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A new computer code RELAP/REFLA has been developed, aiming at analyses
of the core reflooding phenomena during the postulated loss-of-coolant
accident of PWRs. The code was originated from the combination of two
distinct codes, RELAP4-FLOOD and REFLA-1D. The characteristics of the code
are: (1) Kinematical model based on the observation and analysis of
quench experiments is used for the thermal-hydranlic analysis of reflooding
core, (2) it has the capability to analyse the reflooding phenomena in an
arbitrary type of PWR or experimental facility, including the system feedback
effects, (3) the flow paths in the actual system are represented
by the combination of 1-dimentional flow paths, and vapor-liquid equilibrium
model is applied except the reflooding core.

This report is a code manual of RELAP/REFLA (version Mod 0) and
contains the descriptions of the basic models, basic equations, code
structure and input format. The calculated results of two kinds of sample
problems, i.e., reflooding problem on the 4 loop PWR and FLECHT-SET experiment,
are also presented. Relatively close agreement between FLECHT-SET data and
the calculated results was obtained for the lower portion of the core, but
poor agreement for the temperature histories in the upper core and carryover

ratio.

Running speed and core memory size are almost equal to those of

RELAP 4/ Mod 3.

Keywords: PWR, Loss of Coolant Accident,Reflood, ECCS, System Effect, Carryover,

Computer Code, Quench Experiment, Manual
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1. Introduction

RELAP/REFLA is a computer code for the analysis of reflooding
phenomena of a pressurized water reactor (PWR). The reflood phase in a
postulated loss of coolant accident (LOCA) of PWR is affected by so-called
system effects (downcomer water head, steam binding, loop resistances
and so on) and by flow blockages caused by fuel deformation. RELAP/REFLA
includes the system effects of the primary system of a PWR but does not
analyze the fuel deformation. The program contains a detailed core
thermal-hydraulic model based on the one-dimensionally distributed
parameters partiallyrtogether with an unequal-temperature, unequal-
velocity (UVUT) model. The code was born from the RELAP4~-FLOOD and the
REFLA-1D programs. RELAP4-FLOOD is one of the WREM codes, which is the
loop analysis code for reflooding phenomena based on the FLECHT correla-
tions. REFLA-1D is the program based on a UVUT model for the calculation
of reflooding phenomena within the one-dimensionally modeled heat-up
section. The flow model and quench model used in REFLA-1D and also in
RELAP/REFLA have been derived from the observation and analysis of many
reflood experiments including PWR-FLECHT of Westinghouse, Though some
correlations used in REFLA-1D and RELAP/REFLA have been developed by
analysing the PWR-FLECHT experimental data, the correlations developed
have now general characters, thus the code RELAP/REFLA is independent
from any FLECHT-type correlations.

On the other hand the model used in describing the primary loop
system,(ﬁith SG's secondary) has a fundamental assumption of homogeneous
and thermal-quilibrium on the state of two-phase fluid flow. Configura-
tions of the system are represented by the combination of fluid volumes
(control volumes), flow paths (junctions) and heat conductors. These
models come from RELAP4 which is the base code of RELAP4-FLOOD.

User should recognize the limitation of the code capability which
come from the homogeneous equilibrium assumption of the loop model. The
present version of RELAP/REFLA is based on RELAP4/Mod3 (i.e. RELAP4-FM
is WREM), thus having same limitation on the usage of improved models
and options. For example, the models built in later version of RELAP4,
such as, vertical slip model, local quality calculation for the heat
conductors, and the option of computation of a single mixture level in
vertically stacked volumes are not included. The code has a wide variety

of applications. Tt was used in evaluation of the ECCS performance at
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a LOCA for nuclear ship "Mutsu", and applied to the analysis of some
reflood experiments. In future, the code will be used for the audit
calculations of commercial reactors submitted for licensing in Japan.

The input data for the RELAP/REFLA code are just a stack of two
data sets, one for RELAP4-FLOOD and the other for REFLA part. The input
data for REFLA portion are placed immediately after a terminator (period
or slash) card of the RELAP4~FLOOD input. The input data for the RELAP
portion have the same format as given in the WREM manual and a few
kind of data (mainly related to FLECHT correlation parameters) are
treated as dummy data. So the user who is familiar with RELAP4 can
easily prepare the input data of RELAP/REFLA.

The manual is comprised of 53 chapters. <Chapter 2 describes the
program summary., Chapter 3 represents the calculational model stressed
on the thermo-hydraulic models of reflooding core and on the coupling
procedure between core and loop calculations. Chapter 4 describes the
input data organization and the informations on preparing the input
values. A brief explanation of the RELAP part of input and a full
description of the REFLA part of input are given there. Chapter 5 is
directed toward the demonstration of the code capability showing the

calculational results of typical problems.
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2. Program Summary Description

RELAP/REFLA is a computer program that was developed to describe
the thermal-hydraulic behavior of a PWR primary system subjected to the
reflooding of the core during the postulated loss of coolant accident
(LOCA). It originated from RELAP4-FLOOD, an optional program of RELAP4-
EM for the analysis of refloeding of a PWR, with the replacement of the
core thermal-hydraulic analysis by the component code REFLA-ID. The
user must specify the model of a system by using the concepts of control
volumes, flow passes and heat conductors. The appropriate thermal-
hydraulic boundary conditions are also provided by the inputs. On that
procedure, reactor core should be represented as a single control volume
in conjunction with the program coupling scheme between RELAP part and

REFLA omne.

2.1 Major Parts

The RELAP/REFLA code is directed toward the reflood analysis thus
its capabilities are somewhat limited in comparison with the original
RELAP4. The major part of the RELAP4 program were concerned with the
fluid equations, heat transfer and reactor kinetics. Among these func-
tions, the reactor kinetics is not used in RELAP/REFLA because the nuclear
power level and fluid condition during the reflooding period are far from
those in the operational steady state. The power history of the core
must be sgpecified by tabular input.

The fluid system to be analysed by RELAP/REFLA must be modeled by
fluid volumes and by fluid junctions (flow paths) between the volumes.
User specified fluid volumes (control volumes) are used to represent the
fluid in the system piping, plenums, reactor core and heat exchangers.
Any fluid volume may be chosen independently to represent a region of
the system associated with a heat source or sink, such as fuel rods or
a heat exchanger. The reactor core must be represented as a single
control volume, hecause the thermo-hydraulic quantities calculated by
REFLA portion are averaged and treated as a core average quantity.

Thermal-hydraulic phenomena expected to occur in the refleoding
core are analyzed by the REFLA portion of the code. In this analysis,
the code solves the fluid mass, energy, and momentum equations using a

distributed parameter system with the guench velocity correlation, flow
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pattern transition assumption, slip between vapor and liquid phases and
unequal temperature assumption. The fluid conditions at the core inlet
are treated as the boundary conditions of this calculation. The values
of any thermal-hydraulic parameters thus calculated are averaged and are
used as a quantity related to core fluid volume in the modeled loop
system.

The fluid volumes are connected by junctions which are used to
transfer fluid into and out of fluid velumes. Junctions are of three
types:

(1) Normal {connects two fluid volumes)

(2) Leak {(system fluid loss point)

(3) Fill (system fluid gain point, such as ECC injections)

A junction must be located within the elevations specified for the fluid
volumes that are connected to the junctions because the fluid path is
physically continuous.

The fluid dynamic portion of the RELAP part solves the fluid mass,
energy, and flow equations for the system being modeled including reactor
core. The choice of the five basic form of the flow equation is provided,
that is the same as in the original RELAP4 (See Section 3.7 of reference
1). Among calculated physical quantities, those of core outlet junction
and of core fluid volume are overridden by the quantities calculated by
the REFLA portion. Coupling scheme between RELAP and REFLA portion will
be described in Chapter 3. _

A heat conductor model is used to transfer heat to or from the fluid
in a volume. The geometry and conditions of the heat conductor are
specified by the user. This medel may be used to describe the thermal
behavior and effects of fuel rods, pipes, and plates. The behavior of
fuel rods are calculated by the REFLA portion specially. Other heat
conductors are treated as the same as in original RELAP4. RELAP/REFLA,
thus, keeps the correlations for calculating the critical heat flux (CHF),
pre—CHF heat transfer, and post-CHF heat transfer.

As previously mentioned, RELAP/REFLA is based on RELAP4-FLOOD, one
of the program option of RELAP4-EM, Consequently some of the options
prepared in the original RELAP4-EM are not available in RELAP/REFLA.
These options are:

1) Evaluation Model on the fuel rods, i.e.,, EM heat transfer

logic, pin swelling and flow blockage model.
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2) Evaluation Model on the blowdown ECC bypass logic.
3} Gap expansion model.
4) Automatic time step control option.

3) Reactor kinetics calculatiom.

A RFLAP/REFLA calculation consists of a series of time advancements
as similar to RELAP4. The sequence, however, is slightly different
because of the coupling of two parts of program and of abolishment of the
automatic time step control. So the sequence of calculation in each
advancement is:

(1) hydraulic effects

(2) core thermal-hydraulics by REFLA

(3) dintegration over time

(4) thermodyhnamic balance

(5) heat transfer (quantities calculated by REFLA are retrieved)

(6) editing

(7) time step advancement

2.2 Programming

The RELAP/REFLA code is written in FORTRAN-IV and is operable on
the FACOM-230/75 in JAERI. The code uses one external source of data.
The water and steam property tables are not contained within the computer
until they are retrieved early in the calculation. These tables are
generated by the STH20G program which is stored in the form of a disk
file and must be attached in the execution of RELAP/REFLA.

Another use of a computer program in conjunction with RELAP/REFLA
is the PLOT5R program which produces both Calcomp and microfilm plots of
appropriate variable-versus-time, variables-versus-elevation (only for
variables in core), variables-versus-variable from a RELAP/REFLA plot-
restart tape.

The running time of a RELAP/REFLA reflooding problem can vary
depending primarily upon the problem dimensions, i.e., number of fluid
volumes and number of nodes for heat conductors. The stability on the
calculation, however, gives other criteria on the time step size. Thus,
the running time for the PWR reflooding problem with about 30 fluid
volumes may range from 0.5 to 2.0 minutes per 1.0 second in physical

time on the FACOM 230/75.
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The program structure of RELAP/REFLA has overlaid as shown in
Fig. 2.1 and Table 2.1

The sizes of the common blocks associated with the volume and
junction data are reduced from the original sizes of RELAP4. Accordingly,
the number of the volumes and the junctions are restricted up to 50 and
70, respectively. This reduction of the common block sizes has been done
only because of the economy for computer core size and of consideration
about the convenience in the execution of program at JAFERI's computer

center.
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Table 2,1 SEGMENT CONTENTS of RELAP/REFLA Mod-0

Segment
Number

Segment Name

Contents

1

SEGA
(Root Segment}

FTMAIN, ALPACK, BLKDI, BLKDZ, BLKD3,
BLKD4, BLKDS, BLKD6, BLOCKD, BUBB,
BUFIN, CELMOD, CHKV, CLDPR, CORQ,
DCVIC, DEFORM, ENQADD, ENTSUR,
EPLAS, STSCON, FABEND, FAIL, FANG,
FLDBAL, FLDHTC, FLDHTX, FLDPRW,
FLDRAF, FRICTN, FTXEXP, GAPCON,
GAPPRS, GAUSS, HEADC, HEADER, HTRC,
I|AND, |APACK, INFLAG, INPPCK, IOR,
JPLUSN, LEVCAL, LINES, MOVE, PGCNT,
MACH, MCONST, MIXFLO, PCHF, PINI,
POLATE, POL2, POROS, POSTW, PREW,
PUMP, PUMPS, QDOT, REFLAP, SENG,
SLIP, SMOOTH, STH201, STH203,
STMCON, SUBPG, SWELL, TAVE, TFFM,
THCON, TIMSET, TKANDC, TKRAD, TRIP,
VAPORI, VISC, ZEROUT, ZTEDIT,
CTHSTR, ENTRAN

REFLAT, DISPRM, DPHDFR, FLD, FTW,
FTWL, FUELTP, GPLT, GPLTX, HIA,
INPUTT, !NPUT2, PPROP, PRINTI,
PRINT2, PTABLE, PX, SATTPF, SBHCL,
SBHCV, SBHR, SBHSP, SINGLF, SPHTRM,
TRNSRM, VIS, BPRINT

REFLAC, REFLAU, REDAVE, REDUCE,

'| UCHANG

SEGB1

{NPUT, INPUPK, STH201, I[NEDIT

SEGC!

INP

SEGC2

INP2, LINK, MODER, INP8, IZERO,
COMZER, COMLEN, TSTMQD

SEGD]

INMAIN, INHTXQ, INREAC, [NSCRM,
INTRIP, INTSTP, INRCDI

SEGE1]

INVOL, INBUBL, I[NLVC, INTV, INEM

SEGE2Z

INJUN, CHAIN, 1NCKV, INFILL, INPH,
INPUMP, INSMOO, 1PMCK, INENTH,
INLEAK

SEGE3

INHEAT, INCORE, INGEOM, INMPRO,
INSLAB, INWALT, KINITL, SINITL,
TEMZ, |NRKEN

* Please refer to NOTE
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Table 2.1 Continued

Segment Segment Name Contents
Number
9 SEGEY FLDIN
10 SEGD2 RESTRT, POSIT, PULLIN, RETRIP,
RETSTP, RERCDI
11 SEGD3 PRINTR, CHEK, EDCOM, EDDAT, EDEDIT,
EDINED, TSPIN, TSPRNT
12 SEGB2 TRAN, BAL, CCC, EDIT, FILL, FLOSRH,
HTXQ, LEAK, MH20R, MWR, NIFTE,
PLTAPE, PRESS, REAC, RCDN, RKEN,
RNDO, SCRM, SLABHT, STATE, STH204,
TEMP, TRDAT, TSTP, COND
13 SEGC3 ECCADJ, MHZ2EM, MWRIN, MWROUT,
PRESWL
14 SEGCH FLDEBW, FLDEJ, FLDNIF, FLDES
NOTE (1) RELAP4/Mod3  Subroutines
(2) REFLAID Subroutines
{(3) RELAP-REFLA interfacing Subroutines
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3. Model Description
3.1 Core Reflooding Model

Core reflooding model of RELAP/REFLA is the same as one for as a
single channel analysis code REFLA-1D. REFLA-1D is originally developed
for the analysis of forced feed reflood tests and its flow model and
quench model are based on the observation of experiments using the heated
quartz (transparent) tube and detailed analysis of PWR—FLECHTZ) experi-
mental data by Y. Murao (the author of REFLA-1D) and T. Sudo?). The
original models in REFLA-ID was developed as a tool for the analysis of
constant reflooding experiments, thus, some modifications on the coeding,
that are necessary to adopt the time dependent boundary conditions, have
been added when two codes, i.e., REFLA-1D and RELAP4-FLOOD have been
coupled,

A full description about the reflood models and its derivation are
represented In the original reportq). Thus we will mentioned only a

summary of the models in this report.

3.1.1 Flow Models

We assume the reflooding period of a postulated LOCA of PWR with
bottom reflooding due to ECCS. As the emergency coolant starts rising
around the heated fuel rods, complex heat transfer and two-phase flow
phenomena take place. A segment of the rod experiences free or forced
convection cooling by steam, cooling by dispersed flow, film boiling,
transition boiling, nucleate boiling and finally convection to the single-
phase liquid. This succession of heat transfer and flow regime is re-
flected to the observed variation of heat transfer coefficient and surface
temperature (See Fig. 3.1, 3.2)

It is known that there is a difference between a flow-patter occurred
when the reflooding rate (fluid velocity at the core inlet) is rather
high and one occurred in the low reflooding rate case. This difference
is also related to the inlet subcooling of coolant.

Comparing many data of heat transfer coefficient in PWR-FLECHT
experiment, Y. Murao and Y. Sudol®) found the fact that some group of the
heat transfer coefficient curves has a middle steep range but another
group has not. They found this classification of heat transfer coefficient

curves corresponds to the condition at the quench front so that they
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assumed that the steep range of curve was corresponding to subcooled
film boiling region. In the first group, the coolant temperature at
the quench front still have subcooling, i.e., AT, > 0, but in the
gsecond group, the coolant condition reaches saturation.

Based on those arguments, the following flow model shown in Fig.
3.2 was assumed as a reflood flow medel. The type 1 flow pattern appears
under the subcooled condition at the quench front. Upstream from (below)
the quench front, the water injected enters liquid phase region and sub-
cooled nucleate beoiling region downstream from (above) the quench front,
subcooled film boiling regionm (Ty > TQ, Ty < Tsat)’ transition flow
region (Tw > TQ’ T; =T liquid nearly stagnant), dispersed flow

sat”’

region (T > TQ’ T, =T T, 2 Tg,¢) and superheated steam flow are

sat? =
expected to occur. If the wa?l temperature of upper section is low
enough, the liquid can contact the wall and then the rewetted region is
formed.

The type IT flow pattern appears under the saturated condition at
the quench fromt. The flow pattern is nearly the same as the type 1
flow pattern but except the regions near the quench front where saturated

two pahse flow appears instead of subcooled boiling regions.

3.1.2 Quench Model

The Quench model used in RELAP/REFLA is the same as proposed by
Sudo and one of the authora). This model consists of three types of
quenching as shown in Fig. 3.3. i.e.

(1) Liquid column type (Rewetting by subcooled water)

(2) Dryout type (Annular flow type, rewetting by saturated water)

(3) Top Rewetting type (Entire surface temperature higher than

rewetting temperature)

In the first and second type, quench front (often refered to also as
rewetting front or quenching point) devides the entire heated region into
two part. i.e. quenched or rewetted part and non-quenched one. From the
non-quenched part to the quenched region, the heat transfer by axial
conduction take place so that the temperature of the portion just forward
of quench front decreases. And thus the gquench front is advancing. The
first type occurs when the liquid is subcooled at the quench front and
the second type occurs when the liquid 1s saturated. 1In the third type,

however, there is no quenched part which is supporting the quenching as
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in the type 1 and 2. This type of quench usually starts from the upper
end portion of heated core or the positions of the spacer grids. The
critical temperature for the quench (referred to also quench temperature)
is assumed to be the maximum ligquid superheat, above which the liquid
phase cannot exist thermodynamically. The following expression calculated

by Groenevelds),

Ty = 321.05 + 0.237x107" P, (3.1)
wjere Ty : maximum liquid superheat (C),

P : pressure (kg/m?)a ,
is used in the code.
Fvaluation of quench velocity (rate of advancing of quench front)
is base on the expression given by BlairG),
-1 = . - 2
uq o8 Cpy (Tw TO)/¢eff (3.2)
where Ty is a critical temperature like a Leidenfrost temperature and
borf is an effective axial heat flux which corresponds to a heat flux

from the wall to the coolant at just behind the quench fromt, ¢, i.e.
¢/bopg = /2 (3.3)

In the model of RELAP/REFLA, T is equal to the maximum liquid super-
heat Ty and the heat flux ¢ is a function of the l1igquid subcooling at
the quench front and of the maximum heat flux $max determined by the
experimental data. Actually the data of Westinghouse's PWR-FLECHT

experiment are used to estimate of ¢_...
The correlations of quench velocity are as follows.

1) For the dryocut type (type 2) quench

ual = oyet Cpy (Ty - Tp) / 2.19 x 10°% (h/m) (3.4)

bpax = 3.43 x 10°° (kcal/mzh) (3.5)
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2) TYor the liquid column type quench

ugl = pyg* Cpy(Ty=Tg) /{2.19x108(140.2778- 1074 +8T3,1)} (h/m)
(3.6)
bmax = 3-43x105-(140.2778-107%+ 4T3 1) (3.7)
3) For the rewetting type quench, the so-called contact temperature was
assumed to be the maximum liquid superheat and the rewetting tempera-
ture was obtained as follows:

T, = T, + K(TM - T (3.8)

R M L)

and
K = Ckyp,7Cpg) 05/ (kyroy=Cpp) @+ 5 (3.9)

where C is a factor to take into account the collision rate of water

droplet to the heated wall, ¢ =1 for ¢ = 1,0 and C = 0 for a = 0.0.

3.1.3 Heat Transfer

The heat transfer model for the core reflooding model of RELAP/
REFLA has been defined by assuming flow regimes, quench boundaries, and
a boiling curve. The flow regimes are based on several visual reflood
experiments and the PWR-FLECHT tests as described in Section 3.1.1.
The core channel is divided into wetted regicns and unwetted regions
based upon the quench correlations discussed in Section 3.1.2, and further
each region is divided into some flow regimes according to the heat-
transfer mechanisms and to the flow characters,

The heat transfer correlations for each regime are summarized as

follows: (also summarized in the Table 3,1)

(1) Single Phase Forced Convection (Ty < Tq, T1, < Tgat)

h = %§~Nu keal/m2—h-°C | (3.10)

8)

where the Nusselt number is given by Colburn's correlation

Nu = 0.023 ReC.8 prl/3 Re z 2400 (3.11)
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Fig. 3.3 Three Types of Quench Mode
(Taken from Reference 4))

Table 3.1 Flow Regimes in the REFLA Model of Reflooding Core
(Taken from Reference 4))

Flow Pattern Flow Regime Hydro-dynamic Model Heat Transfer‘Hode1 Boundary Condition
(saturated)(svhcooled}
, Super heated Single Vapor Flow Single Vapor Phase over the top of ligquid
L i Steam Flow Forced Convection o > D.9595999
7
F Rewetted Wetting Two-Phase Nucleate Boiling Tw<Tqg & o< 0.9959995
. \ Reqs Flow and/or Single Liquid
Lg ; egime ow Phasa
L Dispersed Unwetting Two-Phase ! Two-Step Model Slip Velocity » Free Fall
o ., F10p Eeeime low {Single Vapor Phase : Velocity of
' ’ W Reg {Single Vapor Flow + | Forced Convectien Droplets
,' ’ Drag Force of + Vapor to Oroplets & vai Tq
e " Oroplets)y + Radiation to
Ly ®s 10 Droplets)
N Unwetting Two-Phase Saturated
N Transion Flow Film Beiling Tw.i Tq
& Flow Regime (Wetting Two-Phase + Radiation 8 T =T
a3 Flow Correlation) L sat
L
éﬁ; Subcooled Unwetting Two-Phase Subcooled Tw> Tq
Qﬁ' Film Beiting | Flow Film Boiling
L Regime {Single Liquid Flow Correlation & TL = Tsat
2 without Wall Frictian + Radiation
k)
%? 8ulk Boiling | Wetting Two-Phase Nucleate Boiling Tw < Tq
L . Regime Flow 8 T, =T
1 L sat
N Single-Liquid| Single-Liquid Flow Single Liquid Phase| Ty <Tq .
r\\\ Phase Flow, Forced Convection & TL < TSat
\\ Regime + Nucleate Boiling

(L, : bulk boiling P, in rewetted regime, L, : the upper end of theater level
6 : t 7 “
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and
Nu = 1.077 (Re Pr 29)1/3 %) Re < 2400 (3.12)
with the physical properties evaluated at liquid conditions.

Nucleate Boiling (Ty < Tg, Tp = Tgat)

The boiling heat flux is given by the Jens-Lottes correlation

9B = 2.197(Ty - Tyae)" exp(Ll.54 x 1076P) kcal/m?~h (3.13)
and the maximum heat flux defined by

b, = 3-43 x 108(1 + 0.2778 x 107" AT ) (3.14)

The maximum heat flux was adjusted for PWR-FLECHT data and the sub-

cooling modifier?).

Subcooled Film Boiling

The heat transfer is defined as the sum

hg £.b = Mwall-liquid T Pradiation (3.15)

For wall to liquid heat transfer, the Bromley correlation is used,

k2o, (o, - 0 )Hp, 877174
hgar = 0.94 [ e ] (3.16)
where the wave length L is defined by
L= 2 (2 (3.17)
glpg = pg)

For subcooled film boiling, a multiplier for hg,y is used (Sudo
and Muraolo)), that is,
(3.18)

hyg = F » hgae

F=1.0+ 0.025 (Tgat - T1) (3.19)
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The radiation term is given by
hy, = (T Ny ) 3.20
R~ e ( W Tsat) (TW - Tgat (3.20)
where ¢ is the Stefan-Boltzmann constant.

Transition Region (Ty = Tq, Tp = Tgat) (3.21)

h = hg,p + hy (3.21)

where hga¢ is defined by Bromley's film boiling correlation (Eq. 3.16),
and

By = (1=0)e(Ty-To ) / (Ty-Tgar) (3.22)

In the present stage, we have little information on this region so that

" we have adopted above correlations temporarily.

Dispersed Flow (Ty > T, T, 2 Tg)

The heat transfer for the dispersed flow region is defined by the sum

h = hwallﬂvapor + hvapor—droplet + hwall—droplet (3.23)

that is, considered are the convection heat transfer between wall and
vapor, between vapor and droplet, and radiative heat transfer between
wall and droplet.

The individual correlations are
hw—v = —2 Nu (3.24)

where the Nusselt number is defimed by Colburm's correlations using

physical properties of wvapor.

k
hy_g = 5% Nu (3.25)
where
Nu,_4 = 2.0 + 0.55 Re]*® Prl/3  Re < 1800 (3.26)
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0.566 1/3

Nuv_d = 2.0 + 0.34 Rey Pr Re > 1800 (3.27)
Dy = droplet diameter

The radiation term is given by
hy g = Fg » &+ (T - T )/ (Ty = Toue) (3.28)

with Fg being the shape factor given by

ey T D2
Fs = i - < Fg < 1.0 (3.29)
L L
Superheated Region
k
h =& Nu (3.30)

Where Nu is given by the Colburn's correlations with the use of gas

properties.
Reset Region (Ty < Tq and high o)
Heat transfer in the rewet region is given by forced convection
{(Colburn}
h = —5 Nu (3.31)

or by nucleate boiling using Jens-Lottes

95 = 2.197(Ty - Tg,,) ' exp(l.54 x 1076 P) (3.32)

3.1.4 Fluid Equations

During the reflooding of a PWR core, regions and/or periods of

thermal nonequilibrium and separated flow can be expected to occur.
Therefore, the set of conservation equations including the effect of such
nonequilibrium and separated flow is necessary. The assumptions used in
such equations are after called UVUT (unequal velocity, unequal tempera-
ture) model., The RELAP/REFLA code describes a UVUT set to be applied in

the dispersed flow regiom, and a reduced UVET (unequal phase velocity,
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equilibrium temperature model) for all other flow regimes. The basic

equations are described in the following sections.

Basic Thermo-hydrodynamic equations for coolant in the quenched regionm,

film boiling, transition and superheated regions

For the regions above, the RELAP/REFLA code assumes the homogeneous

two-phase flow with slip between vapor and liquid, or single phase flow.

411’

Based on these assumptions, the MacFarlane's metho can be used.

Flow equations are:

Continuity
3 5 ~
Y [Otog + (1-adp, ] + [oapgug + (1-adpguy]l = 0 (3.33)
Momentum
3 3 aP
5t [apgug + (I~a)p, u,l t 57 [aogug + (1-adpyu, ] + 37
3
+ glap, + (1-a)p,] + v == = 0 (3.34)
g 2 3Z
Energy
L[ ‘H, + (1-a) _H]+a_[ H, + (1-a) H, 1
At ﬂpgg g alpgBrily 57 upggug g a)ppgugty
Cy x Cy
= v¢ (= 3 D. Nu (TyrTp) = g h (Ty-T1)) (3.35)
2

As an equation of state for two-phase flow, the void fraction is
frequently correlated by the following expression with Lockhart-

Martinelli two-phase flow parameter.

o = F(Xep) (3.36)
and
1 - %09 Pgoo,5 Feoo,1
X = P . . 7 . . 3.
ee = Cx ) (92) (ug) (3.37)
F(x) = 1 - (14 2L 41,570 (3.38)
X x2

The two—phase frictional pressure gradient is frequently represented by

an equation of the form
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8T _ 0.1875, G2(1-X)!.8
Yoy = F Repd {(R T2 ) 20,De ¥ (3.39)
e
where
- 20 .1
Fp(x) = 1+ + ) (3.40)

For an equation of state of bulk boiling two-phase flow, instead of

the above correlation, the Cunningham-Yeh's correlationIZ) is applicable,
i.e.
Pg. 0,239  J J 0
o = 0.925 (-8) (—B8? B 0.8 (3.41)
92 JbCl‘ Jg+J2
where
J
a=0.67 if —B- <1
Jbher
J
a=0.47 if —&-31
Jher
Jper = 1453 /g Ryey
o
R ==
ber g Py
Jg g = volumetric flow rate of vapor or liquid
b

According to the assumption of thermal equilibrium, demsity and

enthalpy of vapor and liquid are equal to the saturation values, i.e.

pg = F3 (P) (3.42)
by = Fy (P) (3.43)
H, = Hgyy = Fs (P) (3.44)
Hy = Hgae + Hpg = Fg (P) (3.45)

The above set of equations are used for two-phase flow and reduced to
single-phase flow with one phase assumptions.
For the actual use in the core model, the assumption is made that

the reflood phenomena is relatively slow except the early portion of
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reflood interval and that flow rate change is also slow. With these

assumptions, final reduced form of flow equations used in the RELAP/

REFLA code are;

(1) Homogeneous two-phase flow

3G
Y 0 (3.46)
ox _ 1 . v¢ da
=22 - - + X = )
57 = G [Hf {1 X)pg og} at] (3.47)
g g
3P _ 1 3(V'G2) o 3T
2 o1 — gy T 8P (B +1-a) -y (3.48)
where
P
g = L (3.49)
g
2 w32
yr = BX 4 (1=X) (3.50)
o 1-a
(2} Single-phase flow
3G
57 " 0 (3.51)
Hor g, 2 or g vee (3.52)
ot 3z 8Py or g
3P 1 3G2 3T
Y 9z Bror g~ Yy (3.53)

Po or g

Basic Thermo-hydrodynamic equations for coolant in the dispersed flow

region.

For the dispersed flow regions, the equations including the thermal-
nonequilibrium effects are used as follows:
Continuity for vapor and liquid phase

B(Q-Qg) 3(apgug) .
3t + 37 =Q (3.54)

3 (1-a)py} 3l (l-a)pgugt
+ =
at 2z

-0 (3.55)
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Momentum for vapor and liquid phase

B(ap u 3 (ap u?) 3
g g B °op
at t TR toaggtong e
Cy az)wv Cr BZ)VD Q@ v
8{(l—a)p£u2} 8{(l—u)p£ul} aP
+ + (1-a)
gt az

d
+ (I-adpgg = (v )yp = ~Q U1

Energy for wvapor and liquid phase
3 (apgghy) N 3 (apggughy)
ot 9z

3{(1-alpyeHy}  3{(1-a)pyguyH,}
3t * b7

= (Y¢)WV - (Y{I’)VD + égHg

= (r9)yp + (0D

(3.56)

(3.57)

(3.58)

- QgHg (3.59)

Assuming the temperature of liquid phase is saturation temperature and

the vapor behaves as an ideal gas, the constitutive relations are:

Hy = Hgat
Hy = Hyae + Hey + Coo (T, = Ty )
Pg = F(H,,P) = H o + Heg + Cpg(Tg = Toae)

l1-a¢ = n Vd/vl

(3.60)
{(3.61)
(3.62)

(3.63)

where V4 is a volume of droplet and n is an number flux of droplet,

Again assuming that the fluid transients are rather slow the approxima-

tion is made by dropping the time derivatives in the continuity and

momentum equations. By also assuming (l/pg)BP/Bz is negligible, the

continuity and momentum equations are reduced to:

2z Pg ng 3z
alug (1-a)} g
Tz pg
oP Yg _Q . _
az Y relg gz T o ¢ (upmug) - oegs
_1 aT ot
5 Lo az)wv v 3270vp!

(3.64)

(3.65)

(3.66)
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19 L, 1 e (3.67)
2 3z &7 W-awyo, @ 32w .

The energy equations are written as:

§ = [Crddypy + (o)} / T +C (T =T Dde (3.68)
oH oH

8 Se _ 1 _

st T Y a7 a0 g8 {Crodyy = Grddypt - (3.69)

The Transition Criteria from Transition Flow to Dispersed Flow

The transition from transition flow to dispersed flow is assumed to
occur when the slip velocity between vapor flow and liquid flow exceeds
to critical value determined from the force balance between vapor flow
and droplet, and from the critical Weber number, Wo.. The force
balance is described for the droplet in the vapor flow as follows:

2 2
1 , ™04 4 Dg
Cp 5 pg dus —— =5 (3 )y 8 . (3.70)

In this equation Cp is the drag coefficient for the droplet and is

determined by Ingebo's correlationl3’:

Cp = 27 » Re37?-8% | (3.71)
where Rey is the Reynolds number for the droplet, i.e.,
Au Dd
Red = 5 (3.72)
The minimum value of CD is set as
Ch min = 0.4 . (3.73)
The Weber number is defined as:
P Au2Dd
we = —"g'ﬁaw . (3.74)

In the transition flow region, the slip velocity is not large enough to
break a piece of water intc small droplets, so at the transition point

the Weber number reaches the critical Weber number, i.e.,
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We = Wee

When the droplets are generated, the relation between the droplet size
and the slip velocity can be presented by the equation (3.74).

~ Arranging the equations (3.70), (3.71), (3.72), (3.73), and (3.74),
we can obtain the following correlation of the slip velocity as the

transition criteria.

Augrie = min(Au,, Aug) {(3.75)
where
Au, = 0_53713(Gwec)0.3801 pé0.5868 v—0.1736(p2g)0,2066
(when Cp is given by the Eq. (3.71))
ppgoW 0,25
AU3 = 1,3512 (—&gz—ig)

g
(when Cp is equal to 0.4, i.e., Eq. (3.73))

min(a,b) = minimum of the value a and b .

The number flux of the droplet (defined as the number of droplets
which passes through unit area per unit time) can be written as follows

with the mass balance of the liguid phase:
~ 4 Dg 3 :
n = (l-a)u, / { E'F(E—) 1 (3.76)

This number is necessary to consider the heat transfer between

vapor and droplet, wall and droplet.

3.2 Loop Model

The primary loop of PWR consists of fluid volumes inside of pressure
vessel, loop pipes, plenums and U-tubes of steam generators, primary
coolant pumps and pressurizer. The primary system is divided into these
components and is modeled by the concepts of RELAP4, i.e., fluid volumes
(control volumes), flow paths (junctions), and heat conductors. The last
is modeling the heat generating or conducting materials, such as fuel

pins, vessel walls, pipe walls and heat exchanging narrow pipes in the
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steam generators.

The secondary side of steam generator is interacting with the
primary loop system through the heat exchanging pipes, thus it can be
said to strongly couple with primary loop system,. Therefore the secondary
side of steam generator is aglso included as a part of the primary loop
model In the following representation.

Basic assumptions and modeling schemes are just the same model as
that of RELAP4. 1In this section, thus we will mention only about the
basic equations and some special features useful in the reflood calcula-
tion. More detailed informations about the models and options are

available in original manuall),

3.2.1 Nodalization

The RELAP/REFLA code assumes a general nordalization for the reactor
vessel area of a plant medel. This consists of single hydraulic volume
for the core region, upper plenum, lower plenum, and downcomer. Also,
single junctions connecting these volumes are assumed. The broken cold
leg nozzle is represented by two junctions simulating the horizontally
separated flow, The foregoing secial volumes and junctions must be
entered on the code by the use of thevJunCtion and Volume Number Data

Card described in Section 4.3.

3.2.2 Fluid Equations

The numerical equations solved in the RELAP part are obtained by
integrating the equations of change of mass, momentum and energy over a
control volume. Integrated form of these equations are as follows:

First the mass conservation equation becomes

J
where
M; = mass in volume V;
wij = flow into volume V; from junction j.

The fluid momentum equation for a flow path in Fig. 3.4 is written as:
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J dt r
L L
i
- éiﬁEl , (3.78)
K, X
where
I. = X +-—£— or geometric inertia
37 2ag T 24 O B
wj = mass flow at junction j
PK, P = thermodynamic pressure at volume centers
Png = gravity pressure differential from the center of
volume K to junction j
Png = gravity pressure differential from junction j to the
. center of volume L
Fegs Fgp = Fanning friction pressure loss within each half-
volume or
=4 £ Q_&_) (EELEL) &
2De 2 2p
Fry = residual friction term defined by steady state
conditions
Lj
f dF = expansion or contraction friction between volumes
Ko K and L
L1 4w _
f —a = momentum flux terms for area and density changes
Ko between volumes K and L
f = Fanning friction factor
'3 = volume length
A = volume flow area
K, L = subscripts referring to volumes K and L
i = subscripts referring to junction j
$op = two-phase multiplier for increased friction
u = average fluid velocity in volume

The Fanning friction factor for turbulant flow is based on the

Karman-Nikuradse

Lo 0444

VE

14),15)

equation:

log g (Re/E) . (3.79)

and for laminar flow is:
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f = 16/Re {3.80)
Two-phase multiplier, %3p, is optional correction factor calculated from

the BaroczylG) correlation.

The energy equation for homogeneous flow is:

=2 2
dUy 14 Wi Y4 5 -
— = - == (== W, . (Hy . ;o Zg . .
dt 7hy, ar Gy T I Mgl T eyt 20 T (3.81)
where

U; = total fluid internal energy within volume Vj;

W; = average mass flow in volume V;

Hij = local enthalpy at junction j of the fluid entering

or leaving volume Vj
us: = local fluid velocity at junctiom j of the fluid

entering or leaving volume V;

Zj_zi = elevation change from the center of mass of volume
V; at zj to junction j
Qi = heat energy transfer rate into volume Vy.

3.2.3 Other Basic Models about the Loop Syétem

Bubble Rise Model

Bubble rise model is a simplified slip model used in modeling
certain vertical section in the reactor system. This model allows a
concentration of bubbles to vary linearly in the vertical direction in
a control volume. Coefficient of variation and the velocity of bubbles
escaping from the mixture surface are determined by the input data.

Using these parameters bubble rise model also allows a formation of

steam dome above the two-phase mixture, i.e., the mixture level calcula-
tion becomes possible. User must be careful to use the bubble rise model
applying to a series of vertically stacked volumes. In such case, so
called a "layer-cake'" phenomena may occur in which each volume has a
steam and liquid, that is unrealistic situation.

This model is used both in blowdown calculation and in reflood
calculation. The objective fluid volumes, however, are different between
those calculations. In the reflood calculation, volumes to be applied

the bubble rise model are at least, downcomer, core and core bypass
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region. Water head of these volumes are important factors to decide
the driving force of water entering heated core. '

The assumed bubble distribution in the mixture is

— a2 4+ (3.82)

pgb z

where

pgb = partial steam density within a mixture (bubbles)

L]

Z height above the bottom of the volume

Zp time dependent height of mixture interface.
Parameters a and b are time dependent.
In the RELAP4 code, a and b are expressed by using a single parameter

Co (equals to input value directly) as follows:

M
a = 20, B2 (3.83)
Vi
M
b = (1-Cp) -B2 (3.84)
Vi
for
M
0 < &b £ 0.5
Pg Vi
and v
a = 2C, (pg - =B (3.85)
Vin
M
b= (1+Co) —E2 - ¢, p (3.86)
Vi g
for
Mgb
0.5 < < 1.0
Pg Vo
where
Mgb‘= mass of gas bubbles entrained in the mixture
pg = vapor density = (pg)Sat
Vy = volume of the mixture.
In the derivation of equations (7) - (10), a relation:
0 < Pgb £ Pg (at any elevation) (3.87)
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and the fact that integral of Pgh OVer the mixture equals to Mgbs were
considered. Fig. 3.5 represents an example of bubble distribution

schematically.

To keep track of the mixture interface level, we must know the
change of mass of steam within the mixture. The mass balance is

described as:

Mgb =M, - § wjxjwj - A ubub(pgb)zm (3.88)
where
MS = total mass of steam within the volume
¥j = fraction of steam flowing at the junction j and

terminating or eriginating within the steam dome

X4 = junction quality
Wj = mass flow at junction j
Uhyub = bubble velocity relative to the mixture interface

(pgb)zm = gas bubble density at the mixture interface.

Appropriate values of input parameters, C, and Viup» are depending
on the problem and should be determined by comparing the calculational
results with experiments. Tf, however, user desires the conservative
evaluation of reflood rate, a very large value of Vy,; should be
supplied for downcomer volume., In such case, the vapor generated in
the mixture escapes from interface almost instantaneously, thus a
collapsed liquid level is calculated in the downcomer. That leads

minimum driving head against the water which enters reflooding core.

Heat Transfer

Heat transfer model to be mentioned here is the model to be applied
to the heat conductors except the fuel pins in the core. Special
reflood heat transfer model of REFLA is applied to the core section heat
conductors.

RELAP/REFLA has the same 'standard' heat transfer model as that of
RELAP4-EM without the EM logic on the heat transfer mode selection.

The assumed regimes are listed in Table 3.2.
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Others

RELAF/REFLA résefves other calculational model in RELAP4-EM, such
as, critical flow model, pump simulation model, check valve model, etc.
Among of these, critical flow model is recommended not to use in the
reflood analysis. Because adequate critical flow model for superheated
vapor and stratified flow (both appeared at the breaks during reflood

phase) are not built in yet.

3.2.4 Special Model for the Reflood Calculation

Steam Generator Model

During the reflood phase of a loss-of-coolant~accident, heat is
transferred in the steam generator from the secondary to primary side.
Such heat transfer occurs because the pressure and temperature of SG's
secondary are kept close to the values in steady state operation under
the isolation of systems. This heat addition to the primary coolant
plays an important role because evaporates the droplets which are
carried-over from the core, thus causes "steam binding" and limits the
reflooding rate.

Each side of steam generator is modeled by one or more control
volumes and heat conductor representing the U-tubes is between two
sides. Water flow in the secondary side is assumed to be negligible
during reflood phase. The secondary side heat tramsfer is therefore
natural convection. RELAP/REFLA has the option for the natural convec-—
tion at the secondary side surfaces of U-tube heat conductors which
had been first built in RELAP4A-FLOOD, Heat transfer coefficient is
calculated by the equation given by Brown and Marco2%) for long vertical

cylinders as:
k 1
h = 0.13 7% [6r Pr1”° (3.98)
where

kg
L

thermal conductivity of water (Btu/hr-ft-F)

1

typical length .

If the user desired to use this natural convection option, the optiomnal

Steam Cenerator Volume Data Cards (See Section 4.3) must be supplied.
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Table 3.2 Heat Transfer Correlations for General Heat

Conductors in RELAP/REFLA

%
Model 1. ) Subcooled Liquid Forced Convection; Dittus—Boelter17)
h = 0.023 X prl.Ypeld.8 (3.89)
De
Model 2. Nucleate Boiling; Thomla)
14,22p
1y orsat P g60 ) o
¢ = 2.7 | 0,04 1 (3.90)
Model 3. Forced Convection Vaporization: Schrock—Grossmanlg)
h = (2.5)(0.023) L(Pr)Ce[(Re) (1-x) 10+ B[ (202 1By 0.1 EL,
’ ' De L L 1-x Hyg g
(3.91)
Model 4, Transition Boiling; McDonough, Milich and KingZO)
¢ = ¢'CHF - (2.712*1.8)(3(]?) (TW_TW,CHF) (3.92)
Pressure(psi) C(P)
2000 979.2
1200 1180.8
800 1510.2
Model 5. Stable Film Boiling;Groenevelel)
k e 0.688
h o= 0.052 =8 (Pr).""Pl(Re), [x + & (1-x)]}
De W g ey
o -
x [1.0 = 0.1(1-x)0- (% - 1)0.471.08 (3.93)

Pg
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Mode 6. Pool Film Boiling; BerensonzZ)

$ = 2.712 F(P) (1.84Tg,¢)%75

Pressure(psi)

15
100
500

1000
1500
2000

Mode 7, Transition Pool Boiling

AT, s
¢ = 2.712 * 20000 -2 2. 204
Tsat gn(_zgln)

20000}u/3
F(P)

where; ATpip = [

F(P) is defined in Mode 6.

Mode 8. Superheated Vapor Forced Convection;

h = 0.023 X pr0.4gel.8
De

Mode 9. Low Pressure Flow Film Boiling; Dougall-Rohsenow

k
- ‘g 0.4 _Fe 0,8
h = 0.023 Do (Pr)g {(Re)g[x = 5. (1-x)1}

(*) Mode number is printed in the RELAF part of output.

F(P)
128
236
412
510
615
705

Dittus—Boelterl?)

(3.94)

(3.95)

(3.96)

(3.97)
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If some volume numbers are specified as NSGVOL's in this card, the
program distinguishes the heat conductors which have one of NSGVOL's as
a volume number at its either surface. Then natural convection heat
transfer is applied on the surfaces of those heat .conductors. If the
total number of NSGVOL's is zero (no optional cards entered), the
standard RELAP4-EM correlations are used for the secondary side of heat

conductors.

Broken Loop Cold Leg Nozzle Model

This model was developed to simulate the separated two-phse flow
with slip expected in the broken cold leg nozzle, and first built-in to
the RELAP4-FLOOD program., Part of the steam which is generated in the
core during reflood passes through the intact loops to the downcomer and
then flows around the top of downcomer and cut the broken cold leg nozzle
to the containment. In some cases, the downcomer water level will exceed
the elevation of the cold leg nozzles and downcomer will overflow. The
two-phase flow regime expected in such case is that of a horizontal
separated flow with slip between the liquid and the vapor as shown in
Fig. 3.6 Since RELAP4-EM had no provision for slip flow of this type,
a special model was developed for RELAP4-FLOOD and it is reserved in
RELAP/REFLA. The model is shown in Fig. 3.7. The broken leoop cold leg
is divided into two junctions, one for the liquid flow and another for
the vapor flow. Bach junction has a variable area and area of the liquid
slip junction is equal to the liquid covered area in the true nozzle pipe
(area of nozzle under the mixture level of downcomer). The steam slip
junction area is, thus, the true junction flow area minus the liquid slip
junction area. Since each junction has a common pressure drop to the
containment or volume in downstream, each will flow at the velocity
required to reach that pressure drop, thus simulating slip between
phases. The friction at the liquid-vapor interface is neglected in this
model. The elevatjon of the intact loop nozzle is artificially raised
by one-half the nozzle diameter to prevent direct mixing of the steam

with the water in the downcomer.

3.3 Coupling between Core and Loop Calculation

The RELAP/REFLA has a combined structure of the two parts, i.e.
RELAP4-FLOOD and REFLA. The system calculation for the PWR primary
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loop is made by the RELAP4A-FLOOD part with the core reflooding analysis
by the REFLA part. The calculational medel for the primary loop system
{including the steam generator secondary side) is the same as one used
in RELAP4, i.e., one-dimensional volume and junctijon model with the
assumption of homogeneous equilibrium.

On the other hand, the thermal-hydraulic phenomena of core reflood-
ing include the unequilibrium states with non-homogeneous flows. They
are analysed by the model of REFLA.

The philosophy how to couple the core reflooding analysis in the
REFLA program and the system calculation in the RELAP4-FLOOD program is

described below in Section 3.3.1.

3.3.1 Basic Idea

Consider a model for the primary loop of PWR, where the system is
expressed by control volumes and connecting junctions, especially with
the core of a single volume. The change of junction mass flows during
any time step (At) are calculated by solving the simultaneous equations
for the time derivatives of mass flows (ﬁ), of volume internal energies
(ﬁ) and of volume masses (ﬁ), starting from the state of the system at
the previous time step. Then all junction mass flows are updated and
after that, the mass and the internal energy of each volume are updated
by using the new values of junction flows. TIn these calculations the
control volume for the core is included as a part of the primary loop.
The behavier in the core, however, camnot be described by using the
ordinary solution technique of RELAP4 because of its homogeneous
equilibrium assumption.

When the junction flow of the core inlet junction (Wip) has been
calculated (at the same time, the junction flow of the core outlet (Wgout)
has also been calculated as a part of the solutions of the simultaneous
equations), REFLA part is called and REFLA calculates the core thermal-
hydraulic behavior specially. In REFLA calculation, the core inlet flow,
and the fluid temperature at the core inlet are used as the boundary
conditions. These boundary conditions are transfered from the RELAP part
to the REFLA one by the arguments.

After the REFLA calculation finished, various quantities about the

core behavior are in turn sent back to the RELAP. Using the temperatures,

the core average pressure, the linear heat generation rate of fuel,
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velocities and void fractions of liquid and steam at the core outlet,
the total mass flow of the core outlet and the average core outlet
enthalpy are calculatéd. In the RELAP4-FLOOD part, these values are
used to replace the core ocutlet flow (wbut) and the core outlet
enthalpy that have been once given by the loop calculation.
The processes described above are shown schematically in Fig. 3.8.
The core-contribution term in the pressure losses of the RELAP core
inlet—, and outlet-junction data may be revised by the pressure losses
between bottom to center, and center to top given by REFLA for the core
section, respectively. This is an option in the present version of
RELAP/REFLA(Mod 0). If this option is not used, the pressure loss terms

of core inlet- and outlet-function data re prepared by the common way as

for other junctions by using the core average flow condition.

In RELAP4-FLOOD, the average pressure of the core volume is
specially set equal to the upper plenum pressure plus the pressure loss
AP at the core outlet junction. This step is kept alsc in RELAP/REFLA.
This core average pressure is used to determine the core inlet flow, Win
in the next time step. Therefore, if the option is chosen, more
realistic Wy, value might be calculated in the next time step, although
the REFLA-origin AP value may cause a numerical instability into the RELAP
Joop calculation thereafter,

REFLA also calculates the temperature changes of the rod in one
point approximation along the radial direction. The temperature gradi-
ent inside the rod during the reflooding period is so small that this
approximation causes no difficulty in almost all cases. The rod tempera-—
tures and the surface heat fluxes calculated by REFLA are alsoc used in
the RELAP4-FLOOD part for the surface conditjons of the core section heat
conductors after some averaging step. (The averaging step is needed
the code.) The heat transfer coefficients are also set to be the wvalues
calculated by REFLA, but in this case not the averaged value but the
representive point value (for the center elevation for each conductor).

After having reset these quantities associated with the core
thermal-hydraulics, the RELAP4-FLOOD part calculates the energy and
mass transfer, new conditions of state and advances the time step. This
step of caleculation is basically the same as of the original RELAP4-FLOOD,

just with the revised values as mentioned above.
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3.3.2 Program Flow Structure

The main contfol routine of RELAP/REFLA originated from the main
routine of RELAP4-FLOOD. The combination scheme of the RELAP4-FLOOD
part and REFLA part is shown in Fig. 3.9. The upper part of this figure
shows the combination scheme for data input and initialization, while
the lower part shows the combination structure for transient calculation.

At data input and initializatiom, the input routines of the RELAP4
first runs and the input data for the RELAP-FLOOD part are read in. In
the midst of editing input data for the system calculation, the program
calls the REFLA part through the subroutine INJUN, The center routine
of the REFLA part, REFLAl, is called then, through further two interface
subroutines, REFLAC and REFLAU. (The functions of these subroutines
will be explained later.)

Then the code reads the input data for the REFLA part and the
initialization of the core channel calculation is made.

After REFLA initialization, the program control returns to the
RELAP4-FLOOD part and initialization continues for the system data,
partly using the REFLA's data. These values are the pressure loss terms
due to friction and gravity head in the core, heat transfer coefficients
and surface heat fluxes at the rod surface. The substitution of these

values are carried out in the following subroutines,

(SuBroutine name) (REFLA's result considered)
PREW Pressure loss in core due to friction
HEADC Pressure loss in core due to gravity head
SINITL . Heat transfer coefficient and surface

heat flux of the rod

These subroutines call the entry points in the subroutine REFLAU and
takes the appropriate physical quantities from the stored data in REFLAU
and replaces the RELAP4-FLOOD data by them. Other functions of data
editing, data check and initialization of RELAP4-FLOOD have not been
changed.

In transient calculatiom, the RELAP4-FLOCD part governs the time
step control, Therefore automatic time step control of RELAP4 is also
available, although it has not been tried yet when we use the RELAP/REFLA.
The REFLA part is called once in each time step in the subroutine FLDNIF,

which was used in RELAP4-FLOOD to re-calculate W,,+ using the carryover
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rate correlation. The RELAP/REFLA uses the value calculated by REFLA
for Wy,¢+ In addition, the program substitutes the REFLA results for

the RELAP values in the following subroutines,

(Subroutine name) (REFLA's result taken into consideration)
PREW Pressure loss in core due to friction
SLABHT Rod temperature, heat transfer

coefficient and heat flux
HEADC Pressure loss in core due to gravity head

FLDBAL Core outlet enthalpy

These subroutines call the entry points in REFLAU and data replacements
are carried out as the same manner as in initialization.

The interface subroutines REFLAC and REFLAU, which play a role to
connect the RELAP4-FLOOD part and the REFLA part, have the functions as
stated below.

REFLAC converts the common variables needed for the REFLA calcula-
tion into the local variables, and sends these variables to REFLAU.

REFLAU plays the most important role in the connection of the two
parts. REFLAU convertes the unit of the these values sent from the
RELAP4-FLOOD part, from British to MKS unit. At the same time REFLAU
changes the double precision variables to the single precision one.

And then REFLAU calls the REFLAl, the central program of REFLA part.
The arguments of the subroutine REFLAL are listed in Table 3.3.

The output values from the REFLA part are stored in REFLAU and
used in the RELAP4-FLCOOD part, by calling the entry points in REFLAU
and making substitution, whenever these values become necessary in the
RELAP4~FLOOD part. DATAS1 to DATAS8 in Fig. 3.9 are all of the entry
points in REFLAU.
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Table 3.3 Argument List of subroutine REFLAI

argument | I/0% description unit note™™
TIMEDA [ time after phenomena started sec dummy
TIMERF ! reflooding time sec dummy
DTSDA | time step size sec
PIN ! pressure at the core inlet (kg/m?) 5
POUT | pressure at the core outlet (kg/m?)a
CMASS 0 stored mass in core kg/m? dummy
QMAXDA [ peak power generation rate kW/m
ULIN i velocity of core inlet flow cm/sec
TLIN i core inlet fluid temperature c
uLouT 0 liquid velocity at the core cm/sec
outlet
uGouT 0 vapor velocity at the core cm/sec
outlet
AGOUT 0 void fraction at the core —
outlet
TLOUT 0 liquid temperature at the core c
outlet
TGOUT 0 vapor temperature at the core C
outlet
PDA i pressure at the center of core (kg/m*)a
HTDA 0 heat transfer coefficients kcal/m?h-C
(array)
AGDA 0 void fraction distribution — dummy
(array)
TWDA 0 wall temperature distribution c
(array)
PHIDA 0 surface heat flux (array) kcal/mZh
DPHED 0 pressure loss due to gravity (kg/m?)
head (array)
DPFRC 0 pressure loss due to friction kg/m?
(array)
JEND I | flag for the end trip —
* | 5 input for REFLAI %% Dummy arguments are not used in the

0 ; output of REFLAI

present version but will be used in
the future version.
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4, Input and Output Description
4.1 Control Card§

The control cards necessary for input, output, tape setup, comple-
tion and execution of the RELAP-REFLA code will not be discussed here
in detail. Here we only describe about general tape input and output

needed in execution.

Input Tape

(1) Plot-Restart Tape: This tape contains information from a previous
run that is to be restarted. Restart information is represented
in Section 4.

(2) Boundary Condition Tape: The tape is a plot-restart tape from a
previous run to be used for volume data retrieval (boundary condi-
tions) as specified in the wvolume data card for this run (See the
descriptions in reference (1)).

{3) OQutput tape: The ocutput tape to be generated will be a plot-
restart tape if requested by the tape control variable on the

Problem Dimension Data Card in RELAP part.

4.2 Data Deck Organization

The input data cards deck for the RELAP/REFLA run is just a stack
of two decks, each for RELAP part and for REFLA part.

The RELAP part of input deck is essentially the same as for the
reflood code RELAP4-FLOOD. 1t starts with the title card and consists
of comment cards, data cards, and a terminator card. It contains
miscellaneous control data, volume data, junction data, heat conductor
data and material property tables. The card format for these data is
the same as for the original RELAP4-FLOOD!) with some requirements on
the values of a few kind of data. These reguirements are related to the
RELAP/REFLA code coupling model and will be described in Section 4.3.

The REFLA part of input deck is necessary to be placed immediately
after the terminator card (it contains only period or slash) of the
RELAP part. This part consists of the core channel geometry data, material
property data, axial power distirbution and initial temperature distribu-
tion data. The card format for this part is mentioned in Section 4.4.

Two part of input data are read by different input subroutines
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separately both early in the calculation. The specifications for the
data fields in the cards are slightly different between two parts as
mentioned in the following paragraphs. The user should take care about
this point.

Two parts of data must be consistent so that they are read and used
simultaneously by RELAP/REFLA. The data which must be consistent to each
other are 1) geometrical data of the core channel and 2) initial tempera-
ture distribution of the rod surface. Speaking about the geometrical
data, it is necessary to make the hydraulic diameter of the core volume
and rod outer diameter (in RELAP part) equal to the REFLA core data.
Initial cladding temperatures in RELAP4 part must be equal to the
average values of the temperature data for REFLA part, because the
maximum number of core section heat slabs is 12 in RELAP4~FLOOD and
REFLA usually uses 90 axial meshes for the fuel rod.

On the modeling of the primary system (with secondary sides of
steam generators) of a PWR, the following restrictions are imposed on

the numbers of control volumes, junctions and heat conductors, i.e.,

number of volumes £ 50
number of junctiomns g 70

number of heat conductors £ 50

4.3 Data Card Summary (1) RELAP Part

The cards necessary are the same as the input cards for RELAP4-
FLOOD, so that we will not present all of the data card information.
Instead, the decription of the additional option cards (which are
necessary only for RELAP4-FLOOD and not necessary for usual RELAP4 runs)
are presented.

The general rules on the input data card format for the RELAP part
is the same as of originél RELAP, so that the copy from the WREM manuall)
is presented in the following: (The word "RELAP4-EM" is replaced by
"the RELAP part' or "RELAP/REFLA" in the following explanations.)

The input for the RELAP part consists of a title card, comment
cares (optional), data cards, and a terminator card. A listing of the
cards is printéd at the beginning of each RELAP/REFLA problem. The order
of the title, data, and comment cards i1s unimportant except that the last

title card or the last data card with a duplicate card number will be used.

— 43 —
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When a card format error is detected, a line containing a dellar
sign ($) located under the character causing the error, and a comment
giving the card column of the error is printed. An error flag is set
such that input processing continues, but the RELAP4 problem is aborted
at the end of input processing. Usually another error comment is
produced during input processing when the program attempts to process

the erroneous data.

Title Card

A title card must be entered for each RELAP/REFLA problem. A title
card is identified by an equal sign (=) as the first nonblank character.
The title {(the remainder of the title card) is printed as the second
line of every page. The title card is normally placed first in the

problem,

Comment Cards

An asterisk (*) or a dollar sign ($§) appearing as the first non-
blank character identifies the card as a comment card. Any information
may be entered on the remainder of the card. Blank cards are treated
as comment cards. The only processing of comment cards is printing of

contents, Comment cards may be placed anywhere in the input deck.

Data Cards

The data cards contain a varying number of fields which may be
integer, floating point, or a alphanumeric. Blanks preceding and follow-
ing fields are ignored.

The first field on a data card is a card number which must be an
unsigned integer. If the first field has an error or is mot an integer,
an error flag is set. Consequently, data on the card are not used and
the card will be identified by the card number in the }ist of unused
data cards. After each card number and the accompanying data are read,
the card number is compared to previously entered card numbers. If a
matching card number is found, the data entered on the previous card is
replaced by the data on the current card. If the card being processed
contains only a card number, the card number and the data entered on the

previous card are deleted, 1If a card causes replacement or deletiom of

data, a statement is printed indicating that the card is a replacement card.
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Comment information may follow the data fields on any data card by
preceding the comment with an asterisk or dollar sign.

A number field is started by either a digit (0 through 9), a sign
(+ or -}, or a decimal point (.). A comma or a blank (with one excep-
tion subsequently noted) terminates the number field. The number field
has a number part, and optionally, an exponent part. A number field
without a decimal point or an exponent is an integer field; a number
field with either a decimal point, an exponent, or both is a floating-
point field. A floating-point field without a decimal point is assumed
to have a decimal point immediately in front of the first digit. The
exponent denotes the power of ten to be applied to the number part of
the field. The exponent part has an E or D, and a sign (+ or -) followed
by a number giving the power of ten. These rules for fleating-point
numbers are identical to those for entering data in FORTRAN E or F format
fields except that no blanks (one exception) are allowed between
characters. Floating point data punched by FORTRAN pregrams can be read.
To permit reading of fleoating~point data, a blank following an E or D
denoting an exponent is treated as a plus sign. Acceptable ways of
entering fleoating-point numbers are illustrated by the following six

fields all containing the quantity 12.45:
12,45, +12,45  1245+2 1.245+1, 1.245E1 1.245E+1

A field starting with a letter is an alphanumeric field. The
field is terminated by a comma, a blank, or the end of the card. All

characters except commas and blanks are allowed.

Terminator Card

The input data for the RELAP part is terminated by a period card

or slash card. Comments may follow the slash or period on the terminator
card. Strictly speaking, RELAP4-FLOOD is one of the optional programs of
RELAP4-FM. It is necessary to choose correctly the "Program Option Flag'
in 'Problem Dimension Card', then the optional cards for the execution

of RELAP4-FLOOD become necessary as additional input data to the ordinary
RELAP4 input. The input of RELAP/REFLA are the same as of RELAP4-FLOOD
except there are some requirement on the values of data, In the follow-
ing description of the data cards, only the additional requirements on

the usual RELAP4 input data are given. User should also refer to the
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original manual of RELAP4-FEM (WREM manual}.

In the following description of the data cards, the card number is

given along with a descriptive title of the data contained on the card.

The order of the data (W1, W2, —————- ), the format (I or R), the

variable name, and the input data requirements are given as exactly same

way as in RELAP4.

(1) Problem Dimension Data Card 010001

Wl to W15, and
wWle-1 NCOR

W18-1 ISPROG

Wl7: abbreviated (See reference 1))

number of core section heat conductors
10 should be chosen.
Program option flag

2 should be chosen.

(2) Entraimment Correlation Option Card 400001

W1l-I TENT

Entrainment correlation

1 should be chosen.

(3) FLECHT Heat Transfer Correlation Data Card 400002

WI-R DTSUB
W2-R TINIT
W3-R  QMAXED
W4-R BFFF
W5-R HRAD

H6-R CORCHL

Inlet subcooling temperature (F)
Dummy

maximum linear power (kW/ft)
Dummy

Dummy

Core channel length (ft)

(4) ‘Initial Clad Surface Temperature Data Cards 4001YY

YY (LI £ YY £ 10) indicates the card sequence number

Wl-R TS (1)

W2-R TS(2)

Wl0-R  TS(10)

i

Surface temperature of the lst core heat
conducter (F)
Surface temperature of the 2nd core heat

conductor (F)

Surface temperature of the 10th core heat

conductor (¥)



(6)

(7)

4.4
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Steam Generator Volume Data Cards 4002YY

This card is optional. The user may medel his own steam generator
if he does not choose to use the RELAP4-FLOOD steam generator heat
transfer model. YY, (1 < YY < 12) indicates the card sequence

number.

1l

Wl-I  NSGVOL(1) = Steam generator secondary volume number for
each steam generator primary volume number.
A secondary volume number must be entered
for each primary volume, even if this volume
is common to several primary volumes.

Volume number. As same as above.

W2-1 NSGVOL (2)

ES

Wn-1 NSGVOL{n)

Volume number, where n < 12

Core Qutlet Enthalpy Data Card 400004

This card is optional and not recommended, If not specified, code
calculates the cutlet enthalpy. By this card user can specify the
constant ocutlet enthalpy so that it may be convenient in a kind of

sensitivity study.

Wi-R HCOUT = Core outlet enthalpy (Btu/ibm)

Junction and Volume Numbers Data Card 400005

Wl-T JUNIN = Core inlet junction number
W2-1 JUNOUT = Core outlet junction number
W3-1 JUNSWIL, = Water slip junction number
Wa4-1 JUNSSL = Steam slip junction number
W5~T NCVOL = Core volume number

Wo-1 NUPVOL = Upper plenum volume number
W7-1 NLPVOL = Lower plenum volume number
W8-I NDCVOL = Downcomer volume number

Data Card Summary (II) REFLA part

As mentioned previously, the input for the REFLA portion should be
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placed immediately after the terminator card of the input data for the

RELAP part. The rules to £ill up the number fields on cards is somewhat
different from the rules for the RELAP part. At first, each card has no
card number, thus the order of input cards is important in contrast with
the RELAP case. Other rules about the number field are almost parallel

with the RELAP case. Exceptions are,

(1) A floating-point field without a decimal point is assumed to
have a decimal point immediately after the last digit (men in
front of first digit)} in number part.

{2) When a fleoating-point field has an exponent part, only character E
is allowed (D is not allowed) followed by a number of 2 ranks
giving the power of ten. Accordingly, the expressions like 1245+2,
1.245+1 and 1.245E1 in Section 4.3 are not allowed.

(3) Comment information may follow the data flelds on any data card

by initiating the comment with an astrisk (%) (($) is not usable).

In the following description of the data cards, the order of the data
(Wi, w2, ————— ), the format (I or R), the variable name, and the input

data requirements are given.

1. Core Channel Data

Wl-I N = Number of axial mesh (fixed to 90)

W2-1 IFBMOD

W3-R DIA = Diameter of rod (170100 mm or 0.001n0,1 m)
W4-R PITCH = Pitch of rod array (1%100 mm or 0,001%0,1m)

IF PITCH < 0.001, flow chamnel is inside of
cylindriecal tube and equivalent diameter = DIA

W5-R CLENG = Length of channel (10~5000 mm or 0,015 m)

2. Control Data

W1l-R WEC = Critical Weber Number

W2-R WECL

W3-R DTS = Time step size (=lst time step size of RELAP) (sec)
Wa4-T MINOR = Number of time steps per REFLA's minor edit

W5-R VOL

W6-R SW3

W7-1 MAJOR = Number of minor edits per REFLA's major edit



Fuel Data

Wl-1 N5 EE—

W2-R RC

W3-R CKF =

W4-R DF =

W5-R CF =
Comment:

JAERI— M 9397

Thermal conductivity of fuel rod {kcal/mhrk)
Averaged density of fuel rod (kg/m3)
Heat Capacity of fuel rod (kcal/kg-K)

CKF is not used in present versiom.

DF and CF should be equal to rod averaged values.

Axial Power Profile

Wl-T IAXMOD =
W2-R CNHEAT =
W3-R CSAVE =

Sequence Control Data 1

W1-R TIME1

W2-R TEMP1
W3-R QMAX1 =
Wh4—R ULINI
W5-R PSYS1 =
W6-R TLINI =

Data

Index of axial power distribution

1l:

e

Chopped consine type with parameters
CNHEAT and CSAVE (See Fig. 4.1)
PWR-FLECHT type (Step wise shape)
JAERI-Reflood experiment type

4: Power distribution for the nuclear ship

No
If

"MUTSU" reactor

: Chopped cosine type for typical PWR

(to be revised)

: LOFT power distribution

8, 9, 10: Flat type (also reserved for
future use)
heated length of rod from each end (m)

IAXMOD # 1, CNHEAT = 0.0

Core saving {(m)

If

TAXMOD # 1, CSAVE = 0.0

Initial peak linear power (kW/m)

Initial core pressure (kg/cm?+abs)

Inlet Subecooling < 0.0 (K)
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TAXMOD
I 3
v - . CNHEAT
CSI»}VE ~ ¥
CHOPPED COSINE FLECHT TYPE JAERD TYPE

COSINEw#] TYPE PWR TYPE LOFT TYPE

Fig. 4.1 Axial Power Distribution



Sequence Control Data 2

W1l-R
W2-R

W3-R

W4-R
W5-R
Wo-R

TIMEZ2
TEMP2

(MAX2
ULIN2
PSYS2
TLIN2

= Lower limit of rod temperature to initiate

JAERI— M 8397

reflood {C)}

Sequence Control Data 3

W1-R
W2-R
W3-R
W4-R
W5-R
W6-R

TIME3
TEMP3
QMAX3
ULLN3
PSYS3
TLIN3

Sequence Control Data 4

W1l-R
W2-R

W3-R.
W4-R

W5-R
W6-R

TIME4
TEMP4
QMAX4
ULING
PSYS4
TLING

T

Sequence Control Data 5

W1-R

W2-R
W3-R
Wh—R
W5-R
W6-R

TIMES

TEMP5
QMAXS5
ULINS
PSYSS
TLINS

= Maximum Computing time for REFLA (sec)

(Use sufficient large value)

L



10.

11.

12,

13.

Initial Temperature

W1-R () =

W(N+1)-R TW(N+1)

Option Control Data

Wl-I NMAT =
W2-1 JTDPND =
W3-1 JTOPQN =

JAERI— M 9397

Distribution Data

Initial rod surface temperature for each mesh
elevation. Indices corresponds from bottom to

top of the core consecutively.

Number of material tables (=2 x No. of material)
If NMAT = 0, following cards are neglected and
CKF, DF and CF on card No.3 are used as tempera-
ture independent material properties.

Index for the use of temperature dependent
material properties,

= 1. Use

= 0. Not use

If NMAT = 0, JTDPND must be O

Index for the use of top rewetting model

= 1. Consider top rewet

= 0. Not consider

Material Property Data A

Wl-T NP1 =

Number of points in table with 0 < NPy £ 20

Material Property Data B (Table)

W1-R TBKT(i,1)
W2-R TBKC(i,1)
W3-R TBKT(i,2)
W4-R TBKC (3, 2)

.

= Temperature (C)
i= odd; Thermal Conductivity (kca/mhrK)

1= even; Volumetric Heat Capacity (kcal/m3K)

NP; pairs must be input. Sample points must

be arranged in ascending order of temperature,

W(ZNPi—l)—R TBKT{i,NFPi)
W(ZNPi)—R TBKC(i,NP1i)

NMAT pairs of card 12 and 13 are necessary.

The i-th pair of cards describes:

thermal conductivity of fuel rod if 1

volumetric heat capacity of fuel rod if i1

0dd.

even.
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If there is no card hereafter, input for the REFLA part is finished.
Cards hereafter are used only when thermal conduction effect in the rod
is considered in contrast with the original one-peoint approximation

model of REFLA.

14. Heat Conductor Geometry Data

Wl-1 NR = Number of regions with O < NR £ 5
W2-R RO = Inner radius of conductor when ITYPE = 1 (mm)
W3-1 ITYPE = Geometry type, 0 - Rectangular, 1 = Cylindrical

15. Heat Conductor Noding Data

Wl-I ND; = Number of nodes for region i

W2-R XR4 = Region width of region i {mm)

W3-1 IKRG{ = Indicator on the thermal conductivity for region i
W4-1 ICRGy = Indicator on the heat capacity for region 1

W5-R Qvi = Heat Generation Rate for region i (Keal/m3sec)

16. Initial Boundary Condition Data

Wl-T IL = Left boundary condition indicator
= (0; adiabatic

= 1; temperature constant

il
N
s

heat transfer boundary of kind 1
= 3; heat transfer boundary of kind 2
W2-R HL = Heat transfer coefficient for left surface (kcal/m2°hr-K)

when IL = 2. 1In other cases

= 0.0

W3-R TL = Specified temperature (IL = 1} or bulk cooclant
temperature at left surface.
(IL. = 2). (C)

Wh4-T1 IR = Right boundary condition indicator.

(same with IL)

W5-1 HR = Heat transfer coefficient for right surface
(kcal/mZ+hr+K)
W6—-R TR = Specified temperature (IR = 1)} or bulk coolant

temperature at right surface (IR = 2). (Q)
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17. Supplementary Condition Data

W1l-R TPI = Initial temperature of left surface {(C)
{(to be revised to have array)
W2-R EPS = Conversion criteria for temperature calculatiom (C).

defaut value = (0.1 C

18. Boundary Conditions on Transient Calculation

Wl-1 IL
W2-1 IR

Left boundary condition indicator

i

Right boundary condition indicator

4.5 Input for Tape Editing

The code has an capability to re-edit the plot information stored
in the plot-restart tape. This ability, however, comes from original
RELAP4 program so that it can be adopted only for the RELAP part of data.

An o0ld plot tape must be mounted on FORTRAN Unit 3. The normal
RELAP/REFLA program is used with the following input definitions,

(1) Title Card
The first 12 columns of the last title must be identical to the
first 12 columns of the title card of the problem which is to be

edited.

(2) Problem Dimensions Data Card 010001

Wl-1 LDMP = -3

W2-1 NEDT (%)

Number of minor edit variables where

0 £ NEDI < 9

W3-1 NTC = Edit frequency contrel card count where
1 £ NIC £ 20
W4—1 NTRP = 0O

These are the only control integers required for a tape edit.
(*) Minor edit is one of the edited form in the output of calcula-

tion. {(See Sec. 4.7)

{(3) Edit Variable Data Card 020000
One card is required if NEDI (on Card 010001) > 0, and this card

specifies the variables to be printed in the minor edits. NEDI

specification must be entered. Each specification consists of an
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alphanumeric entry and an integer entry as follows:

W1l-A Symbol variable

W2-T Region (volume, junction or heat conductor} number

All symbol variables are listed in Section 3.9 of reference 1).

(4) Edit Fregquency Control Data Cards 03XXX0
The number of cards totaling NTC (on Card 010001) must be entered

with XXX = 001, 002, -———- » NTC,
Wl-T NMIN = Number of plot records per minor edit
W2-1 NMAJ = Number of minor edits per major edit
W3-R DELTM= Time step size (sec) between plot records,
if known (0 < DELTM).

W4-R TLAST= End of current edit frequency control data
(TLASTi_1 < TLAST;}

4.6 Input for Restarting

An old restart data tape to be used must be mounted on FORTRAN Unit 3
and a blank tape {to store new record) must be mounted on Unit 4, The

RELAP4 program is used with the following input definitions.

(1) Title Card
The first 12 columns of the last title must be identical to the

first 12 columns of the title card of the problem which is to be

restarted.

{(2) Problem Dimension Data Card 010001

Wi~-T1 ILDMP = N, the restart number of the old problem where
restart is to begin where 1 < LDMP 5 999,

W2-1 NEDI = Number of minor edit variables where
0 < NEDI =< 9.

W3-1 NTC = Time step card count where 1 < NTIC < 20.

W4-1 NTRP = Number of trip control cards where 0 < NTRP < 20.

NTRP = 0 will cause the trip control values from
the restart tape to be used.

(See Section 3.9 of ref. 1))



(3)

(4)

(5)

(6)

(7)
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Edit Variable Data Card 020000

One card is required if NEDI f(on Card 010001) 0, and the same

rules apply as for the case of tape editing.

Time Step Data Cards 03XXX0

The number of cards totaling NTC {(on Card 010001) must be entered
with XXX = 001, 002, ~————- , NTC.

W1-T NMIN = Number of time steps per minor edit (also per
plot tape edit). O is interpreted as 1.

W2-1 NMAJ = Number of minor edits per major edit. O is
interpreted as 50.

W3-I NDMP = Number of major edits per restart dump.

0 is interpreted as 20,

W4-1 NCHK = 1. Option for time step control should be
one with no time step control.

W5-R DELTM = Maximum time step size (sec) (0 < DELTM).

W6-R DTMIM = 0.0

W/-R TLAST = End of current time step data (sec).

Trip Control Data Cards 04XXX0

NTRP (on Card 010001) cards must be entered with XXX = 001, 002,

~————_, NTRP.
Wl-1 IDTRP = Action to be taken (1 < IDTRP < 20)
W2-T IDSIG = Signal being compared (1 < IDSIG £ 10)
W3-1 IX1 = Volume or junction index
W4-1 IX2 = Optional volume
W5-R SETPT = Signal setpoint
W6-R DELAY = Delay time for initiation of action after
reaching setpoint (sec).
Terminator Card '.' (Period) or '/' (Slush)

REFLA Editing Contrel Card (without card No.)

Wl-T MINOR = Number of time steps per REFLA's minor edit.
If set to be 0, the value of original run is used.
W2-T MAJOR = Number of minor edit per REFLA's major edit.

If set to be 0, the value of original run is used.
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4.7 Output Format

The RELAP/REFLA code gives tweo kinds of output, i.e., ordinary
printed output and the combination plot-restart file. The latter is
optionally selected by users.

As the printed output, the format is almost the same as the original
RELAP4-FLOOD's or RELAP4's format, followed by additional output given
by REFLA. Thus, the code provides major edits and minor edit of both
RELAP part and REFLA part. The frequency of these edits is specified
in the input data [Section 4.3 and 4.4].

Both major edit follow a fixed format. In the RELAP's major edit,
variables necessary teo describe the state of the system are listed for
each volume, heat conductors and junctioms. In the REFLA's major edit,
the axial distributions in the core channel are listed about the thermo-
dynamic and hydrodynamic quantities, for example, void fractiom, heat
transfer coefficient, heat flux, velocity of fluid, wall temperature and
fluid temperature.

In the RELAP's minor edit, the variables to be edited are chosen by
user, for frequent printout, up te nine variables from a large number of
calculated variables. All of the variables available for minor edit are
stored on the plot-restart tape (or disk) for plotting purposes and for
generating additional sets of printed output (tape re-editing, see
Section 4.5).

On the other hand, the REFLA's minor edit follows fixed format in
contrast with RELAP's minor edit, but it also provides frequent printout

of h.t.c, wall temperature, location of flow boundaries and so on.
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5. Sample Problems

Among the code;abplications, we here mention about two types of
problems.

First one is the reflood problem on the large scale PWR with 4
primary coolant loops. Input data of this problem are based on one of
the check-out problems attached to the RELAP4/MOd5 code package which
was sent to JAERI from the OECD-NEA Computer Code Library. We studied
many cases with varying parameters such as pressure, initjal clad tem-
peratures and ECC flow rate. Some of them could not run due to error
caused in REFLA portion. However in succeeded cases, calculated results
show rather stable trends with small variation of the Qalue of parameters,
thus we present here two cases with different pressures and different ECC
injection rates. Comparisons are also made with the results by RELAP4-
FLOOD.

The second type of sample problem is the simulations of the reflood

25). Two cases are

experiments in FLECHT-SET B-series test program
selected among them, which are RUN 2714B and 3105B, each is typical
expeirment with pressure 20 spia and 59 psia, respectively. Comparisons
between calculated results and experimental data are represented, so that
the capability of the code can be seen with some limits.

In the presentation about these sample problems, we should ask to
allow for using the figures which are plotted in the British units., This
comes from mainly the limitation on the plotting program and also from the
convenience on the comparisons between calculated result of RELAP/REFLA
and of RELAP4-FLOOD and between calculated results and reported experi-
mental data.

The critical Weber number is fixed to 1.0 through the calculations

because it is recommended value by another analysis“).

5.1 Examples of 4-Loop PWR

Here we discuss the reflood problem of a large scale PWR plant
under a postulated loss of coolant accident which caused by the double
ended guillotine break of the cold leg piping. The PWR system has 4
primary recirculating loops and reactor core with 12 feet high. The
thermal power is 3479.2 MW and primary system pressure is 2250 psia in

the steady state. The primary system conditions, however, has drastically
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changed during the blowdown period. At the beginming of the reflood
period (which is often called as 'BOCREC', it means 'Bottom of Core
Recovery'), pressure has decreased to 20 or 60 psia and reactor power
has become about 5 % of the steady state value. Thus we assumed the
initial conditions (at the initiation of reflood, not means the steady

state values) as follows:

Reactor Power 185.8 MW (5.3% of steady state)
Primary system pressure 20 psia {Case 1)
52 psia (Case 2)
Peak linear power 0.586 kW/ft
Fuel clad temperature 1120 F
Inlet subcooling 5 F
ECC injectioﬁ rate 420 1b/s (Case 1)

5400 1b/s for 2.2 sec, 420 1b/s
onward (Case 2)
Decay heat Approximate the value of 1.2xANS

after 40 sec.

Primary system and secondary side of steam generator were modeled
by using 26 control volumes, 30 junctions and 14 heat conductors as
shown in Fig. 5.1. Lower plenum and the lower portion of downcomer below
core buttom level were filled with water. Bubble rise model was applied
to downcomer, core bypass and core with large bubble velocity {(complete
separation is assumed). Fill junction which represented ECC injection
system was located in the bottom of downcomer instead of cold leg where
the ECC injection lines were attached in the real plant. The reason to
do this was, if water was injected to cold leg of modeled system, water
would begin to enter the core through the lower plenum after it filled
cold leg and downcomer. In other words, present model (which is in the
status of RELAP4/Mod3) cannot simulate the penetration of ECC water
through the downcomer annulus, so that we have made the assumptions
mentioned above. In addition, temperature of injected water was set to
be close to saturation temperature to prevent the water packing problem.
Secondary side of steam generator was modeled by 2 volumes. Lower
volume represented the water or water-steam mixture and another corresponded
to the steam done. Consequently the boundary of two volumes were equal to
the nominal water level in the secondary side. Primary coolant pumps were

1 ]
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assumed to be locked. Their behaviors were simulated by setting the
revolution speed to very low value. The containment pressure was kept
constant through the reflood period. This pressure is refered to as

"system pressure" in the explanation about the calculated results.

5.1.1 Case 1: 20 psia, without Accumulator Flow

In this case, the containment pressure was kept 20 psia throughout
the calculation and the injection of water due to accumulator was
neglected. The expected phenomena during reflood, therefore, were rather
smooth and quasi-steady type. Results of calculation are shown in
Figs. 5.2 through 5.9. Calculational results of RELAP4-FLOOD are also
plotted in figures.

Mass flow rates at core inlet and outlet are shown in Fig., 5.2 and
5.3, respectively. It was seen that flow rate calculated by RELAP/REFLA
showed more oscillating behavior than the result of RELAP4-FLOOD after
30 seconds in reflood. In RELAP4-FLOQOD, the carryover rate fraction

{CRF) defined as:

CRF = Wout/Win »

where Woutr: Mass flow rate at core outlet,

Win : Mass flow rate at core inlet,

was calculated by using a correlation and then the core outlet flow was
decided by multiplying the value of CRF to core inlet flow. Therefore,
core imlet and outlet flow were varying in in-phase and the feedback
effect from the loop resistance acted negatively, then the flow behavior
becomes rather smooth one. On the comntrary, changes of flow rates at
core inlet and outlet were not always in-phase in the RELAP/REFLA
calculation, so oscillatory flow may occur more easily than in RELAP4-
FLOOD. The overall behavior of the core inlet flow are very similar
hetween the result of RELAP/FEFLA and the one of RELAP4-FLOOD.

Fig. 5.4 shows core outlet enthalpy which is averaged value for the
vapor-water (droplet) mixture flow. Both results showed that in the
first 40 seconds, outlet flow was in superheated state and after that
time outlet enthalpy decreased because water fraction increased (more

droplets were contained). The core outlet enthalpy calculated by RELAP/

REFLA was lower than that of RELAFP4-FLOOD for almost all interval in reflood.
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Water inventory of core volume, shown in Fig, 5.5, were very close
between two calculations in the first 30 seconds but some difference
appeared thereafter. This difference was caused by the fact that
carryover rate fraction by RELAP/REFLA become slightly greater than that
of RELAP4-FLOOD for the interval of 40 through 80 seconds.

' Fig, 5.6 compares water inventories in downcomer calculated by
two codes. Water inventory and level increased slowly because ECC flow
injected by accumulator was not considered in this case, It must be
noted that in the typical reflood analysis of commertial PWR, downcomer
water level does overflow immediately after the initiation of reflood
due to large quantity of water from accumulator.

Fig. 5.7 shows the surface temperatures of fuel rod for the lower
half of the core calculated by RELAP/REFLA. The upper half of the core
was not quenched up to 200 seconds in reflood. After maximum clad tem-—
perature had been reached temperature for each elevation decreased along
concave line and this interval corresponded to the film boiling heat
transfer (transition flow regime}. This type of shape for the rod tem-
perature history is typical in the calculation by RELAP/REFLA.

Fig. 5.8 compares the surface temperatures calculated by two codes,
RELAP/REFLA and RELAP4-FLOOD for é-foot {center of core) and 7-foot
(maximum temperature occurred) elevations. In the result by RELAP4-FLOOD,
6-foot elevation did not gquench up to 200 seconds in reflood.

The different quench time is mainly due to different quench criteria.
Quench level was not defined in RELAP4-FLOOD and a heat conductor in
the core was regarded to begin to quench when surface heat transfer
coefficient evaluated from the FLECHT-HTC correlation exceeded 50
Btu/ft?hr°F. 1In this case, surface heat transfer coefficent of RELAP4-
FLOOD for the heat conductor located in 6- to 7.2~foot elevation was
increasing very slowly and was rather small as shown in Fig. 5.9. This
was mainly due to low reflooding rate and low system pressure, and small
HTC led the later quench time. As shown in Fig. 5.5 water inventory in
the core did not so differ between two calculations. Thus the precursory
cooling which is considered in RELAP/REFLA but not in RELAP4-FLOOD,
affected to the temperature responses. This aspect of different cooling
assumption also reflects in the rod temperatures after it reached maximum
value, that is, rod temperatures in RELAP/REFLA began to decrease but in

RELAP4-FLOOD rod temperatures were kept high for long period.
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5.1.2 Case 2: 52 psia, with Accumulator Flow

The pressure in fhe primary system started with 52 psia which is
equal to constant pressure in the containment volume in this case. Water
injection by the accumulator comnected to the intact loops was supponsed
to continue until 2 seconds in the reflood. Other conditions were the
same as in Case 1.

Because of the large quantity of water injected, some rapid changes
of flow inside of the pressure vessel were expected. This type of cal-
culation was somewhat challenging problem for RELAP/REFLA. The reasons

were:

(1) Some of the time derivatives in the momentum equation were neglected
in the approximation procedure of the code development. Therefore

calculational errors might have been accumulated in such problem.

(2) In the present version of RELAP/REFLA, core inlet flow with
negative direction could not be handled exactly. The error caused
by this flow reversal problem is neglected in the code and this
treatment could be allowed when the intervals with reversed flow
are very short. The problem considering accumulator injectiomn,
however, likely included the situation of such flow reversal at the

core inlet according to the manometer type of oscillationms.

Fortunately the calculated result of this case showed that interval
of reversed core inlet flow was very short (less than 0.5 seconds) and
appeared only once, so that remaining prlblems due to the approximation
were mainly corresponding to the neglectjon of some of the time derivative
terms in the momentum equations.

Results of calculation are shown in Fig. 5.10 through 5.16, in which
the results by RELAP4-FLOOD are also plotted. Fig. 5.10 shows the core
inlet flow. Initial flow rate was about 3700 1bm/sec (out of range of
Fig. 5.10) and it decreased rapidly in the first 10 seconds. The cal-
culation of RELAP4-FLOOD decreases faster than of RELAP/REFLA. This
difference corresponded to the estimation of core outlet flow shown in
Fig. 5.11. Core outlet flow by RELAP4-FLOOD jumped to about 40 1lbm/sec
at 2 seconds, accordingly core inlet flow was suppressed at the same
time due to the increase of pressure drop through the loop piping. Both
core inlet and outlet flow by RELAP/REFLA behaved more oscillatory than
by RELAP4-FLOOD as similar as Case 1.
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Fig. 5.12 illustrates the core outlet enthalpy. This shows core
cutlet flow was the mixture (containing dispersed water droplets)
throughout the calculation. '

Fig. 5.13 and 5.14 show the water inventories of the core volume
and the downcomer volume. Water levels in the downcomer volumes of two
calculation were very close but water levels in the core were slightly
different.

Fig. 5.15 illustrates the clad surface temperatures for the lower
half of the core. Small oscillations for the 3~foot and 4-foot eleva-
tions in the interval of 5 to 25 seconds corresponded to the change of
core inlet flow.

Fig. 5.16 compares the clad surface temperatures of two calculations
for the middle elevation of the core. Temperature for the 7-foot eleva-
tion by the RELAP/REFLA was very close to the temperature of heat
conductor with the height of 6 to 7.2-foot in the RELAP4-FLOOD calculation.
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Fig. 5.2 Reflood of 4 Loop PWR, Case 1; Core Inlet Flow
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Fig. 5.3 Reflood of 4 Loop PWR, Case 1; Core Outlet Flow
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Fig. 5.5 Reflood of 4 Loop PWR, Case 1; Water Mass in the Core Volume
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Fig. 5.6 Reflood of 4 Loop PWR, Case 1; Water Mass in
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5.2 FLECHT-SET Experiments

PWR FLECHT-SET program was carried out by Westinghouse Electric Co.
as a sponsored work of United States Government. TIts objective was to
provide experimental data describing the influence of system effects on
emergency core cooling behavior during a loss-of-coolant accident.
Accordingly, tests in FLECHT-SET program were just suitable to check
RELAP/REFLA's capability by simulating the experiments. Two tests were
selected among Phase-B series?®) of the program, which are Run 2714B and
Run 3105B, each of them was considered as a typical case (also considered
as a reference case in the evaluation report25)) with system pressure at
20 psia and 60 psia, respectively. The tests were performed in a scaled
facility which included an electrically heated 100 (10x10)} rod bundle with
12 feet length, two full length loops with active steam generator simulators
and proper flow resistances and full-length downcomer. (Note: The expres-—
sion such as "full-scaled" or "full-length" means a dimension of test
facility is nearly equal to the dimension of typical large scale PWR plant.)
The vertical dimensions were carefully set equal to the typical PWR plant.

The facility was initially heated to the specified temperature for
each component. The system was pressurized with steam to the nominal
test pressure. The lower plenum was filled with water to the bottom of
the heated length. When initial conditions of the facility met the
specifications within the allowable tolerances, power was applied to the
heater rods. When the rod temperature reached the specified initial wvalue,
injection of coolant began and decay of the power input started simulating
the fission preduct decay power. In FLECHT-SET program, the decay of
power was intended to simulate the values of ANS+20 % standard from 30
second after shutdown. The injection rate of coolant was large for first
interval (corresponding to the water injected by accumulator) followed by
continuous injection at 1 or 2 1bm/sec (corresponding to LPIS or HPIS
flow). This continuous injection rate was manually controlled in some
intervals to prevent the downcomer overflow because it might cause non-
typical pressure transient due to steam condensation in overflow tanks.

The system model for RELAP/REFLA is shown in Figs. 5.17 and 5.18.

It consists of 31 volumes, 32 junctions and 27 heat conductors. The
lowest portion of downcomer (volume 1 )}, volume 2 and lower plenum
(volume 3 ) are filled with water at nearly saturated temperature. The

secondary side of steam generator simulator is partially filled with water
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and kept at approximately 511 F and 750 psia, Initial temperature of

each heat conductor which is attached to primary lecop is set equal to the
initial fluid temperature of adjacent wvolume, that is, saturation tempera-
ture between upper plenum and steam generator simulator, and 500 F for

the downstream of steam generator simulator. Test section housing is
neglected in this model because RELAP/REFLA can handle only one stack of
heat conductors which is adjacent to the core volume. The axial distribu-
tion of initial clad temperature for 91 meshes is necessary for the input
of RELAP/REFLA, so the thermocouple data of discrete points (14 elevations)

are averaged and interpolated to obtain such axial distribution.

5.2.1 RUN 3105B Results

The results calculated by RELAP/REFLA are shown in Fig. 5.19
through 5.25., The comparisons with the experimental data are alsc made
in some figures. We should note that some of the 'experimental data’
reported25), for example, mass flow rate at the core inlet and in the
loop piping, mass storaged in the test section, were calculated value
based on the experimental mass balance data of the system. Accordingly
the fine structures such as rapid oscillations of the flow are eliminated.

Fig. 5.19 presents the mass flow rate at the inlet of test section.
In the first interval with relatively large inlet flow, ECC injectiomn
rate was large because it simulated the flow from the accumulators. The
flow rate calculated by RELAP/REFLA was about a half of the experimental
value for this interval. After injection rate decreased to low (almost
constant) level, data showed flow rate decreased to about 1 lbm/sec but
calculated flow rate showed some oscillation and then settled down to
stable level with 0.8 lbm/sec. The oscillatory interval corresponded to
the transition of flow patterns in the heated channels as shown in Fig.
5.22. After that, dispersed flow had fully developed and this led the
increase of loop flow upte same order to the test section inlet flow
(Fig. 5.20)}. Calculated intact locp flow was larger than the data and
its fraction to the flow entering the test section was also larger
than the data. This led accumulated water mass in the test sectioﬂ-to
be small, Fig., 5.21 shows this situatiomn.

Fig. 5.22 illustrates the movement of calculated flow regime

boundaries in reflood. ZBl to ZB5 are:
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ZBl : Single liquid phase to bulk boiling regime

ZB2 = Quench front '

ZB3 : Subcooled film boiling to transition flow regime
ZB4 Transition flow to dispersed flow regime

ZB5 Lowest position of rewetted portion from the tep

Dotted line in Fig. 5.22 shows the quench envelope which was
estimated from the thermocouple data with the latest quench time for each
elevation. Quench level calculated by RELAP/REFLA and the data were
essentially similar for the lower half of test bundle but gquench times
for 7-foot to 9-foot elevation were very different. Rewetted region from
the top of the bundle progressed down earlier than the data. About 140
seconds, the data showed the almost simultaneous quench had occurred from
7-foot to 10-foot elevation. This might have been caused by a kind of
co-operative phenomena along the axial direction but RELAP/REFLA did not
include any kind of such mechanism. Accordingly very different quench
behaviors were assumed to be appeared in the last portion of quench process.

Another problem shown in Fig. 5.22 is the behavior of the boundary
point ZBl (saturation point). It sometimes moved stepwise. This might
cause discontinuous change of water properties above the saturation point,
so some improvement of calculational procedure must be considered in the
future development.

Fig. 5.23 and 5.24 compares the calculated surface temperatures with
the reported experimental data. At the elevation below 6 feet, the cal-
culated maximum temperatures compared well with the data, but the RELAP/
REFLA's quench times were delayed with respect to the data.

The calculated results for the higher elevations do not compare
as well, with higher maximum temperatures and delayed quench times. This
tendency is also obvious from the comparison of quench envelope in Fig.
5.22. The heat transfer in the upper elevations was in the dispersed flow
region for longer period than the lower elevations, and this might be
the cause of the poorer comparisons of maximum temperatures.

Quench temperatures calculated for the elevations which the quench
point had reached from the top, were vary with the elevation and higher
than the data. The data shows the almost constant quench temperatures for
all elevations. This fact suggested the poorness of the top rewetting

model.
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Fig. 5.25 illustrates the change of the temperature profile calculated
for the test bundle. The unit used in this figure is different (MKS)
because these output come essentially from the REFLA part and the plotter
routine was not fully arranged yet. This figure is helpful to under-
stand the progress of quench, precursory cooling, variation of quench tem-

peratures and so on.

5.2.2 RUN 2714B Results

The test-section inlet flow is presented in Fig. 5.26., As with the
RUN 3105B calculation, the mass flow rate calculation was quite constant
except for thé first 20 seconds, with the data showing more fluctuation.
The calculation reproduces the data after 20 seconds.

The mass flow rate in the intact loop is shown in Fig. 5.27. The
calculated flow was greater than the data until 120 seconds, then it
became smaller than the data. The data showed rather constant loop flow
after 100 seconds.

These flow behaviors caused a significant difference of the mass
stored in the test section. As shown in Fig. 5.28, the calculated water
inventory increased monotonically after 15 seconds, but the data shows
the increase of stored water in the first 50 seconds and some fluctuations
after that time.

Fig. 5.29 illustrates the movement of calculated flow regime
boundaries. In this case quench data were so dispersed that the quench
envelope was assigned only as the broad band (two dotted line in Fig. 5.29
shows this data band). Accordingly, definite comparison between calculated
quench level and the data was difficult, but roughly speaking, the cal-
culated quench level lay in the data band.

Fig. 5.30 and 5.31 illustrate the calculated fuel temperature and
the thermocouple data. Good agreement was shown about the maximum tem-
peratures for the lower elevations, but poor agreement was about the
quench temperatures (the data selected in the Fig. 5.30 are the typical
ones for each elevation and the definite argument on the difference of
quench time was impossible due to broad width of the data band).

The calculation was not representative for the upper elevations.

The maximum temperature was overpredicted by 300 °F at the 8-foot eleva-
tion. Except near the top of the bundle, quench temperatures and quench

times did not agree with the data., This strengly suggested again the
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poorer model on the top rewetting.
Fig, 5.32 shows the temperature profile calculated at different times.
Quench temperature become too large for the top quenching as in the case

of RUN 3105B.
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6., Conclusions

Based on the £wo'distinct code, RELAP4 of the system hydraulic
analysis and REFLA-ID of the detailed analysis of the reflooding core
channel, system reflood analysis code "RELAP/REFLA" was developed. The
code can be applied to any PWR system with different geometries in
principle.

Reasonable results were obtained on the analysis of the reflood
phenomena in a postulated LOCA of large PWR, in spite of rather primitive
procedure on the combination between two parts of the code.

On the analysis of FLECHT-SET experiments, the behavior of the
quench front was traced well for the lower elevations of the test-
bundle but was not for the upper elevations especially in the case with
low system pressure. It was supposed to be caused by the poorness of
the model for the quenching from the top (rewetting). The evaluation of
the stored mass in the test-bundle was much lower than the data. This
difference was likely to cause delayed quench time but was not always the
cagse in the analysis of FLECHT-SET. This point should be considered in
the future improvement of the code.

In some cases of analysis, the code met instability which cause a
flow oscillation and calculation was terminated by errors. It was
supposed to come partially from the explicit numerical schemes of the
code and to come from the heat transfer model. More detailed analysis
will be necessary about the core model under the time-dependent boundary

conditions.
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Nomenclature
A m?
Cp
Cp m
Cp keal /kgK
Da m

i De m

» Fg

*
G kg hr/m?
Gr
g n/hr?
H kcal/kg
Heg kcal/kg
J m3/hr

keal/mhrK
m

M kg
Nu
n 1/m%h
P kg/m2
Pr
Q keal/hr
3 kghr /m"
Re
g m2
T C
ATsub C
U kcal

o m/hr

3 o3

. kghr/m2
We
Wec

JAERI— M 9397

volume flow area

drag coefficient
wetting perimeter
specific heat

droplet diameter
equivalent diameter
shape factor defined by eq. (3.29)
fanning friction factor
mass velocity

Grashof number
acceleration of gravity
enthalpy

latent heat

volumetric flow rate

thermal conductivity

volume flow length

mass in control volume
Nusselt number

number flux

pressure

Prandtl number

heating power into comtrol volume

mass transfered from liquid phase te vapor

phase in unit volume of two-phase mixture

Reynolds number

cross section of flow channel

temperature (except for the calculational results)

subcooling temperature

internal energy in control volume
fluid velocity

volume

mass flow rate

Weber number

critical Weber number

quality
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Lockhart-Martinelli's parameter defined by
eq. (3.37)
m elevation
vold fraction
ratio surface area to the area of flow

channel wall

m/hr slip velocity

keal/m2hrK" Stefan-Boltzmann Constant
kghr/m? dynamic viscosity

kgh?/m" density

kg/m surface tension

kg/m? shearing stress

two-phase multiplier for increased friction
in eq. (3.78)

kcal/m?hr heat flux
or Btu/ft?hr (Table 3.2)




