the fission products. Since some of the instantaneous power is |
stored in the fission products and some of the previously stored energy is |
released, the effective power becomes the instantaneous power minus the :
portion of the instantaneous power stored in the fission procucts plus the '
portion of the previously stored power that appears at this time due to the
decay of the fission products generated previously.

In order to determine the power deposited in the core (P,,), the |
point-reactor kinetics eguations must be solved to obtain the instantaneous :
power. Once the instantaneous power is determined, the decay heat equations :
can be solved and P, computed from

|
2:‘32:5‘. (2.4-4) |

The point-reactor kinetics equations [Equations (2.4-2) through (2.4-4)]
are solved by numerical integra;iop_using a fourth-order Runge-Kutta |
terhnique, as modified by Gil) ' This technique is fast, highly '

. accurate, and has excellent round-off error-limiting characteristics. :
However, because this is an explicit technigue, the maximum time step size is :
governed by a stability condition

0.8A

a_. = =— e — 2.4-5 |
= prax [R -1, 1) ( ) |
which could 1imit the problem time step size, To prevent this occurrence |
in cases where At . < At , the kinetics equafions are integrated over K ;
equal subintervals, % ; Af eale 15 given by |
0.4A 0.002 .|
A . = Min . At 2.3:-6
max, calc lB Max [R, “ B R'] AR l ( )
where
A
K = INT -_..2__] v 1. (2.4-7)
uuu,coch

However, if AR < 0.002, the AR is set equal to 0.002 for the evaluation of
At only. Therefore, &t is given by

max, calc
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32,((10) r?Z,(x’iq) \5 / (2.4-11)
o agvgmmt - (00 /0

| 5 R b it

and

0 = [av [xw L, WK « 0T, (DRDH (0

Cxa e RN ¢ xv Y, (Dk(N6(0)] (2.4-12)

where g enters 0, Y . ¥ . ¥ .. Y, as a parameter. The symbols in

Equations (2.4-9) and (2.4-10) have the usual meanings and are explained in
the Nomencliature. For a light water reactor, x, »> x, and

2:'2> >§:.1. Equation (2.4-12) becomes

0 w_[dv Y., (W) i (2.4-13)

where ¢ is the fast fission v .

cand v = v,. In a commercial BWR, the
important reactor core properting that change during a transient are the fuel
temperature, moderator temperat ire, and moderator void, aside from control rod
movement and neutron poisor inj:ction, The fission cress section i< not
directly affected by these changes. The change in the summation of f is
mainly from neutron spectral shift and the change in neutron distribution and
is usually small. In a computer code 1ike TRAC-BF1/MOD1, the fine details in
the local variations of the core parameters are not of interest. What is
important are the values averaged over a range of several channel widths., In
a large reactor, the average fluxes are slowly varying and the gradients of
these average fluxes are small except near the .ore edges. The terms in the
first squared bracket are more important near the core edges and are partly
taken into account in the modified one-group theory by considering the
dependeace of the neutron leakage on the core property q. If the flux

gradient terms and the change in fission cross section are neglected, Equation
(2.4-11) reduces to
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a
Ry h 9%, (0 (2.4-29)
¢ Jn
where
N, AGE R (2.4-30)

In a large reactor and away from the core edges where the flux gradients are
small and the spatial variations 1in core properties are small, the local
reactivity coefficients can be approximately replaced by the reactivity
coefficients for a large uniform reactor having the same geometry and kaving
the uniform core properties the same as the properties at x in the nonuniform
reactor. For a nonuniform reactor with spatially varying core property
changes, the feedback reactivity is then

Rrg = [V [Ryy (XIBT, (W, (1)« Ry ()BT, (XD (X) + Ry (X) Ba( X)Wy, ()

+ R (X) B (X)W, (1) ] (2.4-31)

NOTE: The reactivity coefficients are obtained assuming uniform reactor core
properties or infinite lattice. Replacing the local reactivity coefficient
near the core edges is not valid; however, the values of the weighting
functions W, W, W,, and W, are small at the core edges and the errors
introduced are suppressed.

To apply Equation (2.4-31) in reactivity calculations, the statistical
weighting functions have to be known. The direct and adjoint flux functions
are needed to calculate the statistical weighting functio s. They are not
available for TRAC-BF1/MOD! calculations., However, the power distribution
P(x) (which assumes uniform fission cross section) is proportional to the
thermal flux ¢, (x) and is required in the TRAC-BF1/MOD1 input; therefore,

PR = £, (D(1) (2.4-32)

where £ iy the energy per fission and

P(X)
(X) » o . 2.4-33
® 65, (0 ( )

If the summation over f is uniform, ¢,(x) is proportional to P(x). Near the
core cente{ or away fom the core edge, the neutron fluxes are approximately
related by*“
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. important when the moderator void 1s essentially nonexistent, like when the

reactor is at standby condition. Since the moderator temperature reactivity
coefficient varies with moderator temperature itself, the moderator
temperature coefficient is allowed a quadratic denendence on the moderator
temperature 1,

Row = @y *+ braly + Crulu - (2.4-40)

The void collapse (or generation) is the dominant reactivity feedback
mechanism during a BWR operational transient. Accurate representation of the
void reactivity coefficient is essential for good transient reactor power
predictions. The void reactivity coetficient has strong dependence on
in-channel void; therefore, it i1s allowed a quadratic dependence on void
fraction a in TRAC-BF]1/MOD1. That is,

Ryp = 8y + byt + Cptd . (2.4-41)

Since the boron concentration is expressed in ppm in TRAC-BF]1/MODi, the
boron density to which the thermal neutron abso.ption by boron is
approximately proportional is proportional to the moderator density. The
boron reactivity coefficient is therefore moderator density-dependent. The
goron reactivity coefficient is allowed quadratic dependence on moderator

ensity

Ry = & + Bypy + Gy (2.4-82)

where p, is the moderator density.

Equations (2.4-39) through (2.4-42) are used in TRAC-BF1/MOD] to evaluate
the Doppler and other reactivity coefficients for a core cell, The values
obtained at a given instance may vary from cell to cell, as the fuel
temperature, moderator temperature, moderator void, and moderator density
vary. Since the same set of the reactivity coefficient equations are used for
the entire core, it is impiicitly assumed that each core cell contains the
same mixture of fuel types at different exposures.

2.4.1.4 Code Implementation. In TRAC-BF1/MOD]1, the reactor core is
separated into channel regions (in the CHAN component model) and bypass
regions (in the VESSEL component model). The fuel temperature reactivity is
calculated for each fueled CHAN cell. All other feedback reactivities are
calculated for both the CHAN cells and the VESSEL cells. The same reactivity
coefficient equations are used for both the channel regions and the bypass
regions. The user may scale the feedback reactivicies from the bypass regions
relative to the feedback reactivities from the channel regions by the input of
a scale factor for the bypass regions.

During the transient calculations and after the thermal-hydraulic
calculations are completed for the time step, the changes in reactivity
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associoted with changes in fuel temperature, moderator Lemperature, void
fraction, and boron concentration are computed for each cell in the core
region and are summed to compute the changes in the total feedback reactivity
during the time step, written as

nd

n nel &
Ryy = Riy + 8R;, (2.4-43)

where

n+l n+d N+t net o -
BR,y < BR;, + BRy, ¢ B8Ry ¢+ BRS . (2.4-44)

The individual reactivity contributions are computed from

By, - Z:Ra?‘“7ﬁAfl? USJM2*N‘. (2.4-45)

5" - TR (- b 2.4-48)

1

net [ fe fie o4 . ]
Y Wy R [l - & )ee Ty - (1 a’.‘p.r.:,.}

A
net
Y

(2.4-47)
Z(l “:M p:.‘HYQ,l

#oC (2.4-48)

where i is the cell index, n and n+] indicate the old- and new-time values,
and the summation i1s over all cells in the reactor core region. The
reactivity coefficients are computed using trh2 <ew time conditic 15 in each
cell. Notice that the moderator temperatiure and boron feedback contributions
are normalized by the amount of liquid in the cells. This is because the

property is connected with the liguid phase and cannot exist apart from the
presence of liquid.

In addition to the feedback reactivity, the four core average properties

are also computed and are included in the T ."C-BF1/MOD] major edits along with .
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. e S (2.4-54)

where R is then used in the point kinetics equation integrator.
2.4.2 One-Dimensional Neutron Kinetics

The one-dimensional kinetics model in TRAC-BF1/MOD1 1s a two-group
formulation based on the Analytic Nodal Method. The advantage of the one-
dimensional kinetics option over traditional point kinetics 1s that the axial
flux profile is allowed to change as a function of time in response to
changing thermal-hydraulic conditions and/or control system actions. However,
considerably more user i1nput is required in order to implement the one-
dimensional kinetics model, as compared to the point kinetics model.

2.4,2.1 Derivation of the Analytic Nodal Kinetics Equations. The two-
group, one-dimensional, space- and time-dependent neutron diffusion equations
can be written in matrix form as

1
I

i 3
v,

1 \ 3 2 | 1

‘ ; 3 [¢w a |0 °[ 3 ¢ﬂ L1+5,+0,8, 0{ 4%!

, -4 ot : 11, |
o 1 3 |o, Ao o) %6 | 540,87 [
l Vz‘

x| VB[ [ & 1
¢ a1 B 5_: (2.4-55)

Ak "rn‘

where the space- and time-dependence of all parameters except &, i,, and B is
implied and

D, B the group 1 diffusion coefficient

D, . the group 2 diffusion coefficient

E“ = the group 1 macroscopic absorption cross section
Lo - the group 2 macroscopic absorption cross section
.4 = the group 1 macroscopic downscatter cross section
Bf = the aroup 1 transverse buckling squared
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space-independent (within each node) neutron diffusion theory parameters are .
available for every node, then fquation (2.4-56) may be integrated over a
typical node, 1, to yield

MIv] (8] = (9] + (9 - ALR(S)

\"‘" ) :
v hx)(2 - B : (8] + T (AL, (2.4-57)
where

G | ', a2 (2.4-58)

Y1y
(&) ;: ["1'(¢(2)] dz (node-average flux vector) (2.4-59)
(V] i L"J;N’(I,)] (net current vector at z,) (2.4-60)

z

The equation governing delayed neutron precursor k is given by

ol | v

v
MG 4 “J'):' (9] (2.4-61)

where B, 1s the partial effective delayed precursor fraction for precursor k
and

K

SB -8B (2.4-62)

1
Integration of Equation (2.4-6]) over node 1 yields

d vy, |

VA, (2.4-63)
- —»( = C e h‘ | — [¢\] .
it = Ah A
Addiv.onal relationships between the node-averaged fluxes and the .
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imwerface currents are now required in order to allow the solution of the
system of Equations (2.4-57) and (2.4-63) to be obtained for the node-average
fluxes and the nodal precursor inventories, (.., as functions of time. TQe
desired relationships may be obtained using the Analytic Nodal Method.’

This method produces a flux-current relationship for node 1 of the form

(J,4) - (4] = (€010, « [CCI]) + [CR ][] (2.4-64)

where the coupling matrices [CL ), [CC,], and [CR,] are complicated functions
of the nodal cross sections and dimensions.

Substitvting Equation (2.4-64) into Equation (2.4-57) and rearr-nging
yields

L

hlv]" 4] » [CL)IM ] + [CC1Id) + [CRI(M .1 + hI5 (4]

{ 1
|
|

5 L)
mlx(l - B =11 (8] - T AL, - (2.4-65)

Equations (2.4-63) and (2.4-65) are the basic time-dependent nodal enuations
of interest. Note that Equation (2.4-65) is nonlinear because quantities
proportional to the time derivatives of the fluxes and precursor
concentrations appear in the coupling matrices. This is a consequence of the
Analytic Nodal fermulation.

2.4.2.2 Input Requirements. The full input specifications are provided
in Volume 2, Section 3.5.8. The as-coded documentation of how the input is
used is provided in detai. ‘n Section 9.4. 4 o! the models and correlations
document associated with this code manual.®

Basically, the user must be able to provide 11 level-averaged parameters:
two-group diffu ion coefficients, two-group absorption cross sections, fast
group downscatter cross section, two-group v (neutrons per fission) times
fission cross sections, two-group values for v alone, and two-group bucklings,
These cross sections must be inz.t as a function of the transient thermal-
hydraulic state

X< Clay » age + agef) + (1 < C)a, + aga + a,0f)
Faf(T)"E < (7)) ¢ aglT, - Ty) v ach (2.4-66)
where
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Table 2.4-4. Parameters for “*“U thermal fission decay heat.

J [’.1 lu‘.J J [1.1 1”1.1

| 1.2311E400 3.2881E+01 13 1.0075E-06 7.0465E-06
2 1.1486E400 9.3805E-01 14 4 .9894E-07 2.3190E-06
3 7.0701E-01 3.7073E-01 15 1.6352E-07 6.4480E-07
4 2.5209E-01 1.1118E-01 16 2.3355¢E-08 1.2649E-07
5 7.. "0E-02 3.6143E-02 17 2.8094E-09 2.5548L-08
6 2.t 'E-02 1.3272E-02 18 3.6236E-11 8.4782E-09
7 6.85026-03 5.0133E-03 19 6.4577€-11 7.5130E-10
8 1.2322E-03 1,3655€-03 20 4 .4963(-14 2.418BBE-10
K 6.8407E-04 5.5158E-04 21 3.6654E-16 2.2738E-13
10 1.6975E-04 1.7873E-04 22 5.6293E-17 9.0536E-14
1] 2.4182E-05 4.9032E-0% 23 7.1602F-17 5.6098E-15
12 6.6356E-06 1.7058E-05

fissionable materials under consideration).

Additional corrections to gpe calgﬂgated decay heat may be made by
considering the decay heat of U and ““Pu, and inci,sion of the effect of
neutron capture by fission produc.s. These corrections are incorporated as
special algorithms (see Reference 2.4-6) and are available in the code as user
options,

Since the new ANS standard allows inclusion of the effect of reactor
operating history, special considerations apply to initialization of the
model, The decay heat power generation at t = 0 (beginning of the transient)
must be determined from the reactor operating history.

The input to the model is the duration of constant reactor fission power
periods and the fission power provided by all fissile isotopes being
considered (mu only, z”pU plus ZS’°Pu, or j$3?U plus zuPu plus & A typical
reactor operation histogram is given in Figure 2.4-1. In the following
equations, the nomenclature is based on definitions given for Equations (2.4-
1) through (2.4-3).

The decay heat model can be initiated with or without a reactor power
history. If no power history is used, an infinite operating time is assumed,
which results in an equilibrium decay heat at transient initiation. In this
case, the initial decay heat power is derived from
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BREAK anp FILL MopeLrs

3.2 BREAK anpo FILL

The BREAK and FILL modules are used to impose boundary conditions at any
one-dinensional component terminal junction. Consequently, these mocules
differ from the other component modules in that they do not model any system
component per se or pertorm hydrodynamic or heat-transfer calculations.
However, they are treated like any other component with respect to input,
initialization, and identification procedures.

The BREAK module implies a pressure boundary condition one cell away from
its adjacent component, as shown in Figure 3.2-1. This b~ dary condition may

be constant, user-specified time-dependent ar it may be *y the control
system or containment models. The BREAK cu.ponent also - ies the boundary
conditions of void fraction and phase temperatures at thy 4inal junctions

o one-dimensional components.

The FILL module imposes a velocity boundary condition one cell away from
its adjacent component, as shown in Figure 3.2-2. Like the BREAK module, FILL
boundary conditions of velocity, void fraction, and phase temperatures may be
constant, user-specified time-dependent, or they may be set by the control
system or containment models. In addition, the FILL velocity condition may be
specified as a function of adjacent component pressure. (In this case, the
pressure functions are imposed in an approximate manner that avoids numerical
difficulties caused Ly instabilities.)

The parameters needed for specifying a FILL or BREAK are described in
Volume 2. It is reccmmended that the cell volume and length in these
components be identical to those for the neighboring cell of the adjacent
component. The void fraction and fluid temperatures specified in the FILL and
BREAK determine the properties of fluid convected into the adjacent component
if an inflow condition should occur. (By convention, inflow corresponds to a
positive FILL “elocity and a negative BREAK velocity.) These components may
not be connect . directly to the VESSEL component.
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Figure 3.2-2. FILL noding diagram
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PUMP ComMpONENT MODEL

two-phase option is turned off (IPM « 0), only the single-phase head and
torque homologous curves are used.

The user may specify pump homologous curves in the input or alternatively
use the built-in pump gurygs. The built-in pump curves are based on the MOD-1
Semiscale system pump. " °>* The single-phase head (HSP), fully degraded
two-phase head (HTP), head degradation multiplier (M), single-phase torque
(TSP), fully degraded two-phase torque (TTP), and torque degradation
multiplier (N) curves are provided in Figures 3.4-2 through 3.4-7,
respectively. Where applicable, the curves are numbered corresponding to the
conditions provided in Table 3.4-1. Because these homologous curves are
dimensionless, they can describe a variety of pumps by specifying the desired
rated density, head, torque, flow, and angular velocities as input.

There are several restrictions and limitations in the current version of
the PUMP module. Because there is no pump motor torque-versus-speed model,
the pump speed is assumed to be input if the motor is energized. Pump noding
is restricted such that the pump momentum source is located between Cells 1
and 2 of the pump model. Finally, the head degradation multiplier, M(a), and
the torque degradation multiplier, N(a), are assumed to apply to all operating
states of the pump.

The PUMP module input consists of the same geometric and hydrodynamic
data and initial conditions required for the PIPE module. In addition,
information specific to the pump is required, as described in the inpJt
specifications (Volume 2). The speed table (SPTBL) and homologous pump curve
arrays must be input in the following order

X(1),¥(1)x(2),¥(2) ..., x(n),y(n)

Here, x is the independent variable and y is the dependent variable.
Furthermore, the independent variables must be input in a monotone increasing
order, that is

x(n) > x{n - 1) > ... x(2) > x(1)

Linear interpolation is used within the arrays.
3.4.1 References

341, V. L. Streeter and E. B. Wylie, Hydraulic Transients, New York:
McGraw-Hill Book Company, Inc., 1967, pp. 151-160,

3.4-2. D. J. Olsen, Experiment Data Report for Single- and Two-Phase Steady
State Tests of the 1-1/2-lLoop MOD-1 Semiscale System Pump, ANCR-1150,
May 1974,

3.4-3. G. G. Loomis, Intact Loop Pump Performance During the Semiscale MGD-1
Isothermal Test Series, ANCR-1240, October 1975,
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Figure 3.4-3. Fully degraded homologous head curves
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Table 3.6-1. Pressure change betwee, Cell 0 ard 2 (Figure 3.6-1)
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Subtrarting the pressure drop given in Table 3.6-1 from the total
pressure drop {with source) given in Equation (3.6-1) and dividing b, the
average cell length yields the momentum source term for positive source flow
(neg - tive side tube velocity). The momentum source term is listed in Table
3.6-2 for various combinations of positive and regative value: of V, and V,.
It should be mentioned that Equation (3.6-1) has been used for positive and
neaative flow direction in the p-imary tube although the analytical selution
is valid for merging flows only.

Table 3.6-2.
source flow).

Momentum source term for TEE component with V, < 0 (positive

]
e, > A
SSM2 = VIV e N oow
. . N A, & &
" W™ I
8 v A5
v a———
244 & A
A - oax,
e PSS =
s Fia e 4
i }
J— v —————
an LB *
w A
~ e
] o, » A Ax .+ Ax
e SSML -
v — v . ¥ e,
& -+ & At
& A
e Vv o
3 as ¢ A A
ar ‘
\ -
A LRI

In the case of negative source flow (positive side tube velocity), the
flow in the primary tube may not be accelerated by the source flow.
Therefore, the momentum source term is set to zero. But there is an
irreversible loss due to the flow splitting similar to the flow with sudden
expansion. For the limiting case with no flow through the side tube, Equation
12.€-1) yields

for cos¢ > 0, V, > 0, V, > 0, Vy = 0,
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Py =P, =0 (3.6-5)
P, - P

i bl S RS (3.4-6)
<Pe>;

for cos¢ < 0, V, <0, V, <0, Vy =0,
P, - Py =0 (3.6-7)

D
2, - P,

= Vy(¥y = V) (3.4-8)
<P

[f this equation set is used for all pissible steady-state flow conditions
with negative source flow (V; > 0) but independent of the side tube connection
angle, ¢, the pressure change across the junctien cell would be

for Vv, > 0, vV, > 0,
Pa = Py = <pVy (¥ - V;) (3.6-9)

for vV, > 0, V, <0,
5 ~ Py =0 (3.6-10)

for V, < 0, V, < 0,
Py = Py = <p> ¥V (¥, - V;) (3.6-11)

This equation set is identical with the backwards differencing equations
(Table 3.6-3) for equal length (4x, = Ax, = Ax,) and is used for negative
scurce flow,

Combining Equation (3.6-9) and Table 3.6-1 as before yields the momentum
correction terms for negative source fl.a listed in Table 3.6-3.

Both the momentum source terms and the momentum correction terms are
calculated in Subroutine ETEE, using the new velocities calculated at the
previous time step. They are then added to the right side of the momentum
equations in the explicit pass in Subroutine TFIE.
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values are in the TRAC-BF1/MOD] code as default values, but the user may
change them.

3.6.2.4 Outlet Losses. There is a loss at the diffusor outlet due to
the flow expansion from the diffusor outlet into the lowe: plenum for normal
operating conditions in the jet pump. The loss coefficient for this loss is
estimated to be 1.0 and is implemented into the TRAC-BF1/MOD]1 code at the
diffusor outlet for forward flow in the diffusor.

3.6 2.5 Mixing Losses. There are irreversible pressure losses in the
mixing region of the jet pump where the hiqh-velocity drive flow mixes with
the low-velocity suction flow. These los: s have been estimated from the 1/6
scale jet pump data and have been correlated in terms of the drive velocity
(Vog)» the ratio of suction mass flow rate to drive mass flow rate (M ratio),
and the flow regime. The flow regimes are defined for various combinations of
positive and negative suction flow, drive flow, discharge flow, and M ratio.
The definition of the flow regimes are shown schematically in Figure 3.6-3 and
listed in Table 3.6-4. The loss coefficients in the various flow regimes for
mixing losses are given in Table 3.6-5.

3,6,2.6 Nozzle Losses. In addition to the pressure losses in the drive
nozzles caused by the contraction of the flow, there are additional losses
because of the unique geometry of the drive nozzle. These losses nave been
estimated from the 1/6 scale jet pump data and have been correlated in terms
of the M ratio for the various flow regimes. These loss coefficients are
lTisted in Table 3.6-5.

3.6.3 Jet Pump Input Processing

Input for the jet pump component may be either of two types, both
described in Volume 2. Type JETP input, read and processed by Subroutines
FJTP and FJPC, provides for a five-cell jet pump model (see Figure 3.6-1) with
a minimum number of input values. The other type of jet pump input *; the
standard TEE input, which provides for a jet pump model with five or more
cells, and for complete user specification of all cell and cell edge

properties. TEE type jet pump input is read and processed by Subroutines FTEE
and FJPC.

With Type JETP input, single input values for pressure (P), void fraction
(ALP), liquid temperature (TL), vapor temperature (TV), and boron
concentration (BORC) are used for all five cells in the jet pump. The
following array values are calculated and not read as input. (Subscripts
refer to either cells or cell edges, depending upon the given array; see
Figure 3.6-1.)
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The reactor core region in the VESSEL is specified by the upper, lower,
and radial core positional parameters (ICRU, ICRL, and ICRR). These
parameters define, respectively, the upper, lower, and radial boundaries of
the cylindrical core region. The example provided in Figure 3.8-3 shows a
possible configuration in which ICRU = 4, ICRL = 2, and ICRR = 3. Each mesh
cell stack in the core region contains a CHAN component to simulate the fuel
bundles in that core region.

A very important aspect of this three-dimensional VESSEL component is
that it results in a multidimensional hydraulic model of regions within a BWR
VESSEL in which multidimensional effects may be important., For example, an
important aspect of BWR LOCA analysis is the emergency core coolant spray
(ECCS) into the upper plenum. The noding diagram in Figure 3.8-3 results in a
model in which the radial distribution of ECCS water in the upper plenum is
represented by three TRAC-BF1/MOD]1 VESSEL radial rings. The solution to the
TRAC-BF1/MOD] conservation equations in that region plus the coupled solutions
far the conservation equations in the core bypass, CHANS, separators, and in
ECC s<pray connections will result in a radial distribution of ECC water in the
upper plenum, Results to date indicate that the model gives representative
ECC water mass and energy distributions within an upper plenum.

A shortcoming of the nodalization in Figure 3.8-3 has been identified and
resolved. With the nodalization in Figure 3.8-3, there is insufficient noding
in the axial direction to resolve horizontal flow stratification effects
in the upper plenum, One selution to this problem is to increase the axial
noding in the upper plenum, However, this results in an increase in computer
costs for the calculation. Another solution to this problem is to include
within the VESSEL hydrodynamics a horizontal flow stratification model. This
would have regligible effects on running time.

A horizontal flow stratification model was developed for TRAC-BD1 by J.
G. M. Andersen, of the General Electric Co., and has been included into the
released version of TRAC-BFI/MOD]. The model consists of adding to the radial
and theta momentum equations an additional force term that accounts for the
hydrostatic head between two adjacent TRAC-BF1/MOD1 hydrocells that have
different water levels. The added force term for the cells in Figure 3.8-4 is

P, ~ Py = (py - 99)9&(“-1 . “g) . (3.8-1)

This force term is assumed to act on the liquid phase only. Thus,
tending to enhance horizontal liquid flows from regions of high liquid content
to regions of lower liquid content.

Heat slabs of arbitrary masses and volumes can be defined in any mesh
cell (including core regions) to model the heat capacity of structures within
the VESSEL. An HTC is computed for each slab using the local fluid
conditions. The temperature calculation is based on a lumped-parameter model
(see Subsection 2.2.1.2).

In addition to the lumped parameter heat model, a double-sided heat slab
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,Double-sided heat slab
// associated with tiuid cell Number 1

Vesse! flyid cell number /

INEL-A-19 196
Figure 3.8-5. Sample geometry for double-sidad heat slab.

for the double slab associated with each VESSEL cell. If the double slab area
for a particular cell is input as zero, no double slab is assumed to exist for
that cell. The double slab material properties (density, specific heat, and
thermal conductivity) are evaluated separately for each conduction heat
transfer node within a double slab, these properties being evaluated at the
mean temperature for each node. The number of conduction heat transfer nodes
within the double slabs is specified by the user, and the same value 1§ used
for all double slabs.
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Figure 3.9-1. TRAC-BF1/MOD1 VESSEL model.

step restriction imposed by the leak path in the separator/dryer model became

unacceptable and the model was modified to allow larger time steps to be used.
The model used in TRAC-8F1-MOD! utilizes the TEE component. Both the

separator and steam dryer components of a BWR have a single inlet, which
accepts two-phase fluid, and two outlets discharging nearly single phase fluid . |
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through each path. The separator accepts moderaie-quality two-phase fluid
from the mixing plenum and directs high-quality fluid to the steam dryer and
low-quality fluid to the downcomer. The steam dryor accepts the high-quality
fluid from the separator and removes the residual moisture to provide nearly
single-phase steam to the steam dome. The separated liquid is directed back
to the ligquid pool surrounding the separators.

Each of these components can be represented by a TRAC-BF1/MOD1 TEE
component that has three flow paths. The model as developed can be used to
represent a separator (or a number of separators), the steam dryer, or both
the multiple separators and the steam dryer,

Furthermore, there are two different separator options for determining
the liguid carryover and the vapor carryunder qualities--a simple separator
option where the user specifies constant carryover and carryunder gualities
and a mechanistic separator option in which the carryover and carryunder
qualities are computed as functions of the local conditions in the separator.
The mechanistic separator methodology and coding smplgp;ntinq the methodology
were developed by the General Electric Company (GE). "¢,

The steam dryer also has two options, a prefect separator option in which
all 1iquid 1s separated regardless of the local conditions and a more
mechanistic model in which the dryer efficiency decreases as the vapor
velocity increases above a critical dryer ingt velocity. The more
mechanistic dryer model was developed by GE*" ¢ and is adapted from their
version of the TRAC-BWR code.

Figure 3.9-2 is a diagram of a combined separator/dryer component, The
portion of the primary tube from the inlet to the joining cell represents the
separator standpipe and barrel, the joining cell represents the volume between
the separator dischar?e and dryer inlet, and the portion of the primary tube
above the joining cell represents the dryer.

The TEE side arm represents the separator shroud. The separated liquid
from the dryer flows down along the dryer skirt; this flow path is not
explicitly modeled, since it occupies a negligible volume. The separator
function occurs across the inlet face of the joining cell where the two-phase
mixture leaves the stand pipe and barrel to appear at the inlet to the side
arm rather than in the joining cell. The dryer function occurs at the outlet
face of the joining cell where the convected void fraction is computed from
the dryer efficiency. The phase separation is accomplished by adjusting the
void fraction convected .~ross the several faces of the joining cell and by
adjusting the flow veloci .ies at the inlet to the TEE side arm. The
separator/dryer component thus uses the same methodology as the two-phase
level model in which convected void fractions are different than the cell
average value. The analogy may be carried further by reference to Figure 3.9-
3, in which the phase separation is accomplished by the use of the two-phase
level model in the joining cell. The above-level void fraction (void fraction
convected across the dryer face) is determined by the dryer e.ficieacy and the
below-level void fraction is determined from the vapor carryunder mass flow
rate. The phase velocities at the inlet to the TEE sidz arm are adjusted such
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jI.O for OITNO s 2

F =11.0 -0.25 (OITNO - 2) for 2 < OITNO s § (3.9-9)
0.25 for 5 < OITNO

where OITNO is the number of iterations. At steady state, when the joining
cell void fraction 1s equal to the desired value, this term is identically
zero. The extrapolated liquid mass flow rate is given by

CAMEY AT AN . (3.9-10)
where
9;”~ . liquid mass flow rate from previous time step, and
' . previous time step size.

The 1iquid mass flow rate at the dryer face is computed using the current
dryer void fraction.

The side arm fluid velocity can now be computed assuming homogeneous flow
a5

' M
V, = L _ﬁ] (3.9-11)
© A p P,

where A 15 the side arm flow area. The separator void fraction is then
computed from

a for ¥, < 0.0
M (3.9-12)
a‘ ]

22 for ¥, > 0.0
pv VsA

which means that the actual donor void fraction is used if reverse flow in the
side arm is indicated.

3.9.2.5 Separator Velocity Solution. If reverse flow in the side arm is
indicated by Equation {3.9-11), the side arm loss coefficient from the
previous time step i1s used. If positive velocity in the side arm is indicated
by Equation (3.9-11), then a new side arm loss coefficient is computed.

NUREG/CR-4356 3.9-10






SEPD CompONENT MODEL

and the other terms have br n defined previously.

The derivative of the side arm velocity with respect to pressure gradient
1S given by,

av A

TR A 3.9-15)

P aply + 12 M (
I

where aV/AP is the derivative of the side arm velocity with respect to the
pressure gradient. These two values are used in the solution of the
continuity and energy equations in place of the regular momentum solution for
the first side arm face.
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ConTROL SYSTEM

. 3.11 ConTrOL SYSTEM

The TRAC-BF1/MOD]1 control system model is designed to serve two primary
purposes., First, it allows the user to model an actual BWR plant control
system at any desired level of detail. The accurate modeling of the plant
control system can play an important role in the successful analysis of many
transients, including ATWS and operational transient analyses. Secondly, the
control systvem may be used to assist in the initialization of any
TRAC-BF1/MOD] plant deck by allowing the user to automatically control the
value of certain plant parameters during the initialization process.

In practice, the control system model permits the user to take data from
the TRAC-BF1/MOD] thermal-! draulic (T/H) data base, perform a wide variety of
user-specified operations on these data in an external control system, then
use the results of these operations to adjust geometric or dynamic variables
in the TRAC-BF1/MOD] data base. For example, pressure in a BWR main steam)ine
may be used as input to the control system that gererates an output signal to
adjust the area of the steamline pressure control valve (PCV). A large number
of control loops of a similar nature may be utilized to simulate an entire BWR
plant control system,

3.11.1 Control Blocks

A TRAC-BF1/MOD1 control system model is built up from basic functional
elements called contral blocks. Each control block performs a simple
operation on input data to generate an output value. A complete list of the
types of control blocks and a description of their operationt is found in
Table 3,11-1. The various control block types require from zero to three
input values, and each generates a single output value. Input and output ;
values may be logical (0 or 1) or continuously varying, depending upon the
type of control block. Associated with each control block are the following
user-cpecified parameters:

1. A control block number from 1 to 999, uniquely identifying each
block. Block numbers need not be consecutive.

2. The type of operation to be performed upon the input data.

3. The constants Cl1 and C2*

a. The various control block constants (C1, €2, XMAX, and XMIN) may not be

required, depending on the control block type. See Table 3.11-1 for specific
. requirements.
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Table 3.11-1. (continued)
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Table 3.11-1. (cont inued)
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Table 3.11-1. (continued)
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4. The gain factor G.

5.  The maximum and minimum limits XMAX and XMIN.

6. The initial value (XIV or LIV) of the block output.
7. An potional 10-character name.

A control block may be represented schematically by a control block
diagram, as shown in Figure 3.11-1.

Control block

NUMBER
* 1 TYPE

Cl

5‘2 Output

j »-
™ | XMAX
XMIN
XIV OR LIV
i » | NAME

Figure 3.11-1. Schematic control bluck diagram.

The input values to control blocks may be obtained from the TRAC-BF1/M0D!
thermai-hydraulic data base (pressure, liquid level, and flow rate) or from
the output of other control blocks. Thus, an extensive network of control
blocks can be assembled to perform very complex operations. Control block
outputs may be used as input values for other control blocks, or may be used
to conirol (redefine) the values of variables in the TRAC-BF1/MOD]1 component
data base (VALVE areas, PUMP torques, and FILL velocities). Table 3.11-2
contains a list of variables from the TRAC-BF1/MOD] data base that may be used
as control block inputs or may be adjusted by contrel block outputs.

Figure 3.11-2 illustrates . system comprised of seven control blocks,
representing a basic BWR pressure control system, designed to control the
steam line inlet pressure by varyina the pressure rontrol valve area. This
system obtains one of its inputs (sieam line pressure) from the TRAC-BF1/M0OD1
component data base and uses one of its outputs (new valve area) to alter the
VALVE component data base. The remaining inputs and outputs are internal to
the control system simulation.
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Figure 3.11-2. Simplified BWR pressure control system,
3.11.2 Control System Computational Sequence

The control system calculation is managed by subroutine CONSYS, which is
called during the post-pass phase of the TRAC-BF1/MOD] computational cycle.
In its normal mode cf operation, CONSYS begins the computation of each control
block by obtaining the specified inputs for the control block. The symbolic
locations of the inputs required for each control block are user-supplied. If
the designated input is from another control block, the stored output from
that control block is loaded into the input array for the current control
block. If the requested input is from the TRAC-BF1/MOD1 thermal-hydraulic
data hase, the data base for the required TRAC-BF1/MOD1 component is moved
into the TRAC-BF1/MOD]1 BLANK COMMON storage array and the desired parameter
value is located and loaded into the control input array.

The computational cycle continues with the execution of the control block
operation by subroutine CONBLK. The newly updated control! block output is
then stored for use by other control blocks., 1f the output value is to be
used to coatrol a variable in the TRAC-BF1/MOD! component data, the data base
for that component is altered accordingly, so that the altered value will be
used during the next thermal-hydraulic time step.

For this computational scheme to be both stable and accurate, it is
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1

™! ¥y® 5 0.502" + X2™) 4t (3.11-7)

Equations (3.11-6) and (3.11-7) are evaluated in sequence. X2" = C at time
zero. If y™' > XMAX or y™' < XMIN, then the output of the block supplying
input XI is set to zero if its output sign is such as to hold the DINL output
locked at “s limit.

INT (simple integrator)

y.n.] = Yn " Osl‘xj'\ + X}n.\) G dt (3‘]1'8)

INTM (integrator with mode control)
If (L2 + L3) = 0 (reset mode),

Yol = XIV . (3.11-9)
If (L2 + K3) = 2 (integrate mode),

¥l o=y o+ 0,501 + X1™) G dt (3.11-10)

If (L2 + L3) = 1 (hold mode),
ynet _oyn (3.11-11)
.2 and L3 are logic input variables (1 or 0) to block inputs 2 and 3.
LAG (first order lag)

[ n n+1 n m\\]
0.5 (6 (1" + X1™) - (¥ « ¥™)] dt
€l

i o i (3.11-12)

Cl is the 1a9 time constant. This equation is rearranged algebraically and
solved for Y™,

LINT (1imited integrator)

1

P! = ¥n 4 0.5(k1" + XI™) 6 dt (341

If y™' > XMAX or y™' < XMIN, then the output of the block supplying input XI

is set to zero if its output sign is such as to hold the LINT output locked at
its Timit.

LLAG (lead-lag transfer function)
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3.12 TURB

The turbine model in TRAC-BD1/MOD]1 was designed to provide a basic
capability to model BWR main steam turbines together with those used for
driving feedwgggr pumps as part of the balance-of-plant package. The original
generic model® ' was based on a simple thermodynamic description of flow
through a turbine with user-specified performance parameters, such as rated
mass flow, thermodynamic stage efficiency. The conservation equations for
mass, momentum, and energy in this model were solved fully explicitly. This
approach was satisfactory for calculations with time step sizes on the order
of 0.1 s or less.

TRAC-BF1/MOD] incorporates stability-enhancing two-step numerics,
permitting the use of large computational time steps under slowly varying
conditions. The use of such large time steps necessitated the elimination of
explicit numerical integration in the turbine model in order to guarantee
computational stability. The modifications required to achieve this
elimination and to solve the fluid dynamic equations for the turbine using the
normal semi-implicit scheme are described below.

3.12.1 Physical Model of Turbine

The turbine is modeled as a one-dimensional branching flow component or
tee. The principal branch represents the turbine inlet and outlet, and the
turbine nczzles, rotor blades, stator blides and internal flow passages
(hereafter referred to as turbire | tiv. als). The secondary branch, or side
arm, represents either a liquid drain or a steam tap for driving a feedwater
heater. Consistent witg.She modeling philosophy used to develop the original
model in TRAC-BD1/MOD1,°'*' the flow through the turbine internals is not
treated in detail from first principles. Instead, the processes of momentum
and energy exchange are lumped into source terms in the one-dimensional
consarvation equations. The idealized phkysical model is illustrated

schematically in Figure 3.12-1., The assumed characteristics of this model are
summarized below.

The two-phase inlet flow enters from the left and is homogenized in
Region A prior to entry into the turbine internals (Region B). Heat exchange
with the walis may occur in Region A, but =°  luid dynamic processes
associated with the internals are lumped - Region B. In this region, the
fluid state is changed and momentum and energy are extracted by the turbine
rotor. The net effect is that (a) the fluid pressure drops; (b) the total
energy flow rate of the working fluid drops by an amount equal to the
mechanical power output of the turbine rotor; (c) a saturated mixture is
achieved, corresponding to the steam partial pressure in Region C; and (d) the
velocity of the fluid changes due to density and/or flow area changes between
entry to and exit from Region B. The flow area at the entrance to Region B is
assumed equal to that at the inlet to Region A and the flow area at the exit
from Region B is assumed equal to that at the exit from Region C.
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Figure 3.12-1, Idealized turbine model.

The flows through Regions A and C are determined by the pressure
graient, the inertia of the fluid, and the wall friction losses (including
form lToss factors at the turbine entrance and exit). The flow through Region
B is determined by the pressure gradient, the fluid inertia, and an effective
form loss factor chosen to give }hg_correct steady-state mass flow rate
through the first turbine stage.’ '¢®

The flow through Region D depends on whether the side arm represents a
steam tap or a liquid drain. If it is a steam tap, the flow is determined in
the same manner as for Regions A and C. If it is a liquid drain. it is
determined from the user-input liquid separation efficiency (SEPEF). In
thi+ case, the vapor velocity is set to zero and the liquid velocity is set to
the .alue required to extract (SEPEF} times {(the total liquid mass in Region
C) in a single computational time step.

Region B is assumad to have zero volume. Thus, the mass flow rate into
the region is identically equal to the flow rate out, and the only effect of

the region is to change tne state of the working fluid and to transfer energy
from the fluid to the turbine rotor.

3.12.2 Numerical Model

NUREG/CR-4356 3.12-2
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/2
p o
. ST | R (3.12-2)

Y‘lm

NOZ

Next, the mass flow rate corresponding to this nozzie velocity is used to
obtain the steady mixture velocity at b:

y dal. (3.12-3)
"t " T FA '

Finally, f, . is determined by sub.tituting the velocity obtained from
Equation (3.72-3) into the finite-difference approximation of the steady-state

form of Equation (3.12-1)

n | n n N ny
Varsy (moy = Vo) ?5: R pi (P, - o1)
o1 (3.12-4)

Frurp = = = : B
n
VWDJ

(To prevent numerica nstabilities, a lower limit of 0.001 is placed on the
With f . determined from the above explicit

‘ numerical value of f, ..
: o . turb NE g . . :
expression, the transient, semi-implicit, finite-difference approximation to
tquation (3.12-1) becomes

y+1 n 1 n n
Ak !
"m,bf Vm,b\ " Vm,m Vm,a

- Ey ot
Ax' P, 1

turb m,b, m,by °

A

+
mb

net ‘
Py~ P, ]..f y® ™ (3.12-5)

Linearizing the pressure term in the above equation yields the following
ni 2 - n+1 avm_\"'
explicit values for V,, and
' aN
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N f; P" .y o !.'v Vm,m Vm,a AT
g m, by m, bl Y Al - S aies
! oA l . WL TR (3.12-6)
m. b — S ——— e e %
b”'[‘:lf'u'bx
1.0 4 S
v,
v | &
C V" by ‘)1 Nt
AN T R LAt s (3.12-7)
&yl Vﬂv.h-f!wt_‘y
110 ameicemam—
At

. , : w ned - ned
Due to the assumption of homogeneous flow, Vg, and V,, are set equal

ai, el iy Aol N+l
et CJVQ,L‘! Q"V',fq av”‘l"‘
to Vypot aNd e and TR are set equal tu T
) d C .
At Junction ¢, the only modification to the momentum equation is in the

spatial acceleration terms., Since the phase velocities that are scored in the
data base for Junction b are the phase velocities entering the wurbine
membrane (V,), the spatial gradient terms in the momentum equations at
Junction ¢ must be altered to reflect the velocity diffeiences botween the
exit of the turbine membrane and turbine exit., Thus, ihe .~atial terms used
in the vapor and liguid momentum solutions at Junction ¢ are of the form

m, 0
s o
where
n " I L’A! p?,b\
Vm‘bz Vb Tl (3.12-8)
3 | pin,bg_
P by =  mixture density at entrance to turbine membrane cell
(centered value in Cell 1)
NUREG/CR-435¢ 3.12-8
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FQJ? » mixture density at exit of turbine membrane.

The momentum equation at Junction d is treated differently depending on
whether the side arm represents a steam tap for feedwater heaters or a liquid
separator drain. In the former case, the only modification to the normal
TRAC-BF1/MOD1 omen um solution occurs when the contro) system is used to
regulate the mass flow rate out the side arm. For this case, the side arm
loss coefficients FKLOS and RKLOS are set each time step by the control system
and are not directly controlled by the user.

In the case of the side arm representing a liguid separator drain, the
momentum ~quations at Junction d are replaced with "pseudo momentum eguations”
designed 1o pull liquid only out of Cell 2 in a manner that approximates the
effect of the true separation process., With the separator efficiency (SEPEF)
set by the user, the explicit new time liquid velovity is defined as

N ] 1 A
Veu = SEPES [ “'] | (3.12:9)
: FA A

As previously discussed, this velocity is such that all the liguid present in
Cell 2 at the end of the previous time step would leave through the side arm
during the current time step if V:: is not 1mplicitly chaenged during the time
step.

n

The implicit correcticn term Bl ..

) is obtained by detining a “"pseudo

d

loss coefficient," f ..., as follows:

~ (3.12-10)
Mo . fvdc pl.y!,o '

This expression is differentiated with respect to (4P,) to obtain the
following value for the implicit term:

L]

thd
Ay

= n+l
yt,d

. (3.12-11)
Py - Py

o] =

When (P," - P.,") < 0, both the explicit and implicit terms are set to zero.
Also, to avo{d numerizal instability durino <tartup, the maximum explicit
velocity is limited to 50 m/s. The vapor velocity and its implicit correction
term are both set to zero for the liguid separator cptiun.

The above approach to computing the separator liquid velocity is not
mathematically rigorous. The implicit correction term should clearly be tied

3.12-7 NUREG/CR-4356
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to the change in the void fraction in Cell 2 and not to the pressure drop.
However, the present approach is much simpler and has produced satisfactory
results in test calculations to date,

3.12.4 Continuity Equation

The continuity equations for vapor and liquid mass are solved by the
unmodified TRAC-BF1/MOD] scheme in all cells of the turbine except Cell 2.
For normal flow, the etfect on the working fluid of passing through the
turbine membrane 1s to lower the mixture enthalpy and pressure and cnange the
mixture quality. This change in the mixture quality, tcgether with the change
in the specific internal .nergy of the steam and ligquid after passing through
Ju?ction b, must be reflected in the continuity (and energy) equations for
Cell 2.

The state of the mixture leaving Junction o is computed by assuming that
the turbine membrane extracts adiabatically an amount of energy jiven by:

Wers = N s . 12-12)
where
L - = ideal enthalpy change of working fluid assuming an
isentropic ideal gas expansion from pressure P, to
Lressure P

Both n and &h . are computed esplicitly, as described in Reference 3.12-2.
Applying the 15t 1aw, the ¢enthalpy of the mixture on exit from Junction b is
computed from thye equation:

1 2 !
—E ylﬂ,b1 . hb] ' E Vm By . hhz . Nluvb o (3.12‘13)

Assuming that the working fluid leaves Junction b as a saturated
mixture of vapor and liquid at pressure P »» Equation (3.12-13) leads to the
following expressior to comuute the homogeneous exit quality, v, leaving
Junction b:

n

\2 2

Vﬁ,b1 e '} hn ‘ V:"

2 weo ” Tt © 175 (3.12-14)
'

=

n n
nan iy by * (] Xm)h(!b‘ 4 [

n
8.0z

Xy *

h - h

oy

With X, the explicit estimate for the homogeneous velocity at the turbine
membrane exit may be computed from mass continuity as follows:

NUREG/CR-4356 3.12-8
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“ e ‘j:‘: F » fie
o * i T g (3.12-18)

" F m, by
P,,' by &?

The implicit correction term is then

- 1+l n

. mal
avm, by p‘?:, by r&‘ ‘QVM, by

AN, p'bz FA, (%, )

(3.12-16)

The explicit estimates for the integrated mass flux terms for vapor
and liquid entering Cell 2 from Cell 1 are now computed from the corresponding
terms representing mass flux out of Cell 1 together with the above value for
Xeo 35 follows:

= ral = pya1 & et

”9.!:) : Nﬁ,b\ . "f,b\xbz (3'12'17)
= het = el » el e _
Rew, = gy, + Bpy, = gy, (3.12-18)

The terms M . and M, , are computed by the normal TRAC-BF1/MODI numerical

scheme. The implicit corrections to the integrated mass flux terms are also
obtained from the corresponding terms computed for the mass flows out of Cell
1. Thus,

an"™! ' BVmJ
TSPy = () (3.12:19)
a( o) . P, by o( &)
M. (1 oo A ¥ (At) (3.12-20)
<4 - Pe b R l ) " .
() o i e Pap, O(HP,)

By formulating the mass flux terms and the implicit corrections in the above
fashion, mass is identically conserved across Junction b.

3.12.5 Energy Equation

The energy equation has been modified from the nc al scheme only in
Cells 1 and 2 of the turbine, The modification for Ceir 1 reflects the effect

3.12-9 NUREG/CR-4356
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of frictional dissipation. AL this point, it is noted that thf gneray
equations used in the TRAC-BF1/MOD]1 thermal-hydraulic solution” ' are

thermal energv equations. They were obtained from the total energy (1st law)
equations by subtracting out the volume integrals of *he product of the
respective phase volumetric fluxes (FA + V) with thc'r corresponding momentum
equations. However, implicit in the form of the resulting energy equations is
the assumption that frictional dissipation is zero. For most flow situations
modeled with TRAC-BF1/MOD], the dissipation terms are small and can be
neglected. To account for the possibility of a large frictional (or form)
loss through the turbine entrance (Junction a), the effect of dissipation has
been added to the thermal energy equation for Cell 1.

By performing the above-mentioned cperations on the one-dimensional
momentum and enerqy equations, the following terms are added to the thermal
energy equations:

apppv‘ |d(FA)/dx] dx is added to the left-han* side of the mixture energy
equat?ov (see Section 2.1.1) and V (FA)fp dx is added to the right-hand side
of the vapor energy equation (see Bectich 2.1.1). In the mixture energy
equation, both the vapor and liquid dissipation terms (p = g and ¢) are added,
while in the vapor energy equatien, only the vapor terms are used (p = g).
(Note that the above form of the dissipation terms neglects the effect of
dissipation due to the interfacial shear.)

In the turbine energy equation modifications for Cell 1, the area change
term above 1s neglected The second term is evaluated assuming that all terms
under the integral (3.12-11) are constant and equal to the values at Junction
a. f 1s simply the total wall friction term in the momentum equation for

Junction a ard is a linear combination of V: and Vf. Thus, the dissipation
term for Ls? 1 is approximated as

2 2
Vo(FAYF, dx =, (Av] « 8,¥) (3.12-21)

and the term on the right-hand side is writtes semi-implicitly as

Vo (s + BVE) = ) AT )2 v 8] (1) (3.12-22)

The coefficients and B, are simply products and quotients of volume
fractions, phasic densities, and friction factors and are evaluated
explicitly, as indicated. The fact that V:" appears in the above expression

reguires additions to both the explicit residual in the energy equation for
Cell 1 and the implicit derivative of the residual with respect to the
pressure drop across Junction a. These additions are, respectively

NUREG/CR-4356 3.12-10
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re net N, : n p'
(DISS)B ‘ vi,l,Au"l‘:,o"e,a[“a%:,owryn(Vc.n)" « ( %(,o“’"ln(vt.t)a _P—(.:
8.0

(3.12-23)

. s net n p n
(DISS):‘ - Vl.arAa“ %C,n)pl,ooxo%t,lwrvl(yo,b)z 2ty (l ' %c.u’wrlc(vl,l)z

P o (3.12-24)

a(orss)y” vy, (o1ss)y” (3.12-25)
a(&,) a(4P,) V:';

a(o1ssy,”" v (018s);” (3.12-26)

a®,)  aw,) g

'l.

The effects of friction in the turbine internals are presumably accounted
for in the turbine stage efficiency n and the pressure drop, and thus the
addition of dissipation to the thermal energy equation is performed only in
Cell 1 to reflect the effect of wall friction and form loss at the turbine
entrance.

The energy equation for Cell 2 must be modified to reflect the altered
specific enthalpies and phasic mass flows at the exit of the turbine membrane.
This 1s done by altering the energy flux terms due te vapor and liquid flow
into the cell &t £, in the same manner as was done for the mass flux terms.
Thus,

Eos * M 5 ®.s 13.12-27)

In addition to the above correction, the dilatation terms [Pf'“ﬁ(a?%:”)

and P“”‘Q(uﬁ%;J + (1 - a"¥"")] must be altered to reflect the change in

void fraction, mixture velocity, and flow area as the working fluid crosses
the turbine membrane. The modified terms for the vanor and mixture energy
equations for Cell 2 are, respectively,

3.12-11 NUREG/CR-4356
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(Agaio, note that junction properties such as velocity and flow area that are
stored in the data base for Junction b are those appropriate at the upstream
side of the turbine membrane, b,, in Figure 3.12-2.)

3.12.6 Critical Flow

The criterion for c¢ritical or choqu ﬁ]ow at the turbine membrane is the
same as was used in the previous model.” '*' When the pressure ratio P,/P,

exceeds the critical value, the explicit new time velocity 1s computed as
follows:

n

< et 2y P, 2/ vl /y - .
Vios .4 PRI T » (3.12-28)

Yol

The implicit correction to the choked velocity arises due to changes in the
upstream pressure (P,) only. However, since the TRAC-BF1/MOD] network
solution is based on pressure differences across junctions rather than cell
pressures, it is assumed that

ned
GVNO? Y l 2/y vel/ly (-.n,\) 1

(3.12-29)

Choking at all turbine Junt}igns other than b is treated by the normal
critical flow model in TRAC-BD1,> "' with the single exception of Junction d
when the side arm is treated as a 1iquid separator drain. In this case, a
critical flow model i¢ clearly not applicable.

3.12.7 References

3.12-1 D. D. Taylor et al., TRAC-BD1/M0OD]: An Advanced Best Estimate
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3.13 HEATR

The HEATR component in TRAC-BF1/MOD] provides the capability of modeling
typical feedwater heaters (FWH) found in BWR steam supply systems. This
permits greater detail in modeling the balance-of-plant components that may
play important roles in operational transient simulations. The component may
also be used to simulate the main steam condenser.

The HEATR 1s based on the TEE component and includes changes to the TRAC-
BF1/M0OD]1 heat transfer correlation package and special treatment of the
momentum and mass flow in the primary tube. A typical HEATR component is
shown in Figure 3.15-1. Included in the figure is a PIPE component that
represents the heat transfer tubes within the heater. The combination of the
HEATR and PIPL represents a typical tube-in-shell heat exchanger, with
attached drain-cooler region, The steam enters the shell (Cell 1), condenses,
enters the diain cooler (Cell 2) as single-phase liquid (normally), undergoes
further cooling and, finally, exits the HEATR. The side arm is included and
attached v the steam shell cell, since high-pressure saturated liquid (from
turbine separators or higher-pressure feedwater heaters) is frequently input
to the heater shells in a separate flow nath. Typical shell void fractions

Inlet for condensate trom
higher pressure heaters

|

T
Condensate :
outlet it
I inlet
I
P
AT 7 T AL 2 AR I
e : : : : : et T 001V, 10T
A 1 i 1 outlet
Tube bank
e Fluid flow INEL 4 3088

\LQ_# Healtranster

Figure 3.13-1. TRAC-BF1/MCD] model of feedwater heater using a HEATR
conponent (modified TEE) and PIPE component for the tube bank.
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are about 0.5, while the drain cooler normally receives only liquid from the
cell. The determination of the donor-celled void fraction from the shell to
the drain cooler reguires both extra user input and code hydrodynamic
calculation changes. The user must specify the drain cooler in'et height and
a table of shell liquid level versus void fraction. The donor-celled void
fraction (e,.) i

0 1f liguid level 2 D.C. height
0 1.0 if liquid level s D.C. height - 0.05 m
20.0 x (D.C. height - liquid level) otherwise

(3.13-1)

This provides a gradu:! change of a . as the drain cooler inlet is uncovered
by & dropping shell liquid level.

Another change to the hydrodynanmic equations was forced by the normally
high inlet steam velocities found in the main condenser. Momentum flux was
eliminated at the drain cooler inlet interface. This was done to prevent V -
W induced pressurization of the first cell in the drain cooler.

Corre}q;ipns appropriate to flow condensation on horizontal and vertical
tube banks™ “ ' have been introduced. In addition% @ Sorrelation for
single-phase (1igquid) convection across tube banks® '*>® has been implemented
in order to better describe the behavior in the liquid-filled regions of the

FWH. These correlations are presentlv available in the code for HEATRs only--

the previous modcis for convection and condensation are still used for other
components. The correlations used are:

For condensing flow on horizontal tube banks,

k 3 174
h, .x,E’Re,‘“{] : 0;276 . (3.13-2)
: | XFri,
For condensing flow on vertical tube banks,
172 - - /6
kR h |
PO T R T il 1. (3.13-3)
Dt “!DD(rs Y Tu),‘
For 1iquid crossflow across tube barks,
0.55 173
C
hy - 0.36 ¢ Mi] e (3.13-4)
Dz by kf.

Ko Hyy Ry, Re, (liguid film Reynolds number) and Fr (Froude number) are
dimensionless parameters defined as

NUREG/CR-4356 3.13-2
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X, 0.9[1 A (3.13-5)
R, + H,
k(T -7
g« sl 2T (3.13-6)
“!h'g
: \1/2
R, = | Lok (3.13-7)
Pgiy
)
K - 20 (3.13-8)
by
V2
Frs L (3.13-9)
90,

The TRAC-BF1/MOD] method for hand)ing condensation requires that all the
energy be taken out of the liguid phase; condensation then occurs due to
interfacial heat transfer. This being the case, the 1iquid and vapor
coefficients mus. b2 adjusted accordingly

h

R RS/
¢ = FRACL H, + (1 - FRACL) b | = ."l (3.13-10)
!

e

h, = 0.0 (3.13-1 )

where h, and h, are the heat transfer coefficients returned by HTCOR. FRACL
is the ?raction of the heat transfer tubes that are covered by liguid. This
is determined by user input of two tables, shell liquid level versus shell
void fraction and FRACL versus liquid level,

When the HEATR is used to mode)l a main turbine condenser, some special
modeling features are used. The cooling water in the tubes is normally not
part of the reactor fluid loop. Code changes to permit such a disconnected
loop have been made, and now model configurations shown in Figure 3.13-2 are
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’ - FILL - cooling
Turbine exhaust - water supply
inlet ‘ ‘|‘ .
|
' 1
| :
l vertical
{ FWH snheil
i
i
Negative velocity — “ - :nzeih::'"‘“5'°'
fill isteam ,EYG;&J‘)'B}.-——L - N
o I
i e e o P4 e e—
| *{'.{
Drain cooler o V'L——. ——J .
(condensate storage tank) — -‘
e

. —— BREAK - cooling water
Faeawaid exhaust

|

IVETEE

)
-a— Flyid tiow NEL 4 2084

L2 , Heattransfer

Figure 3,13-?2, FArrangement for main steam condenser model.

permissible. 1In this case, the HEATR side arm may be connected to a small
negative FILL to mode)l the steam-jet ejectors used to prevent buildup of
noncondensable in the condenser shell. When the HEATR is used to model a
condenser, the drain cooler may be assume. to represent the condensate storage
tank.
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4. CONCLUDING REMARKS

TRAC-BF1/MOD]1 i5 a best-estimate computer code ror the analysis of
various transients ‘n BWR systems and related experimental facilities. It
provides a consistent and unified means to analyze system behavior following a
large- or small-hreak LOCA, from the blowdown phase, through the core heatup,
reflood, and querch, and finally through the refil) phase of the accident. It
also provides a basic capability for the analysis of operationa’ transients,
up to and including ATWS, for which & point reactor kinetics model is
adequate,

The present volume describes the equations and mathematical models that
collectively provide the theoretical hasis of TRAC-BF1/MOD1. The most basic
part of these equations describes a fully nonhomogeneous, nonequilibrium, two-
fluid, thermal-hydraulic model of two-phase flow in all parts of a BWR system,
including a three-¢ imensional treatment of flow in the vessel. The basic
equations are complemented with flow regime-depencent constitutive relations
for transfer of mass, energy, and momentum through the interface between the
fluid phases and in contact with the walls. There are also special models for
nonhomogeneous, thermal equilibrium critical two-phase flow and countercurrent
“Tow Timiting processes in particular BWR geometries.

Other important parts of the formulations include (a) detailed modeling
of BWR fuel bundle heat transfer, including heat conduction in fuel, cladding,
and the gap between them, as well as heat removal through thermal radiation
and convection in various forms, including all phases of heat transfer along
the boiling curve, and (b) appropriate modeling of processes in particular BWR

hardware components, such as jet pumps, fuel chaunels, steam separators, and
dryers.

In the TRAC-BD1/MOD1 release, the following features were incorporated:

. Balance of plant component models, such as turbines, feedwater
heaters, and steam condensers in generic form

. A simple Tumped-parameier containment mode)

. A comprehensive control system mode)

. Reactivity feedback model, including the effect of soluble boron
. Boron transport mode)

. Noncendensable gas transport model, including the effects of
noncondensable gas on heat transfer

. Mechanistic separator dryer model

. Two-phase level tracking model

4-] NUREG/CR-4356
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. Generalized component-to-component heat and mass transfer models

. Moving mesh quench front tracking model for fue! rods and for inside
and outside surfaces of fue! channel walls

. Improved constitutive reletions for heat, mass, and momentum
transfer between the fiuid phases and between the fluid phases and
structure.

With the release of TRAC-BF1, the numerical models were upgraded to
include:

. Material Courant-limit-violating numerical solution for all one-
dimensional hydraulic components

. One-dimensional neutron kinetics model

. Improved interfacial heat transfer

. 'mproved interfacial shear mode)

. A condensation model for stratified vertical flow

. 'mplicit steam separator/dvyer model

. Implicit turbine mode)

. Improved control system logic and solution method.

The TRAC-BF1/MOD] code is described by three documents: TRAC-BF1/NM0D]:
An Advanced Best-fstimate Computer Program for Boiling Water Reactor Accident
Analysis, Volumes 1 and 2, and TRAC-BF1/MOD] Models and Correlations. Volume
1: Model Description describes the thermal-hydraulic models, numerical
methods, and component models zvailable. Volume 2: User’s Guide desc ibes
the input and output of the TRAC-BF1/MOD]1 code and provides guidelines for use
of the code modeling of BWR systems, TRAC-BF1/MOD] Models and Correlations is
designed for those users wishing a detailed mathematical description of each
of the models and correlations available in TRAC-BF1/MOD]1. This document

;e{lects the as-coded configuration of the descriptive informatior provided in
olume 1.
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APPENDIX A

THERMODYNAMIC PROPERTIES

The thermodynamic properties subroutires used in TRAC-BF1/MOD] are based
uh polynomial fits to steam table dats fo: water gnd ideal gas behavior for
the noncondensable gas component. The thermodynamic pruperty routines are
used by al)l TRAC-BF1/MOD] component modules. Tables A-1 through A-8 list the
values of the constants,

Subroutine THERMO supplies thermodynamic properties for TRAC-BF1/MOD1.
The input variables are the total pressure, the partial pressure of the
noncondensable gas component, and the liquid and gas-phase temperatures. The
output variables include the saturation temperature corresponding to total
pressure; the saturation temperature co.responding to the partial pressure of
steam; the specific intern:] energies of liquid, gas, and noncondensable; the
saturated Tiquid and .team enthalpies corresponding to the partial pressure of
steam; the 1iquid, gas, ard noncondensable densities; the derivatives of
saturation temperatures and enthalpies with respect to pressure; and, finally,
the partial derivatives of liquid, steam, and noncongensable internal energies
and densities with respect to pressure (at constant temperature) and with
respect to temperature (at constant pressure).

The range of validity for the thermodynamic properties supplied by THERMO
18

273.15 K

A

f, ¢ 713.94 K;
273.15 K ¢ T, < 3000.0 K; and

1.0 Pa < p < 450.0 E5 Pa,

If THERMO {s provided with data outside these ranges, it adjusts the data to
the corresponding 1imit and issues a warning message.

A-1 SATURATION PROPERTIES
A-1.1 Relationship betweer Saturation Pressure and Temperature

The s turation line that lies b tween th~ triple point (273.15 K) and the
critical point (647.3 K) is divided into two regions of temperature and
pressure, and a separate correlation 15 used in each region.

A-1.1.1 First Region ~f Temperature and Pressure. The first region of
temporature is defined by

A-3 NUREG/CR-4356
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Table A-2. Constants for steam internal energy fumction.®

Max imum
Pressure
Region (Pa) Ave Bve Cve Dve
] 20 E5 2.49497 6 2.08558 E-1 1.35539 £-7 2.852268 £-14
2 50 ES 2.56003 6 3.10861 E-? 6.89888 E-9 § 32037 E-16
3 100 £5 2.59155 t6 8.77499 E-3 -1.794999 £-9 §.29999 £-17
e 150 E5 2.66060 E6 -1.3545 E-2 6.425 £-10 -4.21 £-17
5 200 E5 3.82016 E6 -2.30199 E-1 1.40689 £-8 -3.1786 E-16
f: 6 220 E5 -1.21034 £8 1.80188 £l -8.74424 £-7 1.40911 E 14
7 250 E5 2.20 E6 0. 0 0
8 300 ©5 2.20 £E6 0. 0 0.
9 350 ES 2.20 £6 0. 0 0.
10 400 E5 2.20 t6 0. 0 0
11 450 £5 2.20 E6 0. 0 0

a. Con.tants in TRAC-B8F1/MOD]1 have 14 significant figures.
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Table A-3. (Constants for gamma function.®

Max imum
Pressure
_Region (Pa) Avg Bvg Cvgq Dvg

1 20 E5 1.06668 2.83108 £-8 -2.1151 E-i4 4.7404 £-21
2 50 E5 1.07354 2.651805 E-§ -6.3461 E-16 3.982¢4 £-23
3 100 £5 1.077773 -2.43 E-11 -7.19799 E-17 4 87999 £-25
B 150 E5 1.085113 -1.9307 E-9 8.91 E-17 3.896 £-24
5 200 E5 1.16338 -1.63385 E-8 9.5856 E-16 -2.1194 £-23
6 220 £5 3.88988 -3.65959 E-7 1.74763 E-14 -2.6377 E-22
7 250 E5 2.71687 -2.28327 E-7 1.C4173 E-14 -1.58428 E-22
8 300 €5 3.97498 -3.06571 E-7 1.063789 E-14 1.22579 £-22
9 350 ES 1.29469 -2.48349 £-8 7.8979 E-16 -8.079 E-2¢4
i0 400 ES 1.05905 -2.46159 £-9 8.8399 £-17 §.0799 £-25
11 450 £S5 1.143018 -7.709599 £-9 1.933599 E-16 -1.46399 E-24

a. Constants in TRAC-BF1/MOD]1 have 14 significant figures.
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Table A-7. Constants in ligquid specific volume function.® s
Max imum
Temperature
Region (K} Avo 8vo Cvo Dvo
1 373.15 1.705767 £-3 -6.03208 E-6 1.5944 £-8 -1.2149 E-11
2 473.15 5.21459 £-4 3.518922 E-6 -9.73048 £-9 1.085668 E-11
3 573.15 1.492186 F-? 9.793156 E-5 -2.01728 £-7 1.40804 E-10
4 603.15 -4.93342 £-1 2.59285 E-3 -4.53871 E-6 2.65379 £-9
5 613.15 -3.45589 1.735179 E-2 2.90474 £-5 1.62202 E
6 623.15 -1.19525 El 5.89049 E-2 9.67866 £-5 5.30292 ©-8
7 633.15 -3.744¢k6 El 1.81734 E-1 -2.940499 (-8 1.5863 E-7
8 643.15 3.97132 E2 1.880"- -2.96739 £-3 1.561217 £-6
9 653.15 -2.31227 E3 1.07102 El -1.65217 E-2 8.49552 £-6
10 663.15 2.048156 E3 -§.345278 1.4212 £-2 -7.2037 E-6
11 673.15 -7.38647 F1 3.31449 £-1 -4 96087 £-4 2.477179 E-7
12 713.94 -2.189132 £l 9.67584 E-2 -1.14289 £-4 7.05672 £-8

a. Constants in TRAC-BF1/MOD1 have 14 significant figures.




Table A-8. Constants in liguid specific volume correction factor.®

Max imum
Temperature
_Region (K} Afn Bfn Cfn Dfn
1 373.15 -4.24863 t9 3.75167 E7 -1.00649 £5 8.75072 El
2 473.15 2.79363 8 5.566317 6 -1.49217 t4 1 .0834095 E1
3 573.15% -1.17%12 E8 4.38322 E6 -1.208837 £4 3.60345
4 603.15 4.5415) £9 2.73686 E7 -5.18947 4 3.15812 £l
5 613.15 -4.01043 £10 2.029257 &8 -3.40755 ES 1.900066 E2
» 6 623.15 -6.01738 E10 2.99849 (8 -4.96759 €5 2.73686 £2
i: 7 633.15 2.05788 Elv -8 95038 £7 1.282278 &5 -6.072229 £i
8 643.15 8.379355 El10 -3.899718 £8 6.050262 ES -3.129196 2
S 653.15 9.240237 E10 -4.267492 8 6.569561 E5 -3.371112 €2
10 €63.15 -2.75477 E10 1.2580004 E8 -1.91474S £5 9.713614 £l
11 673.15 6.360819 £8 -3.063602 E6 4.561362 £3 2.264207
12 713.94 4.34584 £7 -1.83799 E5 2.59716 E2 -1.224404 £-]

9GED-¥I/9INNN

a. Constants in IxAC-BF1/MODI have 14 significant figures.
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273.15 K < T, < 370.4251 K
| Pa < p, < 90564.66 Pa.

In this region, thermodynamic relations are used Lo define the saturation
properties, The enthalpy of vaporization. h, , is represented as a linear
function of temperature

hey, = 3180619.59 - 2470.2120 T, . (A-1)

The Clausius-Clapeyron equation, which assumes that steam is an ideal gas
and neglects liquid volume compared to steam volume, can be written as

dp§ h( Vps

= = (A-2)
I, RIf

where R is the gas constant for steam. Substituting for h and integrating,
using the boundary condition p, = 24821 Pa at T, = 338 K, afves

) 3.3%12 1
ot |, = | 20.387 (T, - - 338) |
ez ] |2 |

(A-3)

. B )

To compute the saturation temperature for a given pressure, ihis equation must
be solved iteratively. To simplify the solution and avoid iteration, an
ippreximate solution is used that gives the value of saturation temperature to
within & fraction of a percent error. First, an approximate value of
saturation temperature is determined from

r 2263

s, ap

(A-4)
6.064 - 0.434 1n
1ooooo

which gives the saturation temperature within a few degrees of its correct

value, This value is corrected by integrating the Clansius-Clapeyron

equation, assuming constant h, between Te ap @nd T, which gives ’
- s, 6p

T P, j (A-5)

hlv 5,8 ] (T

| s, op)

where h,, § = p) and p (T, ap) are calculated using the equations above at : e ‘
The derivative along "the Saturation line is also needed and is given by N .
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evs . hvs "p_:' i hvs " Rst (A-lo)
pv‘S
and
d2 dh d7

ve Ve .

) BEE .
dp, dp, dp,

(A-11)

The quantities have been determined by fitting the saturated vapor
enthalpy and its derivative with respect to pressure as

he = Cg + Co[To(p,) - G + h [Tilp,)] (A-12)
dhvh d’\
R RN L Y s ) | (A-13)
dp, dap,
Other quantit.. aal will De needed later are Ys? the ratio of vapor

specific heats along the saturatinn Tine, and its derivative along the
saturation line with respect to pressure. These quantities are given by

Yo = =2 (A-14)

d‘{vs 1 dh\“\; YVH ce‘,\

= R Bt A-15
pv dp( e dpv ( )

vs

A-1.2.2 Higher-Pressure Ranges. In the high-pressure ranges, the
quantities of inturest are de*ermined from polynomials. These polynomials
have different coefficients for the differaent pressure ranges. The pressures

ranges and coefficients are given in Tables A-2 and A-3. The functions for
pressure range j are

e (J) = Ave(J) + p (Bve(J) - p[CvelJ) + pDve(Jj)]) (A-16)
de;s(v") ’ ~ . y
. = Bve(Jj) + p[2.0 Cve(J) + p3.0 Dve(J)] (A-17)
P,

NUREG/CR-4356 A-14




Yo (J) = Avg(J) + p(Bva(J) + p[Cvg(J) + pLvg(J)])

dy(J) y .
il Bvg(J) + p (2.0 Cvg(J) + 3.0 Dvg.[)]
p

v

dh . (J) de,(J) i dy,(J)
dp dp o dp

¥

A-1.3 Heat Capacity of Saturated Steam at Constant Pressure

APPENDIX A

(A-18)

(A-19)

(A-20)

(A-21)

Although the heat capacity of steam is not an output variable of the

THERMC subroutine, it is used in subsequent calculations.

The temperatuie is

divided into 10 regions, with the heat capacity and its derivative with
respect to pressure being determined from the same polynomial function in each
temperature range with different coefficients. The polynomial function is

given by

Cps(J) = Acpl(J) + T.(Bep(J) + T [Ceply) » T.Dcp(J)])

- T,
dCps(d) . (gep(s) + 7.02.0 Cep(J) + 3.0 T.0cp(j)])—

d 2, dp ¥ ;

A-2 Liquip PROPERTIES

A-2.1 Liquid Internal Energy

(A-22)

(A-23)

The liquid internal energy is computed by adding a correction term to the
internal energy at saturation (corresponding to saturation pressure at the

liquid temperature), that is

NUREG/CR-4356
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e(Tep) = e (T, ,PSL) + ELP fA-24)

where PSL is the saturation pressure corresponding to T, and

de t

ELP = (p - PSL) = (A-25)
\ € '(

where the derivative of liquid internal energy with respect to pressur. at
constant temperature is given by

(o)
e [ - exp (CPSL)] + CPSL? . (A-26)

ko | J

.q_
op Te

The derivative of the liquid internal energy is alculated from

‘ de,
l

ar,

g

)
i = —f"eUTe PSL; + ERT (A-27)
. aTl ’

P

wiere

ERT = 2 (ELP
h n“(fL)"

dPSL

¢

1 - (P + GuPSLjexp (C.PSi) - 1| + G 2p PSL - 3PSL 2}} (A-28)

The 1iquid internal energy at saturation is computed from a third-crder
polynomial in each of eight temperature ranges. The polynomial coefficients
are different in each temperature range. The temperatur: ranges and the
coefficients for each range are given in Tabie A-5. The polynomial function
is given by

e, (T,,PSL) = Ate(J) + T,(Bie(J) + T [Cte(J) + TDee(y)]} (A-29)
for each temperature range j.

A-2.2 Liquid Density

NUREG/CR-8356 A-16
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{ 1000
pe(Tesp) = |1 w;ﬂpﬁn ) (A-33)
L ap,(T,0) | : | ap, (T,
;_fﬁ*Lf- .|1 fng],_EZ&wal (A-33)
E ar, le P )| al, L,
Bodlep)| (2000 || | 1000l (5.55)
L |, p Jl @ 4 p?

A-2.2.2.2 Low-Pressure Residual Void Correction--The low-pressure
region for the residual void correction is given by

P < 4.0 ES Pa.

In this region of pressure, the corrected liquid density and its
derivatives are given by

Atf =6.25 E-9 p + 0.005 (A-36)
O;(/’,#‘) = ALf b((rpp) (A-37)

i (1 - Aef) [— 2771 +6.256-9p (A-38)
ap Te op "

0lTep) |y | BBlTee) (A-39)
aT, = o 3

L 0 s &

A-3 VaAPOR PROPERTIES

There are two vapor species in TRAC-BF1/MOD!, steam and nuncondensable
gas. Correlations are provided for the properties of each “ these species. .

NUREG/CR-4356 A-18
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A-3.1 Steam Properties

Steam properties are computed from different correlating f. ~tions,
depending upon whether the steam is superheated or subcooled.

A-3.1.1 Superheated Steam (T > T \p ). Superheated steam is defined as
steam whose temperature is greater than the saturation temperature based on
the partial pressure of steam.

A-3.1.1.1 Internal Energy of Superhea.eu Steam--The irternal energy
of steam is computed by integrating the enthalpy from the saturatad state to
the temperature of interest along a line of constant pressure to give

T.(p,) A-40
e,(T, ) = elT.(8).p) + Ap] [T, - T.(p)] + (T2 - V2 - 8P k=69
BC -1
and
2 ! 1
B=T (R - — — | (A-41)
| (4G - 1)

whore f is the isobaric thovmal expansion coefficient.

The saturated vapor enthalpy function was described in Section A-1.2, and
the other constants are listed in Table A-].

The derivative of vapor internal energy with respect to temperature at
constanl pressvre is given by

de, C,
5 0 (A-42)
v,‘:.v 1 S A
K?
and
k = Ayle, -e.) + T, '1 | it e (A-43)
Al =1

where x is the isothermal compressibility.
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APPENDIX A

[ 3 da |

| s €. |

._ 1 = pATo B |8y + (Y = 1.3) —2t]

l ap, l 3, ap, |

) (v, e, +0.30,
0.3 p(T,,p { de )
AaAAAL 1 (A-50)

(v, -~ 1)e, + 0.3 0, | dp, )

A-3.1.2 Subcooled Steam [T < T _(p)]. Subcooled steam is defined as
steam whose temperature i1s less Yhan the saturation temperature based on the
pariial pressure of steam,

A-3.1.2.1 Internal Energy of Subcooled Steam--The internal energy
)f steam is computed by integrating the internal energy from the saturated
state to the temperature of interest along a line of corstant pressure,
assuming that the heat capacity at constant volume remains constant at its

. value on the saturation line. This gives
CslTs(p,)]

e(T,.p) = IT,(p)p,] + [T, - T,(p,)] 22" (A-31)
(:16

| de (T,.p,) CslTs(p,)]
| %4 : 1 (A-52)
| (:'7‘ In, C\A
de(T,.p,) |  [delT.(p,).p,] UeslTsp) 8] {T' ~ b |

apv }7 apv 11 apv B 1 C16 |
 CulTslp,)5p 11 T (p,) | (A-53)

e | 9,

where the derivatives and heat capacity of saturated steam were described in

. Section A-1.
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A-3,1.2.2 Der:ity of Subcooled Steam--The density of subcooled . :
steam is computed using the same correlating functions as for sunerheated

steam (as described in Section A-3.1.1.2) except that the correlating
parameter, D,, is given by

5 Gellu(p) 2]

sool] { W \ A-54
! » (7, - I,(p,) ] ( )

A-3.1.3 Steam Density Corrections. There are two separate corrections
applied to the steam density as computed from the formulation described in the
previous sections, If the computed density is negative, then the steam
densi‘y and its derivatives with respect to pressure and temperature are
recomputed assuming that steanm is a perfect gas. These relations are

B(T,sp) = o (A-55)
e
an, p AT, P) 256
al. T (A-58)
: i
lan,|  o(7,.0) (A-57)
(?'p . b, ‘

The second correctior is used whenever the computed steam density is
greater than the computed liquid density. In this case, the vapor density and

1ts derivatives with respect to pressure and temperature are set approximately
equal to their cciresponding Tiquid properties. Thus,

if p (T,.p,) 2 0.999 p,(T,,p), then

o,(T,:p,) =0.999 p(7,,p) (A-58)

3p,(T,.,) | 3p(Tep) |
— | = 0.999 |t (A-59)
I P, it L ap“ 11y

v
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ApPENDIX B

MATERIAL PROPERTIES

An extensive library of temperature-dependent material properties is
incorporated in the TRAC-BF1/MOD] code. The entire library is accessible by
the CHAN fuel rod components, while component walls and VESSEL double-sided
heat slabs have access to structural material property sets only. There are
10 sets of materials properties that comprise the library, each set supplying
values for thermal conductivity, specific heat, density, and spectral
emissivity for use in heat transfer calculations. The first five sets contain
properties for nuclear-heated or electrically heated fuel rod simulation.
Included are nuclear fuels, zircaloy cladding, fuel-cladding gap gases,
electrical heater rod filaments, and electrical heater rod insulating
meterial. The last five sets are for structural materials, including
stainless steels, carbon steel, and Inconel. The material indices used in the

library ere:
1. mixed-oxide fuel
- zircaloy
3. gas gases
4. boron nitride insulation
5. constantan/nichrome heater
6. stainless steel, Type 304
7. stainless steel, Type 316
8. stainless steel, Type 34,
9. carbon steel, Type AS08
10. Inconel, Type 718.

In addition tc the library of built-in material properties, the code provides
for user-supplied tables of materials properties.

Figure B-1 illustrates the calling tree for obtaining the property
values. Subroutines MFROD and MPROP are simple processors for calculating the
average temperature and ~alling the appropriate subroutine based on the user-
supplied material indev. Subroutine FROD controls the fuel-cladding gap
conductance and fuel ruo thermal conduction calculations. Gap gas properties
are calculated only when the dynamic fuel-claddir. gap heat transfer
coefficient optiun is used.

B-3 NUREG/CR-4356



ApPENDIX B
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Figure B-1. Material properties ccde o-ganization.

Density variation with thermal expansion is currently suppressed, because
‘t is inconsistent with the fixed-node conduction solution. When rodo spacing
changes are implemented, the expansion calculation may be activated.

B-1. NucLear Fuer (UO,-FuD,) PROPERTIES

Subroutine MFUEL calculates the properties for mixed-oxide nuclear fuels.
Valuer obtained are influenced by three user-supplied input variables:
fraction of theoretical density, fraction of plutonium oxide in the fuel, and

fuel burnup. Property changes upon melting are not included in this code
version.

B-1.1 Density .

NUREG/CR-4356 B-4
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. A constant value is used:

|

{
P = f,s IL (l fp_‘o?)puoz ¥ f"ﬁzp"iz_:' (B-1)
where
f1D = fracticn of theoretical fuel density
r’mq2 - weight fraction of Pud, in fuel
. = 1.097 £4
- . = 1.146 E4.

B-1.2 Specific Heat

The mixed-oxide fuel specific heat correlations ar taken from the MATPRO

report®’
[p |
b,b exp | —
T : 39 by
c, = 15.496 h S ¢ 2DT 4 e QXD | (B 2)
[ b7 b1
T bl‘ ] 1 . 6
Y ERP || = 1
| |7
where
A = specific heat capacity (J/kg:K)
T = fuel temperature (K)
and
b, : 19.145 for UO,; 19.53 for UG, - Pul,
b, = 7.8473 £-4 for UO,; 9.25 E-4 for U0, - Pu0,
by = 5.6437 £6 for UO,; 6.02 E6 for U0, - Pul,
b, = 35.285 for J0,; 539.0 for U0, - Pul,
by = 37694 .6 for UQ,; 40100.G for U0, -Pu0,

0 b, =  1.987 for U0,; 1.987 for UO,-Puo,.
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. B-1.4 Spectral Emissivity

The mixed-oxide spectral emissivity 1s calculated as a function of
temperature based on MATPRO correlations. The values for U0, fuel and uo, -
PuD, fuel are assumed to be equivalent.

For T ¢ 1n00-C,

s = 0.8707 (B-7)
For 1000 < 7 < 2050°C,

e =1.311 - 4.404 F-4 T (B-8)
For T > 2050°C,

e = 0.4083 . (8-9)

B-2. ZircaLoy CLADDING PROPERTIES

Subroutine MZIRC calculates the properties for zircaloy and oxidf « i
. zircaloy cladding. The values obtained are for zircaloy-4. Zircaloy:!
properties are assumed to be identical. The equations used are based on Lhe
correlations in the MATPRO report,®'

B-2.1 Density

A constant value is used;

p = 655].4 . (B-10)
B-2.2 Specific Heat

Since zircaloy undergoes a phase change (alpha to beta) from 1090 to 1248
K, with a resultant sharp spike in the specific heat value during the
transition, the specific heat is calculated by linear interpolation. Table 3-

1 provides the values of specific heat versus temperature that are used for T
< 1248 K.

For T > 1248 K, C, = 356 J/kg:K.

B-7 NUREG/CR-4355



ApPENDiIX B

Table B-1. Specific heat versus temperature for T < 1248 K.

| Cy
Pt e (K) (J/kg-K)

300 281
400 302
640 381
1090 375
1093 502
1113 590
1133 615
1153 719
1173 816
1193 770
1213 619
1233 469
1248 356

B-2.3 Thermal Conductivity

Four-term polynomials are used to caiculate the zircaloy and oxidized -
zircaloy thermal conductivities. Kel:in temperature is the independent
variable, and the polynomial constants are

a, = 7.51 for Zr; 1.96 for IrQ,

a, = 2.09 E-2 for Zr; -2.4]1 E-4 for ZrOs
a, = -1.45 E-5 for Zr; 6.43 E-7 for ro,
a = 7.87 E-9 for Zr; 1.95 E-10 for r0,.

The form of the polynomial used in this section and the subsequent materials
properties sections is

Vo=ay +ax ¢ ax® e, oeax™, (B-11)

B-2.4 Spectral Emissivity

The emissivity of zircaloy is temperature-dependent, and \he emissivity
of zircaloy oxide is temperature- and time-dependent. For simplicity, a
constant value of ¢ = 0.75 is currently useu.
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AprenpIx B
A ~onstant value of 2002 kg/m’ from Reference B-2 it used.
B-4.2 Specific Heat

A four-term polynomial is used to calculate the specific heat. The
independent variable is temperature (°F), and the constants are modifications
of those reported in Reference B-3; a, = 760.59; a, = 1.795%; a, = -8.6704 E-
4; and a, = 1.5896 E-7.

B-4.3 Thermal Conductivity

The boron ..ride thermal conductivitys“ is calculated based un a
conversion to S! units of a curve fit
k =25.27 -1.365 £-3 7, (B-19)

where
K = thermal conductivity (W/m'K)

7 = temperature (°F).
B-4.4 Spectral Emissivity

A constant value of unity is used for the boron nitride spectral
emissivity.

B-5. ctLECTRICAL FUueEL Rop HeaTer CorL (CONSTANTAN) PROPERTIES

Subroutine MHTR calculates property values for constantan heater coils as
used in electrically heated nuclear fuel rod simulators. WNichrome coils, used
in some installations in place of constantan, are assumed to have similar
properties. The correlations used are from Reference B-4.

B-5.1 Density
A constant value of 8393.4 kg/m3 is used.

B-5.2 Specific Heat

u-1l NUREG/CR-4356



AppeEnDIX B

¢ = J10 TO-2075 (B-20)

¢ = specific heat (J/kg-K)

T, = temperature (°F).

B-35.3 Thermal Conductivity

k =29.18 + 2.683 £-3 (T, - 100) (B-21)
where
K x thermal conductivity (W/m-K)
T, = temperature (°F).

B-5.4 Spectral Emissivity

A constant value of unity is used.

B-6. STRUCTURAL MATERIAL PROPERTIES

Subroutine MSTRCT supplies property values for five types of structural
materials normally used in light water power reactor plants: stainless steel,
Type 304; stainless steel, Type 316; stainless steel, Type 347; carbon steel,
Type A508; and Inconel, Type 718. A tabulation of the correlations used and a
1ist of associated references are given in Table B-2,

B-7. USer-SupPLIED MATERIAL PROPERTIES

At the option of the user, Subroutine MTAB gets pioperty values from the
user-supplied material property table, using straight-line interpolation.

NUREG/CR-4356 B-12
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AppenNnix B

B-8. REFERENCES
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B-2. Y. S. Touloukian, Ed.. Thermophysicul Properties of High Temperature
Solid Materials, New York: MacMillan Co., 1967.

B-3. Electric Power Research Institute, A Predictior of the Semiscale
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