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The ATHENA manuals are living documents and are being corrected and
updated continuously. A printed version of the manualsis frozen and
archived when a code version is released. This version of the manual
correspondsto ATHENA version 2.3, released December 2004.
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ABSTRACT

The ATHENA code has been developed for best-estimate transient simulation of light water reactor
coolant systems during postulated accidents. The code models the coupled behavior of the reactor coolant
system and the core for loss-of-coolant accidents and operational transients such as anticipated transient
without scram, loss of offsite power, loss of feedwater, and loss of flow. A generic modeling approach is
used that permits simulating a variety of thermal hydraulic systems. Control system and secondary system
components are included to permit modeling of plant controls, turbines, condensers, and secondary
feedwater systems.

ATHENA code documentation is divided into six volumes: Volume | presents modeling theory and
associated numerical schemes; Volume Il details instructions for code application and input data
preparation; Volume I11 presentsthe results of developmental assessment cases that demonstrate and verify
the models used in the code; Volume 1V discussesin detail ATHENA models and correlations; Volume V
presents guidelines that have evolved over the past severa years through the use of the ATHENA code;
and Volume VI discusses the numerical scheme used in ATHENA.
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EXECUTIVE SUMMARY

The RELAP5 series of codes has been developed at the Idaho National Engineering and
Environmental Laboratory (INEEL) under sponsorship of the U.S. Department of Energy, the U.S.
Nuclear Regulatory Commission, members of the International Code Assessment and Applications
Program (ICAP), members of the Code Applications and Maintenance Program (CAMP), and members of
the International RELAP5 Users Group (IRUG). Specific applications of the code have included
simulations of transients in light water reactors (LWR) systems such as loss of coolant, anticipated
transients without scram (ATWS), and operational transients such as loss of feedwater, loss of offsite
power, station blackout, and turbine trip. ATHENA, the latest in the RELAPS series of codes, is a highly
generic code that, in addition to calculating the behavior of areactor coolant system during atransient, can
be used for simulating of awide variety of hydraulic and thermal transientsin both nuclear and nonnucl ear
systems involving mixtures of vapor, liquid, noncondensable gases, and nonvolatile solute.

The mission of the ATHENA development program was to develop a code version suitable for the
analysis of al transients and postulated accidents in fusion reactor transient applications. Additional
capabilities include space reactor simulation, gas cooled reactor modeling, fast breeder reactor modeling,
and cardiovascular bloodflow modeling.

The ATHENA code is based on a nonhomogeneous and nonequilibrium model for the two-phase
system that is solved by a fast, partially implicit numerical scheme to permit economical calculation of
system transients. The objective of the ATHENA development effort from the outset was to produce a
code that included important first-order effects necessary for accurate prediction of system transients but
that was sufficiently simple and cost effective so that parametric or sensitivity studies are possible.

The code includes many generic component models from which general systems can be simulated.
The component models include pumps, valves, pipes, heat releasing or absorbing structures, reactor point
kinetics, electric heaters, jet pumps, turbines, separators, annuli, pressurizers, feedwater heaters, ECC
mixers, accumulators, and control system components. In addition, special process models are included for
effects such as form loss, flow at an abrupt area change, branching, choked flow, boron tracking, and
noncondensable gas transport.

The system mathematical models are coupled into an efficient code structure. The code includes
extensive input checking capability to help the user discover input errors and inconsistencies. Also
included are free-format input, restart, renodalization, and variable output edit features. These user
conveniences were developed in recognition that generally the major cost associated with the use of a
system transient code is in the engineering labor and time involved in accumulating system data and
developing system models, while the computer cost associated with generation of the final result is usually
small.

The development of the models and code versions that constitute ATHENA has spanned more than
two decades from the early stages of ATHENA numerical scheme development (circa 1976) to the present.
ATHENA represents the aggregate accumulation of experience in modeling core behavior during severe
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accidents, two-phase flow process, and LWR systems. The code development has benefitted from
extensive application and comparison to experimental data in the LOFT, PBF, Semiscale, ACRR, NRU,
and other experimental programs.

The ATHENA code contains several important enhancements over previous versions of the code.
Enhancements include a new matrix solver, new thermodynamic properties for water, and improved time
advancement for greater robustness. The new Border Profiled Lower Upper (BPLU) matrix solver is used
to efficiently solve sparse linear systems of the form AX = B. BPLU is designed to take advantage of
pipelines, vector hardware, and shared-memory parallel architecture to run fast. BPLU ismost efficient for
solving systems that correspond to networks, such as pipes, but is efficient for any system that it can
permute into border-banded form.

The ATHENA code manua consists of six separate volumes. The modeling theory and associated
numerical schemes are described in Volume |, to acquaint the user with the modeling base and thus aid in
effective use of the code. Volume Il contains more detailed instructions for code application and specific
instructions for input data preparation.

Volume Il presents the results of developmental assessment cases run with ATHENA to
demonstrate and verify the models used in the code. The assessment matrix contains phenomenol ogical
problems, separate-effects tests, and integral systems tests.

Volume 1V contains a detailed discussion of the models and correlations used in ATHENA. It
presents the user with the underlying assumptions and simplifications used to generate and implement the
base equations into the code so that an intelligent assessment of the applicability and accuracy of the
resulting cal culations can be made. Thus, the user can determine whether ATHENA is capable of modeling
a particular application, whether the calculated results will be directly comparable to measurement, or
whether they must be interpreted in an average sense, and whether the results can be used to make
guantitative decisions.

Volume V provides guidelines that have evolved over the past several years from applications of the
RELAP5S code at the Idaho National Engineering and Environmental Laboratory, at other national

laboratories, and by users throughout the world.

Volume VI discusses the numerical schemein ATHENA.
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NOMENCLATURE

cross-sectional area (m?), coefficient matrix in hydrodynamics, coefficient in
pressure and velocity equations

coefficient in heat conduction equation at boundaries
throat area (m?)

speed of sound (mV/s), interfacial area per unit volume (m™), coefficient in gap
conductance, coefficient in heat conduction equation, absorption coefficient

coefficient matrix, drag coefficient, coefficient in pressure and velocity equations
coefficient in heat conduction equation at boundaries
body force in x coordinate direction (m/sz)

coefficient of virtual mass, general vector function, coefficient in pressure and
velocity eguations, delayed neutron precursors in reactor kinetics, concentration,
pressure-dependent coefficient in Unal’ s correlation (1/kes)

coefficient in noncondensabl e specific internal energy equation (J/kgeK)
constants in drift flux model

specific heat at constant pressure (JkgeK)

drag coefficient

coefficient in heat conduction equation, coefficient in new time volume-average
velocity equation, constant in CCFL model

coefficient of relative Mach number, diffusivity, pipe diameter or equivalent
diameter (hydraulic diameter) (m), heat conduction boundary condition matrix,
coefficient in pressure and vel ocity equations

coefficient in noncondensabl e specific internal energy equation (J/kg-Kz)
coefficient of heat conduction equation at boundaries

coefficient in heat conduction equation, droplet diameter (m)

energy dissipation function (W/m°)

specific total energy (U + v2/2) (Jkg), emissivity, Young's modulus, term in
iterative heat conduction algorithm, coefficient in pressure equation

interfacial roughness

term in iterative heat conduction algorithm, gray-body factor with subscript,
frictional loss coefficient, vertical stratification factor

interphase drag coefficient (m3/kges)
wall drag coefficients (liquid, vapor/gas) (s

interphase friction factor, vector for liquid velocities in hydrodynamics
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Gr

H
HLOSSF, HLOSSG
h

mass flux (kg/m?-s), shear stress, gradient, coefficient in heat conduction, vector
quantity, fraction of delayed neutronsin reactor kinetics

Grashof number

gravitational constant (m/sz), temperature jump distance (m), vector for vapor/gas
velocities in hydrodynamics

elevation (m), volumetric heat transfer coefficient (W/Km?3), head (m)
form or frictional losses (liquid, vapor/gas) (m/s)

specific enthalpy (Jkg), heat transfer coefficient (W/mz-K), energy transfer
coefficient for I'g, head ratio

dynamic head loss (m)

identity matrix, moment of inertia (N-m-s?)
1

junction velocity (m/s)

superficial velocity (m/s)

energy form loss coefficient

Kutateladze number

thermal conductivity (W/meK)

Boltzmann constant

length, limit function, Laplace capillary length

Mach number, molecular weight, pump two-phase multiplier, mass transfer rate,
mass (kg)

constant in CCFL model

number of system nodes, number density (#/m3), pump speed (rad/s),
nondimensional number

Nusselt number

unit vector, order of equation system

pressure (Pa), reactor power (W), channel perimeter (m), turbine power (J/s)
relates reactor power to heat generation rate in heat structures

wetted perimeter (m), particle probability function

Prandtl number

volumetric heat addition rate (W/m3), space dependent function, volumetric flow
rate (m/s)

heat transfer rate (W), heat flux (W/m?)
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VIS
VISF, VISG
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radius (m), surface roughness in gap conductance, radiation resistance term,
nondimensional stratified level height

Rayleigh number

Reynolds number

the particle Reynolds number

reaction fraction for turbine, radial position

Chen’'s boiling suppression factor, stress gradient, specific entropy (JkgeK),
shape factor, real constant, source term in heat conduction or reactor kinetics (W)

temperature (K), trip

critical temperature (K)

reduced temperature (K)

time (s)

specific internal energy (J/kg), vector of dependent variables, velocity (m/s)
radial displacement in gap conductance (m)

volume (m?), specific volume (m>/kg), control quantity

numerical viscosity terms in momentum equations (m?%/s?)

numerical viscosity terms in momentum equations (liquid, vapor/gas) (m2/52)

mixture velocity (m/s), phasic velocity (m/s), flow ratio, liquid surge line velocity
(m/s)

choking velocity (m/s)

weight of valve disk, weighting function in reactor kinetics, relaxation parameter
in heat conduction, shaft work per unit mass flow rate, mass flow rate

Weber number

humidity ratio

quality, static quality, mass fraction, conversion from MeV/sto watts
spatial coordinate (m), vector of hydrodynamic variables

control variable

two-phase friction correlation factor, function in reactor kinetics

Symbols

void fraction, subscripted volume fraction, angular acceleration (rad/sz),
coefficient for least-squares fit, speed ratio, thermal diffusivity (m2/s), Und’s
term

coefficient of isobaric thermal expansion (K1), effective delayed neutron fraction
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AP
AT
At
AX

in reactor kinetics, constant in CCFL model
volumetric mass exchange rate (kg/m3-s)
exponential function in decay heat model
dynamic pressure loss (Pa)

temperature difference

increment in time variable (s)

increment in spatial variable (M)

area ratio, truncation error measure, film thickness (m), impulse function,
Deryagin number

coefficient, strain function, emissivity, tabular function of area ratio, surface
roughness, wall vapor generation/condensation flag

efficiency, bulk/saturation enthalpy flag

relaxation time in correlation for I", angular position (rad), discontinuity detector
function

coefficient of isothermal compressibility (Pat)
prompt neutron generation time, Baroczy dimensionless property index

eigenvalue, interface velocity parameter, friction factor, decay constant in reactor
kinetics

viscosity (kg/mes)

kinematic viscosity (m?/s), Poisson’ s ratio
exponential function, RMS precision

3.141592654

density (kg/md), reactivity in reactor kinetics (dollars)
fission cross-section

depressurization rate (Pa/s)

surface tension (J/m2), stress, flag used in heat conduction equations to indicate
transient or steady-state

shear stresses (N), torque (N-m)
specific volume (m3/kg)

donored property, Lockhart-Martinelli two-phase parameter, neutron flux in
reactor kinetics, angle of inclination of valve assembly, elevation angle,
vel ocity-dependent coefficient in Unal’s correlation

Lockhart-Martinglli function

coefficient, fission rate (number/s)
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CHF
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c

cond
core
cr,crit
Ccross
cyl

D

DE

d
drop
drp

e

fc
fg
flow

fr
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angular velocity, constant in Godunov solution scheme

Subscripts
annular-mist to mist flow regime transition
average value
liquid film in annular-mist flow regime
bubbly-to-slug flow regime transition
bubble, boron, bulk
bubbles
value appropriate for bundle geometry
value at critical heat flux condition
value for convective boiling regime

vena contract, continuous phase, cladding, critical property, cross-section,
condensation

value for condensation process

vapor/gas core in annular-mist flow regime

critical property or condition

value for crossflow

cylinder

drive line, vapor/gas dome, discharge passage of mechanical separator
value at lower end of slug to annular-mist flow regime transition region
droplet, delay in control component

droplets

droplet

equilibrium, equivalent quality in hydraulic volumes, valve ring exit, elastic
deformation, entrainment

wall friction, fuel

liquid phase, flooding, film, force, flow

forced convection flow regime

phasic difference (i.e., vapor/gas term-liquid term)
flow

frictional
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GS

g

e]

H

HE

h, hy, hydro
high

I

IAN

i jt1, -1

LS
lev, level
lim

low

min

POOL

pipe

REG

(0]

gas superficial

vapor/gas phase, gap

drift velocity

head

homogeneous equilibrium

hydraulic

value at upper limit of transition region
interface

inverted annular flow regime

interface, index

spatial noding indices for junctions

spatial noding index for volumes

iteration index in choking model

gpatial noding index for volume, laminar, value based on appropriate length scale
liquid superficial

left boundary in heat conduction

value at two-phase level

limiting value

value at lower limit of transition region
mixture property, motor, mesh point

minimum value

noncondensable component of vapor/gas phase
reference value

value for pool boiling regime

partia pressure of vapor, particle, phase index
cross-section of flow channel

rated values

flow regime identifier

relative Mach number, right boundary in heat structure mesh
suction region

value at upper end of slug to annular-mist flow regime transition
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std

TB
Tb

tt

up
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vapor component of vapor/gas phase, superheated, superficial
saturated quality, saturation
small bubble
Sauter mean value
value based on vapor partial pressure
value based on vapor partia pressure in the bulk fluid
value based on vapor/gas total pressure
surface of heat structure
stratified
standard precision
point of minimum area, turbulent
transition boiling
Taylor bubble
total pressure, turbulent, tangential, throat
value for turbulent liquid and turbulent vapor/gas
upstream quantity
mass mean Mach number, vapor/gas quantity, valve
wall, liquid
upstream station, multiple junction index, vector index
single-phase value
downstream station, multiple junction index, vector index
two-phase value
torque
viscosity
infinity
Superscripts
bulk liquid
value dueto film flow process
value due to entrainment precess

old time termsin velocity eguation, used to indicate explicit velocities in choking
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max

min

n, n+l

(@)

* N é pu)

maximum value

minimum value

time level index

initial value

real part of complex number, right boundary in heat conduction
saturation property, space gradient weight factor in heat conduction
wall

vector index

total derivative of a saturation property with respect to pressure, local variable,
bulk/saturation property

derivative

donored quantity

flux quantity, i.e. value per unit area per unit time

unit momentum for mass exchange, intermediate time variable

linearized quantity, quality based on total mixture mass
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1 Introduction

Volume 1V isintended to enhance the information presented in VVolumes | and Il of this document,
which provide a detailed explanation of the code contents and its structure, its input requirements, and the
interpretation of the code output. The purpose of this document is to provide the user with quantitative
information addressing the physical basis for the ATHENA computer code, not only as documented in the
other code manuals but also as actually implemented in the FORTRAN coding. The specific version of the
code being discussed is ATHENA.

The information in this document allows the user to determine whether ATHENA is capable of
modeling a particular application, whether the calculated result will directly compare to measurements or
whether they must be interpreted in an average sense, and whether the results can be used to make
quantitative decisions. Wherever possible, the other code manual volumes are referenced rather than repeat
the discussion in this volume.

This introduction briefly describes the ATHENA code, presenting some of the history of the
RELAP5 development leading to the current code capabilities and structure. The code structure is then
discussed. The structure is significant, for it affects the time at which each of the calculated parametersis
determined and gives the reader an understanding of the order in which a calculation proceeds and the
manner in which transient parameters are passed from one portion of the calculational scheme to the next.
The scope of the document is presented followed by a description of the document structure, which closely
relates to the code structure.

1.1 Development of ATHENA

The ATHENA code is a successor to the RELAP5/MOD3 codel1"1 which was developed for the
Nuclear Regulatory Commission. Department of Energy sponsors of the code extensions in ATHENA
include the DOE Office of Fusion Energy Sciences, Savannah River Laboratory, Bettis Atomic Power
Laboratory, the International RELAP5 Users Group (IRUG), and the Laboratory Directed Research and
Development Program at the INEEL. The ATHENA version contains severa important enhancements
over previous versions of the code. Enhancements include a new matrix solver, new thermodynamic
properties for water, and improved time advancement for greater robustness. The new Border Profiled
Lower Upper (BPLU) matrix solver is used to efficiently solve sparse linear systems of the form AX = B.
BPLU is designed to take advantage of pipelines, vector hardware, and shared-memory parallel
architecture to run fast. BPLU is most efficient for solving systems that correspond to networks, such as
pipes, but is efficient for any system that it can permute into border-banded form.

1.1.1 References

11-1. The RELAP5 Development Team, RELAP5/MOD3 Code Manual, Volumes 1 and 2,
NUREG/CR-5535, INEL-95/0174, Idaho National Engineering Laboratory, August 1995.
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1.2 Code Organization

ATHENA is coded in a modular fashion using top-down structuring. The various models and
procedures are isolated in separate subroutines. The top level structure is shown in Figure 1.2-1 and
consists of input (INPUTD), transient/steady-state (TRNCTL), and stripping (STRIP) blocks.

RELAPS

INPUTD TRNCTL STRIP

Figure 1.2-1 ATHENA top level structure.

Theinput (INPUTD) block processes input, checks input data, and prepares required data blocks for
al program options.

Input processing has three phases. The first phase reads all input data, checks for punctuation and
typing errors (such as multiple decimal points and lettersin numerical fields), and stores the data keyed by
card number such that the data are easily retrieved. A list of the input data is provided, and punctuation
errors are noted.

During the second phase, restart data from a previous ssimulation is read if the problem is a
RESTART type, and al the input data are processed. Some processed input is stored in fixed common
blocks, but the majority of the data are stored in dynamic data blocks that are created only if needed by a
problem and sized to the particular problem. Input is extensively checked, but at this level, checking is
limited to new data from the cards being processed. Relationships with other data cannot be checked
because the latter may not yet be processed.

The third phase of processing begins after all input data have been processed. Since all data have
been placed in common or dynamic data blocks during the second phase, complete checking of
interrelationships can proceed. Examples of cross-checking are the existence of hydrodynamic volumes
referenced in junctions and heat structure boundary conditions; entry or existence of material property data
specified in heat structures; and validity of variables selected for minor edits, plotting, or used in trips and
control systems. As the cross-checking proceeds, the data blocks are cross-linked so that it need not be
repeated at every time step. The initiaization required to prepare the model for the start of the transient
advancement is done at this level.

The transient/steady-state block (TRNCTL) handles both the transient option and the steady-state
option. The steady-state option determines the steady-state conditions if a properly posed steady-state
problem is presented. Steady-state is obtained by running an accelerated transient (i.e., null transient) until
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the time derivatives approach zero. Thus, the steady-state option is very similar to the transient option but
contains convergence testing agorithms to determine satisfactory steady-state, divergence from
steady-state, or cyclic operation. If the transient technique alone were used, approach to steady-state from
an initial condition would be identical to a plant transient from that initial condition. Pressures, densities,
and flow distributions would adjust quickly, but thermal effects would occur more slowly. To reduce the
transient time required to reach steady-state, the steady-state option artificially accelerates heat conduction
by reducing the heat capacity of the conductors. Figure 1.2-2 shows the second-level structures for the
transient/steady-state blocks or subroutines.

TRNCTL

TRNSET TRAN TRNFIN

CHKLEV TRIP TSTATE HTADV

HYDRO RKIN CONVAR DTSTEP

Figure 1.2-2 ATHENA transient/steady-state structure.

The subroutine TRNCTL consists only of the logic to call the next lower level routines. Subroutine
TRNSET brings dynamic blocks required for transient execution from disk into memory, performs final
cross-linking of information between data blocks, sets up arrays to control the sparse matrix solution,
establishes scratch work space, and returns unneeded memory. Subroutine TRAN controls the transient
advancement of the solution. Nearly all the execution time is spent in this block, and this block is the most
demanding of memory. The subroutine TRNFIN releases space for the dynamic data blocks that are no
longer needed.

Figure 1.2-2 also shows the structure of the TRAN block. CHKLEV controls movement of
two-phase levels between volumes. TSTATE applies hydrodynamic boundary conditions by computing
thermodynamic conditions for time-dependent volumes and velocities for time-dependent junctions. The
remaining blocks perform or control the calculations for major models within ATHENA: trip logic (TRIP),
heat structure advancement (HTADV), hydrodynamic advancement (HYDRO), reactor kinetics
advancement (RKIN), control system advancement (CONVAR), and time step size (DTSTEP). The blocks
are executed in the order shown in the figure from left to right, top to bottom. Although implicit techniques
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are used within some of the blocks (HTADV and HY DRO), data exchange between blocksis explicit, and
the order of block execution dictates the time levels of feedback data between models. Thus, HTADV
advances heat conduction/convection solutions using only old-time reactor kinetics power and old-time
hydrodynamic conditions. HY DRO, sinceit follows HTADV, can use both new- and old-time heat transfer
rates to compute heat transferred into a hydrodynamic volume.

The strip block (STRIP) extracts smulation data from a restart-plot file for convenient passing of
ATHENA simulation results to other computer programs.

1.3 Document Scope

This document is a revised and expanded version of the RELAP5/MOD2 models and correlations

report.131 This document is not all inclusive in that not every model and correlation is discussed. Rather,
the information in Volumes 1, I, and IV have been integrated and where a discussion of the correlations
and implementation assumptions were necessary for an understanding of the model, it has been included in
the other volumes and not repeated in this volume.

1.3.1 Reference

1.3-1. R.A.Dimennaet a., RELAP5/MOD2 Models and Correlations, NUREG/CR-5194, EGG-2531,
Idaho National Engineering Laboratory, August 1988.

1.4 Document Structure

This document is structured around the field equations used in ATHENA. The field equations were
chosen as the underlying thread because they provide the structure of the code itself; and using a common
structure for the code and the description facilitates the use of this document in understanding the code.
Section 2 lists the finite difference form of the basic field equations used in the two-fluid calculation. The
finite difference field equations are derived in Volume | of the manual, and this derivation is not repeated
in Section 2. References to other volumes are used where possible.

With the field equationsidentified, the next most pervasive aspect of the code calculation is probably
the determination of the flow regime. Therefore, the flow regime map, or calculation, is discussed in
Section 3. Sections 4, 5, and 6 then provide, in order, a discussion of the models and correlations used to
provide closure for the energy, mass, and momentum balance equations. The closure models for the mass
balance equations are closely related to those for the energy equations, so they were included before
moving to the discussion of the models related to the momentum equations.

Section 7 describes the flow process models, such as the abrupt area change and the critical flow
models. Section 8 describes selected component models, specifically, the pump and separator/dryer
models. Section 9 describes the heat structure process models, including the solution of the heat
conduction equations and the energy source term model as represented by the reactor kinetics equations.
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Section 10 comments on the closure relations required by extra mass conservation fields, and Section 11
describes the steady-state model.
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2 Field Equations

The ATHENA thermal-hydraulic model solves eight field equations for eight primary dependent
variables. The primary dependent variables are pressure (P), phasic specific internal energies (Ug, Uy),
vapor/gas volume fraction (void fraction) (a.g), phasic velocities (v, v¢), noncondensable quality (X), and
boron density (pp). The independent variables are time (t) and distance (x). Noncondensable quality is
defined as the ratio of the noncondensable gas mass to the total vapor/gas phase mass, i.e., X, = M /(M +
M), where M, is the mass of noncondensable in the vapor/gas phase and M is the mass of the vapor in the
vapor/gas phase. The secondary dependent variables used in the equations are phasic densities (pg, py),

phasic temperatures (Tg, T¢), saturation temperature (T®), and noncondensable mass fraction in
noncondensable gas phase (X,,;) for the i-th noncondensable species. Closure of the field equations is
provided through the use of constitutive relations and correlations for such processes as interphase friction,
interphase heat transfer, wall friction, and wall heat transfer. The field equations for the two phasic mass
equations, two phasic momentum equations, and two phasic energy are presented in this section of Volume
IV to show where the constitutive models and correlations apply to the overall ATHENA solution.

2.1 Differential Equations

The development of such equations for the two-phase process has been recorded in severa

references.21121-221-3 The one-dimensional, two-fluid phasic mass equations, phasic momentum
equations, and phasic energy equations [Equations (8.12), (8.13), and (8.16) in Reference 2.1-1] by
Ransom are referenced in Volume | of this manual, and the method used to obtain the differentia
equations used in ATHENA is presented in Volumell.

2.1.1 References

2.1-1. V. H. Ransom, Course A-Numerical Modeling of Two-Phase Flows for Presentation at Ecole
d Ete d’ Analyse Numerique, EGG-EAST-8546, Idaho National Engineering Laboratory, May
1989.

2.1-2. M. Ishii, Thermo-Fluid Dynamic Theory of Two-Phase Flow, Collection de la Direction des
Estudes d' Recherches of Electricute de France, 1975.

21-3. F. H. Harlow and A. A. Amsden, “Flow of Interpenetrating Material Phases,” Journal of
Computational Physics, 18, 1975, pp. 440-464.

2.2 Difference Equations

The one-dimensional difference equations are obtained by integrating the differential equations with
respect to the spatial variable, dividing out common area terms, and integrating over time. The mass and
energy equations are spatially integrated across the cells from junction to junction, while the momentum
equations are integrated across the junctions from cell center to cell center. These were derived in Volume
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| of this manual, and the final one-dimensional finite difference equations for the semi-implicit solution
scheme are repeated here.

The semi-implicit scheme one-dimensional finite-difference equations for the mass, energy, and
momentum are listed below. Some of the terms are intermediate time variables, which are written with a
tilde (~).

The sum continuity equation is

~“n+1

n n ~n+l n n ~n+1 n
Vilog (Per —Pe) *ari(Prr —Pru) * (Per—Pri) (O — 0y )]
+(d2j+1l5§j+1V§§11AA (xgjpgJ gle)At (2.2-1)

n+1 n _n+l

+((X‘f]+lpf]+lvt]+lA a‘f]pf]VtJ A)At_o

The difference continuity equation is

Vilog (Per —per)—0f(Pir —pie) + (Par+ i) (o —op )]

. N . n+1 n n+l
+(a’g,j+lpg,j+lvg,§+lAj nggJ gj Aj)At
o 1 L1 n+1 .n_n+l
— (GF 1 PF Ve 1 Aje1 — G PEVE; ADAL (2.2-2)
— 2 n P IsL “sn+l “sn+1 “n+l N
- _(h * h*) VLAY —EH,  (To _TgL)+H1f (To =Teo ) [ +2V AT .
T P}

The noncondensable continuity equation is

~n+1

n n n n on+l n
\% [pg LXn L( gil_ gL)+ag LXn L(ng pg,L)+(x'g Lpg L(Xn,L _Xn,L)]

o i Xnjve; ADAt = 0 .

_ag,jpgj n.jVg,j

(2.2-3)
+ (dg,j+lpg,j+IXﬂ,j+1Vg,j+lAj+l

The vapor/gas thermal energy equation is

INEEL-EXT-98-00834-V4 2-2



ATHENA/2.3

n n n ~n+1 n n n n “n+l n
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Theliquid thermal energy equation is

n+1
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The sum momentum equation is

n, n+ n n n+ n 1 N | n n
(egPe)] (Vi = Vi) AX; + (0Pl (v = Vi AR + 2 (AT (V)L = (V)AL
1 « « \D n n 1 o o\ n o o I n
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iVEj

The difference momentum equation is
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(HCP)[( VI v~ (T VDA
%

g

1 n 1/6.0\" N
3SR 0D - i J(2) Visaa
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In the coding of the finite difference form of the difference momentum equation, the difference
momentum equation is programmed as the difference of the liquid and vapor/gas momentum eguations
instead of the difference of the vapor/gas and liquid momentum eguations as is shown in Equation (2.2-7).
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3 Flow Regime Maps

The constitutive relations include models for defining flow regimes and flow-regime-related models
for interphase friction, the coefficient of virtual mass, wall friction, wall heat transfer, and interphase heat
and mass transfer. Heat transfer regimes are defined and used for wall heat transfer. For the virtual mass, a
formula based on the void fraction is used.

In RELAP5/MOD2, al congtitutive relations were evaluated using volume-centered conditions;
junction parameters, such as interfacial friction coefficients, were obtained as volume-weighted averages
of the volume-centered values in the volumes on either side of a junction. The procedure for obtaining
junction parameters as averages of volume parameters was adequate when the volumes on either side of a
junction were in the same flow regime and the volume parameters were obtained using the same
flow-regime map (i.e., both volumes were horizontal volumes or both volumes were vertical volumes).
Problems were encountered when connecting horizontal volumesto vertical volumes.

These problems have been eliminated in ATHENA by computing the junction interfacial friction
coefficient using junction properties so that the interfacia friction coefficient would be consistent with the
state of the fluid being transported through the junction. The approach has been used successfully in the

TRAC-B code.30-1:30-330-3 a5 3 result, it was necessary to define both volume and junction flow-regime
maps. The flow regime maps for the volumes and junctions are somewhat different as aresult of the finite
difference scheme and staggered mesh used in the numerical scheme.

Four flow-regime maps in both volumes and junctions for two-phase flow are used in the ATHENA
code: (a) ahorizontal map for flow in pipes; (b) avertical map for flow in pipes, annuli, and bundles; (c) a
high mixing map for flow through pumps; and (d) an ECC mixer map for flow in the horizontal pipes near
the ECC injection port. The volume flow regime calculations for interfacial heat and mass transfer and
wall drag are found in subroutine PHANTYV. The junction flow regime calculation for interphase friction
and coefficient of virtual mass are found in subroutine PHANTJ. Wall heat transfer depends on the volume
flow regime maps in aless direct way. Generally, void fraction and mass flux are used to incorporate the
effects of the flow regime. Because the wall heat transfer is calculated before the hydrodynamics, the flow
information is taken from the previous time step.

3.0.1 References

3.0-1. W.L.Weaver et d., TRAC-BF1 Manual: Extensions to TRAC-BD1/MOD1, NUREG/CR-4391,
EGG-2417, Idaho National Engineering Laboratory, August 1986.

3.0-2. M.M.Gilesetd., TRAC-BF1/MOD1: An Advanced Best Estimate Computer Program for BWR
Accident Analysis, NUREG/CR-4356, EGG-2626, |daho National Engineering Laboratory, June
1992 and August 1992.

303. S Z. Rouhani e d. TRAC-BFI/MOD1 Models and Correlations, NUREG/CR-4391,
EGG-2680, Idaho National Engineering Laboratory, August 1992.
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3.1 Horizontal Volume Flow Regime Map

3.1.1 Map as Coded

The horizontal flow regime map is for volumes whose inclination (vertical) angle ¢ is such that 0 <
|| < 30 degrees. An interpolation region between vertical and horizontal flow regimesis used for volumes

whose absolute value of the inclination (vertical) angle is between 30 degrees and 60 degrees.

A schematic of the horizontal volume flow regime map as coded in ATHENA isillustrated in Figure
3.1-1. The map consists of bubbly, slug, annular mist, dispersed (droplets or mist), and horizontally
stratified regimes. Transition regions used in the code are indicated. Such transitions are included in the
map primarily to preclude discontinuities when going from one correlation to another in drag and heat and
mass transfer. Details of the interpolating functions employed between correlations are given in those
sections that describe the various correlations. Figure 3.1-2 illustrates the geometry for horizontal

stratification.
Verit
and 3,000
2

Incressing ~ KO/M™s
relative
velocity UVt
|ng' Vi | and 2,500
and mass 2
flux Gy, kg/m®-s

1.0

0.0 aBs ODE Usa aAM
Bubbly | Sug | sLg/ Amtsjlar Mist
(BBY) | (SLG) | ANM (ANM) (MPR)
BBY- | SLG- ANM- MPR-
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Horizontally stratified (HST)
——» Increasing void fraction o,

Figure 3.1-1 Schematic of horizontal flow regime map with hatchings, indicating transition regions.

s
<

4

Figure 3.1-2 Schematic of horizontally stratified flow in a pipe.
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Valuesfor the parameters governing the flow-regime transitions are shown in Figure 3.1-3 and listed

below. Gy, is the average mixture mass flux given by

05—+

aps 0.254

0.0 | | Gpy(kg/m?s)
0 2,000 3,000

Figure 3.1-3 Horizontal bubbly-to-slug void fraction transition in ATHENA.

Gm = ogpglVgl + aspslve] (3.1-1)
ags = 0.25 G < 2,000 kg/m?-s
= 0.25 + 0.00025(G,,-2,000) 2,000 < G, < 3,000 kg/m?-s
=05 G > 3,000 kg/m?-s
opg = 0.75
ogp = 0.8
oam = 0.9999
and
Vo, = %[%gﬁgérz(l — cos0) (3.1-2)
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where D is the pipe diameter or equivalent diameter (hydraulic diameter) and A is the cross-sectional area
2
of the pipe, A = ’% . Theta is the angle between the vertical and the stratified liquid level, as shown in

Figure 3.1-2.

3.1.2 Map Basis and Assessment

The geometrical configuration of atwo-phase flow regime is characterized by a combination of void

fraction and interfacial area concentration and arrangement.3'1'1 Traditionally, however, flow regime maps

have been constructed using superficial velocities 312313

a_3.1—1

which, strictly speaking, do not uniquely

define the flow regime. Ishii and Mishim contend that while superficial velocities may provide for
suitable flow regime mapping for steady, developed flow, the same is not true for transient or developing
conditions such as arise frequently for nuclear reactor thermal-hydraulics. They recommend a direct
geometric parameter, such as void fraction, for flow regime determination for unsteady and entrance flows
where atwo-fluid model (such asisused in ATHENA) is more appropriate than a more traditional mixture
model. ATHENA uses the void fraction, Og, to characterize the two-phase flow regimes. Taitel and

Dukler®1# have devised a horizontal map from analytical considerations, albeit sometimes involving
uncorroborated assumptions, that uses at least the void fraction for al regime transitions. Furthermore, in a
later paper, they use the same flow-transition criteria to characterize transient two-phase horizontal

flow.21® Therefore, while void fraction does not uniquely determine the flow regime geometry, it appears
to be a reasonable parameter for mapping the flow regimes expected in ATHENA applications and is
consistent with the current state of the technology.

3.1.2.1 Transition from Bubbly Flow to Slug Flow. For high velocity flows (|vg - v¢| > v¢ry), the
ATHENA horizontal flow map is an adaptation of the vertical map used in the code, which in turnis based

on the work of Taitel, Bornea, and Dukler316. The bubbly-to-slug transition void fraction used in the code

varies from 0.25 to 0.5 depending on the mass flux (see Figure 3.1-3). The lower limit of 0.25 isbased on

3.1-6

a postulate of Taitel, Bornea, and Dukler that coalescence increases sharply when bubble spacing

decreases to about half the bubble radius corresponding to about 25% void. Taitel, Bornea, and Dukler316

then cite three references as supporting this approximate level. The first citation, Griffith and Wallis 317
however, actually cites an unpublished source (Reference 6 in Reference 3.1-7), indicating that for ag <
0.18 no tendency for slugs to develop was apparent. Griffith and Wallis were measuring the Taylor bubble
rise velocity (air slugs) in a vertica pipe and admitted uncertainty about where the bubbly-slug transition
should be. (Only two of their own data points fell into the region labeled bubbly flow on their flow-regime

map.) Taitel, Bornea, and Dukler®18 also cite Griffith and Snyder,318 suggesting that the bubbly-to-slug
transition takes place between 0.25 and 0.30. Actually, Griffith and Snyder were studying slug flow using
anovel technique. They formed a plastic “bubble’ to simulate a Taylor bubble under which they injected
air. Their setup allowed the bubble to remain stationary while the flow moved past it. While void fractions
as low as 0.08 and no higher than 0.35 were obtained for “dug flow,” it seems inappropriate to use such
information to set the bubbly-to-slug transition. The third reference cited by Taitel, Bornea, and

Dukler31® uses a semi-theoretical analysis involving bubble-collision frequency, which appears to
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indicate a transition in the range o = 0.2 to 0.3.31% A discussion by Hewitt,311% however, points out
some uncertainties and qualifications to the approach of Reference 3.1-9. Thus, the designation of a4 =

0.25 as the lower limit for a transition void fraction from bubbly-to-slug flow is somewhat arbitrary,
although it does fall within the range suggested by the cited references.

Taitel, Bornea, and Dukler®16 further argue that the void fraction for bubbly flow could be at most
0.52 where adjacent bubbles in a cubic lattice would just touch. They then postulate that 0.52 represents
the maximum attainable void fraction for bubbly flow, assuming the presence of vigorous turbulent
diffusion. ATHENA uses avoid fraction of 0.5 as an approximate representation of this condition for high
mass flux.

The interpolation in ATHENA between oy = 0.25 and 0.5 for the bubbly-to-slug transition is an
attempt to account for an increase in maximum bubbly void fraction due to turbulence. The decision to
base the transition on an average mixture mass flux increasing from 2,000 to 3,000 kg/m?-s (Section 3.1.1)

is from work by Choe, Weinberg, and Weisman®11 who show that at 2,700 kg/m?-s, there is a transition
between bubbly and slug flow. If, however, one plots the average mass fluxes on Figure 2 from Taitel,
Bornea, and Dukler316, the ATHENA transition for this special case (air-water at 25° C, 0.1 MPain a
vertical 5.0 cm diameter tube) appears reasonable. Figure 2 from Taitel, Bornea, and Dukler316 is shown
as Figure 3.1-4. Nevertheless, while the transition criterion based on G looks reasonable for the conditions
of Figure 3.1-4, it is inappropriate to assume that it works well for all flow conditions found in reactor
applications. A potentially better criterion for the variation of the bubbly-to-slug transition oy would be

based on dimensionless parameters. In Figure 3.1-4, the notation from Taitel, Bornea, and Dukler316 is

used, i.e., Uy gisliquid superficial velocity (js) and Ugg is vapor/gas superficial velocity (jg).

3.1.2.2 Transition from Slug Flow to Annular Mist Flow. The coded transition from slug to
annular mist flow takes place between void fractions of 0.75 and 0.80. This is based on a model by

Barnea, 3112 which implies that annular flow can occur for ag > 0.76. Barnea indicates that for cocurrent

upflow, the transition criteria give reasonable agreement with atmospheric air-water data for a2.5 and 5.1
cm diameter tube, and Freon-113 data for a 2.5 cm diameter tube.

3.1.2.3 Transition from Annular Mist Flow to Dispersed Flow. The void fraction upon
which this transition is coded to take place simply corresponds to a very high vapor/gas fraction, ag =

0.9999. This vapor/gas fraction was chosen to allow a smooth transition to single-phase vapor/gas flow.

3.1.24 Transition to Horizontal Stratification. The transition criterion from
horizontally-stratified to nonstratified flow, Equation (3.1-2), is derived directly from Equations (23-24) of

Taitel and Dukler®#, which are a statement of the Kelvin-Helmholtz instability. I vy - vl is greater than
Vit the flow is not stratified; if it is less, then aregion of transition takes place (Figure 3.1-1) before the

flow is considered to be completely stratified. The criterion holds that infinitesimal waves on the liquid
surface will grow in amplitude if |vq - v¢| > Vg, transitioning from stratified flow as the waves bridge the

gap to the top of the pipe. Taitel and Dukler>1 used vy rather than [vg - |, but the code was modified to
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Figure 3.1-4 Flow-pattern map for air/water at 25 °C, 0.1 MPa, in avertical 5.0-cm-diameter tube showing
G, = 2,000, 3,000 kg/m?-s.

use vq - v¢| based on TPTF experiment comparisons by Kukita et al.3113 (see Section 3.1.3). In addition,
to disallow high flow cases, G must be less than 3,000 kg/mz-s.

It is clear that the horizontal stratification criterion of Taitel and Dukler®1* requires some

comparison with experiment to assess its validity. Taitel and Dukler®14

compare their transition criteria
with the published map of Mandhane et al.312 The comparison is quite favorable for the conditions of
air-water at 25 °C and 1 atm in a 2.5-cm-diameter pipe. Choe et al.3111 show that the Taitel and

Dukler®1# criterion works fairly well between intermittent and separated flow for liquids of low or
moderate viscosity.

In summary, there is evidence that the Taitel and Dukler31# horizontal stratification criterion works
for low- and moderate-viscosity liquids, including water, at least in small-diameter pipes (up to 5 cm).

3.1.3 Effects of Scale

Experimental evidence reported by Kukita et al.3113 obtained at the JAERI TPTF separate-effects
facility for horizontal flow of steam and water in an 18-cm-diameter pipe at high pressure (3 - 9 MPa)
indicates that horizontaly-stratified flow exists for conditions for which RELAP5/MOD2 predicted
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unseparated flows. This failure of the stratification criterion [Equation (3.1-2)] was attributed by
Reference 3.1-13 largely to the fact that the code used the absolute vapor/gas velocity rather than relative
velocity (vg - V) to test for a stratification condition. Upon substituting relative velocity for vapor/gas

velocity, which iswhat isused in ATHENA, it is shown that predictions for void fraction are significantly
improved 3113
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3.2 Vertical Volume Flow Regime Map

3.2.1 Map as Coded

The vertical volume flow regime map is for upflow, downflow, and countercurrent flow in volumes
whose inclination (vertical) angle ¢ is such that 60 < |¢| < 90 degrees. An interpolation region between
vertical and horizontal flow regimesis used for volumes whose absolute value of the inclination (vertical)
angleis between 30 and 60 degrees.

A schematic of the vertical flow regime map as coded in ATHENA is shown in Figure 3.2-1. The
schematic is three-dimensional to illustrate flow-regime transitions as functions of void fraction ag,
average mixture velocity vy, and boiling regime [pre-critical heat flux (CHF), transition, and post-dryout],
where Gy, is given by Equation (3.1-1), and

Vi = S (3.2-1)
Pm
Pm = OgPg+ 0Pf - (3.2-2)

The map consists of bubbly, slug, annular mist, and dispersed (droplet or mist) flows in the pre-CHF
regime; inverted annular, inverted slug and dispersed (droplet or mist) flows in post-dryout; and vertically
stratified for sufficiently low-mixture velocity v,. Transition regions provided in the code are shown.
Details of the interpolating functions employed for the transition regions are given in the sections dealing
with the actual heat/mass transfer and drag correlations. Values for the parameters governing the
flow-regime transitions are listed below and shown in Figure 3.2-2.

Ogs = Opg for G, < 2,000 kg/m?-s (3.2-3)
doe = oo+ (05799 (5 5000 for 2,000 < G, < 3,000 kg/m?- 3.2-4

BS = Ogs 1000 (Gm - 2,000) or 2,000 < Gy, < 5, gim=-s (3.2-4)
ogs = 05 for G, > 3,000 kg/m?-s (3.2-5)
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Figure 3.2-1 Schematic of vertical flow-regime map with hatchings indicating transitions.

aps = max {0.25min[1, (0.045D")8], 10°%} (3.2-6)

_ 172
Where D = D[g(pf p )}
(e}

acp = agst 0.2 (3.2-7)
CX’SA = max [a’fll\;lla min(airit, O('zrit, ag;x)] (32-8)
— 1/2
al = min{l[gD(pf P )J ,1.0} for upflow (3.2-9)
Ve Py
oczm = 0.75 for downflow and countercurrent flow (3.2-10)

39 INEEL-EXT-98-00834-V4



ATHENA/2.3

05+

aBs

OBs

1,000

0.3

G (kg/m?-s)

4,000

crit

oM = 0.5 pipes
AM 0.8 bundles

ags = 0.9

Opg = Max (U“BS’ Oga - 0.05)
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aay = 0.9999 (3.2-15)
_ 1/2
Vig = o.35[gD(pf P )} . (3.2-16)
Pt

Theterms a.,;, and o, will bediscussed in Section 3.2.2.2.

Two further conditions must be satisfied for the flow to be considered vertically stratified. In the case
of control volumes having only one inlet and one outlet, the void fraction of the volume above must be
greater than 0.7. In addition, the void fraction difference between the volume above and the control volume
or between the control volume and the volume below, must be greater than 0.2. If there are multiple
junctions above and below the volume in question, the upper volume having the smallest o, is compared to

the lower volume having the largest ag. Only connecting volumes that are vertically oriented are
considered. The term vy, is the Taylor bubble rise velocity and will be discussed in Section 3.2.2.1 and
Section 3.2.2.5.

3.2.2 Map Basis and Assessment

The vertical flow-regime map is mapped according to void fraction for nonstratified, wetted-wall

regimes. This conforms to the recommendation of Ishii and Mishima, 311 as discussed for the horizontal
map in Section 3.1.2. The dry-wall flow regimes (particularly inverted annular and inverted slug) are

included21 to account for post-dryout heat transfer regimes where awetted wall is physically unrealistic.
Heat and mass transfer and drag relations for the transition boiling region between pre-CHF and dryout are
found by interpolating the correlations on either side (Figure 3.2-1). This means that for certain void
fractions in the transition boiling region, two and sometimes three adjacent correlations are combined to
obtain the necessary relations for heat/mass transfer and drag. The exact nature of these transition relations
are found in the appropriate sections describing the correlations in question. The further configuration of
vertical stratification includes a transition region, Section 3.2.1, wherein up to four correlations are
combined to obtain the required constitutive relations.

3.2.2.1 Bubbly-to-Slug Transition. The transition from bubbly flow to slug flow is based on

Taitel, Bornea, and Dukler>1®. The transition is the same as in the horizontal volume flow map, Section
3.1.2.1, except for the additional provision of the effect of small tube diameter.

When the rise velocity of bubbles in the bubbly regime, given by Taitel, Bornea, and Dukler316 as

— 1/4
v, = 1.53[g(pf P )“} (3.2-17)
Pt
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exceeds the Taylor bubble rise velocity, Equation (3.2-16), it is assumed that bubbly flow cannot exist,
since the bubbles will approach the trailing edges of Taylor bubbles and coalesce. As shown in Equation
(3.2-16), the rise velocity of Taylor bubblesis limited by the pipe diameter such that for sufficiently small
D, v1p < Vg,, thereby precluding bubbly flow. Equating vy, and v, yields the critical pipe diameter,

G 1/2
D, = 19.11[—J (3.2-18)
g(pr—py)

bel ow which bubbly flow is theorized not to exist.

In ATHENA, the coefficient in Equation (3.2-18) has been modified to 1/0.045 = 22.22, precluding
bubbly flow for a pipe diameter up to 16% greater than given by Equation (3.2-18). This criterion is
observed down to a void fraction of 0.001 (Figure 3.2-2b). The designation of oagg i, = 0.001 as the
minimum void fraction at which slug flow may exist and the modification to use 22.22 were incorporated
to obtain better agreement with data.322

In ATHENA for bundles, the transition from bubbly flow to slug flow (ogg) is constrained from
being less than 0.25, Thiswas necessary to obtain good results in the devel opmental assessments.

3.2.2.2 Slug-to-Annular Mist Transition. The ATHENA vertical flow-regime map combines
slug and churn flow regimes into a single regime called slug flow. Also, the annular flow regime and the
annular mist regime are combined into a single regime called annular mist flow. (An exception to this
occurs for the annulus component in which strictly annular flow exists with no droplets.) The transition
from slug flow to annular mist flow is derived from the churn to annular flow transition of Taitel, Bornea,

and Dukler31 and Mishima-Ishii®-23

The analyses performed by Taitel et al.31"® and Mishima and 1shii®2** indicate that the annular flow
transition is principally governed by criteria of the form

* o, V, .

= > g 3.2-19
]g |:gD(pf—p ):|1/2 .]g,crlt ( )
Pe
Ku, = (O‘gvg = 2 Kug o (3.2-20)
g0(Pr—Pg
o
Pe

with the first criterion (flow reversal) controlling the transition in small tubes and the second criterion
(droplet entrainment) applying in large tubes. Unfortunately, the data comparisons reported by the authors
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are not sufficient to make a judgment as to the most appropriate values of ]g erie. and Kug crit. However,

M cQuillan and Whalley32532-6 haye compared these transition criteria against experimental flow-pattern
data covering pipe diameters from 1 to 10.5 cm and a wide range of fluid conditions. They considered the
above criteriausing

*

Joerit = 1 (3.2-21)
Kuggit = 32 (3.2-22)

and obtained good predictions of the annular flow boundary in each case, with the first criterion producing

slightly more accurate predictions. On reexamining the flow-pattern data, however, Putney>2 found that
better agreement can be obtained if annular flow is deemed to occur when either criteriais satisfied. It was

also apparent that other values of j;mt and Kug it would not lead to transition criteria having better

agreement with the data. The effect of applying both criteriatogether causes the transition to be controlled
by thefirst criterion in tubes with diameters less than

o 1/2
Dy i = 10.24[—} (3.2-23)
g(pr—py)

and by the second criteria in larger tubes. This is consistent with the theoretical analysis of Mishima and
Ishii and also results in atransition boundary which is continuous in diameter. For steam-water conditions
inthe range 1 to 100 bars, Dy, ji,, in Equation (3.2-23) varies from 2.6 to 1.4 cm.

The above criteria would therefore appear to be the most acceptable for predicting the annular flow
transition in tubes. Although the experimental flow pattern data used in their assessment only covered
tubes with diameters up to 10.5 cm, their theoretical basis makes it reasonable to apply them to pipes with
larger diameters. In addition, there seems to be no reason why they should not provide an adequate
approximation of the annular flow transition in rod bundles. However, thereis no direct proof of this.

The two criterion can be expressed as

. _ 1/2
ol = min{—l-[gD(pf P )J ,1.0} for upflow (3.2-24)
Vg pg
ocﬁm = 0.75 for downflow and countercurrent flow (3.2-25)
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— 1/4
Olei = min{iﬁ[g“(pg P )} ,1.0} . (3.2-26)
Vg pg

The min function is needed to keep the values less than or equal to 1.0.

The term ocim for upflow is from Equations (3.2-19) and (3.2-21), and the term a,;, is from

Equations (3.2-20) and (3.2-22). These criteria have a reasonable physical basis and, in the case of
cocurrent upflow, are well supported by a large body of experimental data. Insufficient data are available
to perform comparisons for down and countercurrent flows. As discussed earlier in this section, the

minimum of ocﬁm and a,;, isused based on Putney’s analysis.

In formulating the criteria, an attempt was made to maintain as much consistency as possible
between the various flow situations. The differencein ocﬁm between upflow and down and countercurrent

flows is unavoidable because the film instability/flow reversal mechanism that can cause a breakdown of
annular flow in upflow is not appropriate when the liquid flows downwards. The absence of this
mechanism leads to more relaxed criteria, and this reflects the preponderance of annular flow in such

situations. The two values of ocﬁm are smoothed using the same weighting function, w;, based on the

mixture superficial velocity that is used for the junction flow regime map (see Section 3.5), with 0.465
replaced by 0.3.

A possible weakness in the above criteria is that, at low vapor/gas velocities, transition to annular
flow may not occur until an unphysically high void fraction is attained, or not at all. Likewise, at high
vapor/gas velocities, the transition could occur at an unphysically low void fraction. To guard against these
situations, the additional requirement is added that the annular flow transition can only occur in the void
fraction range

IA

Oam < O, < OB (3.2-27)

min max

where a.,,, isthe minimum void fraction at which annular flow can exist, and oz IS the maximum void

fraction at which bubbly-slug flow can exist. The final transition criterion used in the code is then
asa = max[oin, min(rip i @53 )] - (3.2-28)

min max

The code uses a,,y = 0.5 and azs = 0.9. For bundles in the code, the minimum void fraction for

annular mist flow (o) is 0.8. This was necessary to obtain good results in the developmental

assessment.
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The size of the transition region between slug and annular mist regimes (Aag = 0.05) is based on
engineering judgment.

3.2.2.3 Transition from Annular Mist Flow to Dispersed Flow. The void fraction (oap)
upon which this transition is coded to take place corresponds to a very high vapor/gas fraction, ag =

0.9999. This vapor/gas fraction was chosen to allow a smooth transition to single-phase vapor/gas flow. In
Figure 3.2-1, MPR stands for pre-CHF mist flow.

3.2.2.4 Post-Dryout Flow-Regimes (Inverted Annular, Inverted Slug, Dispersed
Droplet). When surface temperatures and wall heat fluxes in confined boiling heat transfer situations are
too high to allow surface wetting, inverted flow regimes occur. Inverted regimes are characterized by some

form of liquid core surrounded by an annular vapor/gas blanket.321

A series of studies have begun an investigation into the nature and the controlling parameters of

inverted flow-regimes including that of De Jarlais and |shii®21, They report that upon reaching CHF,
bubbly flow transitions to inverted annular, dSug/plug flow becomes inverted slug, and
annular/annular-mist flow losesits annular liquid film and becomes dispersed droplet flow (Figure 3.2-3).

Inverted annular Inverted slug Dispersed droplet
- U P . *
°oo
K _: .' o O . . .
CHF | : @ AN ol CHF
[e) - *
o o < o Ooou < o : o
0. O, o o o _o %% ° o
o ° O@ 9 o © q
o o o © ° o
(] O o O
O o © o o
o q o
(@] ] le) o o
o o) e} O o O O ° o
o) I
Bubbly Slug Annular or
annular mist

Figure 3.2-3 Flow-regimes before and after the critical heat flux (CHF) transition.

De Jarlais and Ishii®?! recommend that initial ly-inverted annular/initialy-inverted slug and
initialy-inverted slug/initially-dispersed droplet transitions be based on the same criteria as their pre-CHF
counterparts (bubbly-slug and slug-annular, respectively). The correspondence between pre- and post-CHF
transitions is observed, as shown in Figure 3.2-1. In Figure 3.2-1, MPO stands for post-CHF mist flow.
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A further transition region between pre-CHF and dryout where the surface is neither fully wet nor
fully dry (analogous to transitional pool boiling) is present in the vertical flow-regime map. While boiling
under flowing conditionsis not the same as pool boiling, such atransitional regime seems appropriate.

3.2.2.5 Vertically Stratified Flow. The vertically stratified flow regime is designed to apply to
situations where the flow in a vertical conduit is so slow that an identifiable vapor/gas-liquid interface is
present. The vertical stratification model is not intended to be a mixture level model. The restriction that
the average mixture velocity v,, be less than the Taylor bubble rise velocity represents the first
requirement, since any large bubbles would have risen to the vapor/gas-liquid interface maintaining the
stratified situation. Thisis given asfollows:

Vm < V1b

or

0P|V + oupiVy _ 0,35[g1m&>}” _ (3.2-29)
Pm P

The second requirement consists of several criteria involving the axial void profile in three
contiguous cells. Using Figur e 3.2-4, the criteriaare

A 1

Figure 3.2-4 Three vertical volumes with the middle volume being vertically stratified.
Otg’L > 0.7

and

Otg’L - (lg’K > 0.20r (Xg,K - Otg,| >0.2 . (32‘30)
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These two criteriaare the default level-detection logic for anormal profile from TRAC-B.30-1:30-3 5
third criteriais

agL - og > 02 . (3.2-31)

In addition, the following two criteria, which were also present in RELAP5/MOD?2, are used:

(X,g’| i(Xf’K iocg’L (32-32)
and
10° < ogk < 0.99999 . (3.2-33)

The first criterion helps ensure that only one volume at a time in a stack of vertical volumes is
verticaly stratified. If the top volume (L) isdead end, avalueof oy =1.0isused inthe abovelogic. If the

top volume (L) is horizontal, the void fraction o,y of this volumeis used. The second criterion effectively
precludes an essentially single-phase flow from inappropriately being labeled stratified.

If more than one junction is connected to the top, the volume above with the smallest void fraction
will be treated as the “above volume;” if more than one junction is connected to the bottom, the volume
below with the largest void fraction will be treated as the “below volume.”

3.2.3 Effects of Scale

It has been postul ated that a maximum diameter exists for vertical flow of individual dispersed phase
drops/bubbles in a continuous phase, precluding the existence of slug flow as it is usualy defined.

K ocamustafaogullari, Chen, and 1shii®?® have derived a unified theory for the prediction of maximum
fluid particle size for drops and bubbles. They developed a simple model based on the hypothesis that fluid
particle breakup will occur if the rate of growth of a disturbance at the dispersed phase/continuous phase
interface is faster than the rate at which it propagates around the interface. They show that the same theory
is applicable to liquid in liquid, droplets in vapor/gas, and bubbles in liquid, and show a broad range of
experimental data compared to their theoretical predictions with reasonably good results. This theory
suggests that there will exist ranges where bubbles cannot coalesce to form slugs that are as large as the
pipe diameter, thus preventing transition from bubbly to slug flow.

Some experimental evidence for large pipes also appears to support the above theory. Air-water flow
experiments conducted by Science Applications Incorporated Corporation (SAIC) indicated that slug flow
was unable to form in a0.305-cm vertical pipe; rather, atransition from bubbly to bubbly/churn-type flow

with strong local recirculation patterns took pl ace.329 The criteria used for pipe correlations for interphase
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drag in the code is 0.08 m, i.e., for diameters greater than 0.08 m, slug flow correlations are not used in
pipes. Thisisdiscussed in Section 6.
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3.3 High Mixing Volume Flow Regime Map

3.3.1 Map as Coded

The high mixing flow regime map is included in ATHENA to account for flow through pumps and

compressors. Figure 3.3-1 illustrates the map, which consists of bubbly and dispersed flow with a
transition between them. The transition consists of weighted combinations of bubbly and dispersed
correlations, which are described in detail in the sections above. The map is based purely on void fraction,
with bubbly flow occurring below or equal to 0.5 and dispersed flow above or equal to 0.95.
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Figure 3.3-1 Schematic of high mixing flow regime map.

3.3.2 Map Basis and Assessment

The upper limit for bubbly flow of oy = 0.5 is based on Taitel, Bornea, and Dukler’ 5316 postulate

discussed in Section 3.1.2.1. In the absence of definitive data, this is a reasonable postulate, since vigorous
mixing takes place in the pumps and compressors. The transition to dispersed flow is consistent with

Wallis, 31 who presents data indicating that only dispersed flow exists above ag ~ 0.96. (See Section

3.2.2.2 for further discussion.) The use of atransitional region between bubbly and dispersed flow rather
than including a slug flow regime is appropriate, since the highly mixed nature of flow in the pump or
compressor would disallow large vapor/gas bubbles from forming.

3.3.3 Reference

3.3-1. G.B.Wadlis, One-dimensional Two-phase Flow, New Y ork: McGraw-Hill, 1969.

3.4 ECC Mixer Volume Flow Regime Map

Prior to the introduction of the ECC mixer (ECCMIX) component, ATHENA included the three
previousy discussed flow regime maps, as described in the RELAP5/MOD2 manual®*?1 and in the
RELAP5/MOD2 models and correlations report.3'4'2 None of those, however, would apply specificaly to
the condensation process in a horizontal pipe near the emergency core coolant (ECC) injection point. A
flow regime map for condensation inside horizontal tubes is reported by Tandon et al.3*3 and it was
considered a more suitable basis for the interfacial heat transfer calculation in condensation for this
geometry. According to Reference 3.4-3, the two-phase flow patterns during condensation inside a

horizontal pipe may be identified in terms of the local volumetric ratios of liquid and vapor/gas, 1-o :
Otg

. 1/2 ]

and the nondimensional vapor/gas velocity, v, = [MJ . Here, Xjon = flow quality =
gDpy(pr=p,)

— %ePe¥s  gnd G =massflux = agPgVg + aspVs. ThUs X10yG = agpgvy. Theterm D isthe diameter

agpgvg + OlePVy
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of the channel. The flow pattern transition boundaries are presented in terms of the volumetric ratio on the
abscissa and v; on the ordinate. The condensation flow regime map of Tandon et al., Reference 3.4-3,

does not include any zone for bubbly flow; the existence of a bubbly flow regime at very low void
fractions cannot be logically excluded, particularly in a highly turbulent liquid flow. For this reason, a
region of bubbly flow was included for void fractions less than 20% (a4 < 0.2). Furthermore, to protect
against failure of the numerical solution, it is necessary to specify some reasonable flow patterns for every
combination of the volumetric ratios and v, , and to include transition zones around some of the boundaries

between different flow patterns. The transition zones are needed for interpolation between the calcul ated
values of the correlations for the interfacial heat transfer and friction that apply for the different flow
patterns. These interpolations prevent discontinuities that would exist otherwise and could make the
numerical solutions very difficult. With these considerations, the flow regime map of Reference 3.4-3 was
modified, as shown in Figure 3.4-1. The modified condensation flow-regime map comprises eleven
different zones that include six basic patterns and five interpolation zones. Table 3.4-1 shows alist of the
basic flow patterns and the interpolation zones for the ECCMIX component, with their acronyms and flow
regime numbers, that are printed out in the ATHENA output.

Table 3.4-1 List of flow regimesin the ECCMIX component.

Flow
regime Flow regime Acronym Remarks
number?!
162 Wavy MWY Basic pattern
17 Wavy/annular mist MWA Transition between wavy and
annular mist flows
18 Annular mist MAM Basic pattern
19 Mist MMS Basic pattern
20 Wavy/slug MWS Transition between wavy and
slug flows
21 Wavy/plug/slug MWP Transition between wavy,
plug, and slug
22 Plug MPL Basic pattern
23 Plug/slug MPS Transition between plug and
slug
24 Slug MSL Basic pattern
25 Plug/bubbly MPB Transition between plug and
bubbly
26 Bubbly MBB Basic pattern
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1. Flow regime numbers 1 through 15 are used in ATHENA for flow patternsin other

components.
*>c” 102§
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o 1L
o 10k
> —
§5 _ Annular mist (MAM) vz XnowG
g 10°¢ NEDP(Pr=py)
< F
@ C Slug
‘D r
5 Wavy (MWY)
= L[ Bubbly (MBB)
a 107g
- Plug
B (MPL)
0—3 Lol ool L1l Lol Lol ool
0.001 0.01 0.1 1 10 100 1,000
Liquid-to-vapor/gas volumetric ratio, I -a
o

g

Figure 3.4-1 Schematic of ECC mixer volume flow regime map (modified Tandon et al.343).

The variable names that are used in the coding for the coordinates of the condensation flow regime
map are

voider = L= % (3.4-1)

stargj = V; = XowG . (34-2)

[gDp,(pi—py)]"°

In the coding, Xy ,G is determined by averaging a.gpgvg for junctions 2 and 3, where it is assumed
thereis no vapor/gasin junction 1 (ECC injection junction).

In terms of these variables, the different zones of the flow regime map are

If voider > 4.0, bubbly flow, MBB
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If 3.0 < voider < 4.0 and stargj < 0.01, transition, MPB

If 0.5 < voider < 4.0 and stargj > 0.0125, slug flow, MSL

If 0.625 < voider < 4.0, and 0.01 < stargj < 0.0125, transition, MPS

If 0.5 < voider < 3.0, and stargj < 0.01, plug flow, MPL

If 0.5 < voider < 0.625, and 0.01 < stargj < 0.0125, transition, MWP

If 0.5 < voider <0.625, and 0.0125 < stargj < 1.0, transition, MWS

If voider < 0.5 and stargj < 1.0, wavy flow, MWY

If voider < 0.5, and 1.0 < stargj < 1.125, transition, MWA

If voider < 0.5, and 1.125 < stargj < 6.0, annular mist, MAM

If voider < 0.5, and stargj > 6.0, mist flow, MMS.

In the coding, each one of these regions is identified by a flow pattern identification flag, MFLAG,
whose value varies from 1 for wavy flow to 11 for bubbly flow. The flow regime number in Table 3.4-1is

MFLAG + 15.

In addition to the transition zones that are shown in Figure 3.4-1 and listed in Table 3.4-1, there are
two other transitions, namely,

. Transition between wavy and plug flows.
. Transition between annular mist and mist (or droplet) flows.

Interpolations between the interfacial friction, interfacial heat transfer, and the wall friction rates for
these transitions are performed through the gradual changes in the interfacial areain the first case and the
droplet entrainment fraction in the second case. Hence, there was no need for specifying transition zones
for these on the flow regime map.

3.4.1 References

34-1. V. H. Ransom et a., RELAP5/MOD2 Code Manual, NUREG/CR-4312, EGG-2396, Idaho
National Engineering Laboratory, August 1985 and December 1985, revised March 1987.

3.4-2. R.A.Dimennaet a., RELAP5/MOD2 Models and Correlations, NUREG/CR-5194, EGG-2531,
Idaho National Engineering Laboratory, August 1988.
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34-3. T.N. Tandon, H. K. Varma, and C. P. Gupta, “A New Flow Regime Map for Condensation
Inside Horizontal Tubes,” Journal of Heat Transfer, 104, November 1982, pp. 763-768.

3.5 Junction Flow Regime Maps

The junction map is based on both junction and volume quantities. It is used for the interphase drag
and shear, as well as the coefficient of virtual mass. The flow regime maps used for junctions are the same

as used for the volumes and are based on the work of Taitel and Dukler,314:3-15 |ghjj 311 and Tandon et
a .3.4-3

Junction quantities used in the map decisions are junction phasic velocities, donored (based on phasic
velocities) phasic densities, and donored (based on superficial mixture velocity) surface tension.

*

o is calculated from either of the volume void fractions of the

The junction void fraction, o

neighboring volumes, oy i OF ayg , using adonor direction based on the mixture superficial velocity, jp,,. A

cubic spline weighting function is used to smooth the void fraction discontinuity across the junction when
iml < 0.465 m/s. The purpose of this method is to use a void fraction that is representative of the real

junction void fraction. Thisis assumed to have the form

oc;j =wjea,x+t(l—-w)ea, (351
where
w = 1.0 jm > 0.465 m/s
= x; (3-2x9) -0.465 m/s < j,, < 0.465 m/s
= 0.0 jm < -0.465 m/s (3.5-2)
X - % (35-3)
Im = g Vg it O Ve (3.5-9)

For horizontal stratified flow, the void fraction from the entrainment/pullthrough (or offtake) model
is used. The case of vertical stratified flow will be discussed in Section 6.1.3.8. The junction mass flux is
determined from

323 INEEL-EXT-98-00834-V4



ATHENA/2.3
Gj = Gy Py il Ve il +0siPejlvesl - (35-5)

The methods for calculating a., ; and G; are the same ones that are used in TRAC-B.3>1353353

Aswith the volumes, four junction flow regime maps are used. They are a horizontal map for flow in
pipes,; avertical map for flow in pipes/bundles; ahigh mixing map for flow in pumps and compressors; and
an ECC mixer map. These will not be discussed in any detail because they are similar to the volumes flow
regime maps. The decision of whether a junction is in the horizontal or vertical junction flow regime is
done dlightly differently than for a volume. The junction inclination (vertical) angle is determined from
either of the volume inclination (vertical) angles, ¢x or ¢, based on input by the user using a donor
direction based on the mixture superficial velocity, j,,. The formula used is similar to that used for the
junction void fraction; however, it uses the sine of the angle. It is given by

sin (I)J = stm (I)K+(1-Wj) sne, . (3.5-6)

The vertical flow regime map is for junctions whose junction inclination (vertical) angle ¢; is such
that 60 < |¢;| < 90 degrees. The horizontal flow regime map is for junctions whose junction inclination
(vertical) angle ¢; is such that 0 < |¢;| < 30 degrees. An interpolation region between vertical and horizontal
flow regimes is used for junctions whose junction inclination (vertical) angle ¢; is such that 30 < |¢;| < 60

degrees. This interpolation region is used to smoothly change between vertical and horizontal flow
regimes.

3.5.1 References

35-1.  W.L.Weaver et a., TRAC-BF1 Manual: Extensions to TRAC-BD1/MOD1, NUREG/CR-4391,
EGG-2417, Idaho National Engineering Laboratory, August 1986.

352. M.M.Gileseta., TRAC-BF1/MOD1: An Advanced Best Estimate Computer Program for BWR
Accident Analysis, NUREG/CR-4356, EGG-2626, |daho National Engineering Laboratory, June
1992 and August 1992.

35-3. S Z. Rouhani et a. TRAC-BFI/MOD1 Models and Correlations, NUREG/CR-4391,
EGG-2680, Idaho National Engineering Laboratory, August 1992.
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4 Closure Relations for the Fluid Energy Equations

The one-dimensional nature of the field equations for the two-fluid model found in ATHENA
precludes direct simulation of effects that depend upon transverse gradients of any physical parameter,
such as velocity or energy. Consequently, such effects must be accounted for through algebraic terms
added to the conservation equations. These terms should be based on correlations deduced from
experimental data for their representation, or on models developed from sound physical principles. Some
of the correlations used in ATHENA, however, are based on engineering judgment, due partly to the
incompleteness of the science and partly to numerical stability requirements. A significant effort has gone
into providing smooth transitions from correlation to correlation as conditions evolve to prevent numerical
instability.

The assessment of the heat transfer correlations used to provide closure for the energy equations is
complicated by the detailed nature of the correlations themselves. In general, each correlation is designed
to represent energy transfer under a specific set of thermal-hydraulic and thermodynamic conditions, and
each istypically measured for afairly limited range of those conditions. A determination of accuracy may
be available for the developmental range of parameters, but an extension of the accuracy estimate outside
that range is difficult at best, and perhaps impossible mathematically. This situation is especially evident in
Section 4.2, which addresses the wall heat transfer correlations. By treating each correlational model
individualy, a critical reviewer might generally conclude that the database over which the model was
developed does not apply directly to reactor geometries or thermal-hydraulic conditions. If left at this
stage, a conclusion of inadequacy could be reached. Y et the correlations have, in genera, enjoyed afairly
widespread utilization and have shown at least a qualitative applicability outside the documented data
range for which they were developed. The use of any given heat transfer correlation, either directly or in a
modified form, then becomes an engineering judgment, and the application to reactor conditions becomes
an approximation to the expected reactor behavior. When viewed in this context, the use of integral
assessments, which inherently measure a global response rather than a local response, becomes more
meaningful.

4.1 Bulk Interfacial Heat Transfer

In ATHENA, the interfacial heat transfer between the vapor/gas and liquid phases in the bulk
actually involves both heat and mass transfer. Temperature-gradient-driven bulk interfacial heat transfer is
computed between each phase and the interface. The temperature of the interface is assigned the saturation
value for the local pressure. Heat transfer correlations for each side of the interface are provided in the
code. Since both superheated and subcooled temperatures for each phase are alowed, the heat transfer may
be either into or away from the interface for each phase. All of the thermal energy transferred to the

interface from either side contributes to vaporization as it is used to compute the mass transfer I'y4 to the
vapor/gas phase. Conversely, al of the heat transfer away from the interface contributes to condensation,
since it is used to compute the mass transferred to the liquid phase (-I'jg). In other words, the cases of

superheated liquid and superheated vapor/gas contribute to vaporization, while both subcooled liquid and
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subcooled vapor/gas contribute to condensation. The net rate of mass transfer is determined by summing
the contributions, positive and negative, from each side of the interface.

The form used in defining the heat transfer correlations for superheated liquid (SHL), subcooled
liquid (SCL), superheated vapor/gas (SHG), and subcooled vapor/gas (SCG) is that for a volumetric heat
transfer coefficient (W/mBK). Since heat transfer coefficients are often given in the form of a
dimensionless parameter (usually Nusselt number, Nu), the volumetric heat transfer coefficients are coded

H;, = li'? Nu a,; = h;,a,, (4.1-1)
where

Hip = volumetric interfacial heat transfer coefficient for phase p (W/m3-K)

Kp = thermal conductivity for phase p (W/meK)

L = characteristic length (m)

agf = interfacial area per unit volume (m%m?3)

hip = interfacial heat transfer coefficient for phase p (W/mZ-K)

p = phase p (either f for liquid for g for vapor/gas).

Individual correlations for heat/mass transfer are fully detailed in Appendix 4A. Expressions for the
cases of SHL, SCL, SHG, and SCG are given for each flow regime recognized by the code. The flow
regimes are those cataloged in Section 3. The following section discusses the relationship between the
coded correlations and the literature, the stabilizing and smoothing features built into the code, and
assessments (when possible) of the validity of the expressions for operating conditions typical to nuclear
reactors. The methods employed to smooth transitions amongst flow regimes are given in Appendix 4A
and are discussed herein. Furthermore, the techniques used to incorporate effects due to noncondensable
gases are presented and discussed. Reference should be made to the flow-regime mapsin Section 3 to help
clarify Appendix 4A and the discussion to follow hereafter.

When one of the phases is superheated, the other phase is alowed to be either superheated or
subcooled. Likewise, if one of the phases is subcooled, the other phase is allowed to be either superheated
or subcooled.
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4.1.1 Flow Regime Correlations

Flow regime correlations are shared amongst the four flow regime maps (horizontal, vertical, high
mixing, and ECC mixer) for flow regimes identified by the same names.

4.1.1.1 Bubbly Flow. In bubbly flow, the bubbles are viewed as spheres. If the liquid temperature
is between one degree K subcooled and one degree K superheated, the final liquid coefficient Hjs is the

result of a cubic spline interpolation between the superheated and subcool ed result.

4.1.1.1.1 Bubbly Superheated Liquid (SHL, T; > T°)--

Model as Coded
— ?QATSf%P—fB Plesset —Zwick
H;; = {max b T Peliry + O~4|Vt+ pfcpfFl (ang2F3) (4.1-2)
?(2.0 + O.74Reg'5) modified Lee —Ryley .
b
otherwise
= 0.0 ifag=0and AT >0
where
ATSf = TS- Tf
Re, — (1 — ) PrVigdy _ We o(l —apu)
e ) 172
“'f(vfg)
Wec = max(We o, 1019
d = average bubble diameter (= %dmax)
= Weo we=s,
PVig
B = 1.0 for bubbly flow
ayf = interfacial area per unit volume
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_ 3.60u;
d,

Opub = max (Otg, 10_5)
Vig = relative velocity = v - v¢ ag> 107

= relative velocity = (Vg - Vg ag10° ag<10°
o= ma [ e

prmin(D’ayy, D)

D = hydraulic diameter
D’ = 0.005m for bubbly flow

_ min(0.001, o)
F =

Olpub

_ min(0.25, ay,p,)

F, = =2 Thub)
Olpub

F3 = 1 ATg<-1

= max [OO, F4 (1+ATSf) - ATSf] -1< ATSf <0

= max (0.0, Fy) AT4>0
F, = min [10°, ag (1 - X,)] (10°)
Xn = noncondensable quality.

Model Basis and Assessment

The Nusselt number upon which the volumetric heat transfer coefficient Hjs is based for SHL bubbly

flow is coded to be the maximum value produced by one of two correlations. The first correlation is

derived from an equation determined analytically by Plesset and Zwick,*11

rate of abubbleradius, eg.,

which represents the growth
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gy = — ST (4.1-3)
ot ™2
hfg pg(T)
where
I = time rate of change of bubble radius (m/s)
ATy = liquid phase superheat (K) (= T; - T9)
o = thermal diffusivity of liquid (m2/s)
Ks = thermal conductivity of liquid (W/meK)
hrg = latent heat of vaporization (Jkg)
Pg = vapor/gas density (kg/m°)
Cpt = specific heat of liquid (JkgeK).

4.1-2

According to Collier, the solution to Equation (4.1-3) is

172
= 20T 3 14
hgp, ‘o

Upon replacing the thermal diffusivity by its definition, substituting Equation (4.1-4) in Equation
(4.1-3), and rearranging, one obtains

2
f = 6kfprEf(ATsat) . (4.1-5)

b
Iy,
Asthe bubble grows, there is positive mass transfer I'ig to the vapor/gas phase given by

2.,
]—‘ig = Bgmv (41-6)
\%

whereV isthe volume.

4-5 INEEL-EXT-98-00834-V4



ATHENA/2.3
I'jg can also be given in terms of a heat transfer coefficient as

- = WAT, (4ary)

4.1-7
o = BT (417

where hy, is the heat transfer coefficient (W/mzK). Defining a Nusselt number for heat transfer to the
growing bubble,

_ 2r,hy

N 4.1-8
Up K ( )
and combining Equations (4.1-5) through (4.1-7), one obtains
12
— pfcpfATsat
Ny, = Z—— . (4.1-9)

pghfg

The original bubble growth rate equation of Plesset and Zwick, Equation (4.1-3), and hence Equation
(4.1-9) (which isused for Hj) is based on several assumptions. These are

1 The bubble remains spherical throughout its growth.

2. Radial acceleration and velocity of the interface are small.

3. Tranglational velocity of the bubble isnegligible.

4, Compressibility and viscous effects are negligible.

5. The vapor within the bubble has a uniform temperature and pressure egual to those of the
interface.

The authors, Plesset and Zwick,*** indicate that for a superheat of 10 °C for bubble growth in water,
negligible error in their theoretical estimate of bubble growth results from translational bubble velocity
(due to buoyancy) for bubble radii up to 1 mm. They further indicate that the heat transfer coefficient to the
bubble will increase for non-negligible bubble velocity. Since the study of Plesset and Zwick is apparently
for pool boiling, it seems appropriate to use relative velocity (as ATHENA does) rather than absolute
bubble velocity.
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To account for the increase in Nuy, due to a significant bubble relative velocity, ATHENA employs a

second correlation deduced by Lee and Ryley*1-3 (but modified in ATHENA); the original correlation
from Reference 4.1-3is:

Nu, = 2.0 +0.74Rey Pr'”° . (4.1-10)

The Prandtl number dependence has been dropped in ATHENA. At typical operating conditions
(Appendix 4B), the Prandtl number is Pr = 0.98, which represents less than a 1% error for Equation
(4.1-10).

Lee and Ryley derived their correlation, Equation (4.1-10), by observing the evaporation rate of a
water droplet suspended from a glass fiber into a superheated steam flow. The ranges of variables for
which the correlation is fitted are (a) droplet Reynolds number 64 - 250, (b) superheated steam pressure
14.7 - 29 psig, (c) superheat 5 - 61 °F, and (d) steam velocity 9 - 39 ft/s. The data, as plotted by Reference
4.1-3, fall within + 20% of the correlation. The form of Equation (4.1-10) is not original with Lee and
Ryley; Frossling*1* and Ranz and Marshall*1™> each fitted similar equations to their respective data,
obtaining coefficients of 0.552 and 0.6, respectively (as compared to 0.74). Kreith*1-6 compiles data from
several sources for forced convective heat transfer to spheres ranging from 0.033 to 15 cm in diameter for

droplet Reynolds numbers ranging from 20 to 10°. For the range of Re above that employed by Lee and

Ryley (250 - 10°), Equation (4.1-10) isin excellent agreement with the data plotted in Refer ence 4.1-6. Al
of the data plotted by Kreith are for atmospheric or near-atmospheric pressures.

There are several additional limitations of the data upon which Lee and Ryley based their correlating
equation. The most obvious is that they measured droplet evaporation and not bubble growth. Since their

correlation also holds for forced convective heat transfer over a sphere,”“l'6 however, it seems that it
should apply to a spherical bubble. Bubbles in bubbly flow, of course, deform significantly, especialy as
they get bigger, raising questions as to the overall validity of Equation (4.1-10) for bubbly flow. A further
significant complication is the presence of turbulence in the flow. Thisis not the case for the range of Re

plotted in Kreith,*1® since laminar flow prevails below droplet Reynolds numbers of 10° and since,
presumably, care was taken to minimize free stream turbulence from those flows. Finaly, the pressures at
which the aforementioned data were taken are far below typical reactor operating pressures, bringing
additional doubt to the viability of Equation (4.1-10) for typical operating conditions.

Additional smoothing functions have been added to Hj; for SHL bubbly, as indicated in Appendix
4A. The additive term 0.4)v¢|psCpxF, is included to represent enhanced nucleation effects at low void
fraction following the pressure undershoot seen in experiments. This results in the pressure rise. Here, the

Stanton number of 0.4 was arrived at during the developmental assessment*17 of RELAP5/MOD2 for test
problems that exhibit an undershoot (i.e., Edwards Pipe, Marviken, GE Level Swell). F; decreases from

1.0 at avoid fraction of 10" which reduces the effect of this term. Function F, serves to diminish Hi for a
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void fraction between 0.25 and 0.5, although the opposite would seem to be in order since it is assumed
(see Section 3.1.2.1) that bubbly flow can exist above og = 0.25 only if vigorous turbulent diffusion is
present. Such diffusion should act to enhance the heat transfer. Function F3 smoothly ramps on H;s during

the first 1 degree K period of liquid superheat; there is no nucleation temperature criteria. The ramping of
F3 alows the pressure undershoot to occur. Function F, relates to effects of noncondensables at low void

fraction. It is noted that no minimum bubble diameter is specified in the code, although a maximum oneis

(d max = Minimum of hydraulic diameter D and 0.005a,/; ).

Interfacial Area

Specification of the volumetric heat transfer coefficients Hi¢ and Hig requires an estimate of the

interfacial area per unit volume ag. Wallis**"® gives a detailed description of how the interfacial area per

unit volume for aspray of droplets can be found. An adapted version of Wallis' sdiscussion is given below,
since ATHENA usesit for bubbly flow and dispersed (droplet, mist) flow.

A distribution for droplet diameter for a spray in the form of a probability density function and based

on amodel deduced by Nukiyama and Tanasawa*1? is given as
pr(d*) = ddr? e (4.1-11)
where

p* = d'p(d) isthedimensionless probability function

p = probability of adrop having diameter between d and d + &d

d* = dimensionless droplet diameter = d/d’

d’ = most probable droplet diameter (m)

d = droplet diameter (m).

The Sauter-mean diameter, dg,,, can be computed from p*(d*). A droplet having the Sauter-mean
diameter has the same area-to-volume ratio as the entire spray (that is, total surface area of the droplets
versus the total volume of the droplets). One can write*1-8
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]‘id3p(d)dd

d =0

o = L (4.1-12)
j d’p(d)dd
0

Incorporating Equation (4.1-11) and writing in dimensionless form, one has

j d*’ e dd*

e
dsm_Oc .

j d*e?¥ qdx

0

(4.1-13)

The improper integralsin Equation (4.1-13) can be evaluated in terms of the gamma function giving

[(6)
6 5
=2 =22 -3 (4.1-14)
L(5)  412° 2
25

2
Aw| 0w _ 6 (4.1-15)
Vsm drop 7—.cd3 dsm
6 sm
Now &y can be written
Ain erfacia — Ain erfacia
gy = —erlial = Cporlecy (4.1-16)
unit volume drops
Olg
but
Asm - Aintcrfacial
Vsm drop VdTOPS
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from the definition of Sauter-mean diameter. Hence, one can rewrite Equation (4.1-16) as

6o _ 6042 240
e kR o (@17
where Equation (4.1-14) has been used.
The dimensionless mean droplet diameter d, = d,/d’ can be found from*110
d, = j d*p*(d*)dd* . (4.1-18)

The lower limit of the integral in Equation (4.1-18) can be set to zero since a negative diameter is
meaningless. Substituting p*(d*) from Equation (4.1-11) into Equation (4.1-18) and integrating, one
obtains

d; = 41 = % (4.1-19)
Combining Equations (4.1-17) and (4.1-19), one obtains
Ay = 3'd6af (4.1-20)

It remains to specify the mean droplet diameter, dy, in order to find ay. Thisis done by assuming that
dy = (1/2) dia @nd using the critical Weber number defined by

2
Wecm — pc(vg_vf) dmax (41_21)

(e}

where p,. is the density of the continuous phase.

Before a value for d,,4 can be calculated from Equation (4.1-21), the value for critical We for
droplet break-up must be specified. A similar Wej; for maximum bubble size in bubbly flow can also be

specified.*18
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The values used in ATHENA for We,j; for pre-CHF droplets, post-CHF droplets, and bubbles are 3,
12, and 10, respectively. (In the code itself, Wej; is given in terms of d, rather than dy,,,, with values
givenas 1.5, 6.0, and 5.0, respectively.) Note that the relative velocity, Vi, used to find the bubble size (dy)

results in a maximum bubble size (minimum of 0.005a,.: and hydraulic diameter D).

Although Equation (4.1-20) for interfacia area has been derived for droplet flow, it is used in
ATHENA for bubbly flow aswell.

In assessing the determination of the volumetric interfacial area, 3yt it must be remembered that the

final result depends upon the fluid properties and three intermediate results: (a) the particle diameter
distribution function used to compute the Sauter-mean diameter, (b) the relationship between dg,, and

dmax: @d () the values used for Wej;, which determine the maximum particle size. While the particle

diameter distribution is based on Nukiyama and Tanasawa,*1-° the choice of d, = d%“ is an assumption.

While there appears to be considerable variation in the parameters used to compute ay, the combination
gives, for ATHENA,

2
agr = igﬁx_g = 0_729&&&&’:_&2_’ bubbles
o c
_ 360 _ b, 0upu(Ve—vy) 4.1-22
=3 24 - , pre-CHF droplets (4.1-22)
_ 360 _ o 0up(V,— V)
=== 0.6—=2—=2——= post-CHF droplets

In arriving at the combination of parameters that produces Equation (4.1-22) , RELAP5/MOD2 developers
set the critical Weber number such that reasonable drag forces (which depend on drag coefficients and a)

would be predicted in order to simulate data from several separate effects tests.*1 74111 Further
discussion regarding these development effortsis given in the section on interfacia drag, Section 6.1.

In summary, the determination of volumetric interfacial area ay for ATHENA is based partly on
published theory/experiment and partly on tuning related parameters to fit RELAP5/MOD2 simulations of
separate-effects test data. One of the separate-effects tests used was the Edwards pipe blowdown, and
comparisons of data and calculations for pressure and void fraction for this test are shown in Reference
4.1-7. This calculation uses the bubbly superheated liquid interfacial heat transfer coefficient Hjs.
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4.1.1.1.2 Bubbly Subcooled Liquid (SCL, T; < T®)--

Mode! as Coded
H; = ELELT AT (modified Unal and Lahey) (4.1-23)
Pr—Pyg
where
Pr-Pg = max (pf - pg, 107 kg/m?)

F3, apyp as for bubbly SHL

1
®s

Fs = 0.075 A > 0.25

1

= 1.84C exp(-45aupp) +0.075 - Opyp < 0.25
s
C = 65.0 - 5.69 x 107 (P- 1.0 x 10°) = P<1.1272x 10° Pa
o5
9
= 2ox10°_1 P> 11272 x 10° Pa
pl48 Kes

P = pressure (Pa)
) = 1.0 lv¢| < 0.61 m/s

= (1.639344 |v¢|)>47 Ive| > 0.61 m/s.

Model Basis and Assessment

Unal*112 gives the heat transfer coefficient for condensation at a bubble interface for subcooled
nucleate flow boiling as

p = _Cohed (4.1-24)

Z(L _L)
Pe P
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where
() = 1 vf <0.61 m/s
A% 0.47
= —L vs > 0.61 m/s
0.61
c = 65 - 5.69 x 10°° (P - 10) KL 105<P<10°Pa
eSS

1

10°<P<17.7x 10 Pa
Kes

0.25 x 10'0 p1418

and d isthe bubble diameter. The term ¢ is Unal’ s velocity dependent coefficient, and C isUnal’ s pressure
dependent coefficient. The volumetric heat transfer coefficient Hjs is found by multiplying h by the

volumetric interfacial area, ay, Equation (4.1-22) . At the same time, Equation (4.1-22) provides an
expression for the average bubble diameter that can be used for d in Equation (4.1-24).

Hence, one can write

_ Cohy,da,; _ 3.60,Cohy, _ 1.8a,Cohe,pip,
of
2(l_l) z(l_l) Pr— Py
pPg P pPg P

Unal specifies the ranges for which his correlation fits the experimental data: (a) pressure, 0.1 - 17.7
MPaq, (b) heat flux, 0.47 - 10.64 MW/m?, (c) bulk liquid velocity, 0.08 - 9.15 m/s, (d) subcooling, 3 - 86 K,
(e) maximum bubble diameter, 0.08 - 1.24 mm, and (€) maximum bubble growth time, 0.175 - 5 ms. The

assumptions made by Unal appear to be quite reasonable and supportable, except that the function C has a
41-12

H, = ha (4.1-25)

discontinuity (factor of 2) at P = 1 MPa. Examination of Unal’s paper and discussions with Unalt
indicated that the part 0.25 x 101° P1418 jn the function C was obtained from Equation (12) in Unal’s
paper*112 by assuming Unal’s term o = 1 for 1 x 10° < P < 17.7 x 10° Pa. This was done because Unal
indicates that the dry area under the bubble disappears at ~ 1 MPa. Unal also indicates that the part 65 -

5.69 x 10°° (P-10x 10'5) in the function C is determined by linear interpolation and extrapolation using
values found from C for experiments at 0.17 MPaand 1 MPa. If one uses both parts of the function C but
assumes the dry area under the bubble disappears at 1.1272 MPa, then the function C is continuous to three
significant places.*113 This referenced modification, which was approved by Unal, is used in ATHENA
to remove the discontinuity.

1. Personal communication, H. C. Unal to R. A. Riemke, February 1992.
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The 0.075 term in Fs is the term used by Lahey*1 4 for the interfacial condensation in conjunction
with his subcooled boiling model. The smoothing factor [exp(-45a,,)] between the modified Unal and the
Lahey models was arrived at during the RELAP5/MOD2 developmental assessment.*-7

4.1.1.1.3 Bubbly Superheated Vapor/Gas (SHG, Ty > T5)--

Model as Coded
Hig = hig Fe F7 ag (4.1-26)
where

hig = 10* W/m2-K

3yr as for bubbly SHL

Fe = [1+mn (200 + 25n)], n = [max (-2, ATgy)|

ATy = TS- T,

K, _ max (o, 107)

max(a,, 10_9) .

Model Basis and Assessment

The volumetric heat transfer coefficient, H;g, for bubbly SHG is based on an empirical correlation.
The vapor/gasinterfacial heat transfer coefficient h;g = 10* W/m?-K, is chosen to be large in order to bring
the vapor/gas temperature rapidly toward the saturation temperature. Reference 4.1-15 indicates that a

value of 10* W/m?-K is a reasonable condensation heat transfer coefficient to use for bubbles. Reference
Reference 4.1-15 documents direct contact condensation experiments of saturated steam bubbles in

quiesent subcooled water; thus, the value 10* W/m2-K quoted in the reference would normally be used for
the liquid interfacial heat transfer coefficient hj;. As discussed in Section 4.1.1.1.2, the code instead uses
the modified Unal and Lahey models for h;;. The value 10* W/m?-K is used in the code for hig sinceit is
representative and it is large. Function Fg, Appendix 4A, enhances this tendency, especialy as ATg,
increases in magnitude. Function F; improves numerical stability for low void fractions. The
determination of volumetric interfacia area, 3yt is discussed in Section 4.1.1.1.1. There is room for
improving the determination of Hq for this case, although to the best of our knowledge, this might require
further experimental work.
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4.1.1.1.4 Bubbly Subcooled Vapor/Gas (SCG, Ty < T°)--

Model as Coded

Hig as for bubbly SHG
Note that ATy, > O for this case (Function Fg).

Model Basis and Assessment

The expression used for bubbly SCG is the same as for bubbly SHG, Appendix 4A, except that the
Nu enhancing function Fg increases H;q dramatically for large subcooled levels, pushing T4 more quickly
toward saturation temperature. The fact that Nu for subcooled vapor/gas is much greater than for
superheated vapor/gas, especially as the subcooling increases, seems appropriate in view of the unstable
nature of the subcooled state. Nevertheless, a better basis for the correlation for bubbly SCG is needed.

4.1.1.2 Slug Flow. In slug flow, interfacial heat transfer can be divided into two distinct parts: (a)
the heat transfer between the large Taylor bubbles and the liquid surrounding them, and (b) the heat
transfer between the small bubblesin the liquid slug and their host liquid. The heat transfer for each part is
summed to obtain the total. For the total bulk (superscript B, see Volume I) heat transfer rate per unit

volume, Q?p (W/m3), between the interface and a given phase, p, one has

Q® = thé::AT + hbubézb“ (4.1-27)
where

hrp = heat transfer coefficient for Taylor bubble (W/mZ-K)

Atp = interfacial area of Taylor bubble (m?)

hbub = heat transfer coefficient for small bubbles (W/m?K)

Abub = interfacial area of small bubbles (m?)

Vit = total volume of cell (m°)

AT = difference between the saturation temperature and the temperature of the phase

in question (K)
p = phase p (either f for liquid or g for vapor/gas).
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Equation (4.1-27) can be rewritten

Q= hyy L YIBAT 4 b, Soue Vouo AT (4.1-28)
Tb Y tot bub tot

or finally

Qi = Hyy 1oAT + Hyp ppAT (4.1-29)

Hence, the volumetric interfacial area for each part can be computed either based on the volume of
that part (Taylor bubble or slug volume) or based on the total volume. The final volumetric interfacial area,
3yf, Must be based on the total cell volume asimplied by Equation (4.1-27). One can write

ATbVTb *
a = 2 - a f 4.1-30
of, Tb Vi Voo, gf, TolTb ( )
* A AV
Where agf, Tb = _Tb and fTb = Tb
VTb tot
and
Ab be b *
Qgfbub = oo = Ap bubfbub (4.1-31)
Vbub Vtot
* Apup Viub
Wthe agf,bub = —‘ll- and fbub = u
bub Vtot

ATHENA recognizes the contributions from the two distinct divisions of slug flow toward the total
heat transfer. The correlations for the contributions for the bubbles in the liquid slug are based on those

computed for bubbly flow, but are exponentially diminished as o increases. The details of the coded

correlations for dug flow heat/mass transfer appear in Appendix 4A. If the liquid temperature is between
one degree K subcooled and one degree K superheated, the final liquid coefficient, Hi¢, is the result of a

cubic spline interpolation between the superheated and subcooled result. If the vapor/gas temperature is
between one degree K subcooled and one degree K superheated, the final vapor/gas coefficient, H;g, is the

result of a cubic spline interpolation between the superheated and subcooled result.

4.1.1.2.1 Slug Superheated Liquid (SHL, T; > T®)--
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Hit = Hit 1o + Hif oub

Model as Coded

where

and

Hit 1o

Agf T

OTh

OBs

Osa

3.0x 100 ag; oy

volumetric interfacial area (m%/m?)
4.5 ;
3(2.0) , 2.0 being a roughness factor

Taylor bubble void fraction = 9%%-:9-%-5
—_ ags

Taylor bubble volume/total volume

the average void fraction in the liquid film and slug region

agsFo

exp [—8(2&)}

Oga —Opg
ag for bubbly-to-slug transition

ag for slug-to-annular mist transition

Hit bup IS as for H;; for bubbly SHL with the following modifications:

Opub

ags Fo
(vVg-vf) Fo?
(agf)bup (1 - otp) Fg

Fg

ATHENA/2.3

(4.1-32)
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(8gf)bub 1S @ for bubbly SHL.

Model Basis and Assessment

The coded two-part correlation for slug SHL is presented in detail in Appendix 4A. The contribution
for the large Taylor bubbles, Hi; 1y, is an ad hoc correlation. It is given alarge vaue to promote a rapid

return of T; toward the saturation temperature, since SHL is a metastable state. The roughness factor
appears to be atuning coefficient.

The Taylor bubble void fraction oy, is used to determine the fraction fy,, Equation (4.1-30), that
comes from interfacial heat/mass transfer across the Taylor bubble boundary; fy,,, Equation (4.1-31), is set
equal to (1 - arp). The term oy, is computed from simple geometric considerations and can be given in
terms of oy and the average void fraction in the portion of the flow where the liquid is the continuous
phase, ogs*!1® The expression used for o causes it to drop exponentially from the bubbly-siug

transition oy to near zero as o,y approaches the slug-annular-mist transition.

The part of Hjs that is used to account for the heat transfer in the continuous liquid portion of the flow
is based directly on Hjs for bubbly flow, SHL, Section 4.1.1.1.1, but with some modifications. These
additional modificationsto Hj; i, serve to further reduce the contribution of Hjt 1y, to the total volumetric
coefficient.

In summary, the primary purpose of Hj; for slug SHL is to drive the liquid temperature to the
saturation value.

Interfacial Area

The expression used for the interfacia area for the Taylor bubble portion of slug flow,
ay = [4.5/D](2),is based on an argument of Ishii and Mishima.*1-1° If one computes the surface area

per unit volume of a cylinder, one obtains

A nDcychyl + 2§Diyl
= , (4.1-33)
oyl EDiychyl

As the length of the cylinder L, increases, the surface area of the ends of the cylinder becomes
negligible and the area-to-volume ratio becomes
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Lim Aey _ 4 (4.1-34)

L..,—> chl Dcyl

cyl

Assuming that a Taylor bubble can be approximated by a cylinder and employing the relation*116
D1p = 0.88 Dipe, ONE has

D 0.88D D D

cyl

where D is the hydraulic diameter. Except for the factor of two, Equation (4.1-35) is the same result given
by Ishii and Mishima for volumetric interfacial area It is noted that it is appropriate to use the
cylinder/bubble volume in Equation (4.1-33) for ATHENA, since the fraction of the computational cell
used for Hi 1y, is the ratio of the Taylor bubble volume to the cell volume (see Model Basis and

a4. 1-16

Assessment above). Ishii and Mishim insert a coefficient into the expression for a;f to account for

rippling of the Taylor bubble surface. A value of two isused in ATHENA for this coefficient.

4.1.1.2.2 Slug Subcooled Liquid (SCL, T; < T®)--

Model as Coded

Hit = Hit 1o *+ Hif bub (4.1-36)
where

Hite = 1.18942 Re(f)'SPr?'Skaa;ﬂ 0Ty
where

orrp and ag 1, are asfor sug SHL

Pr; _ Cgfllf
k¢

pDmin(|v,—v,, 0.8m/s)
He

R

and
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Hit pub IS as for bubbly SCL.

Model Basis and Assessment

The volumetric heat transfer coefficient for the interfacial heat transfer for the Taylor bubble portion
for slug SCL is based on a dependence of the Reynolds and Prandtl numbers.! The Nusselt number upon
which H;; 1 is based varies as Re®®, Appendix 4A. This dependence lies between that for laminar flow,

Re®3, and that for turbulent flow, Re%®, as reported by Kreith.*1® Also, the coefficient 1.18942 lies
between the laminar Sieder-Tate correlation coefficient, 1.86, and the turbulent Dittus-Boelter coefficient,

0.33
0.023.416 [The Sieder-Tate correlation is also a function of (%) ] Since the liquid flow past a Taylor
bubble does not exhibit the full effects of turbulence but is probably not purely laminar, the correlation
used in the code should give aresult that is plausible, although it may still be significantly in error.

The expression used for the bubbly part of the volumetric coefficient His . is the same as that used
for bubbly SCL, Section 4.1.1.1.2. The apportionment of the two contributions to Hs is effected the same
asfor slug SHL, asisthe determination of a.

4.1.1.2.3 Slug Superheated Vapor/Gas (SHG, Ty > T°)--

Model as Coded

Hig = Higto * Hig,buo (4.1-37)
where

Higto = 2.2+ 0.82Re‘g"5)k§a;ﬂ T6C0Th
where

ay; 1 and oy are asfor slug SHL

Re, _ Py|vi—vyD

Mg

1. The literature reference for this correlation is unknown as of thiswriting, and it isin the process of being
researched.
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and

Hig,bub = hig Fe (1 - a11) agfbub
where

ot and agt pp are as for slug SHL

and

hg and Fg are as for bubbly SHG.

Model Basis and Assessment

The contribution to the volumetric heat transfer coefficient from the Taylor bubble interfacial heat

transfer, Appendix 4A, is based on a modified form of the Lee-Ryley*1-3 correlation derived for laminar

flow heat transfer to a sphere (Section 4.1.1.1.1). The coefficients have been augmented from the original,
and the Prandtl number dependence has been dropped asis the case for interfacial heat transfer for bubbly
flow. While the bullet-shaped cap on the Taylor bubble may approximate a sphere, it seems inappropriate
to usethe Lee-Ryley correlation for this case.

The heat transfer coefficient for the bubbly flow contribution is based on an empirica
correlation*11> for Hy¢ p, long with an enhancement function Fg. These are as for bubbly SHG and are
discussed in Section 4.1.1.1.3. The apportionment of Hj; between the two contributions is based on the
same oy, asfor slug SHL, Section 4.1.1.2.1.

4.1.1.2.4 Slug Subcooled Vapor/Gas (SCG, Ty < T°)--

Model as Coded

Hig = Higto * Hig,bub (4.1-38)
where

Higto = hig Fe 07h agt o

where oy and a,; 1, are asfor slug SHL,

hig and Fg are as for bubbly SHG,
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and

Hig.bub isasfor slug SHG.

Model Basis and Assessment

Both contributions to Hjy for slug SCG (Higtp and Higpy) ae based on an empirica

correlation*1*> along with enhancement function Fg. Although the two parts look similar, the interfacial
areais different for each. The large values for Nu used for slug SCG (Fg increases dramatically for large

subcooled levels) are apparently designed to drive the vapor/gas temperature toward the saturation value.
This seems reasonable in view of the fact that subcooled vapor/gasis an unstable state.

4.1.1.3 Annular Mist Flow. For annular mist flow, the interfacial heat transfer results from two
contributory sources:. (@) the heat transfer between the annular liquid film and vapor/gas core, and (b) the
heat transfer between the vapor/gas core and entrained liquid droplets. The correlations that are used to
represent the overall volumetric heat transfer are constructed from the two contributing sources, as in the
case for slug flow. Equations (4.1-27) through (4.1-31) for slug flow apply to annular mist flow as well,
except for the identities of the two sources. One can write [see Equation (4.1-29)]

B
Qip = HipannAT + Hiy 4, AT, (4.1-39)

where subscript ann refers to the annular film-vapor/gas core contribution and subscript drp refers to the
droplet-vapor/gas core contribution. Further information regarding the correlations coded in ATHENA are
recorded in Appendix 4A. If the liquid temperature is between one degree K subcooled and one degree K
superheated, the final liquid coefficient Hjs is the result of a cubic spline interpolation between the
superheated and subcooled result. If the vapor/gas temperature is between one degree K subcooled and one
degree K superheated, the final vapor/gas coefficient H;q is the result of a cubic spline interpolation
between the superheated and subcooled result.

4.1.1.3.1 Annular Mist Superheated Liquid (SHL, T > T°)--

Model as Coded
Hit = Hif,ann + Hif,drp (4.1-40)
where

Hifam = 3.0x 10° ays ann F1o
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4 ann
8yf,ann = ("b"‘) (1- Otff)l/2
Can = 2.5 (3004) 8, where 2.5 is a roughness factor
Olsf = max (0.0, OLfFll)
Fiq = v max [0.0, (1-G")] exp (-Co x 107 A9)
Ce = 4.0 horizontal
= 7.5 vertical
A = e horizontal flow
Verit
= %Y vertical flow
Verit
* - -15
v, = max (|vg - v¢|, 107> m/s)

_ _q12
Verit (horizontal) = max 0-5[(pf pg)g-otgAplpe} (1—cos0), [v,—v]107", 10~ m/s
p Dsin6

[see Equation (3.1-2)]

% _ 1/4
v (vertical) = 321978 =PI 1o Fquations (3.2-20) and (3.2-22)]

1/2
g

c = max (o, 10"/ N/m)
G = 104 Rep™
Rer - 0Pl v{D
Le
v* = Y OLg > Olgp and o < agg

= 1 otherwise
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GaD =

OEF =

and

Hif arp

8fdp T

~2
Vfg -

ok

Vfg =

Vfg =

INEEL-EXT-98-00834-V4

Of—0ap

Ogr —Oap

104

max [2 opp, min (2.0x 103 22 2x 10°%)]
Pt

min (1.0 + [A|¥2 + 0.05 [A], 6)
k
a‘f F12 F13 8gt,drp

d

3.60
—a‘d‘f‘d(l — Olgp)

2.0+ 7.0min [1.0 4 Cormax(0, ATe) 8.0}

fg

characteristic droplet diameter (= %dmax)

We T we=15,Weo = max (Weo, 1020N/m)
PeVirg

*%k) We
max |:Vfg H K 61/3 i|

p,min(D’oyy ", D)

V:g ocf106 of < 10
Vig of > 10
Vig (1 - F117) 0g > oga and of < ogr
Vig (1- Fy) otherwise
Vg %i
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D’ = 0.0025 m

g = max (Oltf__::f, OCZD)

ap = aapy + 107 (1-7) g > ogp and af < ogp
= aAD otherwise

0AD = 104

Fio = 1+ & (250 + 50¢)

& = max (O, - ATg).

For an annulus component, ot = o and ag = 0.

Model Basis and Assessment

The Nusselt number, upon which the annular film portion of the volumetric heat transfer coefficient
is based, is simply alarge number, designed to push T toward the saturation temperature. Function F,

Appendix 4A, is a smoothing function that greatly decreases Hj; 4, as the velocity ratios parameter A
approaches zero.

The Nusselt number for the droplet to vapor/gas core is represented by a function, F,, which grows

quadratically as the magnitude of AT increases (helps drive T; toward T9), and by a function of Fy3,
whose value is 9 for superheated liquid.

Interfacial Area

The interfacial areas per unit volume for the annular film-vapor/gas core interface contribution as
well as that for the droplet-vapor/gas core are based on simple geometric considerations as given by Ishii

and Mishima*116 It is appropriate to give the derivation leading to the results of Reference 4.1-16 and
then show how these results are transformed into the coded version.

The volumetric interfacial area of the liquid annular filmin apipeis

g oy = 222 = 4D (4.1-41)
T2
=D°L

a

N
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where
D’ = inner diameter of liquid annulus
D = diameter of pipe
L = unit pipe length.

An expression for theratio D' /D can be found in terms of volume fractions. First, one can write

VvV (g) DIZL 2
e = =2 (4.1-42)
tot (7}) DL D
4
where
Vore = idealized volume of the vapor/gas core
Viot = volume of control volume.
Als0, one can write
Ve
Vcore - Vtot - g& - ag (41_43)
Vot Vg Olgg 1 — oy
VCOI‘C
where
Vg = volume of vapor/gas (al of which is assumed to bein the core)
OLgd = vapor/gas (void) fraction in the core [defined in Equation (4.1-43)]
Ol = liquid fraction in the core [defined in Equation (4.1-43)].
Hence,
4 Dr 4 o 1/2
Agf ann = ]3(5) = ﬁ(l_g_) (4.1-44)
— af
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which isthe expression given by Reference 4.1-16.

The coded expression for volumetric interfacial areais givenin terms of ay;, the liquid fraction of the
annular film, or

O = Vi fim I_Vcorc = 1% (4.1-45)
Vtot Vtot 1- Oleq

Rewriting, one obtains

(00

—— = l-oy . (4.1-46)
1 - (X‘fd
Applying this result to Equation (4.1-44) yields
_ 4 1/2
Agf ann — 5(1 _(x'ff) . (41-47)

This is the same as the coded version shown above, with the exception of the C,,, factor. C,,,
contains amultiplier of 2.5 as a roughness factor to increase the surface area for mass transfer, and aterm
(30 ocff)llg that gives avalue near unity for oy between 0.01 and 0.1, yet ensures oy ,,, — 0 as o —> 0.

The volumetric interfacial areafor the dropletsin the vapor/gas coreis derived as detailed in Section
4.1.1.1.1 and isgiven by Equation (4.1-20). It is

* _ 3.60Lfd
gf,drp ™
dg

a (4.1-48)

where dy denotes a droplet diameter and o4y is the liquid fraction in the vapor/gas core. In order to

*

normalize a to the total cell volume, it must be multiplied by the fraction of the total cell volume

gf, drp

occupied by the core, Equation (4.1-43). Using Equation (4.1-46) one has

3.6a
At drp — d_dfd(l —Olgp) (4.1-49)
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which is the coded version as indicated in Appendix 4A. The liquid fraction of the annular film, oy,

depends upon the amount of liquid entrained in the vapor/gas core. Using Equation (4.1-46), the variable
o¢ Can be shown to be

Oy = O{f::if . (4.1-50)
Liquid Droplet Entrainment Model and Assessment
Thismodel is discussed in Section 6.3.
4.1.1.3.2 Annular Mist Subcooled Liquid (SCL, T; < T®)--
Model as Coded
Hit = Hifann + Hif arp (4.1-51)
where
Hifam = 103 prCpy Ivil g ann F10 (odified Theofanous)
3gf,ann and Fg are as for annular mist SHL
and
Hitarp = ? F13 gt arp (Modified Brown)
d
where

3y drp F13, @nd dg are as for annular-mist SHL.

For an annulus component, o = o4 and aq = 0.

Model Basis and Assessment

The volumetric heat transfer coefficient for annular mist SCL is comprised of two parts (Appendix
4A). The contribution from the interface between the liquid annular film and the vapor/gas coreis based on

amodel given by Theofanous.*1"1” Theofanous makes reference to an earlier work (Brumfield, Houze,
Theofanous4'1'18) wherein models are obtained for the mass transfer coefficient for vapor/gas absorption
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by aturbulent, thin, falling liquid film. The masstransfer models are compared with data for water at 25 °C
absorbing various gases for turbulent Reynolds number Re; << 500. (Re; is defined below.) The agreement

with the data is very good. Theofanous™!17 then writes the heat transfer analogues of the mass transfer

correlations, using the same numerical coefficients and exponents. These are

Nu, = 0.25 R4 prl/2 Re; > 500

= 0.70 RgY? pr/2 Re, < 500 (4.1-52)
where

Ny, = llk& , A =integral scale of turbulence

Re = ‘%‘ : u = turbulence intensity

Nu

and where a fully developed residence time is assumed. Introducing the Stanton number St = ool
cerr

4.1-17

and approximating u~5x 10, where v is bulk liquid velocity, Equation (4.1-52) can be rewritten

as

St = —1 =125x 102 Re V4 pri2 Re; > 500

Pfcprf

=35x 102 Rg Y2 pri/2 Re; < 500 . (4.1-53)

Theofanous™1"1 then declares that the usual range for Re; is 102 - 10% and chooses Pr = 3. Finally, he

indicates that for either Re; > 500 or Re; < 500, one obtains for St, using the numbers indicated

St ~ 1x103t03x 1072 . (4.1-54)

Theofanous*1"17 goes on to develop an expression for the decay of St for aliquid jet flow where the

turbulence decays with increasing distance from the initial orifice. He finally arrives at a correlation that

a4. 1-17

compares favorably with experimental dat and iswritten as

-1/2
St = 2x 102 @ . (4.1-55)
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Comparing Equation (4.1-55) to Equation (4.1-54) for a value of | = d (d = orifice diameter, | =

streamwise distance), Theofanous*1"1” notes a difference in St of an order of magnitude for which he can

only partly account. Theofanous indicates the correlation is based on data for I/d =4 - 600, d = 0.02 - 1.5
cm, v =0.2- 38 m/s, and Re = 4.5 x 10° - 5 x 10°.

The coded version for the heat transfer coefficient is (Appendix 4A)
h = 103pCpelvil F1o (4.1-56)

where it has been assumed that St = 10°3, as given in Equation (4.1-54).

Several weaknesses in the coded correlations as it relates to the origina mass transfer model of
Brumfield et al.*118 can be identified:

1 The original correlation is based on a falling-liquid film surrounded by quiescent air,
whereas annular-mist flow involves a flowing, possibly turbulent, possibly laminar
vapor/gas core.

2. The original correlation is based on the liquid velocity against quiescent air. The liquid

velocity in the code is a single bulk value representing both the liquid annular film and the
liquid droplets in the core. As such, it is possible for the liquid velocity to be zero when
the mass flow of droplets in one direction is balanced by an annular-film flow in the
opposite direction. In such a case, the code would incorrectly predict zero for Hit 4.

3. The original correlation is based on turbulent flow for the liquid film. In an actual reactor
flow, the liquid film may be in laminar flow, or it may be stationary, as in vertical flow
when just enough drag is imparted by the core flow to prevent downflow of the annular
film.

4. The original mass transfer correlation is based on isothermal flow. The code attempts to
simulate flows with boiling heat transfer where bubbles may form at the pipe wall and
push their way toward the annular film-vapor/gas core interface, thereby dynamically
enhancing the mass/heat transfer.

5. The original correlation for mass transfer*-17 is valid for high values of Schmidt number,

Sc, whereas the heat transfer analogue of Sc, the Prandtl number, is of order unity for most
flows of thermal-hydraulic interest. This means that the heat transfer analogue of the

original mass transfer correlation is not valid for small Re,.#117

6. Finally, thereis the problem discussed above, that an order-of-magnitude difference exists
between Equation (4.1-54) and Equation (4.1-55) for I/d ~ 1.
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In summary, the weaknesses described above make the applicability of the correlation for Hjt g to
reactor conditions unclear. It must be assessed against experiment to determine its validity.

The volumetric heat transfer coefficient for the vapor/gas core interface to liquid droplets is based on

apaper by Brown.*1"1° Brown solves a classical transient-heat conduction problem for a sphere immersed
suddenly in a uniform temperature bath. The boundary condition at the surface is simply that the surface
temperature remains constant at the bath temperature, implying a very large heat transfer coefficient from
the bath to the sphere. Brown then forms an internal energy balance in which an internal heat transfer
coefficient is defined between the surface and internal mean temperature. This heat transfer is set equal to
the increase in the thermal energy of the sphere. An unsteady, one-dimensional heat conduction problem

has been linearized. A graph showing the variation of Nu = % Versus TT—‘“

S

temperature, is shown in Figure 4.1-1. The mean temperature is, of course, a function of time. The coded

, or theratio of mean to surface

version of Hj 4 is based on the curve in Figure 4.1-1. The fact that Nu drops as IT‘—“ increases follows

from Fourier's law of conduction, which indicates that the heat transfer will decrease if the temperature
gradient (related to T4 T,,,) decreases. The coded version of Nu for this case (Appendix 4A) is represented

by Function Fy3, whichis

Fi3 = 2.0+ 7.0min [1.0 + Cpfmaxilo'o’ ATy, 8.0} . (4.1-57)
fg

F13 gives Nu = 9, compared to Nu = 10 in Figure 4.1-1, for -TT-‘l‘ =1 (ATg = 0). It also gives the

S

correct trend of Nu increasing as TT—“‘ decreases (AT increasing). It is not clear, however, how Brown

S

arrived at the curve for Nu in Figure 4.1-1, since Nu is a complicated function of ITf—“ and involves

specification of droplet diameter and length of time since initiation of heat transfer. Brown does not
specify either of the abovein arriving at the functional relationship, Figure 4.1-1.

In evaluating the validity of the model for Nu provided by Brown,*119
noted:

the following points are

1 Brown's heat transfer problem does not address increasing droplet size due to
condensation except in a correction applied to the mean temperature, T,,. It is not clear if

this correction is incorporated in obtaining the curve in Figure 4.1-1. Furthermore, it
appears that this correction is wrong, since it does not account for the relative masses of

the original drop and the additional condensate. The correction is given as*11°
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80.0 : :

60.0 1

hd 400 1

T

20.0 1

0.0 | | | |
0.0 0.2 0.4 0.6 0.8 10

Figure 4.1-1 Nusselt number as a function of mean-to-surface-temperature ratio for heat conduction in a
sphere.

T = % (4.1-58)
1+ pf st

where T, is the mean temperature of the original drop and T that for the drop plus new
condensate.

2. Brown assumes that the surface temperature of the drop remains constant; this same
condition is assumed in ATHENA wherein the interface is assumed equal to the saturation
temperature. Thus, the “convective’ heat transfer between the interface and mean droplet
temperature is actually based on conduction. True convection in the droplet is neglected.
On the whole, this seems an appropriate simplification.

3. It is stated by Brown that this curve, Figure 4.1-1, is based on k = 0.38 Btu/hreft °F, the
thermal conductivity of water at about 150 °F.
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In summary, it seems that the correlation for Hi¢ 4, could be based on firmer ground by including the

effects of condensation and comparing such with experimental data. An evaluation of this correlation

requires assessment against experiment.

4.1.1.3.3 Annular Mist Superheated Vapor/Gas (SHG, Ty > T5)--

Model as Coded

Hig = Higann * Higarp

where
H = K 0.023 Re% F
ig,ann - D . eg agf, ann® 10
Re, _ 0L,Py|V, = VD

He
F10 and &gt ann e as for annular mist SHL

and

'

k .
Hig,drp = 52(2.0 +0.5 RegS)agf, arp
d

where

dq isasfor annular mist SHL

(1- afd)z.spg{]fgdd Weeo(l— Oﬁfd)z5

Red = = , We=105,

He HeVig
We o = max (We o, 1010 N/m)
Agf, drp = 8yt drp Of 2 Oap

aeF iy

+(1—F14)} OLf<0Lj;D

= 8t arp [

aaD

At drpr Ofds Vre » @ aypy are as for annular mist SHL
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and
Fia = 1.0-5.0min[0.2, max (0, ATg)].
For an annulus component, oy = oy and og = 0.

Model Basis and Assessment

The coded correlation for the heat transfer between the vapor/gas and the liquid-vapor/gas interface
for annular mist SHG consists of two parts.

The contribution to Hjg from the heat transfer from the vapor/gas to the liquid annular film is

represented by a correlation obviously based on the Dittus-Boelter relation. While the Dittus-Boelter
correlation is valid for turbulent flow, there is no test for turbulent flow in the code. An evaluation of this
model requires an assessment against experiment.

The expression used to represent heat transfer from the vapor/gas core to the entrained liquid droplets

is based on the correlation of Lee and Ryley,”"l'3 except that the coefficient of the Reynolds number is

changed from 0.74 to 0.5. A discussion of the Lee-Ryley model isgivenin Section 4.1.1.1.1.

The Reynolds number used for the modified Lee-Ryley correlati on*1-3 employs a mixture viscosity
defined as

— He

m = 4.1-60
(1-ay)” (4160

where ¢ and d represent continuous and dispersed phases, respectively. This relationship is given by Ishii
and Chawla®*1 2 for use in a drag correlation for dispersed droplet flow. The Lee-Ryley correlation,

however, employs Re based on the continuous phase (Re = Umg) , where U, is the free-stream velocity
V-

and d isthe droplet diameter. It seemsinappropriate, therefore, to use a mixture viscosity.

Another significant limitation of the coded correlation appears to be that the liquid velocity, v¢, used

in the Reynolds number is some average of the annular film and entrained droplets, rather than just the
velocity of the droplets. The relative velocity computed, then, is not atrue relative velocity for the droplets
flowing in the vapor/gas core.

In summary, significant doubts remain about the validity of H;q for annular mist SHG.

4.1.1.3.4 Annular Mist Subcooled Vapor/Gas (SCG, Ty < T°)--
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Model as Coded

Hig = Higann * Higdrp (4.1-61)

where
Higan = hig3gf.ann F10 F6

where hig and Fg are as for bubbly SHG, and agf a0, and F1g are as for annular mist SHL and

'

Hig,drp = higa,p 4rpFe
where

8y 4rp 1S @STOr annular mist SHG.

For an annulus component, ot = ot and ag = 0.

Model Basis and Assessment

Both parts of the volumetric heat transfer coefficient Hg for annular mist SCG are based on large

values which increase quadratically as ATy increases (Function Fg, Appendix 4A). This practiceis clearly
intended to push T toward the saturation temperature from its metastable subcooled state.

4.1.1.4 Inverted Annular Flow. The volumetric heat transfer coefficients for inverted annular
flow, Hjs and H;, are each based on the contributions from two sources: () the interfacial heat transfer
between the bubbles and liquid in the liquid core (see Figure 3.2-3) and (b) the interfacial heat transfer
between the liquid core and the annular vapor/gas film surrounding them. Equations (4.1-27) through
(4.1-31) for slug flow apply to inverted annular flow with the annular contribution replacing that for the

Taylor bubble (Th). Hence, one can write for the total heat transfer:

Qip = Hip puoAT + Hyy 0nAT (4.1-62)

ip, ann

If the liquid temperature is between one degree K subcooled and one degree K superheated, the final
liquid coefficient Hj; is the result of a cubic spline interpolation between the superheated and subcooled

result.

4.1.1.4.1 Inverted Annular Superheated Liquid (SHL, T; > T°)--

Model as Coded
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Hit = Hif buo + Hif.ann
Hit pup 1S as for H;; for bubbly with the following modifications:

_ 2
Veg = (Vg —vp)Fig

where

Fi6 = 1-Fy7

e = ex[ 2eas =g

Ops
AN = (o Inverted annular
= 0BS IAN/ISLG transition (see Figure 3.2-1)

Fig = min(%&s, 0.999999)

p = Fie

Og = Ohub

b = max[(—ozll‘*i;:;), 10_1

op = F17 AN

Afoub = %O:b“b(l —ap)Fig

dy = average bubble diameter (see bubbly SHL)
and

Hifam = 3% 10° ays ann
where
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4
8yf,ann = 5F15(2-5)

(1-og)Y2

Fis

Model Basis and Assessment

The volumetric heat transfer coefficient, Hi; . for inverted annular SHL is based on that for pure

bubbly flow SHL, Section 4.1.1.1.1, with some modifications to account for the fact that it only represents
one part of the interfacial heat transfer. Function F;g (Appendix 4A) is an ad hoc function that accounts for

the decrease in that portion of the void fraction related to the bubbles as o, increases. Conversely, Fy7 (=1
- F1) represents the increasing portion of o,y due to the annular vapor/gas blanket. As such, the interfacial
area, agt pub, 1S correctly apportioned (see Section 4.1.1.3.1), as are ag, the average vapor/gas volume of
the annular vapor/gas blanket (analogous to oy), and oy, the void fraction of the bubbles in the liquid
slugs.

The selection of the correlation to be used for Hig pp, €ither Plesset-Zwick*!1 or Lee-Ryley,*13
(Section 4.1.1.1.1), is affected, however, by diminishing the first (via parameter ) and increasing the
second [via vfg(F16)2]. In forcing the selection of the Lee-Ryley correlation for larger g, which is

appropriate, this logic also increases the magnitude of the Lee-Ryley correlation, which seems
inappropriate.

The value used for His oo is Simply a large number to drive T; toward the saturation temperature,
since this is a metastable state. The combination of the two parts of H;; amounts to an ad hoc correlation
which must be assessed against experiment.

4.1.1.4.2 Inverted Annular Subcooled Liquid (SCL, T < T®)--

Model as Coded

Hit = Hifpub + Hif.ann (4.1-65)

where

Hif,bub isasfor bUbbly SCL

and
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k 0.8
Hifam = 50-023 Rejan agf ann F3
where
Rean = (1 —oyan)Pelve=vy[D

He
3yt ann @Nd oy o are asfor inverted annular SHL and F3 is as for bubbly SHL.

Model Basis and Assessment

The same expression is used to compute Hi ,, for SCL as for bubbly SCL, Section 4.1.1.1.2. The
expression used for Hjt o is Obviously based on the Dittus-Boelter correlation for turbulent flow in aduct.

While the relative velocity is appropriately used in computing the Reynolds number for the Dittus-Boelter
correlation, the correctness of the values it givesis unknown and must be assessed against experiment.

4.1.1.4.3 Inverted Annular Superheated Vapor/Gas (SHG, Ty > T°)--

Model as Coded

Hig = Higbub + Hig,ann (4.1-66)

where
Higbub = hig Fs gt bub
where

hig and Fg are as for bubbly SHG and gy p, is as for inverted annular SHL

and

k ,
|"ig,ann = ﬁ Fiy Agf ann

where

25- ATg; (0.20- 0.10 ATg)
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a

a' ann - gf, ann
. Fao
FZO = 0.5max (1.0 - F151 0.04).

F15 and gy ann are as for inverted annular SHL.

Model Basis and Assessment

Both contributions to Hq for inverted annular SHG are clearly ad hoc correlations and must be
compared to experiments for eval uation purposes.

4.1.1.4.4 Inverted Annular Subcooled Vapor/Gas (SCG, Ty < T°)--

Model as Coded

Hig is asfor inverted annular SHG.
Note that AT, > O for this case (Function Fyg).

Model Basis and Assessment

The same expression is used for this case as for inverted annular SHG with the minor variation of Fqq
for ATgy >0 versus ATg, < 0, as noted in Appendix 4A. Since the expression used gives increasingly large
values for Nu as |[ATgy| increases, the treatment is consistent with those for metastable SCG for other flow
regimes.

4.1.1.5 Inverted Slug Flow. The inverted slug flow regime as envisioned by DeJarlais and
Ishii#1"2! consists of bubble impregnated liquid slugs flowing in a pipe core surrounded by a vapor/gas
blanket containing liquid droplets (see Figure 3.2-3). The coded volumetric heat transfer coefficients
recognize the liquid droplets, vapor/gas blanket and liquid slugs, but not the presence of bubbles in the
slugs. Contributions to the interfacial heat/mass transfer in the bulk are recognized, then, as coming from
two sources: (@) the liquid droplet interfaces in the vapor/gas annulus and (b) the liquid slug/annulus
interface. It is assumed, apparently, that the liquid slugs are so long that any contributions to interfacial
heat transfer at their ends are negligible. One can write for the heat transfer as coded

Qﬁ) = Hig 0nnAT + Hig 4, AT . (4.1-67)

If the liquid temperature is between one degree K subcooled and one degree K superheated, the final
liquid coefficient Hj; is the result of a cubic spline interpolation between the superheated and subcooled

result.
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4.1.1.5.1 Inverted Slug Superheated Liquid (SHL, T; > T°)--

Model as Coded

Hit = Hit.ann + Hit,arp

where

Hif,ann

8yf,ann =

apg -

Odrp =

Fa1 =

kf
—F, F;a
D 12 13

gf, ann

%aB(z.S) , Where 2.5 is aroughness factor

F1, isasfor annular mist SHL

and

|"if,drp -

where

84f drp =

Vs g =

INEEL-EXT-98-00834-V4

Oy — O"dr]g

1- Olgrp
(1-asa) Foy
exp(_ Mj

Ogp —Op

k

d_; Fio Fis a0 4rp
3.6ocdr2(1 o)

dg
characteristic droplet diameter (= %dmax)

We o
2 )
pgvfg

We = 6.0, We 6 = max (We &, 1020 N/m)

max [(vg - Vf) F3;, 0.001 m/s], We = 6.0.
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The drop diameter is the maximum of dy and d,y;;,,, where d;i,, = 0.0025 m for P* < 0.025 and 0.0002
P
critical

diameter is the minimum of dq, D, and 0.0025 m. Also, above a thermodynamic equilibrium quality of

m for P* > 0.25, P* = . Between P* = 0.025 and P* = 0.25, linear interpolation is used. The drop

-0.02, the inverted slug interfacial heat transfer coefficient Hjs is linearly interpolated with respect to
equilibrium quality to a dispersed (droplet, mist) flow value at a thermodynamic equilibrium quality of
zero.

Model Basis and Assessment

The expressions for Hif 50y and His grp are both based on large values for the Nusselt number as
provided by function F1, (see Appendix 4A). This tendsto drive T; toward the saturation temperature and
is consistent with other treatments in the code for metastabl e states.

Interfacial Area

The interfacial areas for the annulus/droplet portion and the slug/annulus portion are derived
analogously to those for slug flow, Section 4.1.1.2. The void fraction of the liquid slug, ag, is analogous to
that for a Taylor bubble, orp, and the average droplet void in the vapor/gas blanket, o, is analogous to
the average void fraction, oy, in the liquid annulus for slug flow. That is, the interfacial areas are

computed for inverted slug flow by simply reversing the liquid and vapor/gas phases from slug flow. The
droplet void fraction, g, in the vapor/gas annulus is based on an ad hoc expression which exponentially

increases the portion of a; due to droplets as Og increases until the transition void fraction, a.gy, is reached,

at which point all of the liquid is appropriately assumed to be in droplet form. The larger minimum drop
size at low pressure was put in to allow more vapor/gas superheat during reflood.

4.1.1.5.2 Inverted Slug Subcooled Liquid (SCL, T < T%)--

Model as Coded
Hit = Hif,ann + Hif,drp (4.1-69)
where
k
Hif,ann = Bf F13 agf, ann

Fizisasfor annular mist SCL, ay 4, is asfor inverted slug SHL

and

4-41 INEEL-EXT-98-00834-V4



ATHENA/2.3

k—fF13a

Hif arp d,

gf, drp

where

3yt drp IS as for inverted slug SHL.

Also, above a thermodynamic equilibrium quality of -0.02, the inverted slug interfacial heat transfer
coefficient Hj; islinearly interpolated with respect to equilibrium quality to a dispersed (droplet, mist) flow
value at a thermodynamic equilibrium quality of zero.

Model Basis and Assessment

The expressions for Hif gy and Hig gy, for inverted slug SCL are both based on Brown’s*12¥ model

for droplets condensing in vapor/gas. The weaknesses of this model are discussed in Section 4.1.1.3.2.
While Brown's model may be appropriate for Hi 4, it clearly is not appropriate for the heat transfer

between the liquid slug and vapor/gasinterface. An evaluation of the expressions for inverted slug SCL for
H;s requires assessment against experiment. Not allowing inverted slug flow when the liquid is saturated

seems appropriate, because the water globes do not hold together well when they do not have the
momentum forces of condensing vapor/gas on their boundaries.

4.1.1.5.3 Inverted Slug Superheated Vapor/Gas (SHG, Ty > T°)--

Model as Coded

Hig = Higann * Higdrp (4.1-70)
where

|"ig,ann

gf, ann

- 1&
D

"rjl"ri
[

Figisasfor inverted annular SHG, &gt o is as for inverted slug SHL

Foo = maxy 0.02, min[gg( ) 0. 2}
4 4

and
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gf, drp

Higap = ga%(z.o +0.5 Regp)a
d

where
dg and gy grp are as for inverted slug SHL
and

Regp = PsVids

He
where We = 6.0 and We 6 = max (We o, 1010 N/m).
Above a thermodynamic equilibrium quality of -0.02, the inverted dug interfacial heat transfer
coefficient Higislinearly interpolated with respect to equilibrium quality to adispersed (droplet, mist) flow

value at athermodynamic equilibrium quality of zero.

Model Basis and Assessment

The Nusselt number upon which Hig a0, for inverted slug SHG is based (F1o/F5,, Appendix 4A) isad
hoc and requires comparison with experiments for evaluation.

The correlation used in the code for Nu for Hig 4, is @ modified version of the Lee-Ryley*1"3 model

for heat transfer to a droplet (see Section 4.1.1.1.1) in the process of evaporation. While the coded version
of the Lee-Ryley correlation is within experimental uncertainty for Pr = 1, Section 4.1.1.1.1, the
complications of turbulence in the vapor/gas blanket combined with the fact that liquid velocity is some
average of the droplet and slug fields must be considered. Thus, acomplete validation for H;q for this case
must include comparisons with experiments.

4.1.1.5.4 Inverted Slug Subcooled Vapor/Gas (SCG, Ty < T°)--

Model as Coded

Hig isasfor inverted slug SHG.

Model Basis and Assessment

The same expressions are used for inverted slug SCG as for SHG for Hjg, Section 4.1.1.5.3. Thisis
not consistent with the practice used for similar metastable states for other flow regimes, wherein Nu is set

4-43 INEEL-EXT-98-00834-V4



ATHENA/2.3

to a large vaue to push T; toward T°. Comparison with experiment is required for an assessment of the
validity of the model used here.

4.1.1.6 Dispersed (Droplet, Mist) Flow. In dispersed (droplet, mist) flow, the droplets are
viewed as spheres. If the liquid temperature is between one degree K subcooled and one degree K
superheated, the final liquid coefficient Hjs is the result of a cubic spline interpolation between the

superheated and subcooled result.

4.1.1.6.1 Dispersed Superheated Liquid (SHL, T¢ > T°)--

Model as Coded

k
H'f = d_f F12 F13F23 agf (41‘71)

1
d
where

F1o and F13 are as for annular mist SHL

Fa3 = — e for pre-CHF

max (o 107

= —Ddn for post-CHF

max (o, 1077)

3.604,
¥ T
d
Olgirp = max (aif, 10°°) X, #0.0 and ag = 1.0 for pre-CHF
= max (o, 10°%) Xn=0.00r o, 1.0 for pre-CHF
= max (o, 10™%) post-CHF
dg = characteristic drop diameter (=%dmax)
We G

= = We = 1.5 for preeCHF and 6.0 for post-CHF,
ngfg

We 6 = max (We o, 10°1% N/m)
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Vfg = Vg - Vs
5 max[ Vﬁg, : We 61/3 pre-CHF
Vfg = pgmln(Dladrp’ D)
max(v?g, 10°m*/ sz) post-CHF
D _ { 00025 m  pre-CHF _
0.0002 m post-CHF

For post-CHF, the minimum drop diameter is as shown for inverted slug flow and the maximum drop
diameter is the minimum of D and 0.0025 m.

Model Basis and Assessment

The volumetric heat transfer coefficient, H;s, for dispersed SHL is based on an ad hoc expression for
Nusselt number which increases quadratically as AT« increases (function Fy,, Appendix 4A), thus driving

T; toward T°. Another function, Fyg, isincorporated to improve numerical stability for high void fractions
(i.e., low liquid volume fractions).

The volumetric interfacial areais based on the same derivation as that for bubbly flow (which is, in
fact, based on the interfacial area of a droplet spray, see Section 4.1.1.1.1).

4.1.1.6.2 Dispersed Subcooled Liquid (SCL, Ty < T®)--

Model as Coded

k
Hif = d_fF13 F23 agf (41‘72)
d

where

Fizisasfor annular mist SCL, Fp3 and ay are as for dispersed SHL.

Model Basis and Assessment

The volumetric heat transfer coefficient for dispersed SCL is based on the model of Brown,*11°
which is discussed in detail in Section 4.1.1.3.2 for annular mist SCL. The same conclusions apply here.

4.1.1.6.3 Dispersed Superheated Vapor/Gas (SHG, Ty > T°)--

4-45 INEEL-EXT-98-00834-V4



ATHENA/2.3

Model as Coded

k .
H, = ai(z.o +0.5 Reg)Fyy g (4.1-73)

where dq and ay; are as for dispersed SHL

(1 — adrp)z'spgvfgdd - We o 6(1 — adrp)z5

Rearp = pre-CHF and post-CHF
Mg HgVig

F2s = max [0.0, Fag (Fz5- 1) + 1]

Fog = 10° min (o, 10°°)

Foe = 1.0- 5.0 min [0.2, max (0.0, ATgy)].

Model Basis and Assessment

The Nusselt number correlation upon which Hiq for dispersed SHG is based is amodified form of the

Lee-Ryley*1"3 model, where 0.5 has replaced 0.74 as the coefficient of Re®® and the Prandtl number
dependence has been dropped. A detailed discussion of the Lee-Ryley correlation is given in Section
41111

4.1.1.6.4 Dispersed Subcooled Vapor/Gas (SCG, Tg < T5)--

Model as Coded

Hig = hig F6 F24 agf (41-74)

where

hig and Fg are as for bubbly SHG, F», and a4 are as for dispersed SHG.

Model Basis and Assessment

The volumetric heat transfer coefficient as coded for dispersed droplet SCG is simply based on a
large value for Nu (= 10% Fe, Appendix 4A) which will push T toward the saturation temperature.

4.1.1.7 Horizontally Stratified Flow. In horizontally stratified flow, aflat interface is assumed
to exist between the liquid and vapor/gas. If the liquid temperature is between one degree K subcooled and
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one degree K superheated, the final liquid coefficient H;s is the result of a cubic spline interpolation

between the superheated and subcooled result.

4.1.1.7.1 Horizontally Stratified Superheated Liquid (SHL, T; > T°)--

Model as Coded
H; = £[0.023Re?8F12 —3.81972 ATy piChr :|agf
hf phemax(4a,, 1)
where
D = liquid phase hydraulic diameter
= pr (see Figure 3.1-2 for definition of 0)
mT—0 + sin0®
_ afpr|V —Vf|
Re; = £
Mg
- 4sin0
Bt - ( D )F27
Far = |+ |Yaz V'
Vcrit

Fq, isasfor annular mist SHL.

In the coding, Dyy is protected from being 0/0 when o; =0, 1 — 6 =0, and sin 6 = 0.

Model Basis and Assessment

(4.1-75)

The expression used for the Nusselt number for Hjs for horizontally stratified flow, while giving the

appearance of modeling two processes [main interface (first term) plus entrained droplet interface (second
term)], is effectively an ad hoc relationship which gives a large value. This is due to the presence of

function F,. This practice promotes the return of T; toward T=, which is generally used in the code for

metastable states. The Nusselt number is converted to a heat transfer coefficient by use of a phasic

hydraulic diameter defined as

Dee = 4 x phasic cross-sectional area
n phasic perimeter

(4.1-76)
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The expression for phasic hydraulic diameter given above incorporates the expression

nas = 7 -6 +Sind cosd (4.1-77)

which can be derived from simple geometric considerations. (See Figure 3.1-2 for the definition of angle
0).

Interfacial Area

The volumetric interfacial areais based on simple geometric considerations. It is easily shown that

4sin0

_ 4.1-78

ef ) ( )
for asmooth interface. A multiplicative parameter is applied to gy in the code to attempt to account for an
increase in gy due to a wavy surface. This parameter is represented by function F,7, which appropriately
V,—V

Yg f
\Y%

increases as increases. An evaluation of the validity of function F,; requires comparison with

crit

experiments.

4.1.1.7.2 Horizontally-Stratified Subcooled Liquid (SCL, T < T°)--

Model as Coded

H, = 1%(0.023 Rep®)a, (4.1-79)

hf
where
D, Rer, and ay are as for horizontally-stratified SHL.

Model Basis and Assessment

The expression for the Nusselt number for horizontally stratified SCL is obviously based on the
Dittus-Boelter correlation. The Reynolds number used for the correlation does not employ the phasic
hydraulic diameter, as is the widely accepted practice for this correlation. Furthermore, the Dittus-Boelter
correlation is valid for single-phase flow in solid-boundary ducts and not necessarily for a fluid-fluid

boundary. Developmental assessment  against  Bankoff's  dtratified-flow condensation

experiments*1"41-11 provided an indication of model acceptability. Comparison with further experiments

isrequired for complete evaluation.
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4.1.1.7.3 Horizontally Stratified Superheated Vapor/Gas (SHG, Ty > T5)--

Model as Coded
H, = %[0.023 Re," + 4h;,Fsmax(0.0, 0.25 — ) Jag (4.1-80)
g
where
Dhg = vapor/gas phase hydraulic diameter
— o ;D
6 + sin®
Djv,—v

R = %EEJ_E_fl .

& m

hig and Fg are as for bubbly SHG, and &y is asfor horizontally stratified SHL.

Model Basis and Assessment

Inthe coding, Dy is protected from being 0/0 when oy =0, 6 = 0, and sinb = 0.

The Nusselt number upon which the expression for Hiq for horizontally stratified SHG is based has
two parts; the first part is the Dittus-Boelter correlation and the second part is alarge number (hy Fg). The
same criticisms pertaining to horizontally stratified SCL apply, including the fact that Rey is not based on
the phasic hydraulic diameter. Thus, H;q is basically ad hoc for this thermodynamically stable state.

4.1.1.7.4 Horizontally Stratified Subcooled Vapor/Gas (SCG, Ty < T°)--

Model as Coded

Hig = hig Fe agt (4.1-81)

where

hig and Fg are as for bubbly SHG, and

3yt isas for horizontally stratified SHL.
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Model Basis and Assessment

The expression for Hq for this case is the same as for horizontally-stratified SHG (except for the

difference in Fg for a SCG, Appendix 4A). The use of alarge Nu to drive Ty toward TS is consistent with
the treatment of other metastable states.

4.1.1.8 Vertically Stratified Flow and Transition. The two-phase flow in vertical control
volumes can become vertically stratified for low mass fluxes. If the volume average mixture velocity is
less than the Taylor bubble rise velocity, i.e.,

AC (4.1-82)

Vb

where v, and vy, are given by Equations (3.2-1) and (3.2-16), respectively, transition to vertically
stratified flow begins. If the criterion in Equation (4.1-82) is not met, the flow is completely unstratified.
The vertical stratification model is not intended to be a mixture level model.

The correlations used for Hjs and Hq in the transition region (Figure 3.2-1) are combinations of
those already computed for nonstratified flow and the stratified correlations (Appendix 4A). The transition

region extends down to Yn = 12 for the stable states (SCL, SHG). The exceptions to this transition
V1p

interval are for o < 0.01 or ATg < O for Hif, and ATgy > O for Hg. If the liquid temperature is between one
degree K subcooled and one degree K superheated, the final liquid coefficient Hj; is the result of a cubic
spline interpolation between the superheated and subcooled result.

4.1.1.8.1 Vertically Stratified Superheated Liquid (SHL, Tf > T®)--

Model as Coded
— Ny K
Hi; = Nufﬁagf(l —Fy) + Hif, rReGE 30 (4-1'83)
where
REG = flow regime of flow when not vertically stratified, which can be BBY, SLG,
SLG/ANM, ANM, MPR, IAN, IAN/ISL, ISL, MST, MPO, BBY/IAN,
IAN/ISL-SLG, SLG/ISL, ISL-SLG/ANM, ANM/MST, MPR/MPO (see flow
regime maps, Figure 3.2-1).
F30 = max (Fzz, Fs3, Fa4)
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Fa, = 1.0 - min (1.0, 1000)
Fas = max[0.0, 2.0min(1.o, i“i) - 1.0}
Vb
VTb = Taylor bubble rise velocity, Equation (3.2-16)
Gy,
Vm = —_—
Pm
Gm = 0‘gpglvgl + agpr|vyl
Pm = OgPg + OPf
Fas = min (1.0, -0.5 AT)
- Ao o A _ 1
A vV AL L
L = length of volume cell
Ac = cross-section area of cell.
Nuy = 0.27 (GrPry)>%
_ gBpiD’max(|T,— T, 0.1K)
Grf = >
Mg
B = max (5, 10° K1)
Prf = (&) .
k

f

Model Basis and Assessment

ATHENA/2.3

Vertical stratification can occur for superheated liquid only in theinterval -2 < AT < 0. Even then, it

is considered to be in atransition state, since the partitioning function F is nonzero (Appendix 4A).

For both pressurizer and non-pressurizer components, the Nusselt number correlation*12241-23 js
for the lower surface of a heated horizontal plate or the upper surface of a cooled horizontal plate. It is
recommended by McAdams aswell as Incopera and DeWitt for laminar Grashof numbersin the range of 3
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x 10° to 3 x 10%°. Data in the turbulent range are lacking. Use of this condition worked well for the MIT
pressurizer problem (see Volume 111 of this manual), but wall condensation was dominant in that problem.
Further validation is needed.

The pressurizer component input to ATHENA also allows the user to specify the liquid interfacial
heat transfer coefficient. The Nusselt number for this caseis given by

Nu, = hif, 2

n— 4.1-84
i (4184

where hif;,, is the user specified liquid interfacial heat transfer coefficient.

Interfacia Area

The interfacial area per unit volume for vertically stratified flow is simply the cross-sectional area of
the control volume divided by its volume, which resultsin the reciprocal of cell-volume length, L.

4.1.1.8.2 Vertically Stratified Subcooled Liquid (SCL, T < T°)--

Model as Coded

His isasfor vertically stratified SHL.

Model Basis and Assessment

Fully vertically stratified flow can exist for SCL. The same expression is used for SCL as was used
for SHL, except that the partition function allows fully stratified flow; that is, function F34 = 0 for all AT

> 0, which allows the partition function Fzq to be zero in low flow conditions and o > 0.01.

4.1.1.8.3 Vertically Stratified Superheated Vapor/Gas (SHG, Ty > T5)--

Model as Coded
k
H,, = Nug(l_)g) a,(1 —F35) + Hig recFas (4.1-85)
where
Fas = maX (Fzp, Fa3, F36)-
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REG, Fa3, Nug are as for vertically stratified SHL except that vapor/gas properties rather than liquid
properties are used to calculate Nug,

F _ {1.0 —min(1.0, 100a,) level model on
% 0.0 level model off
Fag = min (1.0, 0.5ATg)

3yt isasfor vertically stratified SHL.

Model Basis and Assessment

The transition Hq is analogous to that for Hj; with the function Fs5 linearly partitioning the

contributions between stratified and unstratified models (Appendix 4A). Theinterfacia areaisthe same as
for SHL. Comparison with experimental data is required to evaluate the model for H;q for vertically

stratified flow.

4.1.1.8.4 Vertically Stratified Subcooled Vapor/Gas (SCG, Ty < T3)--

Model as Coded

H,, isasfor vertically stratified SHG.

ig

Model Basis and Assessment

Fully stratified flow for SCG is not recognized; only a transition between stratified and unstratified
flow is recognized (Appendix 4A). Otherwise, the model used for vertically stratified SCG is the same as
for SHG.

4.1.2 Flow-Regime Transitions

A number of transitions between flow regimes are incorporated into ATHENA for purposes of
interfacial heat and mass transfer. These transitions are illustrated schematically in Figure 3.1-1, Figure
3.2-1, and Figure 3.3-1 (horizontal, vertical, and high mixing maps, respectively). Included are

Horizontal
1 Slug-annular mist

2. Horizontally stratified-nonstratified

Vertical
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1 Slug-annular mist.

2. Verticaly stratified-nonstratified.

3. Inverted annular-inverted slug.

4, Transition boiling regime (post-CHF, pre-dryout).
5. Bubbly-inverted annular.

6. (Inverted annular-inverted slug)-slug.

7. Slug-inverted slug.

8. Inverted slug-(slug-annular mist).

9. Annular mist-dispersed (droplet).

High Mixing Map
. Bubbly-dispersed (droplet)

These transitions are included in the code to prevent the numerical instability which can arise when
abruptly switching from one flow regime to another. In most cases, the correlation from one regime is
exponentially reduced, while that for the other is exponentially increased from a negligible amount to full
value. Power law interpolation is used because the coefficients can often be orders of magnitude apart;
linear interpolation would weight the large value too heavily. The power law interpolation has the form

1-f

c = ci °C, (4.1-86)

where ¢, ¢;, and ¢, are the coefficients and f takes on values from 0 to 1. This interpolation is really the
linear interpolation of the logarithms of the two coefficients, that is,

Inc =flnc;+(1-f)Inc, . (4.1-87)

The only exception is the transition from bubbly-to-dispersed flow for the high mixing map, which
uses linear interpolation. In some cases, three and even four correlations/model s are combined to obtain the
volumetric heat transfer coefficients. For instance, the transitiona boiling region between slug and the
transition between inverted annular and inverted slug (IAN/ISL-SLG) can undergo transition to vertical
stratification, combining four models to obtain H;s and H;g.

Thefull details of the transition/combination logic used in the code are found in Appendix 4A.
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4.1.3 Time-Smoothing

The constitutive models that are used in most two-phase models are formulated as algebraic
functions of the dependent variables, and the models to be used are selected based on flow-regime
considerations. This can result in discontinuous functions and/or very rapid change in the constitutive
parameters. Naturally, such formulations impact the accuracy of the numerical scheme. An approach in
wide usage to ameliorate the effect of such formulations is time-smoothing (sometimes also called

under-relaxation). This process has been effective in permitting alarger time step and thus achieving faster

1-24,4.1-25

running. However, this process can have significant effect on the computed results® unlessit is

implemented in atime-step insensitive manner.

The code implements time-smoothing of the interfacial heat transfer coefficients, H;t and H;g, and the
direct heating heat transfer coefficient, Hy, by logarithmically weighting the old time-value of a parameter
(denoted by n) with the new time-calculated value of a parameter (denoted by n+1). Thisis given by

n n
+1  _ m+l f] ight
f:veight - f::alculated[ +WT1 J (41‘88)
f?alculate

where f isthe function to be smoothed and n is the weighting factor. The term £}, isthe old time-value

eight
of the function f, and the term ff;lclulatcd is the new time-cal culated value of the function f.

For Hjs, the equation for n was developed by Chow and Bryce, documented in Feinauer at al. 126
and assumes the form

n = exp(—min{0.693, maX[A—tmax(o.m, ap), 1.0 —min(1.0, oy e 107), min(A—t, v)m (4.1-89)

T, Tr

where
. - AX
¢ 0.7min(|v,, |v{)
. _ 1.0
* 1/2
max(g, g%)
D
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o* _ D[g(pf—pg)J”
(e}

; -7
Vs max{o-lom [min([v,J, [v) + 10 m/s]}_

max(|vy, [v{, 107"m/s)

In Equation (4.1-89), 1 is a Courant-type of time constant. The term vy is large when there is alarge
slip velocity between the liquid and vapor/gas at low velocities. It is used (see p. 75 of Feinauer et
al.,*1"2%) because of the dependence of the calculated H;; on the slip velocity for some regimes. The t
term is a gravity-related time constant to cover the cases when velocities are low.

n+1

If Hif catcutarea > Hir, thenn is modified to give
n = 1 {1.0+max [-0.5, 0.25 min (0.0, TS- TQ)]} . (4.1-90)

This reduces the time smoothing factor n by a factor of 2 over a 2.0-degree K range as the liquid
enters the metastable (superheated) state. This helps keep Hjs higher when in the metastable state and

drives the liquid back to saturation.
For Hg,
H}y cateutared > Hig » thenm is modified to give

Equation (4.1-89) is modiified to use o, instead of o and to use 10° instead of 107. If

n = 1{10-25max [0.0, min (02, T- Ty]} . (4.1-91)

This reduces the time smoothing factor n by afactor of 2 over a0.2-degree K range as the vapor/gas
enters the metastable (subcooled) state. This helps keep H;q higher when in the metastable state and drives

the vapor/gas back to saturation.

4.1-24 4.1-25

Ransom and Ransom and Weaver
obtained if 1 is of the exponential form

indicated that a time step insensitive procedure is

0 = et (4.1-92)

where 1 is atime constant associated with the physical process. Equation (4.1-89) will produce an equation

like Equation (4.1-92) when the min/max logic resultsin n being exp (— A—t) or exp (— At Otherwise, it
T, T
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is time-step size dependent and nodalization dependent. Modifications are being tested so that the
time-step size dependency and nodalization dependency will be removed in the future.

4.1.4 Modifications to Correlations--Noncondensable Gas

The presence of anoncondensable gasis represented by the mass fraction (X,,) of the combination of

noncondensable and vapor which is attributable to the noncondensable gas. The effects of a
noncondensable gas are represented by multipliers that modify and reduce the volumetric heat transfer
coefficients, H;s and H;g. Function 4, which is embedded in function F3, is an ad hoc modifier for H;¢ for
bubbly SHL (Appendix 4A). Its influence is felt whenever H;; for bubbly flow is used to help define the
overall Hjs for a flow regime. Further modifications are applied to Hj¢ and Hig for al flow regimes or
transition regimes depending on the thermodynamic state (SHL, SCL, SHG, SCG) as detailed in Appendix
4A, Modifications for Noncondensable Gas. All are ad hoc except the modification to H;s for SCL. This
modification factor (F,p) isfrom the Vierow-Schrock correlation. 12"

4.1.5 Modifications to Correlations--Limits

An upper limit has been placed on the liquid interfacial heat transfer coefficient, H;s, in all the flow
regimes when the liquid is subcooled. This limit is umbrella-shaped so as to force the coefficient to small
values as the void fraction, oy, approaches zero or one. The expression used is

-10
Hir = min{Hi, 17539 max [4.724, 472.4 o (1 - )] « max {o, min(l,g—g—t—l—'w—ﬁﬂ} . (41-93)
0.1-1.0x10"

This limit was required to prevent code failures due to thermodynamic property errors caused by
high condensation rates during N-Reactor simulations.*128 A similar umbrella limit has been used in the
COBRA*12° and TRAC-BF*1-30 codes. The number 472.4 is from the COBRA code and was arrived at

by making some assumptions on bubble/drop size, the number 4.724 is a lower limit (1% limit), and the
number 17539 isthe heat transfer coefficient used for this limit that was in the COBRA code at the time of

the N-Reactor calculation.t

At pressures for a PWR primary loop, this umbrella limit can result in too low an interfacial
condensation rate compared to the subcooled boiling model, which can result in some amounts of
vapor/gas remaining in the primary loop. The small amount of vapor/gas is unphysical, and it can cause
problems with other models in the code. As a result, a pressure-dependent linear ramp is used that begins

1. Personal communication, M. J. Thurgood to R. A. Riemke, September 1991.
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ramping off the umbrella limit at 1,250 psia (8.618 x 10° Pa) and eventually turns it off at 1,500 psia
(10.342 x 10° Pa).

A lower limit has been placed on both the liquid (H;f) and vapor/gas (H;g) interfacial heat transfer
coefficients. The limits are Hi min = Higmin = 0. These values of zero correctly result in no mass transfer
from the phase that is present in single-phase correlations. An upper limit has been placed on both H;; and

Hig. The limits are Hif ey = Hig max = 10* W/im? K.

Limits are aso placed on the interfacial heat transfer coefficients based on a 50%
vaporization/condensation limit. The limits are designed to reduce one of the interfacial heat transfer
coefficients if more than 50% of the liquid would be vaporized on this time step or if more than 50% of the
vpaor/gas would be condensed on this time step. This is used to help prevent code failure when a phase
disappears. The method is as follows. First, the mass-per-unit volume from the mass transfer is calculated
based on old temperatures from

Plsl n s, n n n s, n n
—Hi,(T" =T, + Hi(T" —Ty)
term = | Ty, — - - At . (4.1-94)
hg,n _hf,n

For vaporization (term > 0), if term > 0.5 o p} , the scaling factor AVELFG is computed from

AVELFG = 22%Pr (4.1-95)

term

For condensation (term < 0), if - term > 0.5 ayp,(1 — X)) , the scaling factor AVELFG is computed

from
AVELFG = — 22%:Ps(q _xmy (4.1-96)
term

For mostly liquid (o,g < 0.5), H; is modified to use

Hif = Hjf* AVELFG (4.1-97)

and for mostly vapor/gas (o4 > 0.5), H;y is modified to use
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Hig = Higt AVELFG . (4.1-98)

4.1.6 Modifications to Correlations -- Smoothing Between Superheated and Subcooled

For the bubbly, slug, annular mist, inverted annular, inverted slug, dispersed (droplet), horizontally
stratified, and vertically stratified flow regimes, if the liquid temperature is between one degree K
subcooled and one degree K superheated, the final liquid coefficient H;s is the result of a cubic spline

interpolation between the superheated and subcooled result. For the slug and annular-mist flow regimes, if
the vapor/gas temperature is between one degree K subcooled and one degree K superheated, the final
vapor/gas coefficient H;q is the result of a cubic spline interpolation between the superheated and

subcooled result. The interpolation for both the liquid and vapor/gas has the following form:

— 1=
H;, = H] e/ 1 (4.1-99)

ip, subcooled ip, superheated

where

n = ni(3-2mn,)

n max {o.o, min[l.O, %(TS—TP + 1.0K)}}

piseither liquid (f) or vapor/gas (g).

4.1.7 Modifications to Correlations -- Vertically Stratified Flow

If avolumeis vertically stratified and more liquid is coming into the volume than there is vapor/gas
available, then the liquid interfacial heat transfer coefficient Hjs in the volume above the vertically

stratified volume is modified in anticipation that the level will be appearing in the volume. The
modification is of the form

H?ffa%)ovc = Hilf, above, calculated i AVEV + H?t'j—blclow,Vcrtstrat(1 _AVEV) (41_100)
where
-2 S
AVEY - max(10 7K, Topos = Trpoe) { Lo —max[0.0, min(1.0, 2000 Vi ﬂ}
max( 10~ Ka Tls)elow - Tf,below) Vabove
Vaove = volume of the volume above the vertically stratified volume

4-59 INEEL-EXT-98-00834-V4



ATHENA/2.3

Vin = volume of vapor/gas and liquid increase in the vertically stratified volume -
volume of vapor/gasin the vertically stratified volume

N
. . . . At
= Z(afjpfjvfj + OgiPyiVe) A @ E — Og below ® Vbelow
j

N = number of junctions connected to the vertically stratified volume

Vidow = volume of the volume below in the vertically stratified volume.

4.1.8 Modifications to Vertically Stratified Flow or Level Model Caused from a Jet
Junction

A junction at the bottom of a vertical volume, in which a subcooled liquid pool may exist, can be
flagged as a “jet” junction. The fluid from the jet causes a stirring action in the pool to increase the
condensation rate on the surface of the pool. The jet induced surface turbulence intensity is a function of
the distance of the surface from the jet, the pool diameter, the jet Reynolds number, and fluid properties
such as the Prandtl and Jacob numbers.

Thomas*1-31 obtained surface heat transfer experimental data for vertical geometries at pressures
near ambient. Condensation rate measurements were made at six liquid levels, with either two or three
nozzle diameters, and the inlet flow rate was varied to yield nozzle Reynolds numbers in the range from
about 15,000 to 90,000. Thomas also ran an experiment (in a 1.2 m by 1.8 m tank) to evaluate the
Kutatel adze number at which “surface breakup” occurred. Surface breakup is defined as the point at which
the surface is so disturbed by the liquid jet that vapor/gas entrainment occurs. Thomas found that the
critical Kutateladze number was

—Pi = (o 46d) (4.1-101)
[(pr—py)go]™

where
Vj = liquid jet velocity
c = surface tension
d = liquid inlet diameter
z = height of liquid surface above inlet.
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Some of his data was taken above the critical value. Surface heat transfer varied almost linearly with
the jet Reynolds number below the critical value. All the data points taken at the lowest liquid level had a
K utateladze number above the critical value.

4.1.8.1 Surface Heat Transfer Model for Velocities Below the Critical Value. Pre-surface
breakup correlations are grouped in high, medium, and low liquid level correlations.

High Liquid Levels, zZ/D > 3.2:

Brown-K hoo-Sonin*1-32 developed a high liquid level correlation in terms of the Stanton, Nusselt,
Reynolds, Prandtl, Jacob, and Richardson numbers. It is given by

st = s,(1 —JEa) (4.1-102)
where
St _ Nup
RePr;
D
Nu = h;—=
D 1fkf
Re — PViD
Le
Pr¢ — 1iCpr
ky
Sty = 0'0;?38 , for Ri lessthan 1
Pry
= 0.136 - 0.00081Ri, for 3.5 <Ri< 15
interpolate, for 1 <Ri< 3.5
R = mm{w,ls }
Vi
A = 0.24D
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