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ABSTRACT

A review of the RELAP5/MOD2 computer code has been performed to assess
the basis for the models and correlations comprising the code. The review
has included verification of the original data base, including
thermodynamic, thermal-hydraulic, and geometric conditions; simplifying
assumptions in implementation or application; and accuracy of implementation
compared to documented descriptions of each of the models. An effort has
been made to provide the reader with an understanding of what is in the code
and why it is there and to provide enough information that an analyst can
assess the impact of the correlation or model on the ability of the code to
represent the physics of a reactor transient. Where assessment of the
implemented versions of the models or correlations has been accomplished and
published, the assessment results have been included.

FIN No. A6868--Quantification of LBLOCA
Code Uncertainty for TRAC PF-1/MODI




SUMMARY

The basis for the models and correl tions comprising RELAPS5/MOD2 has
been determined and assessed. Included was both a literature review, to
identify the original data base upon whicii the correlations are founded, and
a coding review, to determine how the models and correlations were
implemented. Because of the magnitude of the task of reviewing such a large
code as RELAPS/MOD2, some sections of the code were covered in more deta!)
thz~ others.

The document forms a basis for an overall conclusion concerning the
adequacy of RELAPS/MOD2 for a particular user of the code, since the
different strengths and weaknesses will have a greater or lesser impact
depending on the application. It is the conclusion of the authors of this
document that RELAP5/MOD2 is a powerful calculational tool capable of
representing most of the physical phenomena thought to be important /or a
wide range of reactor operating conditions covering normal, off-normal, and
accident situations. Within this general framework, the code still has
deficiencies; and this review has attempted to identify those deficiencies
for the purpose of interpreting calculational results.

The following summarizes each of the sections of this document
individually,

2. FIELD EQUATIONS

The fluid field equations are one-dimensional by design and should not
be expected to explicitly represent three-dimensional phenomena. They are
shown to have an identifiable path from accepted and documented forms of the
conservation equations in standard references. The terms requiring
constitutive models for closure are identified and used as the basis for the
rest of this document. Approximations made in simplifying the general
equations tc the area averaged, one-dimensional form are identified. In
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general, the fluid field equations represent an adequate approximation to
incorjorate the effects of the phenomena expected in reactor accident
transient analysis, as well as in normal and off-normal transient
analysis.

3. FLOW REGIME MAPS

The basis for the flow regime map i¢ discussed in terms of the
references cited in the RELAP5/MOD2 .ode manual. The work described in
the ciced references is reviewed, as is the comparison of those references
to the flow regimes actually modeled in the code. The coded version of
the flow regime maps, and the associated models described in Sections 4
and 6, are found to be considerably more complex than indicated in the
code manual. The overall conclusions observed that the neither the
science of flow regime mapping nor the representation of that science in
RELAPS/MOD2 is complete. Specific characteristics of the flow regime
maps, such as transition points hetween regimes, are found to be sibject
tn some uncertainty, although the approximations made are considered to be
reasonable engineering assumpti...s.

4. CLOSURE RELATIONS “OR THE FLUID ENERGY EQUATIONS

This section represents the largest single section of the document
It describes the closure relations upon which most of the code
calculations depend, the interfacial » i wall energy transfer. The
interfacial closure relations are found to be subject to much of the same
criticism found in the flow regime mapping technology; i.e., the science
is still an active area of research, and the code models are an
approximate representation of the current understanding. Many of the
interfacial models are considered ad hoc, laryely because better
information is either not available or is difficult t¢ implement in the
code. The current models are generally cons‘dered reasonable, if
incomplete, engineering approximations to the interfacial heat transfer.
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W:'" heat transfer closure relations are provided to represent all
heat transfer processes anticipated during the course of a reactor
acc ident transient. The correlations are generally of conventional form,
but they <re applied to reactor situations without detailed
justification. Most of the heat transfer relations correlate well with
the data on which they were based, but those data may not be fully
applicable to reactor conditions or geometries. The implementation of the
correlations also require engineering approximations to ensure numerici)
smoothnass in the calculation. The documentation supporting the
approximations is generally not available. The implemented heat transfer
correlations need a better demonstration of applicability by comparisons
with appropriate data.

5. CLOSURE RELATIONS REQUIRED BY THE FLUID MASS CONSERVATION EQUATIONS

No specific conclusions are drawn, as there are no specific mass
closure relations. The interphase mass transport is related directly to
the interphase and wall heat transfer through the phasic and saturation
enthalpies, as described in Section 4.

6. MOMENTUM EQUATION CILOSURE RCLATIONS

The wall and interf2zial drag models are reviewed in both the code
manual and the coding itself. As with the the interfacial heat transfer
models, they are found to be considerably more complex than implied by the
description in the code manua!. The drag correlations are found to be
subject to the fact that the science of interfacial transport is
'1ncomp1ete. The models used in the code are largely ad hoc engineering
representations of the current understanding of interfacial behavior.

They are considered to be reasonable approximations to the physics.

An entrainment model used to partition heat transfer to in estimated
liquid droplet field is noted for the annular mict flow regime. Although



the model has no impact on the flow calcula ion, it is found to be a
reasonable representation of the basis correlation for partitioning the
heat transfer.

7. FLOW PROCESS MODELS

The abrupt area change model is reviewed based on the discussion in
the code manual.

The critical flow model was reviewed in detail, both in the code
manual and in the coding. The mode) is one-dimensional and requires a
user-specified discharge coefficient to represent two-dimensiona)l effects
at the choke plane and employs an empirical correlation to represent
liquid superheating at the choke plane. The development of the critical
flow model is based on an assumption of equilibrium. It has received wide
ascessment, indicating that a careful choice of the discharge . .fficient
is needed to give good predictions of tabulated data. The mode) generally
czlculates too high a choked mass flowrate without the use of a (reducing)
discharge ccefficient,

8. SPECIAL COMPONENT MODELS

The RELAPS/MOD2 pump model is reviewed in this section. In general,
it is found to be an adequate representation of a reactor coolant pump,
though a recommendation in the use of the mode] was made. The internally
supplied pump characteristic curves are recommended only in a situation
that the user’s application is specifically for the internally modeled
pump. O*herwise, it is recommended that the user provide pump curves
appropriate to the actual pump being modeled

9. HEAT STRUCTURE PROCESS MODELS
Seeral heat structure process models are reviewed from an

applications point of view. A1l of the models are engineering
representations of hest structure behavior based on analytical models, and
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not on correlations. Heat conduction, reactor kinetics, gap conductance,
and reflood axial heat structure rezoning are reviewed. The heat
conduction and reactor kinetics models are assessed by comparing test
calculations performed with the code to published solutions found in
journal articles or textbooks. The code is found to give a good
representation of all test problems.

10. CLOSURE RELATIONS REQUIRED BY EXTRA MASS CONSERVATION FIELDS

No significant review of either noncondensible gas or liquid solute
capabilities in the code was completed. A stated capability of the code
to incorporate the effects of noncondensible gases was noted in the
discussion of the field equations (Section 2) and in the discussion of
critical flow (Section 7).

11. STEADY STATE

The RELAPS/MOD2 steady-state model is reviewed. It is found to be a
usable tool to assist the user in achieving a numerically satisfactory
steady-state condition prior to beginning a transient calculation. Some
recommendations are made in the application of the model.
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NOMENCLATURE (with SI units)

A - area (nz)

AJUN - area of junction

AVOL - cross-sectional area of volume

B . body force

C . virtual mass coefficient

Cp - drag coefficient

CHF - critical heat flux (W/m?)

Cp - specific heat capacity at constant pressure (J/kg-K)
D - diameter (m)

De,n . equivalent or hydraulic diameter (m)

DISS . pump dissipation energy term (J/n3)

d . portion of stress tensor, diameter (m)

3 - nonuniformity term

F . force, multiplicative factors

FIG, FIF - interfacial drag, vapor or liquid space
FIVOL . interphase friction term from volume

FWG, FWF - wall drag, vapor or liquid space

G - mass velocity (kg/s)

Gr . Grashof number
‘9 . acceleration of gravity (9.8 m/sz)

H . heat transfer coefficient, pump head
HLOSSF,

HLOSSG . form or frictional losses (m/s)

h . heat transfer coefficient (H/mz-K). specific enthalpy

(J/kg)

| . specific internal energy (J/kg)

k . thermal conductivity (W/m-K), wave numbir
kg . Boltzmann constant
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L - length (m)

m . mass transfer rate

Nu - Nusselt number

n - unit vector

P - pressure (Pa)

P¢ - immediate fission power

Pr . Prandt1 number

Q - heat transfer rate (H/u’). volumetric flow

Q¢ . immediate fission energy per fission

q . heat flux (H/nz)

Re - Reynolds number

r . bubble radius (m), tube radius (m)

S - area, entropy (critical flow), internal heat source (reactor
kinetics)

St . Stanton number

T - temperature (K), stress tensor

Tsat . saturation temperature (K)

Tsat(P) - saturation temperature based cn total pressure (K)

Tsat(Pg) - saturation temperature based on partial pressure of steam (K)

t - time (s)

U . specific interna® energy (J/kg)

v . volume (m3). specific volume (m’/kg)

VISF, VISG -  numerical viscosity terms (me/s)

v . velocity (m/s)

We . Weber number

X, . noncondensible gas quality

xtt.l Martinelli flow pacameter

X . spatial length dimension (m)
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a,b
ann
bub
CHF

void fraction

thermal coefficient of expansion (1/K), effective delayed
neutron fraction

general parameter, fission rate

neutron flux

angle of inclination

porosity of a porous medium, area ratio

decay constant

angular velocity (s'l)

viscosity (kg/m-s)

kinematic viscosity (nz/s)

density (kg/n’). reactivity in veactor kinetics (dollars)
volumetric mass exchange rate (kq/n3os)

surface toasion (N‘n). Stefan-Boltzmann constant =
5.67 x 10° H/n

shear stress (N), pump torque
interface normal unit vector
annular liquid film thickness
prompt neutron generation time

fission cross section

phase designator
annular, annulus
bubble

critical heat flux
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con ; condensation

cyl - cylinder

drp - droplet

f . liquid

g - vapor

HE - homogeneous equilibrium

i - interfacial parameter

K - upstream volume indicator

L . downstream volume indicator

onb . anset of nucleate boiling

nvg . net vapor generation

SCL, SCG - subcooled liquid, gas

SHL, SHG - superheated liquid, gas

$ . superficial, steam property

sat - saturation

T, t . throat value

18 . Taylor bubble

up - upstream

~ . wall

X . local position characterized by the length from starting
point

Symbols

- - area average, intermediate time value

interfacial value
deviation parameter

time derivative, donored parameter
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e level and tone of this document ave such that the reader n t !

‘elatively detailed knowledge of thermal hydraulics Though that

? knowledge need not pertain specifically to nuclear reactors, ar

,A’ understanding of code applications to rea tor transients will necessari
require an understanding of reactor thermal-hydraulics. The document al
requires that the reader have a reasonable understanding of
thermal-hydraulic code applications to reactor analyses This document
neither an input manual nor a general code manual The existing
documentation addressing both of those needs is complete and adequate

Neither is this document a user guideline, though much of the informat |
included herein is important to the knowledgeaule user in making mudelir
decisions and interpreting calculational o.tput, Indeed. the information ir

th:is document allows the user

to determirie whe her RELAPS/MOD2 is capabl« f

6 nodeling his or her particular application, whether the calculated resul?
will be lirectly comparable to measurements or whether they must b«
interpreted in an average sense, and whether the results can be used t 1k
juantitative decisions Wherever possible, the code manual has been used ¢t
provide necessary informatior Ihe code manual has not been repeated whe
the authors felt the discussior was adequate, but it has been referenced
Material from th je manual has been included in this d ment only whi
y i for l‘ tene |
) ¥y ' 4 W 11y A brieft 1 ¥ l' ¢ R} A M $
A ] I t! read with the e Deing addressed I Pt n w
provide £ 4+ history f RELAP deve) [ .y yw14\.; } t b rror -
‘
ipat ' and 0,'¢', Thi 14 0,“1““ u“ thoer } {
T oy ture \ QT fi ant fny 4 ,4,“o t h 4‘1" i ¢ P at w )
eac! f the calculated parameters 1s determined and Qive tr reader ar ‘
! naerstanding of the order in which a calculation proceed manney
wi N transient parameters are passed from one portion of A
heme to the next ihe next port' n of the introduction wi thi
P f this document, as governed by the requirements of the CSAU*Y
nethodology. That will be followed by a description of the decument
structure, which 1s closely related to the code siructure Lastly, a short
discussion of topics specifically excluded from this document will be giy

inc) J]Aing an a essrent of whether those topics should be included at a



RELAPS/MOD2

RELAP5/MOD2 is a pressurized water reactor (PWR) system transient
analysis code that can be used for simulation of a wide variety of PWR
system transients of interest i3 light water reactor (LWR) safety. The
primary system, secondary system, feedwater train, system controls, and core
neutronics can be simulated., The code modelz have been designed to permit
simulation of postulated accidents ranging from large break loss-of-cool
accidents to accidents involving the plant controls and fuel system,

Iransient conditions can be modeled up to the point of fus2) d?mage

Qevelopment of RELAPS/MOD2

RELAPS/MOD2 v produced by improving and extending the modeling base

was established with the release of RE[APSNHUUI‘E 3) in Dece~ber

The modeling approach and instructions for application of the
1)
4
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system, including turbines, gererators, condensers, feed systems, and plant
controls. The uighly generic modeling capability for the code also permits
it to be used in many honnuclear applications of steam-water systems.

1.1.2 Relationship 1o Previous Code Versions

“he series of RELAP codes began with RELAPSE (REactor Leak And Power
Safety Excursion), which was released in 1966, Subsequent versions of this
code are RELAPZ, (1°4) Rerap3, (1°5) and RELAP4, (1°8) in which the
original name was shortened to Reactor Excursion and Leak Analysis Program
(RELAP). A1l of these codes were based on a homogeneous equilibrium mode)
(HEM) of the two-phase flow process. The last code version of this series
is RELAPC/HOOT.{1'7) which was released to the National Energy Sofiwarce
Center (NESC) in 1980.

'n 1976, the development of a nc homogeneous, noneauilibrium model was
undertaken fo, RELAP4. [t soon became apparent that a total rewrite of the
code was required to efficiently accomp'ish this goal. 1he result of this
effort was the beginning of the KELAPS project. As tie name implies, this
is the fifth in the series of computer codes that was Jesigned to simulate
the transient behavior of LWR systems under a wide variety of postulated
accideat conditions. RELAPS follows the naming tradition of previous RELAP
codes, i.e., the odd numbered series are complete rewrites of the program
while the even numbere+ versions had extensive model changes, bui used the
architectury of the previous code. Each versic:. of the code reflects the
increased knowledge and new simulation requirements from both large- and
small-s-ale experiments, theoret ' \esearch in two-phase flow, numecrical
solution methods, romputer proy: .ing advauces, and the increased size and
speed of compu’ers,

The principal new feature of the REIAPS series is the us2 of a
two-fluid, nonequilibriur nonhomogeneou: , hydrodynamic me for transient
simulation of the two-phase system behavior. RELAPS/MUDZ employs a full
nonaquilibrium, six-equatior, two-fiuid model. The use of the two-fluid
mode]l eliminates the need for the RELA’4 submodels, such as the bubble rise
and enthalpy transport mndels, which ae¢re nocessary to overcome the
limitations of the singlec-fluid model.
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I TRNCTL

RELAPS/MOD2 top level structure.
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The cteady-state block determines the steady-siate conditions if a
properly posed steady-state problem is presented. Steady state is obtiined
by running an accelerated transient unti) the time derivatives approach
zero. The steady-state block is very similar to the transient block but
contains convergence-testing algorithms to determine satisfactery steady
state, divergence from steady state, or cyciic operation. With this
technique, approach to steady state from an initial condition would be
identical to a plant transient from the 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 the heat
conduction solution by reducing the heat capacity of the conductors.

The transient block advances the transient solution. Figure 1-2 shows
the second-leve) structures for the transient and steady-state blocks or
subroutines. Since these blocks are nearly identical, the transient blocks
are discussed with equivalent steady-state block names shown in parentheses.

The subroutine TRNCTL (SSTCTL) consists only of the logic to call the
next lower leve! routines. Subroutine TRNSET (SSTSET) brings dynamic blocks
required for % ansient execution from disk into small core mamory (SCM) or
large core memory (LCM), performs final cross-linking of information betwee~
data blocks, sets up arrays to control the sparse matrix solution,
establishes scratch work space, and returns unneceded SCM and LCM.

Subroutine TRAN (SSTAT) controls the transient advancement of the solution,
Nearly all the execution time i: spent in this block, and this block is the
most demanding of memory. The subroutine TRNFIN {SSTFIN) relzases space for
the dynamic data blocks that are no longer needed and prints the transient
timing surwmary.

Figure 1-2 11so shows the structure of the TRAN (SSTAT) block. DTSTEP
(STST) v, determines the time-step size and whether transient advancemeni
should e terminated. TSTATE :pp'ies hydrodynamic boundary conditions by
computing thermody~amic conditions for time-dependent voluras and velocities
for time-derendent junct ..ns. The romaining blocks perform or control the
calculations for major models within RELAPS: trip legic (TRIP), heat
structure advancement (HTAMW)  |ydrodynamic advancemen® (HYDRO), reaclur
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TRNCTL

(SSTCTL)
i En e
STETE TRIP TSTATE HTADV
MYDRO ‘ RKI colwm
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Figure 1-2.

RELAPS,MOD2 transient (steady-state) structure.
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kinetics advancement (RKIN), and control system advancement (CONVAR). The
blocks are executed in the order shown in the figure from left to right, top
to bottom. Althougl implicit techniques are used within some of the blocks
(HTADV and HYDRO), data exchange between blocks is explicit; and the order
of block execution dictates the time levels of feedback data between

models. Thus, HTADV advances " conduction/convection solutions using
only old-time reactor kinetics power and old-time hydrodynamic conditions.
HYDRO, since it follows HTADV, can use both new- and old-time heat transfer
rates to compute heat transferred into a hydrodynamic volume,

1.2 Document Scope

The ECCS compendium!-2, Section 4.4.3.1 145ts three objectives for a
code quality assurance (QA) document:

1. “To provide detailed information on (the quality of) closure
equations, that is, on correlation models and/or criteria used in
the code."

2. "To describe how these closure relations are coded ia the program
and assure that what is listed in the code manual is indeed what
the code uses.”

3. "To provide a technical rationale and justification for using
these closure relations (as coded in the program) in the range of
interest to [nuclear power plant] NPP safety evaluations.”

The requirements the QA document must satisfy to meet these objectives
are also Yisted in the compendium. Specifically, for each model or
correlation, the QA document must:

1. Provide information on:

The . ‘aal source

Its dala bise

Its accuracy

Its applicability to NPP conditions

a o o w
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2. Provide an assessment of effects, if the correlation is used
outside its data base.

3. Describe how it is implemented in the code, that is, how it is
coded.

4. Describe any modifications required to overcome computational
difficulties.

5. Provide an assessment of effects due to implementation and/or
modifications on code overall applicability and accuracy.

These requirements provided the focus for writing this models and
correlations document, but the scope of work associated with accomplishing
all of them proved to be too great to complete in the allotted time. The
principal focus became, then, to provide a sound basis upon which further
work could be established, if that were deemed necessary. Items 1, 3, and 4
in the 1ist of document requirements can be seen to address the current
status or definition uf any model or correlation as implemented in the
code. Therefore, these tiiree items must be the first ones addressed. With
this in mind, the work documented in this report concentrated on defining
the current status of the models and correlations in RELAPS/MOD2, including
a line-by-line review of the coding to ensure that it was an a2ccurate
reflection of the model descriptions in *he code manual and the references
cited in the manuel. In addition, the data bases upon which individual
correlations were hasad were reviewed and compared to typical reactor
conditions. (Generally, these vere chosen to be nominal operating
condrtions, since accident corditions vary depending on the particular
accident transient being analyzed). Assesswment was limited to a review of
existing assassment calculations that appeared to be applicable. No
specific assessment calculations were performed for this report, although
some quantitative comparisons between certain correlations or models and
published data were made for the purpose of demonstrating the accuracy of
the implemented models.



A further accomplishment has been a qualitative assessment of the
applicability of most of the correlations and models to nominal reactor
operating conditions. This assessment is difficult to make in a global
sense, because the importance of a model depends on its application, and a
given accuracy may be adequate in one transient application but not in
another. This emphasizes the significance of another aspect of the CSAU
methodology, that of determining the impurtant parameters for th. transient
of interest. Nonetheless, the evaluation of model or correlation adequacy
must ultimately rest with the user. This document provides the information
the user needs, in conjunction with a careful transient evaluation, to make
that assessment.

1.3 Documert Structure

This document is structured about the field equations used as the basis
of RELAPS/MUDZ The field equations were chosen as the underlying thread
because they provide the structure of the code itself; and using a common
structure fo; the code and the description facilitates the use of this
document in understanding the code. Section 2 describes the six basic field
equations used in the two-fluid calculation. The equations as implemented
in the code are related to published references showing how they «re
developed from local differential forms of the conservation equations,
although the development itself is not included in this document. Each of
the terms in the fieid equations is identified and related to a specific
section of this document, so the reader can find the discussion of any item
of interest quickly. The numerical form of the equations is included, for
't is this numerical representation of the differential equations that
actually forms the code. A detailed description of the geometric model used
to discretize the equations is provided in cnde manual.

With the field eruations identified, the next most pervasive aspect of
the code calculatic 1s probably the determination of the flow |egime.
Therefore, the flow regime map, or calculation, is discussed in Section 3,
with & detailed table of all the flow regimes and the related parameters
provided as an appendix to that section. Sections 4, §, 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
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models for the mass balance equations are closely related to those for the
energy equations, so they were included before movi: g to the discussion ol
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 de.cribes specific component
models, such as the pump model. Section 9 describes the heat structure
process models, including the solution of the heat conduction eguations and
the energy source term model as represented by the reactor kinetics
equations. Section 10 describes closure relations required by extra mass
conservatiun fields (incomplete), and Section 11 describes the steady-state
mode!.

1.4 Topics Not Included

Certain significant topics were omitted from the current task because
of time limitations. For completeness, we recommend that these topics be
addressed in a continuing code review in approximately the order given in
the following list:

1. Reflood phenomena, including heat transfer specifically related to
reflood.

2. Effects of noncondensibles, except in specific casec " here it was
convenient to include a brief discussion

3. Effects of the numerical solution techniques on the representation
of physical system response,

4. Effects of liquid solute (boron), or the models used to track
liguid solute.

5. Certain component models, including the separator, accumulator,
Jet pumps, and secondary side component,.



lo.

RELAPS/MOD2 control system, which is largely an algebraic system
under the complete control of the user.

Nearly-implicit solution technique. This document addresses only
the more widely used semi-implicit solutien models.

Input and output processing routines.
State relationships.

Morizontal stratification pull-tarough and entrainment model.
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2. FIELD EQUATICNS

The RELAPS/MOD2 code?"! solves six basic field equations for six
dependent variables--pressure (P), specific internal energies (U9 and
Ug), void fraction (ag). and velocities (v9 and vg). If a
nunconcensible gas is present, another dependent variable, X,, the ratio
of noncondensible gas mass to total gas =ass, is included. An additional
eight secondary dependent variables--phasic densities (ag and
pg)y interphase heat transfer rates per unit volume (Qiq and Qyf),
phasic temperature (Tg and Ty), saturation temperature (1%), and vapor
genaration per unit volume (rgi-oaro found through the use of closure
or constitutive relations.

The field equations are presented to show where the constitutive models
and correlations apply to the overall RELAPS/MOD2 solution. The discussion
of the fie'd equations will also exnlain the relative time levels at which
the various variables are evaluated.

The basic two-fluid differential equations that form the basis for the
hydrodynamic mode! are presented first, along with a modification to a more
convenient form for solution.

2.1 Differential Equations

The differential form of the one-dimensional transient field equations
is presented first for a one-component, vapor/liquid system, Modifications
necessary to consider noncondensibles as a component in the vapor phase and
boron as a nonvolatile solute component of the liquid phase are discussed in
a following section,

2.1.1 VYapor/Liquid System

The basic field equations for the two-fluid mode) consist of two phasic
continuity equations, two phasic momentum equations and two phasic energy
equations. The equations are recorded in differential streamtube form, with
time and one space dimension as independent variables and in terms of time
and volume average dependent variables.
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The continuity equations in RELAPS/MOD2 can be developed from the
differential equation of continuity integrated over a system, in this case a
control volume. For a system with a volume V(s), Slattery(2-2,p.217)
states

l % gy + l div (%) dv = 0 . (2-1)
(s) (s)

A similar starting point is used by Hughes, et a).,(2:3) 44 determining a
volume averaged mass conservation equation,

4 ! g; p, 4V + 5 ! ;5; ().v:) v =0 . (2-2)
a a

Hughes, et al., developed Equation (2-2) by applying a generalized Reynolds
transport theorem(2-3:0.13) 404 5 volume-averaging relationship(2-2,p.199)
to obtain an integrated form of the continuity equation over all the volumes
and surfaces in the system. They reduced the integrated expression to
obtain the form(2-3,0.18)

~ .
g'i ("l ‘l) ! 3‘;: (“a ’a':) R (2-3)

€ is the porosity of a porous medium and may be taken as 1 for comparison
with RELAPS/MOD2.

Changing the spatial derivative notation to x results in

%; (;‘p.) + %; (c.a.v') -m, (2-4)
The average notation has been dropped consistent with two assumptions:

1. The properties of the control volume are uniforw, and
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Terms representing the deviation from average properties ave small
compared to terms containing the average properties.

The oeneral volume averaging procedure is more appropriately treated as
an area average for the cne-dimensional RELAPS code. The general form of
the area average of a parameter ¥, is given oy(2-3:p.

47)

il { b, (K1) dA . (2-8)
a

Hughes, et al..(z°3"'57) apply this averaging process to the local form
of the continuity equation to find a one-dimensional area averaged
continuity equation of the form

g? (Aa‘p.) i %; (A°a’a'|) : ;ab ' (2-6)

where notation explicitly denoting the area averages has been dropped in
this report. If the area, A, is treated as independent of time, it can be
extracted from tne time derivative and the entire equation can be divided by
A, resulting in

%T (°a'l) ' } 2; °a’a'a‘) : { Mab

1f I is interpreted as a volumetric rate of mass transfer, then

,gi (’a’a) 1 i gi ('a'a'a‘) *F . (2-8)

In RELAPS/NOD2, I' is positive for mass addition to thc vapor phase,
denoted g. The jump mass balance from Hughes, et a1, (2°3,:0.20) cap be
written




su the two phasic continuity equations representing a vapor-liquid system
can be written

gi (agp" + i f; (agpyvgh) = Ty (2-10)
g"t' (Gfﬂf) + } g; (afofva) B -rg I (2-11)

A similar procedure is used by Hughes, et .,’.(2-3.9.59) to determine
one-dimensional area averaged momentum equations. The general form of the
momentum equation for phase "a" s stated as(2-3,p.43)

=4
%((C’V) ﬁ;((ﬂ’a‘k)"lﬂlﬁ;ﬁfﬂ.ﬁiﬂtk

b 1k o : *a d a' a'

ab° b ( Vi) - Aeasca * MY Oxk(;' Pa¥i Yk )

+ ea b g (2-12)
a¥a%

where

i pikgd b, ] . a' a
AunBap(¥y - ¥)) = v I [Z Pali * Ty 95
Sapliet)

T 1i
(l.ll .4 I [: ’a"t ’ ’1&”;] @,
Saaltst)
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and

mpYi * vJ"’"s"v"’u’"u“
Sap(¥rt)

The general form of Equation (2-12) is based on an initial differential
fom(2'3-9.20)(2-2.p.37)

Y 2
3? (' v ) 3’: (’c"'l) 32: P ax ikt A8 o (2-13)

and an interface jump momentum condition of (2-3:p.21)

b‘ h

') : LN ;Tkn: . pbn?(z-ld)

A
TR I A X ’bv P IR
This is equivalent to the jump momentum conditinn given by
Slattery(2-2:P.227) for 3 general multiphase system,

E’G.(c.l-um)-?.ﬂ-o. (2-18)

Equation (2-12) can be simplified for aprlication to RELAPS/MOD2 in the same
manner as the continuity equation. Area averaging results in(2-3.p.60)

A A - A <A - -
L faad a. . ,
at (Au Py ¥ ) o (Aea‘ Py Yy ¥ :) Au. 3— p. + An. ” - (2-186)
A A
A -‘ . @ -—7
s hea, p, up v Fyy 4Ty e Fuos L v oM

Setting ¢ = 1 and dropping the F:. term and the last term representing a
contribution from spatial nonuniformity gives

2-$



2 2 4 T 4 .
at (;‘:’ava) *ox K“a'u'a) r, & Pa * Ay % Oxx * Aayey9 (2-17)
tFap* FuatMp V-

Note the use of constitutive models through Fab' interfacial drag, ¢ 2 wall
drag, and v. an interfacial speed. In addition, RELAPS/MOD2 dnes not
include the viscous stress term, o,,. Therefore, removing A from the

time derivative gives

A g; ” p'v.) . (Aa » v’) A, ’; Py * Aag g ¢ Fuu v Fu o my V.(2-18)

The continuity equation, Equation (2-7), can be applied to the left hand
side of Equation (2-18) by expanding the derivatives:

2
A & ('a’a“a) & (Aag0,vy)

dv dla.p,) alv,)
- b\ 4 d. Al
Al 31 * MYa Tt t Va ax (90, A) ¢ Aagpv, ax

(v
= gy _EY’ * % Ox:] [f * }; (°a’avaAE]

av l(v
-\, —;‘ R :] ' Ay, [} (2-19)

The right-hand side of Equation (2-19) is often referred to as the
nonconservative form, Substituting Fquation (2-19) into Equation (2-18),
and combining the last term of Equation (2-19) with the Myp term in
Eguation (2-18) results in

2
dv é(v})
ol anmils &
" % N ™
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ha, g—; Py + A0 ¢ Fup + Fuy # 0y (V- v,) . (2-20)

Writing this equation for the vapor phase, g, modifying the form of the
constitutive relations F,p and F_,., using one pressure P for both phases,
and using rgA for m,, gives

P

v a(v )
Magpg 3 + 3 Magey b+ Aag §F ¢ Aage g - Aagp FHG (vo) (2-21)

+ RagpoFIG (v - vg) ¢ ATy (V- vg) - Cagapeh [}; (vg -« vg)

v dv
o |
*Vedx T Vg ix ]
A similar equation can be written for the 1iquid phase:
o Y g o
Mo 31+ 2 Mgy Tox © Mg ax * Mogegl - RagagFNF (vg) (2-22)

. Aa'pfFlF (vf . Vg) . Arg (v - v,) . Cagafpl [%{ (vf . vg)
S,
g dx faox |°

Equations (2-21) and (2-22) are the RELAPS/MOD2 form of the phasic momentum
equations. The coefficients of the constitutive terms have been modified to
agree with the form of the constitutive relations discuss<ed later in this
report.,

The last term in the RELAPS/MOD2 equations is & virtual mass term,

representing a contribution to the interfacial interaction between the
phasss in somewhat the same manner as FIF or FIG.
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The phasic energy equations are found 1 a manner similar to the other

fie'Z equations, The local differential form is given by Mughes
ot a1,(2-3,p.82) 4

a a i a a a
B (’u'a) . Si'; (’a‘a'u) . 33'; "EEUUTRELTIU TR (8-39)

and an interface jump condition,

la (svt S Vg - Q:”: = ply ‘s'? . '?)"? ) Q?"? (2-24)
Equation (2-23) can be shown to be the same form as the internal energy form
of the differential energy balznce given in Slattory.(z'z"'z9l)

tquation (2-24) 1s a modificd form of the jump energy balance shown by
Slattcry(z'z'p'zgz) for a total energy balance. The terms representing
relative changes in kinetic energy and viscous stress normal to the
‘nterface have been dropped in this internal energy representation. In
addition, PV work terms implicitly included in an enthalpy form of this jump
condition appear to he missing from Equation (2-24).

Hughes, et al..(2'3’9'53) develop the area-averuged energy equations in
the same manner as the other field equations, resulting in a phasic energy

equation
A -A * A ~A <A ~ -A -
3 H A
& (m, ’, xa) ' & (m. o 1, vx) - -Ata, & o (2-28)
~A -A ~. ~-A A
. a. £ _
Pa ’i(‘“a 'x) Pa ot (A“a)‘ Eab * b * 9, ¢ 4,
A-A . -A

4 '
+ A(t. Py Q’ . E‘

Treating the area, A, as being independent of time, dividing by A, setting
€ = 1, removing terms dealing explicitly with the solid phase, dropping
the area average notation, and changing the notation for internal energy
from I to U results in
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gf (@0U,) + } (@88 = -9, 3: < - ;‘ ’E(?‘a%)' ;‘ ’i(é‘;)‘ Eﬂh ¢ Sﬂb

+ 3{5 + a.p.Q; (2-26)
ihe E; term is dropped by an assumption that nonuniformity terms are small
by comparison with the average terms. The term in q: on the rigiit side
of Equation (2-26) represents conduction heat transfer in the fluid and is
not included in the RELAPS field equations. The last term on the right,

Q;. is a volumetric energy source term. By dropping the fluid conduction
term and modifying Equation (2-26) only to change the form of implementing
the energy exchange terms, the RELAPS/MOD2 energy equation is written

da
é.
3; (agogUg) + } g; (agegUq¥qh) = -P 3 - { & (agvgh)
: s .
+ Q"9 + Qig + l"‘gh9 + r'hg + DISSg ' (2-27)

where only the equation for the vapor phase has been shown. The first four
terms show a direct correspondence to Equation (2-26), wherc a single
prrossure P was used for both phases. The exchange terms

include the same information as Equation (2-26), where Qvg and 0‘9 account
for heat transfer with the walls and through the interface, respectively;
ljg and Iy represent mass transfer; and DISSy represents a

volumetric energy source term, particularly from pump effects and wall
friction. The enthalpies h and h; are chosen to give a total energy
balance when the vapor and ?1qutd energy equations are added and accommodate
the PV terms missing from Equation (2-24). These will be discussed in more
detail later,

A summary of the field differential equations for RELAPS/MOD2 follows
with terms noted that will he explained in the discussion of constitutive
models. The bracketed letter terms dea)l with specific constitutive models;
Tavle 2.1 denotes a model for each letter and the section in which an
explanation may be fo.nd.
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TABLE 2-1. CONSTITUTIVE TERMS

A Mass transfer Section §
B Mass transfer in bulk fluid Section §
C Mass transfer at wall Section §
D Body force - gravity Section 6
E Wall friction Section 6
F Interphase momentum transfer Section §
G Interphase friction drag Section 6
H Virtual mass force Section 6
I Wall heat transfer Section 4
J Interphase heat transfer Section 4
K Interphase latent heat Section 4
L Wall latent heat Section 4
M Wall friction and pump friction dissipation Section 6
The phasic continuity equatinns are
- ld. .
at “’q’g) * A ax (QgﬁquA) rg (2-28)
g-‘- (agpg) + } g; (a,;fv'A) B -l‘g . (2-29)
where
Tg = -Ig . (2-30)

The interfacial mass transfer mode) assumes that total mass transfer
consists of mass transfer in the bulk fluid and mass *ransfer at the wall,
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nonconservative form,

+ % ogpgA

and for the liquid phase

‘f’r‘a't't*%"f’f‘ﬁi"

da
(@ 0.U,) + (avaA)-Pa—g.EL

The phasic conservation of momentum equations are used in a
For the vapor phase

. ah '}5 + agBA - (agp A)FNG(vy)

99
(0]

+ l‘gA(v’l . vq) . (ogpgA)FlG(v‘ . vf)

(F)

g - )

(H)

F. ] .
- c.faq" [—1:1__——9—

The phasic energy equations are

t a

-

2-11

*Veax " Vg dx

agh }f v agaBA - (2o h)FWF(vy)

. rgA(Vfl ¢ Vf) - (.fyfA)Flf(Vf . Vg)

(2-31)

(2-32)

(2-33)

(2-34)



. s «
+ 0'9 + oig + rig hg . r'hg + Dl:S9

(1 [ (x (L] (M)

s
fiarpp) + § Grloppupvet) « pit - § Elapve) (2-38)
* Qup ¢ Qg = Tyo b = TNG + DISS,

2.1.1.1 Noncondensibles in the Gas Phase. The two-phsise,
single-component mode! 1s extended to account for the presence of a

noncondensible component in the gas phase. The noncondensibie component is
assumed to be in mechanical and thermal equilibrium with the vapor phase
and, 1f the subscript n represents the noncondensible phase,

vn - vg (2‘36)
and
Ty = 19 5 (2-37)

The noncondensible gas mode] assumes that all properties of the gas
phase, subscript g, are Gibbs-Dalton mixture properties of the
team/noncondensible mixture. The quality, X, is iikewise defined as the
mass fraction of the entire gas phase. Thus the two basic continuity
equations are unchanged. It is necessary to add an additional mass
conservation equation for the noncondensible component

Sitagrgty) + & Sitagagtovah) = 0 (2-38)

where X, is the mass fraction ¢ noncondensible component based on the
gaseous phase mass.
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The phasic momentum and energy equations are unchanged, but the vapor
field properties are evaluated for the steam/noncondensible mixture.

2.1.1.2 Boron Component in the Liquid Field. The boron tracking model
simulates the transport of a dissolved component in the liquid phase. The

solution is assumed to be sufficiently dilute that the following assumptions
are valid:

1.  Liquid properties are not altered by the presence of the solute.

2. Solute is transported only in the 1iquid phase and only at the
velocity of the liquid phare.

3.  The energy transported by the solute is negligible.
4. The inertia of the solute is negligible.

5. The solute is transported at the velocity of the vapor phase if no
liquid is present.

Under these assumptions, only an additional field equation for the
conservation of the solute is required.

ap A(CoappeveA)
it TR - e

WP

where the concentration paremeter, C.. is defined as the concentration of
dissolved solid in mass unite per mass unit of liquid phase,

°
(g * A
p(1 - X)

2.1.2 Differential Equation Modified Form

(2-40)

A more convenient set of differential equations upon which to base the
numerical solution scheme is obtained by expanding the time derivatives,
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replacing the phasic continuity and momentum equations with sum and
differences of the continuity and momentum equations and replacing certain
terms in the equacions with relations as will be axplained.

2.1.2.1 Mass Continuity Equations. The sum mass continuity equation
fs ob' “ined by expanding the time derivatives in Equations (2-28)

and (2-29), adding the equations together and using the relation

da da

-t . . -8 .
at an (2-41)
This yields

9 I da
9 3{9 + o 3{1 + (‘g . ’f)iis + i g;(agpgng + cfp'va) =0 . (2-42)

-
@

The difference mass continuity equation is obtained by expanding the
time derivatives in Equations (2-28) and (2-29), subtracting these
equations, using Equation (2-31), and substituting rg in the form,

My (15 < 1) « H (1% - 1))
ry* - g e if Lor,. (2-43)
hq‘hf

This yields

o

[ ap da
a9 3;9 - ag 3;1 + ('9 + p,);{g + * ’;(c’p'v’l . ."fv'A)

. z(nm(r‘ + ) ¢ Hoo(T* - 1)) .

.
A -
9

For the case of noncondensible density, the time derivative in
Equation (2-38) is expanded to yield

da a ax
pg¥n 5?9 ¢ a X, 3?9 + agpg 3;3 N % ’;(c,pQIGVQA) «0 . (2-45)
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2.1.2.2 Momentum Equations. The momentum equations are also written
in sum and difference form. The sum momentum equation is obtained by the
direct summation of Equations (2-32) and (2-33) with interface conditions
[Equations (2-46) and (2-47)] subslituted where appropriate and the
cross-sectionz] area canceled throughout. The interface conditions are

VQl - V” - Vl (2"6)
and
agpgfib = oypeFIF = agagpgpgfl (2-47)

The spatial derivatives in the virtuai mass term are neglected because of
the inaccuracy in approximating them with the coarse nodalization used in
system calculations. These operations yield the sum momentum equation

2

2
v av Ov av
| - + 1 5_1 14
%P 3t * %Pf 3t ' 2 %P Ox % i " ax * P8y (2-48)

. agpgvgfvﬁ . a,p,v,FUF . !‘g(vg . vf) :
The difference of the phasic momentum equations is obtained by dividing
the vapor and 1iquid phasic momentum Equations (2-32) and (2-33) by aglg and
agpy respectively and then subtracting. The interface conditions,
Equations (2-46) and (2-47), are again used, and the common cross-sectional
area is divided out. Again, the spatial derivavives in the virtua)l mass
term are neglected The resulting difference momentum differential equation
is

2 Z
av av dv v
=3 . 1.9 1. °f_ . (L .1, @,
at at 2 % ax (,9 ’f) ax VQFUG + veFWF (2-49)

+ Tgln-, . (c,ofvg + .gogvf)l/(ogpga,o,) . pH(v9 - Vg)



alv, - vg)
- C10¥/(pgpg)) —Sgr—t
where the interfacial velocity, vy, is defined as
Vi - ng + (1 - A)vg (2-50)

and A is chosen to be 0 for positive values of l"9 and 1 for
negative values of rg. This ensures that the mass exchange process is
dissioative.

2.1.2.3 fEnergy Equations. The energy equations are not summed or
differenced but are left as phasic equations. The time derivative terms are

expanded, the interfacial relations are replaced by appropriate terms, and
various terms are reduced using the phasic mass conservation equations.

For the vapor energy equation, the 0‘9 and r,g are replaced by
the following

Qjq = HiglT = To) - (1575 1,03 - n) (2-81)
HiglT® = Tg) ¢ Hig(T* - Tp)
Fig * —y——3 : (2-52)
¢ hg - hg

where ¢ = 1 for T' >0 and ¢ = -1 for I <0,

The Hig, Mif, dag/at and the convective terms are collected
giving the following form of the vapor energy equation,

da an au
| —9 | -
(bg¥g + P) 30 + ag¥y 31° + aghy Jp * } (§5(ag2gg¥gh) (2-53)
. -
+ P g;(agvgl)] - - - 3
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’ [(Lg—l)h; N L Qug + DISSg .

For the 11quid energy equation, the Qy¢, I'yg, and dag/at
terms are replaced by

Qyp = HiglT* = o) = (155 08 - ) (2-54)

and by Equations (2-52) and (2-41). The N,g. Hifs chllt and
the convective terms are collected, yielding the tollowing for the liquid
energy equation

da ap L)
'(’fuf +P) 3?9 +al, 3?1 M ITI . k [s;(af’fufva) (2-3%)
* *
h

h
P Glapph) = | N1 - 1)+ [t )
hg - hf h . hf

- 150ms « Amdir, + g + oIss, .

The nonexpanded time derivative form of the mass any energy equations i3
also used, particularly to improve energy inaccuracies in the phase with the
smaller volume fracticn,

2.2 Difference Equations

The difference equations are obtained by integrating the differential
equations with respect to the spatial variale, dividing out common area
terms, and integrating over time. The mass and energy equations are
cpatially integrated across the cells from junction to junction, while the
momentum equations are integrated across the junctions from cel)l center to
cell center.



Several guidelines were followed in developing the difference equations

representing the field differential equations. These are summarized from
the RELAPS/MOD2 manual.

~>
~3

-

RELAPS seeks to be consistent and conservative in mass and energy
inventories. A greater degree of approximation is allowed for
momentum effects. Both mass and energy are convected from the
same cell, and each is evaluated at the same time levels (i.e.,
mass density is evaluated at the old-time level so energy is also
evaluated at old time).

To achieve fast execution speed, implicit evaluation is used only
for those terms responsible for the sonic wave propagation time
step 1imit and those phenomena known to have small time
constants. Thus, implicit evaluation is used for the velocity in
mass and energy transport terms, the pressure gradient in the
momentum equations, and the interphase mass and momentum exchange
terms,

To further increase computing speed, time-level evaluations are
selected so the resulting implicit terms are linear in the new
time variables. Where it is necessary to retain nonlinearities,
Taylor series expansions about old-time values are used to obtain
a formulation linear in the new time variables (higher-order terms
are neglected). Linearity results in high computing speed by
eliminating the need to iteratively solve systems of nonlinear
equations,

To allow easy degeneration to homogeneous, or single-phase,
formulations, the momentum equations are used as a sum and a
difference equation. The particular difference equation used is
obtained by first dividing each of the phasic momentum equations
by aglg and agpg for the vapor and 1iquid phase equations,
respectively, and then subtracting.

Figld Difrerence Equations
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Using the above guidelines, the 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 density equation is

Votad (GR*L - 80 ) b (BFL - R )+ (e - f @R
1 n n*l
+ (89 10109, 3u1Vg, J+1h5e1 * 89, 55,V shy)0
n+l
S CHRY Ty Ju Ajyp - 8F 505 Ve A b = 0

The difference density equation is

~n+l n ~n+l ~n+l

v [ag L(pg¢L ’g.L) - °?.L(’f L P:.L) + (‘3' + ﬁf L)(°

n+l : n+l
+ (89 50189, 3o1%g, je1h5e1 95, 3P0, 3V, sAy)8L

N . 1 N l
‘ ("'f.m'?.m ?JH j*l "f i%%,3 2’.1 J’At

8 o | gl ; s,nel  znel
(h; ‘ h;)t v muw l(? Tq.t’

+ Hl‘l L(TS.HQl Tn‘l)l + zv At r
The noncondensible density equation is

~n+] n n
Vileg, Xa, (8g | - ag ) + ag X

non oy L X" A2
*ag gt Zn,L X)) (°9 Jol’g 34150, 3419, 3418541

‘n n 1
4g, 10, 1¥n, 3%, Ay)8t = 0

. °;.L)]

(2-56)

(2-57)

(2-58)



The vapor energy equation is

V [(99 Lug L + Pﬂ’(al!#l °:.L) + °:.Lu;.L(;:tll. . ':.L)

=n+] n n, n+l
+ag (g, UgrL - Vg, 1)) ¢ (g 511G 5,105 5oy ¢ P RAPERLIN

L it e,
0,30, Vg, + PUIVG Rt = ] - (FJT;) 1™ - 10D
9 \

hoo\"
caercl L TG A IO o S DR S THE
h ® hf L
+ 039. + olssg Lvat (2-59)

The 1iquid energy equation is

=n+] =n+l
VLo, VF L ¢ PGGTL - g )+ af (Vg G- R )

| 1
g of (F'0 - Uf 01 ¢ (o} Jol(’f Joluf go1 * PIIVET A 41
. n
‘n ‘n 'n n nol f s,n+l n+l
ap g Uy ¢ PDVE Agee - ) R Mg, (0™ - T2°D)
Y &
ClEs | e T TRD et ¢ donghiet
h -h'L
g
‘ o:,'L ‘ oxssg.t VAt (2-60)

The difference equation for the sum momentum is

n+l n+l

(a P )J (v S )JAxJ + (afpf)J (v . V:)j"J
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_—r
. [(agpg)J HLOSSG

v Hagag)) [0 - D] ot ¢ deegsp [ - vhigfae

[(&gig)gvxscg ' (&,},)gv1srg]nt

- (P - px)"*‘ At + ['3 B, - (cgpg)g(vg)g"ruc

l
< (agpg) Jlvg) §TIRNES - (Tg) vy -

and the difference momentum equation,

[l + Cozf(ﬁgﬁf)]g[(vn’l . 43)

+ (0FD) vy - vg)§

P . . .
b(agog)/(agpg)‘

>(&f;f)/(°f’f).

1
< Llog - pg)/(agpe)1§(Py - )" at - {rus§<v,)

n o, .n.n+l
' [ro (o7vy

n+l

- [(&,},)/(a,,,)]:

+1
] ijlt

n _n+l

T Vo) ¢ (agep)] HLOSSF

. (v:):]At : g[(&gig)/(agpg)]gvxssgAt
. (v}):]tt N %[(&,),)/(a,p,)]}Vle}At

nl o eee?

n.n n+l
- “f’fvg -

n.n n+l
.glqvf ) /('gﬁg.fﬁf)n]J
. n
AAJAt -{[(cgpg)/(cgog)]J HLOSS

HLOSSF V]



2.2.2 Donored Terms

The quantities having a dot overscore are donored quantities based on
the junction velocities, vg and vg. The donored quantities are volume
average scalar quantities defined analytically as

6'% (‘K“l) ’%L:'l (‘K » ‘L)' viDO (2-63)

where ¢ is any of the donored properties and v is the appropriate
velocity (that is, vapor or liquid). For the degenerate case of v = 0, a
density-weighted average formulation is used

N RN
= o 4 W A , v=0 (2-64)
pK"L

for all donored properties except for the densities. (A simple average is
used for the donored densities.) In this equation, py and p_

are the appropriate density (that is, vapor or liquid). Where donored
values are not used at junctions, linear interpolations between neighboring
cel) values are used.

2.2.3 |Intermediate-Time Terms for Mass and Energy Equations

The intermediate-time phasic densities used in the mass and energy
equations are obtained by linearizing the phasic state relations about the
old-time values.

el o8 gfg n(’ml_’n)¢ ‘_’g n(iﬂél’xﬂ )
Po.L " Pg,L * \3P L L ax nL " Ml

L
" .
. (w—ﬂ) (u;'f,{ ‘ ug.t) , and (2-65)
97
) . \" e \"
pedae (@) ot (&) @Eodo o e
L



The state derivatives used in Equations (2-65) and (2-66) are obtained from
the state relationships.

Intermediate-time interphase heat transfer rates are written in the
finite difference form

Q?;IL 19 L(7s,n¢l T:t{) . (1—3—‘)r“ L(hs.n s.n) (2-67)
R SR U LR @)

The intermediate-time temperatures are obtained by linearizing the
temperature relations about the old time values.

n n
$5,n4] _ .5,n a1 nel N art g+l g0
TR (av )L(PL (U (axn Za,L * Xa, )
L

P n#l : :
+ (609) (U u9 L) (2-69)
L
Tml ™ flg (P"’l Pn) . flg ! inol "
g,L g,L ar L OXn ( n,L n.L)
L
at \"
R (a’u:) (u"" v, (2-70)
L
“an+l n flj ' n+l n !Il nol n
et Tet \ ), PO PO A, ) We s Ve (2-1)
L

The temperature derivatives used in Equations (2-69) through (2-7)1) are
obtained from the state relationships.
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2.2.4 Terms for Momentum Equations

A similar approach is used to obtain the finite-4ifference form for the
phasic momentum equations. In this case, volume-average properties for the
momentum control volume are taken as junction properties (that iz, linear
interpolations between mass and energy control volume centers). The
momentum flux terms are approximated using a donor-like formulation that
results in a centered velocity gradient term and a viscous-like term.

The viscous terms are defined as

vis] « 4 { Yo.l [(V:)J¢1“J¢n/‘1) ' "g’J]

n ] n n )
» Ivg'xl .(Vg)J - (VQ)J‘l“J-llAJ’]} (2'7‘}

and

visr§ - 3 :IV:.L [('?’J+1(‘J¢1/‘J’ ' ":)J]

-

@[y - (v?)J,,(AJ,,/A,)]} (2-73)

In the momentum Equations (2-61) and (2-62), the scalar or thermodynamic
variables needed at the junctions are either linear interpolations between
the neighboring cell values or donored quantities. The HtOSSGJ and
HLOSSFJ terms contain both code-calculated abrupt area change loss terms
and user-specified loss terms.

2.2.5 Nonexpanded Mass and Erergy Equations

Using the same averaging techniques, the nonexpanded form of the mass
and energy Equations (2-28), (2-29), (2-38), (2-34), and (2-35) ave next
presented in their final finite difference form.
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The nonexpanded vapor dersity tquation (2-28) becomes

n+. n ‘n ‘n n+l ‘no‘n_n+l
Vi[(ageg) ™" - (agrg)(] + (ag 5510, 5a1¥g, 341h541 ~ %, 4%g,5%g, A1 4%
~n+l
- rg'L vt . (2-74)

The intermediate time variable, f”’{. is obtained using the finite
difference form of Equation (2-43), ang is written

" (Ts.n+l 3 Ynol) + W (7s.n+l g Tnol)
f;t: o « wiiiboak el .‘“114L;.;L Ly ., fC.L . (2-75)
"g.L . hf.L

The nonexparded 1iquid density Equation (2-29) becomes

n+l N ‘n ‘n n+l ‘no‘n_n+l
Vi lrgogd - (agpgiy ) + (g 50108 501YF, Je1Rge1 © OF, 3F, 3VF, 1Ry )08

n+l
.- fg.LVLAt . (2-76)

The nonexpanded noncondensible density Equation (2-38) becomes

n+l n n ‘n n n+l
Villaghga)i " - (@gagka)] + (ag 50189, 501%n, 501, J+1A 401
_ahonon nel . '

The nonexpanded vapor energ ' “quation (2-34) becomes
n+l

n+l n N N N
i llogaglgh " - (agrgUg)) + lag 5108g, 51V, o1 * PVg, jerdsn)

PU DU RN n, n+l . .y PNzl on
°9.J(’9.JU9.J’ PL)VQ.JAJlAt vLPI.“g.L °9.L)
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9.l

The variables ‘:‘t' T’ el T"’l. and 7"’1 are written with a tilde (-)
to indicate they are 1ntor-odlato tino varilbuls The nonexpanded liquid
energy Equation (2-35) becomes

n+l n ‘n ‘n ‘N n, n+l
Vo [lagaUe) ™ - (agpgUe) ] + lag 50008 544V 501 * PUIYE, 301h50)

n n+l n,=n+l n

* n * \n
h h
. (h. f h.) H?’.Ldt,ml ) TMI) ‘(h q h.) . L(fs.ml Tml
9 f/ 9 fA

((L-?-i)h‘-“ (l—i-‘)h::f]l‘:' ¢ Qo+ 01ssy vt (2-79)

2.2.6 Yolume-Average Velocities

Volume-average velocities are required for the momentum f ux
caicuration, eva'uation of the frictional forces, and the Courant time step
limit, In a siwple constant area passage, the arithmetic average between
the inlet and outlet is a satisfactory approximation. However, at branch
volumes with multiple inlets and/or outlets, or for volumes with abrupt area
changes, use of the arithmetic average results in nonphysical behavior,
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The RELAPS volume-average velocity formulas have the form

- .
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3. FLOW REGIME MAPS

Three flow regime maps for two-phase flow are used in the RELAPS/MOD2
code: (a) a horizontal map (+15° from exact horizontal); (b) a vertical
map (for all angles greater than 15° from the horizontal); and (c) a high
mizing map for flow through pumps. The flow regime calculations for
interfacial heat and mass transfer, interfacial drag, and wall drag are
found in subroutine PHAINT. Wall heat transfer depends on the flow regime
maps in a less direct way. OGenerally, 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.

3.1 Horizontal Flow Regime Map
3.1.1 Map as Coded

A schematic of the horizontal flow regime map as coded in RELAPS/MOD2
is 11lustrated in Figure 3-1. 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 3-2 illustrates the
geometry for horizontal stratificztion,

Values for the parameters governing the flow regime transitions are
shown in Figure 3-3 or listed below. G is the average mixture mass flux
given by

(] agpgvg vagpv, . (3-1)

Go£ - 0.75.

QAC - 0..,
-7

@ =107,
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and

1/2
(pg - #,) 9a_ A
- -g [: f 5, bsni 1—:] (1 - cost) . (3-2)

where D is the pipe diameter or equivalent diameter (hydraulic diameter) and
A is the cross-sectional area of the pipe, A « 101/0. ¢ is the angle
between the vertical and the stratified 1iquid level, as snown in

Figure 3-2. The subscripts of the transition void fractions (apg, apg,
etc.) are mnemonically related to the coded variables representing them.

3.1.2 Map Basis and Assessment

The geometrical configuration of a two-phase flow regime is
characterized by a combination of void fraction and interfacial area
concentration and arrangonnnt."l Traditionally, however, flow regime
maps have been constructed using superficial velocities? 2 33 which,
strictly, do not uniquely define the flow regime. Ishii and Mishimad'l
contend that while superficial velocities may provide for suitable flow
regime mapping for steady, developed flow, the same 1s not true for
transient or developing corditions such as arise frequently for nuclear
reactor thermal-hydraulics. They recommend « direct geometric parameter,
such as void fraction, for flow regime determination for unsteady and
entrance flows where a two-fluid mode)l (such as is used in RELAPS/MOD2) is
more appropriate than a more traditional mixture model. RELAPS/MOD2 uses
the void fraction, ag. to characterize the two-phase flow regimes. Taitel
and Dukler? ¥ have devised a horizontal map from analytical considerations,
albeit sometimes involving uncorroborated assumptions, that uses at least
the void fraction for all regime transitions, Furthermore, in a later
paper, they use the same flow transition criteria to characterize transient
two-phase horizonta) flow 3-8 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 RELAPS/MOD2 applications
and 15 consistent with the current state of the technology.
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3.1.2.1 Irznsitior from Bubbly Flow to Slug Flow. The RELAPS/MOD2
horizonta)l flow map is ¢ simplification of the vertical map used in the

code, which in turn 1¢ based on the work of Taitel, Bornea, and Duklerd®
(Y6D). The bubbly-to-siug transition void fraction used in the code varies
from 0.25 to 0.5 depending on the mass flux (see Section 3.).1). The lower
Timit of 0.25 is based on a postulate of TBD that ccalescence increases
sharply when bubble spacing decreases to about half the bubble radius
corresponding to about 2% void. TBD then cite tnree references as
supporting this approximute level. The first citation, Griffith and
Uallis."’ however, actually cites an unpublished source (Reference 6 in
3:7), 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 sluns) in a vertical pipe and admitted uncertainty about where
the bubbly-slug transition should be. (Only two of their own data points
fell into the region labelod bubbly flow on thair flow regime rap.) TBD
also cite Griffith and Snycor.". suggesting that the bubbly-to-slug
transition take: place between N.25 and 0.30, Actually, Griffith and Snyder
were studying slug flow usisg a novel technique. They formed a plastic
“bubble” to simulate a Taylor bubble through which they injected air. Their
setup allowed the bubble tn 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 "slug filow," it seems inappropriate to use such information to calibrate
the bubbly-to-slug transition. The third reference cited by TBD uses a
semi-theoretical asalys s involving bubble collision frequency, wnich
appears to indicate a transition in the range ag 0.2 te 0.3.39 »
discussion by Nouttt."l°ho~cvor. poirts out some uncertainties and
qualifications to the approach ofReference 3-9. Thus, the dezignation of
ag * 0.25 for a transition void fraction from bubbly to slug flow is

subject to question, although it does fall within the range suggested by the
cited references.

T80 further argue that the void fraction for bubbly flow could be at
must 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 vi  ous turbulent diffusion,
RELAPS/MOD2 uses a void fraction of 0.5 »s an approximate reprcsentation of
this condition for high mase ’lux,
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The interpolation in RELAPS between ag * 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 %o base the
transition on an average mixture mass flux increasing from 2000 to
3000 kg/m?s (Section 3.1.1) does not appear to be based on firm ground.
If, however, one pluts the average mass fluxes on Figure 2 from TBD, the
RELAPS transition 7or this special case (air-water at 25°C, 0.1 MPa in a
vertical 5.0 cm dia. tube) appears reasonable (Figure 3-4). Nevertheless,
while the transition criterion hased on G looks reasonable for the
conditions of Figure 3-4, it is insppropriate tu assume that 1i works well
for all flow conditions found in reactor app)ications. A potentially better
criterion for the variation of the bubbly-to-slug transition a, would
be based on dimensionless parameters.

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. None of the references given in the code manual as basis
for flow regime maps appears to support this transition. Taite! and

Dukler3 4 argue that the transition should take place a* the equivalent of
ag = 0.50. Their argument is that the transition from stratified wavy to
annular flow will occur if ag > 0.5 in a pipe, since a singsoidal wave will
be able to reach the top of the pipe, whereas for ag < 0.5 1t will not (but
will lead to intermittent or slug/plug flow). They further assume that

ag = 0.5 defines the transition directly from annular to intermittent flow,
Weisman et a1, 33 however, cast doubt on Taitel and Dukler’s simple mode)
for slug-to-annular transiticn, indic ting that the transition void fraction
s not a constant, but instead a function of Froude and Kutatelad:ze

numbers. (See Section 3.2.2.2 for further discussion of the slug-to-annular
mist transition,)

3.1.2.3 Iransition from Annylar Mist Flow to Dispersed Flow. The void

fraction upon which this transition is coded to take place simply
corresponds to a very low liquid fraction, ag » 1007, This liquid fraction
was chosen to allow a smooth transition to single-phase vapor flow,
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Figure 3-4. Flow pattern map for air/water at 25°C, 0.1 MPa, in a
vertical $.0-cm-diameter tube showing G = 2000, 3000 lg/nzs.
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3.1.2.4 Transition to horizontal Stratification. The transition

criterion from horizontally stratified to non-stratified flow,

tquation (3-2), s derived Airectly from Equations (23-24) of Taite) and
Dukler” (YD) which are a statement of a Kelvin-Helmholtz instability,

If vg is greater than vi.iy, the flow is not stratified; if it is less, then
a region of transition takes place (Figure 3-1) before the flow is
considered to be completely stratified. The criterion holds that
infinitesimai waves on the 1iquid surface will grow in amplitude if

Vg 2 Yepity transitioning from stratified fliw as the waves bridge the gap
to the top of the pipe. The criterion coded corresponds to exactly
horizontal flow and does not include any departure from the horizontal,
which is present in Equation (23) of Reference 3-4. For a 15% tilt, the
error would be 1 - (cosls°)°'s < 2%, a small error considering the
approximate nature of the flow regime modeling.

The horizontal stratification criterion of TD deserves further
discussion. The criterion, Equation (3-2), is derived from
Equations (23-24) of TD, which are based on Equation (17) of TD given as:

g (3-3)

L [mf ’ o,)_ﬁ{]‘”
Equation (3-3) 1s supposed to represent the stability Yimit for waves
on a sheet of liquid flowing between parallel plates, h' being the
distance between the upper plate and the equilibrium interface level. This
equation appears to come from Section 15.44 of Reference 3-11, which is
actually a flow of two fluids with a free surfare above the upper fluid,
Also, the U in Section 15.44 of Reference 3-1]1 is the interfacial wave
velocity, not the gas phase velocity.

The classical Heimholt: instability is described by Chandrasekhard 12

Section 100. The flow geometry is two infinite fluids having densities of »
and p° (with »’ representing the upper, less dense fluid) moving with
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velocities parallel to their equilibrium interfaces of U and V',
respectively. A sinusoidal wave propagating parallel to the interface is
imposed. It is shown?" 12 that the wave speed takes on complex values if

2 2
TR L (3-4)

which 1s therefore unstable, Kk is the wave number jJiven by k = 2n/), where
) is the imposed wavelength. For p = Puater’ and p' = Patr,steam’ it is
obvious that

z ‘z ' ’ 4 * [
2 ot E nl ——— z s
& g (-2 . ga o-2)
: T

If, now, the ‘mposed wavelength is considered to be ) = h‘/ll and the
Tiquid velocity U’ = 0, Eq. (3-3) 15 obtained. For the case of flow of two
liquids between parallel plates, the expression for the wave velocity is
given by Nana-Yhoapscn."!l Section 15.42. It is considerably more
complex than for the unbounded case of £q. (3-4).

The classical Helmholtz instability is based on potential flow theory
and s derived from a linearized equation. Furthermore, the interfacial
wave 15 assumed to be sinusoidal., Therefore, the following limitations
apply to the stability theory compared to rei) flow:

1. Surface tension effects are neglected. Lamb 13 indicates that
£q. (3-4) predicts that the slightest breeze with a high wave
number k (or short ) would cause the surface of a liguid to
become unstable. This, of course, is disallowed by surface
tension effects.

2. Viscous effects are neglected. Viscosity will also serve to
disallow growth of small wavelength disturbances since it will
damp them out.
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3. A term neglected in the surface displacement equation to simplify
the problem is admittedly important {f the wave amplitude is not
small compared to its wavelength, This condition is clearly not
meant for waves of sufficient amplitude to bridge the gas phase in
most instances.

4. The imposition of a sinusoidal wave may be reasonable for the
Tow-amplitude waves envisioned for Helmholtz instability, but
clearly does not describe real, turbulent, or peaked waves that
can actually occur,

5.  Turbulent effects are ignored. Turbulence may glay a significant
role in the transition phenomenon from stratified flow.

Considering the above limitations, it is clear that the horizontal
stratification criterion of TD requires some comparison with experiment to
assess its validity, 7D compare their transition criteria with the
published map of Mandhane et al 32 the comparison is quite favorable for
the conditions of air-water at (i° and | atm in a 2.5-cm-diameter pipe.
Choe et al. 3" 1% ghow that the 1D <riterion works fairiy well between
intermitient and separated flow fou 1iquids of low or moderate viscosity.
When applied to liquids of high viscosity (glycerine solutions), large
discrepancies are evident. Weisman et a1, 3 devise their own
stratification versus intermittent criterion which does not account for
variations in liquid density, viscosity, or surface tension. They claim
that the effects of 1iquid properties were insignificant for their tests,
although inspection of their plotted data shows that predicted values of
v"/go‘/' (v,' = superficial gas velocity) vary from experimental data
by as much as a factor of about five,

In summary, there is avidence that the TD horizontal stratification
criterion works for low- and moderate-viscosity liguids, including water, at
lTeast in smal)-diameter pipes (up to § cm), but fails for high-viscosity
Tiquids
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3.1.3 Effects of Scale

Recent experimental evidence reported by Kukita et a1, 315 obtained
at the JAERI, ROSA-IV, TPTF separate-affects facility for horizontal flow of
steam and water in an 18-cm-diameter pipe at high pressure (3-9 MPa)
indicates that horizontally stratified flow exists for conditions for which
RELAPS/MOD2 predicts unseparated flows. This failure of the stratification
cricerion [Equations (3-2, 3-3)) 1s attributed by Reference 3-15 largely to
the fact that the code uses the absolute vapor velocity rather than relative
velocity (vg - vg) to test for a stiatification condition. Upon
substituting relative velocity for vapor velocity, it fs shown that
predictions for void fraction are significantly ilprovod."“

3.2 VYertical Flow Regime Map

3.2.1 Map as Coded

A schematic of the vertical flow regime map as coded in RELAPS/MOD2 15
shown in Figure 3-5. The schematic is three-dimensional to illustrate
flow regime transitions as functions of void fraction ag. increasing dverage
mixture velocity G/p, and boiling regime [pre-critical heat flux (CHF),
transition, and post dryout]. G is given by Eq. (3-1), and the average
density is given by

b= Qghy * 8 (3-8)

The map consists of budbbly, slug, annular mist, and dispersed (droplet or
mist) flows in the pre-CHF regime; invarted annular, inverted slug and
dispersed (droplet or mist) flows in post dryout; and vertically stratified
for sufficiently low mixture velocity G/p. 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 3-6.
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Figure 3-5. Schematic of vertizal flow regime map with hatchings
indicating transitions.
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Figure 3-6. Vertical flow regime transition parameters in RELAPS/MOD2.
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0 for G < 2000 kg/m’-s

-
0.5 - a,,)
@ " a;. + 1—-7536—53- (G - 2000) for 2000 < w < 3000 ha/-'-s
0.5 for G 2 3000 kg‘n®-s
app * Max (0.25 Min (1, (0.0450")%), 10°%)
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.Co'.“‘ 0.3 '

v
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Verst * 141 L9 (o - 21V p112 (3-6)
Thus, 0.75 ¢ By € 0.96

.M . .‘c . 0.05

Vig * 035 (90 (o - o,)/o,)‘/' (3-7)

A further condition must o« atisfied for the flow to be considered
vertically stratified. In the case of contro) volumes having only one inlet
and one outlet, the void fraction of the volume above is compared to that
for the one below. If their difference is less than 0.5, the central volume
cannot be vertically stratified. If there are multiple junctions above and
below the volume in question, the upper volume having the smallest ay
Is compared to the lower volume having the largest. Only connecting volumes
that are vertically oriented are considered.
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3.2.2 Map Basis and Assessment

The vertical flow regime map is mapped according to void fraction for
non-stratified, wetted-wall regimes. This conforms to the recommendation of
Ishii and Mishima3~! as discussed for the horizontal map in
Section 3.1.2. The dry-wall flow regimes (particularly inverted annular and
inverted slug) are included3"18 to account for post-dryout heat transfer
regimes where & wetted 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 3-5). 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 regicn, Section 3.2.1,
wherein up to four correlations are combined to obtain the required
constitutive relations.

3.2.2.1 -t0-Slug Transition. The transition from hubbly flow to
slug flow is based on Yaitel, Bornea and Dukler3-® (TBD). The transition
is the same as in the horizontal 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 *!& bubbly regime, giver by TBD as

1/4
g (pp - pg) 0
uo-x.ss[ f2°] . (3-8)

exceeds the Taylor bubble rise velocity, Equation (3-7), it is assumed that
bubbly flow cannot exist, since the bubbles will approach the trailing edgas
of Taylor bubbles and coalesce. As shown in Equation (3-7), the rise




velocity of Taylor bubbles is limited by the pipe diameter such that for
sufficiently small D, vyg < Uy» thereby precluding bubbly flow. Equating
vig an¢ U, yields the critical pipe diameter,

Derit = 19-11 [0/g (g - )12 (3-9)
below which bubbly flow is theorized not to exist. In RELAPS, the
coefficient in Equation (3-9) has been modified to 1/0.045 = 22.22,
precluding bubbly flow for a pipe diameter up to 16% greater than given by
Equation (3-9). This criterion is observed down to a void fraction of 0.001
(Figure 3-6b). The designation of 7B, min * 0.001 as the minimum void
fraction at which slug flow may exist seems arbitrary and possibly too low.
In a recent report,3'l7 the degree of subcooling in a RELAP5/MOD2 prediction
for a reactor core was significantly improved by redefining AR min * 0.1
and reverting to Unal’s original interphase heat transfer correlation,3-18
which has been modified in RELAPS/MOD2 (see Section 4.1).

3.2,2.2 $Slug-to-Annular Mist Transition. The RELAP5/MOD2 vertical

flow regime map combines slug and churn flow regimes into a single regime
called slug flow. Also, the annular flow regime is combined with the
annular mist regime. The transition from slug flow to annular mist flow is
derived from the churn to annular flow transition of TBD.3°® The TBD
criterion is based on the postulate that annular flow will occur in a
vertical pipe when the upward drag forces are sufficient to overcome gravity
and can 11ft the liquid droplets in the core flow region as well as those
which may be created by shattering wave crests on the wall-adjacent liquid
film. The gas velocity required to effect such a transition is derived in
TBD as

log (¢ - p,.)1'/*
4

TBD assumes that this transition will occur at high void fraction and that
Vg can therefore be replaced by the superficial velocity Vgs: If the
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right-han” ~ide of Equation (3-10) is denoted v ..y, the transition
criterion according to TBD can be written

v (3-11)

gs = Verit

Substituting the definition of superficial velocity Vgs = @g¥q» ONe obtains
Yerit
a. > (3-12)

for the transition criterion. This transition criterion, which is
conveniently given in terms of the void fraction, is consistent with
Equation (32) of TBD or Equation (3-11) herein. However, the net effect of
Equation (3-12) is to cause the transition to occur for the assumed high

Gy and not necessarily for Vg 2 Verits Equation (3-10). The restriction of
transition ag between 0.75 and 0.96 (Section 3.2.1) in the code is, in fact,
consistent with TBD's assumption that the transition ag be high. The
further effect of the coded transition to decrease from ag = 0.96 to 0.75
with increasing gas velocity Vg does not appear to have a documented

basis. The purpose of the modification was to improve the performance of
the code in the developmental assessment analysis.a'19

The postulated transition criterion of TBD, Equation (3-11), as applied
by TBD is, in fact, inconsistent with the assumption of high void fraction.
For a given set of operating conditions, Verit s a constant
(Figure 3-4). However, as the Iiquid superficial velocity increases, the
void traction decreases and can go as low as 0.3,3-20

The constant used in the code in Equation (3-10) is 1.4 instead of 3.1,
which is consistent with Wallis.” 2] [ts use in RELAPS affects only the
value of ag (between 0.75 and 0.96) at which the transition take place,
which may or may not be directly related to the balance between drag and
gravitational forces. Data shown by Wallis in his Figure 11.18 for
air-water in a l-in.-diameter pipe does show slug filow existing up to a void
fraction of .87 and annular flov ~own to 0.75. Constitutive equations for
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void fraction for slug and annular flows coincide at ag = 0.8. The

slug and annular flow data of Wallis’ Figure 11.18, however, do not appear
to support the trend of the coded transition void fraction being a function
of the gas velocity.

The size of the transition region between slug and annular mist regimes
(Aa = 0.05) appears to be based on eng. eering judgment.

3.2.2.3 Post-Dryout Flow Regimes (Inverted Annular, Inverted Slug,
Dispersed Droplet). When surface temperatures and wall heat fluxes in

confined boiling heat transter 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 blanket 316

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 Ishii3-16 (DI). They report that upon reaching CHF, bubbly flow
transitions to inverted annular, slug/plug flow becomes inverted slug, and
annular/annular mist flow loses its annular liquid film and becomes
dispersed droplet flow (Figure 3-7).

De Jarlais and lsh113‘16 recommend that initially inverted
annular/initially inverted slug and initially inverted slug/initially
dispersed droplet transitions be based on the same criteria as their pre-CHF
counterparts (bubbly-slug and slug-annular, respectively). While the RELAPS
flow map is not based on the same criteria as those recommended by DI, the
correspondence between pre- and post-CHF transitions is o“served, as shown
in Figure 3-5. |Inverted flow regimes are very complex and unstable,
transitioning from inverted annular to inverted slug to dispersed droplet as
the flow moves up the duct.3"16 Thy . DI describe the transition to a
given post-CHF (inverted) regime in terms of those conditions that initially
occur as CHF is reached., The mechanisms for transition under post-dryout
conditions are different than for pre-CHF; hence, the transition criteria
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for the latter do not necessarily hold for the former. Nevertheless, since
post-dryout transitions are not well understood, it seems reasonable to
borrow pre-CHF criteria, as is done in RELAPS.

A further transition region between pre-LHF 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 conditions is not the same as pool boiling, such a transitional
regime seems appropriate.

3.2.2.4 Vertically Stratified Flow. The vertically stratified flow

regime is designed to apply to situat.ons where the flow in a vertical
conduit is so slow that an identifiable gas/liquid interface is present.
The restriction that the average mixture velocity G/p be less than the
Taylor-bubble rise velocity represents this condition, since any large
bubbles would have risen to the gas/liquid interface maintaining the
stratified situation. The further requirement that the void fraction in the
volume above the one in ques’ ion be greater than that for the volume below
by 0.5 represents a plausible search to locate the gas/liquid interface.
This condition effectively precludes an essentially single-phase flow from
inappropriately being labeled stratified when its average mixture velocity
falls below the Taylor bubble rise “elocity. (The Taylor bubble rise
velocity is documented by TBD, Reference 3-6).

3.2.3 fEffects of Scale

It has been postulated 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 usually defined.
Kocamustafaogullari, Chen, and 1shi13°22 have derived a unified theory for
the prediction of maximum fluid particle size for drops and bubbles. They
developed a simple mode)l 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
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applicable to liquid in 1iquid, droplets in 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 (SAI) indicated that slug flow was unable to form in a 30.5-cm
vertical pipe; rather, a transition from bubbly to bubbly/churn-type flow
with strong local recirculation patterns took pIaco.3'23 Therefore, there
is reasonable evidence to suggest that the slug flow reqime modeled in
RELAPS/MOD2 is not appropriate to reactor scale pipes. The effect of using
the slug flow regime calculations in large pipes is not known.

3.3 High Mixing Flow Regime Map
3.3.1 Map as Coded

The high mixing flow regime map is included in RELAP5/MOD2 to account
for flow through pumps. Figure 3-8 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 corralations,
which are described in detail in the sections abova. The map is based
purely on void fraction, with bubbly flow occurring below 0.5 and dispersed
flow above 0,95,

3.3.2 Mip Basis and Assessment

Although no references are given in the code manual as a basis for this
flow map, it {s apparent that the upper limit for bibbly flow of
ag 0.5 fs based on Taitel, Bornea and Dukler’s3"® 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. The transition

to dispersed flow is consistent with Hallis,"zl who presents data
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indicating that only dispersed flow exists above ag = 0.96. (See

Section 3.2.2.2 for further discussion.) The use o a transitional region
between bubbly and dispersed flow rather than incliding a slug flow regime
is appropriate, since the highly mixed nature of flow in the pump would
disallow large gas bubbles from forming.

3.4 Conclusions

A statement regarding the overall validity of the flow regime maps
coded into RELAP5/MOD2 must depend upon the perspective taken. From a
scientific viewpoint, the science of two-phase flow is far from complete.
Much disagreement still prevails regarding not only the best criteria for
flow regime characterization, transition, and pertinent parameters involved,
but even on what the full catalog of regimes should include. This situation
is complicated by the fact that more than one major area of application
exists (nuclear reactor safety, oil pipeline flow, etc.), each of which
involves a different set of operating ranges.

In view of the above, a statement based on an engineering perspective
seems more appropriate; that is, how well do the coded flow regime maps
compare with what is known or how well do they compare with recorded data?
Even based on this view, some flow regimes and transitions appear to be
supported by the literature, while others are less clear. Even scme based
on published criteria are probably unsatisfactory when scaled to reactor
dimensions. It is clear that considerable room for improvement exists both
in the science of flow regimes and in the application of the known science
to the code.
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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 RELAP5/MOD: precludes direct simulation of effects that
deoend upon transverse gradients of any physical parameter, such s 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 RELAP5, however, are based on engineering
Judgment, due part.y 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 physical as well as numerical instability.

The assessment of the heat transfer correlations used to provide
closure for the energy 2quations is complicaied by the detailed ~ature of
the correlations themselves. In general, each correlation is designed to
represent energv transfer under a specific set of thermal-hydraulic and
thermodynamic conditions, and each is typically measured for a fairly
limited range of those conditions. A determination of accuracy may be
available for the developmental range of parameters, but an extension of the
accuricy estimate outside that range is difficu’t 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 individually, a critical reviewer might
generally conclude that the data base over which the mode) was developed
does not apply directly to reactor geometries or thermal-hydraulic
conditions. 1If left at this stage, a conclusion of inadequacy could be
reached. Yet the correlations have, in general, enjoyed a fairly widespread
utilization and have shown at least a qualitative applicability outsige the
documented data range for which they were developed. The use of ary given
heat transfer correlation, eithes directly or in a modified form, then
becomes an engineering judgement, and the application to reactor conditions
pecomes an appro’ imation to the expected reactor behav ar. When viewed in
this context, the use of integral assessments, which inherently measure a
glebal response rather than a local response, becomes more meaningful.
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The assessment documented ir this section addresses both aspects of the
review process, local and global. The heat transfer correlatinns are
assessed on a local basis, with the developmental data base compared to the
desied range of application. Generally, an estimate of accuracy or
applicability is difficult to make at that level, and this is reflected in
the conclusions for each subsection. Additionally, a few integral
assessments are discussed for some of the more significant heat transfer
packages. These were limited by the time available to search the
literature, but they add the perspective of engineering judgment and
application to temper the conclusiuns from the local assessment.

4.1 Interfaciai Heat Transfer

In RELAPS/MOD2, the interfacial heat transfer between the gas and
13quid phases actually involves both heat and mass transfer.
Temperature-gradient-driven 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 a'e provided in the code. Since bath superheated
and subcooled temperatures for each phase are allowed, the heat transfer may
be either irto 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 rg to the gas
phase. Conversely, all of the heat transfer away from the interface
contrikutes to cordensation, since it is used to compute the mass
transferred to the liquid phase (-rg). In other words, the cases of
superheated 1iquid and superheated gas contribute to vaporization, while
both subcooled 1iquid and subcooled 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 1iquid (SHL), subcooled 1iquid (SCL), superheated gas (SHG), and
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subcooled gas (SCG) is that for a volumetric heat transfer coefficient
(W/m?K). Since heat transfer coefficients are cften given in the form of a
dimensionless parameter (usually Nusselt number, Nu), the volumetric heat
transfer coefficients are coded as follows

k
o o A
where
”1p « volumetric interfacial heat transfer coefficient for phase p

(W/m¥K)
kp = *hermal conductivity for phase p (W/m K)
L = characteristic length (m)
gf = finterfacial area per unit volume (m?/m?)

Individua) 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. rurthermore, the
techniques used to incorporate effects due to noncondensible gases are
presented and discussed. Reference should be made to the flow regime maps
in Section 3 to help clarify Appendix 4A and the discussion to follow
hereafter.

4.1.1 flow Regime Correlations

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

4.1.1.1.1 Superheated Liquid (SHL, T¢ > %)

Model as Coded
- (
TR w1
: . < db . 3 pg fg
1" | "X <k
3t (2.0 + 0.74 re%)
- "

+ 0.4 |vglog Cot F1 | 3¢ F2 Fy

where

S
ATsf & T » Tf

H! g (l -Q ) .lo
Reb B --—~——————T9%h- , We 0 = Max (We o, 10 %)
W 2
e = (pfdb v‘rg / a)- 5,
db - average bubble diameter (= 1/2 dmax)

. - 1.0 for bubbly flow

E interfacial area per unit volume

Ogp = Max (ay, 10°%)

'] - vf 0 2 lo's
Yig * relative velocity » | 9 5 ' -8
(v9 . V') aglo °9 <10
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2 2 We o
v Max |Ve.,
fg f9" 4, in (0’03, D)
D hydraulic diameter
D’ 0.005 for bubbly flow
Fl Min (0.001, 'bub) / @b
F2 Min (0.25, °bub) / @b
‘ 1 AT g < -1
F3 Max [0.0, F‘ (1 + AT’f) - AT‘f] o AT" <0
l Max (0.0, F‘) AT,, >0
F Min (1075, & (1 - Q)] (10%)
4 '™
Q noncondensible quality (fraction of ag that is
noncondensible)
Hyf 0.0 if ag 0.0 and ATg¢ < O
Model Basis and Assessment

The Nusselt number upon which the volumetric heat transfer coefficient
Hig¢ 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 Zuick.“l which represents
the growth rate of a bubble radius, e.g.,

rp * 8Tgue k¢ [magt/31 2/ (4-1)

where

"b

time rate of change of bubble radius (m/s)
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ATgat liquid phase superheat (K) (= T¢ - T5)
ag = thermal diffusivity of liquid (m?/s)
k¢ = thermal conductivity of liquid (W/m K)
hfg = latent heat of vaporization (J/kq)

Pg = gas density (kg/m?)

C

of specific heat of liquid (J/kg K) .

According to Collior."z the solution to Equaticn (4-1) is
ro= 28T . ke [3t/(20)) 2 / (heop) (4-2)
b sat™f f fg"g’ *

Upon replacing the thermal diffusivity by its definition, substituting
Equation (4-2) in Equation (4-1), and rearranging, one obtains

o = SkpagCop (T30/(hep)1? / (xry) (4-3)

As the bubble grows, there is positive mass transfer rg to the gas phase
given by

rg . pg Caré s (4-4)

Fg can also be given in terms of a heat transfer coefficient as

Fq - hb AT“t (llré) / hfq ' (4-5)

where hy 1s the heat transfer coefficient (W/m?K), Defining a Nusselt
number for heat transfer to the growing bubble,
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Sy 1 = L

and combining Equations (4-3) through (4-5), one obtains
. A2 i

The original bubble growth rate vquation of Plesset and Zwick,
Equation (4-1), and hence Equation (4-7) (which is used for Hif’bubb|y) 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, Transitional velocity of the bubble is negligible.

4. Compressibility and viscous effects are negligible.

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

The authors, Plesset and Zuick."l 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 RELAPS/MOD2 does)
rather than absolute bubb'e velocity.

To account for the increase in Nuy, due to a significant bubble
relative velocity, RELAPS/MOD2 employs a second correlation deduced by Lee
and Ryley*"3 (but modified in RELAPS/MOD2); the original correlation from |
Reference 4-3 is:

Nuy = 2.0 + 0.74 acg" ppl/3 (4-8)
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The Prandt] number dependence has been dropped in RELAPS/MODZ. At typical
operating conditions (Appendix 4B), the Prundt] number is Pr = 0.98, which
represents less than a 1% error for Equation (4-8).

Lee and Ryley derived their correlation, Equation (4-8), 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 Reynolas number 64-250, (b) superheated steam
pressure 14.7-29 psia, (c) superheat 5-61°F, and (d) steam velocity
9-39 ft/s. The data, as plotted by Reference 4-3, fall within & 20% of the
correlation. The form of Equation (4-8) is not original with Lee and Ryley;
Frosslinq"‘ and Ranz and Marshal14-5 each fitted similar equations to
their respective data, obtaining coefficients of 0.552 and 0.6, respectively
{as compared to 0.74), Kro‘th“‘ 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 105, Ffor the
range of Re above that employed by Lee and Ryley (250-105) Equation (4-8)
is in excellent agreement with the data plotted in Reference 4-6. All 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 sphore."° however,
it seems that it should apply to a spherical bubble. Bubbles in bubbly
flow, of course, deform significantly, especially as they get bigger,
raising questions as to the overall validity of Equation (4-8) for bubbly
flow, A further significant complication is the presence of turbulence in
the flow. This is not the case for the range of Re plotted in Kroith,“6
since laminar flow prevails below droplet Reynolds numbers of 105 and
since, presumably, care was taken to minimize free stream turbulence from
those flows. Finally, the pressures at which the aforementioned data were
taken are far below typical reacter operating pressures, bringing additional
doubt to the viability of Equation (4-8) for typical operating conditions,
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Additional smoothing functions have been added to H;¢ for SHl bubbly,
as indicated in Appendix 4A. The additive term 0.4|v¢|pCoefy is
included to represent surface nucleation effects at low void fraction.
Function F, serves to diminish ;¢ for a void fraction between 0.25 and 0.5,
although the oppesite would <2em to be in order since it is assumed (see
Section 3.1.2.1) thay bivyly tiow cun exist above ag = 0.25 only if vigorous
turbulent diffusion 15 present. Suck difrusion should act to enhance the
heat transfer. Functions Fy and Fy relate te effects of noncondensibles at
iow void fractic~. * is noted (hat nc mirimum bubble diameter is specified
in the code, althougn « “1x % . one 15 (dy may = hydraulic diameter).

Interfacial Arss and Ass ,guer.,

Specification of the volumetric heat transier coefficients H;¢ and
H19 requi,es an estimate of the interfacial area per unit volume agf-
Wallis®7 gives a deatailed description of how the interfacial area per
unit volume for a spray of droplets can be found. An adapted version of
Wallis's discussion is given below, since RELAPS/MOD2 also uses it for
bubbiy flow.

A distribution for droplet diameter for a spray in the form of a

probability density function and based on a mode] deduced by Nukiyama and
Tanasawa®"8 is given as

p*(d*) = 4de? ¢ 20" (4-9)
where

p* = p(d)d’ is the dimensionless probability function,

d* = dimensionless droplet diameter = d/d’,

d’ = most probable droplet diameter (m), and

d - droplet diameter (m).
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The Sauter-mean diameter, d,,, 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 vs. the total
volume of the droplets). One can write"7

I a*p(d)dd
| CERERSE
9n " "o : (4-10)
I d2p(d)dd
0
Incorporating Equation (4-9) and writing in dimensionless form, one has
«
Igd-’o‘zd'dd-
®a * o (4-11)

Io daete 29 gge

The improper integrals in Equation (4-11) can be evaluated in terms of
the gamma function giving

. L[i6)/2s _ $12% 3§
Bn = 1(8)/25 = 418 " 2 - st
The area-to-volume ratio for a droplet having a Sauter-mean diameter is
H
WUl L R &
v T d._"° (4-13)
W ldrop 6 dn o®

Now ag¢ can be written

A A
Saf " unit vo'uno " , P (4-14)

vdrops .
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but

. fin&::tnsinl
vdrops

s

drop

from the definition of Sauter-mean diameter. Hence, one can rewrite
Equation (4-14) as

6a
I_'I = -
P it ol Bl = (4-15)
where Equation (4-12) has been used.
‘Tho dimensionless mean droplet diameter d - do/d' can be found

9

L J
a; = I dp* (d*)dd* . (4-16)

o

The lTower limit of the integral in Equation (4-16) can be set to zero since
a negative diameter is meaningless. Substituting p*(d*) from Equation (4-9)
into Equation (4-16) and integrating, one obtains

dy = AT(4) /24 = 3 . (4-17)

Combining Equations (4-15) and (4-17), one obtains

3.6a

—
TR . 4-18
of * 74, { )

It remains to specify the mean droplet diameter, d,, in order to find

R This {s done by assuming that dg = 1/2 dy,y and using the critical
Weber defined by

2
Ve rit " 2 ('9 " Vg) /O (4:19)
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where p. is the density of the continuous phase.

Before a value for dg,,, can be calculated from Equation (4-19), the
value for critical We for droplet break-up must be specified. A similar
We. iy for maximum bubble size in bubbly flow can also be specified, 47

The values used in RELAPS/MOD2 for We..iy for droplets and bubbles
are 3 and 10, respectively. (In the code itself, We..;y is given in terms
of d, rather than d,.. , with values for droplets and bubbles given as
1.5 and 5.0, respectively.)

Although Equation (4-18) for interfacial area has been derived for
droplet flow, it 1s used in RELAPS/MOD2 for bubbly flow as well.

In assessing the determination of the volumetric {nterfacial area,
agfs it must be remembered that the final result depcnds 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 dy,., and (c) the values used for We .4,
which determine the maximum particle size. While the particle diameter
distribution is based on Nukiyama and Tanasawa,®"8 the choice of dy = dpax/?
is an assumption. Also, while the critical droplet We is assumed to be 3,
Wallis®7 and Ishii and Chawla®-10 recommend a value of 12 (for non-viscous
Tiquids such as water). For maximum bubble diameter, Reference 4-10 uses
We it = 8. Furthermore, TRACY 11 yses values of 4 and 7.5 for droplets and
bubbles, respectively. While there appears to be considerable variation in
the parameters used to compute ag¢, their combination gives, for

RELAPS,/MOD2,
. 0.72 agpg (v, - vf)’ bubbles
" o ’
WEE b z (4-20)
0 2.4 °f'i:(vn,' vf) droplets
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and for TRAC,

2

0.8 a p, (v, - vg)
< Bl el
60 a, (v, - v )2 o , bubbles
tof ey & (4-21)

1.5 Ofpg (Vgr- Vf)z
g

, droplets
where subscript ¢ refers to the dispersed phase.

In arriving at the combination of parameters that produces
Equation (4-20), RELAPS5/MOD2 developers tuned the critical Weber number such
that reasonable drag forces (which depend on drag coefficients and .qf)
would be predicted in order to simulate data from several separate effects
s~sts. 412 Further discussion regarding these development efforts is
given in the section on interfacial drag, Section 6.1.

In summary, the determinition of volumetric interfacial area ag¢ for
RELAPS/MOD2 1s based partly on published theory/experiment and partly on
tunin¢ ‘elated parameters to fit RELAP5/MOD2 simulations of separate-effects
test d.- Comparisons of data and calculations for pressure and void
fraction v the Edwards pipe blowdown experiments are shown in
Reference 4-12.

4.1.1.1.2 Bubbly Subcooled Liquid (SCL, Ty < T%)

Model as Coded

y . aFs g g Pt %y
if Py - Py ’

where
" . ’g . "‘! ('f - 'gu 10")
f,. apup 48 for bubbly SHL

0.07% b 2 0.25
1.84C exp ("s°bub) + 0,075 Opub 0.25
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61.0 - 6.489 x 1075 (P - 1.7 x 10%) P < 10 pa
‘ ; { 2.3 x 10° P> 10% pa
P - Pressure (Pa)
4 1 [vgl < 0.61
’ (1.639304]v, 1% |v| > 0.61
Model Basis and Assessment

The heat transfer coefficient used in ti. code for subcooled 1iquid is
based on Unal**13 but has been modified significantly. Unal gives the
heat transfer coefficient for condensation at a bubble interface for
subcooled nucleate flow boiling as

Coh, d
h = ;.IE:_?lt:; ' (4-22)

g P
where
. 10.47
) X Ve > 0.61 m/s
| Ve £ 0.61 m/s
0.25 x 1010 p-1.418 10% < P < 17.7 x 10° Pa
. o 5 5 5 6
65 - 5.69 x 10° (P - 10  10% < p < 10° Pa

and d is the bubble diameter. The volumetric heat transfer coefficient
Hig 1s found by multiplying h by the volumetric interfacia) area, e
Equation (4-18). At the same time, Equation (4-18) provides an expression
for the average bubble diameter that can be used for d in Equation (4-22).

414



Hence, one can write

N P C‘h[I d .If 2 3.Gch0h£g- d l"fgc‘"tg Pe Dg
if gf z(L_L) Z(L-L) 'f"g
’9 ﬁf ‘9 ﬁf

(4-23)

Unal provides the ranges for which his cerrelation fits the experimental
data: (a) pressure, 0.1-17.7 MPa, (b) heat flux, 0.47-10.64 HU/az.

(¢) bulk 1iquid velocity, 0.80-9.15 m/s, (d) subcooling, 3-86 K, (e) maximum
bubble diameter, 0.08-1.24 mm, and (e) maximum bubble growth time,

0.175-5 ms. The assumptions made by Unal appear to be quite reasonable and
cupportable.

Comparison of Equation (4-23) with the coded version, Appendix 4A,
indicates that modifications have been made. The constants found in the
coefficient C of Equation (4-22) have been altered somewhat. The primary
modification, however, is that the product 1.8 C¢ is exponentially decreased
from its original value at ag = 0.0 and summed with a constant 0.075 up to
ag = 0.25; beyond ag = 0.25 it is simply replaced by 0.C75.

The value 0.075 was considered to be more appropriate for higher void
fractions.?

The above modifications were made to improve predictions for various
separate-effects tests, but present work has indicated they may have been
inappropriate. The net effect of the coded modifications to Unal’s
correlation is to change the value of the heat transfer coefficient h by an
order of magnitude. If one computes a value for H s based on typical
conditions, Appendix 4B, for ag * 0.1 and "*-uid velocity vg = 7 m/s, there
results for Equation (4-23) and the coded version,

7.19 x 10% wmx  Equation (4-23)

H
6.43 x 10° W/m'K  RELAPS/MOD2

a. Personal communication, J. C. Lin to R, A, Riemke, May 24, 1988. The
value 0.075 was determined from work by R. T, Lahey, Jr., reference unknown.



Stadke and Kolar® 1% arrive at a similar conclusion in their
assessment report on RELAPS/MOD2 for some Joint Research Centre (JRC, Ispra,
Italy) test results. They found, as mentioned in Section 3.2.2.1, that
subcooling was reduced by about 50% for the LOBI-MOD2 test A2-90 (simulation
of a loss of normal onsite and offsite power with additional failure to
SCRAM) by using Unal’s original correlation vs. the coded version. This
further led to significantly improved predictions for the primary system
pressure.

In summary, the RELAP5/MOD2 correlation is not the same one proposed by
Unal*" 13 It has been modified somewhat and combined with a correlation
more appropriate to higher void fractions. Further assessment is required
to determined its accuracy and resolve criticism of the model.

4.1.1.1.3 Bubbly Superheated Gas (SHG, T > T%)

Model as Coded

g’

where
Nu‘b - 10‘

ag¢ as for bubbly SHL

Fe [0l 4n (100 +250)), n = |Max (-2, At,g)l

Max (a., 10°%)

f . 4 .
! Max (a,, 10")
9
Model Basis and Assessment

The volumetric heat transfer coefficient, H,g. for Bubbly SHG 1s not
based on a theoretical or empirical correlation. The Nusselt number,
Nujy = lo‘. is chosen to be large in order to bring the gas temperature
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rapidly toward the saturation temperature. Function Fg, Appendix 4A,
clearly enhances this tendency, especially as At,g increases in magnitude.
Function Fy apparently improves numerical stability for low void fractions.
The determination of volumetric interfacial area, ags, is discussed in
Section 4.1.1.1.1. Clearly, there is room for improving the determination
of H,Q for this case, although to the best of our knowledge, this might
require further experimental work.

4.1.1.1.4 Bubbly Subcooled Gas (SCG, Ty < )

Model us Coded
Hig as for bubbly SHG

(Note that Fg has a different form for AT,g > 0).

Mode! Basis and Assessment

The expression used for bubbly SCG is the same as for bubbly SHG,
Appendix 4A, except that the Nu enhancing function F5 increases J‘g
dramatically for large subcooled levels, pushing T9 more quickly toward
saturation temperature. The fact that Nu for subcooled gas is much greater
than for superheated 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 Fiow. 1In slug flow, interfacial heat transfer can ve
divided into two distinct parts: (a) the heat transfer between the large
Taylor bubbles and the Viquid surrounding them and (b) the heat transfer
between the small bubbles in the 1iquid slug and their host liquid. The
heat transfer for each part is summed to obtain the total. For the total
heat transfer per unit volume, Q,,(U/l’). between a given plane and the
fnterface, one has

17



gt Pt
- + (4-25)

Q
P Viae tot

where
hrg = heat transfer coefficient for Taylor bubble (H/nzx)
Arg = interfacial area of Taylor bubble (m?)
hpyp = Hheat transfer coefficient for smail bubbles (W/m?K)
Apgp = interfacial area of small bubbies (n?)
Viot = total volume of cell (n3)

AT = temperature difference between the phase in question and ihe
saturation temperature.

Equation (4-25) can be rewritten

v v
& o b Mg Y1p aT + b 2bub Ybub 4-26
P T8 VTB vtot bub vbub tot ( ‘
or finally
Qip = Hip, 18 AT * Hip pup 4T - (4-27)

Hence, the volumetric interfacial zrea for each part can be cuaputed either

based on the volume of that part (Taylor bubble or slug volume) or based on

the total volume, ihe final volumetric interfacial area, agfs must be

based on the total cell volume as implied by Equation (4-2%). OCne can write

Arg V .
Y9f,18 " Vg Typr - Yof.78 F1B (4-28)
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and

Ao ¥
. -bub vnuh (4-29)

.
- a f '

‘gf.bub

where fyg and foub represent volumetric fractions as defined by
Equations (4-28) and (4-29).

RELAPS/MOD2 rccognizes 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 1iquid slug are based on those
computed for bubbly flow, but are exponentially diminished as ag increases.
The details of the coded correlations for slug flow heat/mass transfer
appear in Appendix 4A.

4.1.1.2.1 §lug-Superheated Liquid (SHL)

Model as Coded

Hig = Hif, TR * Hif,bub

where

6 .
‘;f.Tl « volumetric interfacial arey = [4.5/0](2)
fe « Min (1, - A!s')

arg « Taylor bubble veid fraction = (09 . ags)/(l . cg,)

« Taylor bubble volume/total volume



g = the average void fraction in the liquid film and slup region

= appfyg

@pg = ag for bubbly-to-slug transition

apc = ag for slug-to-annular mist transition
and

Hif,bup 15 as for Hye for bubbly SHL with the following modifications:

Wyp = apg Fg

v = (vg - vg) F 2

fg ] £’ 79

gf,bub = (agp) o (1 - arg) Fg

B - Fy
Model Basis and Assessment

fhe coded two-part correlation for slug SHL is presented in detail in
Appendix 4A. The contribution for the large Taylor bubbles, ”sf.Tl' is an
ad hoc correlation. It is given a large value to promote a rapid return of
T¢ toward the saturation temperature, since SHL is a metastable state.

The Taylor bubble void fraction ayg is used to determine the fraction
frg, Equation (4-28), that comes from interfacial heat/mass transfer across
the Taylor bubble boundary; foupe Equation (4-29), is set equal to

(1 - ayg). ayg is computed from simple geometric considerations and can
be given in term: of ag and the average void fraction in the portion of the
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flow where the 1iquid is the continuous phase, ag,.“’s The expression used
for agg Causes it to drop exponentially from the bubbly-slug transition ag
to near zero as ag approaches the slug-annular mist transition. Function

Fg is used to smooth the calculation for small values of [aTg¢].

The part of Hi¢ that is used to account for the heat transfer in the
continuous 1iquid portion of the flow is based directly on Hi¢ for bubbly
flow, SHL, Section 4.1.1.1.1, but with some modifications (see
Appendix 4A), These additional modifications to My p,p serve to further
reduce the contribution of Hig pyp to the total volumetric coefficient.

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

Interfacial Area

The expression used for the interfacial area for the Taylor bubble
portion of slug flow, a;f = [4.5/D)(2), is based on an argument of Ishii
and Mishima. 415 If one computes the surface area per unit volume of a
cylinder, one obtains

2
,vfsxl. My chlz’ 24 %0 (4-30)
' .
eyl 4 Oey1 ey

the length of the cylinder L.,y increases, the surface area of the ends
of the cylinder becomes negligible and the areca-to-volume ratio becomes

R M 431
Ly*® V D, (4-31)
cyl eyl cyl

Assuming that a Taylor bubble can be approximated by a cylinder and
employing the rclation“ls Dyg = 0.88 Dpip,. one has

4 4 4
Dcyl " 0.880 " 155’ - 135 ' (4-32)
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where D is the hydraulic diameter. Except for the factor of two,

Equation (4-32) is the same resu’t given by Ishii and Mishima for volumetric
fnterfacial area. It is ncted that it is appropriate to use the
cylinder/bubble volume in Equation (4-30) for RELAPS/MOD2, since the
fraction of the computational cell used for H;¢ yg is the ratio of the

Taylor bubble volume to the cell volume (see Model Basis and Assessment
above). Ishii and Mishima®™ !5 insert a coefficient into the expression for
*

'gf to account for rippling of the Taylor bubble surface. A value of two
is used in RELAPS/MOD2 for this coefficient.

4.1.1.2.2 $lug Subcooled Liquid (SCL)

Model as Coded

Hig = Hif, 18 * Hif,bub

where

k
2 0.5,.0.5 _f
"1f.Tl 1.16942 Rof Pr' B ‘;f.Tl arg

where
g and ‘;f.TB are as for slug SHL
Pro = Cop Bg / K¢

Reg = pg D Min (|v' - Vol, 0.8) / ug

ol
and

Hif,bup 15 as for bubbly SCL .
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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
Hif, 7 15 based varies as Re¥-%, Appendix 4A. This dependence 1ies between that
for laminar flow, Ro°°3. and that for turbulent flow, Roo". as reported by
kreith.4°® Also, the coefficient 1.18942 lies between the laminar
Seider-Tate correlation coefficient, 1.86, and the turbulent Dittus-Boelter
coefficient, 0.023.46 [The Seider-Tate correlation is also a function of
(D/L)°‘33.] Since the 11quid 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 a result that is plausible,
although it may still be significantly in error.

The expression used for the bubbly part of the volumetric coefficient
Hif pyps 15 the same as that used for slug SHL, Section 4.1.1.1.2. The
apportionment of the two contributions to Hy¢ is effected the same as for
slug SHL, as is the determination of agf-

4.1.1.2.3 $lug Superheated Gas (SHG)
Model as Coded
Hig = Mig,18 * Hig,bub
where

k
; 0.5, g

where

a;, 8 and @yg dre as for slug SHL

Reg = #g lvg - v9| 0/ kg

a. The literature reference for this correlation is unknown as of this
writing, and it is in the process of being researched.
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and

Hig,bub = Nujp Fg (1 - arg) age pyp

where
args dgf by and Fg are as for slug SHL
and

Nujp and Fg are as for bubbly SHG .

Mode) 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 Loo-Ryloy"’ correlation derived for laminar flow heat
transfer to a sphere (Section 4.1.1.1.1). The coefficients have been
augmented fiom the original, and the Prandt] number dependence has been
dropped as is the case for interfacial heat transfer for bubbly flow. While
the bullet-shaped cap on the Taylor hubble may approximate a sphere, it
seems inappropriate to use the Lee-Ryley correlation for this case.

The heat transfer ccafficient for the bubbly flow contribution is ad
hoc and simply provides a large value for “if.bub' Since slug SHG is a
stable thermodynamic state, it would seem that the ad hoc correlation is
inappropriate. The apportionment of Hi¢ between the two contributions is
based on the same ayg as for slug SHL, Section 4.1.1.2.1.

4.1.1.2.¢ $lug Subcooled Gas (SCG)
Model as Coded

Hig = Mig,18 * Mig,bub



where

Hig,78 = Mip Fg %1 3¢, 18
where arg and .af 18 re as for slug SHL,

Hig.bub is as for slug SHG,

and
NSy and F‘ are as for bubbly SHG.

Mode] Basis and Assessment

Both contributions to Hy¢ for slug SCG (¢ yg and Hig p,p) are
ad hoc corre'ations that simply employ large values for Nu. Although the
two parts look similar, the interfacial area is different for each, The
large values for Nu used for slug SCG are apparently designed to drive the
gas temperature toward the saturation value. This seems reasonable in view
of the fact that subcooled gas is an unstable state.

4.1.1.3 Annular Mist Flow. For annular mist flow, the interfacial
heat transfer results from two contributory sources: (a) the heat transfer
between the annular liquid film and gas .ore, and (b) the heat transfer
between the gas core and entrained 1iquid 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 (4-25 through 4-29) for slug flow apply to annular mist flow as
well except for the identities of the two sources. One can write [see
fquation 4-27))

Q, = H

p ip,ann o7 “ip.drp ot (4-33)

where subscript ann refers to the annular film-gas core contribution a.d
subscript drp refers to the droplet-gas core contribution. The details of
the correlations coded in RELAPS/MODZ are recorded in Appendix 4A.
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4.1.1.3.1 Anonylar Mist Superheated Liquid (SHL)
Mode) as Coded

Hif = Hif,ann * Mif,drp

where

«3.0x10%a ¢

gf,ann ‘10
damn ® (CopyD) 1 - ag) /2
¢ . (300")1/. (2.5)
O = Max (0.0, 'f'll)

1 * 7" Max [0.0, (1-6*)) erp (-C, x 10°5,6)

4.0 horizontal

« -
7.5 vertical

3 i { ¥e/Verit  horizontal flow
@Ve/Verit Vertical flow

* 2 <15

Vg Max (v, 10°°°)

172

by - B B

Verit (horizontal) = 0.5 [} f’ El:t:. :] (1 - cos @)
E

[see Equation (3-2))
Yerit (vertical) = 1.4 [o%g (n, . pg))l/‘ / oglfz [see Equation (3-6))

o . Max (g, 107T)

¢« 107 )



Rcf

...2

"9

ppag|ve|0/ng

{1 ag > ape and ag < agp

1 otherwise

l[ . .!D
®%r ° *ap
1077

Max [E T din (2

Min (1.0 + 312 4 0,08 ), 6)

F

ala

12 (2) 'gf,drp

characteristic droplet diameter

5, Wew 1.5, We o« Max (Weo, 107

o )
-Jf.txw‘ﬂ
f

T
‘v;: o,lo‘ .c, <108
v}: ag 2 108
V;O 'll’ Qg > @y OF g < ag,
v%, rll otherwise
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'%g is as for bubkly SHL except

®%udb " %4
D’ « 0.0025

LT = Max EL;.;;?‘ cél

app? * 10°% (1-19) a, > ayc or ag < agg

%0 otherwise

2+ (1€ (250 4 506))

€ - Max (0, - ATgy)

J6a
. il .
'gf.drp dd ( ‘ff) ’

Mode] Basis and Assessment

The Nusselt number, upo. which the annular film portion of the
volumetric heat transfer coefficient is based, is simply a larye number,
apparently designed to push Ty toward the saturation temperature.
Function Fyo, Appendix 4A, is a smoothing function that greatly decreases
Hif, ann 25 the velocity ratios pacameter ) approaches zero.

The Nusselt number for the droplet to gas core is represented by a

function, Fyp, which grows quadratically as the magnitude of ATg¢
increases. It also helps drive Ty toward T%,

Interfacial Area

The interfacial areas per unit volume for the annular film-gas core
interface contribution as well as that for the droplet-gas core are based on
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simple geometric considerations as given by Ishii and Mishima. 415 1t is
appropriate to give the de-ivation leading to the results of Reference 4-15
and then show how these results are transformed into the coded version.

The volumetric interfacial area of the liquid annular film in a pipe is

Af,ann " ;gft . 32‘ (4-34)

where
D’ 0 diamcter of liquid annulus
0 =  diameter of pipe
L - unit pipe length,

An expression for the ratio D'/D can be found in torms of void fractions.
First, one can write

Yeore | (z30'% _p?
Yiot ()il 0°

where
Veore *  1dealized volume of the gas core
Viot =  volume of control volume .

Also, one can write

v v {V':! a a
vald 7, et vl (4-35)
tot g/ core gd fd
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Hence,

Af,ann * 8 (8L) ° 3 (T-:’;;;)l/z ¢ (4-36)
which is the expression given by Reference 4-15.

In these expressions,

- volume of gas (al) of which is assumed to be in the core)
g4 - void fraction in the core [defined in Equation (4-35))

a4 - liquid fraction in the core [defined in Equation (4-35)).

The coded expression for volumetric interfacial area is given in terms of
agg, the 1iquid fraction of the annular film, or

) V[. film . b !snn‘ ‘b a
Tef ] v ] -ic
tot tot fd

Rewriting, one obtains

iiings o 4 . :
T~ oy 1 - ag (4-37)

Applying this result to Equation (4-35) yiel”,
%f ann * g (- .f')l/l (4-38)

This is the same as the coded ver.ion shown above, with the exception of the
Cann factor. C,.. contains a m.(tiplier of 2.5 as a roughness factor to
nerease the surface area for mass transfer, and a term (30 off)l/'

that gives a value near unity for age between 0.0 and 0.1, yet

eNSUres @gf anp * 0 as agg < 0.
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The volumetric interfacial area for the droplets in the gas core is
derived as detailed in Section 4.1.1.1.1 and is given by Equation (4-18):

3.6a
*
.9'.6T9 " aﬂ

where dd denotes a droplet dicactor and ¥y is the liquid fraction in the

gas core. In order to normalize c f,drp to the total cell volume, it must be
multiplied by the fraction of the total cell volume occupied by the core,
Equation (4-35). Using Equation (4-37) one has

ot ,arp * a1 o) (-3

which is the coded version as indicated in Appendix 4A. The liquid fraction
of tue ammular film, apg, depends upon the amount of 1iquid entrained
in the gas core.

Liquid Oroplet Entrainment Mode) and Assessment

This model is discussed in Section & 3.

4.1.1.3.2 Annular Mist Subcooled Liguid (SCL)
Model as Coded

+ H

Hig * Mig,ann if,drp

where

3 4
Hif,ann = 107 2¢lpg l'fl ¢ ,ann 10

‘gf.ann and 'lu are as for annular mist SHL

and
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Xt
Mit,arp = G, P13 %gf,arp

where
Agf,drp 974 dg are as for annular mist SHL

and

C . AT
f . 2J¢7JHM(L0¢J%—“.lM
g

13

Model Basis and Assessment

The volumetric heat transfer corfficient for annular mist SCL is
comprised of two parts (Appendix 4A). The contribution from the interface
between the 1iquid annular film and the gas core is based on a mode)l given
by Theofanous.*" 18  Theofanous makes reference to an earlier work
(Brumfield, Houze, Theofanous® !7) wherein models are obtained for the
mass transfer coefficient for gas absorption by a turbulent, thin, falling
Tiquid film., The mass transfer models are compared with data for water at
25°C absorbing varicus gases for turbulent Reynolds number Rey << 500,
(Rey is defined beliv.) The agreement with the data is very good.
Theofanous® 1® then writes the heat transfer analogues of the mass
transfer correlations, using the same numerical coefficierts and exponents.

These are:
0.25 Re, /4 prl/2 Re, 500
W, - { 0.70 Re, /2 pr/2 Re, <500 (4-40)
whire
Nut - EA. A = integral scale of turbulence ,
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Rot - g‘. v « turbulence intensity ,

and where a fully developed residence time is assumed. Introducing the
Stanton number St = Nu/Re'Pr and approxinating"" Uuszbx lO'zv. where v
is bulk 1iquid velocity, Equation (4-40) can be rewritten as

!s.o Re, /4 pr71/2  pe, >800
St = N " (“"l)
oCorvs  |1a0 lct'l/' proi/? Re, <500

Thoofcnous"l. then declares that the usual range for Ro' is IO2 . xo’ and
chooses Pr = 3. Finally, he indicates that for either lot »500 or Rot <500,
one obtains for St, using the numbers indicated

st -1 x10% tod x10?, (4-42)
Thoofanous“l‘ goes on to develop an expression for the decay of St for a
liquid jet flow where the turhulence decays #ith increasing dis.ance from

the initia) orifice. He finally arrives at a correlation which compares
favorably with experimental Jata® 1® and is written as

st «2x 102 ()12, (4-43)
Comparing Equation (4-43) to Equation (4-42) for a value of 1 « d (d =
orifice diameter, | = streamwise distance), Theofanous® 18 notes a
difference in St of an order of magnitude for which he can only partly

account,

The coded version for the heat transfer coefficient is (Appendix 4A).

-3
he10 p,cp,lv,l Fro » (4-44)

where 't has been assumed that St = 103 as given in Equation (4-42).
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Several weaknesses in the coded correlations as it relates to the
original mass transfer mode) of Brumfield et al.,* 17 can be identified:

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

2. The original correlation is based on the 1iquid velocity against
nuiescent afr; the 1iguid velocity in the code :s a single bulk
value representing both the 1iquid annular film and the 1iquid
droplets in the core. As such, it is possible for the )iquid
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 wruld incorrectly predict
zero for Hig ann:

3. The original correlation is based on turbulent flow for the liquid
film. In an sctua) reactor flow, the 1iquid fi'm 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 isotherma)
flow; the coda 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 core interface, thereby
dynamically enhancing the mass/heat transfer,

5. The original correlation for mass transfer® 18 is valid for high
values of Schmidt number, Sc, whereas the heat transfer analogue
of Sc, the Prandt] 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 Iot."l‘



6. Finally, there is the problem discussed above, that an
order-of-magnitude difference exists between Equation (4-42) and
Equation (4-43) for 1,d ~ 1.

In summary, the weaknesses described above make the applicability of
the correlation for Wy .. to reactor conditions unclear. It must be
assessed against experiment to determine its validity.

The volumetric heat transfer coefficient for the vapor core iaterface
to 1iquid droplets is based on a paper by Brown 418 Brown solves a
classical transient heat conduction problem for a sphere immersed suddenly
in a uniform temperature hath. 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 he
defines an internal heat transfer coefficient between the surface and
internal mean temperature. He sots this heat transfer equal to the increase
in the thermal energy of the sphere. He has thus linearized an unsteady,
one-dimensional heat conduction problem. He produces a graph show'ng the
variation of Nu = hd/k versus T,/T., or the ratio of mean to surface
temperature, Figure 4-1. The mean temperature is, of course, a function of
time. The coded version of Hif,drp 15 based on the curve in Figure 4-),
The fact that Nu drops as T,/T, increases follows from Fourier’'s law of
conduction, which indicates that the heat transfer will decrease if the
temperature gradient (related to Tg-Ty) decreases. The coded version of
Nu for this case (Appendix 4A) is represented by Function Fy3. which is

C . AT
Fig = 2.0+ 7,0 Min (1.0 + RE—5f 44, (4-45)
13 Mg

Fla 9ives Nu « 9, compared to Nu = 10 in Figure 4-1, for To/Tg = 1

(4Tgp = 0). It also gives the correct trend of Nu increasing as

Tw/Tg decreases (47 - incraasing). It is not clear, however, how

Brown arrived at the curve for Nu in Figure 4-1, since Nu is a complicated
function of T./T. and involves specification of droplet diameter and

length of time since initiation of heat transfer. Brown does not specify
either of the above in arriving at his functiunal relationship, Figure 4-1.
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7 3403

Figure 4-1. Nusselt number as a function of mean-to-surface-temperature
ratio for heat conduction in a sphere.
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In evaluating the validity of the mode) for Nu provided by lroun.“‘.
the following points are noted:

1. Brown’'s heat transfer problem does not address increasing droplet
size due to condensation except in a correction applied te the
mean temperature, T,. It is not clear if his corraction is
incorporated in obtaining the curve ‘n Figure 4-1. Furthermore,
It appears that his correction is wrong, since it does not account
for the relative masses of the original drop and the additiona)
condensate. Mis correction is given ash-18

T
T = T—t——lr—i— 4-46
. * CordTse/Meg -

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 RELAPS/MOD2 wherein
the interface is assumed equal ‘o the saturation temperature,
Thus, the ‘convective’ heat tran\fer between the interface and
mean droplet temperature is actually based on conduction. True
convection in the droplet is neglects.. On the whole, this seems
an appropriate simplification,

3. It is stated by Brown that his curve, Figure 4-1, is based on
k = 0.38 Btu/hr ftOF, the thermal conductivity of water at about
150°F

In summary, it seems that the correlation for “tf.drp 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,
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Hig = Mig,ann * Mig,drp

where

N
O-’
oo, on ® 5' 0.023 Reg™™ ¢ 4o Flo

Reg = g [vg = ve|ong/hg

Fm and ‘gf.mn are as for annular mist SHL
and
" -;’uooosn“)r

Lomp 4y 2 e 7 Tgf,drp
where

t!d is s for annular mist SHL

We o (1 -e”)’ Ve w 1.5,

o S 2 '’ 10
u‘ E;; (1 - 'drpﬂ We ¢ = Max (We o, 10 '7)

8f ,drp ag 2 o}y

A -
ﬁ'.dr’ a,f
daf,drp [‘.’&,l LR ’uﬂ g < afp

z Y
Saf.drp’ Tarp "’a , and af, are as for annular mist SHL

and

F" « 1.0 - 5.0 Min (0.2, Max (0, AT )] .
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Model Basis and Assessment

The coded correlation for the heat transfer between the vapor and the
1iquid-vapor interface for annular z1st SHG consists of two parts

(Appendix 4A).

The contribution to Hyg from the heat transfer from the gas to the
1iquid 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 mode) requires an assessment against experiment,

The expression used to represent heat transfer from the vapor core to
the entrained liquid droplets is based on the correlation of Lee and
Iy\oy."’ except that the coefficient of the Reynolds number is changed
from 0.74 to 0.5, A discussion of the Lee-Ryley model is given in
Section 4.1.1.1.1.

The Reynolds number used for the modified Lee-Ryley correlationt 3
employs a mixture viscority defined as

* . “ “ Y .‘).vs , ("‘7)

where ¢ ant & repraseat conlinuous and dispersed phases, respectively, This
relationship is give: by Ishii and chawla® 19 for use in a drag

correlation Yor dispersed droplet flow. The Lee-Ryley correlation, however,
employs Re based on the continuous phase (Re = U _d/v), where U  1s the
free-stream velocity and d s the droplet diameter. It seems inappropriate,
therefore, to use a mixture viscosity,

Another significant limitation of the coded correlation appears to be
that the liquid velocity, vy, used in the Reynolds number is some average
of the annular film and entrained droplets, rather than just the velocity of
the dooplets. The relative velocity computed, then, 1s not a true relative
velocity for the droplets flowing in the vapor core.




In summary, significant doubts remain about the validity of u,, for
annular mist SHG.

4.1.1.3.4 Annular Mist Subcooled Gas (SCG)

Model as Coded

Hig = Mig,ann * Mig,drp

where

Hig,ann = ™ipdar,ann Flo Fs

where Nujy and f‘ are as for bubbly SHG, and c.,'.““ and f‘o are as for
annular mist SHL

and

Nu

Mig.darp * Mip %9¢.arp Fé

where

'éf.drp is as for annular mist SHG .

Mode] Basia and Assessment

Both parts of the volumetric heat transfer coefficient Hig for
annular mist SCG are based on large valuvs which increase quadratically as
At,, increases (Function Fg, Appendix 4A). This practice is clearly
intended to push 7' toward the saturation temperature from its metastable
subcooled state.

4.1.1.4 [nyerted Annylar Flow. The volumetric heat transfer
coefficients for inverted annular flow, Wiy and Hig+ are each based on
the contributions from two sources: (a) the interfacial heat transfer
between the bubbles and liquid in the liquid slugs (see Figure 3-7) and
(b) the interfacial heat transfer between the core-located liquid slugs and
the annular vapor film surrounding them., Equations (4-25 through 4-29) for
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slug flow apply to inverted annular .iow with the annular contribution
replacing that for the Taylor bubble (TB). Hence, one can write for the
total heat transfer:

Qp * Mip,bub AT * Mip,amn &7 (4-48)

Details of the various expressions used to represent Hig and Hyo for
fnverted annular flow are found in Appendix dA,

4.1.1.4.1 [Inverted Annylar Superheated Liquid (SHL)

Model as Coded

Hit = Hif,oud * Mif,ann

Hig.bub 18 as for Hy¢ for bubbly with the following modifications:

- - 2
v'. (v' v') 'lt

e = 1-Ffp

8 (0, - @
'17 - exp [: e:; 1"{] 'll

gc Inverted annular

9
L IAN/ISLG transition (see Figure 3-5)

3 T

% " %
(a - ag) .
a = Max -TIAE-~—I-. 10
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and

"1'.cnn
where

Yf,amn * §Fis 2.8)

g = (- -.)‘(’
Model Basis and Assessment

The volumetric coefficient, Hig p,p, for inverted annular SHL is
based on that for pure bubbly flow SHL, Section 4.1.1.1.1, with some
modifications to accounl for the fact that it only represents one part of
the interfacial heat transfer. Function Fig (Appendix 4A) is an ad hoc
function that accounts for the decrease in that portion of the void fraction
related to the bubbles as ay increases. Conversely, Fyy (= 1 - Fig)
represents the increasing portion of ay due to the arnular gas blanket, As
such, the interfactal area, 8¢, bub is correctly apportioned (see
Section 4.1.1.3.1), as are ag, the average gas volume of the annular vapor
blanket (analogous to aggj, and @y, the void fraction of the bubbles in
the 1iquid slugs.

The selection of the correlation to be used for Hig p 5, either
Plesset-2wick®" ! or Lee-Ryley, " (Section 4.1.1.1.1), is affected, however,
by diminishing the first (via parsmeter #) and increasing the second [via
v,’(r,‘)’l. In forcing the selection of the Lee-" sy correlation for
larger a,, which is appropriate, this logic alse « eases the magnitude of
the Lee-Ryley correlation, which seems inappropriate.




The value used for Mygp .nn 15 simply a large number to drive iy¢
toward the saturation temperature, since this is a metastable state. The
combination of the two parts of M s amounts to an ad hoc correlation which
must be assessed against experiment,

.1.1.4.2 Inyerted Annylar Subcooled Liquid (SCL)
Model as Coded

Hir * Miroub * Mir,ann
where
N".m is as for bubbly SCL

and

k
0.9
Hif,ann * 51 0.023 Repay 3g¢.amn 3

where
Retn = op (Ve vg| O - e/

0.,.““ and @pay Are as for inverted annular SHL and f, is as for bubbly
L.

Mode) Basis and Assessment

The same expression is used to compute Wig pop for SCL as for bubbly
SCL, Section 4.1.1.1.2. The expressicn used for Wiy ..o 15 obviously
based on the Dittus-Boelter correlation for turbulent flow in a duct. While
the relative velocity 1s appropriately used in computing the Reynolds number
for the Dittyus-Soelter correlation, the correctness of the values it gives
is unknown and must be assessed against experiment,
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¢.1.1.4.3 lnverted Annylar Superheated Gas (SHG)
Model as Coded

Hig * Hig,bub * Mig,ann

where
Mig,bub * Muip Fg agf bud
where

Nujp and Fg are as for bubhly SHG and age pyp 15 as for inverted
annular SHL

and

k
ig,ann * 5 g Ygf,ann

where

Fle © (2.5 - AT (0.20 - 0.10 ATl

'éf.orm N ‘gf.onn/'tb
F

20 0.5 Max (1.0 - f“. 0.04)
r“ and 1',. ann AT€ s for inverted annular SHL
Model Basis and Assessment

Both contributions to Wyo for inverted annular SHG are clearly ad hoc
correlations and must be compared to experiment for evaluation purposes.

LR



4.1.1.4.4 |Inverted Annular Subcooled Gas (SCG)
Mode) as Coded

H,° is as for inverted annular SHG

Note that AY" > 0 for this case (Function Fig).

Model Basis and Assessment

The same expression 15 used for this case as for inverted annular SHG
with the minor variation of Fig for AT >0 versus AT q<0, as noted in
Appendix 4A. Since the expression used gives increasingly large values for
Nu as IAI,,I increases, the treatment is consisi “t with those for
metastalle SCG for other flow regimes.

4.1.1.5 Jnverted Slug Flow. The inverted slug flow regime as
envisioned by Dedarlais and 1shi1* 19 consists of bubble impregnated

Tiquid slugs flowing in a pipe core surrounded by a vapor blanket containing
liquid droplety, (see Figure 3-7). The coded volumetric heat transfer
coefficients recognize the liquid droplets, vapor blanket and 1iquid slugs,
but not the presence of bubbles in the slugs. Contributions to the
interfacta) heat/mass transfer in the bulk are recognized, then, as coming
from two sources: (a) the liquid droplet interfaces in the vapor arnulus
and (b) the liquid slug/annulus interface, It is assumed, apparently, that
the 1iquid slugs are so long that any contributions to interfacial heat
transfer at their ends are negligiblc, One can write for the heat transfer
a3 coded

Details of the sxpressions for Wiy and Hig are given in Appendix 4A.
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4.1.1.5.1 Inverted Slug Superheated Liguid (SHL)
Model as Coded

Hif = Hif,ann * Hif,drp

where

k
f
Hif,ann = 0 F12 (9) 43¢, ann

whire
. L5
agt"n" 0 % (2.5)

Cpp = (1 - ape) Fy

(@pe - a,)
a-AC g’
- [a“’Ac : °AB]

F]2 is as for annular mist SHL

F

21

and

e |
Hif.drp dd F12 (9) ‘gf.drp

where
4f,drp " (3.6 "'drp/dd)(l - ag)

dd = characteristic droplet diameter

- ML Ve w 1.5, We 0 = Max (We o, 10°19)
P9 Yfg

vég is as for bubbly SHL excep* that

Vfg B (vq - vf) 'gl' We = 1.5,
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D" = 0.0025, @ = %y

Model Basis and Assessment

The expressions for Hif,ann and Hif.drp are both based on large
values for the Nusselt number as provided by function F12 (Appendix 4A).
This tends to drive Ty toward the saturation temperature and is consistent
with other treatments in the code for metastable states.

L..erfacial Area

The interfacial areas for the annulus/droplet portion and the
slug/anrulus 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, ayg, and the average droplet void in the vapor
blanket, Agrps 18 analogous to the average void, LTY in the liquid annulus
for slug flow (Appendix 4A). That is, the interfacial areas are computed
for inverted slug flow by simply resersing the liquid and vapor phases from
slug flow. The droplet void, Ay in the vapor annulus is based on an ad
hoc expression which exponentially increases the portion of ag due to
droplets as ag increases until the transition void, apcs is reached, at
which point all of the liquid is .propriately assumed to be in droplet form
(see function Fa1, Appendix 4A).

4.1.1.5.2 Inverted Slug Subcooled Liquid (SCL)

Model as Coded

Hif = Hif,ann * Hif, drp

where

k

o Tl |
Hif,ann = D F13 %¢,ann
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Fl3 is as for annular mist SCL

lgf"nn is as for inverted slug SHL

and
K
g
Hif,drp d F13 2f,drp
where

‘gf,drp is as for inverted slug SHL .

Mode)l Basis and Assessment

The expressions for Hif,ann 2nd “1f.drp for inverted slug SCL are
both based on Brown’s* 18 model for drrolets condensing in vapor. The
weaknesses of this model are discussed in Section 4.1,1.3.2. While Brown's
model may be appropriate for ”1f.drp’ it clearly is not appropriate for
the heat transfer between the 1iquid slug and vapor interface. An
evaluation of the expressions fcr inverted slug SCL for Hi¢ requires
assessment against experiment.

4.1.1.5.3 Inverted Slug Superheated Gas (SHG)
Model as Coded

Hig = Hig,ann * Hig,drp

where

% F19 ,

Hig,ann = D Fap “9f,irn

F19 is as for inverted annular SHG

‘gf.ann is as for inverted slug SHL
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43 a
s » Max (0.02, Min [;9 (1 - ;9). 0.2])

and
H . (2.0 + 0.5 Re2:5) a
ig,drp dg " Tdrp” Tgf,crp
wher2
dd and ‘gf,drp are as for inverted slug SHL
and
Weo (]l -a )2'5
Re
drp 2 \0.5
hg (Vg)
where We = 1.5, We 0 = Max (We o, 1o"°). and V%q is as for inverted slug
SHL.
Model Basis and Assessment

The Nusselt number upon which "1g.ann for inverted slug SHG is based
(F19/F22, Appendix 4A) is ad hoc and requires comparison with experiment
for evaluation.

The correlation used in the code for Nu for Hyg 4pp is a modified
version of the Lee-Ry10y4'3 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 blanket
combined with the fact that liquid velocity is some average of the droplet
and slug fields must be considered. Thus, a complete validation for N,g
for this case must include comparison with experiment,

4.1.1.5.4 |Inverted Sluy Subcooled Gas (SCG)
Model as Coded

Hig 1s as for inverted slug SHG.
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Model Basis and Assessment

The same expressions are used for inverted slug SCG as for SHG for
H‘g. Section 4.1.1.5.3. This is not consistent with the practice used for
similar metastable states for other flow regimes, wherein Nu is set to a
large value to push T¢ toward TS. The reason for the difference is that
no impact is expected on the calculational results, since subcooled gas does
not exist for the post-CHF flow regimes. Comparison with experiment is
required for an assessment of the validity of the model used here.

4.1.1.6 Dispersed (Droplet) Flow.

4.1.1.6.1 Dispersed Superheated Liquid (SHL)
Model as Coded

K
e |

Hiy 4 Fl2 Fa3 2g¢

where

F12 is as for annular mist SHL

.S)
F

23 g

except for horizontal, post-CHF flow
where Fz3 = ag/Max ( g, 10'10)

‘gf = 3.6 adrp/dd

®rp «  Max (ag, 10'5)
4 - M0, e .15, Weo s Max (Weo, 10710
Pe¥fg
2

vfg is as for bubbly SHL except that
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-6
v9 = Yy ap < 10
v
fg (vg - vg) a 10°  ap 210 6
We = 1.5, D’ = 0.0025 .

Mode] Basis and Assessment

The volumetric heat transfer coefficient, H;¢, for disnersed SHL is
based on an ad hoc expression for Wusselt number which incrcases
quadratically as |ATg¢| increases (function Fyp, Appendix 4A), thus driving
T¢ toward 15, Another function, F23. is incorporated tc drive the flow to
single-phase vapor for very low values of ag. This pra:tice is used to
smooth the transition to single phase.

The volumetric interfacial area is 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)
Model as Coded

k

.
Hir = 4, Flia f

23 %gf

where
F13 is as for annular mi,t SCL
Fay and ¢ are as for ¢is ersed SHL,.

Model Basis and Assessment

The volumetric heat transfer coefficient for dispersed SCL is based on
the model of lrown."" which is discussed in detail in Section 4.1.1.3.2
for annular mist SCL. The same “orclusions apply here.
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4.1.1.6.3 Dispersed Superheated Gas (SHG)

Model as Coded
3
® _g o.s
“19 dd (2.0 + 0.5 R.drp) F24 agf

where dd and agf are as for dispersed SHL

We ¢ (1 - “d:n)

3
Regrp * 2
“q Ec‘ﬂ Ly °d"9£]

2
fg

{75 + We 0 = Max (We o, 10°19)

where We, o, °drp’ and v, _are as for dispersed SHL

Fas = 10° Min (ag, 10°%)
- = 1.0 - 5.0 Min [0.2, Max (0., ‘ng’l .
Model Basis and Assessment

The Nusselt number correlation upon which Hig for dispersed SHG is
based is a modified form of the Lee-Ryloy"’ model, where 0.5 has replaced
0.74 as the coefficient of Re?'5 and the Prandlt number dependence has
been dropped. A detailed discussion of the Lee-Ryley correlation is given
in Section 4.1.1.1.1.

The viscosity upon whi h the Reynolds number of the coded version of
this correlation is based is a mixture viscosity. Use of the mixture
viscosity 1s appropriate for the drag correlations of Ishii and Chawla."lo
from whence the expression for mixture viscusity is taken (see
Section 4.1.1.3.3). Since Lee and Ryloy"’ based their Reynolds number on
the viscosity of the continuous phase, use of the mixture viscosity
appears to be inappropriate. At ag = .2, the Reynolds number
computed using mixture viscosity is 43% lower than that based on
continuous-phase viscosity. This leads to an error of about 6.5%, since
Nu « Re®:5,
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In summary, while it may appear that the coded correlation is based on
a published source, there are enough variations (including scaling,
Section 4.1.1.1.1) to require comparison with experiment for complete
evaluation.

4.1.1.6.4 Dispersed Subcooled Gas (SCG)

Model as Coded
Hig = Nujp Fg Faq agf
where

Nujp and Fg are as for bubbly SHG

Faq and agf arv 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 (= 104F6, Appendix 4A) which
will push Tg toward the saturation temperature.

4.1.1.7 Horizontally Stratified Flow
4.1.1.7.1 Horizontally S*vatified Superheated Liquid (SHL)
Model as Coded

k vT_cp.C
. 2k 0.8 [ sf7fpf
Hi¢ th [6.023 Ref Flz 3.81972 ’ghfg Max (‘“g ) agf

where

th = liquid phase hydraulic diameter
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:a,o / (% - 8 + sind) (see Figure 3-2 for definition of #)

Rog = s Jvg - vl / by
agf = (4 sin 8/2D) F27
v |12
oy g
crit
Model Basis and Assessment

The expression used for the Nusselt number for Hi¢ for horizontally
stratified flow, while giving the appezrance of modeling two processes (main
interface plus entrained droplet interface), is effectively an ad hoc
relation which gives a large value. This is due to the prasence of function
Fiz- This practice promotes the return of Ty 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 hydraulic diameter
defined in the usual way,

hydraulic diameter = “=-oplctc watted parameter

The expressinn for hydraulic diameter in Appeniix 4A incorporates the
expression

mog = (x - 8 + sind cosd) , (4-51)

which can be derived from simple geometric considerations. (See Figure 3-2
for the definition of angle @).

Interfacial Area

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

Saf * aD (4-52)
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for a smooth interface. A multiplicative parameter is applied to agf in
the code to attempt to account for an increase in agf due to a wavy
surface. This parameter is represented by function Fy;, which
appropriately increases as Vq/Vcrit increases. An evaluation of the
validily of function Fy; requires comparison with experiment.

4.1.1.7.2 Horizontally Stratified Subcooled Liquid (SCL)

Model as Coded

kE
= o.a

where

Opfs Reg, and age are as for horizontally stratified SHL.

Model Basis and Assessment

The expression for Nusseit 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 stratified flow condensation
experiments"lz’zo provided an indication of model acceptability.

Comparison with further experiments 1s required for complete evaluati. .

4.1.1.7.3 Horizontally Stratified Superheated Gas (SHG)

Mode) as Coded

K
Hig = 5o [0.023 Rel:8 4 Nugy Fg (4) Max (0.0, 0.25 - a )] ag

ig hg 9



where

Dhg = vapor phase hydraulic diameter

= lagD/(O + sind)
Reg = agpgD |v¢ - vg| /
Nu1b and Fs are as for Bubbly SHG

and 'gf is as for horizontally stratified SHL .

Model Basis and Assessment

The Nusselt number upon which the expression for Hfg for horizontally
stratified SHG is based has two parts, the first “ which is the
Dittus-Boelter correlation. The same criticisms pertaining to horizontally
stratified SCL apply, including the fact that Reg is not based on the
phasic hydraulic diameter. The other part upon which Nu is based is simply
a large number (Nuj, Fg). Thus, H,g is basically ad hoc for this
thermodynamically stable state.

4.1.1.7.4 Horizontally Stratified Subcooled Gas (SCG)
Model as Coded
Hig = Nujp Fg ag¢
where

agf is as for horizontally stratified SHL.

Model Basis and Assessment

The expression for “19 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 a large Nu to drive Tg toward T5 is consistent with the
treatment of other metastable states.
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4.1.1.8 Vertically Stratified Flow and Transition--The two-phase flow

in verticai control volumes can become vertically stratified for low mass
fluxes. If the volume average mixture mass flux is less than the Taylor
bubble rise velocity, or

Lo

4-53
‘18 i

'

where G, p and vyg are given by Equations (3-1, 3-5, and 3-7), respectively,
transition to vertically stratified flow begins. If the criterion in
Equation (4-53) is not met, the flow is completely unstratified.

The correlations used for H,¢ and “19 in the transition region
(Figure 3-5) are combinations of those already computed for non-stratified
flow and the stratified correlations (Appendix 4A). The transition region
extends down to G/ (pvyg) = 2/3 for the stable states (SCL, SHG). The exceptions to
this transition interval are for ag <0.01 or AT¢¢ <0 for Hy¢, and ag
<0.1 or Ang >0 for “19-

4.1.1.8.1 VYertically Stratified Superheated Liquid (SHL)

Model as Coded

Hif = Hif,reqg F30 * 14.7 k¢ ag¢ (1 - F3g) Fy

where reg = flow regime of flow below the stratified vapor/liquid
interface, which can be BUB, SLUG, SLUG/ANM, ANM, IAN,
IAN/ISLG, ISLG, DIS, IAN/ISLG - SLUG, ISLG - SLUG/ANM.
ANM/DIS, BUB/IAN, SLUG/ISLG (see flow regime mups,
Figures 3-1, 3-5).

Max (Fyz+ Fa3, Fae)
2+ [1.0 - Min (1.0, 100a)]

Max (0.0, 3 Min (1.0, G/pv1a) - 2)

w
s
ks

Taylor bubble rise velocity, Equation (3-7)

-
—4
@

-
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G - APV * X0V

99’9
s = aghy + @
Fyg = Min (1.0, 0.5 AT ()
Fyy = Min (1.0, 10a))
. - PR T
gf v ACDL DL

where D = length of volume cell and A. = cross-section area of cell.
Model Basis and Assessment

Vertical stratification can occur for superheated liquid only in the
interval -2 <AT ¢ <0. Even then, it is considered to be in a tranrition
state, since the partitioning function F35 is nonzero (Appendix 4A). The
heat transfer coefficient, hy¢ (w/mzx). is not given in terms of a Nusselt
number; rather, it is given such that h;¢ = 14.7 k¢. The expression used
for hj¢ was adjusted to give optional performance for MIT,

Neptunus, and Semiscale pressurizer experiments."lz'21 This basis for
the finally implemented value of h;; is not documented in the literature.
For the typical operating conditions given in Appendix 48,

hig = 7.6 W/mK,

Interfacial 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 results in the reciprocal of cell-volume length, D, .

4.1.1.8.2 VYertically Stvatified Subcooled Liquid (SCL)
Model as Coded

Hi¢ is as for vertically stratified SHL.
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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
ATg¢ >0, which allows the partition function F3o to be zero.

4.1.1.8.3 VYertically Stratified Superheated Gas (SHG)

Model as Coded
Hig = Hig.req Fss + 81.4 kg igf (1 - Fas)
where

Fas = Max (F33, F3q: F37)

reg, Fy3, D are as for vertically stratified SHL

Fig = [1.0 - Min (1.0, 1009)]

F37 = Min (1.0, 0.5 Ang)

agf is as for vertically stratified SHL.

Mode) Basis and Assessment

The volumetric heat transfer coefficient for vertically stratified flow
for SHG is based on an ad hoc expression for h19(H/uzK); h‘g is set
equal to 81.4 kg. This value was chosen to give optional performance for
MIT, Neptunus, and Semiscale pressurizer oxpcrinonts."lz"‘ZI The basis
for the finally implemented value of h1g is not documented in the
literature. For the typical operating conditions of Appendix 4B, the heat
transfer coefficient is h,Q - 6.5 H/nzl.
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The transition H,g is analogous to that for H;¢ with the function
Fyg 1inearly partitioning the contributions between stratified and
unstratified models (Appendix 4A). The interfacial area is the same as for
SHL. Comparisor with experimental data is required to evaluate the model
for Hijg for vertically stratified flow.

4.1.1.8.4 Vertically Stratified Subcooled Gas (SCG)
Model as Coded

H,g is as for vertically stratified SHG.

Mogel Basis and Assessment

Fully stratified flow for SCG is not recognized, only a transition
between stratified and unstratified flow (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
RELAP5/MOD2 for purposes of interfacial heat and mass transfer. These

transitions are illustrated schematically in Figures 3-1, 3-5, and 3-8
(horizontal, vertical and high mixing maps, respectively). Included are:

Horizontal

1.  Slug - annular mist

2. MHorizontally stratified - nonstratified
Ver.ical

1. Slug - annular mist

2. Vertically stratified - nonstratified
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Inverted annular - inverted slug
4. Transition boiling regime (post-CHF, pre-dryout)
a. Bubbly - inverted annular
b. (Inverted annular - inverted slug) - slug
c. Slug - inverted slug
d. Inverted slug - (slug - annular mist)

e. Annular mist - dispersed (droplet).

High "tixing Map
Bubbly - dispersed (droplet)

These transitics are included in the code to prevent the numerical
instability which can arise when abruptly switching from one flow regime to
ancther. 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. 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/models are
combined to obtain the volumetric heat transfer coefficients. For instance,
the transitional boiling region between slug and the transition between
inverted annular and inverted slug (IAN/ISLG-SLUG) can undergo transition to
vertical stratification, combining four models to obtain H;¢ and Hig-

The full details of the transition/combination logic used in the code
are found in Appendix 4A.



4.1.3 Modifications to Correlations - Noncondensible Gas

The presence of a noncondensible gas is represented by the fraction Q
of void fraction ag which is attributable to the noncondensible gas.
The effects of a noncondensible gas are represented by multipliers that
modify the volumetric heat transfer coefficients, H,¢ and Hig. Function
Fq, which is embedded in function F3, is an ad hoc modifier for H¢
for bubbly SHL (Appendix 4A). Its influence is Ffelt whenever Hi¢ for
bubbly flow is used to help define the overal) Hie for a flow regime.
Further ad hoc modifications are applied to H;¢ and Hig for all flow
regimes or transition regimes depending on the thermodynamic state (SHL,
SCL, SHG, SCG) as detailed in Appendix 4A, Modifications for Noncondensible
Gas.

4.2 Wall-to-Fluid Heat Trinsfer

A boiling curve is used in RELAPS/MOD2 to govern the selection of heat
transfer correlations. In particular, the heat transfer regimes modeled are
classified as pre-CHF and post-CHF regimes. Condensation heat transfer is
also modeled, and the effects of noncondensible gases are modeled.

The pre-CHF regime consists of models for single-phase liquid
convection, subcooled nucleate boiling, anu saturated nucleate boiling. The
model assumes that the wall is totally wetted by 1iquid and that the wall is
not wetted by vapor. Therefore, the heat transfer rate per unit volume from
the wall to the vapor, ng. is equal to zero. The heat trans/er rats per
unit volume from the wall to the liquid, Oufs 15 given by the expression

Quf = PeAL(Ty - Te)/V (4-54)

where hg is the heat transfe, coefficient, A, 15 the total wall heat
transfer area, and Ty and T¢ are the wall and 1iquid temperatures,
respectively. V is the volume of the fluid cell adjacent to the heat slab.

The post-CHF regime consists of models for transition film boiling,
film boiling, and single-phase vapor convection., A& mechanistic model
developed is adapted so that
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Que = heAFe (Ty - Te)/V (4-55)
Qug = hgAy (1 = Fg) (T - TI/V (4-56)

where A, 1s the total wall heat transfer area and F¢ is the fraction of

wall surface contacted by the liquid. For single-phase vapor convective
heat transfer, the wall is assumed to be dry and the heat transfer area
between the wall and the liguid is negligible. Therefore, the heat tran.fer
rate per unit volume from the wall to the liquid, Q. ¢, is negligible. The
heat transfer rate per unit volume from the wall to the vapor, Quq' is

given by the expression

Qug = NgAy (Ty - TV . (4-57)

In the condensation regime, heat transfer to the waii from liquid and
vapor is dependent on the flow regime. Heat transfer from liquid to the
wall is modeled by convection in the low-void regime, and heat transfer from
vapor to the wall is modeled by condensation in the high-void regime. The
heat transfer rate per unit volume from 1iquid to the wall is given by the
expression

wa - [(l " 09) hf (Tu - Tf” VV ’ (4'58)

where he is the convective heat transfer coefficient. The heat transfer
rate per unit volume from the vapor to the wall is modeled by condensation
and expressed as

Oug = (g heon (Ty - Tg)IAWV
where "con is the condensation beat transfer coefficient.

The heat transfer package in RELAPS/MOD2 uses heat transrer
correlations that are based on fully developed flow, where entrance length
effects are not considered. The approach of using these correlations in a
transient code such as RELAPS is often referred to as the quasi-steady
approached. Some of the correlations use a length variable, and the coda
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uses the cell length for this variable. This was felt to be reasonable,
since coarse nodalizations are used in system calculations. Some of the
correlations were modified, and this was done in order to provide better
agreement of code calculations compared to data during the developmental
assessment . 412

4.2.1 Logic for Selection of Heat Transfer Modes

The following 1ist gives the modes by which heat is transferred betweer
heat structure surfaces and the circulating fluid contained in the reactor
primary and secondary systems,

Mede 0 Convection to noncondensible-water mixture

Mode 1 Single-phase 1iquid convection at critical and supercritical
pressure

Mode 2 Single-phase liquid convection at subcritical pressure
Mode 3 Subcooled nucleate boiling

Mode 4 Saturated nucleate boiling

Mode § Subcooled transition film boiling

Mode 6 Saturated transition film boiling

Mode 7 Subcooled film boiling

Mode 8 Saturated film boiling

Mode 9 Single-phase vapor convection



Mode 10 Condensation when void equals one
Mode 11 Condensation when void is less than one.

If the noncondensible quality is greater than 0.0001, then 20 is added to
the mode number. Thus, the mode number can be 20 to 31. Figure 4-2 is a
schematic diagram showing the logic built into the code to select the
appropriate heat transfer mode.

The following discussion presents the correlations used to calculate
the heat transfer for a specific mode. For each mode, the text provides the
code model or correlation basis, the model as coded, an assessment of the
mode] or correlati 1, scaling considerations, and a summary and conclusion.

The single-phase routines include correlations for forced turbulent and
laminar convection for liquid and vapor, free laminar and turbulent
convection for 1iquid, and free turbulent convection for vapor. The 1iquid
flow correlations are used for supercritical water.

4.2.2.1 Dittus-Boelter Correlation for Forced Turbulent Liquid and
Vapor Flow.

4.2.2.1.1 Mode] Basis--The Dittus-Boelter corre]ation"22 was
originally derived for turbulent flow in smooth tubes for application to
automobile radiators. It takes the form

h o« 0,023 g; pr" Rel:8 (4-59)
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Figure 4-2. (Continued)
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where the physical properties are evaluated at the bulk fluid temperature

and where

n=0.4 for heating, 0.3 for cooling.

The constant, 0.023, was recommended later by HcAdlas."z3

The original correlation was developed from data for heating
water, 4-24,4-25 pout4aq and cooling water and 017,426 ang heating and

cooling gases with
long tubes, wity an ~.
temperature aiffe:

The cor fon

Ref.

Ref. 4-25

Ref. 4.26

= the literature.
anductance obtained using a log mean

The data obtained were for

of the data were reported by Stanton in 1897.

are

' o ecient
.wve 1D
Velocity
Data scatter
Daty points

Fluid

Tube ID

Tube length
Fluid velocity
Coefficient

Fluids

Tube 1D

Tube length

Heating parameters
Velocity
Fluid temperature
Coefficient
Data points

4-70

water (heating)

850 to 15,300 W/m?-K
0.0095, 0.0127, 0.0254 m
0.183 to 6.1 m/s

-40%

-60

water (heati.g)
0.0074 to 0.0145 m
0.44 to 1.24 m
0.065 to 4.9 m/s

840 to 20,700 W/me-K

water, miscellaneous oils
0.0157 m
2.74 m

0.27 to 5.98 m/s
301 to 39 K

227 to 8860 W/me.K
56



Cooling parameters

V ocity - 0.34 to 5.15 m/s

Fluid temperature - 319 to 540 K

Coefficient - 80 to 3975 W/m?-K

Data points - 62
Literature fluids - unspecified gases
Pressure range - 10,342 to 1.31 x 10° Pa
Temperature range . 289 to 1,033 K
Mass velocity range - 0.98 to 32.2 kg/s-nz
Tube 1D range . 0.0127 .0 0.152 m
Number of data points - unspecified.

The correlation was obtained by drawing mean curves through the heating
and cooling data of Ref. 4-26. The data of Ref. 4-24, 4-25, and the gas
data were plotted against the mean curves to evaluate the applicability of
the correlation to other data. Attempts were made to improve the
correspondence of Ref. 4-26 data to the correlation based on using the wall,
bulk fluid, or average film temperature for property evaluation, but no
improvement was noted. Manipulation of the data also did not eliminate the
need for separate curves for correlating heating and cooling. No mention
was made concerning the deviation between the data and the correlation.

As reported by Kroith."27 Equation (4-59) has been confirmed
experimentally for a variety of fluids to within +25% for uniform wal)
temperature as well as uniform heat flux conditions with moderate
temperature differences between the wall and fluid (constant property
conditions) within the following ranges of parameters:

0.7 < Pr < 160

Re > 6000
L/D > 60,
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At very small temperature differences (near adiabatic) in air and helium,
results? 28 yere well correlated by the form of Equation (4-59) using a
constant of 0,021 instead of 0.023. The test conditions were

Tube 1D - 0.00584 m

Tube length - 0.635 m

Pressure - 0.689 to 0.965 MPa
Temperature - 298 K

Other dovolop-ont"z’ indicates that the correlation likely
overpredicts an h [Equation (4-59)) for gases by 10-25% at moderate to high
temperature differences.

Reference 4-30 tested Equation (4-53) against water vaper data while
being heated for the conditions

Tube 1D . 0.0127 m

Tube length . 0.914 m

Pressure - 0.17, 0.34, 0.51 MPa
Inlet temperature - 422, 644, 867 K

Mass velocity . 2.3 to 54.2 kg/s-mz
Re . 1900 to 35,000

Heat flux - 7569 to 97,760 W/m?
Wall temperature . 478 to 1256 K

Yapor temperature - 422 to 1089 K

Pr . 0.7 - 1.1

The data for Re > 6000 fit the analysis within +5% when a thermal radiation
mode) was included with Equation (4-59).

4.2.2.1.2 Mode) as Coded--The model is coded as presented with
ne«0.4 for all usage,.

™" “de)l is applied in the transition region between laminar and
turbui. rced flow as the Re decreases, until the laminar flow h value,
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Equation (4-60), exceeds that for turbulent flow This procedure simplifies
the process ((‘VY.#‘%(]FI*J the (k*YY!‘]dtl(l'\‘; b forc 1ng continuity in the

calculated value over the transition

An alternate lower 1imit for application of Equation (4-59) for liquid

"
flow is determined when Gr > Ref If this test is met. the free

convectior ‘1‘:"0‘14"“"~ for ]'41\,’ flow 1;;‘71 ‘he Gr number 15 HHA'N"
J 'JI,, A the haracteristic lenath

tor vapor flow, a turbulent free convection correlation is als
evaluated and the largest coefficient cetermined from the Dittus-Roelter
rrelation, a laminar forced flow rrelation for 1iquid or vapor

tquation (4-60), and the turbulent free convection vapor correlation
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The assumption is made that the form of the equation for heating is
satisfactory for cooling also. Therefore, the correlation s coded with the
exponent on the Prandt) number n = 0.4. The use of n = 0.4 instead of 0.3
for cooling applications would result in a 15% higher prediction for vapor
and 10% highev “c~ ' .quid at 17.24 MPa (2500 psia). For fluid at a Tower
saturation prassure or at a superheated temperature, the difference caused
by n diminishes significantly.

The cennecting criterion of selecting the largest h from the forced and
laminar flow corrclations wnsures the application of the turbulent flow
correlation to Re < 1000, probably too low a value to be accurite,

The transitior Letween liquid forced and free turbulent convection is
simply treated as a switch resulting in a di continuous value of h as Gr
exceeds Rel. When equality of Gr and Re? ex its, the buoyarcy forces
and urag forces affecting the velocity profile are of the same order of
magnitude (Ref. 4-31). In reality the transition encompasses a significant
ange in Gr and Re. Specific transitional values are known for vertical
concurvent flew. The effects of combined free and forced convection are
different for opposing flow and result in significant changes in the value
of h,

The Gr rumber for determining transition from forced to free convection
is miscalculated. The characteristic length is the vertical length for
external free convection on a vertical surface. Using Dy for the
characteristic length instead of an assumed value of, say 0.3048 m, changes
Gr by <10%. Thus, a computed h is likely much too srali where the
hydraulic diameter is used for the characteristic length.

Analysis and oxportlont"3z"'33 indicate that for turbulent forced
convection exterior and parallel to a rod bundle, the h value is a function
of the rod spacing to diameter ratio. ror spacing/diameter ratios vpical
of PWRs, Reference 4-33 indicates the incraase in h could be ~20%.



Heat transfer from a heated tube wal) to superheated steam during
turbulent forced convection has been exrerimentally obtained and
correlated. 3% The data were taken fo: “he conditions as follows:

Tube 1D - 0.00846 m

Tube length . 0.3048 m

Pressure . 2.07 to 10.34 MPa
Temperature . 758 to 755 K
Superheat - 296 to 334 K

Wall temperature . 616 to 972 K

Heat flux - 0.157 to 0.905 MW/m?
Mass velocity - 195 to 1074 kq/s-nz
Re . 60,000 to 370,000

The correlation has the same form as Equation (4-59) and fit the data within
+10%. The data were also used to derive better constants for

Equation (4-59). With n = 1/3, a constant of 0.021), and thermodynamic
properties evaluated at the film temperature, the reculting modification to
Equation (4-59) would apply nearly as well,

Other work? "9 has resulted in excellent fitting of data of liquids
#nd gases covering wide ranges in parameters. The form i more complex but
is solvable directiy. However, no superheated water vapor data were tested.

4.2.2.1.4 $caling Considerations--Scaling effects are handled

through the non-dimensional Re number by selection of an equivalent or
hydraulic diameter. The selection logic is size-dependent because of the
miscalculation of Gr by using the hydraulic diameter as the characteristic
length. As the hydraulic diamete: increases, the transition from forced to
free convection occurs at higher flow rates.

4.2.2.1.5 Summary and Conclusions--Accuracy of +25% could be
oxpected for high-temperature-and-pressure 1iquid at Re > 6000. Apgplication
of the correlation at Re < 6000 gives questionable results with undetermined
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accuracy. A more extensive literature survey is needed to evaluate
application to turbulent flows with 2000 < Re < 6000, and to determine the
impact of entrance effects.

Application of the correlation at low Re until a larger h is calculated
from a laminar correlation results in misapplication and a loss of accuracy
below Re = 2100,

No documented basis was found for the switzh from forced to free
convection flow, and no means is provided for considering changes in h that
occur with combined flow inside a vertical tube or fue' rod bundle.
Significantly better correlations are available for turbulent forced
convection heating and cooling of single-phase 'iquid and vapor."23°"3‘

4.2.2.2 Laminar Forced Convection Correlation for Liquid and Vapor.

4.2.2.2.1 Mode] Basis--The model is an exact solution® 35 for
fully developed laminar flow in a tube with a uniform wall heat flux and
constant thermal properties. The solution takes the form

hed36 8, (4-60)
with k evaluated at the average bulk fluid temperature.

Some data exist to indicate that the solution is correct. For example,
Ref. 4-36 provides a comparison for helium flow in a tube. The solution is
confirmed to within $+10%. More extensive literature review is necessary to
provide additional information.

4.2.2.2.2 Model as Coded--The correlation is applied as presented
to single-phase 1iquid and vapor when the calculated value of h exceeds that
of the turbulent forced convection correlation, Equation (4-59). This
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pruceduce simplifies the process of connecting the correlations by forcing
continuity in h over the transition. The transition occurs at Re hetween
350 and 700, obtained by equating the Nusselt numbers and solving for Re for
the range of Pr 1ikely for water and vapor.

The lower limit of h for liquid application is reached when Gr > Re?
for the bulk fluid. If this test is met, the free convection correlations
for 1iquid flow apply. Gr is calculated using the hydraulic diameter.

For vapor application, a lower limit exists when the h value calculated
by the turbulent free convection correlation, Equation (4-64) for vapor
exceeds that for laminar forced convection.

4.2.2.2.3 Assessment--The practice of using the hydraulic
diameter in correlations does not hold for laminar flow 437 Thus, the
exact solution for flow in a tube does not necessarily apply to external
flow along a rod bundle. No solution was found for the rod bundle.

For laminar flow with small heat transfer coefficients, entrance
effects become more important than for turbulent flow. Neglecting the
entrance length for a developing parabolic velocity profile has a pronounced
effect on the avirage h over the length. Based on information presented in
Kreith® 27 from the analytical solutions of Kays."" the h as modeled
can be 30% to 75% low, depending on Pr over the several feet of length
required to develop the profile. Reference 4-22 also presents 2 ~arrelation
for viscous flow in tubes which includes the effect of the entrance length
and with h decreasing aleng the length.

The wall boundary condition is also important. For comparison, the
average h for a constant wall temperature is ~80% of the h for the constant
heat flux assumption. Neither ideal condition applies directly to reactor
conditions, bu' th2 constant heat flux assumption used in this correlation
will result in the higher value of h.
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The transition between liquid laminar forced convection and free
convection is simply treated as a switch, resulting in a discontinuous value
of h and a potential for oscillations about the discontinuity. The Gr is
miscalculated, as it should be, based on a vertical characteristic length,
In reality, the transition between flow occurs over a range of conditions as
a function of Re anu Gr. The h is also a function of the fcrced and free
convection component directions (same or opposite), entrance length effects,
and the geomeiry (inside of a tube or exterior in a rod bundle with a power
distribution). Many studies have been conducted for mixed flow, but the
effects have not been quanti(!od."” Recormendations for vertical flow
mixed convection have been made. 39

4.2.2.2.4 Scaling--Scaling effects cannot be handled through the
non-dimensional Re number by selection of an equivalent or hydraulic
diameter. Therefore, the size of the facility being modeled is of concern,
for it can potentially impact the determination of the heat transfer
coefficient. The selection logic is size depandent because of the use of
the hydraulic diameter.

4.2.2.2.5 Syummary and Conclusion--The treatment ignores many
known important sffects. Its validity can be cetermined only through

comparisons with carefully designed and operated exporiments,

4.2.2.3 Laminar free Convectian Correlation for Liquid.

4.2.2.3.1 Model Basis--The correlation recommended by
Hcldaas"z’ for laminar flow over short .crtical plates and cy)inders
takes the form

h e 0.59 g; (prer) /4 (4-61)

with all properties evaluated at the film temperature.
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The correlation fits air data for flat vertical plates presented by the
aithor within about 5%. The form of the equation has been correlated with
data from vertical planes and short horizontal surfaces for water, oils,
alcohol, and air, using a value for the initial constant of 0.555,4-40
The correlation represents 1iquid water and other fluids with the initial
constant differing by 105439 to 023$."“ The recommended range is
104 < GrPr ¢ 109,423 The form with constant = 0.6]1 also represented
free air convection at the entrance of a vertical tube. As the internal
boundary layer developed, however, the constant and exponent changed
s%gniflcantl)“‘z and could not be represented by a single expression,

4.2.2.3.2 Model as Coded--The model is coded as shown above. The
model is applied to horizontal or vertical surfaces exposed to liquid flow
if Gr 2 Re? and if Gr < 10%, It uses the hydraulic or equivalent
diameter of the volume as the characteristic length instead of a vertical
length.

4.2.2.3.3 Assessment--The h values are small in comparison to
forced convection values. No known b:sis exists for using the hydraulic or
"equivalent” diameter as the characteristic 'ength for application to
Equation (4-61).

The correlation was developed for an oxtlrg‘l flow condition ang
applies to single cylinders if D/L 2 3§/Grl/‘ with Pr = 1, a condition
likely found for turbulent free convection in the core for high-temperature
(530-600 K) 1iquid water with a characteristic Yength of one foot or
larger. No known basis exists for application of the correlation to
internal flow conditions, such as a fuel rod bundle, interior or exterior
flows through or over steam generator tubes, or interior rlows in horizontal
or vertical reactor piping.



The transition from laminar to turbulent free convection is generally
considered to be a function of the Gr or Gr'Pr product“n with an
arbitrary value selected to be -10%. The actua) transition is known to
occur over a range of Gr or Gr'Pr product.""'31 The coefficient
varies with the vertical distance, complicating correlation by » simple
expression. Length to diameter ratios have been included in correlations
developed in the l1toraturo."3’

4.2.2.3.4 Scaling--The correlation will scale by using the
appropriate characteristic length in appropriate applications. The use of a
hydraulic diameter in the selection logic and h calculation brings in a
scale dependence,

4.2.2.3.5 Summary and Conclusions--The application of this

correlation to reactor conditions and geometries has no documented basis. A
more complete study of free convection correlations and reactor applications
is reported in Reference 4-39.

4.2.2.4 Turbulent Free Convection Correlation for Liquid When
10° < gr < 1013,

4.2.2.4.1 Modei Basis--The correlation wa: developed by Eckert
and Jackson® 43 for a flat vertical surface, assuming an analytical
velocity profile based on measurements in air for free convection and an
analytical temperature profile based on measurements in forced convection
for Pr = 1. The solution is shown below in terms of an average heat
transfer coefficient over the turbulent surface length,

h - 0.0246 §o Pr/1® Gr2/S (1 4 0,494 23 US| (4-62)
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where the physica’ ' operties are evaluated at the bulk fluid temperature.
The final form of the correlation was cbtained by rearrangement of the terms
into the following form and solving for the constant with Pr = 0.72.

h = 0.021 g (Gr pr)/3 (4-63)

The correlation i1s estimated to be within 10 to 15% agreement with data
obtained in the literature by the authors for air, oil and water over 10°
< Gr < 1011 (low temperature, atmospheric pressure).

4.2.2.4.2 Modei as Coded--The model is coded as presented and
applied to horizontal and vertical surfaces exposed to liquid flow if Gr 2
Re? and 1f 107 < Gr < 1013, The hydraulic diameter of the volume is
used as the characteristic length, which eliminates the problem of
determining an actual vertical length.

4.2.2,4.3 As.essment--The h values are small compared to forced
convection values. A discontinuity exists at the swivch point (Gr = 10’)
betweon Equation (4-61) and (4-63). Its magnitude 1s dependent on Pr. For
liquid water in a reactor, the Pr can range from ~0.8 to 4.0, The value of
h from Equation (4-63) will be 23% low at Pr = 0.8 but only 2% low at
Pr = 4,

The Gr value used to determine applicability and h is miscalculated,
because the hydraulic length is assumed to be the characteristic length. No
known basis exists vor selecting the hydraulic diameter or equivalent
diameter as the characteristic length, The correlation can be applied to
external flow over vertical cylindersg if there is no boundary layer
interference and 1f D/L > 35/6r!/%" ™" with Pr = 1. No known basis exists

for application to internal flow conditions c¢f a fur' rod bundle, the
interior or exterior of steam generator tubes, or the interior of horizontal

or vertical reactor piping. Little data are available to substantiate
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correlations at Gr > 1012, Results of turbulent correlations at identical
conditi