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AVAILABluTY N014CE

Avanatxiety of Referywe Materals Cited in NRC Pubicatons

Most documents cited in NRC publicatvsnt wul be svakable from one of the follo*1ng sources:

1. The NRC Pubbe Document Room, 2120 L Street NW., Lower Level, Wastangton, DC 20555

2. The Superintendent of Docuenents U S. Government Print 6ng OffK e. P 0. Bos 37062. Washington.
DC 20013J062

3. The National Techrveal inf ormation Service, Sprhgfield, VA 22101
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A

ABSTRACT

The REl.AP5 code has been developed for best cstiinate transient sirnulation of
light water reactor coolant systems during a severe accident. 'the code models the
coupled behavior of the reactor coolant system and the core during a severe accident
transient, as well as large and small break loss-of coolant accidents and operational
transients, such as anticipated transients without scram, loss of offsite power, lou of
feedwater, and loss of Dow. A generle modeling approach is used that permits as
much of a particular system to bc anodeled as necessary. Control system and
secondary system components are included to permit modeling of pied controls,
turbines, condensers, and secondary feedwater conditioning systems.

RELAPS/ MOD 3 code documentation is divided into Ove volumes: Volume i
describes inodeling theory and associated numerical schemes, Volume 2 contains
detailed instructions for code application and input data preparation, _ Volume 3
provides the results of developmental assessment cases that demonstrate and verify
the models used in the code, and Volume 4 presents a detailed discussion of RELAP5
models and correlations. Volumes 1-4 are in varying stages of development. 'Ihis
document, Volume 5, con * Tins guidelines that have evolved over the past several years

through use of the RELAP5 e.:c.
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RELAP5/ MOD 3 CODE MANUALs

VOLUME 5: USER'S GUIDELINESs

l

EXECUTIVE SUMMARY

De itElAP5/htOD3 advanced thermal hydraulic cale has become a tool used
throughout the world to analy/c transients in light water reactor systems. REIAPS/h10D3 nxle
users range from world-renowned thermal hydraulic experts to college students. Hus there is a
gicat need for guidelines to use the cale.

De RELAPS/htOD3 user's guidelines manual is a loose leafed document and will be
ulxlated perimlically. There are two reasons for this:

The h10D3 version of the cale has only been availible to the world communi.y.

for about a year so there has not been enough time for many htGD3 specific
guidelines to be produced. hiost of the user's guidelines are based on work donc
using REl.AP5/htOD2.

In a sense, user's guidelmes are never complete. As more and more experience is*

gained using the cale, acklitional guidelines will be defined and included.

( The user's guidelines have been designed for loth first time users and experienced users.
's As such, the entire analysis process is outlined and described. Essentially, the model construction

process consists of the following steps:

%c transient scenario should first be evaluated from the perspective of whether.

the cale has the capability to analyze the expected phenomena. For example,if
three-dimensional neutronics effects are important, the analyst should realize
REIAP5/h10D3 does not have the capability to analpe such transients,
llowever, the cale can be used to analpe many other important transients.

We information required to build the model must be collected. His information.

consists of system geometry specifications and system initial and boundary
conditions.

The information that describes the hardware as well as the hardware initial and.

boundary conditions must be ' translated" to the form required by REIAP5/htOD3.

We mxlalization resulting from the abom process should be reviewed by a malel i.

review committee before performing an analysis. The committee will review the
irtyportant phenomena that will occur during the transient and Jetermine whether
the model and planned analysis approach will be adequate to enluate the transient
beb. vior and meet the analysis objectives.

I
N.c steady state calculation is performed and analyzed. The analyst must ensureN .
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that the model initial condition is representative of the real system's condition.

The transient calculation is [wifortaed and analyicd. During this phase of the*

analysis process, the analyst must ensure that the code results are representative of
the subject transient. Unphysical results caused by imiwter nodalization, cale
deficiencies, or user errors must tv !d:,:if,cd and eliminated. Thereafter, the
analyst can use the rese% to meet the desired analysis objectises.

'throughcut the process, the analysis must be rigorous!j documented. The matel.

should be documented in a workbook and independently checked, when feasible,
ty another analyst. The calculation should be outlined, the steps taken to ensure
that the calculation is represent::tive of the subject transient should be listed, and
the analysis results should be recorded

The above seven step process should be used whether performing a cale assessm nt
calculation or a code application calculation (i.e., whether assessin, the code by cornpar...g the
calculation to a data set or applying the cale to predict the behavior of a thermal hydraulic
system (a commercial power plant) for example). Most of the above steps are illustrated with a
typical Westinghouse plant model. Questions concerning application of;. nic to Combustion
Engineering, Inc. and 13abewk & Wilcox plams are answered in r.ubsections specific to these plant
types.

O
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1. INTRODUCTION

' The IWIAPS/ MOD 3 cale is the thhd major variant of the itEIAP5 advanced thermal.
hydraube axic that was released in 1979 (Itansom et al.,1979). Initially, this nxic was used >

principally by Idaho National Engineering Laloratory (INEL) analysts for understanding 1. css of.
Fluid Test (LOIT) and Semiscale e vrimental khavior. Since then, the n,de has become widely i

accepted throughout the woild for t .'viing cornmercial and experimental light water reactor
systems together with their related sc .ed $ystems.

'through evolution and use, the axle hin become more complex while the user base has
appreciably increased. 'The number of problem types the emic can handle has also increased.
Consequently, the cale has become more difficult to use and there h a broader range of analyst
abilities. *lhat is, some analysts are novice users with only elementary training in thermal.
hydraulic phenomena, whereas other users are world-class thermal hydraulic experts.

llecause of the cale's versatility and widespicad use, the novice user may be ternpled to
,

assume that the c xle can be used with impunity to study any light water reactor transient. 'Ihis is
not the case. '1he user's quidelines given in the following pages outline restrictions and cautions
that users should exercise when performing thermal hydraulic analyses.

This doeurnent hra been designed to guide all classes af 11EIAP5/ MOD 3 users to produce
quality malels and analyses concerning the thermal hydraulic behavior of light water systems that
are consistent with the current knowledge concerning the code. Volume 5 is unlike ll,e other
volumes in that it is a "living document" that will be updated when (a) informction is provided by
the user community from axic assessments and applications studies, (b) corrections are generated,
and (c) user's guidelines for SCDAP and ATilENA ate assembled.

This volume has been organiecd to provide user guidelin; s in the order of increasing
detail. Section 2 gives modeling techniques from an overall perspective and a very general outline
of whether to use the cale for a speciGc application. Section 3 g;ves advice concerning overall
model construction including general emic model options, and Section 4 gives speciGe guidelines
applicable to each component mmlel available in the u,de. As a result, the more advanced users
will probably discover that their questions are addressed in the later sections of the repost.
Finally, Section 5 consists of examples showing how the cmic has been applied to analp.ing
pressurized water reactors (PWils).

|
'

| '
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2. FUNDAMENTAL PRACTICES

Problenn concerning the behavior of single anj two phase fluid systems are of ten too
comples and'or unwicidy to use hand cakulations. Consequently, a number of advanced thermal-
hydiaulic codes have been created (e g., Ill!! AP5/htOD3, TitAC PFl/htOD2, etc.), and are a
part of the analyst's tool chest. Once the potential code user is aware of the existence of such
took, the decision to use a particular code should hinge on the answers to the following
questions:

Does the code have the capability to handle the problem?*

What Lind of equipment is needed to use the code? If the user must analyie the.

problem on a mainf rame computer, is use of the axle affordable?

11 the code does base the capability to analy/e the problem and the necessary.

computing hardware is available, what is the best way to apply the code?

The parixne of SectMn 2 n to discuss the first and third bullets above liardware
requdements are discuued in Volume 2.

2.1 Capability of RELAPS/ MOD 3

imlAPS/h1003 analyzes the thermal. hydraulic behavior of light water systems. It was
originally designed to analyte complex theimal hydraulic interactions that occur during either
postulated large or srnall break loss-of coolant accidents (LOCAs) in PWRs. Ilowever, as
development continued. the code was espanded to include many of the transient scenarios that
might necur in the: mal-hyuraulic systems. Thus, the code has been successfully used to analpe
not only large (11rittain and Aksan,19W) and small (lletcher and Kullberg,1985; lletcher et al.,
1985) break LOCAs, but also operational transients in PWRs (Stubbe,1986; Schultz et al.,148-1;
Chung, lWO) and various transients in experimental and production reactors and reactor
simulators (Rosdahl and Caraher,1986; Croxford and llall,1989, Megahed,1987). The code has
also been used (to a ! esser extent) for boihng water reactor (PWR) syecm analysis (Dallman
et al., M7; Schulte and Wagoner,1982; litiksson,1989).

'lhe REIAP5/h10D3 equation set gives a two fluid system simulation using a
nonequihbrium, nonhomogeneous, six-equation representation. 'the presence of boron and non- ,

condensab!e gases is also simulated using separate equations for each, Constitutive models
represent the interphase drag, the various flow regimes in vertical and horizontal flow, wall
friction, and interphase mass transfer The code has a point kinetics malci to simulate
neutronics. The field equations are coupled to the point kinetics model, thus permitting
simulation of the feedback between the thermal hydraulics and the neutronics. The code aba has
the capability to simulate the presence of slabs of material adjacent to the fluid. Thus, energy
transfer to and from stationary slabs of material can be simulated. Control systems and*

component mcdels permit simulations of equipment controllers, balance-of plant equ;pment (e.g.,
turbines, pumps, and condensers), and lumped node representations of various processes (e.g.,
heat transfer from one volume to another).

21
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The IWLAPSihtOD3 code has imphed capabilities because (a) the equation sets formuhted
for the RELAPS/htOD3 code were designed to investigate light watcr system b - sior at both
nonhomogeneous and nonequilibrium conditions and virtually any pressure between the tritical and
atmosphenc states, (b) the point kinetics model allows the study at various anticipated transients
without scram (ATWS) and the thermal hydraulic ,o neutronics feedback cliccis, and (c) the cadei
control systems capabihties and balance-of. plant models allow a coarse sirnulation of virtually any
component of a plant using a " lumped node" approach. 'lhe user may be tempted to a some that the
code can be used with impunity to study any light water reactor uansient. Thh n not tb cam
however. The restrictions and cautions that the user must esercise when confronted with a problem
that requires analysis are discussed below.

2,1.1 Assessing Use of the Codo

RELAP5/h10D3 has been used by analysts to evaluate the thermal hydraulie behavior of many
Ught water systems. Consequently, several reference documents exist for the potential user (see
Appendix A for abstracts of these documents). 'Ihis body of htcrature can aid in determining
whether a problem can be evaluated by the code. If the user is faced with a unique application or
a problem that previously was determined to be beyond the capability of the code, the logic path
outlined in Figure 2-1 should be u:.ed as a guide.

A subset of problems that falls within the analysis in Figr e 21 deserves special mention.
RELAP5/ MOD 3 and earlier versions of the code have been use .or structural analysis (including
water and steam hammer)in the past. Since such problems must be treated with great care, the next
subsection is devoted to them alone.

2.1.2 Structural Analysis Using RELAPS

The RELAP5 code was developed principally to calculate Guid behavioral characteristics during
operational and 1.OCA transients. Of course, the results describing fluid behavioral characteristia
provide the basis for also calculating structural loading because the transient hydrodynamic pressures
are key results. Furthermore, RELAP5 will calculate acoustic wave propagation (pressure signal
transmission) in pipelines and various system cornponents. Ilowever, it is important to understand
and carefully evaluate RELAPS results that are used in such a way.

First, the potential user should know that structuralloading analysis was not part of the chatter
that led to creation of the code. Therefore, the RELAPS nutnerical techniques were not optimized
for such an application. S:cond, rigorous assessment of the code's results concerning structural
loading has nover been undeitalen. Consequently, there are no of ficial benchmark (alculations that
verify the code's capability for performing such calcuLtions os give a suggested approach that is
known to work. Third, the RELAP5 solution scheme is designed to converge
based on a mass continuity equation based Courant limit (i.e., the numerical algorithms reduce the
solution time step based on the mass Oow transit time through each component cell). 11ecause of
this, pressure wave propagation wil; violate the Courant limit unless special care is observed by the
user. The following two sections offer advice concerning structural analysis and acousti: wave
propagation (water or steam hammer).

22
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2.1.2.1 Structural Analysis. A program has been written that computes Guid induced
forces using the RFIAP5/hiOD3 hydrodynamic outpullhe cale is called R$FORCIUMOD3s
(Watkins,1990) and n based on a one41imensional representation of the momentum equation
that

Neglects Guid velocity and shear force effects that are esternal to the flow path.

Assumes a one-dimensional uniform cross sectional area control volume.

Approximates the normal stress by the quasi steady change in the momentum.

Represents uniformly the Guid velocity, demity, and pressure over the kical cror.e.

sectional area and the shear over the kical control volume surface area.

Ilowever, as V's!kim has stated in the RSFORCIMiOD3s rnanual: 'It must be understaod
that verification studh with R5FORCiniOD3s program have been very limited and no
comparison with exivrimental data have yet been nade* (Watkins,19W).

2.f.2.2 Wafer and Steam Hammer Analysis. Using the cale for water and steam
hammer analyses is sometimes a controversial topicAnalyst's opinions range from not using the
code to using the code with quali0 cations. At the heart of the various differences in opinion are
the finite differencing scheme used in the code and the standard practices exercised by raost usus.
1he code differencing scheme is the upwind or donor cell scheme. The standard practices
esercised by most users are based on their experience with the code in sohing thermal. hydraulic
phenomenological problems related to defining system mass distribution, core heatup, etc.

Fundamentally, researchers investigating the behavior of the upwind or donor-ecil
differencing schernes have shown that for the nodalintion schemes used by most thermal.
hydraulic analysts in RELAPS type problems, an acoustic wave is rapidly attenuated (Stuhmiller
and Ferguson,1979, Oran and Ikuis.1987). Thus,if a user attempts to use the code for water or
steam hammer analysis, very close attention must be paid to the cell size and time step. Two
factors most be considered very carefully for such analyses: (a) the Courant limit with regard to
the acoustic wave must be manually tracked and (b) the cell site should be decreased so that
there are a number of cells over the iegion of the pressure wave that has a high rate of change.

|

1he acoustic wave Courant limit is the time required for a wave traveling at the sonie
vdocity to pass through any given model cell. Since the sonic ve!ocity can be quite high, the time
step usually has to be reduced to a rather small number. Also, if the pressure wave is e pected to
have a very rapid rate of increase, then the cell nodalization scheme must be implemented to give
a small length dimension. Working with these restrictions, the ratio of the model cell length to
the solution time step (i.e., dt/dt) will be a large number for most water or steam hammer

j applications. An informal study done by Watkins* in 1982 using REl.AP5/ MODI showed that
dt/dt ratios of 6)(O nts gave reasonable results for a 0.34 m diameter pipe filled with 75 Ki

a. Private communication with John C. Watkins, EGkG Idaho, Inc. Idaho Falls, Idaho, January
.
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subcooled water at 15.5 MPa. Ilowever, at dudt ratios of 61,800 m/s the solution exhibited

" ringing,* and at dddt ratios less than 610 m/s the wme was rapidly attenuated and distorted.
When confronted with the need to do a water hammer analysis on the liraidwood Unit 1 Nuclear
Power Plant residual heat removal piping another user concluded that the long pipe lengths
combined with a sonic velocity of approsianately 1500 m's created a problem that the IllilAPS
code was not well. suited to handle.'' Herefore people planning to use IlliLAPS for water or
steam hammer analpes ate cautioned to carciully examine the application and compare the code's
prediction to their expected result. If the user has any doubts concerning the ability of the code
to give an undistorted tesult, then a code designed specifically for acoustic wave propagation
analysis is recommended.

2.2 Description of Thermal Hydraulle Analysis
.

Once the analyst has decided to use iti! LAPS / MOD 3 to analyic a problem, obtaining the
problem solution consists of the following stages:

-t

Oathering and organi/ing information that defines the initial and boundary*

conditions. All the available informanon must be dhided into two categories:
'

pertinent and nonpertinent. Missing information must then be obtained from sources
,

such as vendors, utilities, or consultants to provide the complete spectrum of needs
'

'

for the code. A problem description and solution notebook is started to document
the problem solution and chronology of the work.

,

i

Defining and nodalizing the problem. The code input nodalization should be defined ;.

- so the most complete information set concerning the questions that motivated the j-

study will be available. The solution approach, assumptions, and final model :

nodalization are recorded in the model workbook. His stage also includes the
formation of a design review committee to conduct reviews of the model nodalization j

and the analysis approach. .

Inputting the problem. The initial and boundary conditions are placed in a computet.

file. He model is then initialized to secute the desired starting point for the
problem investigation and the proper boundary conditions. The experience is
recorded in the problem description and solution notelmok.

!

Running the code and analyzing the problem, ne c"le is run until completed, and.

the solution is analywd. All analysis procedures, fim ugs, and observations are
recorded in the problem descriptinq and solution notebook.

t

Each of the four phases described above is described in more detail in the following four
sections.

-

i

b. Private communication with Victor T. P,cria, EG&G Idaho, Inc., Idaho Falls, Idaho, Januaryy ,

1991, ,

|
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2.2.1 Gathering and Organizing information

Fundamentally, the RELAP5/ MOD 3 input requirements can be divided into four distinct
hydrodynamics, heat stractures, control systems, and neutronics. The overall inputsareas:

required are listed below:

liydrodyrw L.

- All flow areas

All flow lengths-

Vertical orientations-

- Geometric detail sufficient to calculate hydraulic diameters

Material roughness t fluid. wall interfaces-

Information sufficient to calculate tiow losses (e.g., bend geometries, area-

expansion geon.ctry, valve geometries, rated or test valve flow rates, plant
startup test date)

Initial plant conditions-

..
- Pump charactenstics

11 eat structures.

Material thicknesses-

Material masses-

Pipe lengths-

Inner and outer diameters-

- Material types

Material properties as a function of temperatures (e.g., thermal conductivity,-

density, and specific heats)

- lleater power (if the mass has source terms)

Locations of heat sources-

- Initial temperature distributions

2-6 |
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Control systems.

Control system bhrt diagrams-s

Identification of the relationship between vatious control systems and the-

hydrodynamic and/or heat structures that are controlled

Controller characteristics-

Filter characteristics-

Setpoints-

Gains-

Saturation limits-

Lags
-

--

Controlled equipment characteristics-

Valve stroke sales-

hiaximum/ minimum pump speeds-

hiaximum/ minimum cycling rates-

Neutronicse

Initial reactivity-

Exposure data-

Delayed neutron fraction data.

Finion product yield fraction --

Actinide ylcId fractions-

Reactivity characteristics.-

This information is available in various system specific documents. The following items are
examples:

Final safety analysis reports.

Prints of kxip pipi".

Reactor sel-

Steam generator-

Steam lines-

" 27
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Feed train-

Pressurizer-

Reactor coolant pumps-

Accumulators-

Safety injection lines-

Piping and instrumentation diagrams.

Precautions, limitations, and speciS(:tions documents.

Operating procedures.

Fuel and reactor kin.-tics information.

Pump characteristics.

Reactor coolant pumps-

Emergency core cooling pumps-

Charging pumpe-

- Main feedwater pumps

Auxiliary feedwater pumps-

Valve information.

Plant startup test data..

Each of the information 9,arces should be listed in the problem description and solution
noteF~)k. As information is taken from each source and used to calculate RELAPS-speciGe
input., the information source can be speciGed in each instance.

2.2.2 Defining and Nodalizing the Problem

Following receipt of all the pertinent information regarding the system to be modeled, the
next step consists of isolating the important components of tbc system that must be modelled
using the code. In effect, the uset must draw a boundary around the system thet requires
simulation. He boundary defines the extent of the model and the model is composed of volun.cs
that are called " control volumes * The " control volumes" are defined by the user in a fashion that
best at:ows analysis of the problem. The process of creating the " control volume "is called
"nodalizing the model." During the process of defining and nodalizing the problem, the user must

2-8
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careftaly document each sicp. When the documentation process is completed, the model should be
checked by an independent checker.

U
2.2.2.1 Definiflon of the Model Boundary. Usually, definition of the model boundary is

straightforwardThe exact location of the model boundary is dependent on the type of problem
being analyzed. That is, if the user is on)y interested in core heatup characteristics for .i
particular PWR and the core inlet and outlet Londitions (together with the core power) are
known as a function of time, then the model boundary could be placed to only include the core
togetlier with the core iniet and exit now paths. On the other hand, if the entire p6 *ry system
behavior for the same PWR requires study, then the model bouM ry would proba # . "ompass
the entire primary sydem, together with the portion el the secondary system that ..po. 3 with
the primary The extent to which the secondary system is simulated depends on the publem.
For example, if the user is analyzing an LOCA that results in closure of the seconJary sptem's
main steam line valves early in the transient, then only that portion of the secondary system from
the steam generators up to and including the main steam line valves need to be modeled. On the
other hand, if the user is analyzing a plant event that involves interactions between the various
components of the balance-of. plant equipment (i.e., the turbines, the condensers, feed pumps,
booster pumps, etc.) then the crucial balance-of. plant equipment compiments would also have to
be included in the model boundary.

An example of a one-loop PWR model, Uth the modei boundaries deuned to include the
- entire primary system and the secondary system up to the turbine stop valve (the turbine is

crudely simulated using a boundary condition), is shown in Figures 2-2,2-3, and 2-4. Such a
model was designed to analyze plant operational transients that did not include pipe breaks and(V for which balance-of plant components exerted little or no innuence on the course of the
transient.

2.2.2.2 Model Nodahzaffon. Following deunition of the model boundary, the next step is
to nodalize the model. That is, each portion of the model must be divided into discrete

'

g components. As stated in Volume 2: "RELAPS is designed for use in analyzing system
component interactions as opposed to detailed simulations of Duid Dow within components. As
such, it contains limited ability to model multidimensional effects cither for Guid tiow, heat
transfer, or reactor kincties" (Carlson et al.,1990a). Consequently, the model is divided into
control volumes that are eswntially stream tubes having inlet and outlet junctions. The junctions
connect the various model control volumes together. The code calculates the average Guid
properties at the center of the control volumes throughout the model and the Guid vector
properties at the junctions.

h The simplest subdivision of a model into a set of control volumes or nodes is c>btained by
dividing the entire model into approximately equally-sized nodes. Fundamentatly, the marimum
node size is determined by the Caurant limit (i.e., the node length divided by the maximum fluid
velocity determines the limitic , maximum time step size). However, an additional factor

f inDuencing the node size, based on the cccuracy and limitations of the averaged one-dimensional

O,g
i
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formulation numerical stability, is the ratio of the node length to the node hydraulic diameter.
The length to-diameter ratio should be greater than or equal to one. Considering teth criteria, a
typical model control volume length can be specified for the problem to run efficiently,5

llowever, it should be recognbed immediately by the user that unless the model is geite
simple, the model cannot be subdividee ;nto equally sized nodes. Practical hardware
configurations are often complex and may contain multiple Dow paths that change teth area and
orientation in the direction of fluid Dow! Also, in some portions of a system, single-phase Guid
may move in a quiescent fashion while in other portions of the system the Guid may be highly
agitated and exist in teth the liquid and gaseous phases. The user will usually te more interested
in the fluid behavior in one portion of the system boundary than in another. Consequently, finer
nodalization may be used to study the Guid behavior in specific locations of the model.

The model shown in Figures 2-2,2 3, and 2 4 has been sutxlivided into a number of nodes.
For example, the pressurizer was divided into eight nodes (Figure 2-2). Seven of the nodes are
contained within a RELAPS PIPE component (component 341) and one node is simulated using
a RELAPS BRANCil component (component 340).d it should be noted that the calculations
required to specify the dimensions, properties, and Guid conditions within each node must le
documented and kept within the problem description and solution notebook. An example of such

- a calculation for a portion of the pressurizer is shown in Figure 2-5.

Modeling most systems aquires not only simulating the fluid stream tubes but also
- stationary mass (heat slabs) that have the capability to store heat or might even contain heat

~

h sources. The code has the capability to simulate one-dimensional heat transfer from heat f abs to
the Guid. Generally, the heat slabs are nodalized to have a length. dimension that is no longer
than their adjacent Guid control volumes. Sometimes, depending on the specific application, the
heat slabs have length dimensions that are less than their adjacent control volume. Examples of

,

heat slabs are shov.m in Figures 2-2,2 3, and 2-4. Thus, the heat slab modeling the pressurizer
dorr.c meterbi adjacent to control volume 340 is number 3401 in Figure 2 2. The heat slabs
simulating the core barrel and the exterior wall of the reactor vessel in the downcomer region
(control volume 106 in Figure 2-4) are 1011 and-1061, respectively.

As the analyst plans and constructs the model|a design review committee should be
formed. The purpose of the ecmmittee is to not only review the planned analysis approach, but
also to suggest mod I improvements and additional areas of investigation. _ The committee should
be composed of individuals that are experienced in the area of investigation. Of special
importance is the model nodalization. The model should be nodalized based on the results of
past nodalization studies and on the particular requirements of the analysis.

.

c. The user should make every effort to minimize the flow paths that are included in the model.
As an example, tiny flow prths that may physically be present to cool hardware but are
inconsequential to the overall system behavior should not be included. Inclusion of such now
paths will slow the problem run time and often give inaccurate results.

%-.] - d. The RELAP5 components are discussed in detail in Section 4.
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Upon completion of the nodalization process, including the documentation, the user should
have an independent checker review tne model to verify that all the numbers and assumptions are
coirect, The checking phase is quite important, particularly if the model is a simulation of a
commercial plant and the planned calculations are intended as input for licensing or policy-making
decisions. Consequently, the checker is chartered to independently verify every single number
that was input to the model. After completing the checkoff process, the checker should be asked
ta sign each worksheet (Figure 2 5) to indicate the worksheets have been reviewed and all
problems have been resolved.

2.2.3 Obtaining the Boundary and initial Conditions

Fol'owing the nodalization phase, the model is fully deGned (as shown in Figures 2-2,2-3,
aad 2-4): all dimensions are known, the various model now paths are denned and simulate
comparable now paths in the physical system, the system metal mass is simulated, the logic that _

defines valve openings and closures, pump behavior, etc. is known. The next steps consist of
inputting the model to the computer, checking the input for errors and inconsistencies, and
obtaining a steady state system balance.

2.2.3.1 installing the input. The REIAPS input is defined in Volume 3. De specific
structure and user guidelines are described in Section 3 of this volume.

Although it is a straightforward task to copy the various inputs from the documentation
(Figure 2-5)into a computer Gle, transcription errors are among the most common. Error

9
messages are msplayed if some dimensions are not compatible; however, the user should not
depend solely on the code's error messages because many input items are not checked by the
code's internal checking algorithms. Worthy of special mention is the code's ability to detect
whether model kmp clevations are " closed." For example, considering the model shown in
Figures 2-2 and 2 4, a k)op is formed by components 4N,405,406,408,410,412,414,416,418,

'

420,102,101,106,110,112,114,118, and 120. If the sum of the elevation changes within these
components is not zero, then an artificial pump would be inadvertently present in the sptem

"

model with a head equal to the hydrostatic pressure mismatch caused by the loop elevations. The
code initialization logic is programmed to check for such mismatches.

2.2.3.2 System Steady State. The system steady-state calculation is of particular
importance in preparing for the transient calculation. The model steady-state condition is
adjusted to match the physical system's initial condition.

The code contains a " steady-state" option to assist the uscr in reaching the correct initial
conditions. Since the steady-state condition represents the initial fluid conditions and the metal
mass initial conditions, the " steady-state" option enables the user to quickly reach stMy-state
thermally and hydraulically by reducing the specific heats of the metal masses to a low value.
Thus, the model quickly converges to a condition representative of fluid conditions either input by
the user or consistent with the user-input controllers. If reactor kinetics are also included in the
model, the neutronics are often manually disabled until the system hydraulics have reached an
unchanging steady-state condition to prevent formation of an unstable hydraulic-neutronics

e feedback system.
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it is important that the user alk ws the model to run for a suf6cient length of time before
concluding that a steady-state condition has been reached. The user should ensure that a Guid
particle moving from one part of the system can make a number of complete circuits back to its
pcnnt of origin. Once a steady-state condition has been reached, the Guid conditions should be
virtually unchanging with time. Such a condition is shown in Figure 2-6 for the steam generator
steam and feedwater mass now rates as calculated for the model shown in Figure 2-3. Following
an initial mismatch between the two flow rates, after 60 seconds the steam now out exactly
matches the feed 00w in, and the two Dows are steady.

As for all other phases of the model. building process, each step and model adjustment
should be documented in the problem description and solution notebook.

2.2.4 Running and Analyzing the Problem

The final phase of the solution proecss consists of running the problem on the cornputer
and analyzing the results. This phase can be quite lengthy if the transient is complex.

2.2.4.7 Running the Problem. Running the problem on the computer is often thought
by the novice user to be a trivial process. Ilowever, a number of difficulties may arise that may
seem insurmountable at first glance. Two of the most common difficulties are

Unexplained failures--Sometimes the code will fail and give a failure message that is>

not easily understood. For example, the code may give results showing unrealistic
pressures or temperatures in one of the model nodes. The failure message would
indicate that the code "was unable to converge " Such failures can sometimes be
circumvented by reducing the time step by a factor of two or more and then
resubmitting the job.

Unexpected convergent results'--Often the user may be required to analyze a.

transient that is a variation of an analysis done by other users. If this is true and the
new analysis results are unexpectedly different, the user should carefully reexamine
the input boundary conditions. User-input errors cause equipment operations (e.g.,
valve operations, pump head increases or decreases, and power transients) that do
not match the realistic system behavior.

2.2.4.2 Analyzing the Problem. Analysis of the RELAPS results is a methodical process
that should be designed to

Check the output for indications that the code did not converge properly. Such.

indicators include nonphysical state properties and excessive mass error. If the code
did not converge numerically, error messages should be visible.

e. Oxle output is said to be convergent when the same result is obtained regardless of the
nodalization.
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Check the output for nonphysical results. Results indicating liquid over steam (when.

vapor now rates are not sufficiently large to cause counter-current-How limiting),
prolonged existence of metastable thermodynamic states, and unphysical oscillations
that could be numerically-induced are all examples of nonphysical results that may
lead to erroneous conclusions concerning the code's calculated thermal hydraulic
behavior. Such probleans should be detected at the beginning of the analysis.

Check the calculation for results that may be unrealistic. He calculated Dow.

regimes and heat transfer modes should be studied to ensure that the code is not
assuming unrealistic conditions. For example, slug Dow in a 1 m diameter pipe is
usually suspect. Also, excessively large slip ratios (the velocity of steam divided by
the vek) city of liquid) indicating insufticient interphase drag and core void fractions
that appear to remain at values just below or just above limits that trigger different
heat transfer regimes should be examined to determine whether the code is
producing realistic thermal-hydraulic behavior simulations.

Boundary conditions should be checked to ensure that key events are occurring as.

prescribed. Boundary conditions and others that control the direction of the
transient (e.g., valves opening, pumps beginning to coast down, or heater rod power
turning off) should be checked by the user to ensure that all is happening as
expected.

Every aspect of the calculation should be thoroughly understood he.

depressurization rate, various indications of core heatup, drain rate of the hstem at
various locations, liquid holdup, indications of condensation or evaporation, transition
from subcooled to two-phase break Dow, and other conditions should all be
explainable. Also, the results of the user's calculation should be understood from the
perspective of previous calculations done on the same or similar facilities.

Early in the analysis phase, the user should use graphics so that all the necessary output is
obtained. Also, the analyst should use RELAP5's minor edits whenever possible. Such
diagnostics are invaluable during the analysis process for a thermal hydraulic calculation.

Analyzing the RELAP5 results is one of the most important phases of the total analysis
process. He first and foremost caution is that the user must never accept an answer from the
code without first asking whether the result seems reasonable. A thorough examination of the
code output for each analysis is a cardinal rule that must never be violated. He user must
evaluate whether each anci every trend shown by the calculation is consistent with the boundary
conditions, the initial conditions, and the known behavior of a simplified representation of the
problem.

2.3 Basic RELAPS Modeling Units

The pmcess of building a RELAP5 model can be envisioned as analogous to physically
building the system that is being modeled. Just as the physical system is composed of pipes that
are connected by welded or bolted flanges, valves, pumps, and other components, m is the
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. RELAP5 moael. Although a few of the REIAPS building bk)cks are specialized te g., the PUMP
/ component and the VALVE junction), most are general purpose.

The RELAP5 building bk)cks can be dkided into four fundamental groups: thermal,
hydraulic, heat structures, trips, and control variables. The thermal hydraulic group is composed
of components designed to simulate fluid passages and Guid. handling equipment. Ileat structures
are designed to simulate material mass and the interactions betwren the material mass and the
Huid in the fluid passages. Trips are designed to simulate the signals that inithte equipment |

'

actions of various sorts (e.g., turning on a pump at a desired time or causing a valve to open at
one pressure but close at another pressure). Finally, control sptems are designed to give the J

'

code model, I added capability by allowing equipment control systems (e.g., proportional. integral.
differential controllers and lead lag controllers) and " lumped-node" systems to be simulated. The i

basic building bk3cks for the thermal-hydraulic and control variable groups are listed in Tables 21
and 2-2 respectively.

2.3,1 Thermal Hydraulic Group

Within the thermal-hydraulic group there are ten fundamental RELAPS components that
can be grouped by function. General components that are used for simulating stream-tube
volumes are the single-volume component, the pipe or annulus component, and the branch
component (including the separator, jet-mixer, turbine, and emergency core cooling mixer

. components), General components that are used to provide stream tube connections froni one.;-
'

p component to another are the single-junction component and the multiple-junction component.
j f Components designed to simulate boundary conditions are the time-dependent volume component

| and the time-dependent junction component. Components designed to simulate particular
j equipment are the valve component, the pump component, and the accumulator component.
; Each of these components is listed in Table 2-1. If more detailed information is required, consult

] Section 4. -

1
4

2,3.2 Heat Structures

! The heat structure modeling crpability inherent to the RELAP5 code alk)ws simulation of
: all of a systerrfs material mass. System structures consto.cted of different types of materials (e.g.,

- a cast iron pipe covered externally with insulation and plated on the inner diameter with stainless
i steel) can be modeled easily using tne code. Also, the code can simulate the presence of heat
j sources within heat structures such as nuclear fuel or electrical heating elements.

!

The heat structures simulate the behavior of not only the core fuel iods in a reactor sptem,:

[ but also the various plant structures. Thus, the heat structures simulate both energy storage in
; ' the material mass and energy transfer to or from the material mass to the fluid in the simulated

stream-tubes. Energy storage and transfer in the heat structures is calculated by the code using,

[ J . geometry defined by the user; each heat structure is siwd to interact with particular stream
j tubes and each heat structure can be finely nodaliud to provide a rather detailed temperature -
j distribution in one dimension. A plane slab structure, a cylindrical structure, or a spherical

structure is allowed for each stab. The code assumes that energy flow to and from the heat:

structures is in a direction normal to the stream tube now direction. Consequently, the heat

!-
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Table 21. Summary of the RELAPS thermal. hydraulic building blocks.

Component _ Label Schematic Primary Uses

Singlewlume SNGLVOL R* Represents a portion of stream tube
that doesn't require PIPE or
B R A N Cil.

''Pipe or annulus PIPE Represents a pipe in the system.
PIPE can have 1 to 100 subvolumes.
PIPE with more than 1 subvolume
has internal junctions connecting the -

subvolumes.

ANNUI.US Special form of PIPE. IIas the same
characteristics as PIPE but is used to
simulate annular Dow passages.

Branch BRANCil M C' Represents a stream tube flow
juncturc that can have as many as 10

l junctions defined.

SEPARATR Special foim of BRANCil that
simulates a water separator m a
steam generator.

JETMIXER Special form of BRANCH that
simulates a jet pump.

,

TURBINE Special form of BRANCil that
simulates a steam turbine.

I

ECCMIX Special form of BRANCH that
simulates a stream tube flow juncture
with a potential of large condensation

,

rates. i

Single junction SNGLIUN Designed to connect one comp (ment
to another.

O
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Table 21. (continued).
\

Component I.abel Schematic Primary Uses

hiultiple-junction hiTPIJUN | | Connects components to other
components (up to 100 connections
allowed).

Time-depender,t ThtDPVOL Specifies boundary conditions
volume on sptem model.

Time-dependent Th1DPJUN = Connects one component to
junction another and specifies junction

boundary conditions concurrently.

Valve VALVE e Simulates the actions and the
presence of six different valve types:
check, trip, inertial, motor, servo, and
relief.

The valve component is a special
junction component.

'>'
Pump PUhtP Simulates the actions and presence of

a centrifugal pump.

Accumulator ACCUht C Simulates a PWR accumulator.

hiodel includes not only the vessel,
but also the accumulator surgc line,

a. Junction.

b Volume,

c. Junction connecting two adjacent volumes.

-

d'
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Table 2-2. Summary of RELAP5 control variable building blocks.

Comoonent Label Function

Sum-Difference SUM Allows addition or subtraction of variables

Multiplier MULT Allows multiplication of variables

Divide DIV Allows division of two variables

Differentiating DIFFRENI or Performs differentiation of a variable as a
DIFFREND function of time -

Integrating INTEGRAL Performs integration of a variable as a function of time

Functional FUNCTION Defines a table lookup functional relationship to a
variable

Standard Function STDFNCTN Performs absolute value, square root, expon,:ntial,
natural logarithm, sine, cosine. tangent, arc-tangent,
minimum value, or maximum value operation on
designated variable

Delay DELAY Acts as a time delay factor operating on designated
variable

Unit Trip TRIPUNIT Becomes true at defined time (when true = defined
factor, when false = 0); also can be defined as
complementary function

_

Trip Delay TRIPDLAY Becomes true at defined time (when true = trip time
x factor, when false = -1)

Integer Power POWERI Gives variable raised to integer constant power 1
quantity times constant

Real Power POWERR Gives variable raised to real constant power R quantity
times constant

Variable Power POWERX Gives variable raised to real variable power V quantity
times constant

Proportional- PROP-INT Defines a prcportional-integral controller
Integral
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Table 2 2. (continued).

Component label Function__.

Lag- LAG Defines :: lag controller function

Lead Lag LEAD-1 AG Defines a lead. lag controller function

Constant None Defines a constant value to be used with other control
va:iables

Shaft . SHAFT Defines shaft characteristics that may be used in
conjunction with a generator

Pump control PUMPCTL Def.'nes a pump controller (used principally dering
steady-state portion of anahsis)

Steam control STEAMCTL Defines a steam flow controller (used principrily
'

during steady state portion of analysis)

Feed control FEEDCTL Defines a feedwater flow controller (used principally
during steady-state portion of ana'pis)

_ _

@
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structure nodes are aligned in the direction normal to the fluid flow. A comprehensive
'

description of the RELAP5 heat structure nodalization process is given in Section 4.

2.3.3 Tdps and Control Variables

The trip capability available in the RELAP5 code enables the user to specify actions during
a simulated system transient. When coupled with the code's control variables, the user has a
versatile tool that greatly expands the capabilities of the RELAPS code.

The trip logic can be used with the time-dependent volume component, the pump
component, the valve components, the time-dependent junction component, some options of the
branch component, the accumulator component, and with tables used to describe reactor kinetics
characte.istics and heat structure characteristics. In general, the trip's condition is either true or
false. The trip's condition is determined at each time step by checking the status of the trip- )
defined tes'. He test consists of corrnaring the specified vuiable to either another variath or :
para neter using specified con iithns such as equal to, greater than, los t%n, greater :han er ,

equal, less than or equal, or not equal. In co;nbinction with the " logical trins," wry complex ]
h gaal sequences can be sinn Istad s' ice the '' logical trips" allor comparison between two or more )
rips uch timt ore or more trips may be recuired to be true to create a tra " logical trip"

conditior. A Jetailed d;;cription of the trips is given in Section 4.

The code's control variables consist of 21 capabilities (see Table 2-2). In essence, the
control variables can be used for three primary functions: (a) to simulate equipment control
systems, (b) to create " lumped node" parameters, and (c) to add further dimensions to the
boundary conditions imposed on the thermal-hydraulic group and heat structure group
components

2.3.3.1 Simulating Equipment Control Systems. Every piece of equipment that i.. a
component of a physical system has a control system. De control system may be no more
sophisticated than a simple on/off switch that is controlled by the equipment operator.
Sometimes, however, equipment control systems can be highly complex and sophisticated.
Consequently, the code har control variable components designed to allow the user to model
virtually any physical component of the equipment system. Specifically, the lag, lead-lag,
proportional-integral, and differential components are designed to simulate common controller
functions. When used in combination with the other control variable components, even the
complex and sophisticated Babcock & Wilcox's (B&W's) PWR Integrated Control System has
been successfully modeled using RELAPS.

2.3.3.2 Simulating " Lumped Node" Systems. Equipment components such as
containments, tanks, flow systems, and balancemf-plant components can be simulated using the
control variables by creating difference equation sets that represent the specific component's
behavior. The equation sets can then be coupled to the RELAP5 model of primary interest using
tables and simple functional relationships to simulate the interactions between the primary
thermal-hydraulic model and the " lumped node" models.

2.3.3.3 Enhancing the RELAPS Model Boundary Conditions. The control variables
can be used to simulate the presence of instrumentation that provides key input to system trip cr
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i

equipment functions. For example, a piece of instrumentation affected by the total pressure
V rather than the static pressure can be modeled by creating a control variable that monitors the

'

Guid static pressure and the Duid velocity head to calculate the total pressure head (in the
absence of a gravitational change), and then provides a value to be compared to a trip test value.
Similarly, the critical Dow energy Hux can be calculated using the control variables to determine
the Dow enthalpy at each time step (since RELAP5 c,nly calculates the now specine internal
energy, not the specific enthedpy).

2.4 Basic RELAPS Modeling Guidelines

Using the building blocks described in the previous section, the model shown in Figures 2-2
through 2-4 was constructed. The model uses cight of the ten comsments available in the
then .al hydraulic group together with heat structures. Trips are used to change the operational
state of the valves, the pump, the pressurizer heater rmis, and the core power level as a function'

of the following variables:
i

Primary inventory level (pressc rizer water level).

Secondary inventory level.

,

Primary and secondary pressures.

Hot and cold leg temperatures.(v, .

A summary of the basic guidelines and their applications are given in the next three
subsections to illustrate the first steps in constructing a RELAP5 model.

2.4.1 Simulating the System Flow Paths

The Dow paths shown in Figures 2-2 through 2 4 were nodalized by adhering to the
following general rules:

'Re length of the volumes is such that all have similar material Courant limits..

The volumes have a length-to-diameter ratio greater than or equal to 1 with the.

exception of the bottom of the pressurizer (see comp)nent 341, volume 7 in
Figure 2-2). The volume representing the bottom of the pressurizer was sized to
have a length-to-diameter ratio less than 1 to allow better definition of when the
pressurizer emptics during an LOCA.

A nodalization sensitivity study was undertaken to determine the best model.

representation. Thus, several different nodalizations of the steam generator U-tubes
were studied.

( Portions of the model containing a " free surface" were nodalized such that the 'Jree.

surface" lies approximately midway between the node boundaries. Thus, the normal
pressurizer water level is approximately at the middle of component 341, volume 2.
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Unnecessary now paths were climinated. Therefore, even though there are eight to.

ten flow paths between the vessel downcomer (components 100 and 102) and the
vessel upper head and upper plenum (components 126,122, and 120), only two paths
were simulated (junctions 12601 and 10203). All the small Ocrv paths were simulated
by these two Dow paths.

2.4.2 Simulating the System's Heat Structures

A system's heat structures should be simulated if there will be interactions between the
heat structures and the Guid stream tubes. Circumstances lead!.ig to such interactions occur
because of

The presence of power sources (energy sources) krated in heat structures.a

Large Guid temperature changes. For example, if a system is initially at 1000 psia.

and a large valve suddenly opens such that the sptem depressurizes rapidly, the fluid
temperature will fo!!ow the saturation temperature during the depiessurization.
Consequently, the heat structures, at the initial Guid temperature, will then transfer
energy to the Guid in an effort to reduce the heat structure to fluid temperature
potential.

Environmental hses. Although commercial plants have thermal losses to the.

environment that represent only a small percentage of core decay heat, scaled
experiments may have kuses that are large compared to simulated core decay heat.

Primary to secondary energy transfer in heat exchangers, steam generators, etc. A.

typical commercial PWR provides steam ta the power turbines by I oiling secondary
inventory using energy supplied by the primary core fuel rods.

Based on the above guidelines, the heat structures for the one.kmp model shown in
Figures 2-2 through 2-4 were constructed. The reader should note that the majority of the
structural materials were simulated including the reactor vessel walls, the steam generator vessel
walls, the steam generator U-tubes (heat structure number 1081), the reactor core (heat structure
number tidl), and the pressurizer heater rods (neat structure numbers 3411 and 3421).

2.4.3 Trips and Control Variables

The actions and/or response of the model's simulated equipment is triggered and sometimes
controlled by the trips and control variables. Thus, the following equipment has trips and
sometimes control systems that guide its behavior during off-normal conditions:

Pressurizer heaters (heat structures 3411 and 3421).

Core (heat structure 1141).

Pressurizer spray (valve component 338).

2-28
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.n
Pressurizer safety valve (valve component 346)-

.

Power-operated relief valve (valve component 341).

Reactor coolant pump (pump component 414).

Primary till system (time-dependent junction component 972).

Secondary steam system valves (valve components 755,765, and 804).

Feedwater system (time-dependent junction component 455)..

As an example, the control system and governing trips for the on/off pressurizer heater
(heat structure 3421) is shown in Figure 2-7. 'Ihe parameter labeled Y , is the heater rod power21

in MW, Y , equals 0 when trip 612 is false and equals 0.9 MW when trip 612 is true. The logic21

works because the unit trip equals 0 when trip 612 is false and equals I when trip 612 is true.
The trip logic, shown in the table below the controller logic, shows that the state of trip 612 is
based on the state of trips 611,510,511, and 512. Trips $10,511, and 512 are called variable
trips and trips 610 and 611 are called logical trips, Trip 510 states that when controller 510 (an
indication of the pressurizer liquid level) is less than or equa' u. .G.144, the trip becomes true and ,

it is then always latched open. Trip 511 states that when the hot leg to cold leg temperature
difference bias (represented by controller 203) is less tt ,a <0.05, the dj becomes true and only

( .

remains true as long as that condition is maintained (i.c, the trip is ont latched). Trip 512 states
-

that whenever the primary system pressure bias is less than or equai to -25 (controller 212), then
the trip is true and the trip is not latched. If either trip $11 or trip 512 is true, then trip 611 is
true, but not latched. Finally, if trip 611 is true and if 1:ip 510 is not truc (represented by the -
510), then trip 612 is true.

Although the logic for having the prmsurirc< m/off heater is simple, five trips were
required to program all the conditkins that must Ic ,atisDed prior to having the heater on. An
elaborate system can have hundreds., or es a thousands, of controllers and trips.

1
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O

Unit Yrir
Top Trip 9 x 108;-

6 (612;

I

Latch I

Trip Parameter Operator Constant or no latch

l 612 611 ** -510 N

611 511 OH 512 N

510 CONTRLVAR 202 .LE. -0.144 L

511 CONTRLVAR 203 .Lf. -0 05 N
i

| -512 CONTRLVAR 212 .LE. 25 N

1 ,we
.

h

|

O'
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3. GENERAL PRACTICES7
t
\ This section discusses general practices for applying RELAPS including standard

procedures, calculational node and mesh sizes, options, and special model app!ications.

3.1 Standard Procedures

Standard procedures for input preparation, debugging the model input, prob!cm execution,
and output interpretation are presented in this section.

3.1.1 input Preparation

Attention to detail in preparing, documenting, and checking the input limits c:rors and
provides a valuable model reference for tracking error corrections and subsequent model
improvements By using standardized input format and conventions, input errner. are casier to
detect. The following sections discuss standard procedures for model documentation and quality
assurance, input deck arrangement, and conventions.

3.1.1.1 Model Documentstion and Quality Assurance. The prVnary tool for RELAPS
model quality assurance is the model workbook. The references, assumptions, and calculations
needed to generate the code input are assembled into a workbook that is retained and controlled.
A formal requirement to produce a matel workbook forces a discipline on the modeler that
reduces the possibility of errors. Furthermore, formally requiring the written data in the

_(G workbook to be certified forces a discipline on an independent checker.

A typical workbook might begin with discussions of the purpose for the model, general
facility references, the scope of the model, top. level assumptions, and relation to existing models.
Next, an overall malel nodalization scheme is developed and documented in the workbook. He
natalization numbering scheme should be carefully considered; logical numbering of various
modeling regions greatly facilitates error detection and output interpretation. As an example, a

-logical scheme for a three-k)op pressurized water reactor might number the components in the
loop 1 region from 100 to 199, k)op 2 from 200 to 299, and loop 3 from 300 to 399. Reactor
vessel components might be numbered 400 to 499, pressurizer components 500 to 599, feedwater
and steam systems 600 to 699, and additional sptems (e.g., makeup, letdown, safety injection,
accumulators) 700 tc 799. Numbering scheme symmetry should be used where possible, in the
above example, if comgment 120 represents the hot leg in loop 1, then components 220 and 320
would represent the hot legs in loops 2 and 3, respectively.

A minor consideration, but one that can prevent misinterpreting the output, is to avoid
numbering components from 1 to 99. Plotted and tabulated code output is referenced by
component or cell number with four zeros appended (e.g., the pressure in branch 120 is
referenced P 120010000). The digits represented by the appended zeros were included to provide
a means of referencing a multidimensional component. Although this multidimensional capability
was never incorporated into the cale, input and output functions still use the trailing zeros. By

p limiting component numbering to numbers from 100 to 9W, all component references are

Q stendardized at 9 digits (three for component, two for cell, and four trailing zeros). The
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advantage of this approach is that the possibility of misreading component numbers in the output
ir avoided. For example, if component numbers from 1 to W are used, then on casual inspection
an indicator 1W10(X0 may be viseally mistaken for 12010(00 (the first for component 120, the
second for component 12). If all component numbers are 100 or larger, then there is no
ambiguity because the first three digits at the indicator are always the component number.

The main portion of the model wurkbook contains worksheets to document the information
needed to assemble the code input. The workbook is typically assembled in .in order consistent
with the component numbering. For each component, the hydrodynamic data are typically
documented first, followed in turn by the heat structure data and control system data, it is useful
to tabulate component data in the order that it is to be input. (The tables can include page
number references te the location of each input parameter.) This greatly reduces the effort
required to enter the code input parameters. A sample workbook page is shown in Figure 3-1.
For each model component the workbook documents (a) the sources of information used to
assemble the model (such as drawing and report numbers), (b) assumptions, (c) any calculations
needed to convert the raw data, and (d) the final v. ns of the code input parameters.

When completed, the workbook is used directly to key-enter the code input parameters
into a computer file for the model. Diligence should be used at this stage of the process since
key entry errors are likely. Experience has shown that the carefel entering of each number and a
detailed comparison of the resulting computer file and workbook are worthwhile efforts. While
this effort is intensive, it is needed to prevent serious errors such as mis-specifying input by orders
of magnitude.

At the INEL, it is a standard quality assurance nctice that each input model be
independently checked by an engineer other than the one who developed the model.
bdependent checking involves cenifying all aspects of the model development process: verifying
references, considering the appropriateness of the assumptions, double-checking the hand
calculations, checking the units, and confirming the translation of the data to the computer file.
Any anomalies found during the checking process are resolved between the model developer and
checker, and the model is modified accordingly. The model workbook is signed and certified by
both the developer and checker.

The independent checking activny is perceived by many engineers (especially senior
engineers) as tedious, uninteresting work. As a result, the checking function tends to fall to
junior engineers. Junior engineers prove capable of certifying the details of a project but may be
incapable or unwilling to challenge top-level modeling decisions and assumptions. In the authors'
opimon the independent checking function pays significant quality assurance benefits both in
avoidance of costly errors and in the ultimate confidence of analysis results. To be effective,
senior engmcers must recogmze that tne benefit of checking is well worth the tedium of the effort
required and approach the task pmititdy. Junior engineers must recognize that, as independent

! checkers, it is important they concur with or question the top-level assumptions.
1

l

|
'

O
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Figure 3-1. Sample model worktxx)k page.
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3.1,1.2 input Deck Arrangement. The code accepts data based on the ' card number"
specified in the first field on each line of input For a given card number, the code accepts the
input parameters specified in the code manual as sequences of floating point, integer, snd
alphanumeric entries. On any given card, the data entries must appear in the proper wquence
and be separated by one or more blanks. De cards may appear in any order, as long as all
required cards and data entries are present. If a card number is duplicat 't in the input listing,
the code identifies it as a "repla:ement card" and uses the information on the last card entered
with that number.

A well-organized input deck includes comment cards that aid interpreting the input from a
printed listing. Comments may be inserted through the use of the asterisk (*). On any line, all
entries following an asterisk are assumed to be comments. An example of a fully-commented
input listing is shown for a branch component in Figure 3-2. With this format, an analyst will
spend a minimum amount of time counting fields and searching through the manual to understand
the input.

As stated above, the input deck cards may appear in any order. In practice, however,
arranging the cards in a logical manner is preferred. At the INEL input decks typically start with
the title, job control, and time step control cards. These are followed in sequence by the minor

,

edit requests, trip specifications, hydrodynamic components, heat structures, user-input data tables, 4

control variables, and reactor kinetic specifications. An input deck is generally arranged by
increasing card numbers when this arrangement is used. Within each of the abose groups, data
are similarly arranged in order of the card numbers (e.g., the trips are listed m numerical order).

3.1.1.3 Conventions. The benefits of a logical numbering scheme for model components
were described in Section 3.1.1.1. Similar benefits can be gained from a logical numbering scheme
for heat structures and control variables.

For heat structures, benefits may be gained by assigning heat structure identifiers consistent
with the hydrodynamic volumes with which they are coupled. Heat structures are referenced by
the heat structure / geometry number (CCCG); for each heat structure, any CCCG may be
selected. If, however, the CCC digits correspond with associated hydrodynamic volumes,
interpretation of the output is enhanced because only one numbering scheme needs to be
remembered. As an example, consider a pressurizer that has been modeled with 8-cell pipe 620.
The hydrodynamic vo!ume; are thus numbered 62001(XXX),62(X)200(X), . 62008(XXX). For the

heat structure representing the pressurizer shell, a heat structure geometry number of 6201
would be selected, and 8 individual heat structures would be developed and connected in turn to
cells 620010000 through 620080(XX). The advantage of this method would be that in the output
heat structure,6201005 can be easily associated with the pressurizer wall adjacent to the fifth
hydrodynamic cell of the pressurizer. Where it is required that more than one heat structure be
connected to the same volume, the abcve convention may be extended by using the same CCC
but increasing the G. In the above example, a heat structure for a pressurizer heater might be
identified with a CCCG of 6202.

For control variables there is a similar benefit to be gained by selecting control variable
numbers consistent with a representative component. In the above example, the control variables
associated with the pressurizer heaters and spray system might be numbered 610 to 620. De user
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crmponent came component type$ hydro s

7 branch1.50000................."hxinplen*..........................................._........sg.

Ah dro no juns vel /ftw.

11 0001 2 0

V
thydro area 1tngth volume i

'1150101 0. 1.065 1.265
A
$ hydro hort angle vert angle delta 2
1150102 0. 0. O

hydro roughne55 hyd diam fa
1150103 0.0000457 1.265 00
*
thydro ebt pressure tempe
11.0200 0 1808064, 332978. 2414205 0
*
$h dro from to area f loss r loss vcah5
11s1101 110010000 115000000 0. O. O. 00100
1152101 115010000 120000000 0. O. 0 00100

152110 0,01412 0. 1. 1.
* '

shydro f flowrate g flowrate j flowrate
11$1201 9.03925 9.03925 0 4 809 737 I

1152201 2.111656 2.111556 0 e 804 918
5......................................................................s

- Figure 3 2. Example of full. commented input for a branch component.
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is cautic,ed, howeser, that the mntiol variable numM ing scheme must consider that controli

variables are evaluated in numerical order during c M. time step. If control variable 623 refers to
control sariable 6 0, the new time salue of control variable 6:3 is useA llowever,if control
variable 620 refers to control variable 625, then the old time value of control variable 625 is used.

As a general convention, it is advantageous to denne |xisitive junction ditcTlions consi', tent
with flow during normal operadon of the sptem. With this technique, indications of positive
jurr: tion now (positive ruass flow rates and velmities) in the output can be considered normal by
the analpt. More significently, the appearance of negative junction now (indicated t y ninus
signs) can be an indicator highlighting unusual behavior to the analpt. The sense of the junction
llow is defined by the TROM' and "IIT hydrodynamic cells specined. TROM' to "l'O" cell now
is considered to be posithc.

,

lhe user does imt have the capability to change the direction of positive heat tiansfer. The
code conventian on eacb auttate of a heat structure is that the Dow of heat from the structuie to
the huid is positive. As an cut 3 |e. consider the heat structure of a steam generator tube.1he
lef t sale of the structure is connected to the priraary coolant system; the right side of the structure
is connected to the secondary spiem. During normal operation, with heat bowing from the
primary to the r.ccondary, the heat transfer (tate and Out) on the lef t surf ace is indicated es
negative while it is positive on the right surface.

1he user does, however, have the option of $pecifying either the lef t or right surface of a
heat structure as the inner surface (in cylindrical and spherical geometries). It is advantageous,
but not necessary, to make this decision consistently. At the INiii., the convention is o assigna

the geometrical inner surface as the left surface and the geometrical outer surf ace as the right
surface. For example, cylindrical pipe walk are modeled with the inner /left surface adjacent to
the Guid within the pipe and the outer /right suiface representing the outside of the pipe. For
fuel rods, the surface represents the centerline of the rod (specified as an adiabatie boundary)
and the right i .e represents :he outside of the cladding,

lixtended tiip and control variable capabilities have been included in the cale and the user
has the option in each case to select the original or extended capability. Note, however, that all
trips and ad contiol variables in a problem must conform to the option selected.1hese extended
capabilities were included as the site of control sptem models outstripped the oiiginally-defined
limits on the number of control variables and trips. For new models, selecting the utended
options is secommended to allow gieater capability for adding to the model.

3.1.2 Model ITut DebugginD

1he input processing; toutmes provide excellent eitor-checking and error-interpretation
capabilities. Input processing enos checking is invoked when executing both new. and restart-
type prob' ems. All modelinput errors result in the generation of an informative error message.
The presence of one or more input citors results in job termination and a tressage that the
termination was due to input error. As a wold of caation, the RIII.AP3 error-checking functiom
are pnmarily intended to check for compliance with the input data requirements. Secondarily,
chc(king is performed for model consistency (e g., that elevations are consistent around now -

loops). llowever, the input error-checking function may not uncover basic input enors such as
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inis4;wcifying a volume of 10 m' as 10lki m'. 'lhorefore, sucteuful completion of REl APS input !
proccuing should not be considered a rephicement for the quality auurance activities des.ciibed in !
Section 11.1.1. !,

Optional job control card 101 provides a capah'lity to automaticWly terminate a jab j
following input proecuing. If the INP.CilK option is specified, all input ploccuing functiorn are
performed and the initial time major edit is generated, but no transient calculation h perfortc.ed.
If the RUN option is selected, the input pmcessing is performed, the initial time major c6.. is !
generated. and the transient calculation is initiated. If card 10$ is not input, the RUN option is !

anum 'd. i3

'

,

An ellicien' ,thod for debugging a new HELAPS input deck is des.cribed as follows. The !
complete model h first nuembled into a single file nnd the model is esecuted in either the
tramient or sacady. state modes as specified on card 100. Either the INP CilK or the RUN
option may be selected on card 101. A typical new input dech will likely contain many ir.put
errors so the execution will result in generation of a series of error menages. It is cornmon for
one actual error to propagate into the generation of multiple error messages. Therefore, the list
of error messages generated will in general be much longer than the actual number of errors in.

:
the model. The user should read and consider each of the error rnessages in the order they were ;

generated. 'lhls process results in or.e of the following deteiminations for each of the error *

menages: (a) the rneunge clearly indicates an error in the deck ar.d the resolution is c! car, (b) the
message is found to be caused by the existence of a previous crror and is expected to be resolved
when the primary error is corrected, and (c) the acason the menage was generated is not clear. '

in practice, the error messages are very mfonnative and the actual input errors are obvious to the
analyst. A significant effort can te expended trecing the source of each enor message. Instead,

'

.

it is more efficient to surwy the error messages, correct the obvious errors, and again execute the
malet. As a rule of thurat , only about one third of the error messages generated are caused by '

actual errots; the remainder are second-generation messages resulting from the primary errors. '

'lhls iterative pmeess proceeds rapidly to the removal of a!! input errors. Experience shows that a
large input deck that hrn been entered with moderate care can be debugged with this process in

,

about five iterations.

The iterative debugging process described in the previous paragraph can be much easier if
the output of the debugging runs are reviewed on a terminal by an editor capable of searching for
data strings. AL input error messages are preceded by a string of eight asterisks ("'"'") and i

the removal of ali errors results in the generation of the message ' input processing completed
,

succcufully/
,

The user should be aware that the input proccuing is subdivided into several sections of
data checking inat are performed in sequence. Depending on the nature of the errors found, the .

job may be terminated at the end of one of the sections before all of the error checking sections"

-have been executed. In thb instance, only error messages for the sections that have been checked
will appear. When these errors have been corrected and the checking proceeds to the next
section, the number of error masages may increase. In other words, the analyst should realize
that in this iterative process the r. umber of error messages may not monotonically decrease.N
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As a part of the input puicessing routine, the elevation closure of all flow ksops in the
matel is checked. An input proecssing failure message is generated if any of the Dow kiops fail
to close elevation by snore than 01001 rn. Following such a failure, the elevation closuse edit
data may be examined to find the source of error.

A spurious input pmceuine failure has tven encountered by some users and is usually
reported ris a code execution failure occurring immediately after input processing has been
completed. The diagnostic print-out states an arithmetic error or arithmetic overnow has
acuned.1hc most common source of this error is the inadvertent specification of a non-
condensable gas in the system. 'th error is creaied when the user specifies an inconect value for
the initial condition control word. Control words of 4,5, and 6 are reserved for rnistures with a
non-condensable gas; the error occurs if any of these control words are used when a non-
condensabic gas has not been specified on card 110.

3.1.3 Probimn Encution

When the input deck has successfully passed input processing, an initial time edit will be
generated by the code. If the itUN option is selected, problem execution proceeds from the
conditions specified in the initial edit The initial edit will be identified as zero time for NEW
problems and as the time of the restart edit for RESTAllT problems.

3.1.3.7 Tlrne Step and Edit Selecilons. 'The problem execution is controlled by the
options specified on the 2012W time step control cards. These cards specify the time step sites
and output features desired as the problem progresses from one time interval to the next. Card
201 specifies these options and the end time for the first time interval, card 202 for the second
time interval, and so on. Subdividing the problem into time intervals facilitates modifying the
execution to suit the expected nature of the problem. For example, consider the case of a
inodeling action (such as closing a vahe or tripping a pump) that is of particular interest and may
slow the calculation at a given time (say 10 seconds). For this case, a fin,t execution interval
might be selected to end at 9 seconds. The second interval might include a reduced time step,
and p:rhaps increased edit and plot frequencies, from 9 to 15 seconds. After 15 seconds, a third
interval would then be used to return the time step and edit options to their original values.
Note that execution is terminaRJ if the problem thne reaches the end of the last interval
specified on the 201299 cards.

For each time interval, minimum and maximum time steps are specified. 'The code will
attempt to execute the problem at .he maximum time step. The first time sicp taken will be at
the maximum vJue. The user is cautioned to use a small maximum time step site when first
executing a model for which gross approximations of initial conditions have been specified. Time
step si/c is automatically reduced based on a number of tests. 'Ihe material Courant limit may
not be violated. Mass, fluid property, quality, and extrapolation errors are monitored in each
calculational cell and the time step is reduced if errors exceed internally preset limits. The major
edit output indicates ine criteria and model region causing time step reduction. 'lhis indication
can be useful for improving model performance.

'Ihc code accomplishes time step reductions by repeated division by two until the erron are
within acceptable limits, the minimum tirne step r, ire is reached, or a failure is encoumered, 'the

18
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user should note that this reduction process will result in running near the Courant limit only if
the mnimum time step site is appropriately selected. As an example, consider a problem where a
0.1.second maximum tin = step is specified and the Courant limit is Om seconds. If not reduced

,

for other reasons, the cale will start with the 0.1. second maximum and repeatedly divide by two
until a time step less than the Courant limit is attained. In this cumple, the code will execute the
problem at 0.05 seconds, a much smaller time step than the Ossecond Courant limit Run time
efficiency may be improved 5 'he example by specifying a maximum time step site that is smaller
than the Courant limit, st : 6 ' M5 seconds.

Frequently, when a a,culation is running at a particularly slow pace due to time step site
reduction, the selection of a smaller maimum time step site improves the progress of the
calculation. This situation occurs when the specified maximum time step slic is unacceptably
large for the problem. When calculational difficuides are encountered, the code reduces the time
step sire. With the reduced time step, the code calculates through the difficulties and begins to
recover. Ilowever, as recovery meurs the time step slie is inercased and the dilliculties recur.
Thus, reducing the manmum time step siec prevents recurrence of the difficulties and improves
the overall progression of the calculation.

It is not possible to formally recommend generally. applicable minimum and maximum time
step sites.1hese selections should be made considering the peculiarities of the code mode', the ,

problem to be solved, and the findings of any studies iwsdgating the effect of time step slic on
calculation results. Furthermore, an appropriate time step slic will vary during the course of a

T transient calculation as the calculated phenomena change, As a practical but informal guide, the

j user should consider using a minimum time step r.lze of 1 x 10' seconds and a maximum time
step size of the Courant limit (but not greater than 0.2 seconds). While a smaller minimum may
be needed in some situations, if the above limit proves unsatisfactory it is usually an indication of
significant ca!culational problems. The calculated phenomena should be carefully considered
before pmeceding. While it may be po,sible to execute a problem at very large time steps, the ,

analyst should carefully evaluate the effects of large time steps in the context of representative
model phenomena time constants and kiop transit times.

The time step control cards contain a packed word (ssdtt) specifying the code output
format. The user is referred to the code manual for details regading options. Generally, the
option 00003 (or simply 3) should be selected. For persistent cale failures (i.e., those that are
not remedied by revision of time step site), problem diagnosis may be aided by obtaining a major
edit at every time step as the problem is approached. This selection is made by the option 00103t
obviously, care should be exercised to limit the size of the output file.

The minor, major, and restart edit frequencies are also specified on the time step control
urds. These frequencies are specified as integer multipliers of the maximum time step size. For
example, with a maximum time step of 0.1 seconds, a minor edit frequency af 10, a major edit
frequency of 100, and a restart frequency of 200, the code will generate minor edits every I s,
major edits every 10 s, and restart points every 20 s. In addition, the cale generates minor,
major, and restart edits at the initial problem time and at the end times for each of the 201299
cards. If a transient code failuie occurs, the cale also generates these edits n' the time of the

s failure and will designate the failure edit as a nonstandard edit. While review of the failure edits
usually is quite valuable for understanding the failure mechanism, the user should not use the
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fadure edit as a restart point following correction of errors. For this purpose an appropriate
(usually the preceding) restart time should be used.

The selection of the minor edit frequency is particularly important because the restart / plot
output file will contain data points with the same frequency." Once a calculation is performed, it
is not puible to recover the data between these data p>ints. Data for virtually all calculation
puameters (pressures, temperatures, void fractions, Oow rates, etc.) are available on the
restart / plot Gle. A common misconception is that a parameter needs to be speciGed using a minor
edit request in order to be available in the output when the calculation is complete. A minor edit
request af fects only the printed output. It is not necessary to rpecify all parameters needed for
output in advance; this deterinination may be made alter the calculation has been completed.
The output file may be accessed repeatedly as new data needs arise.

It is recommended the user select minor edits for an appropriate plot output frequency,
major edits for an appropriate phenomena snapshot frequency, and restart edits for an
appropriate backup following failure hequency.

3.1.3.2 Steady Sfate, Transient, and Sftlp Modes. A calculation may be exceuted in
the steady-state, transient, and strip unies as speciGed on control card 100. In the steady. state
mode, the thermal capacitances of all heat structures are attincially reduced to speed problem
response time; execution is terminated when internal tests for rate of change in parameters are
satished. As a general recommendation, the riteady. state mode is not recommended; dif0culties
have been encountered with premature termination. Instead, steady-state conditions are typically
attained by controlling boundary conditions and executing in the transient mode. With this
technique, convergence can be expedited by rnanually reducing the thermal capacitances. Once a
satisfactory steady state condition has been calculated, the true capacitances are restored before
performing transient calculations.

The strip mode is used to extract specific data channels from the output file of an existing
calculation. In this mode, the restart / plot file and a file containing the list of desired data
channels are executed. The resulting ontput is a compacted file, containing only pertinent data,
that is 3uitable for driving a separate plotting routine.

3.1.3.3 Transient Execution failures An extensive data dump is generated wnen a
transient execution failure is encountered. One or more error messages are contained in the

-

dump explaining the nature and cause of the failure. These error messap,es are usually not as
informative as error messages concerning input errors. A typical error message might. for
example, indicate a water property failure in cell 12001. De user should understar.d that this
condition, perhaps a pressure above the critical point, is the immediate cause of code failure and
not necessarily the root cause of the failure. Scrutinizing the major edit at the failure point
should be the first step in identifying the problem.

a. The user should specify the edit frequency carefully. A huge quantity of output can he
generated that may require large amounts of disk storage space.

3-10
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A common cause of transient execution failure is mis. specification of initial or boundary
conditions, if, for example, a lossof coolant accident transient is initiated from a calculated

( steady condition and a failure is encountered shortly after the calculation begins, a frequent cause
is an unintended perturbation of the steady conditions by the user. %c user should confirm that
initial and boundary conditions (and changes in them as the transient is initiated) are appropriate,
if boundaiy and initial conditions appear to be in order, the next step should be to signincantly
reduce the maximum time step site selected.

3.1.3.4 Nortnal Terrninstion of Transient Execution, ne normal termination of a
transient calculation may be accomplished one of three ways. First, a normal job termination
occurs when the problem time reaches the end time specified on the last time step control card
(201 299). Second, a normal job termination occurs when the computer time expended teaches
the limit specified by the inputs on the 105 control card. Dird, a normal job termination mey
occur by trip, as specified on the W) card. Rus, the user has the nexibility of terminating the
calculation based on problem time, computer time, or some occurrence in the calculation (e.g.,
when a pressure limit is exceeded). It is important for the user to ensure a normal termination
using one of these methods. Failing to internally (i.e., within itELAPS) stop the calculation
befoic expending all the computer time requested on an external job card will icsult in an
abnormal termination. In that case, some or all of the data generated by tlie job may be hut.

3.1.4 Code Output

%ere are two forms of code output for each calculatiom printed output and the
restart / plot file.

3.1.4.1 Printed Output. During execution of the cale, a printed output file is generated
according to the options selected. A typical output Glc begins with a simple listing of the input.
He listing is followed by input processing information, including an echo of the input requested.
This echo icpresents the actual data accepted by the code for each of the input values. Note that
there is a chance of interpretation error (e.g.,in the case of replacement cards). When a card
number appears more than once in an input deck, only the input contained on the last card
entered is used by the code. The presence of a replacement card is noted in the input listing;
however, the message appears adjacent to the replacement card, not the original card. %crefore,
it is to the user's advantage to use the echoed input, not the listing of the input, as a true
indication of the input used.

De printed output file continues with a listing of the initial major edit. His edit is, in
turn, followed by the major edits as requested by the user and additional major edits generated by
the code. De minor edits, requested by the user on cards 301399, are interspersed between the
major edits (the major edits are printed at intervals such that the minor edits fill a full page).
Additionally, warning messages may be printed between the major edits, indicating the nature and
times of non fatal calculational difficultics. Restart edits are annotated with a restart number; the

message appears following the major edit data. An annotated sample major edit appears in
Figure 3 3.

a
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Figure 3 3. Sample major edit.
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I Figure 3 3. (continued) notes

1. He major edit header region contains information tegarding the progress of the calculatian.
Data described as * total' are from the beginning of the c Aculation; data desctdsed as *cdit" are
from the presious major cJit. In the cumple shown, the calculation is running at the mar.imum
(or requested) time step site. no time step reductionf. have occurred. He computer rentral
processing unit time consumed up to this point is displayed. We Courant limit is displayed. He
data on the right hand side are used to determine if cumulative mass error is significant. In the
example, the ratio of mass error to problem mau is of the inagnitude 10h therciore, mau error is
insignificant. 5

A value of .l.0 indicates the trip is currently
2. This region displays the current status of all trips.
false. Trips shown with positive values are curreatly true, and the value shown is the time when
the trip last turned from fahe to true.

3. This region displays the current conditions of all hydmdynamic volumes. De data are {
displayed in four sections (3A. 3D,3C, and 3D) and the volume identifier is shown ut the left
maigin in each section. The fluid state is displayed in Section 3A. %e column titled *ptessure" is
the total preuure, the partial pressure of steam is shown in the following column. The difference
between the first two columns, if any, is the partial pressure of non-condensable gas. De next
two columns, titled *voidr and "voidg* display the liquid and vapor fractions within the volume,

* are inaccurate since
respectively. " ese two columns add to unity. The terms *voidr and *vc'

is actually only associated with sapor The next three co:
.s display the

the term *vo;s
temperatures of the liquid and vapor phases and the saturation 'emperature at the volume

.

pienute. The specific intctnal energies of the liquid and vapot phases are next displayed. For
easy reference, the final column shows the packed word (pshfe) control flags for the volume.

Section 3D starts with a display of the liquid and vapor phase densities, the density of the
Guid mixture, and the boron density in the volume. Next, the volume phase vehicities and the
volume sound speed are displayed. Note that the phase vehicities aie based on the volume How
area, which may be different from the junction How areas. Finally, the mixing cup quality, static
quality, and ncn-condensable quality are displayed. The mising cup quality assues any phasic
nonequilibrium is removed. A negative mixing cup quality indicates subcooled Inguid. Its
magnitude is normalized to the latent heat of vaporization.

Section 3C provides volurne transport conditions and properties. The column titled " tot, ht.
' is the total heat transfer rate into the volume fluid fiom heat r,tructures. The vapor heat,

'

*he heat transfer rate from the heat structures to the vapor phase. De difference
tk first two colurnns is the heat addition rate from heat structures to the liquid phase.

mitive heat transfer is dc0ned as being from the walls to the fluid. De calumn
''isplays the total vapor generation rate. This rate is normalized to a unit

ul rate is the sum of tb- vanor generation from interphase mass transfer
um boiling on the wall. The following columa titled " wall. flashing * shows

from boiling. he difference between the columns is the

1
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coefGeienttf

id, and vapor side heal trans erept of a
Hgure 3 3, (continued) notes te compoir;nt. De liquheat transfer employs the concthe interf acc.

h paths fiom the phases to
in the

Numbers, and How regime are shown
f

following columns. Imciphasemterphase vapor generation ra
/ l

bby = bubbly, hst = horizontaetted slug, and etb= churnd hese coef0cients icprewnt t eare disp'ayed in the mau Out phasic Reynoldscronym:

saturated intetf ace an tw regime is indic ated by an alug. san =mvetted annular, isl= msvolume
For ieference, the Ho

remaining columns. Hee annular mist, sige d mentel regions limitinghe volumestr atitied, anm
n indication of the causes antal basis and for the edit, tDe columns labeledturbulent,

The data in Section 3D proside adata shown indicate, both on a totrolling the Courant limit.ulted in time tep re uc
d tion.

s

calculation progren. Heu error and the volurne conwhere the volume has resd with the " edit' and ' total"
with the largest maw ine number of occurrencesrrences should be compare
For perspective, the number of occuments shown in Section 1,The junction identiner appears in[" reduce. sho

*

l mes the

nurnt cr of succcuful advancehydrodynamic state of the junct once, by identifiers of the vo udisplayed. For reference,
i t '

4. Section 4 displays thef Section 4 A followed, for referend fseahs) are shov.n.h t specinedand man How rates are
control Hags (packed worrea displayed may not be t ai e (e.g., ath phasic vehwitiesthe left hand column o area, v.hich may vary in t m (i

throat ratio, and junct ons elected, the junction ajunction connects. Next, t e
b the code. De true junctionand throat ratio.ihe junction How arca, i s

Depending on the junction opt on and history of choking at
in the modelinput and used yoduct of the junction area value

a valve junction),is the pr 4 A indicate the current statusnchoked condition and ah number of
value of 0 indicates an uthe next two columns, t elation are

The final three columns in Sectionll mn titled "last," adition on the last time step. Ind from the beginning of the ca culd be compared with the "ed t a
i" nd

the junction. In the co u
the last major edit anof 1 indicates a choked conhe number of occurrences shouchoking occurrences since

i 1 3

f l advancements shown in Sect on ,hown (see discussion in noteshown. For perspective, t he

ith T present data describing tnts the interphase drag. fwawall dragis' total * number of success uli uid and vapor fractions are s lff and"

7 columns, with titics beginning wfriction pressure drop. fif repretein Section 40, the junction q iled
heliquid and vapor phases, neh the junction. De cahimns t t

*

above). The following lumns

w loss coef0cients. The co(such ascomponents of junctionwall drag components on tt volume cell r<iiters througuser input no
code calculated flow losses t tus and*fwalgj" represent the

based on Dow between the adjacenSection 411 G; scribe the current s amodel (the displayed informat on
fom

* represent the phasic losses r i is

f represent the phasic hues from
) The last three columns inountercurrent flow limitingTjunt' and 'ljunr

titled"formff and"formg bcwe).

abrupt area change effects . history of the operation of the cfor the choking model described a
comparable to that shown
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Figure 3 3. (continued) notes |;
r

1. The major edit header region contains information regarding the progress of the calculation. [
Data described as " total" are from the beginning of the calculation; data described as ' edit" are
from the previous major edit. In the example shown the talculation is running at the mavirnum
(or requested) time step site; no time step reductions have meurred. He computer central
processing unit time consumed up to this point is displayed. %e Courant limit is displayed. De
data on the right hand side are used to determine if cumulative mau error is significant. In the

' 4example, the ratio of mass error to problem mw of the magnitude 10 ; therefore, man error is
insignificant. ;

2. His region displays the et.rrent status of all trips. A value of 1.0 indicates the trip is currently
false. Trips shown with positive values are currently true, and the value shown is the time when
the nip last turned from false to true.

3. This region displays the current conditions of all hydrodynamic volumes. De data are
displayed in four sections (3A,311,3C, and 3D) and the volume identifier is shown at the left
margin in each section. %e fluid state is displayed in Section 3A. The column titled * pressure" is
the total pressure; the partial pressure of steam is shown in the following column. %c difference -

between the first two columns, if any, is the partial pressure of norsondernable gas. %c next
two coturnns, titled "voidf" and *voidg" display the hquid and vapor fractions within the volume,

_

respectively. These two columns add to unity. The terms "voidi' and "voidg" are inaccurate since
the term " void" is actually only associated with vapor. The next three columns display the '

temperatures of the liquid and vapor phases and the saturation temperature at the volume>

pressure. The specine internal energies of the liquid and vapor phases are next displayed. For
easy reference, the final column shows the packed word (pvbfe) control flags for the volume.

I.

Section 311 starts with a display of the liquid and sapor phase densities, the density of the
Duid mixture, and the baron density in the volume. Next, the volume phnse vckicities and the,

volume sound speed are displayed. Note that the phase vekseities are based on the volume now
area, which may be different from the junction flow areas. Finally, the mixing cup quality, static .

quality, and non condensable quality are di; played. He mixing cup quality assumes any phasic
nonequilibrium is removed. A negative mixing cup quality indicates subcooled liquid. Its

'

magnitude is no malized to the latent heat of vaporization.

Section 3C provides volume transport conditions and properties, The column titled * tot, ht.
inp"is the totrl heat transfer rate into the volume thid from heat structures. The vapor heat i

input is the heat transfer rate from the heat structures to the vapor phase. The difference -

} between the first two columns is the heat addition rate from heat structures to the liquid phase.
By convention, positive heat transfer is denned as being from the walls to the fluid. De column

'

titled " vapor g:n.' displays the total vapor generation rate. His rate is normalized to a unit
volume basis.7he total rate is the sum of the vapor generation frorn interphase mass transfer
and vapor generation from boiling on the wall. The followkg column, titled ' wall. flashing." shon
the vapor generation rate from boiling. The difference between the columns is the

!

%.
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Hgure Tb3. (contmued) notes

interphase vapor generation rate component. He liquid and vapor 4'de hcat transfer coef0cients
are displayed a the following columns. Interphare heat transfer employs the concept of a
saturated interlace and these coefficients icpresent the paths from the phases to the interface.
I or reference,4he volume mass Hus, phasic lleynolds Numben,, and now regime are shown in the
remaining columns. He flow regime is indicated by an acronym: bby = bubbly, hst = horitontal
stratified, anmnannular mist, sig= slug, tanumverted annular, isl= inverted slug, and eth= churn
turbulent.

De data in Section 3D provide an indication of the causes and model regions limiting
calculation progress. The data shown indicate, both on a total basis and for the edit, the volume
with the largest mass error and the volume controlling the Courant limit. De columns labeled
" reduce " show the number of occurrences where the volume has resulted in time step reduction.

For perspective, the number of occurrences should be (ompared with the * edit' and " total"
nurdet of successful advancements shown in Section 1,

4. Section 4 displays the bydrodynamic state of the junctions. De junction identifier appears in
the left hand column of Section 4A followca, for reference, by identiders of the volumes the

junction connects. Next, the phasic vehicities and mass now rates are disolayed. For reference,
the junction Gow area, throat ratio, and junction control Ongs (packed word fveahs) are shown.
Depending on the junction options selected, the junction area displayed may not be that speciGed
in the model input and used by the code. He true junction area, which may vary in time (e.g., at
a valve junction), is the product of the junction area and throat ratio.

De final three columns in Section 4A indicate the current status and history o! choking at

the junction. In the column titled *last,' a value of 0 indicates an unchoked condition and a value
of 1 indicates a choked condition on the last time step. In the next two columns, the number of
choking occurrences since the last major edit and from the beginning of the calculation are
shown. For perspective, the number of occurrences should be compared with the ' edit' and
" total" number of successful advancements shown in Section 1.

In Section 4B, the junction liquid and vapor fractions are shown (see discussion in acte 3 y,:
iabove). %c following 7 columns, with titles beginning with T present data desciihing the

components of junction friction pressure drop. *fij" represents the interphase drag. *fwalff and
'fwalgj" represent the wall drag components on the liquid and vapor phases. The wall drag is
based on How between the adjacent volume cell centers through the junction. De columns titled
*fjunf' ar d 'fjunt" represent the phasic losses from user input now loss cocificients. He columns
titled "formfj" and 'formgj" represent the phasic losses from code-calculated now losses (such as
abrupt area change effects). We last three columns in Section 4B describe the current status and
history of the operation of the countercurrent now limiting model (the displayed information is
comparable to that shown for the choking model described above).

9
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Figure 3 3. (continued) notes

5. Sections SA and 511 show the current status of the model heat structures. Section SA starts
with the heat structure geornetry number; the hydrodynamic volume ccanections are shown for
the left and right sides for reference. If a boundary volume of 04KXuo is shown, the surface is
adiabatie. The following columns show the sutface temperatures, heat transfer rates, and heat
Ouses. 'the nest column shon the critical heat Ouses. DcIwnding on the current status of the
heat structure, actual critical heat Dus data rnay not be printed. Critical heat Ous is not calculated
(and a tukuo is printed) if no boiling is present, such as in single phase forced convection. If a
user 4pecined critical heat Ous multiplier has been used,it appears for reference in the next
column 'lhe following column shows the heat transfer rnode number; the user is referred to the
code manual for the correlation of heat transfer modes and numbers. The next colurnn shows the
heat transfer coefficient.1his coefGcient is consistent with the Guid temperatures, heat structure
surface temperature, heat Gus, heat tre fer rate, and heat transfer area for each surface of the
structure. If an internal heat source is used. such as for a fuel rod, its magnitude is displayed in
the following column. The column titled "conv4 rad-source" represents the total heat balance on
the structure. 'lhe final column shows the volume average temperature of the heat structure.
Section 5B shows the current nodt temperato;cs for each structure. The Grst temperature is for
the left surface; the last temperature is for rne right surface.

& Section 6 shows the current salues of all control variables. The control variable number, its
descriptive name, its type, and the current vah.e aie displayed.

7. If the major edit :s also a restart edit, then Section 7 is printed. 'Ihe restart number shown
hac is the one required on the 103 control ;ard for a restart run. The block number is not used.

.
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3.f,4.2 The Restart /Plof file. He restart / plot file contains virtually all calculation
parameters (piessures, temperatures, void fractions, flow rates, etc.) for the entire transient |
calculation.

'

A common misconception is that a pararneter needs to be specified using a minor edit
request in onder to be available in the output when the calculation is cornplete. A minor edit
request af fects only the printed output. It is not necessary to specify all the parameters needed
for output in advance; this determination tuay be made after the calculation has been completed.
De output file may be accessed repeatedly as new data needs arise. Ilowever, during a
calculation, data are written to the restart / plot file only at the minor edit frequency. Once a
calculation has been performed,it is not pmible to recover the data between the data points
written to the file. Herefore,it is important to relect a minor edit f requency that will provide
plot points at an interval appropriate for the problem being sohed. In practice, the minor edit f
(and plot point) frequeng should be changed during as the problem proceeds from one phase to
the uutt. Frequent points should be selected during problem phases where rapid changes in
parameters are ey>ectcd. For economy, less frequent points should be selected during phases
where quiescent conditions are eq>ected.

Calculations typically are accomplished using multiple restarts. For example, a new problem
is run from 0 to 10 seconds. This early pmtion is analyzed and rerua from time icro as errors are
corrected. When a successful calculation to 10 seconds has been made, a restart run is made

(e.g., froni 10 to 30 seconds), and so on. RiiLAP5 provides the flexibihty to change virtually any )
feature of the model at any restart point. When model changes are incorporated on restait, the ;

restart / plot file tellects those changes only after the point in the calculation where they wem
implemented. In the above example, if an mjection system is added to the model at 10 seconds, '

then data for the added components exists only for times after 10 seconds. Model additions,
deletions, and changes are permanently implemented, if a model change is made at 10 seconds,
the revised model remains in effect unless further modifications are made at subsequent restart

points.

Wher, a calculation has been completed, the restart / plot file b:comes a valuable record of j
.

the calculation.11 lost, replacing it would require reperforming the calculation, generally at ;

considerable expense. At any later date, the file may be accessed and previously unaccessed data
may be obtained as needed to extend analysis. Therefore,it is recommended that the restart / plot

~

files of important calculations be protected securely and permanently.|

1

3.2 Calculational Node And Mesh Sizes|

|

| l

j This section provides guidance for selecting the nodal sires of hydrodynamic cells end the
mesh sizes of heat structures. ;

i
For economic reasons, the numbers of hydrodynamic cells and heat structure mesh points in

general should be minimim! The computer run time needed to execute a problem simulation is
determined almost comple,y by the number of hydrodynamic celb in the model. De number of
heat structures generally increases in tandern with the number of cells. Therefore, a major
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'

cronomic benefit is gained by limiting the number of hydrodynamic ceds in a model. Some
additional economic benefit may be obtained by minimiting the number of i sh uints within the
heat structures.1.imiting the number of other model features (such as trips and control variables)
provides only minimal econonde benefits, i

'
There is an additional motivation for employing the largest calculational cells possible.

When small cells are used, the time step site is reduced as a result of the rnaterial Courant limit,
,

The Courant limit, discussed in Settion 3.1, limits the calculational time step based on the ratio of '

cell length to fluid vehicity,
i

The process of rninimiting model site must, however, alwap consider the phenomena to be ;

modeled; minimizing must not proceed past the point where important phenomena are excluded
from the simulation. This consideration is complicated, however, because the importance of ;

phenomena saries from one region of the model to another and h strongly affected by the
'

transient to be simulated. For example, the important model regions and simulation phenomena
for small and large break loss of-coolant accidents are dramatically different; therefore,

,

appropriate modeling for these two sequences varies dramatically,

in summary, +he mr.xicler should select the minimum number of hydrodynamic cells and
heat structure mesh points needed to calculate the important phenomena for the simulated i
transient. Tids guidance suggests that a general model (i.e., one that is to be used to simulate i

many different types of transients) should contain sufficient noding detail for all phenomena
anticipated. If the important phenomena are uncertain, a detailed noding scheme should be
employed. Conversely,if the important phenomena are well known, nodalization of the
non critical model regions may be simplified. Il sufficient time and funds are available, it is

'r; commended that a general model of a reactor splem be assembled first. Analysis using the
general mmlel will then provide the information needed to determine what model simplifications
are appropriate. The following sections provide additional guidance concerning hydrrxlynamic cell
and heat structure siting. General suggestions for appropriate naling may be inferred from the
example problem applications in Section 5.

I

3.2.1 Hydrodynamic Cell Sire

As discussed above, large hydrodynamic cell sizes should tr used for economic reastms.
Ilowever, in each region of the model, the detail of the calculational cells must be sufficient to

allow the simulation of important regional thermal hydraulic phenomena. As a starting point, cell
lengths of 1 to 3 m (3 to 10 ft) are recommended in phenomena-dominating regions (e.g., reactor
vessel, pressurizer, and steam generator) of a light water reactor model. Ccils of much longer
lengths we appropriate in less important regions of the model (e.g., the feedwater train and steam
lines). Ihample models, with nodalization schemes that have evolved over years of experience,
are provided in Section 5. The cell sizes presented in these applications may be taken as
guideline recommendations for modeling light water reactors. For totally new applications or
where the calculation results may be particularly sensitive to the model discretization, a
convergence study is recommended to ensure that a proposed nodal layout is adequate,
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Gwx! modelmg practice includes blending the transition from regions of Srnali cells to
'

regions of large cells. For this blending,it is recommended that the volumes of adjacent cells not
dif fer by more than an order of rnagnitude.

Other considerations affecting cell site selection are the locations of natural boundaries.
How connections, and instruments within the prototype Guid system. Gmxt mateling practice
includes plaung junctions at natural Ocid system txiundaries and at now loss features (such as
support plates, grid i. pacers, bends, and orinces). Using this practice, the tiow loss is placed at the
proper location with respect to the Guid volumes. For similar reasons, the placement of junctions
at now connection points is a good practice. Cell slie se!cction should also consider placing
nulel features at prototypical instrument kications (e.g., placing a cell center at the location of a
prenure tap or a junction at the h> cation of a Dow meter). This practice facilitates the use of the
code output because the calculated and measured data are directly comparable without further
ef for t.

3.2.2 Hont Structure Mosh Size

As stated above, the computer run time of a model may be improved if the namber of heat
structure nodes are limited. He minimitation process involves a trade-off between the number of
nodes and the calculation error. The fewest number of rules, consistent with acceptable
calculational error, should be used.

To demonstrate this trade off, consider the simple cylindrical heat structure portrayed in
Figure 3-4. The inner surface includes a convective boundary condition of Duid, the outer surfac :
is insulated. The code-ca'culated heat transfer to the Guid is an approximation based on a
finite difference conduction soluti. within the heat structure and an assumed heat transfer
coefficient on the inner surface. "Inc heat transfer coef0cient is based on the calculated now
regime and may involve considerable uncertainty (perhaps 50%). %e question to answer is this:
"How many heat structure nodes are needed so that the conduction solution error is acceptably
small in 'he context of the overall uncertainty?" He error in the conduction s,olution will be a
function of the speed and magnitude of the thermal transient. Rapid transients invohing large
terrperature chanres will result in the largest errors, The conduction solution enor may therefore
be bounded by esaluating he effects of an instaritaricous change in the inside surface temperature
by the largest anticipated temperature change. His evaluation tny be facilitated by using a
simple RELAP5.nodel of a representative heat structure and performing a noding sensitivity
study.

In practice, the effort required to perform the above trade off is justified only when the
temperature solution within a heat structure is of particular signincance to the problem. Instead,
the number of heat structure nodes is typically selected by corvention (some of which were
develooed by undocumented convergence studies such as desc ibed above). These conventions
presciibo the use of 2 to 12 nodes. Recommended numbers of nodes include 2 for steam
generator tubes,4 for passive heat structures such as pipe walls, and 12 for fuel rcxis. For a new
application,it is recommended that 6 nodes be used as a starting point for analysis. RELAP5
requires that a node be placed at the interface between two heat structure compositions (such as
between a stainless steel clad and carbon steel pipe). Within each composition, nodes are
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typically distributed at even intervals with a higher density of nodes used within thermally thick
regions or where n-eded for resolution of heat source dist:ibution within the thickness of the
composition.

A special recommendation is made for the gas gap region within a fuel rod. To avoid
calculational dif0culties resulting from the very low gas gap thermal capacity, it is recommended
that no heat structure noJes be placed within the gap region (i.e., between the node on the outer
surface of the fuel pellet and the inner surface of the clad).

De user should avoid the temptation to economize by reducing the number of heat
structures. Reducing heat structures may lead to signincant misrepresentations in the computer
model. Furthermore,if the user develops the hydmdynamic portions of a model first, the heat
structure models may be developed only as an afterthought. With this process, the heat structures
involving the plant energy bahnce (e.g., fuel rods and steam generator tubes) are included in the
model: however, passive heat structures (e g., piping walls) often are neglected. Ignoring passive
heat structures is a common modeling error. Their metal heat capacity is a large fraction of the
Guid heat capacity in a plant. It is highly recommended that the hydrodynamic and beat structure
input associated with each calculational cell be developed at the same time. In this way, the
importance of heat structures to the overall problem may be considered concurrently with the
hydrodynamics, a much more satisfactory model development approach.

3.3 General Option Selection

Guidelines for the selection oloptions cominon to all components are presented in this
section. Guidelines for option selection upplicahic to a speciDe component (e.g., valves or pumps)
appear in Section 4. The following subsections present general guidelines for selecting volume
options, iunction options, initial conditions, and boundary conditions.

3.3.1 Volume-Related Options

ne volume related options are selected by the volume control Dags that are required input
for each hydrodynamic volume. %e volume contrcl Dags are input as a packed word of the
format "pvbfe." The default options, obtained by entering (XXXXI, are generally recommended for
use,

ne p Dag specines whether the water packing scheme is operative. De p = 0 option
indicates water packing is to be ased, and p = 1 indicates it is not to be used. This is a new
option in RELAPS/ MOD 3; previously, the user did not have the option of deactivating the water
packing scheme. It is recommended that the p = 0 option generally be used and the p = 1
option be reserved for situations where calculational dif0culties are caused by repeated water
packing occurrences. For TMDPVOL, SEPARATR, JETMIXER, TURBINE, PUMP, t.nd
ACCUM components, the p Dag is not used and 0 should be entered.

The v Dag specifies whether the vertical stratification model is to be used. De v = 0
option indicates the vertical stratification model is to be used, and v = 1 indicates it is not to be
used. This is another new option in RELAP5/ MOD 3; previously, the user did not have the
option of deactivating the vertical strati 0 cation model. It is recommended that the v = 0 option
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generally be used. The v = 1 option is reserved for situations where the calculated tettical

(qU;
TURBINE, PUhtP, and ACCUh1 components, the v Dag is not used and 0 should be entered.
stratincation behavior is not desired. For ThtDPVol, SEPARATR, JEThilXER, ECCMIX,

The b Hag specifies the interphase friction model to be uud. De ' e 0 option indicates
that the normal pipe mterphase f riction nuxlel is to be used. He b = 1 option indicates that the
rod bundle interphase friction model is to be used. This is a third new option in
RELAP5/htOD3; previously, the user did not have a choice of interphase friction rnodels. %c
b = 0 option is generally rewmmended. For modeliegions with bundle geometries, such as
steam generator "ondary boiler regions and reactor core regiom, the b = 1 option is
recommended. There has been little user expciience with the new bur.dle interph%c friction
model. For SEPARATR, JEThilXER, ECChilX, TURillNE, PUhiP, and ACCUhi
components, the b Dag is not used and 0 should be entered.

The f Mag indicates if wall friction is to be calculated. %e f = 0 option specines that wall
friction is to be calculated, and the f = 1 nag indicates wall friction is not to be calculated. The
f = 0 option is generally recommended. De I = 1 option is reserved for special situations where
wall friction is undesirable. His situation might arise when a simplined model is constructed of a
complex Duid region, in such situations, the input cell length (or that implied from volume and
area) may be much longer than is prototypical. The f = 1 option could be used in this case to
eliminate the excessive wall friction resulting from the long apparent celllength. For
SEPARATR and PUh1P components, the f Dag is automatically set to 1, regardless of the value

m set by the user.

U)(

Le c Dag indicates whether phasic nonequilibrium or equilibrium options are to be used.
In this terminology, *nonequilibrium" implies that the liquid and vapor phases mey be at different
temperatures. Conversely," equilibrium * implies that the phases are constrained to be at the r,ame
temperature. The c = 0 Dag indicates nonequilibrium assumptions are to be used; e = 1
indicates equilibrium assumptions are to be used. Th e = 0 option is generally recommended.
The c = 1 option is reserved for special situations where the nonequilibrium assumption causes
difficulty in obtaining a reasonable solution because of insuf0cient thermal mixing between tbc
phases. An example of the equilibrium option aiding a simulation is the downcomer of a
once through steam generator, insufficient interphase condensation may prevent flow of
sul0cient steam through the aspir%r; changing to the equilibrium option may enhance the
condensation and i:nprove the aspirator Dow. Another example is the upper pressurizer dome
region when spray is operating and the pressuriter levelis high. In this situation,insufneient
interphase condensation may be calculated and changing to the equilibrium option may improve
the simulation. For ACCUht components, the e flag must be set to 0.

3.3.2 Junction-Related Options

The junction related options are selected by the junction control Dags that are required
input for all junctions except time-dependent junctions. The junction control Dags are input as a
packed word of the format ''fvcahs." He default options, obtained by entering 0(KKiOO, r.re

m generally recommended for use.

(v)
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ne f flag specines whether the countercurrent flow limiting (CCf1) model is operative,
ne f = 0 option indicates the CCFL model is not to be used; f = 1 indicates it is to te used.
His is a fourth new option in REIAP5/ MOD 3. Previously, a CCFL model was not available and
little user experience exists. It is recommended that the f = 0 option be generally used and the
f = 1 option be reserved for situations where CCFL phenomena are expected. For junctions
associated with SEPARATR, JETMIXER, ECCMIX. TURillNE, and ACCUM components, the
f flag is not used and 0 should be input.

The v Dag indicates the operative horizontal stratification option. This flag allows the user
to specify a junction at a pipe centerlino (the default and generally recommended option), or on
the top or bottom of a pipe. The v = 0 Dag indicates a junction at the pipe centerline. De
v = 1 Dag indicates an " upward oriented" junction (i.e., a junction on the top of the *from"
volume), and the v = 2 fiq indicates a " downward oriented" junction (i.e., on the bottom of the
"from" volume). De v = 3 option permits the user to deactivate all horiruntal strati 0 cation
junction logic. Whenever a volume is in the horizontal stratined tiow regime, the v = 2 and
v = 3 options allow the adjacent junctions to pass only stearn from an upward oriented junct!on
and only liquid from a downward oriented junction.

The c Gag indicates whether the choking (critical Dow) model is applied at the junction.
The c = 0 Dag indicates choking is active; the c = 1 Dag indicates it is not active. It is
recommended that the c = 0 Ung itenerally be used.

The a Hag indicates the operative area change option. De a = 0 flag indicates the smooth
area change model is to be used; a = 1 indicates the abrupt area change rnodel is to be used For
each junction, the user should consider the geometry of the fluid region to be modeled. In the
absence of sharp edged area changes, it is generally recommended that the a = 0 option be used.

'

For junctions imolving a sharp edge area change the a = 1 option is recommended. For motor
or seteo valve components, either the a = 0 or a = 1 option may bc usco. Ilowever, if the a = 0
option is used, a valve Q table must be ;nput;if the tuhle is not input, the a = 1 option must be
used. For att other types of VALVE components, the a = 1 option must be used. The abrupt
area change model determines an appropriate junction flow loss based on tbc flow areas of the
junction and adjacent volumes and is suitahic for modeling geometries such as pipe to. plenum,
plenum to-pipe, and orinces. The abrupt aica change now loss is calculated internally by the
code and is additive to any user-input now loss for the junction. His additive property allows the
user to combin: the code-calculated area change loss with other losses, such as bend losses, at any

junction.

The h Dag indicates the phasic velocity assumption to be used at a junction. The h = 0 flag
(the recommended option) specifies a nonhomogeneous assumption. With this option, the
two velocity momentum equations are solved and different vapor ano ihuid phase vehicities are
calculated. De h = 2 Dag indicates a homogeneous assumption; the vapor and liquid phase
velocitics are constrained to be the same.

The s Dag is used to implement the crossuow model. For each nydrodynamic cell, the main|

| Dow is assumed to enter at the inlet face and exit at the outlet face. Junctions on these faces are
termed " normal" junctions. A " crossflow junction is one connected directly at the cell center, not
at the cell faces, ne s = 0 flag indicates a normal junction and this is generally recommended.

1
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For situations where it is desired to connect a junction at the cell center rather than cell face, the
cross 00w option is implemented by using an s = 1 flag (if the 'to" cell is a crossuow volume), an
5 = 2 Dag (if the 'from" cell is a crounow volume), or an s = 3 flag (if both *to" and "from" celk
are crounow volumes). 'lhe crossflow option permits the user to simulate multidimensional flow
geometries. 'the user should be aware, however, that a crounow. linked nuxlel does not provide a
true three. dimensional modeling capability because the momentum flux term is ignored foi
cronnow junctions.1herefore, it is recommended that the crossuow junction be avoided in
k> cations where the transverse (crounow junction) vekwity is comparable to or greater than the
longitudinal (normal junction) vek> cities. A crossuow option may not be specified for junctions
anociated with PIPE, JETMINER, val.VE. and PUMP components. For ACCUM components,
the s = 2 and a = 3 options are not allowed. Specific eumples of cross 00w junction applications
are presented in Section 3.4.

3.3.3 initial Condition Options

'the user is requitec .o specify initial conditions for hydrodynamic volume Duid states,
hydrodynamic junction flows, heat structure mxial temperatures, and control variable states. In
addition, the user has the option to specify the initial status of trips. Guidelines for each of these
specifications are discussed separately in the following sections.

1he user shouki carefully consider whether a large effort is needed to specify exact initial
conditions for hydrodynamic features. In most cases, this effort is not required and can prove
counterproductive in some cases. When building a new model,it is suggested that only very crude
initial conditions be specified and the code be used to calculate the steady initial conditions
needed as a starting point for transient calculations. For example, allinitial fluid temperatures
might be set to the cold leg temperature, all initial pressures set to the cold leg pressure, all initial
velocities set to zero, and all heat structures and control variables allowed to initialire themselves.
'the model is then bnmght up to the dcaired steady conditions by gradually introducing the fluid
flow and heet addition boundary comtitions. This simple initialization process is much more
economic than attmpting to specify euet initial conditions for each model feature.

3.3.3.1 Volume fluid State initlalizaHon. The initial hydrodynamic volume Guid state is
specified using the Ouid state control word.1his is a packed wurd with format "cht.' 1hc
e option specifies the fluid, the b option specifies whether loron is present, and the t option
specifies the manner in which the two to five remaining input words are interpreted by the code.

It is recommended that the fluid be specified for each fluid system using either the default
assumption (steam / water) or the 120129 ser;es of Duid system control cards (see Section 4.2)
rather than using the e option for each cellindividually. Therefore,it is generally recommended
that either e = 0 be ernployed or, equivalently, the e digit omitted.

Options using t = 0 through t = 3 specify a single-component Duid (as indicated by the e
option, the fluid system cards, or by default), while options 4 through 6 specify a two-component
condition (steamkater and non-condensable gas). Using options 0 and 6, considerable effort is
needed to develop the input needed. It is suggested that the user avoid these options when

'

ponible. For PWR and BWR applications, options 2 (pressure and quality in equilibrium
condition) and 3 (pressure and temperature in equilibrium condition) facilitate Guid state

'
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specification in all regions of the reactor coolant system. Option 2 is recommended for steam
regions (e.g., steam lines and steam domes) and twu-phase regions (e.g., pressurizer level
interface, boilers, and IlWR cores). Option 3 is recommended for subcooled liquid regions (e.g.,
cold legs, hot legs, and PWR corcs).

To include either boron or non-condensable gas capability, it is not necessary to identify the
capability in every cell of the Guid system (by specifying b = 1 for boron or i = 4,5, or 6 for
non-condensable gas). Iloron concentrations and non-condensabic gas qualities only need to be
specined in cells where they are initially nonzero, if present in any cell of a Huid sptem, boron
and non-condensable gas rnigration is automatically tracked by the code throughout all cells of the
system.

3.3.3.2 Juncilon Flow inillalizaffon. 'Ihc initial hydrodynamic junction How condition is
indicated by the control word (0 = velocities specified and 1 = mass now rates speciDed). Using
either option, velocities or mass How rates for both the liquid and vapor phase are input. As
indicated in Volume 2 (Carlson et al.,1W0a), the user must al.m input a zero interface vekicity;
this input vehicity is not currently used by the code. 'The choice of entering vekicities or rnass
How rates is usually determined by convenience and by availability of information.

A common user error is to mis-specify a junction initial condition, which causes an
unintended step change in the code calculation. Often, this error results in a water property
failure shortly after the calculation is initiated. To avoid difficulty, the user should ensure that
each junction initial condition specified is consistent with the Guid state of the upstream cell and
with the initial conditions of the upstream junctions.

3.3.3.3 Heaf Structuro initialization, ne initial heat structure state is speci0ed by the
steady 4 tate initialization Dag (word 4 on the first input card of each heat structure), if a 0 Dag is
used, the initial heat structure node temperatures are set to those input by the user. If a 1 Dag is
used, the initial heat structure node temperatures are calculated by the code based on steady heat
transfer considerations and the initial Guid conditions of the adjacent hydrodynamic cells. Note
that the user must input the required number of initial temperatures, even though they are not
used when the 1 Dag is used. In general, for new models it is recommended that the 1 Dag be ,

used. The choice of the heat structure initiahtation Dag is particularly important if heat structures
are reinput on restart during the course of a transient calculation. The user should be aware that
in this situation, the 0 Hag shou!J be used to specify the node temperatures. A common error is
to have the 1 flag set, resulting in a step change in heat structure temperatures at the restart time.

3.3.3.4 Control Variable intflalization. Control variable initialization is determined by
the initial value Dag (word 5 on the first card of each control variable input). If the 0 Rag is used,
the initial value specified in word 4 is used as the initial condition. If the 1 flag is used, the initial
condition is computed based on the control variable format and the initial values of any

| referenced parameters.
|

t

i The user is cautioned that control variable references to thermohydraulic parameters are
always evaluated in international System of Units (SI) units, even when British units are speci0ed
using the problem control option. Another caution regards the sequence used to evaluate control
variab!cs. Control variables are evaluated last (i.e., following hydrodynamics, heat structures, and
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trips) and in numerical order, it is not pwsible to recommend the general use of a 0 or I control
variable initialization flag. 'lhe user should determine which option is most appropriate for each
contr ol variable.

3.3.3.5 Trip Initialization. 'lhe capability, but not the requirement, to specify an initial
trip status is available for both variable and logical trips. This specification is made using the
TIMEOF quantity (word 8 on variable trip statements and word 5 on logical trip statements). If a
false initial condition is desired, .1 is entered. If a true initial condition is desired, a non negative
floating point time is entered. For most new and restart problems,it is recommended that the
true initial condition be attained by entering O. Fot restart problems a positive TIMEOF quantity

provides a mechanism for specifying a *last turned truc* time before the restart time. This
capability allows the trip history to be retained when a trip is reinput on nestart.

3.3.4 Boundary Condition Options

it is enential that appropriate boundaries for a model be determined early in the modeling
pmcess. Pmceeding without this consideration is a signilicant modeling error that may lead to
incorrect analysis conclusions. Tbc appropriate model boundaries are those for which all ext rnal
influences may be condensed into a known set of conditions at the boundary k) cations. This
consideration often involves engineering judgments. A large boundary condition uncertainty is
acceptable if its effect on the modeled pn> cesses is small however, a small boundary condition
uncertainty is unacceptable if its effect on the modeled processes is large.

Depending on boundary condition assumptions, models are often categorized as ' separate
effects" or "sygems effects" models. The difference is the extent of model reliance on boundary
assumptions. An example of boundary conditions for a separate effects model is shown in
Figure 3 5. The model represents e PWR core region and is intended to investigate reflood
phenomena. The boundary conditions specified include the inlet liquid temperature, the inlet
coolant vehicity, the outlet pressure, and the core power. In combination,'these assumptions are _

highly uncertain because they likely either assume constant pressure, vehicity, and temperature, or
assume knowledge of how these parameters vary with core response. Der.pite the uncertainties,
the separate effects model is valuable because it facilitates study of kicalized model performance
and nodalitation sensitivities.

.

The simplified PWR diagram shown in Figure 3-6 provides an example al system model
toundary conditions. Fluid pressure boundary conditions are applied for the outlets of the
pressurizer, steam nerator safety valves, and power-operated relief valves (PORVs), and for the
turbine. Fluid temperature boundary conditions are applied for the safety injection, makeup, and
main and auxiliary feedwater systems. Fluid flow boundary conditions are applied for the safety
injection (high-pressure and low-pressure injection), makeup, main and auxiliary feedwater
systems, and for the main coolant system recirculation (by way of pump speed control). lleat >

source boundary conditions are applied for the core power and pressurizer heaters. In addition,
adiabatic surface boundary conditions are typically assumed on the exterior of insulated piping.
Compared to the separate effects model described above, the systems effects model boundary
condition assumptions clearly are more certain because they include measured or atmospheric
pressures, measured temperatures. and measured flow rates.

3 25

- - _ . _ _ _____ _ ____ . . . . . . . .



. . _ _ _ _ . . . . _ _ _ _ _ . _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ . _ . - _ _ . _ _ _ . _ _ _ _ _ _ . _ _ _ _ . . _ _ _ _ _ _ _ ___ ..

O

i

i _. __

Ouget PremeTMDPVOL ,

specified

|

| SNGJUN

x
.. . . - - . . . _ . . .

.m . - - . . .

~\ ,
~ . - - - . . - . _ ,

Heat N
i

Structure 'x "+t Core
< N

._.

s
- _ . - _ . _ - . _ _ .

(Core Power Specified) ,?x _ _ _ _ . _ _
N

_hl
T MDPJUN -- Inlet Vedumetr,ic

now Rote Specified,

/ Liquid Temperaturch {TMDPVOL --( opeci ied /f

- a .n. . . n

Figure 3 5. Example of separate cffects core model.
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Boundary condition summary

N o. Type Comment

1 Flow Pump speed deterrmnes coolant flow

2 Power Core power from table

3 Pressure Turbino pressure

4 Flow HPl/LPI flow vs cold leg pressure

5 Temperature HPl/LPI fluid temperature

6 Flow Makeup flow vs. prest,uriter level

7 Temperature Makeup fluid temperature

B Flow Feedwater flow

9 Temperature feedwater temperature

10 riow Auxiliary feedwater flow

11 Tomparature Auxiteary feedwatet temperature

12 Pressure Atmospheric for t.afety discharge

13 Prerauro Relief tank for PORV discharge

14 Power Pressurizer heater power

16974

Figure 3-6. Simplified diagram of PWR sptem model boundary conditions.
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Discussione regarding the application of fluid state, fluid now, and heat transfer boundary
conditions are presented below.

3.3.4.f fluid State Boundary Condiflons. A Guid state boundary condition (pressure,
temjvrature, quality, or void fraction) is implemented with a tirne-dependent volume
(Th1DPVOL) component. 'this name is inaccurate; originally, Guid conditions could be speciGed
only as a function of problem time. Current TMDPVOL capabilities include varying the fluid
condition in any mannes and as a function of any problem variable the user desires. Detailed user
guidelines for time dependent volumes are found in Section 4.6. 'The remainder of this section
regards their use for specifying boundary conditions.

The TMDPVOL provides the user with a mechanism for absolutely defining the fluid
condition at a point in the model. 'lhe user should consider that a TMDPVOL acts as n infinite
Guid source or sink. Its conditions remain unchanged (or vary) as requested, but are invariant
with innow or out00w. In nuclear safety systern model app!ications, the need to define the Guid
state is typically encountered in two situatione de0ning back pressures and denning liquid
ternperatures.

Examples where back pressures are required include the discharges of valves and bicaks,
and the turbine header. Valves that discharge to the atmosphere typict.lly are modeled using a
constant pressure TMDPVOL at the discharge. In addition, for valves that discharge into a
complex piping network. the user has the option of (a) modeling the network to a point where
the pressure is well known, or (b) estimating the pressure drop through the network and adju: ting
the TMDPVOL pressure at the valve accordingly.

Esamples where ligt sd temperatures are required include the sources for main and ausiliary
feedwater, safety injectia. and makeup. Typically, these applications assume a constant liquid
temperature. However, the capability exists, if the user desires, to include other effects such as a
change in liquid temperature as a result of sweeping warm liquid out of a line.

3.3.4.2 fluid Flow Boundary Condiffons. A fluid flow bouadary condition (vehicity or
mass flow rate) is implemented with a time-dependent junction (TMDPJUN) component. This
name is also inaccurate because originally, fluid flow could be specified only as a f.metion of
problem time. Current TMDPJUN capabilities include varying the Dow condition in any manner
and as a function of any problem variable the user desires. Detailed user guidelines for
time dependent junctions are found in Section 4.6. The remainder of this section regards their use
for specifying boundary conditions.

The TMDPJUN provides the user with a mechanism for absolutely defining an innow or,

outuow at any kication in the model. The TMDPJUN speci0 cation must consider the conditions
i

in the upstream volume. If a constant upstream Duid state is specified with a TMDPVOL, then
; the TMDPJUN may use either a vehicity or an equivalent mass How boundary condition.

However, care should be exercised if the upstream Guid state may change during the course of at

problem. Consider a problem where the upstream TMDPVOL conditions change during the
! course of a transient. In this situation. the TMDPJUN will continue to supply the user-requested
i volumetric or mass flow condition, depending on whether the vekrity or mass now option is used.
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Note, however, in this situation that tb nonrequ2sted rate (mlume or mass) will change as a
result of the change in the upstream condition.

In nuclear safety system matel applications, the need to dcEne a flow condition is
encountered at injection sites for feedwater, auxiliary feedwater, safety injection, and makeup. In
these situations,it is recommended that the injection Guid temperature be deGned using a
TMDPVOL component and that a ThtDPJUN component draws Guid from the ThtDPVOL and
injects it into the reactor coolant system. For situations where the injection How is known as a

,

function of the reactor coolant system pressure (such as for safety injection), delivery curves can
be incorporated into the TMDPJUN. His is accomplished by specifying the ThtDPJUN Oow as
a function of the adjacent reactor coolant system hydrodynamic c-4 pressure.

The use of ThtDPJUN components for specifying ou*.Dow from the reactor omlant system
or ir.ternal flows within the reactor coolant system is not recommended because the upstream
fluid coaditions may change rapidly, causing solution dif0cuhies. An example of this situation is
the letdown system of a PWR. Assume a ThtDPJUN is used to model the letdown as a constant

,

mass Dow f rom the cold leg to a ThtDPVOL With this model, the same mass now rate of liquid
will be removed from the reactor coolant system, regardless of the fluid condition within the cold
leg. If the model is used in a transient where cold leg voids appear, then the code will encounter
difficulties in attempting to continue removing only liquid from a cell where both liquid and vapor
are found. The difficulties can be circumvented to some extent by specifying a volumetric rather
than mass now condition. With this method, however, the user must understand that the
volumetric Dow will continue, even if two. phase fluid or single. phase steam is present in the cold

f, leg. A preferable methmi for modeling the letdown is to use a VALVE component connected to
,

a ThtDPVOL ne VALVE is sized to pass the desired normal now and the pressure in the'

ThtDPVOL is specified to best simulate the letdown now response during transients.

3.3.4.3 Heaf Structure Boundary Conditions. Several boundary conditions may be
speciGed using heat structures. Ileat sources may be specified within a heat structure. nese
sources may be determined either by evaluating a general table (such as one specifying the
American Nuclear Society (ANS) standard decay heat following a reactor trip] or by the output of
the reactor kinetics model. A variety of options are available for applying external boundary
conditions on the surfaces of heat structurer. The most common heat structure surface uternal
boundary condition is adiabatic. In general, the adiabatic boundary condition is satisfactory for
the external surfaces of insulated reactor coolant system pipes. Ilowever, for particularly long
transients, heat kiss to the environment can become an important effect. The code user should
ensure that this is not the case prior to generally applying the adiabatic surface opti" Other
heat structure surface boundary options allow the user to specify surface temperature, i. eat
transfer coef0cient, or heat flux as an external boundary assumption. Further discussion of heat
structure boundary conditions appears in Section 4.7.

3,4 Special Model Appilcations

This section describes several special application techniques.

O
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3.4.1 Dreak ModelinD

A common code application is simulating a loss-of-coolant accident (LOCA) invc'ving the
full or partial rupture of a emlant pipe within an sit filled containtnent. These applications may
invohc experimental facility or full scale plant LOCA simulations.

The need to adequately measure the break Dow in an esperimental facility usually dictates a
complex experimental break geometry to provide clearance for instrumentation. 'lhe
experimental facility break design often involves a side pipe leading from the broken pipe to a
break orince and valve. 'this complex design is best modeled in detail (i.e., the geometry
upstream and downstream of the break should be modeled directly). Courant limiting
considerations will be important in this application because the Huld velocities in the pipe leading
to the break will be large. In most analy:.es of experimental facility LOCAs. benchmarking the
break flow path has been necessary to compensate for uncertainties in the break path resistance
and the code break Dow models. The benchinarking procer.s consists of using experimental data
that characterize the break resistance to adjust the model now losses for an adequate comparison
between measured and calculated break Dow. The adjustment is typically accomplished by
adjusting the dischargc coefficients on the break junction.

For full scale plant applications the break modeling process typically is more
straightforward because the break geometry is simpler. Common LOCA applications for full scale
plants include the opening of circular breaks on the top, side, or bottom of a coolant pipe and the
double-ended break of a coolant pipe. For full scale plants, breaks typl: ally are assumed to open .

instantly. Figure 3-7 shows a recommended nodalization for modeling small and double-ended
breaks in a coolant pipe, in both applications, the broken pipe is simulated with vWmes 110 and
120.

The small communicative break is simulated by adding single junction 950 and TMDPVOL
960 to the existing hot leg pipe model. De term " communicative" implies a portion of the normal
flow through the pipe continues after the break is opened. Note that the break components may
be installed on restart, at the time of break opening, by including components 950 and 960 in the
input stream. Break junction 950 should employ the abrupt area change option, simulating the
combined Gow losses associated with the sharp-edged area reduction from the pipe to the break
plane and the sharp <dged expansion from the break plane to the containment. Junction 950
should employ the choking option and be initialized et a zero Dow ondition. The junction
control Dags provide the capability to k>cate the break on the top, side, or bottom of the pipe.

TMDPVOL 960 simulates the containment into which the break discharges; this implies the
containment state is a imundary condition in the calculation. Frequently, a constant. pressure
containment assumptiva is used. If the containment pressure resp tse is known (e.g., as a
function of the integrated break flow), then that response may be included in the Sirautation. For
the double-ended break the nodalization includes two break junctions and two TMDPVOla, as
shown in Figure 3 7. Note that two TMDpVOLs are needed because no more tha'a one junction
may be attached to a TMDpVOL As for the small break, the break junctions shnuld employ the
abrupt area change and choking options. Care should be used when specifying the initial break

@
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Figure 3 7. Coolant system break mateling.
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conditions, in the example shown, the initial mass flow rate for junction 950 should be positive at
the same rate as at the inlet to volume 110; the initial n. ass Dow for junction 970 should be

negative and of the same magnitude.

In the above examples, the breaks also could have been implemented by including trip valve
components at the break junctions in the original matel rather than by adding them on restart.
The valves would then bs tiipped open at the time of the break. Using this technique, the breaks
may te opened at any time, not just at a testan point.

The containment condition specification is more important in some applications than in
others. For small break applications, the primary coolant system depressurization typically is
small, the pressure drop across the break remains large, and the break Dow remains both choked
and positive (into the contain+ ;nt). The containment conditions specified in this situation are
not particulady significant to the milion. 'the problem is only w derately sensitive to the

g

containment pressure and is inwusttwe to its gas species. Ilowever, for large breaks, transitions*

between chcked- and friction-dominated now, and intermittent reverse Dow from the cantainment
are likely. In this case, it is important to adequately specify the contain-nt conditions.

For some problems where the response of the containment is particularly important, it may
be possible for an approximation of the containment behavior to be included tu a part of the
model This could be accomplished by modeling the containment and the actual containment
mass and hes.t balance.. The code has not been extensively applied in this manner, however.

As a final note, the analyst should appreciate that critical break now simehtion represents
an area of wignificant uncertainty. For some problems, this uncertainty may be a controlling factos
for the outcome of the simulation, it is therefore reco nmended that care be taken to

independently check code-calcult.ted break Dow results either against experimental data in similar
geometties or egainst standard critics now correlations.

A recommended procedure for correctly specifying the break area and discharge coefficient
is linked to the break scenario, the break plane geometry, and whether any data exists for that
geometry. Assuming a discharge coefficient of 1.0 is valid, the following generalities are known
concerning the RELAP5 critical Dow matcl:

i

For subcooled conditions, the REIAP5-calculated Dow is too large. Often, it is.

found that a discharge coefficient of about 0.8 is needed to predict break now in
representative geometries containing break nozzles with length-to-diameter ratios less ,

than 1.0.

For low quality saturated conditions, RELAP5-calculated mass flow rates are too low,-

often by as much as 20%, even when a discharge coefficient of 1.0 is used.

Iligher-quality saturated conditions at the break plane, such as are approximated by.

the homogeneous equihbrium model, are well-simulated with RELAYS.

O
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3.4.2 Boron Model(
,

The boron modcl is implemented by specifying an initial loron concentration in one or
mo:e volumes of a hydrodynamic system. Baron is specified using the V digit of the volume

- initial condition packed control word 'ebt." A value of b=0 indicates no boron is present, bal
indicates bcron is present and requires a baron concentration to be entered as a part of volume
initialization speciGeation.

The boron model provides for tracking boron concentrations from injection sites, around
coolant loops, out of caolant breaks, and through reactor cores. The purpose of baron tracking
usually is to find the boron concentration within the core to determine a corresponding reactivity o

feedback effect, Therefore, it is appropriate to invoke :he toron model only in problems where
core power is calculated using the reactor kinetics model and the core loron concentration is

-

expected to vary. The REI AP5 bmon miel assumes that boron is present only in the liquid
phase and is transported along with the liquid phase. The model should be considered only a
first-order approximation of boron effects because simulations of some potentially important
effects, such as baron plateout and precipitation, are beyond the capability of the model. Note
also that implementing the boron model does not affect the assumed fluid properties (e.g., the
fluid density).

The Imron concentration may be used as a component reactivity for the reactor kineties
core power calculation either using the TABLE 4 reactor kinetics option or through a separate'

reactivity entry using a table or control variable. Using the TABLE 4 method imulves the

-f generation of a four. dimensional table describing the coupled reactivity effects of fluid density,
\ iluid temperature, fuel temperature, and baron. The separate rr.ethod considers the boron effect

simply as an independent reactivity component. The user is cautioned that the baron model has
not been applied extensively.

3.4,3 Non-condensablo Model
-

The non-condensable model is implernented by specifying a non-condensable gas type on
control card 110 and indicating a non-condensable quality on one or more volume initial condition
cardn. A mixture of non-condensable gases may be specified by indicating more than one gas type-

on card 110 and specifying their mass fractions on card 115. However, only one non-condensable
ga! type (or mixture) may be used in a problem, and if an accumulator component is used in the

,

problem, the non.condensable gas must be nitrogen (or include nitrogen in the case of a mixture).
,

1 Available gas types are argon, helium, hydrogen, nitrogen, xenon, krypton, and air.

The non-condensable model assumes the gas is tracked with the vapor phase. Furthermore,
,

the resuiting gas. steam mixture is assumed to be isothermal (i.e., the gas and steam are in thermal
equilibrium). A total pressure is calculated for the gas-steam mixture; the partial pressure of
steam is available as a standard output variable.

*

The uset is cautioned that the non-condensable model has been used only in a limited
h number of applications. Experience has shown that initialization difficulties may be encountered
| } when the t == 6 option (in the volume initial condition packed word "ebt") is used to specify initial

d volume conditions with non-condensables. For this purpose, the t = 4 option is recommended. j
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Further experience has shown that calculational difficulties may be encountered during pericxis
when a mixture of non<ondensable gas and steam is appearing or disappearing (i.e., at very small
void fractions). Circumventing these diflicuhics has required :be analyst to manually (e.g., on
restart) insert or remove vapor to artificially aid its appearance or disappearanec

3.4,4 Heflood Model

The reflood model is implemented by specifying a nonzero reflood candition Dag on the
fuel rod general heat structure cards (format ICCCG000). As described in the user input data i

Irequirements manual (Carlson et al.,1990a), refkxxl may be irutiated when the adjacert volumes
lare nearly voided, when dryout of the heat structure is calculated, or by user-specified trip. He

re00ml option must be specified when the heat structure geometry data are first described. Once
described, the heat structure geometry for the refhxxl structures cannot be deleted or changed.

HeCood is a phase associated with a large break LOCA scouence. Because RELAPS was
imarily as a small break LOCA analysis tool, the renom! model has received only

thant ymental assessment evaluation and independent application experience. Therefore,
few - 4ations regarding reDood simulation and option selection may be made at this time.

ience to date indicates the code time step control features may not be adequate to
problems. Also, the refkx>d model should not be invoked when wall condensation

3)ortant or when non-condensables are present. )

3.e.o Crossflow Junction Model

A hydrodynamic cell is interconnected with other cells through junctions at the cell faces.
Because RELAPS is a one-dimensional code, each hydnx!ynamic cell has two faces, at the inlet
and outlet. The crossuow junction model was developed to circumvent some of the difficulties
arising in applying a one-dimensional code in situations where multi-dimensional phenomena are
present. The cross 00w junction .nodel allows connecting junctions at the cell centers in addition
to the normal junctions at t' e cell faces. When using this capability to join vertical and horizontal
components, it is recommended that the height of the vertical component be made consistent with
the diameter of the horizontal component (however, the height of the vertical cornponent should

not be made less than 1 ft).

De crossuow junction is implemented using the "s" digit of the "fvcahs" junction packed
control word. An s = 0 indicator specifies a normal junction. s = 1 indicates a crossflow junction
where the "to" volume is a crossflow volume. s = 2 indicates a crossflow junction where the
"from" volume is a cross 0ow volume s = 3 indicates a crossuow junction where tx3th the ''to" and
"from" volumes are crossflaw. He crossflow option may not t e specified for junctions associated
with PIPE. JETMIXER, VALVE, and PUMP components. For ACCUM components, the s = 2
and s = 3 options are not allowed.

While the crossflow option provides a tool te simulate Dow behavior in multidimensional
Gow geometries, a crossilow-linked model does not previde a full three-dimensional modeling
capability because the momentum flux term is ignored for crossuow junctions. Therefore,it is
recommended that the crossflow junction be avoided in locations where the transverse (crossflow
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junction) velocity is comparable to or peater than 'he longitudinal (normal junction) vehicities.
Suggested applications of the cross 00w model are presented in the following examples:

6V
Example I-Right Angle Connections

ne connection of a PWR pressurizer surge line to the hot leg is a logical application for
the enssflow caxlel. ' The surge line in many plants enters the top of the hot leg at a right angle.
During noimal opemion, the surge line Dow is nearly zero while the hot leg Cow is large. in
most accident simulations, the pressurizer outsurge rate is small compared to the hot leg flow.

; Furthermore, since the entry is at a right angle, the momentum of any entering surge line Dow
does not have a component in the axial hot leg direction.

A suggestcd nodalization of the surge line/ hot leg connection is shown in Figure 3-8. De
_ local region of the hot leg is represented by components 100,110, and 120; the pressurizer surge,

line is representen by component 550. As discussed previously, it is desirable to model the
coolant hiops symm-trically.' In the loops without the pressurizer, the piping corresponding to

4- components 100,110, and 120 may be lumped into a single pipe componer4t. Syrnmetry may bc

| maintained by siriag the k>op components comparably. Ilowever, to accomplish this requires
placing the center of a hot leg cell in each loop at the location corresponding to the pressurizer

'

surge connection point. He user should therefore lay out the nodalization for the loop with the
pressurizer first because it will define the nodalizations for the other loops as well. ;

In Figure 3-8, components 100 and 120 might be single-volume components and component

[ 550 might be a pipe. The connection would then be accomplished by using a branch for
\ component 110. The branch would include three junctions with positive directions as indicated in

the figure. Junctions 1 and 2 would be normal junctions at the iniet and outlet faces of cell 110.
Junction 3 would be a crossnow junction, and a junction flag (fvcahs) of 010001 would be used.
This junction is therefore specified as cross 00w with component 110 representing the crossflow
volume. The junction is specitied as being on the top of the hot leg pipe. A full
nonhomogeneous solution will be generated, the countercurrent now limiting model is not
operative, and the choking model is operative. Note the a = 0 option has been selected. For
crossflow junctions, the abrupt area change modelis disabled (if selected, an a = 1 flag is
automatically reset to O by_ the code). Therefore the forward and reverse flow kiss coefficients
associated with a 90* tee should be determined independently by the user end manually input.

Example-2 Parallel Paths

Some simulatiori problems may involve relatively minor differences in otherwise similar
parallel flow paths. These differences may result from geometrical or boundary condition
differences. Consider, for example, a core with an inlet now blockage affecting 25% of the core
cross section. To model this situation, the core region may be subdivided into " blocked" and

a. Although many plants and experimental facilities are symmetrical, some facilities are not{g symmetrical. Loop nodalization for nonsymmetrical facilities should be completed on a k>op.
'

specific basis.
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Figure 3-8. Surge line/ hot leg crossflow connection application.
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"unbk)cked" regions. \n examgae nodalization to model this situation is shown in Figure 3-9.
Components 100 through 150 represent the blocked region,200 through 250 the unblocked
region. Inlet now enters only at component 200. The cross 00w model may be used to
cross-connect these parallel flow paths that are hydraulically similar. Normal junctions are used to
connect the cells in the primary now direction (e.g.,110 to 120); cross 00w junctions are used to
connect cells transversely (e.g.,110 to 210). Note that it is not possible to use pipe components
in this application since crossuow junctions may not be connected to the internal pipe cells. With
the nodalization shown in Figure 3-9, fluid mixing will occur between the " blocked" and
"unbkxked" regions of the core, providing a simulation of the now distribution.

3.4.6 Countercurrent Flow Limiting Model

The CCFL model is a new model in REIAP5/ MOD 3 that was not available in previous
code versions. The model has not been applied except for checkout and developmental

assessment applications. The CCFL model should prove valuable for simulating countercurrent
Dow problems; with previous code versions, these phenomena were controlled by the standard
RELAPS interphase drag model.

Example applications where CCFL may be a controlling phenomena are

U-tube steam generator renux cooling mode. Condensate inside the U-tubes mustf
.

| Dow out of the tubes against steam Dowing to be condensed. CCFL likely at the'

tube inlets,

U-tube steam generator liquid holdup. When natural circulation k)op flow is lost
-

f .

during a LOCA, draining of the U tube up0ow leg is opposed by steam flow. CCFL
|
! is likely at the tube inlet and in the vertical section of the hot legs.

Once-through steam generator auxiliary feedwater penetration. Feedwater injected at| .

the tcp of the tube bundle must penetrate downward into the bundle against steam
| flow from the lower bundle region. CCFL likely at the broached. hole tube support
|

plates.

|
The CCFL model is implemented at a junction by specifying f = 1 in the "fvcahs" packed

| junction control word. The Wallis and Kutateladze CCFL correlations (and a Bankoff weighting
of the two) are available. The desired correlation and parameters are specified on the optional
junction CCFL data cards. These cards are of the format CCC1401-CCC1499 for pipe
component junctions, CCC0110 for single-junction and valve components, CCCN110 for branch
component junctions, CCC0110 for pump inlet junctions, md CCC0lll for pump outlet junctions.
In these formats, CCC is the component number and N is the branch junction number.

|
1

While the junction CCFL data card is termed " optional," the junction hydraulic diameter is
specified on the card. If the card is not input, then a default junction hydraulic diameter, based
on a circular junction now area, is used. For noncircular geometries, and for " lumped loop
situations, the code-calculated default junction hydraulic diameter will not be correct. The
junction hydraulic diameter is used in the formulation of interphase drag for all junctions, not just!

| at junctions where the CCFL model has been implemented. Because of this, the word optional

f
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should be interpreted " required for all junctions where (a) the default hydraulic diameter is not;

acceptable or (b) the CCFL model is implemented."

3.4.7 Control System Modeling

REIAP5 control variables provide a general capability for modeling interactions among the
various types of calculated parameters. Control variables may be used to relate the condition of
thermal. hydraulic variables (e.g., temperatures, pressures, and flow rates) with the status of trips.
Control variables aho provide a general data manipuistion capability.- Calculated data may be
summed, multiplied, divided, differentiated, integrated, lagged, or raised to a power. Because the
responses of the control variables may themsches be interrelated, the response of an actual
control system may be simulated.

in a RELAP5 problem, control variables are typically employed la three types of
applications: (a) to include useful " side" calculations in a problem, (b) ta specify complex
boundary conditions, (c) to stimulate the response of a prototype control system during a
calculation. Examples of these types of applications are provided in the following sections.
Specific descriptions of the control variable types and details of the input required appear in
Section 4.11.

3.4,7.1- Useful Side Calcu!a!!ons. Control variables let the user manipulate data during
a calculation and display the resulting response in the printed and plotted output. These data
manipulations during the calculation often aid analpt understanding and reduce post. processing
effort.

\

Examples where side calculations may be useful include tracking of steam generator
seco,ndary side mass, integrated injection flow, integrated break Dow, and total steam generator
heat transfer rate. In some instances, these data manipulations can be performed following the
calculation by operating on the data file. For integrated data, the side calculation is necessary or
the correct data will be lost.

To illustrate situations where side calculations are needed, consider the integrated break
flow parameter. A side calculation of integrated break flow is included in the problem (through

- an integral control variable operating on the break junction mass flow rate). The integrated break -
now will be calculated during each time step of the problem and its value will appear on the
calculation restart / plot file.: The frequency of the data points on the restart / plot do file will be the
minor edit frequency. If this side calculation is not included in the problem, then integrated
break now must be approximated by integrating the minor edit mass How rate data using a
post. processing routine. However, the true integrated break Dow data are lost because the data
on the restart / plot do not include the time steps between the minor edits. Thcrefore, if a r.ide
calculation is not performed during the calculation, the integrated data are lost. To recover it
would require rerunning the problem with the side calculation implemented.

An example of using control variables for side calculations is shown in Figure 310. In this
example, control variable 7 has been developed to calculate tim mass on the secondary side of a
steam generator. The control variable adds the products of the densities and volumes of each of
the 14 hydrodynamic volumes in the model of the steam generator secondary. The densities are'
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As steem generator c secondary side raa s s j

y...._................................................................4
ictivar name type factor init f e i

20500700 *stemass' sum 2.2046 9 3 2 6 C- 0 |

1

n.
activar a0 coeff variable name parameter no. ;

20500701 0,0 15.52 rho 454010000 '

20500702 5.'! rhe 438010000
20500703 3.98 rne 462010000
20500704 1.26 rho 462020000
20500705 1.25 rho 462030000
20500706 0 97 rho 462040000
20500707 7.r0 tho 466010000
20500/08 10.26 rho 466020000
20500709 10.40 rho 466030000
20500710 10.74 rho 466040000
20500711 10.73 rho 470010000
20500712 14.17 rho 474010000
20500713 19 75 rno 478010000

19.68 rho 48201000020500714s mox.nuxaxtxnxsxo:rmx+mnmxantanwuxraxanxu;rx*xn;+xn

Figure 310. & ample of using control variables for side calculations.
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accessed through the specification "tho" followed by the identifier of the hydrodynamic volumes.
3Note that references to these densities will be Si in units (in this case, kg/m ) regardless of the

b units specified for the problem on the units selection control card 102. Overlooking this fact is a
common cause of modeling error. Accordingly, ir this example, the volumes of the hydrodynamic

3cells are trecified in m . Since this model was based on British units, the resulting mass in kg is
canverteu to Ibm using the conversion factor 2.2G46 on card 20500700. Note the descriptive
name "sgemass" is specified to recognize the control variable information in the printed output.

3.4.7.2 Specifying Complex Boundary Conditions, Control variables may be used to
impose virtually any boundary condition on a problem. Ik>undary conditions rnay be tailored to
suit the calculation desired based on user input (e.g., from a table), the current status of any
variabl: in the problem, or a combination of these factors.

To illustrate the power of control variables for specifying boundary conditions, consider the
! following example. Fluid inventory in a plant system is controlled by makeup and letdown

i systems; makeup injects fluid and letdown extracts fluid. In the plant, the letdown now is
returned to a 200(kgal makeup tank through a cleanup system. During normal operation, the

;

; makeup and letdown Dows are balanced. In the model, however, these systems are modeled as
'open loop " The makeup system was modeled using a pump thet draws Guid from a TMDPVOL,
and the letdown system was modeled using a trip valve that allows flow into another TMDPVOL
The decision to use an open loop model rather than a comprehensive closed loop model of the,-

'

system was made because of the complexity of the cleanup system and incomplete information on
its details. Moreover, in this particular case, complete modeling of the cleanup system was

{ deemed unnecessary and representing it with the boundary conditions was considered adequate.
1

[ With the open loop modeling concept, however, a dilemma arises. During a transient, the
d letdown Dow will be terminated and the makeup sptem will draw down the inventory in the

makeup tank. When the tank is empty, the makeup flow will cease. By employing the control
variables and trips shown in Figure 311, this makeup flow termination was realistically included in4

. the simulation.
:
f

Trip 550 is used to determine the letdown status. - Letdown now is to be terminated when
,

! the pressure at the core inlet (p 505010000) falls below 3.42178 MPa. Prior to that occurrence,

; trip 550 is false, afterwards it is true. The status of this trip is used to control the letdown valve
position. The valve is open when trip 550 is false and closed when trip 550 is true. Valve control
is accomplished by using a trip valve that references the inverse of trip 550 (specified as -550).'

| Trip 550 also is used to provide a binary indication of letdown isolation; this is
; accomplished with trip unit control variable 801. As shown in

| Figure 3-11, this control variable will have a value of 0 until trip 550 latches true (when letdown

| -- is isolated) and a value of 1 thereafter.
!

Control variable 802 is defined as the mass flow rate of the makeup injection junction2

; (mflowj 850010000). Control variable 803 is defined as the product of the mass Oow rate and the
! bmay operator (control variable 801 x control variable 802). Control variable 803 thus has a
! value of 0 up to the time of letoown isolation, then a value equal to the makeup injection masst

N.

#
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f.........................................................g
* tr inputf................ip...........................................g

000550 p 505010000 It null 0 3.42178e6 1 -1. $1etdown isolation
0000551 entrlvar 804 gt null 0 958.4 1 -1. *mu tank empty
W
S............... ....... ...................................g

4... ....... control varisble inputg .... ........ ..................................g
W

name type factor init fc min max |getivar
50580100 " binary * t ripunit 1. O. 03 0. 1. |
* I

tetivar trip no, l

20580101 550
s......................................................................s
*ctivar name type factor init f c min max !

20580200 " flow" sum 1, 14.4792 0 0 ;

A
sctivar a0 coeff variable name parameter no !

20580201 0 1. mficw) 850010000
5......................................................................s ,

Activar name type factor init f c min max
20580300 " flow" mult 1. O. 00
*
$ctivar variable name parameter no. variable name parameter no.
20580301 cntrivar 801 entrivar 802
s...........................:..........................................s
*ctivar name type factor init f c min max
20580400 "intflow" integral 1. O. 00

'cllvar integrand name integrand no.
..0580401 entrivar 803
s......................................................................s

Figure 311. Example of using control variables for specifying complex boundary conditions.

O
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flow rate (in kg/s) thereafter. Control variable 804 integrates control variable 803; as a result, the
/G value of control variable 804 represents the integrated makeup injection flow subs quent to(,.) letdown isolation. Using trip 551, the value of control variable 804 is compared against 8358.4 kg

(the mass equivalent of the 2000-gal initial tank inventory assuming constant temperature and
. pressure in the tank). When the integrated injection now exceeds this value, trip 551 turns true
and is used to trip the power tc, the makeup injection pump.

3.4,7.3 Modeling Profofype Control Systems. Control variables may be used to model
virtually any prototype control system. Control systems modeling generally is limited by the
availability of control process diagrams and information on the actual set points and gains, rather
than by the capabilities of the RELAP5 control variable models.

To illustrate the use of control variables for modeling prototype control systems, consider
the following example. This example models a prototype pressurizer level control system. He
control system determines a pressurizer indicated level based on the difference between the
pressures sensed at pressure taps near the bottom and top of the pressurizer. De indicated level
is first lagged, based on instrument response time, and then compared against a ' set poir.t" level
that varies as a function of the highest average (of the hot and cold leg) temperature of the three
coolant kops in the plant. The resulting error between the indicated and set point levels is
processed through a proportional-integral controller whose output is used to vary the makeup
pump speed. If the level indication is low, the control system response is to increase the makeup
flow to correct it.

The control variabic logie shown in Figure 312 was developed to model the response of
V the system described in the preceding paragraph. Control variable 200 determines the set point

level as a function of the highest average temperature. In previous logie (not shown), the hot and
cok! leg fluid temperatures in each of the three loops were independently averaged and an
auction process selected the highest of the three average temperatures. In the example, this
highest average temperature was previously defined using control variable 104. The coefficients
prt scribed in control variable 200 operate on this temperature to define the pressurizer set point
level. Initially (assuming full power temperatures), the set point level is 0.533, or 53.3% of full
scale.

Control variable 201 calculates the pressurizer indicated level based on the diffunce
between the pressures at the elevations of the prototype pressure taps. In this example, the
location of the lower tap was defined to be at the center of hydrodynamic cell 341070000.
However, the elevation of the upper tap was between the centers of two of the cells in the model
(341010000 and 340010000). Thus, the pressure at the upper tap is based on an
elevation. weighted average of the pressures in these two cells.

The instantaneous value of the pressurizer indicated level (control variable 201) is lagged,

L based on the response time of the instruments, in control variable 202. The level error is then

| determined by subtracting the lagged indicated level from the set point level in control varisole

|. 203. In turn, the level error is processed by the proportiona!-integrel operator in control variable

| 204. The output from this processor is a change in makeup pump speed. If the makeup pump is
| - / .s)

U
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5 WWOX$$$:$$$;$$K$$$)Tegd:$$$:0$$:(*$1{v[0 t h r o u g h$X$X$$$X$$ g6 - representthe5the following (Jntrol variables - . .v
Spressuriter level contrci system.
g..............-.................................................. ....

name type factor gnit f c min margetivar
.0520000 *pzr sp lv1" sum 1.0 0.533 03 0.222 0.533
%
gctivar a0 coeff variable name paramett.r no.
20520001 -6.03230 1 14338e-2 e nt rivar 104

4XM*HXOX$X$:$ 4X$ME$XEOM*QX*XV$E$Xt)tX$X$1M'**MXOX$1M*$X4'K5 **$X$: lyoe factor ini f e*ctivar name
20520100 "pzr dp I v 1'" sum 1.0 0.227118 1 30 0 10
t
jetivar a0 coeff variable name parameter no.

'

t0520101 -0.20759 2.21849e-5 p 341070000
20520102 -1.!S443c-5 p 340010000
20520103 -1 03406e-5 p 341010000

SEMICd'$XQXd%CQ3Xt:011CGXCd1tMXtXK4Xt^$1t*tM X$'$XQ:$1$XtXQXOQ E4X4$ctivar name type factor ini f c man max
20520200 "p:r Icvel" lag 1.0 0 227118 13 0.0 1.0

%
ictivar tau-1 variable name parameter no.
20520201 0.7E6 entrivar 201
S K9^*XGE$X4.Q1t%Q:*3X9X$XGXtXAXQXthX$XQ:$E$XMt$1QX$XQ tWX91G^tXKK
yctivar r.a me type factor init f e

20520300 *p r 1sp-1" sum 1.0 0.0 0

%
Activar c3 coef? v3rlable ntme parameter no.
20520301 0.0 t 0 cntrivar 200
20520302 -1 0 e n t rivar 202
5KaQ XvyO1T*XnXtX$Xt'*XGeXQX$'GXtX$Xt$t-OXD:tX$tt$ttX$:tX$1V4%$1$XK
$c t l v a)r name typc fatior init fc
20520400 "cve.s d rpm" prop-tot 10.0 0.0 03 -0.50649 3.0

%
tnt gain variable name parameter no.ictivar prop1. gain 5.55556e-3 entrivar 20320520401 v

S r9:0XuZuXnX*nuxuXo*XmXMoXuXtrMwCKretuu*uXmxM:nxt

Figure 3-12. Example of using control variables in modeling actual control systems.

9
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modeled explicitly, control variable 204 is then used to modify the pump speed on each time step.
,

if, instead, the makeup system is simply modeled using a TMDPJUN, the effect of the change iny

pu p speed is correlated into a corresponding change in now and the junction flow is modified' m
- accordingly.

.

M
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4. SPECIFIC PRACTICES

This section discusses practices for applying RELAPS. Specific guidance is provided for
applying each of the submodels in the code. The discussion is organized in the same order as the
list of input requirements in the user input section of the code manual (Carlson et al,1990a).
The organization generally also follows the recommended sequence of data in an input deck.

4.1 Problem Control Options

The followir.g sections describe the various problem control options that are selected by a
series of control cards. For convenience,it is recommended that these cards appear at the
beginning of an input listing.

4.1.1 Forma; Considerations

input data typically are submitted using an 80-column format. It is recommended that the
first card of an input stream be the title card. A title card is identified using an equal sign as the
first non blank character. It is recommended that the title card be descriptive of ;he input stream.
A descriptive title might specify the facility, the purpose of the deck, and an additional identifying
feature such as a date. To illustrate, consider the title: "= Zion-1 PWR, full power steady state,
1-30-90." In addition to its appearance at the beginning of the input listing, the title specified will
also appear as a heading on the major edits in the printed output.

Despite the e! Tort involved, it is highly recommended that input streams be well-commented.
Comment cards may be inserted at any location in an input stream by using an asterisk or dollar
sign as the first non blank character on a data card. Comments may also be appended following
the entry of data on any
card by using either of these characters. All Gelds on the card following an * or $ are read as
comments by the code.

The card identification number, the first entry on each card, is the key to code interpretation
of the data entered on the cards. It is recommended, but not necessary, that the input data
stream be organized by increasing card number. Input of real numbers may be accomplished
using any standard FORTRAN notation (e.g., acceptable inputs for the number 12.45 include
+ 12.45, 0.1245 +2,1.245 + : 1.2451,1.245E+1, and 1.245D+1). Alphanumeric entries with
embedded blanks must be enclosed using quote (") or apostrophe (') delimiters. Data may be
continued from one card to another using a plus sign (+) as the first field of the next card (a card

i fi ld o sta i d on n c dad I t d on e ont n a i card),

Where possible,it is recommended that continuation cards not be used to increase analyst
understanding of an input stream and reduce interpretation errors.

The input stream is terminated with a card containing a period or forward slash as the first -

| entry. The data input stream is therefore limited to all data preceding the terminator cmd (note
that the tit!c card, identified by the equal r,ign, does not need to be the Grst card of the input

4-1
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streata). To highlight the presence of the terminator card, it is recommended that it be
commented (e.g., ". 'end of input").

The sequential expansion format for data entry is described in Section A.1.8 of the input
data requirements manual (Carlson et al.,1990a). His format provides an efRcient method for
entering certain data and it is recommended that it be used where available.

4.1.2 Problem Type-Card 100

The most common RELAPS calculation types are NEW, RESTART, and STRIP. De
NEW option is used for problems where a complete input stream is specified. With this option,
initial conditions for all model features (e.g., volumes, junctions, heat structures, control variables,
and trips) must be specified on the input cards.

The RESTART option is used where a previous calculation (either NEW or RESTART)
has been performed and the current problem is to be an extension of that calculation. A
RESTART calculation may be simply an extension of a previous calculation. If this is the case,
the input stream only needs to contain the control cards to effect the continuation of the
problem. Often, however, changes in the model are desired at the time of restart and RELAP5
oners considerable Deuility for making such changes. Virtually any model change may be made
when restarting a previous problem. To effect a change, the model feature is simply re-input as a
part of the restart problem input stream. Any changes made are considered permanent (i.e., once
a change is made it will remain a part of a problem unless further modified in a later restart run).
Conversely, any model feature not changed in a restart calculation is assumed to exist as originally
or last specified and is initialized based on the conditions present at the restart time from the
preceding calculation. When making changes on restart, care should be taken to ensure that the
initial conditions of the features changed are consistent with those from the original problem at
the restart time. Care should also be taken to determine all possible effects of any changes made.

The STRIP option is used as a post-processor for " stripping" the data for a limited number
of data channels (e.g.,10 pressures,15 temperatures,14 Dow rates, and 10 control variable values)
from the restart / plot file. The strip option is used to create a file containing only pertinent data.
This new file is therefore of a more manageable size than the restart / plot file. Considerable
efficiency it gained by stripping the desired data; the memory requirement for an external plotting
routine and the computer time required to execute it are both reduced.

For NEW problems, either the TRANSNT or STDY-ST options may be used. For reasons
discussed in Section 3.1.3.2, it is recommended that the STDY-ST option not be used.

4.1.3 Input Check /Run-Card 101

This optional card allows the user to stop a calculation following completion of input
processing and before execution of a transient or steady- state problem solution. If card 101 is
not present, the RUN option is a.sumed; if the card is present, RUN or INP-CHK may be
selected.

O
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As described in Section 3.1.2, stopping a calculation after successful completion of inout
processing may have some benefit as a part of the model debugging process. It is recommended,
however, that models be debugged in the TRANSNT mode using the RUN option, being careful
to specify an appropriate maximum computer usage time on card 105 (see Section 4.1.6). With
this method, the model input is iteratively debugged in the RUN mode (input processing routines
are the same in the RUN mode as in the INP-CllK mode). When all input errors have been
removed, an initial transient calculation is automatically performed. This initial transient
calculation often provides an advance indication of additional modeling errors beyond those that
can be diagnosed by the RELAPS input processor, if the input check option is used, a separate
computer job is required to start the transient or steady 4 tate calculation.

4.1.4 Units Selection-Card 102

Optional card 102 lets the user specify the calculational units for a problem. SI units arc <

assumed if card 102 is not input. A units specification is made for both the input (modelinput
'

stream) and output (printed).

Several peculiarities of the units assumed by the code are described in Section A-2.3 of the
user input data requirements manual (Carlson et al.,1990a) Additionally, the user should
carefully consider the input units requirements specified ia the same manual. These requirements
are identihed in parentheses next to each input listing.

All internal RELAP5 calculations and all data storage on the restart / plot output file are in
O SI units, regardless of the options selected on card 102. The user is cautioned of two situationsO where unit difficulties raay arise. Note that both these difficulties may be avoided if a problem is

'

performed using SI units exclusively; therefore, if at all appropriate, SI units are recommended.

First, references to code parameters within control varinb:e specifications are considered an
internal code calculation and SI units are assumed. For example, in a control variable reference
to p 120010000, the pressure in cell 12001 will always be returned as pressure in Pascals. The
control variable specification provides sufficient capability to convert to British units if the user
desires. Difficulties arise, however, if a problem is being performed in British units and the user
fails to remember that the code internal units are SI.

Second, all data written to the restart / plot file are in SI units. Conversion of an output
channel to British units therefore requires a STRIP calculation followed by an external conversion
of British to SI units.

4.1.5 Restart Control-Cards 103 and 104

For a restart problem, the restart number from a previous cdculation is specified on card
103. The number to place on this card is the " restart number" (not the " block" number)
appearing in a restart edit of the previous calculation's printed output. When a restart edit is
generated at the same time as a major edit the restart data appear af ter the major edit data.
Card 104 provides a mechanism for preventing the writing of a restart / plot file if so desired,

l
t
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A restart problem is simply an extension of a previous calculation, beginning from the exact
conditions present at a restart edit in that calculation. Note that the previous calculation may be
restarted from its end point (a restart edit is automatically generated when a calculation
terminates) or any previous restatt edit. The user is cautioned, however, that the restart edit
created when a calculational failure occurs is unreliable as a restart point because the calculated

parameters reficct the failed conditions. For restarting following a code failure, the user must use
the restart edit previous to the terminating edit. Therefore, good practice includes specifying
frequent restart edits so that code failures may be circumsented without extensive recalculation.
Ilowever, this practice can result in very large restart files. If the calculation seems to be running
smoothly, the restart edit frequency can be decreased.

A restart problem may be run "as is" (i.e.. all features of the problem remain the same) 0:
changes may be made in the model or its conditions at the time of restart. Any changes made
upon restarting become a permanent part of the problem and do not need to be respecified on
subsequent restarts. A restart input deck is quite abbreviated, consisting only of problem control
cards, time step control cards, and cards specifying ariy changes desired. Virtually any change may
be accomplished at the time of restart. Generally. to effect a change in a model feature it is ,

necessary to reinput :ll cards needed to specify that feature. For example, if the volume of a
single-volume component needs to be changed, then all cards needed to input that single volume
must be reinput even though only one variable is changing. When reinputing data at a restart
point, the user is cautioned to carefully respecify its initial conditions. These are shown in the
major edit data at the restart point (for this reason, it is recommended that the same frequencies
be specified for restart and major edits).

4.1,6 Central Processing Unit Time Control--Card 105

Optional card 105 provides a means for terminating a calculation internally to RELAP5,
based on the approach to a computer time usage limit. The use of this card is highly
recommended to promote a " normal" termination. If a calculation is terminated externally

-

(because, for example, the computer time expended reaches the maximum specified on an
external job card) then a loss of the output data is likely. Card 105 provides a means of
terminating a job based on an internal central processing unit (CPU) time limit. If required by
the operating sptem, an external time limit is set to be higher than the internal time limit.

Three inputs are needed on card 105. Words 1 and 2 are time differentials (word 2 should
be larger than word 1) and word 3 is the maximum CPU time allowed. Following each time step,
a check is made to determine if the CPU time used to that point is greater than word 3 minus
word 1. If so, the calculation is terminated immediately. A test is also performed to determine if
the CPU usage has reached a value of word 3 minus word 2. If so, the job is terminated when
the calculation has progressed to the next time corresponding to a minor edit point.

As an example, consider a calculation tnat a user would like to span a transient time from 0
to 100 seconds. Based on experience the user believes the calculation will require about 500
CPU seconds. To run this calculation, the user will use an end time of itX) seconds on the last of

the 2XX time step control cards. On card 105, the user might input the times 10,20, and 700.
On the external job card, an 800-second time limit might be specified. By doing this, the user has
maximized the opportunity for a successftd run to 100 seconds while limiting the exposure to
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excessive computer costs if the calculation proves to proceed less efficiently than expected. First,
the user has likely provided sufficient time for the calculation to reach the 100-second transient
time. By specifying a maximum internal limit of 690 CPU seconds (700 - 10), the run will be
terminated internally and therefole output files will be orderly. The user has provided 10 CPU
seconds (20 - 10) to reach the next minor edit point once 680 CPU seconds have been expended.
Therefore, it is likely that either the problem will be executed tc completion, or if not, a
fully-useful testart point will be generated to facilitate continuation of the problem.

An estimate of the CPU time needed to perform a calculation may be made by starting with
a known reference point (i.e., the time needed to run a similar problem on the same competer)
and linearly scaling the CPU time (a) proportionally by the number of hydrodynamit eclh in the

- problem. (b) proportionally by the requested problem time, and (c) inversely proportional by the
requested or expected time step size. As indicated above, if the user has a reasonable estimate of
the CPU time required for his problem, then considerable efficiencies in the execution of the
problem are possible.

4.1.7 Non condensable Gas Type-Cards 110 and 115

These cards specify the presence and composition of a non-condensable gas. The user input
requirernents document description for these cards is self-explanatory (Carlson et al.,1990a). The
user is cautioned that the non-condensable model has only limited user experience. A basic
description of the non.condensable model appears in Section 3.4.3.

4.1.8 Hydrodynamic System Definitions-Cards 12X

These optional cards enable the user to specify the working fluid within each independent
hydrodynamic system in a model. For systems employing only light water (as is most commonly
the case), these cards are not required. For situations where other fluids are used, one card
should be entered for each independent hydrodynamic sptem in the model. The word
" independent" implies that there is no possibility of flow between the two systems. For example,
the primary and secondary systems of a steam generator are normally independent systems.
Ilowever, for the simulation of a steam generator tube rupture event when the swo systems are
hydraulically coupled through a break path, the two systems are no longer independent. Flow
between systems using different working fluids is not allowed with RFLAP5.

' Currently available working fluids are light water (specified as WATER), heavy water
(D20), and hydrogen (HYDROGEN). The user is referred to the cautionary notes regarding
this input in Section A 2.11 of the user input data requirements manual (Carlson et al.,1990a).

4.1.9 Self-Initialization Options-Cards 140 through 147

A common modeling task, and one that can consume excessive time and _ funds, is obtaining a
satisfactory steady-state condition for a system model. A steady initial condition usually is needed
as a starting point for transient calculations. Standard controllers have been installed into

( RELAP5 to facilitate the calculation of a PWR steady operating condition. These standard

( contrellers are referred to as the "self. initialization" options.
' %.
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The self-initialization options are invoked by entering cards 140 through 147. These options
provide for specifying pump, steam now, feedwater now, and pressure controllers. We numbers
of each type of controller are desF'ed on card 140. The remaining cards indicate the
components where the control is to take place and a reference to a control variable where the
requisite constants and functions are calculated and stored. Cards 141 and 142 provide this
information for the pump controllers, cards 143 and 144 for the steam Dow controllers, cards 145
and 146 for the feedwater now controllers, and card 147 for the pressure controller. Detailed
information explaining the use of control variables is found in Section 4.10.

The application of the self-initialization controllers for a typical (U-tube type steam
generator) PWR steady operating condition is bric0y described as follows. To begin, a mnstant
core power is input using a table entry. The primary coolant sptem pressure is controlled using a
pressure controller at a k> cation where the pressure is well known (e.g., in the pressurizer or at _

the core outlet). Pump controllers are used to adjust the primary coolant pump speeds so that
the desired core Dow rate is maintained. In most cases, the coolant hiops are identical; therefore

all primary coolant pumps are driven at the same speed. The feedwater injection now rates are
controlled so that set point steam generator indicated levels are maintained.

The steam now controllers may be used in two different wap, both of which result in the
total heat transfer rate through the U-tubes of all steam generators equaling the core power.
First, the steam flow may be adjusted based on the cold leg temperature error. With this method,
the resulting steady state will possess the proper hot and cold leg temperatures but the steam
generator secondary pressure may not be as desired. Second, the steam now may be adjusted
2uch that the desired steam generator secondary pressure is attained. With this method, the
resulting steady state will possess the proper steam generator secondary pressur:s, but the hot and
cold leg Guid temperatures may not be as desired. The modeling difficulty reuccted here
primarily concerns the calculation of the heat transfer process on the secondary side of the
U-tubes. Specifically, now patterns in the tube bundle region are highly complex.

,

..

The code-calculated heat transfer coefficient on the outside of the tubes is generally too
small. As a result, when the primary-side temperatures are correct, the secondary-side pressure
needed to remove the core power is too low. A model adjustment that has been found effective
for correcting this disparity is to adjust the heated diameter specified on the secondary-side of the
tubes. If the classically-calculated heated diameter (i.e., four times the Dow area divided by the
heated perimeter) is replaced with the tube-to tube spacing, then good agreement with plant data
is obtained for both the primary-side fluid temperatures and the secondary-side pressures. Ilere,
the meaning of " tube-to. tube spacing" is the minimum fluid gap width between the outside
surfaces of two adjacent steam generator tubes. Note that this ret mmended change affects only
the heated diameter specified on the outer tube surface; no chang is made to the hydrodynamic
volume hydraulic diameters.

The selection of appropriate gains for the various controllers is largely a trial-and crror
process. An initial gain is selected, the controller respcmse is monitored, and the gain is adjusted
based on any indications of under- or over-damping. In the terminology of the self-initialization
controllers, the integral part of the time constant is the inverse of the gain. Therefore, an
increased gain results in a smaller time constant and more rapid controller response.
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A complete discussion of the self. initialization controllers may be found in SelfInitialization

( option for REletPS/ MOD 2 (Johnsen et al.,1986). The user should note that these controllers
.

- \. have potential for uses other than the self-initialization of a model. For example, the pump
controller may simplify the modeling of a pump whose speed is controlled based on a complex
combination of inputs,

4.2 Time Step Control

Cards 200 through 2W r.re the time step control cards.

Optional card 200 lets the user define a problem time other than zero at the beginning of a
NEW type problem. This is a very useful feature because a problem start time can be
normalized to any convenient reference. Examples where this capability is needed include
resetting the problem time to zero when a satisfactory model steady initial condi' ion has been
attained and normalizing the problem start time with a nonzero reference time i n external data,
such as when simulating an experiment that starts at 200 seconds.

Cards 201 through 299 contain data that control the time steps used and the output
generated as a problem ~ progresses. At least one card is needed for NEW problems. For
RESTART problems, if these cards are input they replace the entire series of 201-299 cards in
the prece:!ing calculation. It is generally recommended that at least one 201-2W card be entered
in RESTART problems.

O Seven words are entered on these cards. Word I defines the end time of the interval for
which the data in 'he following words is used. The calculation proceeds either from time zero,
from the restated initial time on card 200, or from the restart time and proceeds to the time
specified in word 1 of card 201. When that time has been reached, control of the problem is
based on the data on card 202, and so on until the time on the hist of cards 201-299 is reached
when the job is terminated. Regardless of the specifications provided in words 2 through 7, minor
edit, plot, major edit, and restart edits are generated by the code at the end of every time interval
specified on a 201299 card,

Word 2 on the 201299 cards represents the minimum time step. From experience, a value
of 1.0E-7 seconds is recommended. Using the default 1.0E-6 second default value occasionally -
causes calculational difficulties. While smaller values may be needed in some applications, for
economic reasons the user will want to first verify that such a small value is warranted.

Word 3 represents the maximum (or requested) time step. If calculational difficulties are
encountered, a reduction in the maximum time step size often remedies them. A maximum time
step size of the Courant limit (but not larger than 0.2 seconds) is recommended. A discussion of
time step selection appears in Section 3.1.3.1.

Word 4 is the packed-word "ssddtt" that specifies the code control and output functions. In -
general, the option 00003 (or simply 3) is recommended. A short discussion of how this option
may be varied to obtain expanded data output for problem diagnoses appears in Section 3.1.3.1.

\
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l Words 5,6, and 7 specify the minor, major, and restart _d;t frequencies as integer multiples
of the maximum time step size from Word 3. For example, with a maximum time step size of 0.1
s, a minor edit frequency of 10, a major edit frequency of 100, and a restart frequency of 200 then
the code will generate minor edits everv 1 s, major edits every 10 s, and restart points every 20 s.

It is recommended the wer select a minor edit frequency for an appropriate plot output
frequency, a major edit frequency for an appropriate phenomena " snapshot" frequency, and a
restart edit frequency for an appropriate ' backup following failure'' frequency as described in
Section 3.1.3.1.

4.3 Minor Edit and Expanded Edit / Plot Variable Requests

4.3.1 Minor Edit Requests

Cards 301 through 399 are reserved for minor edit requests. Requesting a minor edit simply
results in a display of the specified parameter in the printed output. As described in the previous
section, the minor edit data will be printed at an interni prescribed on the 201-299 cards; the
interval is defined by the product of the maximum (or requested) time step size and the minor
edit frequency. The frequency of data entries on the restart / plot file will be the same as for the
printed minor edits, liowever, it is a common misconception that a data channel must be
requested as a minor edit variab!c in order to have that data written to the restart / plot file. Data
for virtually all calculated parameters (exceptions are discussed in Section 4.3.2) are written to the
restart / plot file regardless of what,if any, minor edit requests are specified.

De minor edit request is entered by a card number from 301 to 399 followed by two fields
that specify the data channel. For most data these fields reDect the data type and data location.
For example, the pressure in cell 3 of pipe component 125 would be specified as "p 125030000".

Two common input errors are encountered when specifying minor edits. First, when
requesting the " Component Quantities" listed in Section A.4.2, the location identifier is simply the

_

component number, not the typical cell number as was used in the example above. When
requesting the pump vek) city for pump component 255 the proper specification is PMPVEL 255. v

A common error is to request "PMPVEL 25501000()," a format that is consistent with requesting
most other data about the pump (such as pressures and void fractions). Second, input errors
often result because the proper specification for junction data (such as mass flow rates, vek3 cities,
and void fractions) is not consitent for all types of components. If only one junction is associated
with component number CCC (single-junction, valve, time-dependent junction, and accumulator
components include only one junction) then the junction k3 cation is identified with the format
CCC000000. If more than one junction may be associated with component CCC [ pipe / annulus,
branch /sepantor/ jet-mixer / turbine /cmergency core cooling (ECC) mixer, pump, and
multiple-jun . tion components may include more than one junction), then the proper format
is CCCNNO)00. NN is the junction number within the component.

If minor edit requests have been entered in a NEW calculation, then they need not be
re-entered on subsequent RESTART calculations. The originally requested minor edits will
appear in the output of the restart calculations. If, however, a change in the minor edit requests
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is made when a calculation is restarted (e.g., by adding more requests), then the entire bkxk of

p desired minor edit request cards must be re input in the restart job input stream.

It is recommended that the user employ minor edits as a useful analysis aid. In a newly
assembled input deck, it is desirable to assemble a list of minor edit requests to characterite
overall behavior in the model. This list might include representative pressures, temperatures, How
rates, and vek3 cities in the important regions of the model. The list should also include the
current values of any especially important control variables. In a mature input deck being used
for transient calculations, the minor edits should be tailored for interpreting the transient behavior
calculated. For this purpose, the minor edit request list would highlight parameters such as core
power, break flow, and fuel temperatures.

4.3.2 Expanded Edit / Plot Variable Requests

A new feature in REIAPS/ MOD 3 is the capability to request that certain nonstandard
additional data be printed as minor edits and added to the restart / plot file. A list of these
additional data is given in Section A-4.8 of the user input data requirements document (Carlson

et al.1990a).

Additional data are requested by entering cards of the format 2080XXX.X, where XXXX
may range from 0001 to 9W). One card is used for each additional parameter and two words are
entered comparably to those on the 301-399 cards. Note that these parameters are not written to
the restart / plot file, nor are they usable references in control variables, minor edits, or trips, unless
they are included on a 2080XXXX card.

b
On the additional data list, two items are of particular interest to the user. The ''HTMODE"

request code, followed by the appropriate parameter number, may be used to access the heat
transfer mode calculated on a surface of a heat structure. This information is not available in the
standard data list. The "ITITEMP" request code, followed by the appropriate parameter number,
may be used to access the calculated temperature for any node in a heat structure. Without this
request, only the left and right surface heat structure temperatures are stored oa the restart / plot
file. :

4.4 Trips

Trips are binary logical operators whcce status at each time step is either true or false. The
value of a trip statement is that it allows this binary type of data to be fully incorporated into a
calculation. A trip statement may access any calculated parameter (such as temperature, pressure,
How rate, and control variable value) and perform a comparison to judge whether the current
status is true or false. Conversely, a trip status may be used to cause an action to occur in the

- problem (e.g., by opening a valve when a trip turns true).

RELAPS employs two basic types of trips, variable and logical. The variable trip is used to
'

compare one calculated parameter against another (or against a constant) to determine a true orl

false status. The logical trip directs a combination of other trips into a new trip whose status is-3

A(
either true or false. When assembling trip logic, the user should remember that trip status is
determined at each time step in numerical order by trip number. As a result, if a lower number

|
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trip is referenced in a trip statement, the status of the referenced trip is based on the current time
step. Similarly,if a higher number trip is referenced, then the status of the referen:ed trip is
based on the previous time step.

RELAP5 trip logic may be either in the original or extended format. The original format
allows for 200 variable and 200 logical trips; the extended format allows for 1(KO of each. The
choice of format is dependent on whether the user anticipates a need for more than 200 of either
type of trip. The original format is used unless the extended format is activated by entering the
20WX0 card. Examples presented here are in the original format.

4.4.1 Variable Trips

Variable trips, implemented using cards 401-599, are used to compare one calculated _

parameter against another or against a constant. To illus' rate the variable trip concept and some
of its possible uses, consider the following example:

505 p 140010000 gt p 1450100(0 50. n -1. * delta p

As a logical statement, trip 505 status is determined based on the question "is the pressute in cell
14001 greater than the pressure in cell 14501 by more than 50 psia?" If the answer to that
question is yes, the current status of trip 505 is true, if not its status is false. The "n" (nolatch)
specification means that the code asks this question during each time step to determine the status

-

of the trip. With the alternate specification "l" (latch), the code continues to ask the question
until the status of the trip is true. After that occurrence, the code stolt asking and the status of
the trip is assumed to be true thereafter, in other words, the trip has been " latched" true. The
appended entry "-1." indicates the initial status of the trip (i.e., at the time card 505 is input to the
problem) is false, if a positive number is input here, it is interpreted as "the time this trip last
turned true." The data following the asterisk is simply a comment to remind the analyst of the
purpose of trip 505, in this case a check of the differential pressure. Note that in this example, _

the 50 psia constant assumes the problem is run in Bntish units; in problems run in SI units the
constant would be interpreted as 50 Pa.

The status of trip 505 may be used to implement virtually any action into the model when
the differential pressure exceeds 50 psia. For example, the occurrence of trip 505 turning true
may be used to trip a reactor, trip a pump, initiate an injection Dow, open a valve, or change the
value of a control variable from 0 to 1.

A variable trip e - also be used to compare the current value of any calculated parameter
against a constant. L .austrate, consider the follow'mg example:

506 mflowj 560010000 It null 0 500.1 -1. * low Dow

Trip 506 asks the question "Is the mass now rate at Junction 56001 less than 500 lbm/s?" The
initial status of trip 506 is indicated as false and if the statement is ever true, it will be latched
true thereafter. This statement might be used, for example, to scram a reactor as a result of
violating a now rate limit, as suggested by the low Dow comment.
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In many modeling situations, it is desirable to input references to trips whose logic will be
refined at a later time. _ For example, when entering data for a pump component, it is necessary to

specify a pump trip number. When this trip is false, the pump is assumed to be driven by the
pump motor; when it is true, a pump coast down is assumed based on the physical characteristics
of the pump and motor and the interaction with the hydrodynamic phenomena.

The modeler may input a trip number of 0, but doing so increases the complexity of
implementing a pump trip later. If the user wants to include a pump trip later, say as a function
of pressure,it will be necessary to re-input the entire pump component in a restart job just to
redefine the trip. If,instead, the modeler initially specifies a " dummy * pump trip, then the pump
trip may be later incorporated into the model simply by replacing this trip's dummy logic with the
actual trip logic in the restart job. The advantage to the modeler is that re specifying the trip
involves a single input card while re-specifying the entire pump component involves hundreds of
cards,

A convenient method for spacifying dummy trips is to simply provide a convenient "always
true" or "always false" reference. To illustrate, consider the following trips:

507 time 0 it null 0 1.e61 0 *always true
508 time 0 gt null 0 1.e6 n -1. 'always false

Trip 507 is true at time 0 and will always remain true while trip 508 is false at time 0 and will
always remain false (of course, this assumes that problem times beyond 1,000,000 seconds will not
occur),

_s

4.4.2 Logical Trips

RELAPS logical trips, implemented using cards 601-799, are used to combine the status of
two trips using standard logical operators. These logical operators are AND, OR, and XOR. To
demonstrate these operators, consider two variable trips,520 and 521, and the logical trips 620,
621 and 622:

620 520 and 521 n 1.

621 520 or 521 n 1.

622 520 xor 521 n -1.

Trip 620_will be true only when the status of both trips 520 and 521 are true. Trip 621 will
be true when trip 520 is true, when trip 521 is true, or when both trips 520 and 521 are true.
Trip 622 will be true when either trip 520 or trip 521 is true, but not when both trips 520 and 521
are true. hDR is termed the " exclusive or" operator. The use of the latch /nolatch and initial
value indicators in logical trips is the same in variable trips as described in the previous section.

In the examples shown above. the logical trips have only referenced variable trips. Ilowever,
j- logical trips may also reference other logical trips. Furthermore, a logical trip may reference

itself. When this is done, the logical trip is referencing its own status on the previous time step.

(
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Example 1 - Reactor Trip logic

OAs a demonstration of the capabilities of the RELAPS trip logic, consider the reactor trip
logic in the folkning example. Assume that a reactor trip occurs if any of the following
conditions are met:

'The pressurizer pressure exceeds 2300 psia.

The pressurizer indicated level falls below 20%.

Any one of the three hot leg temperatures exceeds 610 F.

The operator initiates a manual reactor trip..

Also, assume that once a reactor signal has been generated there is a 0.5-second delay prior to
movement of the scram r.is. To include a simulation of this reactor trip behavior in a RELAP5
model, variable trips are Erst developed to provide the required parameter comparisons:

501 p 450010000 gt null 0 2300. I -1. *przr p
502 entrivar 100 11 null 0 0.20 1 -1. * przr level

503 tempf 110010000 gt null 0 610. 1 -1. *hl1 temp

504 tempf 210010000 gt null 0 610. I -1. *hl2 temp

505 tempf 310010000 gt null 0 610. I -1. *hl3 temp

506 time o gt null 0 1.e6 n -1. ' manual trip

In trip 501 the pressurizer pressure is tested against 2300 psia. Trip 502 tests the pressurizer
indicated lesel against the 20% lower limit. It is assumed that control variable 100 has been
defined in such a way that a value of 0 corresponds to 0% indicated level and a value of I
corresponds to 100% indicated level. Trips 503,504, and 505 test the Guid temperatures in each
of the three hot legs again t the 610 F upper limit. Trip 506 is a dummy "always false" trip that
has been included to provide a convenient method for simulating a manual reactor trip. For
example,if a simulation of a reactor trip at 10 seconds is desired, trip 506 would be replaced with

506 time 0 gt null 0 10. n -1. * manual trip at 10 see

Next, the variable trips are gathered together into a single trip that is false if none of the
variable trips has ever been true and is true if any the variable trips has ever been true:

601 501 or 502 1 -1.

602 503 or 504 1 -1.

603 505 or 506 1 -1.

604 601 or 602 1 -1.

605 604 or 603 1 -1 * reactor trip signal

With this logic, if any of the variable trips 501 through 506 ever turns true, then trip 605 remains
true thereafter. To simulate the 0.5-second delay between the generation of the reactor trip
signal and the movement of the scram rods, the status of trip 605 is monitored using a variable

50'; time 0 gt timeof 605 0.5 1 -1. * scram rod movement i
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4.6 Hydrodynamic Components

As a general rule, the user should be cautious of applications where the fluid conditions in
the REIAP5 hydrodynamic components may approach the critical pressure. With respect to light
water reactor safety issues, this limitation may be of signincance to anticipated transient without
scram (ATWS) transients. During ATWS events, the reactor is not tripped and continued core
power has the potential to drive the primary coolant system pressure upward toward the critical
point.

This section discusses specific practices for applying each type of hydrodynamic compo;.ent.
The component type is specified using cards of the format CCC0000 and it is recommended that
these cards be the first entered for each component. The inputs required on the remaining cards
vary depending on the component type.

4.6.1 Singlo-Volume Component

The single-volume component is the basic hydrodynamic cell unit in RE!AP5. Note that
the pipe component may be thought of simply as a series collection of single volumes joined by
single junctions. A branch component may be thought of as a single volume where one or more
single junctions may be combined. The input data spcci0 cations describing the basic volume
geometries and ccnditions for the other types of components (pipes, branches, etc.) are identical
to those described here for the single-volume component.

(O The Dow area, length, and volume of the cell must be input. As described in the model,
these three parameters must be consistent or an input error results. Thus, it is recommended that
one of these three quantities be input as zero, allowing the code to calculate its value consistent
with the two nonzero entries.

For complex geometries, the requirement that the area, length, and volume be consistent
may require the modeler to accept a compromise on one or more of the input parameters. This
situation arises when the modeler attempts to include a region with a vaiying flow area varies
within a single hydrodynamic cell.

!

l
A compromise is needed because the average flow area for the geometry may not adequately

represent the Dow path in the region. The input Dow area determines the flow vek) city, the input
; length affects the calculated frictional pressure drop, and the input volume contributes to the
j overall fluid system volume. An additional constraint is that the length input for a vertical cell
l must be enveloped by the elevation gain of the cell. De modeler should select the compromise
| that would least affect his particular problem. If the error introduced by all compromises is

j' deemed unacceptable, then more modeling detail should be included by using separate
hydrodynamic cells to represent regions with different flow areas.'

Azimuth and inclination angles and an elevation change must be input. The azimuth angle
input (included in anticipation of a three-dimensional modeling capability) is not currently used by

| (j]/ the code; it is recommended that it be entered as 0. An inclination angle from -90 to +90
degrees must be input (note that this entry is always in degrees even if Si units are specific for
the problem). An entry of -90 is defined as vertically downward, +90 as vertically upward, and 0
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as .iorizontal. This input is used to select the Dow regime map. Volumes whose inclination
angles have magnitudes greater than 45' are considered vertical and those whose inclination
angles are less than 45' are considered horizontal. Any clevation change specified for a volume
must be less than or equal to the maximum allowed using the formula

maximum cell elevatica change = cell length x sin (cell inclination angle)

An absolute wall roughness and hydraulic diameter must be input. It is recommended that a
roughness representing the actual finish of the Guid boundary wall be used. Gocx1 modeling
results have been obtained using roughnesses of 0.0000457 m (0.00015 ft) for commercial steel
finishes and 0.0000015 m (0.000005 ft) for drawn tubing, it is recommended that the
classically-calculated hydraulic diameter based on the following formula be used:

hydrauhc diameter = 4 x (flow area)/(wetted perimeter)

For circular geometries (where parallel now paths have not been lumped together into a single
flow path), a zero hydraulic diameter may be input, in which case the code will automatically
calculate and use a hydraulic diameter based on the formula

hydraulic diameter = 2 x (now area /n)0.5

The volume control Dags of the format "pvbfe" must be input for each hydrodynamic cell.
These Dags define the operative code options for each cell When default flags (00000) are
assumed, the water packing is active (p = 0), the vertical stratification model is used in volumes
that are vertical (v = 0), the normal pipe interphase friction model is used (b = 0), the wall
friction model is active (f = 0), and phasic nonequilibrium is allowed (e = 0). The default
volume control flag options are generally recommend- nd users should carefully consider the
effects of using non-default Dags. Guidance for the< isiderations is provided in Section 3.3.1.

An initial condition control word and correspo y initial Duid conditions are required
input for each hydrodynamic cell. For most light water reactor applications, users will find it most
convenient to specify initial conditions using control word 3 (pressure and Duid temperature) in
subcooled regions and control word 2 (pressure and quality) in saturated regions. A discussion of
the other options is provided in Section 3.3.3.1.

Note that each hydrodynamic volume has an inlet and an outlet face that will be used to
connee' .ormal junctions to the volume. The inlet and outlet faces are defined as a part of the
junction specifications; however, the definition of the faces must be consistent with the elevation
change specified. To illustrate, for a volume with a positive elevation change, the lower end of
the cell is considered its inlet face and the upper end of the cell is considered its outlet face.

4.6.2 Time-Dependent Volume Component

The TMDPVOL component allows the user to impose a volume-related boundary condition
on a model. The term " volume-related" means the condition is one that is normally input as a
part of a volume specification rathe than a junction specification. For example, pressure, liquid
temperature, vapor temperature, void fraction. and quality are volume-related quantities.
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g For light water reactor rmdeling, ThtDPVola typically are employed in two types of
( upplications. First, ThtDPVola may be used to specify pressure boundaries. generally at

locations whese lloid exits a model. For example, a ThtDPVOL may be used to control the
piessure at the inlet of a turbim. The preuure solution throughout the secondary system is then

,

'
determined by the turbine inlet preuure, the system flow loues, and the system Dow tate. When
used to specify a preuure boundary, the ThtDPVOL is coupled to the remainder of the model
using a normal type of junction (such as a single junction or valve). When used in this way, the
ThtDPVOL actively interacts with the rest of the model.

Second, ThtDPVO12 are used to specify fluid conditions at injectica sites. For example, a
,

ThtDPVOL may be used to specify the temperature of emergency core cooling fluid. When used
'

to specify the fluid conditions at an injection boundary, the Th1DPVOL typically is connected to j

the remainder of the n odel thinugh a Th!DPJUN that effectively isolates the fluid condillons in ,

the ThtDPv0L from the remainder of the model, in this application, the ThtDPVOL is used !
simply to provide the proper fluid conditions for an injection flow boundary condition as defined

i

by the ThlDPJUN. 4 discussion of boundary condition specifications is found in Scolon 3.3.4.

The terrn ' time-dependent volume" is inaccurate; originally, fluid conditions could be
specified orly as a function of problem time. Current capabilities include specifying the fluid
condition in any manner and as a function of virtually any pioblem variable the user desires.

The boundary condition information entered includes a fluid condition control wold, a trip
number, a two wurd search variaSle, and a table. The control word defines the variables used to'

defire the fluid state; this option is the same as that described in Section 4.6.1 for the single.
volurne component. The trip number determines at what problem time the table is to be
referenced. The search variable is the ccxte-calculated parameter assumed to be the independent

'

variable ? the time dependent volume table. De dependent entries ;n the tab!c are the
hydrodynarrh conditions required to defime the fluid state.

As a simple exanale, consider a time-dependent volume that is to represent n constant
pressure atmospheric containmem ^ooundary condition for a LC,CA simulation. Auume that no
reverse flow from the containment to the coolant systen is anticipated, such as would be the case
for a small break. For this purpose, ThtDPVOL $80 may be input as follows:

' hydro name type
5m0)0 *contain" tmdpvol
' hydro area length volume horiz vert elev rough dh flags
5800101 1.c6 0. 1.e6 0. O. O. O. O. 00010

' hydro ebt trip alphanxic numericcode
5 4 00 3

' hydro time pressure temp
,

5800201 a 14.7 213.

The data input on card 5800101 are virtually immaterial to the problem since the

( ThtDPVOL is being used only to define the pressure condition. Control word 3 specifies that the

( table should indicate the boundary conditan v. pressure and fluid temperature. Since a
' constant pressure condition is desired, only os entry is needed in the table: time 0.,14.7 psia,
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212"F Note tiat since no reverse now is anticipated, the Guid ternivrature specified |s also
immatrii+d. At 14.7 psia, a temperature of 213'F is a superheated vapor. liowever, in this
application, the problem solution would be identical even if a subcocted liquid state was specified.

Now considet thtt it is desired to include the effects of a variable containment pressure
'

during the calculation. Auume it is known that for this accident the break now will pressurite
the containment linearly frorn 14.7 psia to 50 psia over 15 seconds and that the wntainment
coolers will then redou; the pressure to 20 paia over another 10 seconds. This clTect could be
included in the above example by entering a table that reDects this pressore reslunse:

' hydro time pressure terup
5800201 9. 14.7 213.

5800202 15. 50, 213.

58(K1203 25. 20. 213.

The boundary condition may be tailored to any particular specification by employing and
combining the trip and search variable options. The trip option allows the user to implement the
table at any problem time, or as a result of any occurrence in the calculation, as desired. By
specifying a search variable other than time, the imundary ec.cditmn may b: made a function of
any calculated pararActer.

To idustrate, consider extending the above example in the following way. Assume the break
is to open when the pressuriier level falls below 20% The break will be modeled using a trip
valve component and r,ay that trip 510 is used to compare a control variable representmg the
pressurizer level against the 209 limit. Decause it is not known in advance at what time the
coolant pipe break into containment will occur, trip 510 will also be used to trip the TMDPVOL
parameter table. Further assume that the containment pressure response is known as a function
of the integrated break Dow. Elsewhere, control variable 105 is used to calculate the integrated
break dow. To rnodel this situation, the time-depcndent volume input might appear as foilowx

' hydro name type
! 5800000 Tontain" tmdpvol

' hydro area length volume horiz vert elev rough dh Dap
5800101 1.e6 0, 1.c6 0. O. O. O. O. tXX110

' hydro ebt trip alphacode numericcode

| 5800200 3 510 enttivar 105

| ' hydro enttivar 105 pressure temp

|
5800201 1.c W 14.7 213.

! 5800202 0. 14.7 213.

5800203 1. 16. 213,

58002N 10. 20. 213.

. 5800205 150, 30. 213.

| 5800206 500. 35, 213.

5800207 1(XXI. 36. 213.

With this format, the status of trip 510 is monitored. As long as the trip is false, the table returns
a pressure of 14.7 psia (as indicated by the pressure associated with the 1.ew independent
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,

!

variabic). After the break opent and trip 510 turns tiue, the containment pressure is determined '

as the pressure in the table correstunding to the current value of the integrated break now

(control variable 105).

An initialiation problem with TMDpVOla can be encountered if a search vmiable from a .

( higher numbered component is specined. The components are initiallred in numerical order, j

Therefore, if a TMDpVOL uses a condition (pressure, temperature, etc.) from a higher-numbered ;
'

component, an indeterminate condition is reached because that component has not yet been ;

initiaitted. This problem can be circumvented by always referencing lower. numbered compments |
or by referencing a control variable (such as in the above example) that has been initialized by i
the uscr. |

4

4.6,3 Singlo Junction Component

The single junction is the basic hydrodynamic Gow unit in RELAPS. The input date
speci0 cations describing the basic junction properties and conditions for the junctions associated
with other types of components (pipes, branches. etc.) are identical to those now described for
the singie. junction component.

The "from* and "to" components rnust be specified for each junction. As discuued in i

Section 4.6.1, each comsment has an implied inlet and outlet face. The Trom* and "to"
component callouts fc,r junctions refer to the component number, a two digit tace identifier. nnd
four trailing zeroi. When connecting to a cornponent's inlet face. the appended digits are 00.
When connecting to a component's outlet face, the appended digits are 01. For example,
consider a junction that connects the outlet of pipe 150 to the inlet of single volume W). The

'

*from" code entered is 1500lfX100 and the "to* code entered is WXuxxu

The *from" and 'to" identifiers specify the direction of puitive junction Dow. In the above
example, flow from camponent 150 to component 160 will be considered positive by the code;
Dow in the oppnite direction will be considered negative.

it is necessary to input a junction flow area. _ If zero is input, then the caJe assumes that the
jur.; tion area is the minirnum Dow area of the adjacent hydrodynamic volumes. It is also required
to input fo ward and reverse loss coefficients (although zeros may be specified). This input allows
the user to inse:t How losses associated with irregular pipe geometries such as are found at bends !

and Ottings. The 30tal liow hiss will be based on a combination of losses from interphase drag,
wall friction, abrupt area change, and user specified loss coef0cients. All loss coeficients are
referenced to the user. input junction area (or that calculated by the code as explained above).

It is also necessary to enter the 'fvcahs" junction control Dags and initial velocity or now
conditions for each junction. Details regarding selection of the junction Hags are described in
Section 3.3.2 and details regarding initial condition input are described in Section 3.3.3.2.

,

|

Regarding the selection of the abrupt or simxith area change model at junctions, the abrupt
area change option may be used to represent the Dow losses through sudden contractions and
expansions. When selected, the code calculates the loss based on the area change ratio arid the

-

current fluid conditions. It is recommended that this option not be used in situations where the Ji

l
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area change ratio is greater than 10. For this situation, the smooth area change option and an
appropriate lou cocificient is recommended.

Regarding the selection of the thoLing flag. recent user c:perience with very low preuure
apt lications (near atmospheric, and at vacuum conditions) has indicated the HliLAP5 choking
model niay be inadequate at low pressures. In these app ations, the choking model has generally |

W

been disabled (by specifying c = 1). Ilowever, for more toditional applic;:tions it is |
tecommended that the choking rmxtel generally be used (1 y specifying c = OL

The optional countercurrent now limiting (CCFL) data catJ is available for input at
junctiont The use of the CCFL modc t is discuned in Sect.on 3.4 A. While this card is termed

ophonal, the junction hydraulic diameter is specified on the card. If the card is not input, then a ,

delauh junction hydraulic diameter, based on a circular junction now area, is used. For i

noncircular geoinetries, and for 'luroped.hiop" situations, the coJc. calculated default junction |
i

hydraulic diameter will not be coirect. The junction hydraulic diameter is used in the formulation
of interphase drag for all junctions, not just at junctions where the CCFL model has been |

impicmented. The word optional on the CCFL data card therefore should be interpreted
*1equired for all junctions where the default hydraulie diameter is not ac.ceptable or the CCFL
model is to be implemented."

4.6.4 Time Dependent Junction Component

'lhe TMDPJUN component permits the user to impose a Dow boundary condition on a
nalet. It is possible to specily the Dow condition as either a volumetric or mau Dow rate. An

illustrative example of this capability is the specification of an injection How as a function of the
coolant . system pressure (e.g., for the now deliveted from an ECC system employing centrifugal
pumps).

As is the case for a TMDPVOL component described in Section 4.6.2, the TMDPJUN
specifies a trip rember, a search variable. and a table that correlates the search variable to the
now boundary condition. To model the ECC system described above, the TMDPJUN input might
look as follows:

' hydro name type

59txXXO *cces" tmdpjun

' hydro from to area

5900101 5850(XXXX) 595(XX000 0 05
' hydro vel /00w trip alphanumerk numeric
5900200 1 575 p 595010000

* hydro p mdot l mdatv mdot if

5900201 1.e99 0. O. O.

5900202 0. O. O. O.

5900203 500. 250. O. O.

5900204 1000. 200. O. O.

5900205 1500, 120. O. O.

5900206 2(KX). 60. O. O.
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i $900207 2400. 25. O. O.

$900208 25(Kl. O. O. O.

.

Assume that trip $75 has twen defined as the safety injection actuation signal and no ECC Dow is
possible until certain conditions are met, liefore the status of this trip turns true, no now will be
injected by ThfDP,1UN $W (when the trip is false the now associated with a negative search
argument is used). After the trip turns true a seatch is made in the table using the pressure in
cell $9501 to evaluate the injection now mass Oow rate. With the input shown above, the shutoff
head of the injection pump is 2$00 psia and as the pressure falls, the injection flow rate increases
in a manner prescribed in the table. Component $85 would be modeled with a ThiDPv0L that
specifies the temperature of the injection Huid.

.

4.6.5 Pipo/ Annulus Cornponent

The pipe component is simply a series combination of single volume and single. junction
cornponents. Component descriptions and input requirements are presented in Section 441 for

3 the single-ve'ame component and in Section 4.6.3 for the single. junction component. The
advantage of the pipe o"er the separate single components is primarily one of input efficiency.
For example, the number of data cards needed to input a ten-cell pipe is signincantly fewer than
to input the corresponding ten single volumes and nine single junctions. His officiency results
from using the sequential expansion input format.

As an example of the sequential expansion format, consider the input needed to s[xcify the
lflow areas for a seven-cell pipe. For the first two cells, the feow area is 1 fi , for the third cell it

2
i is 4 ft', and for cells $,6. and 7, it is 2 ft Dese data are entered for component CCC as

follows-

CCC0101 1. 2 4.3 2.7
,

2 2 2This data is read by the code as i ft through Cell 2,4 ft thrvugh Cell 3, and 2 ft t/uvugh Cell 7.

Ily definition, the pipe component has only internal junctions associated with it. Any
connections to the ends of a pipe must be made with external junctions (e.g., single junctions,
valves, time dependent junctions, or junctions associated with branch type components).-
RELAP$/htOD3 includes a new capability to connect external junctions to internal pipe cells. To
esercise this capability, it is necessary to use the expanded connection code option of
RELAP$/hlOD3 [see the description of the single-junction component in the user input manual

_ (Carlson et al.,1900a)].

Flow branching inay be accomplished by connecting two or more external junctions at the
end of a pipe component; it is not necessary to use a branch component for this purpose. A
non fatal warning message will appear in the printed output indicating that more than one
junction is attached at a pipe end.

%c annulus component is identical to the pipe component except that an annular Dow
regime map is used. An annulus must be specified as a vertical component.
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4.6.6 Branch Components

lhe branch component may be thought of as a single. volume component that may have
single junctions appcoded. Cornponent descriptions and input requirements are presented in
Section 44.1 for the single-volume component and in Section 4A.3 for the single. junction
component.

Any number of junctions may be defined as a part of a branch component. Note that other
external junctions (e.g., single junctions, valves, and time dependent junctions) that are defined
separately may also connect to a branch.

1he separi. tor. jet mixer, turbine, and ECC. mixer components are specialized branch
components. Certain restrictions on the number and orientation of jenetions apply for these
specialized cornponents. Brief discussions regarding use of these specialized branches are
presented in the following subsections.

4.6.6.1 Separator.1he separator component is a specialized branch mainly used for
simulating the behavior of light water reactor steam separators. Three junctions must be defined
with a separator and no junctions defined in other components may connect to a separator. By
definition, junction 1 must be the vapor outlet junction, junction 2 must be the liquid return
junction, and junction 3 must be the separator inlet. Recommendations and restrictions for
separator user option selection use documented in Section A-7.7 of the RELAPS user input data
requirements manual (Carlson et al., IWOa).

1hc separator component accepts the inlet flow, performs an idealized prescribed separation
of the liquid and vapor phases, and when in the separating mode passes the vapor out the

i

separator outlet junction and passes the liquid out the liquid return junction. Example
nodalizations of separator applications are documented in Section 5.

1he separation process is directed by the void fraction limits associated with the last entries
on the input cards for the vapor and liquid outlet junctions. For the vapor outlet lunction, this
entry is termed VOVER and represents the raporfraction above which the outlet flow is pure
vapor. For the liquid return junction, this entry is termed VUNDER and represents the liquid
fraction above which the flow out the liquid return junction is pure liquid.

The VOVER and VUNDER limits are based on the r,cparator hydrodynamic cell conditions,
not the junction conditions. For void fractions greater than VOVER and less than
(1 - VUNDER) an idealized separation prccess is used.1his idealized process involves a total
separation of the fluid entering the separator inlet junction. Pure vapor passes through the outlet
junction and pure liquid is returned through the liquid return junction. For void fractions less
than VOVER, the separator is assumed to be flooded and liquid may flow out the vapor outlet
junction. For void fractions greater than (1 VUNDER) the separator is assumed to be drained
and vapor may be arried under through the liquid return junction. When outside the range of;

void fractions for the idealized separation mode, the separator component reverts to the normal
branch component models.

O
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Default values of YOVER = 0.5 and VUNDER = 0.15 are used if not specified by the
D user. With these values, an idealized separator is mmicled when the void fraction is between 0.50

and 0.85. De user must therefore ensure that the separator void fruction is twtween the limits
specified when simulating a normal separator operation. Separator performance in off-normal

'

situations is an area of considerable unceitainty. There is a p ncral lack of available separator
test data that may be used to correlate appropriate liquid carryover and vapor carryunder limits
(Westinghouse Electric Co. ct al.,1987)

4.6.6.2 /ef mixer. ne jet mixer component is a specialized branch that is mainly used for.

simulating the behavior DWR jet pumps. Three junctions must be defined and no junctions
defined in other compments may connect to a jet.n,ixer. By definition, junction 1 must be the
drive, junction 2 must be the suction, and junction 3 must be the discharge. Recommendations
and restrictions for jet mixer user option selection are documented in Section A 7.7 of the
RELAP5 user input data requirements manual (Carlson et al.,1990a).

The jet mixer uses the momentum of the drhe junction to accelerate the suction flow
through the discharge junction. There has been only limited user experience applying the jet.
rnixer component. Example nodalizations of jet mixer applications are documented in Section 5.

4.6.6.3 Turbine. The turbine component is a specialized branch that allows for work
extraction. A simple turbine may be modeled using one turbine commment; multistage turbines
may be niodeled using a series combination of turbine components. Each turbine component
must define two junctions. Junction i must be the inlet junction and Junction 2 must be a

O crossflow jnnetion for sicam extraction. The normal turbine outlet junction must be defined as a
part of another component (such as a single volume or branch). Recommendatlans and
restrictions for turbine user option selection are documented in Section A 7.7 of the RELAPS
user input data requirements manual (Carlson et al.,1990a).

He turbine component requires additionalinput data requirements (beyond those for a
,

branch) to define rotor geometry and performance parameters. A turbine componen' may be
connected to a control variable shaft component, which in turn may be connected to a contiul
variable generator compment. With this arrangement, the speeds, loads, and interias of the

'

turbine, shaft, and generator are determined consistently.

There has been no user experience applying the turbine component beyond that in code
developmental assessment. The turbine component has never been used successfully in a
steanVwater system. Ilowever, there has been a successful steady state application of the turbine
model using hydrogen as a working fluid. In that application, a simple single stage turbine was
used. There has been no experience with multiple stage turbines;it is recommended that a
single-stage turbine be modeled unless bleed paths are needed from each stage. In the successful
application, turbine type 2 was used; a reaction fraction and stage radius are not used when this
option is selected. In this application, the turbine power curacted was found to be entirely
dependent on the differential pressure across the turbine. Other parameters had virtually no
effect.

4.6.ti.4 Emergency Core Cooling Mixer. He ECC mixer component is a specialized
branch that may be used to simulate the phenomena associated with subcooled ECC injection into

4 23

. . - - --. - . , .



- ._ _ -. .- _- . - _ - - _ _ - . - - - - _ . -

a reactor coolant system The ECC mixer component is a new model that has not existed prior to
itELAPS/ MOD 3 so user experience is restric'ed to developmental assessment applications. The
purpue of the modelis to provide a more representative simulation of the now regimes and
interphase heat transfer processes asweinted with a subcooled liquid stream entering a voided
pipe.

1he ECC-mixer component should be centered at the injection site and preferably have a
length to-diameter ratio greater than 3. It is necessary to specify three junctions. Junction 1 is
the injection junction, junction 2 is the normr.1 inlet, and junction 3 is the normal outlet.
llecommendations and restrictions for ECC miter user option selection are documented in
Section A 7,7 of the ItELAPS user input data requirements manual (Carlson et al., IWla). Note
that the user may specify an injection angle by using the last word on the data input card
desciibhig junctic- .

4.6.7 Valvo Component

lhe valve component provides a general capability for specifying a junction with a variable
Dow area. The input requirements for the single- junction component described in Section 4.6.3
also apply to the valve component. A restriction prevents a valve from being used as a crossuow
junction, but they may be used in all applications where a single junction comFment me be used.

A valve type must be speciGed.1his selection is dictated by the manner in which the user
would prefer the valve to be controlled Available valve types include check, trip, inertini, motor,
servo, and relief Recommendations and restrictions for valve user option wiection are
documented by valve type in Section A 7.8.5 of the itELAPS user input data requirements
manual (Cathon et al.,1Wla). Descriptions and example applications for each valve type are
presented in the followiag subsections. For light water reactor siihty applications, the check, trip,
and servo valves are particularly useful, the rnotor valve is moderately useful, and the inertial and
relief valve components are not recommended. !!ecause code assessments have highlighted the
importance of adequately modeling actual valve performance, it is recommended that the user
carefully consider the modeling of valves. Factors such as valve closure time, closing
characteristics, and leakage have been shown to signincantly affect simulations.

4.6.7,1 Check Valve. 'Ihe check valve component is used as a Dow control device to
prevent back Dow of Duid from one region into another when the downstream pressure is higher
than the upstream pressure. Check valves are employed at many kications in a light water
reactor. Examples include ECC injection, accumulator injection, and feedwater injection lines.
When modeling a system, check valve components are simply included at the same k> cation as the
prototype valves.

It is recommended that the check salve type be specified using option 0. Numerical
difficulties have been experienced when using option 1. The check valve component is fully open
whenever the upsticam pressure exceeds the downstream pressure and fully closed whenever the
reverse is true. Check valves generally have been applied using zelo closing back pressures and
Icak ratios. User experience has shown that, when leakage is to be modeled, the va've must have
been open previously for the leakage to be simulated. To simulate leakage with a check valve
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that should always be closed,initialite the valve open and let local pressures close it immediately
when the calculaim begins.

4.6.7.2 Trip Velve. The trip valve component is u'.ed whenner a binary contrcl(i.e., open '

or closed) valve is neoled. The binary operator used is the trip (described in Section 4.4). T he
trip valve is fully olen whenever its associated tr:p is true and fully closed whenever its associated
trip 13 false. Since control logic for many prototype valves may be reduced to a binary operation,
the trip valve is used frequently lisample applications for a trip valve include isolation valves and

'

relici valves. An accumu)ator sptem might contain an isclation valve that must be opened to
allow How or closed when the tank has emptied. A sellef valve might be open if certain
conditions are present r.nd closed if not. lixampic 2 in Section 4.4.2 iPustiates how the behavior
of a hynerisis relief valve may be simulated with trip logic.

The trip valve is also valuable in providing modeling Ocxibility. For example, consider a
study to find the sensitivity of calculated results to vallous flow systems. The modeler may include
all now t.ptems in a base model and will then have the capability to ' valve-out' Dow sptems by
employing isolaGng trip ulves. The sensitivity calculations rnay proceed using the same model.
The appropriate Dow systems are selected by altering trip status as needed.

4.C.7.3 Inerflal Valve. The inertial valve allows the user to simulate the detailed response
of a check valve based on the hydrodynamic forces on the valve Dapper and its inertia,
momentum, and angular acecleration. Unless the dynamic response of the valve itself is of4

particular importance to a ptobbm. it is recommended that the inertial valve not be used. The
check valve component desenbed in Section 4.6.7.1 is recommended for that purpme. There has
been only limited user experience applying the inertial valve component.

4.6.7.4 Motor Valve. The motor valve component lets the modeler simulate a valve that is
driven open or chised at a given rate folk) wing the generation of an open or close command.
Trip status is used to generate the open and close commands; one trip number is identified as the
open trip and another as the close trip. The valve respcmd5 by maintaining its current position ~

unless either the open or close trip is true. When opening or closing, the valve area is reduced at
a specified change rate.1he change rate is speci0ed as a time constant in units of inverse
seconds. A change rate of 0.1 therefore indicates the valve area changes from full closed to full
open (or the reverse) in 10 seconds.

The model also allows the user to incorporate a nonlinear valve area response. If a valve
table number is identified, the table is assumed to correlate the valve stern position and the valve
now area. In the above example, the stem position wouhl be assumed to vary Dom 0 to I
(or i to 0) over 10 seconds. A nonlinear valve Dow area response may then be incorporated
through the valve table.

The motor valve would appear to be very useful, but the need to specify a constant change
rate limits its applicability. Generally, it is recommended that a motor valve component be used
only in applications where the valve change rate in the prototype system is well known and where
realistic simulation of this valve control is important to the problem. For most applications. the
servo valve is a more appropriate selection because of greater Oexibility in its control.
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4.6.7,5 Servo Valve. The senu valve component is the most flexible valve model. Its !
Inormalized flow area is equal to the current value of a speciGed control variable. For a control

variable value of 0, the valve is fully closed and for a value of 1 it is fully open.1hus, virtually
any process, accessing virtually any calculated parameter, may be reduced through control variable
logic to a noimalleed flow area and used to control the valve position.

As for the motor valve, the user can incorporate a nonlinear valve area response. If a valve |

table nurnber is identified, the table is assumed to correlate the valve stem position and the valve
flow area. In this case, the specified control variable is interpreted as the srmalized stem
position and a nonlinear valve flow area response rnay then be incorimrateo through the valve |
table.

To demonstrate the power of the servo valve component, consider modedra a prototype ,

feedwater control system for a PWR with U tube steam generators. The feedwater flow rate is
controlled by modulating the feedwater valves based on the response of a three-point control
system. The feedwater flow rate, steam flow rate, and steam generator indicated level are
measured and used to drive a complex control system. This system processes the feed / Steam flow
mismatch and level errors through proportional. integral controllers into a valve movement
command. If this control system is accurately modeled using the RELAPS control variable logie
descrilv:d in Sect cn 4.10, then the modeled control system output may be arranged such that ai

control variable will represent the normalized feedwater valve flow area.1he feedwater valve is
then modeled using a servo valve compi nent that references that control variable.

4.0.7.6 11ellet Valvo. 'lhe relief valve gives the capability to simulate the detailed response
of a spring. loaded relief valve based on the hydnxlynamic forces on the valve pintle, and its rnass,
momente n, and acceleration. Unless the dynamic sesponse of the valve itself is of particular
importance to a problem,it is recommended that the relief valve not be used.1hc trip valve
component described in Sect'on 4.6.7.2 and the trip logie described in Section 4,4.2 Example 2 are
recommended for that purpose. There has been only limited user experience applying the relief
valve component.

4.6.0 Pump Component

The input and performance of the pump component is arguab'y the most misunderstood of
the RELAP5 models.1he pump component consists of a single hydrodynamic volume with
appended inlet and outlet junctions. Ily definition, junction 1 is the pump inlet and junction 2 is
the outlet junction. The pump model acts simply as a momentum source that produces a pump
differential pressure with a corresponding pump head. The pump head is apportioned equally
between the inlet and outlet sides. In other words, the pump center pressure is midway between

the inlet and outlet pressures.

The pump head is calculated based on the tr:cd pump conditions, a normalized set of pump
characteristics (the homologous curves), and the currently-calculated conditions (e.g., pressure,
temperature, void traction, and flow rate), llecause the pump performance is explicit, the solution
is based on the conditions present in the previous time step. Therefore, the user should check for
stability difficuhies with the pump model that may be encountered when (a) the time step siec is

4 26

. . - .. . . . - ..- _ ___ .- _



_ _ _ _ _ _ _ . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ __

large, (b) the calculated phenomena are changing rapidly, or (c) the slopes of the hornologous
curves are particularly steep.

The homologous curves i . wide single. phase performance relationships between the pump
now, head, and speed. These relationships are non dimensionalized using the pump rated
conditions. If needed, the pump model provides the capability to degrade the pump performance
as a function of the coolant void fraction in the p.,mp.

4.6.8.7 General Pump input, Much of the input required for the pump com;mnent is
simihir to that presented for the single. volume and single junction components described
previously and will not be repeated here. The reader is urged to read the input requirements
section of the code manual for several input restrictions (Carlson et al.,1990a). Some general
model options are not available for the pump component. He most commonly encountered
restriction is that heat structures may not be connected to a pump hydrodynamic volume.

%c CCC0301 card (CCC is the component number) is used to input the Dags that specify
the kications of the pump data, the two phase and motor options, and the pump speed control,
the pump trip number, and whether reverse pump speeds are allowed.

The CCC(002-04 cards are used to input the pump rated conditions and other pump
parameters in general, the pump rated conditions are available in data supplied by pump
manufacturers. Note that the pump rated speed and ratio of initial to rated speeds are input.
He pump does not need to be initialized at its rated speed. Input for the moment of inertia
should include all rotating masses: pump, shaft, and motor. The friction torque inputs (TFO. TF1,
TF2, and TIU) are used to model the bc.aring friction drag for the pump. He friction torgoc is
determined from the cubic equatiom

2friction torque = TF0 + TF1 x S + TF2 x S + 1T3 x S'

where

S = the ratio of current speed to rated speed.

This input allows the bearing friction torque to te specined as a function of pump speed.
The rated speed, Dow, head, torque, density, and motor torque are used along with homologous
curves to calculate pump performance when the pump is powered. Following a pump trip, pump
coastdown will be determined by the moment of inertia, the friction torque, and the interact:on
(through the homologous curver) betwecu the pumped Guid and the impeller. It is recommended
that the user input a nonzero friction torque because if it is specined as zero the pump speed
coastdown following trip may not end at zero speed, in other words, if the rotor is considered to
be frictionless, then it will tend to "pinwhccl* in any residual now, such as from natural k)op
circulation. His effect can be important because the kicked-rotor pump resistance is a significant
portion of the overall kmp resistance at natural circulation now rates.- The difference between
kxked rotor and pinwheeling resistances is considerable. As a starting point, it is recommended
that a total of 2% of rated torque be used as friction torque. Furthermore,it is recommended
that this 2% be evenly divided between torques TF0 and TF2; therefore,1% represents static
bearing friction and 1"c represer,ts bearing friction proportional to the square of the pump speed.
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4.6.8.2 Homologous Curve Development. %c RELAPS homologous cuives provide the
data needed for the code to calculate single phase pump performance. RELAPS contains built in '

homologous curves for a Westinghouse and a Ilingham Willamette pump. To avoid considerable
extra effort, the pump to be modeled should be represented with one of the built in options if
possible. Ilomologous curve selection is made using the first field on card CCC0301: 0 indicates
the curves are to be input, a positive number indicates the curves input for the component with
the same number are to be used,1 indicates the 11ingham Willamette curves are to be used, and
2 irjicates the Westinghouse curves are to be used. l

|

IIf the user determines that homologous curves need to be input, then the data for a full set
of curves must be developed. The nature and terminology of the homologous curves are
somewhat unique in the development of thermal hydraulic systems rnodels. Herefore, curve
development therefore is often a source of confusion for the model developer, ne remainder of l
this section is intended to reduce this confusion by explaining the terminology and the
development process.

2 -o sets of pump homologous curves provide the relationships among head, Dow, and speed
(termed the head curves) and among torque, flow, and speed (termed the torque curves). These
curves are non dimensionalized by the rated head, iated torque, sated now, and rated speed
specified for the pump. Next, the curves are expressed in terms of unique independent variables
(the ratio of normalized now to normalized speed). ;

our modes of pump behavior are possible: normal pump, energy dissipation, normaln

turbine, anr' .rverse pump. These modes are summarized in Table 4-1.11ecause the curves are
normalized, two regions are needed for each of these modes to describe cather the head or torque
curves: one for when the independent variable ranges from 0.0 to 1.0 and one when the
independent variable is greater than 1.0, In this latter case, the indeper4 dent variable is inverted.

Table 41. Modes of pump operation.

Mode 7haracteristics

Normal pump Positive Dow and positive speed

Energy dissipation Negative now and positive speed

Normal turbine Negative Dow and negative speed

Reverse pump Positive Dow and negative speed

O
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ikcause of this inversion, the homologous cuives can compress the entire range of pump
performance between independent variable values of .1.0 and 1.0. A full set of homologous head
cunes contains eight regimes (two each for the normal pump, energy dissipation, normal turbine,
and reverse pump modes). Similarly, a full set of homologous torque curves also contains eight
regirnes, it is a requirement that input be provided for all shteen head and torque regimes..

Figure 41 shows an example set of homologous head curves with the standard regimes
indicated. Note that the regimes and modes correspond with each other: regirnes 1 and 2 to the
normal pump mode, regimes 3 and 4 to the energy dissipation mode, regimes 5 and 6 to the
normal turbine mode, and regimes 7 and 8 to the reverse pump mode. The normalized
independent and dependent variables are defined in terms of the head, Dow, and speed ratios as
shown in the ugure. A similar set of eight regimes b needed for the homologous torque curves.
For these, the head ratio is replaced by the comparable torque ratio.

Generally, pump test data are available for the normal pump mode. Typical pump test
curves provide head as a function of How at a constant speed and this data is suf0cient to
generate the head homologous curves for regimes 1 and 2. This is accomplished by tabulating the |
pump test data for flow and head, normalizing the data based on the rated conditions, and
calculating the requisite nondimensional independent and dependent variables shown in
Figure 4-1. The torque hornologous curves for regimes 1 and 2 may be calcelated by extending
the tabulation from the head curve calculation and considering that the normalized torque is
equal to the product of the normalized How and normalized head divided by the normalized

,

i

efficiency.

)
Pump test data supporting development of the head and torque curves for regirnes 3 through

,

8 .;e generally unavailable, it is suggested that a user with no other option consider using data
similar to that shown in Figure 41 for regimes 3 through 8 as a rneans of obtaining reasonable i

responses in the off normal regimes. It is important that the regime curves form a closed pattern,
such as is shown in Figure 41. Regime int:rsection points are summarized in Table 4 2. An -

open pattern will result in grossly-inappropriate pump model performance or job
4

Tablo 4 2. Ilomologous curve regime consbtency requirements. '

Curves independent Variabiq

1 and 2 1.0

1 and 3 0.0
2 and 8 0.0
4 and 3 1.0. '

4 and 6 0.0
5 and 6 1.0
5 and 7 0.0
7 and 8 1.0 .
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Figure 41. Single phase homologous head curves for 1% loop MODI semiscale pumps.

O
4 30

I
- - - .-. .- , _



_ _ _ _ _ _ _ _ _ _ _ _ _ ___ - _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ ___

failure whenevet a transition is attempted from one cune legime to another across a
discontinuity.

4.6.8.3 Putnp Two Phase Degradation Characteristics. he two phase degradation of
pump performance is specified using differeme and multiplier curves. The degraded pump head
is calculated by subtracting the product of the head multiplier and the single phase /two phase
difference head curves from the single phase head curves. A similar method is used to calculate
the degraded torque. Formulas for these relationships are found in the code manual (Carlson et
al.,1990b). Note that the multiplier curves are specified as functions of pump void fraction and
that the rnultipliers should equal 0.0 at void fractions of 0.0 and 1.0.

Unfortunately for the code user, the data needed to develop the two-phase diffetence and
multiplier input of:en are not available. As is the case for the off. normal, single phase purnp,
homologous curve regions described in Section 4.6A2, pump manufacturer test data neglect many
of the pump operating regimes needed to fully characterize pump behavior. Two phase
difference and multiplier data for a r.cmiscale pump are available and are documented in the code
manual (Carlson et al.,1990b); however, no r.ssurances can be given regarding its use in other
applications.

The two phase pump performance degradation model is based on the pump-center void
fraction. His can be the cause of anornalies if the void fraction data on which the degradation
behavior is based were taken at the pump inlet. The difference between pump inlet and center
void fractions can be especially significara for highly voided inlet conditions at very low pressures.
As the fluid passes into the pump, the vdds are compressed and the pump center void fraction
may be much lower than that at the pump inlet. If this is expected to be an important effect,
then the user may modify the input to account for it. This inadification is made by specifying the
multiplier curves as furations of pump-center void fractions that have been adjusted to ref1cet the
differences between pu.np entrance and center conditions.

The user should note that the REIAPS pump does not contain a cavitation model._ ne
two-phase degradation behavior discussed above regards voiding within the pump hydrodynamic
cell based on convection of void from upstream cells or bulk flashing within the pump itself. A
mechanistic model of flow on the pump impeller is not included. If the user finds that pump
cavitation effects are to be expected and data regarding pump performance during cavitation are
available, then an approximation of cavitation behavior may be implemented independently, His
implementation involves monitoring conditions using RELAPS control variables and, where

- appropriate based on the data, reducing the pump speed to simulate cavitation effects.

4.6.8.4 Pump Speed Control. Control of the RELAPS pump model speed is a frequent
source of confusion to users, ne pump simply has two modes of operation, untripped and
tripped. In the untripped mode, the pump speed may be controlled by the user in any manner

i

L desired.' For example, a constant pump speed may be specified, or the pump speed may be
! controlled as any function of other problem variables via a RELAPS control variable. In the

( tripped mode, the user may not control the pump speed. It is determined by the dynamics of the
pump rotating masses and interaction between the pump and its fluid through the homologous

Q curves. In a typical application, a pump's speed may be controlled as a conrtant until some pump

| V
4-31

L
|.

'

. _ _ ._ . __ . . . __



trip condition is met (e.g., attaining a low system pres ure). Following trip, the pump coasts down
to zero speed.

'Ihe trip condition of the pump is determined by two trips. The first trip is contained on
card CCCY1301, where CCC is the pump component number. Where this first trip is false, the
pump is considered to be untripped, and when it is true, the pump is considered to be tripped.
*lhe second trip is found on card CCC6100, When this second trip is false, the pump is
considered to be tripped and when it is true, the pump is considered to be untripped.
Furthermore, the status of the $ccond trip overrides that of the. first trip, and if the second trip is
specified as 0 then the condition of the second trip is assumed to always be true. To avoid
nnfusion, it is recomrnended that the first and second trips be specified as complementary trips.
In this manner, there is no doubt to the user whether or not the pump is tripped.

For an untripped pump, its speed is determined tw the time-dependent pump vekicity
control cards and table on cards CCC6100, CCC6101, etc. 'Ihe term ' time-dependent" is
inaccurate. These cards provide the flexibility to specify the pump speed as a function of any
calculated parameter.

For a tripped pump, RELAPS calculates its speed response based on an inertial coastdown
from its condition at the time of trip and the hydrodynarnic interaction between pump and fluid
based on the pump homologous curves. The user is referred to Section 4.6.8.1 regarding the
imicrtance of specifying realistic pump bearing friction so that under normal circumstances pump
coastdown will result in a locked rotor.

To illustrate pump speed control, consider an example of trying to control the speed of
pump 135 as a function of the pressure in hydrodynamic cell 340010000. This example might
represent a turbine-driven pump whose speed is known as a function of the pressure available to
drive the turbine, in addition, assume tha when the pressure in cell 340010(XK) falls below 50
psia that the tuibine and pump are tripped and coast down. First, the two pump trips are
developed:

535 P 34001(XXX) LT NULL 0 50. L -1.

635 535 AND 535 N 0.

Trip 535 is initiated as false and will latch tiue when the pressure falls below 50 psia. Trip 635 is
specified as the complement of trip 535 and therefore is initiated as true and will remain true
until it is latched false when trip 535 turns true. Trip 535 will be ut,cd as th: trip on card 1350301;

and trip 635 will be used in the speed table that will appear as followc:

1356100 635 P 3400100(X)
1356101 0. O.

1356102 50. 27.

1356103 300. 125.

1356104 700. 180.

1356105 1(XX). 185.
,

I 1356106 5000. 185.
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De speed table, which correlates pressure and pump speed, therefore is in effect whenever trip
635 remains true. The table uses the pressure in cell 34001(XKK) as the independent search
variable. The table dependent variable is the pump speed, in this case in RPM. When trip 635
turns false and trip 535 turns true, tpced control switches from the speed table to an inertial
coastdown.

Note that the user is not constrained to specifying pump speed in table format as in the
above example. E pump speed may be determined in any manner desired using RELAPS
control variables. Tne control variable and pump speed are then related by a one to-one
correspondence pump speed table. To illustrate,in the above example say that the pump speed is
calculated using control variables and that the output of this process is control variable 405, which
represents the desired pump speed. Speed control is effected by using a speed table such as

1356100 635 CNTRLVAR 405
1356101 0. O.

1356102 1.e6 1.e6

With this method, the pump speed is set equal to the value of control variable 405 by the table.

4.0.9 Multiplo Junction Component

The multiple.juriction component is a new model in RELAPS/ MOD 3 and as such has had
little user experience. By using this component, the user can specify many junctions with a single
component This provides an alternative to specifying many independent single junction
components.

The advantages of using the multiple. junction component are that (a) the input required for
the junctions is minimited, and (b) data for all junctions may be consolidated in a single location
in the input stream. The disadvantage of using the multiple junction component is that
identify 6g the locations of the junctions in printed and plotted output becornes more difficult.

To illustrete this disadvantage, consider that components may be joined using junctions
within the components themselves or with separate junction components. If the components of a
now circuit are numbered consecutively (e.g., 100,110,120,130), then the h> cations of the
junctions are easily identified by the output parameters. In the above example, junction 105 is
easily recognized as cennecting components 100 and 110 and junction 120010000 is understood to
connect to component 120. If, however, a multiple junction component is used, then all of the
junctions associated with it would share the same component numtv:r (in the ateve example,
junction 1(KK)1(KKK) would connect components 100 and 110,100020000 would connect 110 und
120, itKK)3(KKK) would connect 120 and 130, and so on). IdentiGcation of the junction locations in
the output then becomes problematic.

In the authors' opinion, the disadvantages of using the multiple junction component
outweigh its advantages in most applications. Therefore,it is recommended that use of
multiple-junction components generally be avoided.
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4.6.10 Accumulator Component

ne accumulator component is a lump-d parameter component for which special numerical
treatment is given. He model provides a realistic calculation of the phenomena associated with
tank draining, gas bubble expansion, wall heat transfer, and interphase heat transfer at a quiescent
liquid-gas interface. He accumulator therefore lets the user simulate a nitrogen charged
accumulator and surge line system. He accurnulator must be initialized with the gas and liquid
spaces in thermal equilibrium and with no surge line flow. Note that the accumulator tank, tank
wall, surge line, and outlet check valve junction are included in the accuruulator model.

During a simulation where an accumulator tank is calculated to drain, the special
accumulator models are disabled and the model reverts to a normal single volume hydrodynamic
solution scheme. The gas used in the accumulator is assumed to be nitrogen, which must be one
of the gas types specified on card 110. ,

4.7 Heat Structures

RELAP5 heat structures are used to represent metal stractures such as vesse! walls, steam
generator tubes, fuel rods, and reactor vessel internals in a facility. Each heat structure is defined
to have a "left" side and a *right" side. Conventions such as these are described below. Each side
of a heat structure may be connected to at most one hydrodynamic volume. However, more than
one heat structure may be connected to the same hydrodynamic volume.

The user should consider that the average Guid conditions in the hydrodynamic volume are
assumed to interact with the entire heat structure, This is a limitation that can result in excessive
wall to-fluid heat tran.,fer whenever a stratified fluid condition is present in the volume.
Consider, for example, a core boil-off situation where a well-defined core mixture level declines
below the top of the core. As the level falls through the elevation span of a core cell, the fuel
rod-to-fluid heat transfer will not degrade until the cell is almost completely empty. This problem
may be overcome by using more extensive axial core nodalization such that the error ininxtuced is
acceptable. A related average fluid-condition limitation reptds wall to-liquid heat transfer in
highly voided hydnxtynamic cells. In this situation, the calculated heat transfer is often
insufficient to dry out the liquid, and as a result liquid droplets remain in the flow This problem
cannet be circumvented <ith added noding.

This section discusses general and speciGc practices for using heat structures. In a model,

|
heat structures are referenced by a heat structure / geometry number (termed CCCG) and a

j sequence number within the CCCG. As a general practice, it is recommended that the CCCG
correspond to a hydnxtynamic volume to which it is connected. Note that this correspondence is'

not required; however, if it is used, then interpretation of the code output is greatly facilitated
because heat structures and hydrodynamic cells bear the same identifying numbers,

j As an example, consider a reactor vessel downcomer that is modeled using 6-cell pipe

| component number 570. Heat structures should represent the reactor vessel wall, thermal shield,
! and core battel. Because the geometries of the vessel wall, thermal shield, and core barrel are

different (i.e., their cross sections aiid materials are different), it will be necessary to use three
separate heat structure! geometries to represent them. In this example CCCG = 5701 ruight be

I
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used to represent the vessel wall,5702 the thermal shield, and $703 the core barrel. Within each
of these heat structure / geometries the user would specify six heat structures, consistent with the
six axial hydrodynarnic cells. For each CCCG, heat structure I would connect to hydrodynamic
cell $7(Mil (KKK), heat structure 2 would connect to hydrodynamic cell 57(K12(XXX), and so on.

Eighteen heat structures are therefore specified using a minimum of input, and the heat structure
numbers shown in the output can be easily correlated with their kwations. In this example, heat
structure 5701(xm is easily recognized as representing the reactor vessel wall adjacent to the sixth
downcomer hydrodynamic cell.

Ileat structure data are input in three sections. De first section dimensions the input and
provides general data regarding the heat structures. The second section provides input data
common to all heat structures in the heat structure / geometry group. The third section provides
data unique to each individual heat structure. These inputs and their effects are now discussed
separately.

4.7.1 General Hest Structure input and Dirnensioning Data

General heat structure data are entered on heat structure card ICCCG(MMX), where CCCG is,

the heat structure / geometry number. The data on this card dirnensions the inp it. %c parameter
Nil gecifies the number of heat structures input for this heat structure / geometry. The number
of radial mesh points and the geometry type (re.; angular, cylindrical, or spherical) are also
specified.,

The steady-state initialization Dag is an important input that is a frequent source of crrors.
If this Dag is set to 0, the mesh point temperatures entered with the heat structure input are used
for the initial condition. If this Dag is set to 1 the initial mesh point temperatures are calculated
by RELAPS for a consistent steady-state solution with the boundary conditions specified (such as
Guid temperatures, code-calculated heat transfer coefficients, and internal heat sources). Note
that initial temperatures must be entered so that input processing may be satisfied, even if the
1 Dag is used.

The left boundary coordinate must be input. The value entered here is the reference point
from which the remainder of the geometry is specined. For rectangular geometiies, zero may be
entered, and all remaining geometrical speci0 cations become the distance from the left surface.
A recommended convention is to use the left surface as the primary and innermost heat transfer
surface, although there is no requirement to do so. For example, a flat plate with a convective,

boundary condition to a Guid on one side and insulated on the other would be modeled with the
fluid on the left sarface and an insulated condition on the right surface. In this case, x = 0
represents the lluid/ plate surface and a value equal to the plate thickness represents the insulated
boundary. For a cylindrical pipe with Guid inside, the left coordinate rould be set to the inner
rad;us of the pipe and the right surface would equal the outer radius of the pipe. The coordinate
references for spherical geometries are treated in the same manner as for the cylindrical
geometry. For fuel rods, it is standard practice to use a left coordinate of 0 (representing the
centerline of the rod) and to specify an adiabatic condition on the left surface.<
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%e temaining fields on card ICCCG(XXX) indicate refkod options. ljmited user experiente
data are available as a resource for the RFLAP5 reihui rnodels Similarly, the gap conductance,
metal water reaction, and fuel cladding deformation models have limited user experience.

On restart problems, all heat structures in a CCCG heat structure geometry may le deleted
from the problem by entering

ICCCG000 delete

4.7.2 Heat Structure Input Common to All Structures in rho Group

Card 1CCCG100 identifies the mesh h> cation and format flags. A 0 mesh location flag
indicates that the heat structure mesh, composition, and source distribution data are input as a
part of this heat structure. To conserve input for cases where these data are shared among many
heat structures, they only need to be input once for one heat structure / geometry group. A mesh
kwation flag of the CCCG from that group is specified for the other inputs.

The mesh format Dag is a source of user confusion. His Dag concerns the manner in which
the data pairs needed to lay out the heat structure mesh are to te input. Two options are
available. De first option (mesh format = 1) lists pairs of the numtwr of intervals in the region
and the right boundary coordinates. ne second option (mesh format = 2) lists pairs of distances
and intervals. In both cases, the specifications begin at the left surface and work toward the right
surface.

To illustrate the mesh format options, consider the folh> wing example: modeling a pipe with
a cladding on the inner surface as 6hown in Figure 4 2. The cladding inside radius is 0.475 ft, the
cladding / pipe interface is at a radius of 0.5 ft, r.nd the pipe outer radius is 0.6 ft. A heat structure
mesh is desired where one node is located on the inner suiface, one node is in the center of the

cladding, one node is at the clad / pipe interlace, three evenly spaced nodes are within the pipe
wall, and one node is on the outer surface, nere will be six mesh intervals between the seven
mesh points. For this problem, a left coordinate of 0.475 ft is specified. Using mesh format
option 1, the remaining mesh points are specified as follows:

1CCCG101 2 0.5 4 0.6

This statement is to be read "from the left coordinate of 0,475 ft, use 2 evenly. spaced intervals
through a coordinate of 0.5 ft, then use 4 evenly.rpaced intervals through a coordinate of 0.6 ft."
With this input, the code places the nodes at a radii of 0.475,0.4875,0.5,0.525,0.55,0.575 and
0.6 ft. Note that the right surface is defined by the last entry,in this example at a radius of 0.6
ft. With mesh format .2, the distance between nodes and the number of such intervals would be

specified for this problem as follows:

ICCCG101 0.0125 2 0.025 6

This statement is to be read *from the left coordinate of 0.475 ft, use interval thicknesses of
0.0125 ft through interval 2, then use interval thicknesses of 0.025 ft through interval 6." It is
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recornmended that the user select one of these methods and use it exclusively to avoid input
errors caused by mixic,g the two formats. Furthermore, mesh format 2 is recommended because it
is consistent with the format used for heat structure compositions and heat source distributions.

'the heat structure composidons are specified using pairs of material composition identifiers
and interval numbers. 'Ihe compmition number is the index corresponding to a set of material
properties that are entered elsewhere in the input listing. Continuing the above example,
consider that the cladding is stainless steel with composition number 7 and the pipe is carbon
i,tcel with composition number 8. This data would be input using

ICCCO201 7 2 8 6

This is to be read "use stainless steel through interval 2 and carbon steel through interval 6.'

The distribution of heat sources among the heat structure intervals is specified using the
same format. This input is needed even if no internal heat sources are modeled, in which case
zeros may be entered. Pairs of relative source values and interval numbers are entered. The
relative source values merely determine how the absolute internal source power for this heat
structure (defined latei in the heat structure specification) is to be distributed radially.

4.7.3 Heat Structure input Specific to individual Structures

Initial ternperature data are required, regardless of the initial condition Dag status on card
ICCCG(XXX1 A number of options are available and are contrclied by the initial temperature
flag. If the flag is 0, -1, or missing, then temperatures must be input as a part of the heat
structure input data. To use temperatures input with another heat structure, an initial
temperature flag equal to the CCCG of that heat structure is input. If the Dag is 0, then

I temperatures are entered until there is one for each mesh point. It is assumed that each of the
heat structures in the group uses the same initial tempera'ures. If the initial temperature Dag is
1, then data are continued to be input until a temperature has been specified for each mesh

'
point in each of the heat structures in the group. To allow the code to initialize the
temperatures, the input data requirements may be met by using an initial temperature flag of 0,

| and specifying dummy temperatures. For example, for a 10 node heat structure, input
,

| ICCCG401 300.10
|
| The left and right boundary condition cards specify the fluid volumes to which the heat

structure is connecied, and the heat tramfer surface areas. In addition, these cards allow the user
to implement an absolute boundary condition, such as a surface temperature or surface heat flux.

Difficuhics have been encountered in the past by users who have mixed boundary condition
types within a heat structure geometry group. As a result,it is recommended within each heat
structure geometry group that all left boundary condition types be the same and that all right
boundary condition types be the same. A set of left and right boundary corsditions is needed for

,

cach of the heat structuies in the heat structure / geometry group. Note that each of these heat|

structures shares the common cross-sectional geometry described in Section 4.7.2, A reto entry is
used when representing an adiabatic or insulated boundary condition.
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1hc * increment" entry is frequently misunderstomi.1he increment is used with the
sequential expansion data entry format to compress data into a minimum number of cards. For

V example, if input is needed for five heat structures connected in sequence to volumes 12001(XX0
!!' rough 12((1500(0, then a boundary volume of 120010000 is entered and an interval of 1((x0 is
specified. With this input, the boundary volume for heat structure 1 is 12001(XK0, the boundary
volume for heat structure 2 is 120020000 (12001(KKO + 1(XXIO), and so on.

The heat transfer surface area may be specified in one of two ways as determined by the
surface area code.11y using the O code, the surface area is entered directly as the following word.
By using the 1 code, REIAPS wil,1 automatically calculate the surface utea for cylindrical and
spherical geometry types based on the " factor" entered as the following word. In cylindrical
geometries, the factor entered is the cylinder length. In spherical geometries, the factor is the
fraction of a whole sphere (e.g.,0.5 is used to represent a hemisphere). As an example, consider
the situation where the heat transfer from 10.000 cylindrical fuel rmis is to be mm!cled. In this
case, the cross section of a single fuel rod is defined using the input described in Section 4.7.2. A
smface area code of 1 is used on the boundary condition card and a factor equal to 10.000 times
the length of the fuel rods is entered.

The source data cards are used to specify the power generated within each heat structure.
This determination is made by starting with the total power specified by the " source type." 1hc
input power may come from a reactor kineties routine, a control variable, or a table input.1hc
power deposited within each heat structure is denned by the product of the total power and the
internal source multiplier. By using the direct heating multiplicts for the lef t and right boundary
volumes, a portion of the total power may be deposited within the Guid, such as for gamma

V heating. Note that the power calculated here is distributed within each heat structure as provided
on the ICCCO300 source distribution cards described in Section 4.7.2. The total of the internal
source multipliers and direct heating multipliers over all heat structures in a core should equal 1.0.

The additionalleft and right boundary cards are used to specify the heated diameters for
each heat structure and to provide data needed for the new RE! APS/h!OD3 heat transfer
package. -Since these models are new, user experience is limited at this time, it is suggested that
the recommendations in the input data requirements document regarding default input be
followed (Carlson et al.,1990a).

4,8 General Tables

General tables are used to conveniently implement various numerical functions into a
problem. A general table is entered using cards of the format 2021TrNN where llT is the table
number and NN is the sequence number of the data input. Note that data must be entered for
any table that is referenced elsewhere in the problem; however, not all tables entered need to be
referenced.

The first data table card entered,2021Tno, specifies the table type, optional trip, and
modification factors as described in the input data requirements manual (Carlson et al.,1990a),
Available table types ine!ude power, heat tran_fer rate as a function of time, heat transfer[m coefficient as a function of temperature, temperature as a function of time, reactivity as a function

k of time, and normalized area as a function of normalized length.
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A common user error involves misunderstandings legarding conversion factors when using
tables with a type other than reactivity as a function of time. It is recommended that the user
carefully check the implied units for the table type to be employed and then, as a part of the
moJel checkout process, the user should double-check the performance of the tab!c model.

A general table commonly is used to supply core juwer data as a function of time after
reactor trip. An example table for this rpplication is shown in Figure 4 3. De example problem
is performed using liritish units; therefore, the core gewer is specified as 2700 megawatts in
" factor 2" of Table 900. The table operates based on trip 1722 that turns true when the reactor
trips. As long as trip 1722 is false, the table normalized power anociated with the 1 time value is
used. in this case,1.0 is used. Following reactor trip, the r 'alized gewer declines with time,

representing the effects of scram rod insertion and decaying heat. Note that the time
argument in the table is to be read ' time in seconds af ter the . >ccurrence of trip 1722 turning
true.' %erefore, it is recommended that the reactor trip be mooeled using a * latched' trip (see

Section 4.4).

4.9 Reactor Kinetics

nis section provides ruidance to the reader regarding the use of the RELAp5 rpace.
independent ' point * reactor Linctics model. The point kinetics formulation usec core. average
fluM conditions, weighth g factors, and feedback coefficients to determine a total reactivity for
driving the kinetics calculation of total core power. Once the total core gewer has teen
determined, it is then distributed among the fuel heat structures in an invariant manner. For
many simulation problems, a point kinetics formulation may be an adequate approsimation of the
physical processes. The user should, however, carefully consider the adequacy issue for the
particular application, if it is determined that point kinetics is inadequate, then it may be
lessible, through an iterative process between RELAPS and a more functional kinetics code, to
converge upon the true solution.

Core pcwcr may be specified in the model by using an input table, a control variable, or by
the reactor kinetics model. This selection is made according to the ' source type' entered as the
first word on the heat structure source data cards (format 1CCCG0701). If a source type less
than 1(KX)is entered, then a heat source based on a general table with the same number is used.

If a source type greater than 1(XX10 is entered, then the heat source is based on the control
variable equal to the source type minus 100lK). De reactor kinetics model is used to power a
heat structure when source types 1(XX),1001, or 1002 are specified. See the input data
requirements manual for the option most appropriate for your application (Carlson et al.,1990a).

An example reactor kinetics input data set, shown in Figure 4-4, will be used to illustrate use
of this code feature, ne input values shown are not to be considered representative of actual
data for any plant. Users should employ data appropriate for their particular applications.

The reactoi kinetics input begins with card 3(nX1000, which specifies POINT (the only
option available at this time) followed by the feedback type. %rce feedback options are
available: SEPARABL, TABLE 3, and TABLE 4 The feedback data required to be input are
determined by the seicetion. The SEPARABL option is the simplest and most frequently used.
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l

g......................................................................
m table no. 900 - power
.......................................................................g
glable table type trip no. factor i factor 2
.0290000 power 1722 1.0 2700.

* table t irne poweey
.0290001 -1. 1.0
20290002 C. 10
20290003 0.1 0.8382
20290004 0.5 0.2246
20290005 0.8 0.1503
20290006 2.0 0.09884
20290007 4.0 0.08690
20290008 80 0.07375
20290009 10.0 0.06967
20290010 30.0 0.05060
20290011 60.0 0.03977
20290012 80.0 0.03604
20290013 150. 0,02997

20290014 300, 0.02565
20290015 800, 0.02073
20290016 1500. 0.01749
20290017 2500, 0.01489
20290018 3000. 0.01401
*

Figure 4-3. An example of core power data - function of time,
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O

e.x. _ .><.4 _ tics examp{.. x. . ... . , . _ .
u reactor kine e input y
rax4xuatrex+sa x+ a x xax,xex ax a ,v

b0000000 point separabl

$0000001 gamma ac 1848.24e6 00 329.412 1.0 10
4 scram table

30000011 920
y
v moderator, density re ac t iv i t y table
30000501 6.3725 0.006
30000502 40.0000 0.100
30000503 46.8710 0.120
30000504 48,0000 0.130
30000505 70.3065 0.250
*
$ fuel temperature doppler reactivity table
30000601 32.0 0.2
30000602 4500. 0.1
n
u volume weighting factors and temperature coefficients
n vol cell wt fun react 1
30000701 514010000 0 .07301 .00089
3000070'. 514020000 0 .18250 .00069
30000703 514030000 0 .24359 .00089
30000704 514040000 0 .24359 .00089
30000705 514050000 0 .18250 ,00089
30000706 514000000 0 .07391 .00089
n
n f uel t empe rat ure dopple r coef f ic ient s
u ht struct wt fun react $
30000801 5141001 0 .1670 -5.592e-4
30000802 5141002 0 .1670 -5.592e-4
30000803 5141003 0 .1670 -5.592e-4
3u000804 5141004 0 .1670 5.592e-4
30000805 5141005 0 ,1670 5.592e-4
30000806 5141006 0 .1670 -$.592e-4
$ reactivity scrtm table
20292000 reac-t 554
20292001 0.0 0,0
20292002 1.0 0.0
20292003 2.0 -0.35
20292004 4 0 -6.55
20292005 5.0 -9.60 s

20292006 i e6 -9.60
*

Figure 4 4. An example of a reactor kinetics input data set.

O
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With SliPAllAllL the data entered specily the moderato density, modeiator tc mperature, and
fuel temperature leedback information (the wlumes and heat structures hom which the densities
and temperatures are used, and the teactivity Icedback coellicients for each) With this option, a
change in one of the three parameters does not allect the others.

The TAllt.li3 and TAllt.li4 optiom require the input of multi-dimensional tables that allow
the user to specify interactiom among the reactivity feedback functions (e g , the dependence of
the moderator density feedbatk e a function of the moderator temperature ruay be modeled).
With TAllt.li3, a three-dirnemional table linking moderator demity, inoderator temperature, and
fuel temperature feedback is entered. With TAllt.li4, a four.dimemional table linking the above
three cifects with boion concentration is entered. The SEPARAllt, option is most of ten
selected, simply because the data needed to input TA131.li3 and TA111.l!4 feedback are
unavailable.

In addition to the required input for the selected feedbck ootion type, the user may specify
additional reactivity components by indicating what tables or control variables are to be used for
that purpose. In the Figure 4 4 example, Table 920 (input at the bottom of the input list)
specifies the reactivity of the scram tod in dollars as a function of time after reactor trip (trip
554). The table is implernented as a reactivity component on card 3(WhMK)ll.

Card 3tMMXKNil specilies the comtants that control the Linctics calculation. Note that the
'nitial reactor power is entered in watts regardless of whether lhitish or SI units are used in the,

pmt. lcm. This comention ditteis from other code leatures where power is entered in megawatts
for british units.

The total reactivity feedback in dollars is calculated by the code using the formulation

total reactivity = initial reactivity - bias reactivity + reactivity from tables
+ reactivity from control variables + E|WF R(e) + a,TJ
+ E[WF R(T ) + a,T,].i

In this equation, WF is the weighting factor entered on card series 3(XKK1701 for the
hydrodynamic volumes and on card series 3tWKMN01 for the heat structures. The "a" cocificients
are entered on these same cards. The R functions are those specified on card series 3(XXX)501
(density) and 3(WWxn601 (fuel temperature). The subscript "w" indicates ''for the water" and the
subscript "1" indicates "for the fuel." The first sum is user the user-specified hydrodynamic cells
and the second sum is over the user-specified heat structures,

in the Figure 4-4 eumple, the core is made up of six hydrodynamic cells (51401 through
51406) and six fuel rod heat structuies (5141001 through 5141006). The moderator density
reactivity is weighted by the center-peaked cosine axial core powe: profile, and the fuel
tempeiature weighting is linear. For the fuel temperature feedback calculation, the average
temperature of the fuel pellet is used. This average temperature is distinguished from the average
heat structure temperature (which includes fuel, gap, and cladding regions) by the heat structure
composition data input on card series 1CCCG201 (CCCG is the heat structure / geometry
identifier). The user is referred to the users input manual for this ca.d series (Carlson et al.,
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IV%). Structure legions with positive composition numbers are included in the average
temperature calculation while regions with negative com[osition numbers are not.

It is important for the user to catefully consider the total reactivity equation. %e moderator
temperature, malerator density, and fuel temperature reactivities are calculated using the initial
duid and heat structure conditiom. To this, the initial values of any table-entered and control-
variable-entered reactivities are added. Next, the ' initial reactivity" is added (this was input by the
user) His sum is exactly and a.itomatically balanced by the code with the bias reactivity such
that the initial total reactivity is zero. In other words, the code assumes that the reactivity must
be reto at time zero, and biases the calculation to force that condition. %i5 cale calculated bias
reactivity is displayed at the end of the input processing edit and is carried as a constant +cactivity
contribution throughout the calculation.

De authors' preference for entering reactivity feedback is to select the SEPARABL option,
defeat its reactivity effect by entering icro for the reactivity coef0cientr, in the required #cedback
input, and then calculate total reactivity usiag control variables. One advantage of this method is
that the components of reactivity are more easily understood by the user because they are
independently calculated and tracked. %e component reactivities are summed into a total
reactivity, and a single control variable is then used to drive the reactor kinetics calculation.
Another advantage of this method is that each of the reactivity components may be biased to zero
at the initial condition such that the component reactivity changes during a calculation are casily
displayed and interpreted. In this way, the reactivity com;mnents, the user-input initial reactivity,
and the code-calculated bias reactivity all are icro at the initial time.

Oin p*actice, before attempting to incorporate reactor kinetics into a model,it is
recommended that a satisfactory steady state fin,t be obtained with the desired core power
specified through an input table rather than by kinetics. His step ensures that the initial core
conditions are appropriate so that little change in reactivity will occur when the calculation is
started. When this has been accomplished, the power source is shifted from the input tab e to the
kinetics package (by changing the source types on the core heat structure cards). A calculation is
then performed to attain an adequate full power steady state condition with the kinetics package
activated. At this point, the user may Gnd that small deficiencies in the origmal steady state
conditions may cause the kinetics-calculated steady core power to be marginally different than the
desired value, nis situation may be remedied by implementing a shim control reactivity (via a
control variable) to drive the model to the exact core power desired. His shim control system
would then be defeated (by specifying a constant control variable with a value equal to the Gnal
value of the shim reactivity) before beginning any transient simulations.

4.10 Control Variables

RELAPS control variables are an extremely Ocxible and useful feature of the code.
,

; Contrary to the name, control variables are suited to many functions in a calculation tgond the

| simulation of a control system. Control variables may be used to relate diverse types of calculated
I data, perform mathematical and logical operations, and cause actions to occur in the model.

O
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The user must first understand the control variable input and its functions. Consider thefs
l following control variable input developed for the purpose of calculatint. the difference in mass
\ flow rates between junctions 15601 and 15602 in Ibm /s and limiting this difference to between 0

and 5(XX) Ibm /s:

205156'X) delmdot sum 2.2N6 1000. 0 3 0. 5000.
20515601 0. 1. muowj 15601(XXX)
20515602 -1. mflowj 136020LXX)

Control variables are entered using cards of the format 205NNNXX, where NNN is the control.
variable number and XX is the input card sequence number. Many different types of control
variables are available. The format for the 00 sequence card is identical for all of the types, while
the format of the 01,02, ... sequence cards is different for each type. Two format conventions,
original and extended, are available for entering control variable data [see the user input date
requirements manual (Carlson et al.,1990a)]. All control variabies in a problem must use the
same convention. Examples of control variable applications shewn here use the original format,

in the abovc example, control variable 156 has been assir;ned the name "delmdot," a
descriptive abbreviation for ditTerential mass flow. The sum control variable type has been
indicated with a scale fac or of 2.2046, the conversion factor from kg/s to lbm/s. An initial value
of 10(X). has been specific d and the *0" entry following it means to use the speciGed initial vnlue
(an entry of I wt,;it ird.cate that the code should calculate the initial value based on the initial
values of the mass flow rates). The "3" entry rceans that minimum and maximum values ate to be
applied. The remaining fields indicate the minimum allowable value is 0 and the maximum
allowabic value is 5000. References to the external data and coefficients to be used appear on
sequence cards 01 and 02. The 0 ertry is an additive constant while the 1 and -1 entries are the
coefficients.

As a transient proceeds, the mass flow rate through junction 15602 will be multiplied by -1
-and added to the product of the junction 15601 mass flow rate and the coeflicient 1. A frequent
saurce of user error is the oversight that all internal references to data within control variables
are performed in SI units. Thus the references to the junction mass How rates return values in
kyls, not Ibm /s, even if the problem i/ wing solved in British units. The scale factor 2.2046 -
converts the differential mass flow in kg/s to Ibm /s.

Note that the minimum and maximum apply to the final value of the control variable, after
the scale factor has been applied. Moreover, the mer should remember that the output of a i

control variable by definition is considered dimensicmless by the code. In this example, the user -
has created control variable 156 to represent the dif ferential mass Dow rate in Ibm /s; however, to
the code, the t utput of the control variable has no dimension. Therefore, the user must ensure

!. that units are properly accounted for.
1

. The user should be aware that control variables are evaluated in numerical order according

| to the control variable number If a reference is made to control variable "A" within control

q variable "B," then the value of"A" will be as of the previous timestep if A>B and as of the!

current timestep if A<B. In some situations, understanding this convention is critical. Finally,i

| the user should understand that control variables are solved last, after the hydrodynamic and heat

!
,
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transfer solutic,ns have been obtained. Therefore, the values of the control variables on any

timestep tc0cct the thermal. hydraulic conditions for the current timestep. Conversely, actions
Sken m a result of control variables attaining a particular status will not occur pntil the following

tmesteit

A summary of the control variable types and brief statements regarding their fur.ctions
appears in Table 4-3 Generally, additive constants and multiplicative coefficients may be
implemented within each control variable, in addition to the functions speciGed. Using
appropriate combinations of control variables, virtually any algebraic, logical, or functional action
may be taken in the model. The user is referred to the input data requirements manual for the
exact formulas for each control variable type (Carlson et al.,1990a).

When a user first sets up a model, it is recommended that control variables be developed to

provide centinuous indications of various important process variables. Examples of these variables
for a PWR include steam generator secondary. side mass *imary-to-secondary heat transfer, and
steam generator and pressurizer levels. When used b. m m , the control variable provides a.

convenience to the user because these frequently-dc M .rameters are calculated by the code as

a part of the calculation. The advantg : o trot the user does not need to assemble these data
using a post processing routine, an often cumbersome and time-consuming job.

Beyond convenience, situations arise where data must be calculev 3 using a control variable
or they will be lost. These situations regard any process invohing integra; ion (e.g., tracking an
integrated break flow). It is not possible to reconstruct an accurate record of integrated break
Dow using a post. processing routine because the RELAP5 restart / plot file contains the mass now
data only at the user-requested plot point time interval. All data for time steps between these
points are therefore lost. To track integrated break flow, an INTEGRAL control variable is used
to integrate the break mass How parameter. With this method, the break junction mass flow rate
is integrated by the code at each time step and thus, the output of this control variable
represents a true indicatior< of integrated break Dow.

To illustrate the process of using control variables in an actual problem, consider the
following rather complex simulation problem. Core power is calculated using the reactor kinetics
model, and one of the reactivity components needed is based on the control rod position. The
control rod reactivity worth is kncan as a function of its position. The initial positica is known,
and it will be assumed its reactivity is zero at the initial position. The control rod has two modes
of operation: prior to, and after scram. Prior to scram, the rod performs a power shim function at
a limited maximum rate of travel, attempting to control the reactor at the desired operating
power. After scram, the rod takes on a safety function, and is driven into the core via a spring
mechanism. This mechanism provides an initial 6-g acceleration to the rod, decays linearly to 1-g
when the rod has been driven in 60 mm, and then has a constant 1-g acceleration thereafter. For

this problem. a normalized rod position of 0 represents fully withdrawn, and a position of I
represents fully inserted.

The control system input developed to simulate the control rod reactivity is shown in
Figure 4-5. This input leads to determining the current normalized control rod position (the
"new" position, CNTRLVAR 957) and the reactivity associated with that rod position. The
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Table 4 3. Control variable types and their functions.

n . .

Contel_ Variable Type __, Function...

SUM Add parameters

MULT Multiply two parameters

Div Divide one parameter by another

. DIFFRENI Differentiate a paramc er response; Exact initial value must be
specified -

DIFFREND - Differentiate a parameter esponse: No initial value needed, an
approximation

INTEGRAL Integrate a parameter

FUNCTION Access a user-input table with an independent variable and return
the dependent variable

STDFNCTN ~ Standard functions (e.g., trigonometry) of an independent variable

DEL'Y Use the previous time value of a parameterA

-( TRIPUNIT - Binary operator keyed to a trip status

TRIPDLAY Binary operator (equals 0 if trip is false and equals time trip last
turned true if trip is true)

POWERI Raise a function to an integral power

POWERR - Raise a function to a real power

POWERX Raise one function to a power defined by another function

- PROP-INT Proportional-integral Laplace operator

' LAG Lag Laplace operator

LEAD LAG ' Ixad-lag Laplace operator

CONSTANT Specifies a constant value

PUMPCTL, STEAMCTL, Specifies pump speed, steam, and feed
FEEDCTL control for self-initialization

SHAFT Links turbines, pumps, and loads
-

-
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O.
$....................i........ . ...............................=.....s
Activar name type factor init f c min max

20594300 *timest" sum 1. .0025 0 0
V4ctivar .0 coeff variable name parameter no.
20594301 0. 1. time 0

20594302 1. cntrlvar 944
s.....................................................................=$
Activar name type factor init fc min max

20594400 *oldtime" sum 1. 30, 00

Ywct1 var a0 coeff variable name parameter no.
20594401 0. 1. time o

s................=.........t............................................s
name type factor init f c min maxgetivar.0594500 *noscram" tripunit 1. 1. 10

ctivar trio no.
20594501 -510s......................................................................s
Activar name type factor init 'c min max

2)594600 " scram * tripunit 1. O. 10

hetivar ; rip no.
20594601 510
s..i...................................................................$
$ctivar name type factor init fc min max

20594300 *powerr' sum 1. 0211123 00

*$ctivar a0 coeff variable name parameter no.
i.e-6 rktpow 0

20594901...==...=350.........................a..............=......=..==.=.ss...= ..

*ctivar name type facsor init f c min max

20595000 "lagerr* 1ag 1. .02135538 00
&
*ctivar tau.1 variable name parameter no.
20595001 0.5 c nt rivar 949
s......................................................................$
*ctivar name type factor init f c min max

20595400 *shtmsp" sum 1 1.69348-6 0 3 .001586 .0015Ru

hetivar a0 coeff variable name parameter no.
20595401 0. 7.93e-5 cntrivar 950
5......=....=...........=.....==.==$..=...=.====.....==....=....=====..$
s table 956 - acram rod speed as function of time after tripg...........,..........................................................g
$ table

table type trip no. factor i factor 2

0295600 reac-t 510 1, 1.

table time reactivity

20295601 -1. O.
20295602 0, 0,

20295603 0.005 0.2931
20295604 0.01 0.5802
20295605 0.015 0.8555
20295606 0.02 1.1133
20295607 0.025 1.3485
20295608 0.03 1.5561
20295609 G.035 1.7321
20295610 0 04 1.8727
20295611 0.045 1.9752
20295612 d.0491 2.0292
20295613 0.06 2.1360
20295614 1.0 11.3480

Figure 4 5. An example of control system input to simulate control rod reactivity.

O,
|
1

4 -03 I

|
1



>A s...............................................o......................>
( ) *ctivar name type factor init fc min,

\s / 20595600 *scramsp* function 0.651466 0, 0 1 0.
*
*ctivar srch ar9 eame s rc h arg. no, table no.
20595601 time 0 956
$==.........................................=..........................$
*ctivar name type factor init fc min max
20595900 *shimsp" mult 1. 1.69348 6 0
*
4ctivar variable name parameter no, varlable name parameter no.
20595901 entrivar 954 cntrivar 945
s......................................................................$
Activar name type factor init fc min max
20596000 *scramsp" mult 1. O. 0
*
*etivar variable name parameter no. variable name parameter no.
20596001 entrivar 956 entrivar 946
s.......................... ..........................s................s

name type factor init fc min maxgctivar
.0596100 *rodspeed* sum 1. 1.69348-6 0
*
yctivar a0 coeff variable name parameter no.
20596101 0. 1. cntrivar 959
20596102 1. c nt rivar 960
s......................................................................$
wetivar name type factor ini) f c min max
20596500 *deltapos" mult 1. 4.2337-9 0

etivar variable name parameter no. variable name parameter no.
20596501 cntrivar 961 entrivar 943
s......=....=...............=...=....==................................f
Activar name type factor init fc min max
20506700 "nnwpos" sum 1. .278668 03 0. 1.

cilvar a0 coeff variable name paramvtor no.
20596701 0, 1. c nt rivar 968
20596702 1. cntrivar 965

[ '\ s............................=................s3......................$
. ) Activar name type factor init fc min max
(_,/ 20596800 "oldpos" s u.m 1. .278668 03 0. 1.

%
Activar a0 coeff variable name parameter t.o.
20596801 0. 1. cntrivar 967
s......................................................................s
s table 970 - control rod reactivity as function of normalizea rod
s position (blased to zero at initial position)
*................... ..................................................g
* table tabic t pc trip no. factor i factor 2
20297000 reac-
*
*t ble time reactivity
20297001 0. 3.93
20297002 0.1218 3.50
20297003 0.2195 2.33
20297004 0.2790 0.
20297005 0.4391 6.27
20297006 0.6098 -18.18
20297007 0.7805 -28.89
20297008 1 -32.78
s.....................................................................s

name type factor init f c min maxyetivar
40597000 *rodreac" function 1. .01299627 13 -32.78 3.93

*
Activar srch arg. name srch arg. no. table no.
20597001 cntrivar 96, 970
s......................................................................s

Figure 4-S. (continued).
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reac;ivity output (CNTRLVAR 970) is an evaluation of the rod position vs. the worth table
(Table _970) at the new rod position. De current value of CNTRLVAR 970 therefore is used as
a component dollar reacuvity (see the reactor kinetics description in Section 4.9).

De control variable logic is required to determine the cunent or new normalized rod
position at each time step. The new position is calculated by adding the change in normalized rod
position during the current timestep (of length At) to the old rod position according to the
formula

new rod position = old rod position + [(shim speed) or (scram speed)]At

Referring to Figure 4 5, the current time step size is first calculated in CNTRLVAR 943. His is
accomplished by subtracting the problem time on the previous time step (CNTRLVAR 944) from
the current problem time (time 0). This technique takes advantage of the order in which control
variabice are evaluated. When evaluating CNTRLVAR 943, which references CNTRLVAR 944,
the latter has a value as of the previous time step.

Binary operators are developed (in CNTRLVAR 945 and 946) to represent the scram status
(defined elsewhere in the problem using trip 510). CNTRLVAR 945 has a value of 1 before
scram and a value of 0 afterwards; the reverse is true for CNTRLVAR 946. These binary

operators are used to determine which of the rod speeds (shim or scram) is to be used.

The shim speed is determined by the power error, which is the difference between the
current core power and the desired core power. He power error is calculated with CNTRLVAR
949, which takes the difference between the current reactor power (rktpow 0) and the desired
core power (350 MW). For stabiliiy, this error is lagged by 0.5 s in CNTRLVAR 950. The
lagged power error is then related to the current shim rod speed in CNTRLVAR 954. A

4 was simulated in the shim mode. Thismaximum normalized rod travel rate of 0.001586 s
condition was met by specifying these minimum and maximum values in CNTRLVAR 954. The
coefficient 7.93e-5 was selected to provide a maximum rod travel rate when the magnitude of the
core power error exceeds 20 MW,

Next, the rod speed in the scram mode is calculated using CNTRLVAR 956. This is
accomplided by hand calculating the rod speed as a function of time after scram (based on the
initial 6-g acceleration and linear acceleration decline to the gravity-drop situation). The output
of this hand calcuhtion is recorded in Table 956, which lists the normalized rod speed as a
function of the time since the scram trip 510 turned true. Note that a "reac t" table type is
specified. This was done only to non-dimensionalize the table. The dependent variable is actually
normalized rod speed, not reactivity. CNTRLVAR 956 simply evaluates Table 956 and returns a
normalized scram rtx! speed.

The inverse binary operators developed in CNTRLVAR 945 and 946 are now applied to the
shim and scram speeds, respectively in CNTRLVAR 959 and 960. At all times, one of these
speeds will be zero. He two speeds are added tegether in CNTRLVAR 9M that now represents
the current normalized rod speed.

O
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'ihe change in normalized rod position for the current time step is calculated in

(qV)-
time step size (CNTRLVAR 943). The new normalized rod position is calculated by adding the

,

CNTRLVAR %5, which multiplies the current normalized rod speed (CNTRVAR %1) by the

change in rod position to the rod position in the presious time step. This new position
(CNTRLVAR %7) is then used to determine an asmciated rod worth by evaluating Table 970
with CNTRLVAR %7. CNTRLVAR 970 is used as a dollar reactivity in the kinetics calculation.

This example is intended to demonstrate the power and flexibility that RELAPS control
variables afford the user for modeling complex operations.

4.11 RELAP5 Internal Plotting Routine

RELAP5 contains a rudimentary routine for generating the data needed for plotting
calculational results. 'Ihe capabilities of the internal plotting package are not considered

- adequate for most applications. An external post. processing plotting routine is used at the INEL
for this porpose.

-
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5. PRESSURIZED WATER REACTOR EXAMPLE APPLICATIONS/m1

A'} This section provides example RELAP5 modeling applications for PWRs. The purpose of
this section is to provide guidance for developing general plant madels that may be used for
analyzing a wide variety of small break LOCAs and operational transients. The user is cautioned
that no model is generally applicable for simulating all transient scenarios. Care should be taken
so that modeling and nodalization are appropriate for the particular application.

5.1 Westinghouse Plants (Base Case)

This section provides pidance for modeling Westinghouse PWRs. The specific example
discusses a three-loop plant design; modeling of two. and four loop designs is similar. A complete
input listing for the example plant is included in Appendix B. The following subsections discuss
the example model by regions.

5/1.1 Reactor Vessel

Reactor vessel nodalization is shown in Figure 5-1. Flow enters from the cold legs into the

reactor vessel downcomer annulus in branch 102. Tne modeler should note that the
hydrodynamics associated with branch and pipe components are identical. De branch component
may have its own associated external junctions, while the pipe component may have only internal

T junctions (therefore relying on single junctions, valves, or branch junctions for external{j'
The primary reactor vessel Dow path is downward through branch 104 and anntlus 106 to the
connections). The modeler's choice between pipe and branch components is one of convenience.\

lower plenum, ccmponent 110. An annulus component is identical to a pipe component except
an annular flow regime map is used. A portion of the inlet flow is diverted around the
downcomer through bypass pipe 116. This bypass.is a large volume, but low Dow region betwen
the core former plates and core barrel. In the example plant the bypass is a region of downwani
flow, effectively a downcomer bypass. In some plants this region is in upward flow and is a core

bypass. ,

Another portion of the inlet now is diverted upward through pipe 100 and through the
upper reactor vessel bypass nozzles into the upper head, branch 126. Still another portion of the
inlet now is bypassed directly to the hot leg through the slip-fit between the core barrel assembly
and reactor vessel wall at the hot leg nozzles. His path is represented by Iae junction from
branch 102 to upper plenum branch 120.

Core inlet branch 112 recombines the downcomer and bypass flows before entering the

heated core that is represented by pipe 114. The upper plenum is represented by branches 118
and 120, and by pipe 122. Branch 129 represents the guide tubes that route a portion of the core
exit Dow from the upper plenum to the upper head.

Note that in the example PWR model, the hot and cold legs are connected to the reactor

f vessel at the inlet and outlet faces of reactor vessel components. This model was assembled prior
s
\
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Figure 5-1. Nodalization of reactor vessel.
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to the availability of the crossuow junction. Standard practice now calls for the hot and cold leg

g connections to be made with crossuow junctions (see discussion in Section 3.4.5). To upgrade the
i vessel noding in Figure 51 for this recommendation, it would be necessary to change the
\ elevation spans of branches 102 and 120 such that their midpoints are at the elevation nf the hot

and cold leg centerlines.

The desired flow splits through the various reactor vessel bypasses generally are attained in
the model by adjusting the calculated now losses (forward ed reverse loss coefficients) as needed
to best represent the actual losses associated with orinces and complex geometries. To minimize
iterations, this process should proceed from the now paths with the largest Dows to those with the
smallest flows. In general, when representing small leakage paths between large volumes (e.g.,
the noales between pipe 100 and branch 126), the modeler should not use a highly reduced
junction now area (e.g., that of the oriner itself). Instead, a junction now area equal to that of
the smaller of the two adjacent volumes should be used along with an increased loss coefficient as
needed to limit the flow to the desired value.

Ileat structures are used to represent the fuel pins, the major internal structures (thermal
shield, core barrel wall, core former plates, guide tube walls, etc.), and the scactor vessel
cylindrical shell and spherical heads. These heat structures allow simulation of inter-region heat ,

transfer, such as between the core and bypass regions through the core former plates.

The noding for the reactor vessel shown in Figurc 5-1 represents the standard nodalization
scheme used at the INEL for small break LOCA simulations. The elevaticas of the junctions

p between nodes are consistent betweca parallel now paths puch as the downcomer, bypass, and

(") core regions); this scheme was developed to prevent numerical oscillations between parallel
-

channels during early development of the code. Nodalizing the core with six axial cells is a
compromise scheme allowing observation of core uncovering, yet being relatively economical. If
en accurate simulation of the core uncovering process is needed, then the user is advised to use a
finer nodalization near the top of the core. Additionally, siveca cure noding provides some
resolution of core axial void profiles that affect reactor. kinetics core power calculation. If very
accurate void, feedback simulation is needed, then the user should consider finer nodalization,
core-wide, Nodalization of the upper plenum and upper head regions provides sufficient
resolution of Dashing phenomena and liquid levels in these regions during accident simulations.

5.1.2 Hot and Cold Legs ahd Steam Generator Prirnaries M'

|

Standard INEL nodalization for one of the primary coolant loops is shown in Figure 5 2.
Flow from the reactor vessel enters hot leg pipe 404 and progresses through branch 405 into the
steam generator inlet plenum, branch 406. It was necessary to break the hot leg into two
components so that the pressurizer surge line may be aanhed at the proper location. It is not
possible to connect an external junction (such as the surge line) at a pipe internal junction (such
as would have occurred if the entire hot leg had been modeled with a single 4-cell pipe).

! Pipe 408 represents the many thousands of steam generator tubes. These tubes are lumped
I into a single component using the same phikmphy as is explained in Section 5.5 for the lumping

of two coolant loops. Representing the steam generator tube primaries with an 8-cell pipe
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component is a nodalization scheme that compromises between cakulational fidelity and expense,

p . This scheme has pioven is generally useful, however the rnodeler should individually consider the

Q nodalization requirements for the problem to' be modeled. The tule nodalizath rcheme shown
may not be sufficiently detailed to model phenomena associated with re0ux cochng and greatly
reduced secondary-side levels. Branch 410 represents the steam generator outlet plenum.
Modeling of the steam generator secondary region is described in the following section.

Pipe 412 represents the pump suction cold leg. To ensure proper simulation of behavior in
the loop seal region, cell 4 of this pipe is input as horizontal. This orientation allows the
formation af horizontally stratified Dows at the bottom of the loop seal. It is recommended that
at ! cast one horizontal cell be used for simulating loop seal phenomena. Cells 1,2,3, and 5 of
pipe 412 provide sufficient vertically-oriented cC.ulational cells for simulating the formation of
liquid levels in the k>op seal region and for simulating cour,tercurrent how limiting phenomena.
The pump component is described separately in Section 5.1.5.

The pump discharge cold leg is modeled with branches 416 and 418 and pipe 420. This
nodalization scheme has proven suitable for simulating horizontal stratification of fluid within the
cold legs during loss.of-coolant accidents. The nodalization also provides for proper simulation of
the Guid temperature distribution in the region; the junction between the bianches is located such
that the ECC injection site is correctly trodeled. The user should remember that RELAPS
provides a one-dimensional representation of the flow and therefore is not capable of resching
thermal stratification of warm and cold liquids within the same pipe. Therefore, although the
model may observe the bulk mcvement of cold ECC liquid toward the core, it is not capable of

Q]:r 6bserving a stream of cold liquid residing in the bottom of the horizontal pipe. The high and low
pressure ECC functions are modeled with pairs of time; dependent volumes and junctions. The
ECC fluid injection temperature is specified by the time-dependent volume while the injection
flow rate is specified as a function of the cold leg pressure by the time-dependent junction. This

_

method allows simulating the head /tiow characteristics of the centrifugal ECC pun:ps. An
_

example of the method is provided in Section 4.6.4. A'RELAPS accumulator component is used
to simulate the injection behavior of the nitrogen. charged accumulators. This lumped. parameter
component model mechanistically represents the tank and surge pipe hydrodynamics, heat transfer
from tank wall and water surface, water surface vaporization to the gas dome, and gas dome
condensation. The accumulator model is described in Section 4.6.10.

Heat structures are empicyed 'to model the hot and cold Ieg piping walls, the steam
generator plena heads, the plena separation plate, the tubesheet, and the steam generator tubes.

'

5.1.3 Steam' Generator Secondaries s
~

Standard INEL ncxlalization for one of the steam generator secondaries is shown in
Figure 5-3. Modeling of the steam generator primary region was devribed in the previous ,

. section._ In the secondary region, main feedwater enters the steam generator downcomer raulus -
at branch 258 where it is combined with the recirculation liquid flow returning from the separator
(component 278) through downcomer annulus 5 ranch 254. The combined flow' descends through
the downcomer (annulus 262) and enters the boiler (pipe 266). Note that the axial nodalization

,

]al - was made consistent between the tube primary, boiler, and downcomer regions. The use of four
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axial hydrodynamic cells in the boiler region has proven generally useful. Ilowever, finer
.G nodalization of the boiler region may be needed for simulating phenomena amciated with reflux

cooling nele and significantly depleted steam generator secondary inventory, The user is advised
to carefully censider the nodalization needs for a particular application. Onrall steam generato
performance is dependent on correctly simulating the recirculation ratio (the boiler flow rate
divided by the feedwater/ steam flow rate) because it controls the heat transfer process on the
outside of the tubes. The Dow losses associated with the horizontal baffles in the tube bundle .

region often are not well characterized. Therefore, if a satistactory initial agreement with the
desired recirculation ratio is not attained, adjustment of input form losses in the boiler may be

,

justified.

The two phase mixture exiting he boiler region flon through the mid-steam generator
regions (branches 270 and 274) before entering the separator (branch 278). He separator model
is idealited and includes tL;ee modes of operation that are determined by the separator void
fraction. The void fractions deGning these modes are input by the user. At low void fractions,
the separator model revents to a normal branch component, allowing carryover of liquid into the
steam dome (branch 282), At high void fractions, the separator also reverts to a normal branch
component, allowing curyunder of steam through the liquid return path into the downcomer. At
intermediate void fractions, an idealized separation process is calculated: all liquid is returned to
the downcomer and all vapor is passed to the steam dome. A detailed discussion of separator
modeling appears separately in Section 4.6.6.1.

The modeler should carefully consider the elevation chosen to locate the separator. In the

{ steam generator model. separation will take place based on the void fraction in the separator
volume, whose lower and upper elevations are user-speciGed. .in the actual plant, separation iss
accomplished m two stages (swirl-vane separators and steam dryers) that reside at two different
elevations. Herefore, the model is at best a compromise of the actual separation processes. The
selections of xeparator elevation span and void limits determine when recirculation is interrupted
as the secondary mixture levels decline. Note that these levels decline significantly when a steam
generator's heat load is reduced, such as following a reactor trip. He le-Is also decline
significantly during transients whete the secondary ir;ventory is depleted, such as during a
secondary-side LOCA.

Ileat structures are employed in the model to represent the steam generator tubes, the
cylindrical shell and spherical head, the cylindrica! SafDe separating the boiler and downcomer
regions, and the internals of the separator and steam dome regions.

It often is difficult to obtain a satisfactory agreement with steam generator full-power
conditions. The difficulty arises because the heat transfer coefficient calculated on the outside
surface of the steam generator tubes is based on general vertical-pipe correlations rather than
correlations that account for the swirling Dows present within the tube bundle region. The
swirling Dow pattern results because horizontal baffles in the boiler direct the flow back and forth
across the tube bundle instead of allowing the flow to proceed axially (vertically upward) through
the boiler. The effect of this discrepancy is that tube heat transfer is understated by the code,
resulting in excessively high calculated primary coolant temperatures (the temperatures increase

D until the core heat is driven across the tubes). Since the source of the calculated error is
( understood (i.e., a general heat transfer correlation is not appropriate for this application). it is;
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recommended that the modeler " adjust" the heat transfer on the outside of the tubes to remedy
the discrepancy.

The recommended adjustment is to reduce the input heated equivalent diameter on the heat
structure cards for the outer tube surface. It is recommended that instead of using the toiler

region hydraulic diameter as the heated diameter that the minimum tube-to-tube spacing (the
distance from the outside of a tube to the outside of its neighbor) be used, if the modeler
decides not to follow this recommendation, it will be necessary to compromise an important
parameter (such as using a lower secondary pressure, higher primr.ry temperature, or lower
feedwater temperature) to simulate full-power steam generator operation.

5.1.4 Pressurizer

Standard INEL nodalization for the pressurizer and its associated systems is shown in
Figure 5-4. De pressurizer upper head is modeled with branch 340 and the pressurizer
cylindricallxx!y and lower head are modeled with 7-cell pipe 341. Generally, good agreement
with experimental and plant data has been attained for slow and fast pressuriecr insurges and
outsurges with this nodalization. The surge line is modeled with 3-cell pipe 343.

The functions of the two power-operated relief valves (PORVs) are lumped into valve 344
and those of the three code safety valves are lumped into valve 346. The valves open in response
to a significant primary coolant system overpressure. Operation of these valves, including their
bysterisis effects, is simulated using the methods described in examp!c 2 in Section 5.4.2. He
pressurizer spray system is modeled with single volumes 335,337, and 339, and valves 336
and 338. The spray valves open in response to a rnild primary coolant sptem overpressurization.
Operation of these valves is simulated using logic similar to the PORV and code safety valves.
The now area of all valves is that necessary for delivering the rated flow capacity at the rated

upstream pressure.

Heat structures are used to represent the cylindrical pressurizer shell and its spherical lower
and upper heads and the pressurizer surge line pipe wall. Heat structures are also used to
simulate cperation of the pressurizer heaters. Heater power is increased in response to an
underprenurization of the primary coolant system pres:ure and is terminated if a low pressurizer
level is sensed.

5.1.5 Reactor Coolant Pump

A reactor conhnt pump forces the coolant now in each of the three coolant loops. De
pump component %4 is located as shown on the loop nodalization diagram, Figure 5 2. A
complete discussion of pump modeling is given in Section 4.6.8 and will not be repeated here.

In the example PWR model, the pump speed is controlled as follows. First, to obtain a
satisfactory steady-state condition, the pump speed may be varied as needed (via a control
variable) to attain the desired k>op flow rate. Next, once the proper steady condition has been
calculated, the pump speed is held constant until a reactor coolant pump trip is implemented
(such as by operator action). When the pump is tripped, its speed coasts dcwn as determined by
the pump inertia, the :iydrodynamic leads, and the pump. bearing friction.
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5.1.6 Balance-of Plant Systems

The model includes feedwater and steam balance-of-plant systems. Seuions 5.1.6.1 and

5.1.6.2, respectively, describe modeling of these systen.s. Figure 5-5 shows a nodalization diagram
of the feedwater and steam systems.

In the example model, the feedwater system extench from the condenser hotwell to the
steam generator feedwater inlet nonles. %e decision to include or exclude the feedwater system
from a model of a Westinghouse plant should be made based on the transient calculations that
are planned. Smce feedwater is normally tripped immediately following a reactor trip, many
transients may be simulated adequately simply by specifying the feedwater temperature and flow
at the steam generator using a time-dependent junctica/ time-dependent volume pair. However,
for transients invohing extended feedwater injection following reactor trip (e.g , steam generator
overfeed events), a more complete feedwater system modeling may be needed. In additior, to
retaining model generality, upgraded feedwater system modeling provides more representative
simulations of feedwater temperature and now rate at the steam generator inlets than could be

provided with a simpic model.

In the example model, the steam system extends from the steam generator oatlet nonles to
the turbine stop and steam dump valves. Theoretically, the steam and feedwater systems may be
joined into a closed loop by simulating the turbine stages and extraction paths (the turbine
component is described in Section 4.6.6.3). In practice, however, the steam system model usually
is truncased as shown in Figure 5-5 to avoid the modeling complexities of closing the loop. This
simplification is werranted because the initiation of most transients includes rapid closure of the
turbine stop, turbine control, or main steam isolation valves. Therefore, complete modeling of
the steam system is typically an expensive model luxury.

5.1.6.1 Feedwater System, ne standard INEL feedwater system nodalization is shown in
Figure 5-5. This nodalization has proven satisfactory for simulating the pressure and thermal
gradients within the feedy ater system during normal operation and during accident conditions.
Sufficient model detailis incluaed to properly simulate the distribution of Duid temperatures and
pre sures within the system. Generally, fecdwater system conditions are expected to be single-
phase liquid. However, correctly simulating the fluid temperature and pressure distributions can
be important for predicting fluid Dashing behavior during accidents involving depressurization of
the steam generator secondary system.

Time-dependent volume 822 represents the condenser hotwell; fluid conditions here include
low temperature water at a vacuum pressure. He condensate pumps draw fluid from the hotwell
(component 824 lumps the two condensate pumps together). Section 4.6.8 provides a complete
discussion of pump modeling. The pump discharges through a set of five low pressure heaters,
modeled with components 830 and 840; a bypass line around the low pressure heaters is also
modeled. Pipe components with heat structures representing the heater tubes model the heaters.
Heat sources (simulating the heating from turbine extraction steam) are modeled within the tube
materiak. Note that the heat source is interropted during transient events as a result of steam
now interruption; this effect is included in the model. Since stored energy in the piping may be
an important consideration for feedwater temperature during transients, the model includes heat
structures representing the feedwater system piping walls.
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Downstream from the low pressure heaters, the main feedwrer now is combined in
component 854 with now through the bypass (if open), and with the heater drain flow (if
available). The heater drain now results from steam condensation witnin the heaters. When the

3 steam now is interrupted during transient events, the heater drain now ceases.

Both main feedwater pumps were represented in the model since it was desired to simulate
transients when only one of the pumps was tripped. To model the check valves at the outlets of
the main feedwater pumps, it was necessary to include single volumes 862 and 865 in the model.
The pump model includes its own inlet and outlet junctions so it is not possible to include a check
valve directly within the pump component. A main feedwater pump recirculation line is included
in the model for use during periods when the main feedwater valves are completely closed.

Discharges from the two main feedwater pumps are combined before flowing through the;

,k high pressure heater (component 874). Modeling for the high pressure heater is comparable to'). J

that described abcre for the low-pressure heaters. Valves 505,605, and 705 represent the main'
,

feedwater valves (Section 5.1.7.2 describes control of these valves). Components 510,520,610,
,

620,710, and 720 model the main feedwater lines to the individual steam generetars. Flow fromL'

"(
.

the steam- and motor-driven auxiliary feedwater systems is modeled with time-dependent junction

components.

5.1.6.2 Steam System. The standard INEL steam line r.odalization is shown in Figure 5 5.
The nodalization includes very long cells representing the steam lines between the steam
generators and the turbine This noding has proven adequate for simulating all transients for
which these regions remain steam-filled. This noding has also proven adequate for simulating
main steam line break accidents, in which liquid is Dashed to steam within the steam generator
secondary system and the vapor production sweeps liquid out the break. For this simulation, the
uncertainty regarding separator performance far exceeds that irivolved in two phase mixture now
in long pipe volumes. The user should consider finer noding if simulation of liquid ingrest is
rieeded (such as during an extreme steam generator overfill transient).

Single volumes 550,560,650,660,750, and 760 (see Figure 5-5) represent the steam lines
leading from the individual steam generators to the steam header, branch 800. The junctions /
between the steam generator domes and the steam lines use reduced How creas and added Dow
losses to represent the steam Dow restrictors at that k> cation.

Valves 555,655, and 755 represent the main steam line isolation valves. These are modeled
using motor valve components that allow specification of a closure rate. Valves 565, o65, and 765
ryresent the steam line check valves that prevent Dow from one steam generator from exiting a
break in another steam generator.

Time-dependent volume 806 sets the boundary conditions representing the inlet of the
turbine, and servo valve 8N represents a combination of the turbine stop and turbine governor
valves. Prior to reactor trip, this valve modulates to control the turbine inlet pressure. Following
reactor trip, the valve closes, simulating a turbine trip. The steam generator pressure boundary
condition is set by the combination of (a) the time-dependent volume pressure and (b) the total
flow pressure loss from the steam generator to the time-dependent volume at the normal steam
flow rate. Section 5.1.3 discusses difficulties in obtaining the proper steart. generator heat

'
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removal rate at the proper steam pressure. Assuming those difficulties are circumventew as
discussed, the desired steam generator pressure is attained by adjusting the kiss coefficient at the
turbine stop/ governor valve to compensate for incomplete turbine modeling.

Servo valve SOS models the steam dump (or turbine bypass) valve (Section 5.1.7.1 discusses
control of this valve). Servo valves 570,670, and 770 model the banks of safety relief valves. For
each steam generator, the multiple safety valves are simulated with a single valve component that
opens in steps, depending on the steam pressure and its history, ne total valve flow area is sized
by summing the individual valve areas needed to match the rated capacity at the rated pressure
for each valve in the bank. A control variable calculation is then performed to determine the
status (open or closed) of each valve. Example 2 in Section 4.4.2 provides guidance for the logic
reqmred. The binary valve statuses are multiplied by the respective normalized flow areas of the
individual valves. These are summed into a control variable that represents the total valve
normalized flow area (0 is fully closed and 1 is fully opened) that specifies the valve model flow
area. This technique eliminates the need to model a valve and time-dependent volume
component for each valve in the bank, and retains the true valve bank response characteristics.
Modeling for the PORVs (components 580,680, and 780) is comparable to that for the safety
valves.

5.1.7 Plant Control Systems

This section discusses modeling of the more significant plant control systems. The steam
dump, steam generator level pressurizer pressure, and pressurizer level control systems are
described _ -

5.1.7.1 Sfearn Dump Control. The purposes of the steam dump contt ' system are (a) to
permit the plant to accept sudden losses of load without tripping the reactor, (a) to remove core
stored energy and residual heat following a reactor trip and bring the plant to equilibrium no-load
conditions without actuation of the steam generator safety valves, and (c) to control the steam
generator pressure at no-loau conditions, allowing a transition to manual control. Three
corresponding modes of steam dump control serve these purposes. De first two modes (load
rejection and plant trip) control the valves based on the primary coolant system average
ten,perature, whereas the third mode (steam pressure) controls the valves based on the steam
generator pressure.

The load rejection controller modulates the steam dump valves (if the load rejection is
greater than 70%, the steam line PORVs are also modulated) to control the primary system

- temperature. First, the turbine inlet pressure is linearly converted into a average priman system'

temperature setpoint. The filtered derivative of the pressure is used to determine its magnitude
and whether or not a load rejection has occurred. If a load rejection has occurred, the controller
then compares the average primary system temperature with the setpoint value and modulates the
steam dump valves. Figure 5-6 shows a block diagram of this portion of the controller.
Modulation of the steam dump valves is blocked if the condenser does not have sufficient
vacuum, or if the primary average temperature decreases below the minimum temperature
setpoint. Figure 5-7 shows valve position as a function of the temperature error. The input
required to model the load rejection controller appears in control variables 800 through 815

\_.) (control variable input appears at the end of the input listing in Appendix B),
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The plant trip controller modulates the steam dump valves to control the primary system
temperature at the equilibrium, no-load setpoint immediately following a turbine trip. Modulation
of the steam dump valves is bkicked if the condenser does not have sufficient vacuum or if the
average primary temperature is below its setpoint value. With the exception that the stean line
PORW are not modulated, the logic for this controller is similar to that for the load rejection
controller. The input required to model the plant trip controller appears in control variables 820
through 823.

The steam pressure controller regulates the steam dump valves during hot standby operation
and after the plant has been brought to its no-load setpoint temperature following a turbine trip.
A proportional integral signal that operates on the error between the current and setpoint steam
pressures controls the dump valve Dow area. The input required to model the steam pressure
contrdier appears in control variables 825 through 831.

5.1.7.2 Steam Generator Level Control. De steam generator level control system
regulates the steam generator downcomer liquid level by controlling the main feedwater valve
based on three elements: current steam generator level, feedwater Dow, and steam flow.
Figure 5-8 shows a block diagram of the steam generator level control sptem. The controller finit
compares the current steam generator level against a current setpoint level that is a function of
the current plant load (the load is inferred from the turbine impulse stage pressure), ne
resulting error signal is summed with the mismatch between the current feedwater and steam flow
rates and that output is used to control the position of the main feedwater valve. Each steam
generator employs a separate control system; the following discussion uses the level control system
for steam generator A as an example,

The Grst step calculates the steam generator level signal. In the plant, this is accomplished
by sensing the pressure difference between two taps in the steam generator secondary, and
converting to a level using a reference density. In the model, the level is calculated similarly by
control variables 500 through 508. The pressures at the tap k> cations are determined by
interpolating between the two pressures at the cell centers that enulope the actual elevation of
the pressure tap. The calculated level is then smoothed in a manner similar to the plant
instrumentation system. Control variable 510 calculates the retpoint level, and coritrol
variable 511 calculates the level error. The error signal is then processed by a
proportional-integral operator (control variable 512) and the output is summed with the
feedwater/ steam mass Dow rate mismatch in control variable 513. The proportional-integral

operator in control variable 514 calculates the feedwater valve demand signal. At this point, a
serics of main feedwater valve permissive tests are applied (failure of any test causes the main
feedwater valve to close, regardless of the normal level control functions). Dese tests include
(a) reactor trip and low average coolant temperature, (b) high steam generator level, (c) safety
injection actuation signal, and (d) main feedwater pump trip. After the tests have been applied,
control variable 523 calculates the change in the valve Dow area. Control variable 524 calculates
the new feedwater valve area by summing the old area (i.e. that on the last time step) with the
calculated area change. For simplicity, the valve area is normalized (1 is fully closed and 1 is fully
open); this allows control variable 524 to be used directly by the RELAP5 servo valve component
that simulates the main feedwater valve.

O
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5.7.7.3 Pressurizer Pressure Control. The pressurixr pressure control system maintains
the desired primary system pressure by regulating the pressurizer spray valves, relief vahes,
proportional heaters, and back-up heaters. The pressure error is determined by comparing the
current pressuriecr pressure with the setpoint pressure. The error signalis input to a
proportional integral operatot whose output controls the functions of the heaters and the spray
and relief valves. Figure 5 9 shows a bksek diagram of the pressuriter pressure control system
logic. The input required to model this contioller appears in control variables 210 through 226.

5.1,7.4 Pressurizer Level Control. De pressuriicr level control system maintains the
desired liquid inventory in the pressurizer. De pressurizer setpoint level is specified as a function
of the primary coolant system average temperature. The level error is determined by subtracting
the setpoint level from the measured level (as determined by the difference in pressure between
two taps and a reference density). The pressures at the tap locations are determined by
interpolating between the two calculated pressures at the cell centers that envelope the actual
elevation of the pressure taps. He calculated level is then smoothed in a manner similar to the
plant instrumentation system. The level error signal is input to a proportional. integral operator
whose output specifies the change in the charging pump speed (and thereby the fluid addition
rate to the primary coolant system). The input required to model this controller appears in
control variables 200 through 206.

5.1.8 Modeling a Large Break Loss of Coolant Accident

Although LBLOCAs have been modeled at the INEL in the past using earlier versions of
RELAP5 (Adams et al.,1986; Demmic et al.,1982), LBLOCA analyses haven't been peiformed
at the INEL because RELAP5/ MOD 2 was declared an SBLOCNoperational transient analysis
code. LBLOCA analyses have been performed by users at other locations, however.

The following summary has been compiled entirely from RFLAP5F .32 analyses because
no RELAP5/ MOD 3 analyses are available yet. Since major difference ,t between the MOD 2

and MOD 3 heat transfer packages and interphase drag models, the fonsmg information is of
limited usefulness. As more up-to-date information becomes available, these guidelines will be

updated.

To the authori knowiedge, no studies exist that relate assessment analyses performed on
scaled facilitics to crmmercial plants for RELAP5. Consequently, the fellowing are guidelines

specific to scaled facilities such as LOFT or Semiscale and should be regarded as a starting point
for a commercial plant analysis.

Some of the most extensive LBLOCA work has been done at the Institute of Nuclear
Energy Research in Taiwan (Kao et al.,1988; Liang et al.,1988), the Korea Atomic Energy
Research Institute (Bang et al.,1991), and the Paul Scherrer Institute (PSI) in Switzerland

(Lubbesmeyer,1991a,1991b). Work by Lubbesmeyer is of particular interest because major
simplifications to the fundamental LOFT model used by most of the other researchers were
studied. Lubbesmeyer's work is based on the LOFT LP-LB-1 and LP-02-6 experimental data.

| '
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Lubbesmeyer's studies focused on the code's capability to simulate LBLOCA relatedl

thermal-hydraulic phenomena for various nodalizations. Lubbesmeyer began with a rather
detailed nodalization (Figure 5-10) and then performed the same analysis using simpler
nodalizations (Figure 5-11). The core nodalization was unchanged throughout the studies
(Figure 5-12) and the vessel nodalization was only slightly modified.

The initial, detailed nodalization is shown in Figure 510. This model contains 18

components in the reactor vessel, including 2 components each to model the intact and broken
sides of the downcomer and 3 components to model the core region. Note that the LOFT vessel
downcomer was modeled by dividiny, the downcomer into two non interacting equally. sized
annuluses that connect with the broken and intact ! oops even though the LOFT facility simulates
the presence of three plant loops with its intact loop. The core fuel region was modeled with the
average power core zone, containing 5 cells and sized to include 79% of the total mass flow,
whereas the high power zone was sized to include 16% of the total flow and contained 13 cells.
Lubbesmeyer did not use any crossflow junctions in the core because preliminary calculations
using the crossflow junctions had shown the quantity of mass exchange in the traverse direction to
be negligible.

The remainder of the more detailed nodalization contained 20 components in the intact loop
with a total of 24 cells (not including the ECCS),3 components in the primary side of the steam
generator (SG) (the tubes were modeled using 8 cells in component 515),15 components in the
secondaiy side of the SG,4 components in the pressurizer and surge line (including 6 cells in
component 415 to model the main pressurizer tank and 3 cells in the surge line), and 15
components to model the broken loop including 21 cells in the broken loop piping.

To explore the effect on the code's capability to calculate the important thermal-hydraulic
phenomena present in an LBLOCA, Lubbesmeyer simplified the model nodalization in two steps.
First, the detailed model was simplified by decreasing the number of components in the loops, the
SG, and the pressurizer. The vessel and core nodalizations were not changed. The intact loop
was modeled with 7 components with a total of 21 cells, the SG primary side was modeled with
only 1 component (6 cells), the SG secondary side was modeled with 3 components, the
pressurizer and surge line were modeled with 2 components (5 cells), and the broken loops were
modeled with only 6 components, with a total of 15 cells in the broken loop pipes.

Lubbesmeyer's most simplified nodalization is shown in Figure 5-11 and differs from the
previous simpliGcation by naving the same number of components in the intact loop, SG, and
broken loop, but fewer cells. The number of cells in the intact loop was decreased to 10, the SG
primary side was represented with only 2 cells, the SG secondary side was represented with 3
cells, and the broken loop piping was modeled with only 5 cells.

Lubbesmeyer's conclusions (Lubbesmeyer,1991a,1991b) concerning LBLOCA-specific
nodalizations are summarized below. (Note: Portions of the conclusions that compare the
calculations to the LOFT data have bee. removed in the editing process.):

With respect to the computation time, the degree of speciGcation of the nodalization.

(i.e., the numbers of volumes and junctions) is an important parameter. But a lower
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number of junct ons and volumes has not always led to a faster calculatio t. Sometimes,i

with respect to computing time and because of numericalinstabilities, thr proSt of a
much reduced nodaliation is rather small.

l

For LDLOCAs, the nalaliation seems to be important only for the cladding !e

temperatures, where signi0 cant Jifferenccs can be observed for the different ;

nodaliations under investigation. |-

i

l
For the other parameters, the deviations between the results of the calculations with !.

the different nodaliations under investigation have error bounds of less than 120%;
surprisingly, however, the results of runs with less detailed nodaliations usually beem to
be closer to the experimental data thare the ones with the more detailed basic )
nalallation scheme. |

|

Work has been done by other researchers to investigate the effect of crossuow junctions in i

the core and downcomer. Peihaps the earliest report recommending crossuow junctions was
summarized *.y Adams (Adams et al.,1986) based on assessment work donc using !

RELAPS/ MOD 1. Adams recommended that the downcomer be noda! bed as two components
with crossuow, lic recommended that the downecmcr be split me. third and two thirds, with the
laipi part associated with the broken kop. Other remrchers (bang et al.,1991; Kao et al.,
1988) have used baseline models that included cross 0nw capability in the vessel downcomer

and/or in the core. Kao modeled crossflow in both locritions but did not evaluate the
effectiveness of such nodaliation. Bang began his analysis with a sim|.lified core (i.e., the core
was modeled with a PIPE component containing 12 cells, and a downcomer was maleled using ,

two parallel paths with crossflow junctions). 'Ihis model thowed unrealistic downcomer bypass
behavior and poor correspondence between the calculated core temperatures and the data.
Dang's nalatintion studies included an investigation of the effect of removing the crossuow
junction couplings in the downcomer below the cold leg eleva' ion sad a twocomponent core
section that represented the average and hot portions of the core (the core components were not
connected using crossflow junctions). IIis final recommendations were (a) that the vessel
downcomer should not hav cronDow junctions for the geometry below the cold leg elevations,
and (b) representing the average and hot portions of the core is important in better simulating
the cote temperature distributions because LDLOCA transient behavior is not uniform.

In summary, since Bang's work is supportive of Lubbesmeyer's approach and since Adam's
work was done using an early version of RELAPS, it appears that the best starting point for an
LDLOCA analysis is to (a) use a two-component representation for the core if simulation of the
high powered fuel rmi behavior is important in meeting the analysis objectives, (b) do not model
crossuow in the downcomer, and (c) in general, use a simplined system nodal!zation if possible.

5,2 Unique Features of Babcock & Wilcox Plants

Several design features of Babcock & Wilcox (B&W) [A nts present special modeling
problems. These features and examples of iccommended modeling are presented in this section.

O
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5.2.1 Ficactor Vessel

Two unique features of the B&W icactor vessel require special mateling consideration: the
upper plenum region and reactor vessel vent valves. Except for core nating, Figure 5-10 shows
the standard INEL nmlalization for a D&W reactor vessel (standard naling includes six axial core
divisions, not three as shown in the figure).

5.2.f.7 Upper Plenum Region. The upper plenum region is mateled with
components 520,525,530,535,540, and 545 (see Figure 513). He geometry (and hence the
nodalization needed) for a B&W reactor vessel upgwr plenum differs rnarkedly from those in
Westinghouse and Cornbustion Engineering, Inc. (CE) plants that were dis:ussed in Section 5.1.1.

In the B&W reactor vessel upper plenum, parallel now paths exist for core now to reach the
hot legs. Component 520 combines the main core now with the core bypass Dow. De central
region of the upper plenum is confined within a vertical cylindrical baf0c. His region is modeled

,

with components $25 and 530. Inside the baf0c, now is directed upward untilit : caches the
suppoit plate that separates the upper plenum and upper heads. At that elevation, a series of
large-diarneict holes in the baf0c allows the coolant to flow radially outward, then downward
through an annuhir region defined by the hafne on the inside and by the core barrel on the
outside. This annular region is modeled with components 540 and $45. The hot leg nonles
(mateled with crossuow junctions 100 and 200) are connected to the annular region at
component 545.

O Small-diameter holes in tho cylindrical baf0e centered adjacent to the hot leg nonles allow a

V portion of the core now to pass directly f om the inside to the outside of the baf0e. His now
path is mmleled with the junction between components $25 and 545.

Just above the core, a portion of the Dow enters the guide tube pipes that lead to the upper
head. ne pipes are modeled with component 580 while the upper head is represented by
component 550.

A leakage path opened by the slip-fit between the reactor vessel and core barrel assemblics
at the hot leg noule penetrations is moucled with a junction between components 565 (the
downcomer annulus) and 545. Modeling of this junction is described further in Section 5.1.1.

In Figure 5-13, note the accumulators (termed " core Dood tanks'in a B&W plant) and the
low pressure injection system discharge into the reactor vessel downcomer. In non B&W reactor
designs this system discharges into the cold legs. The reactor vessel internal vent valves are
modeled with valve component 536. These valves are described further in the next section.

5.2.1.2 Reactor Vessel Vent Valves. The reactor vessel vent valves are unique to D&W
plants. These are large-diameter Happer valves that can open outward to allow Dow from the
ul per plenum to the upper annulus of the downcomer (for their k) cation see component 536 ini

Figure 513). Some plants use four valves, others eight. The valves are evenly spaced around the
circumference of the core barrel. The valves' purpose is to prevent steam binding from

( depressing the core level, or from retarding reucod during accident conditions.
N
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Ti e valve flapper is hinged at its top and is held closed by a gravity moment. Statie valve
tests indicate that for differential pressures below 0.1 psi, the valve is closed. As the differential
pressure is increased alcyc 0.1 psi, the valve opens linearly until it is fully opened at a differential
pressure of 0.25 psi. Ilecause of these valve characteristics, the vent valves are closed during
periods when the reactor coolant pumps are operating and the core flow rate is high. If the
reactor coolant pumps are tripped, however, the reduced core flow rate results in a reduced core
differential pressure. Experience has shown that if the core flow is due to natural circulation
through the coolant hops, then the vent valves will be partially open. Note that the vent valve
flow path is parallel to the flow paths from the reactor vessel upper plenum, through the coolant
kops, and back to the reactor vessel downcomer. Therefore, if the vent valves are open, there is
an internal circulation kiop within the reactor ver. sci that is independent of any kop circulation

,

rath. This is a unique thermal hydraulic feature of 11&W plants. |

As shown in Figurc $.13, all the vent valves are modeled with a single valve that lumps i

together the characteristics of the four or eight vent valves. It is recommended that a servo valve
component be used; with this valve type, the normalized valve area h specified via a control
variable. To determine the valve position, control variables are used to calculate the current
differential pressure across the valve and, from the position schedule in the previous paragraph,
the current valve normalized area. Ilecause control variables are evaluated on each time step, it
is necessary to introduce a time lag to ska the response of the volve model, if a lug is not used,
the valve response i; virtually immediate and numerical difficulties can be encountere.i. Such
rapid valve " chattering" is not characteristic of the actual valve movement, where the momentum
effects of a large metal flapper nre signi0 cant.

5.2.2 Steam Generator

11&W plants employ once through steam generators (OTSGs) that differ considerably in
design from the U-tube steam generators (UTSGs) employed in CE and Westinghouse plants.
Tbc OEO is a counterflow heat exchanger that employs straight tubes. The standard INEL
OTSG nodalization is shown in Figure 514. Components 116 and 125, represent the 030 inlet
ed outlet plena, respectively. Single-sided heat structures represent the significant metal
structures (such as the steam generator heads and the tubesheets). Reactor coolant flows
downward through the insides of the tubes: 8-cell pipes 120 and 121 represent the tube primaries.
Pipe 120 represents 90% of the OHG tubes, pipe 121 represents the other 10% (the reason for
separating the tubes in thu manner is discussed below). Two-sided heat structures model the tube
walls.

On the secondary side, the downcomer region is modeled with 4 cell pipe 305. Main
teedwater enters the downcomer at the upper end of this component. Single-sided heat
structures represent tne steam generator shell and the vertical baffle that separates the toiler and
downcorner regions. Branch 306 represents the region at the lower tubesheet, where the flow
changes direction from downward to upward.

The boiler region is separated into two paralkl flow paths, representing 90% and 10% of
the flow area. The paths are connected by crossflow junctions. Components 310 through 323

p represent the 90% region while components 360 through 372 represent the 10% region. The
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split boiler region modelis recommended to simulate phenomena during periods of emergency
feedwater injection. This injection enters the boiler around the circumference of the boiler, near
the upper tubesheet (junction 854 in the model) and is directed radially inward, into the tube
bundle.13ecause the OHG employs over 15,000 tubes, the emergency feedwater wets only a s

small gurtion of the tubes around the periphery of the tube bundle. As the emergency feedwater
falls downward,it encounters the tube sup;mrt plates (there are 17 in the OEG) that tend to
spread the injection How further into the tube bundle. The spht boiler nodalization represents a,

compromise modeling scheme for simulating this behavior. An initial 107c bundle penetration is
expected, and the crowuow connections to the 90?c region allow simulation of the inward
spreading.

At the top of the boiler region, Dows from the parallel boiler channels are combined in
branch 325 before exiting the steam generator through a steam annulus, nuleled with
components 330 and 340.

~

hk>deling the behavior of an OTSG is perhaps the most dimeult of nuclear
thermal-hydraulic system cale problems encountered. The dif0culty arises for two reasons. Fiist,
i complete spectrum of heat transfer phenomena is experienced between the tube wall and the
secondary Guid. At the bottom of the tubes, heat transfer is to subcooled liquid. As the flow
progresses up the tubes, the liquid is then saturated and boiled away. To preheat the feedwater,
a portion of the steam now is bled into the downcomer through an aspirator near mid toiler
(modeled with the junction between componce. 365 and 305 in Figure 514). Further up the'

tubes, any remaining droplets are vaporized and tht. steam is significantly superheated, Second,
the OUG heat removal rate is very sensitive to the secondary side liquid level. As the level
increases, more of the tube surface area experiences effective heat transfer (e.g., boiling) rather
than inef fective beat transfer (e g., convection to steam). Moreover, the sensitivity of OHG heat
removal to level is present during normal operation, while for UTSGs this is a concern only
during accidents that involve an extreme depletion of secondary liquid.

The ONG steam generator nodalization shown in Figure 514 has proven adequate for' -

simulating normal operation. The diffieulty in obtaining a satisfactory OHG simulation described
above it partly nodalization dependent. Nodalization is by nature discrete, and this causes the
steam generator heat removalin the model to be even more sensitive to the secondary level than

j in the prototype. In the mouel, as the level moves across cell toundaries, discrete jumps in
overall heat transfer are encountered. These chang's often cause the model to become unstable,
oscillating between two solutions at two different secondary levels. Moving to finer axial noding
may remedy the oscillation, however the proximity of the liquid level to ecil boundaries often is
more important than cell size.

5.2.3 Hot Leg

The hot leg geometry of B&W plants differs markedly from that of Westinghouse and CE
plants. The B&W hot leg includes a tall vertical section, leading to an inverted U-bend.
Figuie 515 shows the standard INEL nodalization for the hot legs of B&W plante. Heat
structures me used to represent the piping walls.
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5.2.4 Cold Leg

O1Il&W cmlant loop design includes two cold legs per steam generator. Because this design
feature is the same as for CE plants, the reader is referred to Section 5.3 for additional modeling !

iinformation. %c standard INE1 nodalization for the cold legs of B&W planta is shown in
Figure 515. IIcat structures are ased to represent the piping walls.

5.2.5 Plant Cont ol Systerns

ne control sptems included for a given analpis are dependent on the transient of interest. j

Because of the integrated nature of the B&W plant entrol systems, the investigator may und that j

many interactions within the control sptem must be considered. Moreover, the B&W controi |

splem is proprietary. Thus, the ultimate decision concerning what portion of the system rnust bc |

included is dependert on the transient of interest and whether or not B&W will give the
investigator the necessary information. Regardless, past experience at the INEL has indicated
that the conmonents contained within REIAP5/ MOD 3 are adequate to simulate the coatrol

system's interactions.

To assist the ut,er in applying the REIAPS/ MOD 3 control system compcments to B&W
applications, the folkming paragraphs outline an application of the RELAPS control blocks to the
Davis.Besse plant when a le:s of feedwater uncertainty analpis was undertaken (Davis,1987).

Many of the plant control sptems were represented. These control sptercs in.clude the
integrated control system (ICS), pressurizer pressure control system, anticipatory reactor trip
system (ARTS), and steam and feed rupture control system (SFRCS). %cse control systems are
described in greater detail below.

De RELAPS/ MOD 2 model of the Davis Besse ICS represents the following subsystems:
unit load demand development esystem, integrated master subsystem, steam generator
feedwater control subsystem, and the reactor control subsystem. Figure 516 is a schematic of the
ICS organization and presents an overview of the ICS functions. The borate control subsystem
and the non nuclear instrumentr. tion system are not represented. The ICS model is based on
information obtained from B&W and Davis Besse personnel, plant calibration data, detailed
schematics of the subsptems, analog and digital logic drawings, and Bailey Meter Company
detailed descriptions of the individual modules.

The ICS modules and relap were modeled individually to provide the greatest amount of
Ocxibility for futuse analysis requirements. Additional control variables were included in the
model to allow the analyst the ability to impose false signals during a calculation. For example, a
steam generator level signal can be failed to zero interactively to simulate a failed level
transducer. Display parameteis and display options available to the operator are also available to
the analyst during interactive execution.

The RELAPS/ MOD 2 kinetics package is not used in the Davis-Besse model. Consequently,
reactor control rod positioning is not directly coupled to the reactor power. Instead, the reactor
power is controlled by general table reference. Reactor kinetics can be incorporated at a later
date, as the need arises.
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,

he pressurizer preuute control system was rmx!cled through the representation of
pressuriter heaters and spray. Design data on the pressurizer level control system were not
usailable during the development of the model. Instead, a simple raot was developed that
controlled the net makeup imo the reactor coolant system based on the pressuriter level. The
net makeup represented the combination of makeup and letdown, with the nel flaw added to the
Al cold leg pump discharge. In the plant, letdown is taken from the 111 cold leg pump suction,
but the rmxic! approximation is thought to be adequate for most applications. De capability to
model ecro, one, or two makeup pumps and minimum, normal, or maximum letdown, in any
combinatiori, was developed.

The model represents the ARTS and SFRCS. Reactor trip is rmxicled based on high power,
high reactor pressure or temperature, power to flow ratio,1cactor pressure versus temperature,
RCP trip, turbine trip, SFRCS actuation, or manual trip. SFRCS is actuated based on low steam
p: essure, low feedline differential pressure. Iow or high O' ISO level, or reactor coolant pump trip.
The model determines the correct alignment of Alv based on the type of SFRCS actuation. In
event of a rupture of the steam or feed lines, SIRCS isolates the OTSGs and aligns AIM into
the unaffected OTSO,

5,3 Unique Features of Combustion Engineering, Inc. Plants

CE plants are quite similar to Westinghouse plants. Therefore, the situcture of the example
plant model discussed in Section 5.1 is generally applicable to CE plants.

From a RELAPS m(xleling perspective, there is only one significant difference between'

Westinghouse and CE plantt each coolant loop in the CE plants includes two cold legs rather
than one. This difference is accounted for by modeling both cold legs from the steam generator
outlet plenums to the reactor vessel. He Westinghouse plant cold leg nodalization scheme
shown in Figure 5 2 is also recommended for each of the cold legs in a CE plant coolant loop.

- Since the two cold legs in a CE plant are virtually identical the modeler may consider
combining them into a single cold leg for economy. A technique for lumping identical parallel
flow paths is described in Section 5.5. Ilowever, to retain modei generality, it is recommended
that the two cold legs not be lumped together. In situations where forced and natural circulation ,

through the cold legs is lost (e.g, during a LOCA when the reactor coolant pumps are tripped
and the kmps are partially drained) asymmetric behavior of the two same loop cold legs can
occur. Depending on the simulation, this asymmetry can be important.

Figure 5-17 illustrates the possibility of same.kmp cold leg asymmetry. To show detail, the
elevations of the two cold legs have been offset slightly in the figure; h both the plant and the
model, cold leg elevations are identical. Consider a transicat where the total coolant k>op
circulation has been lost and tl.e hot leg flow has been terminated. Emergency core cooling
system (ECCS) flow is injected into both cold legs in each coolant kmp of a CE plant. Under
these conditions, the steam generator outlet plenums, the cold legs, and the reactor vessel
downcomer contain single-phase liquid. As the ECCS injection continues, a thermal distribution
appears: Liquid between the ECCS injection site and reactor vessel becomes cooler as the region

-
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is flushed by the cold injection How while the remaining liquid is not so cooled. His effect, by
itself, does not cause asymmetry between the same. loop cold legs. Ilowever, minor differences
between the two cold legs (leading to different injection rates) and fluid mixing cifects can cause'

an asymmetric Dow pattern to develop. From these effects. Guid in the pump to ECCS site
regions of the two cold legs may be expected to cool at different rates. When the cooling front
reaches the reactor coolant pump, a now instability is set up due to buoyancy effects. The cold
Duid bacL0owing into the pump will reside above warmer Duid in the vertical cold leg piping from
the loop seal to the pump. As a result, the cold leg in which this behavior is first experienced will
start to How in reverse while the other cold leg will start to flow in the normal direction.

Once initiated, this same hiop cold leg recirculation will tend to continue. %c
rever*c-110 wing cold leg continually sweeps the cold ECCS injection Guid into its pump suction
region. His cold fluid is mixed with the warmer Guid in the steam generator outlet plenum and
the warmed mixture enters the pump suction region of the forward. Dowing cold leg. De
difference in fluid densities between the two pump suction vertical regions thus prosides a
sustained buoyancy driving force for a recirculation flow between the two same. loop cold legs.

He same-h>op cold leg recirculation pattern has been observed in several past RELAPS
analyses. Depending on the simulation, this effect can be signi0 cant. For example, if the
temperature of Duid in the top of the reactor vessel downcomer is pertinent, the tem}v: ature is
much higher if the recirculation is present than if it is not. Therefore, to retain model generality,

'
it u recommended that both cold legs on each loop be included when modeling CE plants.

5.4 Notes on Modeling Prossurized Water Reactor Metal Structures
'

The base case example application in Section 5.1 provides detailed guidance on modeling
metal structures within each of the PWR components. His guidance generally recommends that
all metal structurc that interact with the primary and secondary system coolant be included in a
model. A frequent source of analysis error involves failing to follow this recommendation.

Developing input for heat structures can be tedious and requires another review of the ,

component prints to obtain wall thicknesses, materiah, etc. It is therefore tempting to includc
" active" heat structures but exclude ' passive" heat structures from a model. For example, a PWR
model with only active structures might include the core fuel rods and steam generator tubes (i.e.,
only the heat structures necded for simulatinF the plant steady. state heat balance are modeled).
The tesulting model often is not adequate for simulating pWR behavior. During a transHnt
simulation, the " passive' metal structures (i.e., those not iavolved in the steady-state heat balance)
can provide significant heat sources or sinks to the primary and secondary Guid systems. It is
therefore highly recommended 8. hat the passive structeres be included in a PWR model. As
motivation w follow this recommendation, the analyst should consider that the heat stored in a
PWR's passive heat structures (piping walls, component internals, and external shells) is
approximately half that stored in the combined primary and secondary system coolants.

Another potential heat structure modeling difficulty regards initialization of heat structure
temperatures in calculations that do not begin from a well-documented plant condition. In
simulations that begin from PWR full. power steady-state conditions, the heat structures are
adequately mitialized by allowing the code to determine the thermal distributions within the

SM
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structures that are consistent with the internal heat sources and the surface heat transfer rates.
Ilowever, comider the example of starting a simulation at the beginning of rellw! following a .

PWR large break LOCA. The heat structure thermal distributions at the begi. ming of core
rencxsl will be significantly different than those at full power operation. A common modeling
error is to overlook this difference and fail to re-initialize the heat structures at the propei
conditions for the beginning of renood. Often, the modeler recognizes the need to re-initialize
the active heat structures, such as the fuel ns!s, but fails to re-initialize the passive heat
structures.

,

Finally, the PWR modeler should consider the significance of craironmental heat loss from |

the outer surfaces of the primary coolant system. The example PWR spplication provided in i

Section 5.1 neg!ccts this heat loss by assuming adiabatic boundaries on the outer surfaces of the
piping and shell heat r,tructures. For PWRs, the environmental heat kus to containment during )

'

normal operation is about 8 MW, or about 03% of the core thermal power. Neglecting this heat
,

loss generally doa not significantly affect the sitnulation of most accident scenarios, even when
the core power is aly due to decay heat, liowever, the modeler should consider whether this
assumption teruains appropriate for transient simulations that include (a) very kiw decay heat j
levels, such as would be present long after a reactor trip, or (b) rnodel regions where localized I

heat losses may be important when compared with the coolant energy Dows. For a sub-scale !
experimental facility, environmental heat losses generally should be modeled because for such |
facilities the ratio of these losses to the core power typically is much higher than for the full-size

!plants.

5,5 Lumping Coolant Loops

A technique with potential to minimize model complexity, assembly time, and cornputational
time is to lump two or more PWR coolant loops together. Ilowever, individual h>op modeling is
preferred because it (a) maintains model generality, and (b) is no' necessary to determine early in
the mcxleling pnicess if lumping k> ops is appropriate. If a mateler elects to lump coolant loops,
the following discussion provides guidance for doing so. In this discussion, it is assumed that two
loops will be lumped together into one in the mcxich e similar logic is used for lumping three
hx>ps together.

When lumping two coolant loops together, the lumped k>op should be scaled up by a factor
of two but remain hydraulically similar to the single k>op. After scaling, the lumped loop will
have twice the fiuid volume, Guid flow area, heat structure metal volume, heat structure surface

area, and mass How rate as the single k>op. liydraulic similarity calls for the single and lumped
kx3ps to have the same now vek)citics, pressure drops, and wall heat transfer coef0cients.
Table 5-1 provides general guidance for lumping together two identical loops. The table shows
what modi 0 cations need be performed to the input data of an existing single loop model in order
for them to represent two k> ops.

O
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|

Table 51. Guidance for converting a single loop model to a two-kx)p model. {

_, ._

Parameter 1. umped lemn vs. Sincle lawn !.,

Ilydnx1ynamic Volumes

Cc!! How area Twicc
Cell length Same !
Cell volum: Twice 1, '

Azimuth angle Same

Inclination angle Same

iilevation change Same
,

Wall roughness Same ,

Ilydraulic diameter Same'

Ve .mc control flags Same

- Ini' I cell conditions Same

flydnxlynamic Junctkins

Connection codes . Same

Junction flow area Twice

. Forward and reverse loss coefficients Same
,

Junction control flags Same

Junction hydraulic diameter Same"

Countercurrent Dow limiting parameters Same

Initial velocities Same

Initial mass flow rates Twice

IIcat Structures
_.

Numbers of axial heat structures Same

Number of mesh points and geometry Same

Steady-state. initialization flag Same

Left boundary coordinate Same

Refkxx! flags Same

Boundary volume indicator Same

Maximum axial inten'als Same

Mesh location and format flags Same

.Me.h intervals and coordinates - Same

Composition data Same

Relative source values : Same

Initial temperature data Same

Boundary volumcs, increments, Same- I

and condition' types
Surface area codes Same

;
Surface at a ar factors Twice
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Tablo 51. (continued).

O
Parameter Lumped Inop1sJiingl.tlwn._ __.__.

Ileat Structures (mntd.)

Source type Same

Internal source and direct Twice
heating multipliers

IIcated equivalent diameter Same'

a. Same unEs zero (default value) is used in the single loop model, in which case the actual
single loop number should be calcuhted and used.

5.6 Model Assembly Methods

in general, the model should match the phpical system as closely as possible. To follow this
phikisophy, a very One nodal!zation will be needed so that minor features of each Guid region
within the plant can be represented. Ilowever, a very fine nodalization is not economic. 'Ihe
example PWR nodalintions in Sections 5.1,5.2, and 53 represent wmprotnises between

,

calculational Odelity aH economy. 'These compromises have evolved over years ;

of experience in applying RELAPS to a spectrum of plant accidents and transients at the INEL
and elsewhere.

To assemble a model, a set of information will be needed. 'Ihe best sources of information
are the coinplete drawings of the plant and dccumentation that describes its control and
operation.

For hydrodynamic cells, it is necessary to input now area, volume, length, inclination angle,3

elevation change, wall roughness, hydraulic diameter, volume control Dags, and initial conditiotts.
Unlike some thermal hydraulic system codes, with H%\PS it is necessary for the cell flow area,
volume, and length to be mathematically consistent. This requirement causes the modeler to

- compromise one of these input parameters in situation where the now area within a cell c'.anges
'
,

as a function of position within the cell. Often, a satisfactory compromise is possible by
considering which of the three parameters is least significant, and the effect on the problem
because of the error introduced. If a compromise cannot be made because it would significantly
alter the prob!cm, then the modele should make the nodalir.ation One enough so that behavior
may be better simulated.

The vertical angle determines the applicable now map, horizontal or vertical. With
RELAP5/ MOD 3, the Dow map switch is made at en angle of 45"; this is a departure from
previous code versions where the switch was made at 15*. It is important that the actual elevation
chang ec input. The code requires the elevation change to be equal to or less than that implied
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by the cell length and vertical angle, if this requirement causes dif0 cult), the inodeler should
consider artificially revising the vertical angle since this resision has no effect on the problem
unless the Dow map switch point is croned.

'the wall roughness input should be comistent with the pipe material. In most PWR
applications, gaxi results are obtained with a cornmercial steel roughness of OAKKil5 ft (see
Crane,1980). An exception is to use a drawn tubing roughness of 03XKKX15 ft (see Crane,1980)
for the inner and outer surfaces of steam generator tubes. A hydraulic diameter should be
calculated as four times the flow area divided by the wetted perimeter. 'Ihis calculation is
straightforwerd e ess the geometry changes as a function of the length within the cell. In cases
where the Dow a4ca changes continuously with length, the average Dow area and hydraulic
diameter may be used. In cases where the flow area changes in steps, length weighted average
Dow area and hydraulic diameter may be used in these situatiorn, the modeler should consider,

the error introduced and use a finer nodalization if the error is tu a acceptable.

_ Volume control options should be based on the recommendations in Section 3.3.1. Volume
initial conditions should be input based on the recommendation in Section 3.3.3.1. For most

;

pWR system models, the model will be initiallied at full or reduced power conditions. While the
modeler may havc some knowledge of the desired conditions,it is not necessary to tirecisely input
them. Instead, only crude approximations of these conditions are needed because the actual
steady. state conditions will later be calculated with the code (see Section 5.7). ,

For hydnxtynamic junctions, it is necessary to input the connection codes, junction now area,'

forward and reverse now loss coefficients, junction control options, and junction initial conditions.'

,

The junction connection cmica specify the manner in which the hydrodynamic cells are1

connected. It is important that the modeler understands the conventions used for specifying the'

connections (see Section 5.6.3). The junction How wea does not need to be consistent with the
flow areas of its adjacent hydrodynamic cells, llowever, the modder should understand that the
Junction now area should be consistent with any user-input flow loss mefficients. Generally, good
pressure drop simulations have been ahtained with pipe bend and fitting losses estimated using

r.

| the methods in flow of Fluids through Patres and Fi rings (Crane,1980). Another useful source
| of bend and fitting loss information is the Aerospace Fluid Component Design Handbook (Rceket '

|
Propulsion Laboratory,1970). An exhaustive catalog of flow loues in complex geometries is
found in the Handbook of Hydraulic Resistance, Coefficients of Local Resistance and of Friction
(Idel'chik,1966) Junction control options should be input based on the recommendations in

- Section 3.3.2 and junction initial conditions should be input as described in Section 3.3.3.2. As
with the hydrodynamic cells, it is generally not necessary to precisely specify the junction initial
conditions in a PWR system model.

5

For heat structures, it is necessary to input information describing the heat structure
cross. sectional geometry, surface area, and sources and sinks. llent structure input requirements

L
are summarized in Section 4.7 and guidance for modeling heat structures is provided ir(

|
Sections 3.2.2,3.3.3.3, and 3.3.4.3. Additional information needed to model PWR heat structures
typically includes wall thicknest., materials, and data regarding the magnitude and distribution of

| heat sources and sints.
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To model control systerns, it is necessary to obtain or develop block diagrams describing
their function. Example PWR control systerns are descrited in Sections 5.1.7 and 5.2.5. The
RELAPS control variable component is described in Section 4.10. The modeler is cautioned that
plant documentation surunariting control systerns is often incomplete or outdated. As a result,
the actual current PWR .cn rol system setpoints and gains should be obtained and used

5,7 Obtaining Satisfactory Steady State Conditions

Once the PWR model has been assembled as described in the previous section,it is
neccuary to obtain a satisfactory steady. state model condition to mitiate transient calcuhtions.
Typically, a steady state condition representing PWR full. power operation is calculated first, nis
calculation allows an overall verification that the model accurately sepresents the plant. For
operating plants, measured full power plant param:ters are available. j

The effort required to obtain a satisfactory steady-state system model calculation varies
wideh, and primarily depends on two fattort (a) the care and foresight with which the modeler
has assembled the model, and (b) the willingness of the modeler to approach the task using a j
methodical series of steps that simpliDes the process. If, during the assembly process, the tnodeler )
considas nodalization and assumptions, takes care when entering and checking the model input, '

and is willing to obtain satisfactory ster.dy. state calculations for individual plant components, then |
'

success at attaining a system model steady. state calculation is ensured with only a ruodest effort.
On the other hand, improper nodalization and assumptions, carelessness when entering or
checking input data, and attempting to steady a full model without first steadying its components
ohen lead to an expensive, prolonged effort.

The following sections describe a general method for obtaining steady conditions for a
portion of a model, followed by a discussion of a step-by step method application for obtaining a
full power steady-state for the example PWR model in Section 5.1

5,7.1 General Method

Figure 518 illustrates a general method of obtaining a steady. state calculation for a portion
of a system model. For example, the model portion may be one veam generator, a reactor vessel,
a hot leg, a cold leg, or a combination of these. The method involves imposing inlet now and
outlet pressure boundary conditions on manageable sections of the overall system model for the
purpose of individually checking each section's perfotmance before linking them tegether.

The inlet Dow boundary condition is specified by connecting time-dependent volume
(TMDPVOL) and time-dependent junction (TMDPJIJN) components at the upstream end of the
model. A TMDPVOL speciDes Guid condition (pressure, temperature. ..r internal energies of the
phases, and void fraction or quality). A TMDPJUN specifies a Dow velocity or mass Dow rate.
As described in Sections 5.6.2 and 5.6.4, the " time. dependent" adjective is a misnomer because the
boundary conditions may be specified as functions of virtually any calculated variable, not just
time, llowever. for our purpose here, the inlet TMDPVOL and TMDPJUN will specify the
constant Duid conditions and constant Dow ;4te that are associated with the steady-state
operation.
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Figure 518. General method for driving a portion of a full system model to steady conditions.
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The outlet pressure boundaty condition is specined by connecting the downstream end of
the matel to a ThtDPVOL component through a nmmal llELAPS junction (such as a single
junction vahe junctien, or branch junction). The outlet ThtDPVOL specifies a constant
pressure, representing the steady 4 tate ecnd;tions.

The arrargement shown in Figure 5-18 often is a source of confusion to beginning mocelers.
The inlet TMDPVOL is used only to specify the conditions of the fluid that the inlet TMDPJUN
injects into the nnxlel. '!herefore, changing the pressure of the inlet TMDPJUN affects the
enthalpy of the inlet fluid but does not otherwin affett the pressure solution within the
remai" der of the model. De Dow boundary condition specined at the inlet TMDPJUN
effectively isolates the inlet TMDPWL from the model. In other words, the TMDPJUN forces
the inlet now, regardless of the pres ute difference across it. The pressure distribution within the
model is denned by the downstream pressure (specinc< :n the outlet TMDPVOL) and the Cow
behavior and losses generated within the model when ine desired now is passing through it.
Thus, it is important to couple the model to the outlet TMDPVOL using a normal RELAPS
junction so tha' le differential pressure across it may be accurately calculated.

The diagram shown in Figurc 5-18 represents only the simplest of nuxleting situations, such
as coolant now through a piping system with no heat addition or loss and no flow addition or
leakage. This meihod would, for example, be adequate for obtaining a steady-state calculation for
PWR hot it s pipin't. The method is extended to these more complex situations (examples to be
shown shortly) through the addition of heat or Dow sources as appropriate.

The method to obtain an acceptable steady state condition for a portion of the modelis to
specify the inlet Dow and outlet pressure tx)undary conditions (and in some instances heat and
flow sources and sinks), execute the model portion, and compa:e the calculated model con.litions
with the desired unditions. In the mmple rmxlel shown in Figure 518, the calculated condition
of interest is the pressure at the inlet of inc :-odel. If the modeler has carefully modeled the
physical system, then the pressure drop across the model will closely match the actual pressure
drop,

if the calculated conditions are in acceptable agreement with the measured or specified
conditions, then the r,axleling approach is veri 0ed, llowever,if the agreement is not acceptable,
then either (a) the measured data are not correct, or (b) one or more aspects of the model are
incorrect. In most instances, the source of disagreement is found to be mooeling error, rather
than measurement error When disagreements arise, the modeler should first review the

appropriateness of the modeling assumptions and the modelimplementation.

In the example model, disagreement would be caused by failure to ma:ch the pressure drop
across the model. First, the modeled now rate and Guid density would be double-checked for

accuracy. If, for example the calculated pressure dcop is too large, then too much now loss has
been included in the model. Flow losses result from a combination of distributed wall friction and
lumped now resistances. Generally, RELAP5 adequately represents wall friction pressure drop if
the appropriate wall roughnesses, hydraulie diameters and vekicities are input. Therefore, the
modeler should double-check the implementation of these parameters. Next, the input lumped
now lasses should be checked. Often, the actual lumped losses are uncertain because of unique

geometries and this gives the modeler license to adjust the input loss coefficients. Adjusting a
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lumped loss coefficient within the range of its reasonable uncertainty is justified if the change

(
' allows the model to come into agreement with measured data. Experience has shown that this

\ step typically is successful. If it is not, then it is an indication of modeling error or
misinterpretation of the measured data.

To demonstrate the application of the steady-r, tate methods, consider the process of
obtaining a full power operation cundition for the example Westinghouse plant descrited in
Section 5.1 He following sections describe this process in a step by. step rnanner.

5.7.2 Step 1-41cactor Vessel

Figure 51 shows the nodalization of the reactor vessel model. The model performance
ruccess criteria include matching measured data for core power, hot and cold leg flow rates, hot
and cold leg Guid temperatures, the reactor vessel differential pressuse, and the distribution of
How within the various reactor vessel internal flow paths. Section 5.1.1 provides additional
discuuion regarding reactor vessel initialization.

The reactor vessel inodel is exercised by applying a flow boundary condition for the inlet
mass flow rate, a temperature boundary condition for the inlet fluid temperature, a pressure
boundary condition for the outlet pressure, and a heat source boundary condition for the core
power. His combination of boundary conditions ensures that the calculated total reactor vessel
flow rate, hot leg pressure, and hot leg fluid temperature will be correct.

,m
The first calculated solution for the reactor vessel likely will be quite close to the desired

(V) conditions. Minor adjustments of the lumped now loss coef0cients may be necessary to obtain
the desired reactor vessel internal Dow splits. These adjustments should be implemented in
locations where the now loss is not well known. The reactor vessel internal flow pattern solution
is based on many individual now paths in series and parallel con 0gurations. %crefore, tbc
adjustment process proves to be iterative. To minimite the effort,it is recommended that
adjustments begin with paths with the highest flow rates and proceed toward paths with the lowest
now rates.

Experience has shown that the now losses at the upper and lower core support plates and
within the core bypass region are often not well known, in practice, adjusting the loss coefficients
iepresenting these features may be justified. Additionally, the applicable flow areas and losses of
the leakage paths (the Dow through component 100, and the Dow from component 102 to
component 120) are even less well known. For these paths, an arbitrary now area is selected and
loss coefficients are adjusted as needed to obtain the desired now rate.

S 7.3 Step 2--Steam Generator and Steam Lines

Figures 5-3 and 5-5, respectively, show the nodalization of the steam generator and steam
lines. The model performance success criteria include matching measured data for primary side
flow rate, hot and cold leg temperatures, feedwater and steam flow rates, feedwater temperature,
and the distribution of Dow within the steam generator secondary side.

s(V)
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'lhe steam generator model is checked out by applying toundary conditions for the hot leg
flow rate, hot leg fluid ternperature, cold leg pressure, feedwater Duid temperature, feedwater
now rate, and steam line pressure.

'lhe Orst calculated solution for the primary side pressure drop likely will be quite close to
the desired value. liowever, the cold leg temperature likely will not match its desired vidue. This
is an indication that the steam generator heat removal rate is not correct. The source of the
error is likely to be traced to a poor match between calculated and prototype behavior on the
semndary side.

On the secondary side, heat tramfer from the tubes to the Guid is controlled by the
secondary fluid temperature and the vekicity on the outer tube surface. The Guid ternperature on
the outside of the tubes is affected by the pressure and the recirculation ratio (the ratio of the
steam generator downcomer now rate to the feedwater flow rate). lower recirculation ratios
result in colder fluid entering the tube bundle and better heat removalin the lower region of the
tube bundle. Since the majority of the tube length experiences saturated nucleate boiling hett
transfer. tube heat transfer is strongly controlled by the secondary fluid saturation temperature
As a result, changes in the f.ccondary side pressure affect the saturation temperature and
therefore influence the steam generator heat removal rate. The vehicity on the outside of the
tubes is also controlled by the recirculation ratio, with higher ratios resulting in higher vehicities
and therefore higher heat removal rates. RELAPS f.rovides a one-dimensional (vertically upward)
representation of the Dow in the steam generator boiler. In the prototype steam generator,
however, bafnes produce n swirling boiler Oow pattern. As a result, the REI.APS-calculated
boiler flow vehicity is lower than in the prototype and the calculated steam generator heat
removal rate is too low.

Achieving a satisf actory simulation of U tute steam generator secondary steady-state
conditions geracrally requires (a) adjusting flow losses in the steam separator and boiler regions to
achieve the desired recirculation ratio, (b) defining a dowastream steam line pressure boundary
condition (such as at the steam header, cell 800 in Figure 5 5) that provides the desired steam
boiler piessure, and (c) using the minimum tube to-tube spacing as the heated diameter on the
secondary side of the tube heat structures to adjust for the multi-dimensional How patterns of the
prototype. Section 5.13 provides additional discussion of these adjustments.

5.7.4 Step 3-Coolant Loop with Reactor Coolant Pump

Figure 5-2 shows the nodalization of the reactor coolant kiop. Models for the hot leg, pump
suction cold leg, reactor coolant pump, and pump discharge cold leg are merged with the steam
generator / steam line model. Step 2 obtained the desired steam generator primary differential
pressure and hot and cold leg fluid temperatures when the coolant kiop Dow rate was prescribed
as a boundary condition.

In this step, hot leg Guid temperature, hot leg Oow rate, pump discharge cold leg pressure,
and reactor coolant pump speed boundary conditions are specified as bourdary conditions. In
addition. on the secondary side, the boundary conditions fron' Step 2 are med (feedwater now
rate, temperature, and steam line pressure). The intent of this step is to obtain a utisfactory
coolant hiop differential pressure with the desired now rate passing through it. The desired

i
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coolant loop differential pressure $ the same as the scactor vessel differential preuure calculated
in Step 1.

The wall friction losses in the hot and cold leg pipes are well calculated by RELAPS and,
together with the satisfactory steam generator pressure drop from Step 2, a nearly. satisfactory

'

coolant loop pressure drop is generally obtained on the first attempt. If needed, the loop
pressure drop can be modiDed through minor adjustments in the pump specification (e.g., the
pump speed or rated head).

5.7.5 Step 4-Feedwater System

Figure 5 5 shows the nodalli.ation of the feedwat:r system model. While shown here for
completeness, for many applications a detailed model of the feedwater system may not be
required. For those applications, it may be sufficient only to specify the feedwater flow rate as a
function of time (constant before a turbine trip, then linearly decreasing to zero over a few
seconds following a turbine trip). A detailed feedwater system model generally is only required
for simulating transients where feedwater flow continues after a turbine trip because of assumed
failures.

'the feedwater system model is verified by specifying boundary conditions for the condenser
temperature, inlet Dow rate, heater drain system flow rate and temperature, feedwater heater
power, condensate and rnain feedwater pump speeds, and outlet pressure.

On the inlet side, a TMDPVOL specifies the condenser fluid conditions, typically cold water

1 at a vacuum pressure. A TMDPJUN forces flow from the condenser into the feedtrain at the
desired rate. A similar arrangement is used for flow addition from the heater drain system. On
the outlet side, the feedwater system model is connected to three TMDPVOLs (one for each ,

steam generator) that specify constant pressure, consistent with the steam generator downcomer
pressure obtained from Step 2.

Model time up should start at the steam generators and proceed upstream towaM the
condenser, Adjustments to the flow losses are made as needed to obtain the desired pressures
within the system (typically, these are known at everal locations). The losses are most uncertain
across valves and heat exchangers, so adjustmuts at these locations often can be justified.
Adjustments to pump parameters also may prove beneficial (see the discussion in Step 3).

The feedwater rystem model tune-up process can be considered successful when a
satisfactory agreement is obtained between the calculated condensate pump inlet pressure and the

- desired condenser pressure (which was used as the inlet boundary condition). To allow this
comparison to be made, it will be necessary to add a hydiodynamic calculational cell (e.g., a
single-volume or branch component) between the condensate pump and condenser
(components 824 and 822 in Figurc $ > p When agreement has been obtained, the additional cell

,

is removed and the TMDPJUN is replaced with a normal junction (in this example the inlet

junction of pump 824),
.

..

\.
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5.7.6 Stop 5--Formation of the System Model
.

Steps 1 through 4 have produced models of the reactor veucl, steam generatorhteam line,
nulant loop, and feedwater systerns that satisfactorily simulate the individual pe formar cc of
these systems during full power plant operation. Furthermore, the calculated conditions for these
indiiidual models are consistent at their adjoining loundaries.

Ilefore combining the individual models into a system rnodel, it is best to substitute the !

calculated steady conditions as the input initial conditions for each of the individu4 models. |
Recall that crude approximations of the initial conditions were input when the model was first 1

assembled. Steps 1 through 4 have calculated the actualinitial conditions (presures,
temperatures, flow rates, etc.) that represent full-power steady operation. If done by hand, this
substitution is quite tedious; automated techniques for this process are available. It is not :

essential to substitute the initial cornlitions because the system model (including the modifications f

made from Steps 1 through 4) can be executed successfully to the desired steady solution.
Ilowever, substituting the steady conditions into the input listing at this time is aUoantageous
because it minimites the computer time needed to obtain a steady-state solution with the system
model. ,

Two copies of the umlant kop model from Step 3 are made to simulate the other coolant
loops in the plant. The component numbers on the copics are then changed, since each
component must have a unique number. It is convenient if the same components in each of the
kiops have similar nun,bers. One method is to increment the hundreds digit from loop to hiop
(e.g., let components 2(6, .'% and 4(6 represent a comparable feature in the three kiops.

The reactor vessel model from Step 1 is combined with the three coolant kop models, and
the feedwater systein model from Step 4 is appended to the steam generators on the coolant
kmps. The pressurizer model (see Figure 5 4) is then appended at the hot lep/ surge line and cold
lep/ spray line connection points. When combining models, care must be taken to remove the
components that were used to provide boundary conditions in previous steps, and to add
hydrodynamic junctions to appropriateiy join the individual models. Referring to Figure 5-5, at
this time it will be necessary to connect the three individual steam lines to the common header
and add t ": common steam line (components 800,802,8N,8(M. 808, and 810) to the model.5

*Ihe modeler is required to specify the turbine header pressure (component 806) such that the
steam header pressure (component 800)is the same as was used in Steps 2 and 3. %c steam
pressure boundary condition effectively is moved downstream to the turbine header. In practice,
it is usually adequate to estimate the turbine header pressure by hand-calculating the pressure
drop down the steam line and through the turbine stop valve.

The combined system model may now be executed as a unit. The boundary conditions
remaining from the individual models are condenser pressure and Guid temperature; feedwater
heater dnin flow rate and fluid temperature; turbine header steam pressure; speeds for the main
coolant, main feedwater, and condensate pumps; and powers for the core and feedwater heaters.
In addition, it is necessary to add a boundary condition for the primary molant system pressure,
in the prototype, this function is provided by the pressurizer heaters and spray control systems
that are not yet activated in the model. It is convenient to provide this pressure boundary
condition by temporarily connecting a TMDPVOL (with the desired pressure specified) through a
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single junction at a k> cation in the primary coolant system where the preuure is well known. For
example, this function might be accomplished by connecting a TMDPVOL (with the hot leg
pressure and hot leg fluid temperature) to one of the hot leg comp <ments.1his temporary
TMDPVOL will donate liquid to, or accept lk uid from, the reactor coolant system as needed toi
maintain the desired hot leg pressure.

If the previous steps have been accomplished succcufully, the conditions calculated with the .

!combined modc! should dif fer only slightly from the desired conditions calculated with the
individual rnodels. At this stage, adjustments in the primary side flow rates may be accomplished
with minor changes in the reactor coolant pump speed. Once the desired flow rate is attained,
the hot to-cold leg differential temperature will be correct; however, the average niolant
temperature (i.e., the average of the hot and cold leg ternperatures) may be slightly high or low.
This condition may be remedied bv minor adjustment of the secondary systern pressure (specified
as a boundary condition at the turbine header).

At this 1x> int, the combined mod 'l be esceuted through a null transient for a perioda

of time to allow steady conditions to ned. Generally, this process requires a few hundred
seconds of transient time to accomplish.

5.7,7 Step 6-Control Systems ,

;

iThe control systems that are active during normal plant operation are added to the model at
this point. These systems include the steam generator level control, pressurizer prenure control,
and pressurizer level control functions described in Section 5.1.7. Implementation of the control
systems into the model has been delayed until this point because they require various calculated
plant parameters as input. These parameters have not been available until Step 5 was completed.
The input for the control systems is carefully reviewed and, if necessary, the controller initial
conditions, hiases, and set points are modified based on the calculated steady-state plant
parameters. The temporary primary system pressure boundary condition imposed in Step 5 is
then removed from the model.

I

The system model is executed again through a null transient, this time with the RELAPS
control system models activated. 'this step is successfully completed when the controllers have
driven their dependent variables (steam generator level, pressurizer !cvel, and pressurizer
pressure) to the desired values. A few hundred seconds of transient time are typically rc<luired to

! accomplish this process.
|

5.7.8 Step 7--Models of Non ooerating Systems

Models of plant features, systems, trips, and control systems that are not activated during
normal plant operation are now added to the model. *fhese features include

Accumulators.

liigh and low pressure injection systemsL +

i . Pressurizer power-operated relief valve and code safety valves
Main steam isolation valves.

Steam generator power-operated relief valves and safety valves.
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Auxiliary feedwater systems.

Turbine stop valve.

Steam dump valves..

Since performance of these systems cannot be checked at the full power initial condition, it is
important that the modeler independently check their performance.

Some of these independent checks can be made using simple models. For example, the
itELAPS calculated now through a PORV can be independently checked against the valve design
data using a model employing a valve and a few hydnxiynamic cells. Ilowever, other checks will
have to wait until the model development is complete, a successful steady-state condition has
been calculated, and an active transient simulation is performed (see Step 8). For example,it
necessary to perform an active transient calculation to determine if a PORY model opens and
closes as intended.

;

A short null transient is run with the inactive features included in the model. His transient
will confirm that input errors do not exist and that the inactive features do not,in fact, affect the
steady. state solution.

5.7.9 Stop B-Final Tune Up and Check out

A final check of the calculated full power steady conditions is made %c modeler should
check many, not just a few, plant parameters for steadiness. Generally, a completely stable set of
conditions is not attained; some minor drifting of parameters continues. He mcxicler should
determine the source of the drift and consider if its magnitude is acceptable. Common sources of
drift are thermal gradients within the thicker heat structures of the model. For example, consider
the reactor vessel wall with gamma heating. The wall is about five inches thick and the thermal
time constant is such that perhaps thousands of null transient seconds are required for its thermal
gradient to stabilize, in this case, the thermal capacity of the material may be artiGcially lowered,
allowing the heat structure gradient to be quickly established during a null transient calculation.
Once the proper gradient has been calculated, the true thermal capacity is restored to the model.

An active transient calculation should be performed to check the performance of plant
features, trips, systems, and controllers that are not active during full power operation.
Adjustments and corrections are implemented as appropriate.

At this point, the model is considered complete and confirmed. It is recommended that the
final steady conditions attained be substituted back into the final model that created them (see
discussion in Step 5). In this manner, the final form of the model is a complete input stream that
includes the true steady initial conditions. From a quality assurance viewpoint, this method is
advantageous because a single ma ter file documents the complete model and its initial state.
When it is desired to perform an active transient calculation, the master file is copied, and the
model changes implementing the transient are incorporated into the copy. his new file may then
document the complete model, the initial conditions, and the changes made,

O
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APPENDIX A

ABSTRACTS OF RELAPS/ MOD 3 REFERENCE DOCUMENTS

Adams, J. P., C. A. Dobbe. and P. D. Bayless,1986, " Numerical Simulation of PWR Response to
a Srnall Break LOCA with Reactor Coo! ant Pumps Operating." 4th International
Symposium on Afulti-Phase Transport and Particulate Phenomena, Afiami Beach, Florida,
December 1986, EGG-M-32686.

Calculations have been made of the response of pressurized water reactors (PWRs) during
a small break loss.of-coolant accident with the reactor coolant pumps (RCPs) operating.
This study was conducted, as patt of a comprehensive project, to assess the relationship
between measurable RCT parameters, such as motor power or current, and fluid density,
bchh k) cal (at the RCP inlet) and global (average reactor coolant system). Additionally, the
ef'iciency of using these RCP parameters, together with Guid temperature, to identify an
off-nominal transient as either a loss-of-coolant accident, a heatup transient, or a cooldown
transient and to follow recovery from the transient was assessed. The RELAP4 and
RELAP5 computer codes were used with three independent sets of RCP two-phase
degradation multipliers. These multipliers were based on data obtained in two-phase now

p conditions for the Semiscale, LOFT, and Creare/ Combustion Engineering Electric Power

t] Research Institute pumps, respxtively. Two reference PWRs were used in this study:
Zion, a four4 cop,1100-MWe Westinghouse plant operated by Commonwealth Edison Co.
in Zion, Illinois and Bellefonte, a two by-four loop,1213 BWe Babcock and Wilcox
designed plant being built by the Tennessee Valley Authority in Scottsboro. Alabama. The
results from this study showed that RCP operaticn resulted in an approximately
homogeneous reactor coolant system and that this result was independent of the reference
plant, computer code, or two-phase RCP head degradation multiplier used in the .

calculation.

Aksan, S. N., u. T. Analytis, and D. Luebbesmeyer,1989, " Switzerland's Code in Support of the
International Code Assessment Program (ICAP)," 16th Water Reactor Safety Information
hieeting, hfarch 1989, Gaithersburg, Afaryland, Paul Scherrer Institute, Wuerenlingen,
Switzerland.

'

Within the franework of the International Code Assessment Program (ICAP) of the U.S.
Nuclear Regulatory Commissic% independent code assessment analyses at the Paul
Scherrer Institute have been performed using the RELAPS/ MOD 2 and TRAC-BD1/ MODI
thermal hydraulic transient codes. The assessment cases selected include both separate
effects and integral tests. The caiculations and anclysis of most of the agreed assesment-
cases have been completed in this paper, and the main results and conclusions of these

" calculations are presented. As a result of these calculations and analysis, model changes
. are proposed for a number of special models that need to be further improved. Some of

:( 'these proposab were tested in an experimental version of RELAP5/ MOD 2 at the Paul
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Scherrer Institute. The rapid cladding coaling and quench during the blowdown phase of a
large break loss-of-coolant has also been investigated in some detail. The experimental
evidence available from blowdown quench, such as that encountered in the loss-of-Ouid test
(LOFT) experiments, is reviewed. Calculations using the RELAPS/ MOD 2 code have been
performed for the Organization for Econoraic Cooperation and Development / LOFT
LP-LB-1 and LP-02-6 tests to identify the codes ability to calculate the blowdown phase
quench. To further investigate rapid cladding quenches, separate effects tests conducted in
the LOFr Test Support Facility have been calculated using a frozen version of
F FLAP 5/ MOD 2. The preliminary results of these calculations and the conclusion are also
presented.

Analytis, G. T.,1987, " implementation and Assessment of Drift-Flux Post-Dryout Interfacial Shear
Model in RELAP5| MOD 2/36.02,* Trarnactions of the American Nuclear Society, 55,
pp. 707-709.

Iuterfacial shear f/sub il and heat uansfer to the liquid h!sub ill are of paramount
importance for the correct prediction of liquid carryover and rod surface temperatures
during reDooding. It has been shown recently that a new drift.Dux model based
bubbelag fisub il correlation for rod bundles greatly improves the predicting capabilities of
the RELAP5/ MOD 2/36.02 modelin the analysis of boil-off ec.J low Gooding rate

everiments.

Analytis, G. T., and M. Richner,1986, "Effect of Bubbly / Slug Interfacial Shear on Liquid
Carrvover Predicted by RELAPS/ MOD 2 During Reflooding" American Nuclear Society and
Atomic Industdal Forum Joint Meeting, Washington, D. C., November 1986, Wuerenlingen.
Switzerland.

Anal, sis of very low Daoding rate re000 ding experiments and one boiloff experiment in the
33 electrically heated rod bundle NEPTUM at the Swiss Federal Institute for Reactor
Research with RELAP5/ MOD 2/36.02 has shown that the code grossly overpredicts the
liquid carryover Sirnilar results have been reported in the analysis of a large number of
boiloff experiments in NEPTUN with TRAC-BD1/ MOD 1. Iri this case, the differences
between measurements and predictions were attributed to the large bubble / slug interfacial
shear in TRAC-BDI, and excellent agreement with the measurements was achieved by
implementing a slightly modified version of a new bubbly / slug interfacial shear coue'.Mion
developed for rod bundles. As far as renooding is concerned, one of the most crucial
parameters for the correct prediction of the rod surface temperature histories is the
interfacial shear fisub i/ in the different now regimes; this term will largely determine the
liquid fraction at certain axial elevation and the liquid carryaver. The authors outline the
implementation of the new bubble / slug f/sub il correlation in RELAP5/ MOD 2/36.02 and
assess its innuence in die liquid carryover in the analysis of low flooding rate experiments in
NEPTUN.

Analytis, G. T., and M. Richner,1986, implementation and Assessment of a New BubblyiSlug Flow
Interfacial Friction Correlation in REL1PS! MOD 2/36.02 TM 32-8&io, January, Swiss
Federa! Institute for Reactor Research, Wuerculingen, Switzerlano.
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Analysis of boil-off and low Dooding rate reDooding experiments in the rod bundle
- NEPTUN wit!' MLAPS/ MOD 2 has shown that the code grossly underpredicts the
collapsed liquid level history in the test section because it over-predicts of the amount of
water expelled. Similar problems were encountered in the analysis of the same boil-off
experiments with TRAC-BD1 Version 12 and MODI and were resolved by implementing a

_

new bubb;y/ slug now interfacial friction correlation in this code. The authors report on theg

implementation of the new interfacial friction correlation in RELAP5/ MOD 2/36.02 as well
as its consequences on the predicted collapsed liquid level histories in the rcd bundle
NEPTUN.

NOTE: This report is restricted to International Code Assessment Program members,
unless speci9c permission is granted by the author.

Analytis, G. T., M. Richner, and S. N. Aksan,1987, Assessment ofInterfacial Shear and WallIleat
Transfer of REIAPSIMOD2/36.02 During Reflo<xling, ElR-Bericht Nr. 624 May 1,
Eidgenoessisches Inst fuct Reaktorforschung, Wuerenlingen Switzerland.

The analysis of a number of reDooding and one soil-off experiment in the electrically
heated rod bundle NEPTUN at the Swiss Federal Institute for Ractor Research with
RELAP5/ MOD 2/36.02 showed significant differences between measurements and ,

predictions. The same was true for the analysis of two FLECHT SEASET renooding
experiments. The authors report on these items and present the modi 6 cations made to the
frozen version of RELAP5/ MOD 2/36.02. Tnese changes eliminate most of the observed
discrepancies.

Analytis, G. T., M. Richner, and S.N. Aksan,1987, '' Qualification of ModiGcations of Interfacial
- Shear and Wa!! IIcat Transfer of RELAP5/ MOD 2/36.92 During Reflooding * Transactions
of the Ame&an Nuclear Society, 55, yp. 705-707.

Extensive assessment of RELAP5/ MOD 2/36.02 has been performed by using reGooding

L experiments performed at the heater rod bundle NEPTUN at the Swiss FeAcral Institute ,

i for Reactor Research and at the FLECllT.SEASET test facility. As a result of this work, a
. number of modiGeations were made in the interfacial shear and reHoeding wall heat

p transfer packages of the code. 'The modincations .are represented in this work.
1

Analytis, G. T., M. Richner, M. Andreani, and S. N. Aksan,1987, " Assessment of Uncertainty'

Identification for RELAP5/ MOD 2 and TRAC-BD1/ MODI Codes Under Core Uncovery |

;and Reflooding Conditions," 14th Water Reactor Safety Information Meeting, Gaithersbwg,

,

. Maryland, Octeber 27,1086, NUREG/CP.0032, Volume 5, pp. 329-370, February, Swiss
'

p Federal Institute for Reactor Research, Wuerenlingen, Switzerland.

L
'

: Assessment calculations for the thermal hydraulic transient computer codes

RELAPS/ MOD 2 (frozen version 36_02) and TRAC-BDl/ MODI (frozen version 22) were
_

L performed, at the Swist, Federal Institute for Reactor Research (EIR) under both core
uncovery (boil-off) and reDooding conditions. The aim of the work was to assess the
pedicting capsbilities of the frozen versions of the best estimate computer codes. 'Some of
the reDooding and boilloff experimental data observed from the NEPTUN test facility at'

'

,,
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FlR were used for the assessment work. hiodel optimization calculations on nodalization
and the effect of available options (e.g., heat slab sizes) are performed with a selected base
case, and the same model is applied to the other experimental cases, covering a wide range
of parameters. The authors report the results of these assessment calculations and identify
and point out the existing uncertainty areas in boil-off and reflooding phenomena.

Ardron, K.11., and W. hf. Bryce,1988, " Assessment of RELAP5/ MOD 2 by Comparison with
Separate Etfects Experiments," Third International Topical Meeting on Nuclear Power Plant
Thennallipiraalics and Operations, November 1938, Seoul, Koren.

T.<a studies are described in which models in the RELAP5/ MOD 2 code are assesmd by
comparison with separate effects teets. In the Hrst study, the horizontal stratification model
in RELAP5/ MOD 2 is assessed. This model describes the now of two-phase mixture
through a small diameter off-take connecte) to a horizontal pipe containing a stratified
flow. Comparison with separate effects test data show that the model systematically
underpredicts the quality in the off-take branch. A modi 6cd code version containing
improved conciations gives improved agreement with the separate effects tests and with an
integral test in the Loss-of Fluid Test Facility.

In the second study, RELAPS/ MOD 2's ability to describe the counter current fkxxling limit
(CCFL) i uessed using a test problem to show that the CCFL is calculated in a
ptessurized sater reactor steam generator tube. A large overprediction of the CCFL limit
is attributed to the special treatment in RELAPS/ MOD 2 for calculating interphase friction
ec. der conditions where void fraction decreases with elevation.

Ardran, K. IL, and A. 3. Ciane, s989. Assessment ofInter;>hase Drag Correlations in the
RELAPS/ MOD 2 and TRAC-PF!/ MOD 2 Ccxles, July, Central Electricity Generating Board,
Barnwood UK.

An assessment is carried out of the interphase drag correlations used in modeling vertical
two-phase Hows in the advanced thermal hydraulic codes RELAPS/ MOD 2 and
TRAC-PFI/ MOD 1. The assessment is performed by using code models to calculate void
fraction in fully developed steam-wau Dows, and comparing results v,ith predictions of
standatd correlations and test data. The study is restricted to the bubbly and slug Cow
regimes (void fractions below 0.75). For upuows, at pressures of interest in pressurized
water reactor small break loss-of-coolant accident and transient analysis, the performance of
the code models is generally satisfactory. Exceptions are (a) small hydraulic diameter
channels at low pressures (p equal w or less than 4 MPa)(b) large pipe diameters at void
fractions exceeding 0.5. In these cases, void fraction errors are outside normal uncertainty
ranges. For downDows, the code models give good agreement with limited available void
fraction data. The numeric 4d results given in this paper allow a rapid estimate to be made
of void fraction errors likely to arise in a particular code application from deficiencies in
interphase drag modeling.

O
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j Ardron, K,11.. and P. C. Itall,19SS, "UK Experience with RELAP5/ MOD 2," 15th Water Reactor
Safety infwmation Meeting Gaithersburg Maryland, October 26,1987, February, Central
Electricity Generating Board, Gloucester England.

RELAP5/ MOD 2 is being used in the United Kingdom (UK) for analysis of small loss-of-
coolant accidents and pressurited transients in a Sizewell B pressurized water reactor. To
support this application and gain familiarity with the cmie, the Central Electricity
Generating Ikiard the United Kingdem Atomic Energy Authority (UKAEA) have analyzed
a number of integral and separate effects tests with RELAP5/ MOD 2. Several reports on
this work have been sent to the U.S. Nuclear Regulatory Commission (NRC) under a
UK/NRC bilateral agreement. This paper presents a review of UK cxperience with
RELAP5/ MOD 2 since the code was received in the UK in February 1985. Cuk vions aie
described of small loss-of-coolant accidents and pressurin:d transient experiments in the

_ _ _

LOFF and LOBI test facilities, and boil.down tests in the UKAE \ TilETIS facility. Code
calculations are also compared with data on pull through/entrainment effects in two-phase
flow in an off-take branch connected to a horizontal pipe containing stratified Dow. The
code has generally performed well in the calculations attemi..<d so far, and appears to
represent a considerable improvement over earlier versions of RELAP5 in respect of
stability, running speed, mass conservation errors, and accuracy. The modeling difficulties
identified in the UK studies have been defects in the horisontal stratification entrainment
model, used to calculate discharge from a side branch connected to a horizontal pipe in
which there is strat;fied flow, and deficiencies in critical 110w calculations when there is

separated flow in the volume upstream of the break. Some calculations are described with
modified code versions containing improved models to illustrate the deficiencies.

Babcock & Wilcox Owners Group Analysis Committee.1986, REL1PS/ MOD 2 Benchmark of
OTIS Feed and Bleed Test #220399, BAW.1903, March.

.

The Once-Through Integral System (OTIS) facility was designed t nd built for the
,

investigation of tiiermal hydraulic phenomemi associated with small break loss-of-coolant
accidents. The facility is a one-loop (one hot leg, one st,:am genecator, and one cold leg)
scaled representation of a Babcock & Wilcox (B&W) 205 fuel a sembly raised loop plant.
In March 1984, OT!S Test 220899 was completed. Im[ortant phenomena observed include
primary liquid coo!down, primary system depressurization with the pressurizer filling and the
pressurizer solid, and impact of reactor vessel vent valves on core cooling and loop flows

- The objective of this analysis is to simulate OTIS Test 220899 with the carrent B&W
version of RELAP5/ MOD 2 (Cycle 36). The hot leg U-bend and steam generator noding
are consistent with the modeling used for the Multikiop Integral System Test facility. A
detailed system description of the OTIS facility in parallel with a discussion of the RELAP5
tuodel is presented. Results of the study and concluding comments are also presented.

Bayless, P. D., and R. Chambers,1984, Analysis of a Station Blackout Transient at the Seabrook
Nuclear Power Plant, EGG-NTP-6700, September.

A postulated station blackout traasient at the Seabrook Nuclear Power Plant was analyzed
in support of the U.S. Nuclear Regulatory Commission's Severe Accident Sequence
Analysis Program. The RELAPS/ MOD 2 and SCDAP/ MODI computer cales were used to
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calcu! ate the transient from initiation through severe core damage. The base transient, the
"TMLB" sequence, assumed no offsite power, onsite power, emergency feedwater, or
operator actions. Additional analyses investigated de sensitivity to the core modeling and a
potential mitigating action.

Uayless, P. D., C. A. Dobbe, and R. Chambers,1987, Feedwater Transient and Small Break Loss
of Coolant Accident Analyses for the Bellefor,te Nuclear Plant, NUREGICR-4741.
EGG-2471, March,

Specific sequences that nay lead to core damage were analyzed for the Bellefonte Fuclear
Plant as part of the U. S. Nuclear Regulatory Commission's Severe Accident Sequence
Analysts Program. The RELAP5, SCDAP, and SCDAP/RELAP5 computer coJes were
used in the analyses. The two main initiating events investigated were a loss of all
feedwater to the steam generators and a small cold leg break loss-of-coolant accident. The
transients of primary interest within these categories were the TMLB' and S2D sequences.
Variations on systems availability were also investigated. Possible operator actions that
could prevent or delay core damage wer.: identified, and two were investigated for a small
break transient. All of the transients were analyzed until either core damage began or
long-term decay heat removal was established. The analyses showed that for the sequences
considered, the injection Dow from one high-pressure injection pump was necessary and
sufficient to prevent core damage in the absence of operator actions. Operator actions
were able to prevent core damage in the S2D sequence, no operator actions were available
to prevent core damage in the TMLB' sequence.

Beelman, R. J., W. H. Grush, G. A. Mortensen, D. M. Snider, and K. L Wagner,1989, "RELAPS
Desktop Analyzer " International RELAPS lisers Seminar, College Station, Texas, January
31,1939

The previously mainframe-bound RELAPS reactor safety computer code has been installed
on a microcomputer. A simple color-graphic display driver has been developed to enable
the user to view the code results as the calculation advances. To facilitate future
interactive desktop applications, the Nuclear Plant Analyzer (NPA), also previously
mainframe-bound, is being redesigned to encompass workstation applications. The marriage
of RELAP5 simulation capabilities with NPA interactive graphics on a desktop workstation
promises to revolutionize reactor safety analysis methodology.

Blanchat, T., and Y. Hassan,1989, " Comparisons of Critical Heat Flux Correlations with Bundle
Hows," Annual Meeting of th* American Nuclear Society, Atlanta, Georia, June 1989.

The critical heat Hux has been the subject of research in the field of boiling heat transfer by
nuclear engineers for many decades. The objective of this study is to predict the behavior
of the secondary side of the once-through steam generator using the RELAP5/ MOD 2
computer code and, in particular, to obtain a better prediction of critical heat Dux in

( bundles
I

t

|
Blanchat, T. K., and Y. A. Hassan,1988, " Thermal-Hydraulic Analysis cf a Nuclear Once Through

Steam Generator Using RELAP5/ MOD 2 Computer Code," Third Intemational Topical
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,

- Afecting on Nuclear Power Plant Thenna! Hydraulics and Operations, Seoul, Korea,
November 19S8.

'

A REIAP computer code model for a once through steam generator has been developed.
- Parametric studies were conducted. IJnderprediction of the heat transfer in the nucleate
boiling How was mitigated (or corrected) by reducing the hydraulic diameter through the
use of the small distance between the tubes. A new now regime map for now in bundles
was developed and implemented in the code. This new Dow regime map more accurately ,

predicts transition for slug-to-annular Dow. Consequently, improved saturated conditions
for the Guid now at the entrance to the boiler were obtained.

- Blanchat, T. K., and Y. A. liassan.1987, " Comparison Study of the Westir.,; house Model E Steam
Generator Using RELAPS/ MOD 2 and RETRAN-02," Transactions of the Amen'can Nuclear
Society, 55, pp. 699-701.

The response of a steam generator during both operational and trnnsient conditic,ns is of
major importance in studying the thermal hydraulic behavior of a nuclear reactor coolant
system. The objective of this study is to predict the behavior of the secondary side of the
Westinghouse Model E steam generator using the RELAP5/ MOD 2 computer code. ;

Steady-state conditions and a loss-of-feedwater transient were predicted and campared with
a previous study using the RETRAN-02 computer code. The comparison showed an
agreement with the previous study for steady-state calculations.

' Bolander, M. A.,1989, reb 1P5|Af0D2.5 Thermal Hydraulic Analysh for an Alternate Fuel Design
in the N Reactor, EGO-EAST-83b4 June.

This report documents work performed at the Idaho National Engineering Laboratory in
support of the Westinghouse llanford Company safety analyses of the N Reactor. This
work included (a) developing a RELAP5/ MOD 2,5 N Reactor separate effects alternate fuel

,

-design model, (b) performing a RELAP5/ MOD 2.5 computer code validation for N Reactor
applications, (c) performing a radiation heat transfer sensitivity study to observe the effects
of radiation heat transfer for a design-basis accident, and (d) performing and analyzing
RELAP5/ MOD 2.5 scoping calculations using the alternate fuel design model for a design ,

basis accident.

Bolander, M A.,1988, Simulation of a Cold Leg Afanifold Break Sequence in the N Reactor with a
- F'ilure , an ECCS CV-2R Valve, EGG-TFM-7988, February.

This final report documents our analyses of the cold leg manifold break with one ECCS -
CV-24 check valve failing to open.

Bolander,'M. A., and C. D. Fletcher,1988, Simulation of Cold Leg Afanifold Break and Station
Blackout Sequences in the N Reactor, EGO-TFM-7891, February. |

This report documen work performed at the Idaho National Engineering Laboratory in
support of the Westinghouse llanford Company safety analyses of the N Reactor. This
work included (a) developing a RELAP5/ MOD 2 N Reactor model from inforrration

.
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contained in an existing RETRAN model, (h) modifying the RELAP5/ MOD 2 computer
code for simulation of rellood behavior in horizontal core charinels, and (c) performing and
analyzing RELAPS/ MOD 2 transient calculations simulating N Reactor response during two
hypothetical accidents.

mulation ofInlet and Outlet Riser Break Sequences inBolandet, M. A., and C. D. Fletcher,19M, i
the N Reactor, EGG-TFM-7930, February.

This report documents work performed at the Idaho National Engineering Laboratory in
suppert of the Westinghouse Hanford Company safety analyses of the N Reactor. The
RELAP5/ MOD 2 computer code was tsed in analyzing two hypothetical transients. The
computer code was modified sr :cifically to simulate the refill behavior in the N Reactor
process tubes. He transients analyzed were a double-ended rupttue of an inlet rher
column and a double-ended supture of an outlet riser cchimn.

Bolander, M. A., J. C. Chapman, and C. D. Fletcher,19R8, Simulation of Cold lag Manifold
Break and Station Blackout Revised Sequencesfor Reduced ECCS (Emergency Core Cooling
System) in the N Reactor, EGG.TFM.7%2, February.

This report presents analyses of two loss of-coolant accident sequences of the N Reactor
using the RSLAPS/ MOD 2 compuier code. RELAP5/ MOD 2 is a best-estimate, two-phase,
nonhomogeneous, noncquilibrium, thermal hydraulic, computer code designed for light
water pressurized reactor transients. The N Reactor is a graphite-moderated, pressurized
water reactor. The primary coolant is channeled through 1003 horizontal pressure tubes
that cantain two concentric tubular metallic fuel clements. The two accident sequences
simulated were a double-ended guillotine break in the cold leg manifold and a station
blackout. Both simulations cover the period beginning with the (a) initiating event,
(b) either the break or the loss of ac power, and (c) the stabilization of the core fuel
element temperatures. (The station blackout calculation was carried out until the core was
quenched.) The discussbn presented in this renort includes brief descriptions of the
N Reactor, the computer c(xie and specific code modifications for horizonta! refkxxi, and
the computer code model used for the simulation. He results and the analyses of the two
calculations are also presented.

Bolr.nder, M. A., C. D Fletcher, C. B. Davis, C. M. Rullberg, B. D. Stitt, M. E. Waterman, and J.
D, Burtt,1W4, "RELAPS I'hermal Hydmulic Analyses of Overcooling Sequences in a
Pressurized Waner Reactor,' International Meeting on Thermal Nuclear Reactor Safety,
Karismhe, Federci Republic Germany, September 1984, KFR-2M0!1, pp. 311-319.

In support of the Pressurized Thermal Shock Integration Study, the Idaho National
Engineering Lt.boratory has performed analyses of overcooling trartsients using the
RELAP5/ MODI.6 and MOD 2 compuer codes. These analyses were performed for the H.
B. Robinson Unit 2 pressurized water reactor, a Westinghouse 3-loop design plant. Results
of the RELAP5 computer ccxles es a tool for analyzing integral plant transients requiring a
detailed plant model, including comp!:x trip logic and major control systems, are examined.

A-10
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Boone,1.,1989;KFACT Fonn Loss Coefficien: Calculations for REls1P5thf0D2 Input Decks,
: Duke Power Company, September.

This document and the source code are Duke Power proprietwy and cannot be distributed
^. ~ without prior consent of Duke Power.

Bouchen, T. J.,1985,0uick Look Report for Semiscale A10D-2C Test S.FS-2_, EGG-SEMI-M27,
- March.

4

ABSTRACT: Results of a preliminary analysis of the first test performed in the Semiscale
'

MOD-2C Steam Generator Feedwaier and Steam Line Break (FS) experiment series are

presented. Test S-FS-2 simulated a_ pressurized water reactor transient initiated by a
double ended offset shear of a stean, generator main steam line upstream of the flow
restrictor. E.tial conditions represented norrmd " hot-standby" operation The transient.
included an initial 600-s pefod in which only automatic plant protection systems responded
to the initiating event. This period was followed by a series of oprator acticns necessary
to stabilize the plan; at conditions required to :,tlow a natural circulation cooldown. The

- test results provided a measured evaluation of the effectiveness of the automatic respcmes
in minimizing primary system overcooling and operator actions in stabilizing the plant. Test
data were compared with the PELAPS/ MOD 2 computer code and also provided a basis for
comparison with other tests in the series of the effects of break size on primary overcouting
and primary-to-secondary heat transfer.

Ik3ucher. T. J., and D. G. Itall,1985, Guick twok Report for Semiscalc Af0D 2C Test S-FS 6, :

A EGO.SEMl-7022,- September.

Results of a preliminary analysis of the thi_rd test performed in the Semiscale MOD.2C
Steam Genaretor Feedwater and Steam Line Break (FS) experiment series are presented.
Test S-FS-6 simulated a pressurized water reactor transient initiated by a 100% break in a

: steam generator bottom feedwater liric downstream of the check valve. _ With the exception
of pr| mary pressure the inidai conditions represented the initial conditions used for the CE

_

System 80 Final Safety Analysis Report (FSAR) Appendix 15B calculations. The transient
included an initial 600-s period in wnich only automatic plant protection systems responded

: to the 'nitiating event. This period was followed by a series of operator actions necessary
; to stabilize the plant and a subsequent operator controlled natural circulation cooldgwn and
depterwrization with upper heat void collapse method investigations. The test results
provided.a measured evaluation of the effectiveness of the automatic responses in
miaimizing primary system overpressurization ano operator actions in stabilizing and'

: recovering the plant. Test data were compared with the RELAPS/ MOD 2 computer code
i and also provided a basis for comparison with other tests in the series of the effects of
. break size on primary overpressu ization and primary-to-secondary heat transfer.

Brain !C. R.,1990, " Post-test Analysis of Natural Circulation. Flow Coastdown. and Pressurizer
Spray Tesd in a Large Four Loop PWRLUsing RELAPS/ MOD 2,* Technical

L Committeelworksi.op on Computer Aided Safety Analysis, Berlin Gennan Democratic~-

;f Reytblic, Computer Aided Safe.y Analysis 1989, April!990, IAEA-TC-560.03, Central
_

S Electricity Generating Board, Barnwood, Gloucester United Kingdom.

*
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This paper describes a series of calculations performed by :he Central Electricity
Generating Board to assess the RELAP5 MOD 2 input dataset for the Sizewell B nuclear
power plant. Given the similarit:es of Sizeweil B with the Westinghouse Standardized
Nuclear Unit Power Placit System plants, results of commisioning tests from Callaway
nuclear power plant and Wolt Cicek were used in the validation process. Results
presented demonstrate a good greement between test data and calculations.

Brittain, l.,1985, "UN Experience sith 1RAC PFDMODI and REL4P5| MOD 2: 13th Wate?
Reactor Safety informinion Meeting nuJiingon, D.C., October 1Y85. United Kingdom
Atomic Energy Authority.

The United Kingdom has been using versions of TRAC and RELAP5 for best-estimate
pressurized water reactor loss-of-coolant accident analysis for a numbc of years. In the l

preconstruction phase of the Sizewell O phmt, the codes were used to provide an ;
'

independent assessment that couki be comparea with the evaluation model-based safety
case. It is generally agived that advc nced code calculatians will phty a me. lirect role in
the pre operation phase of the project, though the precise use has not yet twen
determined. The authe 's experience with RELAi>5/ MOD 2 is limited, and consists of
collaboration in some of the code development preliminary work in anatyzing Loss-of-Fluid
'lest small break tests and carrying out small break sensitiuty studies for the Sizewell B
p! ant.

Britta:n, l., and S. N. Ak,an,10%, OECD-LOF7' Lan:e Break LOCA Erperimena: Phenomeno!cy
and Computer Code Analyses, PSI-Bericht Nr.72 AEEW-TRS-1003, August, (United
Kingdom Atomic Energy Authority Atomic Energy Establishment, Winfrith, United
Kingdom); S.N. Paul Scherrer Institute, Viligen, Switzerland.

Large break loss-of-coolant accident data from the Loss-of-Fluid Test (LOFT) are a very
important part of the world database. This paper describes the two double-ended cold leg
break tests LP-02-6 and LP-LB-1 carried out within the Organization for Economic

Cooperation and Development (OECD) LOFT Program. Tests in LOFT were the first to
show the importance of both bottom-up and top-down quenching during blowdown in
removing stored energy from the fuel. These phenomena are discussed in detail, together
with the related topics of the thermal performance of nuclear fuel and its simulation by
c!cetric fuel rod simulators, and the accuracy of cladding external thermo<ouples. The
LOFT data are particularly impottant in the validation of integral thermal hydraulic codes
such as TRAC and RELAP5. Several OECD partner countries contributed analyses of the
large break tests. Results of these analyses are summarized a,d some conclusions are
given-

Burtt. J. D., C. A. Dobbe, and P. D. Wheatley,1988 Advanced Test Reactor Large Break
Loss-of-Coolant Accident Break Spectmm Study, EGG-TFM-8082, April.

This report documents work performed at the Idaho National Engineering Laboratory in
support of the US Department of Energy's safety re,iew of the Advanced Test Reactor.
Four large break loss-of-coolant transients were calculated using the RELAP5/ MOD 2
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computer code to determine the worst fransient in terms of vessel inventory loss and core
- cladding temperatures.

- 3A
Callow, R. A.,1988,7hermal-Hpiraulic Response and lodine Transport During a Steam Generator

Tube Rupture, EGO-EAST-8264. October.

Recent reanalyses of the offsitidose consequences following a steam generator tube
rupture have identified a posinle r.on-conservatism in the original Final Safety Analysis
Report analyses. Post-tiip uncovery of the top of the steam generator U tubes, in
conjunction with a break near the U tube top, could lead to incceased iodine release
because of a reduced " scrubbing" of the iodine in the primary break fluid by the steam
generator secondary liquid. T< evaluate this issue, analyses were performed at the Idaho
National Engineering Laboratary. The RELAPS computer code was used to conduct an
analysis of the Surry plant to determine whether the post-trip steam generator secondary
mixture level was sufficient to maintain continuous coverage of the U tubes. The RELAP5#

result was supported by a hand calculation. Additional RELAPS analyses were conducted
to determine the magnitude of iodine release for a steam generator tube rupture. Two
sensitivity studies were conducted. The amoun* of iodine released to the atmosphere was
strongly dependent on the assumed value of the partition coefficient. The assumption of-

steam generator U tube uncovery on _a collapsed liquid level basis following reactor trip had
a minor effect on the amount of released iodine.

Caraher, D.,1987, RELAP5 Simulations of a Hypothetical LOCA in Ringhals 2,
STUDSVIK-NP-87105, September 18, Swedish Nuclear Power Inspectorate, Stockholm;'

\ Studsvik Energiteknik AB, Nykoeping, Sweden.

RELAP5 simulations of a hypothetical loss-of-coolant accident in Ringhals 2 were
conducted to determine the sensitivity of the ca..culated peak cladding temperature (PCF)
to Appendix K requirements. The PCT was most sensitive to the assumed model decay
heat: changing from the 1979 American Nuclear Society standard to L2 times the 1973

,

standard increased the cladding temperature oy 70 to 100 K. After decay heat, the two
-

parameters that most affected the PCT were steam generator heat transfer and heat
_

j

transfer lockout. The PCT was not sensitive to the assumed pmp rotor condition (locked
vs. coast ng), nor-was it_ sensitive to a modest amount (5 - 10%) of steam generator tubei

plugging.

Caraher, D.,and R. Shumway,- 1989, Enhanced RELAPS!MOC3 Surface-to-Surface Radiation
Model; EGG-EAST-8442, February.

s

The RELAP5/ MOD 2 computer program lacked the ability to do surface-toisurface
radiation' heat transfer. A model was developed by Intermountain Technologies
Incorporated that allowed any af the regular RELAPS heat slabs to radiate to any other
heat slab. However, the model only allowed fe one set of communicating heat siobs. The
model has been enhanced to allow for up to 99 sets of communicating heat slabs.' In
addition, the slabs can now be modified upon restart. The view factors and surface

= -t insolvents must be specified by the user. Absorbing fluid between the two surfaces is not-
N . considered except that the user can choose the void fraction below which the radiation
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model is inactive. To verify that the model was properly accounting for radiant energy
transfer, the Gota radiation test was repeated with excellent reauits. The updates haw ,

been exercised on the Cray at the Idaho National Engineering Laboratory, i
|

Caraher, D. L., and R. W. Shumway,1989, Metal-IVater Reaction and Cladding Deformation |
I

Modeh jor RELAPSIMOL)3, EGG-13ST-8557, June.

A model for calculating the reaction of zirconium with neam according to the
Cathcart-Pawel correlation has been incorporated into RELAP5/hiOD3. A cladding
deformation model that computes swelling and rupture of the cladding according to the i

|empirical correlations for Powers and Meyer has aho been i- wrpoiated into
RELAP5/ MOD 3. This report gives the background of the : is documents their i

implantation bto the RELAP5 subroutines, and reports the: developmental assessment done
on the models.

Carter, II. R., and J. R. Gloudemans,1986, " MIST Test Resuhs," /4th li'atcr Reactor Safetf |

Jnfonnation Meeting, Gaithersburg, Maryland, Octc>ber 27, !936, Dabcock & Wilcox.

'

The Multiloop Integral System Test (MIST) is a part of the integral System Test (IST)
Program being sponsored by the U.S. Nuclear Regulatory Commissic,n, Electric Power
Research Institute, Babcock & Wilcox (B&W) Owners Group, and B&W. The IST
Program is obtaining experimental integral system data for the B&W designed nuclear
steam supply system. The data acquired from MIST vrill be used to benchmark system
computer codes, such as RELAP5 and TRAC, against simulated small break loss-of-coolant
plant transients. The paper describes the design of MIST, the test program, and the test

'

resu!ts obtained.

Chapman, J. C.,1986, Comparisc.a of a RELAPSIMOD2 Postten Calculation to the L)ata During
the Recovery Portion of a Semiscale Single-Tube Steam Generator Tube Rupture Erperiment,
NUREG/CR-4749, EGG-2474, September.

This report compares a RELAP5 posttest calculation of the recovery portion of the
Semiscale MOD.2R Test S-SG-1 to the test data. The posttest calculation was performed
with the RELAP5/ MOD 2/36.02 code without updates. The recovery procedure that was
calculated mainly consisted of secondary feed and steam using auxiliary feedwater injection
and the atmospheric dump valve of the unaffected steam generator (the steam generator
without the tube rupture). A second procedure was initiated after the trends of the
secondary feed and steam procedure had been provided by two trains of both the charging
and high-pressure injection systems. The Semiscale MOD-2B configuration is a small scale
(1/1705), non-nuclear, instrumented model of a Westinghouse four-loop pressurized water
reactor power plant. S SG-1 was a single-tube, cold-side, steam generator tube rupture
experiment. The comparison of the posttest calculation and data included comparing the
(a) general trends and the driving mechanisms of the responses, (b) the phenomena, and
(c) the individual rnponses of the main parameters.

Chapman, J. C.,1986, Quick Look Report for Semiscale MOD-2C Erperiment S-NH-3,
EGG-RTH-7232, May.
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The preliminary results of the Semiscale Test S-NH-3 are presented in this report. S-NII-3p

( was conducted in the Semiscale facility (MOD.2C conGguration) on January 15,1986.
\ S-Nil-3 simulated a small break loss of-coolant accident in a pressurized water reactor with

an accompanying failure of the high. pressure injection emergency core cooling system. The
,

simulated break represented a shear of a small diameter cold leg penetration equivalent to
0.5% of the cold leg Dow area. The test was ini iated by opening a quick opening breakt

valve. Only the automatic safety features (with the exception of the high pressure
injection) weic simulated until the heater rod peak cladding mperature (PCT) reached
811 K (1(XXfF). 't he intact loop pump was then restarted at its initial speed. No other

_

simulated aperator actions were taken until the PCT reached 950 K (125(fl9. The
atmosphene dump valves were then gened. The test was stopped after the primary
pressure was reduced to the low-pressure injection system set p*cssure,1.38 MPa (200
psia). The resuhs presented include a description of the test response, a discussion of the
main rnechanisms that drove the res;rnse, and a comparison of the test data of the pretest
planning calculation performed using RELAP5/ MOD 2.0.

Chapman,1. C., and R. A. Callow,1989, Emergency Response 'Juide-B ECCS Guideline
Evaluation Analyses for N Reactor, EGG-EAST 4385, 3 uly.

The Idaho National Engineering Laboratory conducted two Emergency Core Cooling
System (ECCS) analyses for Westinghouse llanford. Both analyses will assist in the
evaluation of proposed changes to the N Reactor Emergency Reslunse Guide-B ECCS
guideline. The analyse., were a sensitivity study for reduced.ECCS Ocw rates and a
mechanistically deterrained conGnement steam source for a delayed-ECCS toss-of-coolant
accident (LOCA) sequence. The reduced-ECCS sensitivity study established the maximum
al%wahle reduction in ECCS Dow as a function of time after core refill for a large break
LOCA sequence in the N-Reactor. The maximum allowable ECCS Dow reduction is
defined as the maximum now reduction for which ECCS continues to provide adequate
core cooling. The delayed ECCS analysis established the liquid and steam break Dows and
enthalpies during the reDood of a hot core following a delayed ECCS injection LOCA
sequence. A simulation of a large hot leg manifold break wi h a seven. minute ECCS
injection delay was used as a representative LOCA sequence. Both analyses were
performed using the RELAPS/ MOD 2.5 transient computer code.

Chauliac, D.', Y. Kukita, M. Kawaji, H. Nakamura, and K. Tasaka,1988, Post-Test Analysis with
RELAPS! MOD 2 of ROSA JVILSTF Natural Ci. :ulation Test ST-NC-02, October 1988, CEA
Centre d' Etudes Nucleaires de Fontenay-aux-Roses,92, France, Japan Atomic Energy
Research Institute Tokyo.

Results of posttest analysis for the ROSA IV/LSTF natural circulation experiment
ST-NC-02 are presen!cd. The experiment consisted of many steady-state stages registered

'for different primary inventories. The calculation was done with RELAP5/ MOD 2/36.00.
Discrepancies between the calculation and the experiment are (a) the core ibw rate is
overestimated at inventories between 80% and 95% and (b) the inventory at which dryout
occurs in the core is also greatly overestimated. The causes of these discrepancies were
studied through sensitiv;ty calculations. The following key parameters are pointed out: the

'

interfacial friction and form loss coefficients in the vessel riser, the steam generator (SG)
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U. tube multidimensional behavior, and the ii.terfacial friction in the SG inlet plenum and in

the pipe below.

Chen, T.11., and T. J. Boucher,1985, "Scmiscale Steam Line Break Transient Test Predictions
with the RELAP5! MOD 2 Code," American Nuclear Society Winter Meeting, San Francisco,

California, November 1985, Transactions of the American Nuclear Society, Vol. 50, pp.
3 3-329.

Although reptures of steam generetor main steam lines are not expected to occur often in
possurized water reactor (PWR) plants, the potential consequences of these events
necessitate their examination. Steam line break transients can lead to overcooling and

possibly repressurization of the primary coolant system. This phenomenon, termed
pressurizeJ thermal shock, poses a threat to the integrity of the PWR pressure vessel. This
paper presents ;he analysis of test data and compares the data wita the pretest calculations
resuhs for the first Semis s.e steam line brcok test ~ FS 2) performed in the Semiscale
MODCC facility. Most of the pr: mary and secondary responses including the overcooling
and depressuriution of tne primary system were reasonably well predicted by
RELAPS/ MOD 2. ahhough a difference was noted in the primary coolant temperatu.

Choi, J.11., S. Y. Lee, and K. I. llan,19% Tore Channel Modeling for PWR LOCA Analysis,"
Third International Topical Meeting on Nuclear Power Plant Thennal Hydraulics and
Operationx, Seoul, Korea, November 19SS, Korea Advanced Energy Research Institute,

Flaw distributions are predicted in average and hot channels of the reactor care during

small break loss-of-coolant accidents (LOCAs). The effects that crossflow between two
channels has on LOCA analysis results are also estimated based on RELAP5A10D2
calculations. Generally,it has been accepted that a single average chaanel is sufficient for
small break LOCA core hydraulic modeling. Ilowever, based on these calculation results,
hot channel modeling (two channel modeling) is necessary to guarantee more reliable and
conservative results.

Goi, II. R., Y.11. Ryu, K.1. Ilan,1988, " Impact c. Cafety Injection Flow Rate on Small Break
LOCA Behavior," Third International Topical Meetir on Nuclear Power Plant Thermal
Hydraulics and Operations, Seoul, Korea, November 1988, Koica Advanced Energy
Research Institute.

This paper investigates the effect of change in safety injection flow rate on smallbreak loss-
of-coolant accident behavior. A series of calcialations for different break sizes is performed

using RELAP5Sf0D2 based on conservative initial and boundary conditions. Also studied
is the effect of break size changes with a given safety injection flowrate assumption to
determine the limiting break size. Fiom the calculation results, it is concluded that the
degree of the peak clad temperature (PCT! ncrease is mostly affected by the duration ofi

core heatup. liigher safety injection flow tends to shorten the duration of the core heatup,
which results in a decrease of PCT for a given break size. It is also noted that the limiting
break size tends to increase as the safety injection Dowrate increases while reducing PCT.

O
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Chow, IL, and V. II. Ransom,1984 "A Sin,ple Interphase Drag Model for Numerical Two-Fluid i
'

- Modeling of Tua-Phase Flow Systems," Transactions of the Arneritun Nuclear Society 2."
Pnxeedings of Nuclear Thermal Hydraulics, New Orleans, Louhiana, June 1984, l'ol. 46.

The interphase drag model that has been developed for RELAP5/ MOD 2 is based on a
simple formulation having Dow regime maps for both horiumtal and vertical Daws. The
interphase drag model is based on a conventional sempirical formulation that includes the
product of drag coefficient, interfacial area, and relative dynamic pressure. The bag
coefficient and interfacial area density are functions of the component orientation, Oow
regime, and local Guid properties. He flow regime maps contain those regimes of.

innportance in light water reacw tafety transient analysis and are based on recent research
results that have been obtained m the U.S. Nuclear Regulatory Commission's Safety
Research Program. The interphase drag model is implemented in the RELAP5/ MOD 2
light water reactor transient anaiysis code and has been used to simulate a variety of
separate effects experiments to auess the model accuracy. Results are presented and
discussed from three of these simulations: the General Electric Company small vessel

'

blowdown experiment, Dukter and Smith's counter-current flow experiment, and a
Westinghouse Electric Company FLECllT-SEASET forced refkiod experiment,

Conen M., and L Brittain,1989, " TRAC and RELAPS Code Development within the UK," 16th
Water Reactor Safety Information Afecting, Gaithmburg, Afaryland, Afarch 1989, (United
Kmgdom Atomic Energy Authority, Winfrith, England.

O The United Kingdom (UK) is using the TRAC-PF1 code to assess licensing calculations for
large break loss-of-coolant accidents (LOCAs) in pressurized water reactors. The RELAP5
code is being used for small LOCAs and pressurized transients. The UK has participated in
the International Code Assessment and Applications Program (ICAP) with respect to the
assessment of TRAC PF1/ MODI and RELAP5/ MOD 2, and some work is still ongoing in
this area. Since January 1988, the UK m also been collaborating with other ICAP
members on the Code improvement Plan, which seeks to remedy some of the code
deliciencies identified in the assessment work. The contribution to the Code Improvement
Plan is in the three areas. The hrgest effort is directed at the problem of post-critical heat i

flux heat transfer and quenrbing. Although it is hoped that the proposed improvements
will be adopted for both codes, the UK cffort is aimed at implementation in the TRAC
code, since this is seen mainly as a large LOCA phenomenon. The second area of UK.
involvement is that cf interphase drag under wet wall conditions. The main purpose of this
work is to obtain improved predictions of voidage and level swell in rod bundles,
particularly during small break LOCAs. The UK implementation is therefore aimed at
RELAP5 for this case. The third area is the implementation of an improved off-take
model to make more accurate predictions of the flow and quality from a junction or break
in a horizontal pipe (e.g., the PWR hot leg), where stratified conditions might exist. The
paper describes the work in progress in the UK relating to these three areas.

Coxford M. G., and P. C. IIall,1989, Analpis of the THETIS Boildown Erperiments Using

L RELAPS/Af0D2, July 1989, Cential Electricity Generating Board, Barnwood, United
' Kingdom.s

,

,
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To test the ability of RELAP5/ MOD 2 to model two-phase mixture level and fuel rod heat
transfer when the core has become partially uncovered, posttest calculations have been
carried out of a series of Imildown tests in the AEEW THETIS out-of-pile test facility.
This tcport describes the comparison between the code calculations and the test data.
Excellent agreement is obtained with mixture level boildown rates in tests at pressures of 40
bar and 20 bar, llowever, at pressures below 10 tiar , the boildown rate is cocaiderably
overpredicted A general tendency for RELAP5cMOD2 to overpredict void fraction below
the two-phase mixture level is observed and is traced to defects in the interphase drag,

models within the code. The heet up of exposed rods abor: the two-phase mi<ture level is
satisfactorily calculated by the code. De results support the use of RELAPS/ MOD 2 for
analysi.s of high pressure core bolidown events in pressurized water reactors

Couu.~l. L M.,1%, Lunof-Pumping Accilent in Savarmah River L-Reactun EGG. EAST-8273.
October.

An andph, of a loss-of-pumping amdent has been performed using a REI Ap5 model of

| the Savannah River L-Reactor plant. The analysis shos ed that the loss-of pumping
accident transient us characterited by an early prosess system cooldown resulting from
reactor trip, followed by a heatup and rapid expulsion of process system coolant once puup
availability was lost. Approximateiy 25,0N kg of wolant left the process system through
the stpplementary pressure relief system flow path during the period of expulsion. The

,

expulsion of coobnt led to a much earlier dryout and heatup of reactor fuel than would bei

expected from a simple boiloff. Cladding temperature in the peak power reg;on of the core
teached NWC by about 750 seconds.

Conuol. L M., and C. R Ducis,19W Descriptian of the Two Loo;> RELAP5 bict of the
,

L-Reacwr at the Savannah River Site, EGG-EAST-M44, December.
1

| A two-loop RELAPS input model of the L-Reactor at the Savannah River S:te (SRS) was 1

| developed to support thermal hydrat.:ic analysis of SRS reactors. The model was developed |
to economically evaluate potential design changes. The primary simplifications in the model
were in the number of loops and the detail in the moderator tank. The six kops in tae
reactor were modeled with two kops, one representing a single h>op and the othert

representing five combined k> ops. The model has undergone a quality assurance review. |

This report describes the two-loop model, its limitations, and quality assurance. |

Davis. C B.1989, A Comparison of REL1P5 and TRAC LOCA Calculations for the X M1
Charge at SRS, EGG-EAST &O8, August.

Calculations of a loss-of-coolant accident (LOCA) in K-Reactor at the Savannah River Site
were performed using the RELAP5 computer code. The results of :he RELAPS
calculation were then compared with a TRAC calculation previously performed by
Savannah River Laberatory. The calculations represented the early (flow instability)
portion of a LOCA initiated by a double-ended quillotine break in the plenum inlet piping
in K-Reactor. A RELAP5 model of K-Reactor was developed to perform the calculations.
The model represented all six externalloops and represented the reactor ver.sel in a
three-dimensional manner. The RELAP5 and TRAC results were compared to illustrate
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and understand differences and similarities between calculations performed with
independent computer codes and input models. The variation between the independent

v calculations provided an indication of the uncertainty in the calculated results with both
codes. Results of the comparison were generally favorable because di(Terences between the
calculated results for the water plenum and tank inttom pressures were generally less than
the values curr_ntly assumed in Savannah River's FLOWTRAN uncertainty studies.

Davis, C. IL,1988, hamp Cavitation in L Reactor During a LOCA initiated by a Large Break in a
Plenum In/cr Line, EGG. EAST-8148 Jur.c.

This study analyzed the effects of cavi:ation on the response of L-Reactor at Savannah
River during a loss-of-coolant accident (LOCA) initiated by a large break in a plenum inlet
line. Cavitation models were developed and incorporat:d into a RELAP5/ MOD 2 model of
L-Reactor. The types of cavitation modeled include elbow cavitation and pump cavitation.

-

The RELAPS cavitation models were benchr..arked against separate-effects and system
data. The RELAP5 model of L-Reactor was benchmarked gamst steady state data and
LOCA calculations performed with other computer codes. The results of the benchmark

g comparisons were generally favorable.

Calculations of a LOCA initiated by a 200?c plenum mlet break were performed at.

pre-incident core power levels of 1125,1400,1800, and 2250 MW Based on a
best estimate analysis and an average river water temperature of IS*C, the power required

[_} to cause cavitation was shown to be in excess of current operating powers. The analysis
'

V showed that even though cavitation would occur during a LOCA if the initial core power
was high enough, a catastrophic reduction in assembly flow would not occur because of
system feedba.k, which would limit the effects of cavitation.

Davis, C. B.,1987, Davis Besse Uncertainty Study, NUREGICR-4%, EGG-2510 August.

j The uncertainties of loss-of-feedwater transient calculations at Davis-Besse Unit I were
determined to address concerns of the U.S. Nuclear Regulatory Commission aclative to the
effectiveness of feed and bleed cooling. Davis-Besse Unit 1 is a pressurized water reactor
of the raised-loop Babcock and Wilcox design. A detailed, quality-assured RELAP5/ MOD 2
model of Davis-Besse was developed at the Idaho National Engineering Laboratory. The
model was used to perform an analysis of the loss-of-feedwater trantient that occurred at
Davis Besse on June 9,1985. A loss-of-feedwater transient followed by feed and bleed
cooling was also calculated. The evaluation of uncertainty was based on the comparisons of
calculations and data, comparisons of different calculations of the same transient, sensitivity
calculations, and the propagation of the estimated uncertainty in initial and boundary
conditions to the final calculated results.

Davis, C. B., C. D. Fletcher, ar?d S. B. Rodriguez,1989, Benchmarking the RELAPS L-Reactor
Afode! with Savannah River Reactor Test Data, EGG-EAST-8336, April.>

G

A) A quality-assured RELAP5 input model of the L-Reactor at the Savannah River Plant(
V (SRP) was developed to support the analysis of a loss-of. coolant accid:nt. The
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RELAP5/ MOD 2 5 computer code and the L-Reactor model were benchmarked against
SRP data to demonstrate their applicability for thctmal hydraulic antlysis of SRP reactors.
The code and model were benchmarked against data from several different reactor system
tests including the 1985 AC Process flow Tests, the 1983 Cavitation Tests, the 1987 AC
Pump Trip Tests, and the 1970 Starved Pump Tests Resuits of the benchmark calculations
were favorable. yiekting confidence in the capability of RELAP5 and thc L-Reactor model
to determine system response during normal and transient operation, including a loss-of-
coolant accident.

Deforest, D. L, and Y. A. Ilassan.1987, *RELAP5/ MOD 2 Implementation on Wrious
Mainframes loclud;ng the IBM and SX-2 Supercomputer,' Transact ons of the Americani

Nuclear Society, 55, pp. im-110.

The results obtained with RELAP5/ MOD 2/36N from various simulations are of interest to
many utilities involved in licensing and evaluating nuclear power plants. Typically, there is
a limit in the number and scope of simulation because oi computational t.ime, expense, and
availability restraints. Thus, efforts have been made to install RELAPS on additional
computer systems that improve speed and/or availability. From the original Control Data
Corporation (CDC) versior, of RELAP5/ MOD 2 came the operational version on the
CRAY supercorr.puters. The purpose of this work is to install and benchmark the
RELAP5/ MOD 2 code on an Amdahl V8/460 (IBM look-alike) and IBM 3090 200E with
vector facility located at Texas A&M University, and the NEC SX-2 supercomputer
located at the Houston Area Research Center. The SX-2 is the first Japanese

supercomputer to be installed in the United States. At Texas A&M, the latest version of
RELAP5/ MOD 2/36.04 has been installed for the first time in the United States on an IBM
environment and on the NEC SX-2 supercomputer. Results from benchmark runs
demonstrate J .apabilities comparable to installation on a CDC mainframe and the CRAY
supercomputers, respectively.

Dillistone, M. J., and C. G. Richards,1988, Afodeling Vertical Count 2r. Current Flow Limitation
~

Using RElstP5/hf0D2, PWR/HTWG/P(88)606, AEEW-M 2512, May, AEE Winfrith,
3United Kingdom.

An experiment to investigate counter-current flow limitation in a vertical pipe has been
modelled using the thermal hydraulics code RELAP5/ MOD 2/36.05. The RELAPS code has
been used to generate a curve representing the maximum liquid downflow in a pipe for a ,

given steam upuow, known as the Dooding curve. This curve is compared with
experimental data. The code overpredicts liquid downflows by more than an order of
magnitude, and this is shown to be mainly from an undocumented code model (the Reverse .

Void Profile model) that reduces interphase friction when fluid density increases with
.ight in a vertical section.

With the model removed, the code still overpredicts liquid downflows at lower gas now
rates because it assumes slug now in the channel when annular flow is appropriate (the
co-current flow regime transition criterion applied is inappropriate in a counter-current now ,

situation). The code reproduces the experimental flooding-curve well at all gas flow rates if
it is forced to assume annular Dow in the channel. The effect of varying the number of

A-20

_ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ --



- _ _ _ _ _ _ _ -

1

mesh cells representing the test-section is also discussed. The code also predicts greater

) liquid downflows than are theoretically allowed by the balance between interphase drag and
/ gravity forces. This is due in part to the upstream donoring of voids at junctions, and in

part to another component of the Reverse Void Profile model.

Dobbe, C. A., and R. Chambers,1984, Analysis of a Station Blackout Transient for the Bellefonte
Pressurized IVater Reauor, EGG-NTP-6704, October.

Analyses of a station blackout transient in support of the U.S. Nuclear Regulatory
Commission's Severe Accident Sequence Analysis Program are presented. The
RELAPS/ MOD 2 and SCDAP/ MOD 1 computer codes were used to calculate the effects of
concurrent loss of offsite power, onsite power, and emergency feedwater during full power
operation on the Bellefonte Babcock and Wilcox designed pressurized water reactor. He

~

results were calculated from transient initiation through severe core damage. Results
provide insight into timing significant events and the severity of core damage.

Dobbe, C. A., P. D. Bayless, and R. Chambers 1985, " Analysis of Feedwater Transient Initiated
Sequences for the Bellefonte Nuclear Plant'," 13th tVater Reactor Safety Information
Meeting, IVashington, D.C., October 1935, EGG-M-21285.

four feedwater transient-initiated sequences for the Bellefonte Nuclear Plant were
analyzed. The sequences were evaluated to determine if core damage would result.
Calculations were performed with the RELAP5/ MOD 2 computer code until either cladding
oxidation or !%g term core coolmg was obtamed. The analyses show that a total loss of

'

b power and auxiliary feedwater (TMLB' sequence) results in core damage. 'Ihe additin of
a single high-pressure injection pump provided adequate core cooling.

Driskell, W. E., and R. G. Hanson,1989 " Summary of ICAP Assessment Results for
RELAP5/ MOD 2," Nuclear Safety, 30, 3.

, -

The International Code Assessment and Applications Program (ICAP) enccmpasses
__ bilateral agreements between the U.S. Nuclear Regulatory Commission and fourteen
nations and/or multinational organizations. One purpose of ICAP is to provide assesanents-
of the RELAPS computer code to identify code deficiencies and draft user guidelines.- To

~

date, twenty assessment studies have been provided by ICAP assessing the RELAPS/ MOD 2
code. Of these, ten have been reviewed and evaluated.~ Based on these ten studies, three

: code d.:ficiencies were identified and four user guidelines drafted. , The code deficiencies
are listed arnt the user guidelines stated. A summary of the information considered and the

_

- procedure used in the identification of the code deficiencies and the formulation of user -
guidelines is given.f

Duffey, R. B.,1988, 'The Analysis of Plant Transients Defines Safety Margins and Accident
; Management Strategies," Third International Topical Meeting on Nuclear Power Plant
Thermal Hylraulics and Operations, Seoul, Korea, December 1988.

.(m Developments in system traalysis and simulation are described that cover the application to
training, uncertainty determination, survivability, and accident management.

'
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Eriksson,3.,1989, Assessment of R 1AP5|A10D2 Cycle 36.04 Agairot FIX.ll Guillotine Hrcak
Fiperiment No, 3061. July, %cdish Nuclear Power Inspectorate, Stockholm. Sweden.

The FIX-Il guillotine br.ak experiment No. 5061 has beet analyzed using RELAPS/h10D2
(fiozen version 36 04). Four different calculations were carried out to study the sensitivity
of initial coolant mass, junction options, and break discharge line nulalization. The
dif ferences between the calculations and the experiment have been quantined over intervals
in real time for a number of variables available from the measurements during the

experiment. The break mass flows were generally underpredicted at the same time the
depressuri/ation rate was overpredicted.

Eriksson, J.,1987, ICAP Assessment of REIAP5thf0D2, Cycle 36 04 Against LOFT Small Break
F;periment L3-6. STUDSV!KINP-37/123, Project F50026, Reference 13.3-717/84,
November 3, Swedish Nuclear Power inspectorate.

The LOFF small break experiment L3-6 has been analyzed as part of Sweden's contribution
to the International Code Assessment and Applications Program. Three calculations, of
which two were sensitivity studies, were carried out. Two quantities were varied: the
content of secondary side Duid and the feed water valve closure, and the two-phase
characteristics of the main pumps.

All three predictions agreed reasonably well with most of the measured data. The
sensitivity calculations resulted only in marginal improsements. The predicted and
measured data are compared on plots, and their differences are quantified over intervals in
real time.

Eriksson, J.,1986, ICAP Assessment of RELAPSIMOD2 Cycle 36 Against FIX-Il Split Break
Esperiment No. 3027, NUREG/lAMM, September.

The FIX-II split break experiment oio. 3027 has been analyzed using the RELAP5/hiOD2
(frozen version 36), Four different prediction calculations were carried out to study the
sensitivity of various parameters to changes of break discharge, initial coolant mass, and
passive heat structures. The differences between the calculations and the experiment have
been quantified over intervals in real time for a number of variables available from the
measurements during the experiment. The core inventory expressed by the differential
pressure over the core was generally underpredicted. Dryout times were generally
overpredicted, probably because of differences in the used dryout correlation.

NOTE: This report is restricted to International Code Assessment Progrr n members unless
specific permission is granted by the author.

Fineman, C.P.,1986,"RELAPS/ MOD 2 Code Assessment for the Semiscale hiod-2C Test

S-LH-1," Proceedings of the International ANSIENS Topical Meeting on Thermal Reactur
Safety, San Diego, California, February 2,1986.

RELAPS/ MOD 2,36.02 was assessed using data from Seniscale MOD-2C Experiment
S-LH-1. The major phenomena that occurred during the experiment weic calculated by
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- RELAP5/ MOD 2, although the duration and magnitude of their c'fect on the transient were

j not always well calculated. Areas defined where further work was needed to improve the
RELAP5 cakulation include (a) the system energy balance, (b) core interfacial drag, aad
(c) the heat transfer logic rod dryout criterion.

Fisher, ), E.,1990, Savannah River Site Reactor Haniware Design Modification Study, EGO-EAST-
8984, April.

A study was completed to assess the merits of proposed design modifications to the
Savannah River Site reacters. The evaluation was based on the responses calculated by the
RELAP5 systems code to double <nded guillotine break loss-of-coolant accidents. The
three concepts evaluated were (a) elevated plenum inlet piping with a guard vessel and
clamshell enclosures, (b) closure of both rotovalves in the affected k>op, and (c) closure of
the pump suction valve in the affected loop, Each concept included a fast reactor
shutdown (to 65% power in 100 ms) and a 2 s ac pump trip. For the elevated piping
design, system recovery was predicted for breaks in the plenum inlet, or pump suction
piping response to the pump discharge break location did not show improveracnt compared
to the present system configuration. The rotovalve closure design improved system
response to plenum inlet or pump discharge breaks; recovery was not predicted for pump
suction breaks. The pump suction valve closure design demonstrated system recovery for
all break locations. The elevated piping design performance during pump discharge breaks
would be improved with the addition of a de pump trip in the affected kop. Valve closure

C design performance for a break location in the short section of piping between the reactor
k concrete shield and the pump suction valve would benefit from the clamshell enclosing that

section of piping.

Fletcher, C. D., et, al.,1985, REl APS Thermal Hpiraulic Anasses of Pressurized Thermal Shock
Sequences for the H. B. Robinson Unit Pressurized Water Reactor, NUREGICR-3977,
EGO 2341,-April.

Thermal hydraulic analyses of fourteen hypothetical pressurized thermal shock (PTS)
scenarios for the H. B. Robinson, Unit 2 pressurized water reactor were performed at the
Idaho National Engineering Laboratory using the RELAPS computer code. The scenarios,
which were developed at Oak Ridge National Laboratory (ORNL), contain significant
conservatisms concerning equipment failures, operator actions, or both. The results of the.

thermal hydraulic analyses presented here, along with additional analy:es of
- multidimensional and fracture mechanics effects, will be used by ORNL, integrator of the
PTS study, to assist the U. S. Nuclear Regulatory Commission in resolving the PTS -
unresolved safety issue.

) Fletcher, C. D., and M. A. Bolander,1988, N Reactor RELAP3 Model Benchmark Compaiisons, .
L EGG-TFM-7938, December.
!

This report documents work performed at the Idaho National Engineering Laboratory
-(INEL) in support of Westinghouse Hanford Company safety analyses for N-Reactor. The -
portion of the work reported here includes comparisons of RELAPS/ MOD 2-calculated data
with~ measured plant data for (a) a plant trip reactor transient from full pcwcr operation,
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and (b) a hot dump test performed before plant startup. These qualitative comparisons are
valuable because they show the capabilities of the RELAPS/ MOD 2 model and cale to
simulate operational and blowdown transients in N. Reactor.

Fletcher, C. D., and M. A. Bolander,1986, Analysis ofInstmment Tube Ruptures in li'estinghouse
4. Loop Itessurized it'ater Reactors, NUREG/CR-4672, EGG 2461, December.

A recent safety concern for Westinghouse 4-kop pressurized water reactors (PWRs)is that,
because of a seismic event, instrument tubes may be broken at the flux mapping seal table,
resulting in an uncovering and heatop of the reactor core. This study's purpose was to
determine the effects on findings of a similar 1980 study if certain test variables changed. A
1980 U. S. Nue! car Regulatory Commission analysis of PWR behavior used the
RELAP4/ MOD 7 computer code to determine the effects of breaking instrument tubes at
the reactor vessel lower plenum wall. The 1986 study discussed here was performed using
RELAP5/ MOD 2, an advanced best-estimate computer code. Separate effects analyses
investigated instrument tube pressure loss, heat loss, and tube nodalization effects on break
flow. Systems effects analyses (a) investigated the effects of changing the break location
from the reactor vessel to the seal table, (b) compared RELAP4/ MOD 7 and
RELAP5/ MOD 2 results for an identical transient, (c) verified a key finding from the 1980
analysis, and (d) investigated instrument tube ruptures in the Zion.1 P'WR using
best-estimate boundary cad imtial conditions. The outcome of these analyses permits
adjustment of the 1980 analysis findings for instrument tube ruptures at the sect table and
indicates the best-estimate response of a Westinghouse PWR to the rupture of 25 small
instrument tubes at the seal table.

Fletcher, C. D., and R. A. Callow,1988, Long Term Recovery of it'estinghouse l>essurted Water
Reactors Following a Large Break Loss of Coolant Accidem, EGG-TFM-7993, February.

The U.S. Nuclear Regulatory Commission recently 4dentified a possible safety concern.
Following the refkxtd phase of a large break loss-of-coolant accident in pressurized water
reactors of Westinghouse design, long term cooling of the reactor core may not be ensured
The specific concern is that the loop seals in the reactor coolant pump suction piping will
refill with liquid and the post-renood stearn production may depress the liquid levels in the
downflow sides of the k>op seals, causing a corresponding depressian of the core liquid
levels and a possible fuel md heatup in the upper core region. This report documents
analyses of the loop scal / core level depression issue performed at the Idaho National
Engineering Laboratory. The analyses emplojed both a static-balance, steady-state
approach, and a transient system approach. The static balance approach involved the
development and application of a simple comnuter program to investigate the reactor
coolant system behavior during quiescent post-renood conditions. The transient systems
approach involved investigating this behavior using the RELAP5/ MOD 2 computer code and
a comprehensive RELAP5 model of a Westinghouse pressurized water reactor. Two
approaches were used because of uncertainties regarding the actual reactor coolant system
behavior during the post-reflood period. The static balance analysis indicated a fuel rod
heatup is possible, but not to temperatures that could damage the fuel rods. The transient
systems analysis indicated boiling and condensation-induced now oscillations, not considered
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X in the statie balance analysis, are sufficient to prevent fuel rod heatup. The report includes

( - discussions of an lysis ncertainties and recommendations for further work in this area.

Yletches, C. D., and C. h1. Nullberg.1985, Unak spectrum Analysis for Small Break
Loss-of-Coolant Accidents in a RESARJS Plan,, NUREGICR.43sA EGG 2416, September.

A series of thermal hydraulic analyses we: performed to investigate pnenomena during
small break loss-of coolant accident sequences in a RESAR-3S pressurized water reactor.
The analysis included simulations of plant behavior using the TRAC-PFl and the
RELAP5/h10D2 computer codes. A series of calculations was performed usir;g both codes
for differt.nt break sizes. The results shown here were used by the U. S. Nuclear
Regulatory Commission as an irdependent confirmation of similar analyses performed by
Westinghouse Electric Company using another computer code.

Fletcher, C. D., R. Chambers, and hl. A. Bolander,1986, Modeling and Simulation of the
Chernoby!-4 Reactor Under Severe Accident Conditions, EGG SAR-7511, December.

RELAP5 and SCDA.P computer code models of Chernobyl-4 were assembled and applied.
Plant response to a station blackout event with failure of all feedwater was considered first.
Immediately following the accident this wrs considered a possible scenario. As information
on the events at Chernobyl became more available, intermediate analpes investigated the
effects of the new information on plant response during the accident. Finally, following the

( comprehensive release ofinformation at the International Atomic Energy Agency expert

( ]) conference in Vienna, Austria, August 25 29,1986, an analysis was performed of the
" accident sequence for the five-minute period immediately preceding the plant explosion.

Fletcher, C. D., C. 'B. Davis, and D h1. Ogden,1985, Thermal Hydraulic Analyses of Overcooling

Sequencesfor the H. B. Robinson Unit 2 Pressuri:cd Thennal Shock Study,
NUREG/CR.3935, EGG-2335, May.

Oak Ridge National Laboiatory, as part of the U.S. Nuclear Regulatory Commission's
pressurized thermal shock (PTS) integration study for the resolution of Unresolved Safety
Issue A49, identified overcooling sequences of interest to the H. B. Robinson PE study.
For each sequence, reactor vessel downcomer fluid pressure an/ temperature histories were
required for the two-hour period following the initiating event. Analyses previously
performed at the Idaho National Engineering Laboratory (INEL) fully investigated a
limited number of the sequences using a detailed RELAP5 model of the H. B. Robinson,
Unit 2 plant. However, a full investigation of all sequences using the detailed model was
not economically practical.- New methods were required to generate results for the
remaining sequences. Pressere and temperature histories for these remaining sequences
were generated at the INEL through a process combining (a) partial-length ca!culations
using the detailed RELAP5 model,(b) full-length calculations using a simplilled RELAPS
model, and (c) hand calculations. This report documents both methods used in this process
and the results. The sequences investigated contain significant conservatisms concerning
equipment failures, operator actions, or both. Consequently, care should be taken in

O)_ applying the results presented herch without an understanding of the conservatisms and
,

(
assumptions.
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Fletcher, C. D., R. Chambers, M. A. Ikilander, and R. J. Dallman,1988, " Simulation of the
Chernobyl Accident," Nuclear Engineering and Designt 105, 2. January, pp. 157 172.

An analysis of the April 26,1986 accident at the Chernobyl-4 nuclear power plant is
presented. De peak calculated core power during the accident was $50fW MWhub t!.
The analysis provides insights that further understanding of the plant behavior during the
accident. The plant was modeled with the RELAPS/ MOD 2 computer code using
information available in the onen literature. RELAPS/ MOD 2 is an advanced computer
code designed for best estimase thermal hydraulic analpis of transients in light water
reectors. The Chernebyl-4 mode: included the reacter kinetics effects of fuel temperature,
graphite temperature, core ascrage void fraction, and automatic regulator control rod
position. Prdiminary calculations indicated that the effects of recirculation purnp
coastdown during performance of a test at the plant were not suf0cient to initiate a reactor
kinetics-driven power excursi- Another mechanism, or " trigger" is required. The accident
simulation assumed the trigger was recirculation pump performance degradation caused by
the onset of pump cavitation. Fuel disintegration caused by the power excursion probably
led to rupture of pressure tubes. To further characterize the response of the Chernobyl-4
plant during sescre accidents, simulations are also presented of an extended station
blackout sequence with the failure of all feedwater. For those simulations,
RELAP5/ MOD 2 and SCDAP/ MODI (an advanced bett-estimate computer code for tne
prediction of reactor core behavior during a severe accident) were used. The simulations
indicated that fuel rod melting was delayed signiGeantly because the graphite acted as a
heat sink.

Frei, G., T. Nguyen, G. Seeberger, K l. Ilan, II.R.Choi, and Y.ll. Ryu,1988, " Application of
RELAP5/ MOD 2 Evaluation Models for KNU Small. Break LOCA Analysis," Thini
International Topical Meeting on Nuclear Power Plant Thermal Hydraulics and Operations,
Seoul, Korea, November 1983.

The small break loss-of-coolant accident (SBLOCA) analysis for a Korean Nuclear Unit is
performed using RELAP5/ MOD 2/E04. This paper presents results of studies of a
pressurized water reactor two-loop plant SBLOCA analysis performed wi'h the following
evaluation models and key parameters: (a) gap conductance models of fuel rods, (b) critical
heat Dux correlations (c) nodalization of the steam generator, and (d) noding scheme near
the break and the emergency core cooling system injection point.

Gloudemans, J. R.,1991, Multiloop Integral System Test (MIST): Final Repon, l'ol. I: Summary
of Key Results, NURFGICR-5395, April.

The Multiloop Integral System Test (MIST) was part of a multiphase program started in
1983 to address small break loss-of-coolant accidents (SBLOCAs) speciGe to Babcock and
Wilcox designed plants. Data from MIST are used to benchmark the adequacy of system
codes, such as RELAP5 and TRAC, for predicting abnormal plant transients. In 1982, a
Test Advisory Group (TAG) was formed to identify experimental data needs for the
Babcock and Wilcox designed nuclear steam system. De TAG developed a list of 17 issues
perceived both to lack experimental data and to be of sufGcient interest that such data were
needed. The issues were grouped under four major topics: natural cheulation SHLOCAs,
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feed and bleed, and steam generator tube rupture. %c MIST facility was scaled, designed,
and tested to address these issues. The hilST tests addressed each of the 17 TAG issues.
A wealth of consistent integral system data have been generated for each issue. An
important issue under the topic of natural circulation was the ability of boiler-condenser
mode natural circulation to remove core heat and effectively depressurite the reactor
coolant. In this program, the viability of this mode of primary-to- secondary heat transfer
was repeatedh _ observed. When the prcrcquisite conditions for boiler-condenser mode were
met, the primary system tended to depressurize through vapor condensation and the
accompanying primary to secondary heat transfer. The ability of the reactor vessel vent
valves to augment primary system depressurization during the simulated SHLOCAs was also
observed in hilST. hilST repeated exhibited system resiliency to impose changs in the
primary boundary conditions as a result of the steam ver. ting capabilities of the reactor
vessel vent valves. The ability of feed and bleed cwling to provide continual core cooling
as well as system cooldown and depressurization was demonstrated in hilST.

I. Gregoric, M., S. Petelin,11 Mavko, and I. Parzer,1989, " Emergency Operating Procedures for
SUTR Sequenec,' Tecimical Committee | Workshop on Computcr Aided Safety Analysh, Belin
German Democratic Re;>ublic April 1989, Computer Aided Safety Analysis 1989, institute
Jozef Stefan, Ljubljana. Yugoslavia.

Two steam generator tube rupture accidents combined with loss of all offsite power for
Nuclear Power Plant Krsko were analyzed to assess the impact of sequences of auxiliary
feedwater system availability. Calculations were performed with RELAP51 MOD 1/25.

t, Results show that such a combined accident can be controlled with just half of the safety
systems available (design bases). Even if less than one half of the safety systems are ;

available (beyond design bases), the accident can be controlled by timely and correct
operator actions.

Hall, D. G.,1985. Pretest Analysis Documentfor Test S-fS-7, EGG-SEM14919, June.

t-
'

This report documents the pretest calculations completed for Semiscale Test S-FS 7. This
test will simulate a transient initiated by a 14.3% break in a steam generator bottom
feedwater line dosynstream of the che-k valve. The initial conditions represent normal
operating conditions for a Combustic Engineering, Inc. System 80 nuclear power plant.
Predict!ans of transients resulting from feedwater line breaks in these plants have indicated
that significant primary system overpressurization may occur. The results of a
RELAPS/ MOD 2121 code calculation indicate that the test objectives for Test S-FS-7 can be
achieved. The primary system overpressurization will occur, but poses no threat to
personnel or plant integrity.

Hall, D. G.,1985, Guick Look Report for Semiscale MOD-2C Test S.iS-7, EGG RTl17072
- October.

- Results of a preliminary analysis of the fourth test performed in the Semiscale MOD 2C
Steam Generator Feedwater and Steam Line Break (FS) experiment series are presented.
Test S-FS-7 simulated a pressurized water reactor transient initiated by a 14.3% break in a
steam generator bottom feedwater line downstream of the check valve With the exceptioni
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of primary pressure, the initial conditions represented the initial conditions used for the
Combustion Engineering, Inc. System 80 Final Safety Analysis Report Appendix ISD
calcutations. The transient included an initial 926-s period in which only the response of
automatic plant protection systems was simulated. His period was followed by a series of
operator actions necessary to stabilize the plant. The break was then isolated and the
broken k)op steam generator secondary was refilled. De test results provided an
evaluation of the effectiveness of the automatic responses in minimizing primary system
overpressurization and operator actions in stabilizing the plant and heat transfer
information under refill conditions. The <tata were compared with the RELAPS/htOD2
computer code, which also contributed to an evaluation of the effect of break size on
primary overpressurization and primary-to-secondary heat transfer using data from other
tests in the series.

-

Hall. D. G., and R. A. Shaw,1985, Iterest Analysis Docimient for Test S.FS-II, EGG-SEhil-6985,
June.

This r:[mrt documents the pre:est calculations completed for Semiscale Test S-FS II. His
test will simulate a transient initiated by a 50% break in a steam generator bottom
feedwater line downstream of the check valve. De initial conditions represent normal
operating conditions for a Combustion Engineering, Inc. System 80 nuclear plant.
Predictions of transients resulting from feedwater line breaks in these plants have indicated
that significant primary system overpressurization may occur. The results of ae

RELAPS/htOD2/21 calculation indicate that the test objectives for Test S-l'S11 can be
achieved. The primary system overpressurization will occur but poses no threat to
personnel or plant integrity.

Hall, P. C.,1990, REL4P5| MOD 2 Cahulations of OECD LOFT Test LP-SB-02, United Kingdom,
NUREG/lA-0021, April.

~

To help assess the capabilities of RELAP5/ MOD 2 for pressurized water reactor fault
analysis, the code is being used by the Central Electricity Generating Board to simulate
several small loss-of-coolant accident (LOCA) and pressurized transient experiments in the
Loss-of-Fluid Test (LOFT) experimental reactor. He present report describes an analysi<
of small LOCA test LP-SB-02, which simulated a 1% hot leg break LOCA in a pressurized
water reactor, with delayed tripping of the primary coolant pumps. His test was carried
out under the Organization for Economic Cooperation and Development / LOFT Program. .

An important deficiency identified in the code is inadequate modeling of the quality of the
fluid discharged from the hot leg into the break pipework. This gives rise to large errors in
the calculated system mass inventory. The effect of using an improved model for vapor
pull-through into the break is described. A second significant code deficiency identified is
the failure to predict the occurrence of stratified flow in the hot leg at the correct time in
the test. It is believed that this error contributed to the gross errors in the kop flow
conditions after about 1300 seconds. Additional separate cifects data necessary to resolve
the code deficiencies encountered are identified.
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11all, P. C., and O. Brown;1986. REL1P5|A!OD2 Calculations of OECD-LOFT Test LP-SB-01, |

,

GD\PE-N\544 (Rev.), November, Central Electricity Generating Board, Barnwood, United
Kingdom.

i

To assist the Central Electricity Generating Board in assessing the capabilities and status of -

RELAP5/ MOD 2, the code has been used to simulate small break loss-of-coolant accident

test LP-SB-Oi carried out in the less-of Fluid-Test (LOFT) experimental reactor under the
Organization for Economic Cooperation and Development LOFT program. 'Ihis test
simulated a 1.0% hot leg break in a pressurized water reactor, with early tripping of the
primary coolant circulating pumps. This report compares the results of the
RELAPS/ MOD 2 analysis with experimental measurements.

11aruvod, C., and G. Brown,1986, RELtP5| MOD 2 Calculation of OECD. LOFT Test LP-SB-03,
GD\PE-N\535 (Rev), ICAP Number 00047, NUREG/lA-0013 (Central Electricity
Generating Board, Barnwood United Kingdom.

,

This report compares the results of the RELAP5/ MOD 2 analysis with experimental
measurements. A simulation of test LP SB.03 was previously carried out at the Generation
Devlopment Construction Division using RELAP5/ MODI and contains more sophisticated
hydraulic models and constitutive relationships. Comparison of the RELAPS/ MOD 2 and
MODI calculations show that RELAP5/ MOD 2 performs better than RELAP5/ MODI in a
number of key areas greatly reduced mass errors, improved numerical stability, and
improved separator modeling and modeling of accumulator injection.

Ilassan, Y. A.,1987, Assessment of a A!alified interfacial Drag Correlation in *!Wo-Fluid biatel
Ctxtes, Dallas, Texas, June 1987, CONF-870601.

Analysis of low flooding rate experiments and a number of boil-off experiments with the
,

RELAP5/MGD2 computer code has shown that the code underpredicts the collapsed liquid
level and, consequently, overpredicts the liquid carryover. Recent analyses using several
other codes (e.g., TRAC.BD1 and the French code CATHARE) have also resulted in the
underprediction of collapsed liquid level histories. The discrepancy between the
measurements and code predictions is attributed to the interfacial drag between the phases.

; A new interfacial drag formulation in the bubbly / slug flow regimes is incorporated in the -
| RELAP5/ MOD 2 code, Better agreement with the measurements is obtained.
|

Hassan, Y. A.fl986, " Analysis of FLECIIT and FLECHT-SEASET ReDood Tests with
RELAP5/ MOD 2," Nuclear Safety Atagazine, February,

;

I Overall,'the RELAP5/MCD2 refkx J heat transfer package has demonstrated promising
capabilities in predicting the behavior of FLEC11T and FLECIIT-SEASET unblocked flow
tests. In general, the correct qualitative system behavior was predicted. The predictions for
the steam cooling te.,t and the high flooding rate test are in good agreement with the
measurements in the low Dooding case. The major shortcomings of RELAP5/ MOD 2 are its

: tendencies to predict lower temperatures and unrealistic void fraction oscillations with low-
flooding rate test cases. The spikes in void fraction histories were flow-regime dependent
and traced to discontinuities in interfacial drag models. From the results, it is clear that the e

|
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intetfacial drag model at the quench front needs to be refined to achieve accurate results
during renood.

Hassan, Y. A.,19s6," Dispersed Flow IIcat Transfer During RcDood in a Pressurized Water
Reactor After a Large Break Inss-of Coolant Accident," American Nuclear Society and
Atomic Industrial Fonun Joint Meeting liinhington, D. C., Novemler 1986.

The postulated loss-of-coolant accident (LOCA) of a pressurized water reactor has been
the subject of intensive experimental and analytical studies in light water reactor safety
analysis. h1any efforts are devoted to the investigation of the thermodynamic behavior of
the reactor core and the effectiveness of the emergency core cooling system during the
renood phase of a LOCA. In tb initial period of renood phase, the now patterns at the
core higher elevation are considered as the dispersed Oow regime. The effect of liquid
phase on the heat transfer cannot be neglected in this dispersed now regime. It has been
found experimentally that a steam. water-droplet now is ultimately msponsible for
terminating the cladding temperature excursions in a LOCA. Recently, a study of refkxxl
test predictions with RELAP5/htOD2 showed a tender.cy to predict lower cladding
temperatures during the dispersed How regime. Tk purpose of this study is to present a
new dispersed now film boiling implemented in RELAP5/h10D2. In addition, RELAP5
underestimated the vapor temperature. Therefore, a revised interfacial heat transfer
coefficient between the droplets and steam was incorporated in the code. Comparison of
the current predicted cladding' fuel temperature histories with the relhxxi data showed a fair
ag:ccment,

Hassan, Y. A.,1986, "hlodifications and Assessment of Rewetting Correlations for Ught Water
Reactor Sptem Analysis," American Nuclear Society and Atomic Industrial Fonan Joint
Meeting n'ashington, D. C., November 1986.

The qualitative aspects of reDood heat transfer in the system codes (c. g., RELAP5/h10D2,
TRAC-PFI/htODI, COBRA TF) can be represented with a generalized boiling curve The
anchor points used to specify the boiling curve are the critical heat Gux (CHF) temperature
(T/sub CHF/) and the minimum Dow boiling temperature (T/sub min!). The cooldoww
during the quenching process is affected by the minimum film boiling heat Oux. This aspect
of the quenching process has not been studied as much as the CHF phenomenon. The
nurpose of this paper b to compare several rewetting correlations. These correlations were

,

| implemented in a special verdon of RELAP5/h10D2. Good agreement between several
FLECHT SEASET data and predicted rewetting temperatures was obtained when a new
modified formulation of the Henry rewetting correlation was used to account for the mass

i
' rate dependence.

Hassan, Y, A., and T. K. Blanchat,1988, "A Comparison Study of the Westinghouse hiodel E
Steam Generator Using RELAP5/h!OD2 and RETRAN-02 Computer Codes " Third
International Topical Meeting on Nuclear Power Plant Thermal Hydrmdics and 0;>crations,
Seoul, Korea, November 1988.

Comparisons of the predictions of REL.AP5!h10D2 and RETRAN-02 were performed on a
model of the Westinghouse hiodel E steam generator. This is a U-tube steam generator
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with an integral preheater section. The model used was the result of a detailed
nodalization study performed with the RETRAN code to determine the minimum number+

of nodes (or control volumes) required in the secondary side to modd the response of
steam generator water level and prirnary side exi; (cold leg) temperature during startup
testing and operational transients. .

A parametric study of the separator component was performed. The separator void
fraction control parameters VOVER and VUNDER were varied and the effects on the
steam generator circulation ratio and steam quality were investigated it was determined
that the desired circulation ratio was easily achieved but that the separator steam outlet's
vapor void fraction (and entresponding steam quality) was relatively insensitive to its control
paremeter (VOVER). An additional parametric study was performed to study the effects ;

of steam line exit pressure on ster.m quality.

Five transients were used as forcing functions to generate the response of the sicant
generator. The selection of these tr .nsients was based on providing both nominal and
severe forcing functions on the heat removal capability of the secondary side. De steam
generator transients investigated were (a) loss of feedwater, (b) turbine trip. (c) decrease in
load demand, (d) increase in load demand, and (c) decrease in inlet feedwater temperature.
Steam line exit mass Dow rate, secondary side liquid mass imentory and water level, and
primary side cold leg temperature predictions were compared with the RETRAN-02 cale
results. Reasonable comparisons were obtained with the RETRAN code end with
qualitative behavior of simulation experiments, j

; Hassan, Y. A., and G. C Henson,1987, "RELAPS/ MOD 2 Simulation of ORNL Reflood Tests," <

Transactions of the American Nuclear Society, 55, pp. 454 456. <

t

: Following the blowdown phase of a postulated loss-of-coolan accident in a pressurized
water reactor, the reactor core is uncovered and the fuel rods experience rapid temperature
excursions because of decay power production and low heat transfer. To prevent fuel from
overheating, emergency core cooling is activated and the accident enters the reflood phase,

: Several experimental and analytical programs have been performed to investigate the
reflooding phenomena. The ' purpose of this study is to simulate sever;d tellooding tests -
performed at Oak Ridge National Laboratory in the nermal liydraulic Test Facility using -

-RELAP5/ MOD 2/36.04 to assess its capabilities in predicting the rellood phenomena. The. !

code has demonstrated the capability to predict experimental behavior; however.
~

- refinements in the interfacial drag are' required to improve the code's predictions.

.Hassan, Y. A., and C D. Morgan,1986," Comparison of Lehigh 3 x 3 Rod Bundle Post CHF
- Data With the Predictions of RELAPS/ MOD 2," American Nuclear Society and Atomic
Industrial Forum Joint hieeting, Washington, D. C., November 1986.

To date, there are only very limited data for nonequilibrium convective film boiling in rod
bundle geometries. A recent nine (3x3). rod bundle post-critical heat flux (CHF) from the
Lehigh University test facility was simulated using RELAP5/ MOD 2/36R2. The simulation

x assessed the code's capabilities in predicting the overall convective mechanisms in post-CHF
heat transfer in rod bundle geometries. The code calculations were compared with the
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experimental data. With the exception of a premature quench. the cladding temperatures
were in a reasonable agreement with the data, llowever, the code predicted low vapor
superheats and void fraction oscillations. :

liolmstrom, IL,1987, "Finnish Assessment of RELAPS/ MOD 2,* 14th li'ater Reactor Safety
Infonnation hiceting. Gaithersburg, Afaryland, Octot<r 27,1986, NUREG|CPAYl82, Volume
5, February, pp. 133-142, Technical Research Center of Finland.

The first frozen version of RELAP5/ MOD 2/36 was received in Finland in February 1985.
Four assessment cases and several hypothetical large pressurized water reactor cases have
been calculated so far. The code has generally produced better results and run better than j

MODI. Ilowever, some problems have been encountered. There still seems to be
discontinuities in the code and the interphase friction seems to be excessive. i

1

liolmstrom, 11.,1986, " Technical Research Centre of Finland Use of RELAP5/ MOD 2 " 13th
it'ater Reactor Safety Infwnation blecting, il'ashington. D, C., Octoler 1985,
NUREG/CP4XG2, Volume 5, February, Technical Research Centre of Finland.

Reactor safety research in Finland is described in a general way, and the Technical
Research Centre's computer code sptem for thermal hydraulic accident analysis is
introduced. The role of RELAPS/ MOD 2 togethet with the current experiences and plans
for future use are also discussed. According to the plans RELAPS/ MOD 2 will be the main
tool in the analyses of large and small break loss of. coolant accidents and some other
transients together with self-developed faster computer codes. The limited experiences with
RELAPS/ MOD 2 have been promising, although not completely wi',hout problems.

llorng, T. S., Y, D. liuang, L. Y. Liao, C. II. Lee, and Y. B. Chen,1988, " Assessment of
RELAP5/ MOD 2 Using Low Pressure Two Phase Flow Distribution Data," Third
International Topical Afecting on Nuclear Power Plant Themial Hydraulics and Operations,
Seoul, Korea, November 19S8, Institute of Nuclear Energy Research.

RELAP5/ MOD 2 has been widely used to simulate the loss-of-accidents of light water
reactors. During the blowdown, the systern depressurizes from initial high pressure to near
atmospheric pressure at the end of the accident. Ilowever, the general capability of
RELAPS/ MOD 2 at near atmospheric pressure has not been extensively reviewed. A simple

test facility, which contains two vertical tubes in parallel to represent the reactor coolant
channels, has been established at the Insitute of Nuclear Energy Research to assess the

ability of RELAP5/ MOD 2 to predict low. pressure two-phase flow distribution.

The experimental data are compared with the computational results. In the present study,
calculations with the recommended nonequilibrium option of RELAP5/ MOD 2 are not able
to obtain realistic results because of computation failure. Although the simulated system
can avoid the unphysical transient and reach steady state for all test conditions by using the
thermal equilibrium option, studies have been performed to identify the causes of failure.
It has been found that simulations with the nonequilibrium option and stricter mass error
acceptance criteria can suppress the unrealistic osciliations and reach steady state for all
tests. But only little improvement can be achieved for the differences of major hydraulics
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properties between computational results and measured values Further studies atuut
RELAP5;h10D2 models under low pressure conditions are suggested.

Jacobs, G.,1988, "RELAP5/h10D2 Post-Test Analysis of a Forced Feed Re0ood Experiment in
an Electrically Heated bl. Rod Bundle with a Tight Lattice." June, KFK-4450,
Safety-Oriented LWR Research. Annual Refert 1987, Nernfotschungstentrum Katlsruhe
G.m.b.II., Federal RepuNic of Germany, Inst. fuer Neutinenphysik ur'd Reaktortechnik.

To test the appheanility RELAP5/hiOD2 to Ught fuel rod lattices if advanced pressuri/cd
water reactors (PWRs) presently being investigated, a postlest analpis was performed of an
esperiment of the FLORESTAN Programme. RELAP5/h10D2 was unable to adequately
simulate the renood behavior obsened in the experiment. hiodeling effort is needed to
extend the capability of RELAPS toward applications to advanced PWRs, especially for the
renood phase of loss-of-coolant accidenis.

Jacobs. G., and A. Galvan,1987, Application of the Finling Option of the REL4P5!h10D2 LWR
Thennahydraulic Cale to a SEFLEX Opcriment, Nuclear Safety Project Annual Report,
1986, Kernforschungszentrum Karlsruhe G.m b.ll, Federal Republic of Germany.

Using REIAP5/2/36D4, which has been installed on a CRAY X-htP at KFA Juelich via
network telecommunication, postlest analpes of forced renood tests of the SEFLEX and
FLORESTAN experimental programs have been performed A consolidated KFK-version
of COhtMIX-2 has been transmitted to Argonne National Laboratory, it contains most
options of COhthilX-1B (excluding the skew. upwind technique) as well as new routines for
the linewise, planewise, or regionwise integration of the Poisson-type pressure and enthalpy
equation. hiain progress in the vectoritation of COhihilX.2 was the implementation of
red, black-successive-over-relaxation (SOR). algorithms for the solution of the Poisson. type
equations.

,

_

Jacobson, J. L, and R. G. llanson,1987, " Status of the RELAP5 User Guidelines," 15th Water

Reactor Safety Information Alceting Gaithenburg. bfaryland, October 26,1987.
_

This paper presents an oveniew of a RELAP5 user guidelines document that is currently
being developed under the sponsorship of the U.S Nuclear Regulatory Commission at the
Idaho National Engineering Laboratcry. The RELAPS user guidelines will provide insight
for proper code use for specific applications, and specific guidance relative to nodalization
of nuclear power plants and experimental facilities based on a standard nodalization
philosophy.

Johnsen, G. W.,1985, "RELAP5/hiOD2 Development," 13th Water Reactor Safety Research
'

Information Afecting Washington, D.C., October 1985.

REL\P5' MOD 2 is a pressurized water reactor system transient r,nalysis computer code
developed for the U.S. Nuclear Regulatory Commission Safety Research and Regulatory
Programs. hiOD2 was officially released in April 1934. Since that time, development work
has focused on refinements designed to increase code speed, usability, and reliability. Plans
for FY 19S6 call for continued maintenance and use support for RELAP5. In addition, a
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new self-initialization option wili be added to reduce the time and cost presently needed to
'

initialiec large plant models. This option will use the existing steadystate and
nearly-implicit solution scheme features, coupled with a genetic, built-in controller package.
The latter will permit the user to specify any one of the several parameters set to be kept
fixed, while other variables may " Coat.' The steady-state option and a new solution scheme
will cause the model to relax to a steady state condition many times faster than would be

physically possible.

Johnsen, G. W., and Y. S. Chen.19s8, *REI AP5: Applications to liigh Fidelity Simulation,"
Eastern Simulation Conference, Orlanda, Florida.

RELAP5 is a pressurized water reactor system transient simulation code for use in nuclear
power plant safety analysis. MOD 2 may be used to simulate a wide variety of abnotmal
events, including loss-of-coolant accidents, operational transients, and transients in which
the entire secondary system must be modeled. In this paper, a basic oversiew of the code is
given, its assessment and application illustrated. and progress toward its use as a high
Odelity simulator described.

Kalyanasundaram, M., and Y. A. Ilassan,1988 " Analysis of Imss-of-Feedwater Transients in
MEh2 using RELAP5| MOD 2," Transactions of the Amencan Nuclear Society, Joint Meeting
of the European Nuclear Society and American Nuclear Society, Wa.dungton, D.C.,198R,
Volume 57, pp.143-147.

The steam generator is the major controlling component in a wide range of transients and
accidents in pressurized water reactors. The need to understand the steam generator
response to transient conditions has ied to many experimental and analytical investigations,
in this study, a RELAPS/ MOD 2 model was developed for the Westinghouse Model F
steam generator test facility Model Boiler No. 2 (MB 2). Model Boiler No. 2 is a power
scaled representation approximately equal to 0.8% of the Model F steam generator unit.
The objective of the MB-2 test program was to provide comprehensive data on the thermal
hydraulic behavior of the steam generator under transient conditions. The objective of this
study was to simulate the test facility using Texas A&M University's RELAP5/ MOD 2. The
code's steady-state and loss-of feedwater transient predictions were compared with the test
data. A favorable agreement was obtained. Further refinement m the heat transfer
correlations in the tube bundle is needed.

Kang J. C-, B. S. Pei, G. P. Yu, and R. Y. Yuann,1987, ' Analysis of the Mannshan Unit 2 Full
Load Rejection Transient,' Transactions of the American Nuclear Society, 55, pp. 468-470,
November, National Tsing llua University, Taiwan.

Mannshan Unit 2 is a Westinghouse three-kmp pressurized water reactor with a rated core
power of 2775 MW (thermal) and a rated core Dow of 4702 kg/s. Before full power
operation, a planned net load rejection was performed during the startup test by opening
the main transformer highside breakers. The generator power rapidly reduced to station
load. All 16 steam dump valves immediately popped open, and control be:'-D rods
automatically stepped in as the temperature difference T/sub avg - T/sub ref/ reached a
programmed 2FC. Nuclear power decreased smoothly as control rods were inserted into
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the core. The pressurizer pressure and liquid levels also dropped. Neither safety injection
j[ -nor reactor trip occurred during this transient. %e test was done to verify that the whole

system would function properly under a transient to keep the reactor from scramming and
that the vessel integrity would also be protected, in this study, which is the preliminary
stage of RELAPS/ MOD 2 transient simulation of the Mannshan pressurized water reactor
plants, system thermal hydraulic response is tested first and isolated from the neutronic
effects. The variation of core power versus time curve was extracted from the power test
data to serve as a time vaiying boundary condition. The comparison of the analytical
results of four major parameters (pressurizer pressure, average temperature of the core,
steam dump flow rate, and feedwater flow rate) from RELAPS/ MOD 2 and the power test
data are illustrated. The analytical results agreed reasonably well with the measured data in
trend and magnitude. The pressurizer pressure is the most deviant parameter, being lower
than the power test data throughout the transient.

Kim, S. S., and J. C. McKibben,1989, 'PARET/ANL and RELAP5/ MOD 2 Benchmarking
Comparison with the SPERT IV Test Data," Annual Afecting of the American Nuclear
Socien', Atlanta, Georgia, June 1989.

Results of the PARET/ANL and RELAP5/ MOD 2 computations on one of the SPERT IV
tests are compared to select the code that best predicts the peak power and fuel plate

_

temperature resulting from reactivity induced transients for use in the University of
Missouri Research Reactor (MURR) upgrade safety-related analysis. De D 12/25 core of ,

the SPERT IV tests was selected for comparison because the test was performed under
forced coolant circulation in a low-pressure and low-temperature environment, and this test
used plate type fuel (like MURR). The square-shaped D 12/25 core consisted of a 5x5
array of 20 fuel assemblics,4 control rod assemblies, and 1 transient rod assembly. Control
of the reactor was accomplished by the use of four baron / aluminum control rods, and the
power excursion was initiated by a step reactivity addition established by ejecting the poison

- section of the transient rod from the core.

Klingenfus; 3. A., and M. V. Parece,1989, Afultiloop Integml System Test (AllST) Final Report:
RELAP5/hf0D2 bilSTAnalysis Comparisons, B&W 2078-VOL-10, EPRl NP4480-VOL-10,

. December.

The Multiloop Integral System Test (MIST) Facility is part of a multiphase program started
in 1983 to address small break loss-of-coolant accidents (SBLOCAs) specific to Babcock &
Wilcox (B&W)' designed plants; MIST is sponsored by the U.S. Nuclear Regulatory
Commission, the B&W Owners Group, the Electric Power Research Institute, and B&W,
ne unique features of the B&W design, specifically the hot leg U-bends and steam-
generators, prevented the use of existing integral system data or existing integral system
facilities to address the thermal-hydraulic SBLOCA questions. MIST and two other

E supporting facilities were specifically designed and constructed for this program, and an
'5

existing facility, the Once-Through Integral System, was also usedJ Data from MIST and
the other facilities will be used to benchmark the adequacy of system codes, such as

'fT RELAP5/ MOD 2 and TRAC-PF1, for predicting abnormal plant transients. The MIST
Program included funding for seven individual RELAP pretest and posttest predictions.

,
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The comparisons against data and final conclusions are the subject of this volume of the
MIST Final Report.

Kolar, W., H. Staedtke, and R Worth,1987, "JRC ISPRA Experience with IBM Version of
RELAP5/ MOD 2| 14th IVater Reactor Safety Information hiceting Gaithenburg Afaryland,
October 27,19S6, NUREG/CP-0082, Volume 5, pp. 305-328, February. Cornmission of the

European Communities,1spra, Italy.

Various RELAP5 code versions have been used extensively within the LOBI Project at the
Joint Research Center in ispra, Italy for test design calculations, pretest predictions, and
posttest analysis. The results obtained represent an important contribution to the
multi-national effort for the RELAP5 code assessment. De paper focuses mainly on

RELAP5/ MOD 2/36.04. Psoblems related to the conversion of the code from Control Data
Corporation (CDC) to an IBM compatible form are outlined in the paper. De prediction
capability of the code is demonstrated by comparison of predicted and measured data for
different LOBI integral system experiments.

Laats, E. T.,1987, '' Nuclear Plant Analyzer Development at the Idaho National Engineering
Labntatory,' 14th IVater Reactor Safety Information hiecting Gaithersburg Afaryland,
Oce r r9S6, NUREG/CP4x)82, Volume 5, pp. 41-44, February.

The Nuclear Plant Analyzer (NPA) is a state of-the-art safety analysis and engineering tool
being used to address key nuclear power plant safety issues. Under the sponsorship of the
U.S. Nuclear Regulatory Commission (NRC), the NPA has been developed to integrate the
NRC's computerized reactor behavior simulation codes such as RELAP5, TRAC-BWR and
TRAC PWR, with well-developed computer color graphics programs and large repositories
of reactor design and experimental data. An important feature of the NPA is the capability
to allow an analyst to redirect a RELAP3 or TRAC calculation as it progresses through its
simulated scenario. The analpt can have the same power plant control capabilities as the

operator of an actual plant. The NPA resides on the dual Control Data Corporation Cyber
176 mainframe mmouters at the Idaho National Engineering Laboratory (INEL) and

Cray-15 computers at Los Alamos National Laboratory (LANL) and Kirtland Air Force
Weapons Laboratory (KAFWL). During the past yerir, the NPA program at the INEL has
addressed two primary areas: software development anu user support. These activities are
discussed in the paper.

Laats, E. T.,1987, "USNRC's Nuclear Plant Analyzer: Engineering Simulation Capabilities into
the 1990's," International Nuclear Simidation Symtmium and biathematical Afodeling

IVorkshop, Schliersee, Federal Republic of Germany, October 13,1987.

The Nuclear Plant Analyzer (NPA) is the U.S. Nuclear Regulatory Commission's (NRC's)
state.of-the-art nuclear reactor simulation capability. His computer software package

integrates high fidelity nuclear reactor simulation codes such as the TRAC and REL.APS
series of codes with color graphics display techniques and advanced workstation hardware.
The NPA first became operational at the Idaho National Engineering Laboratory in 1983.
Since then, the NPA system has been used for a number of key reactor safety-related tasks

ranging from plant operator guidelines evaluation to emergency preparedness training. The
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_ NPA system is seen by the NRC as their vehicle to maintain modern, state-of the-art
simulation capabilities for use into the 1990's. System advancements are envisioned in two

.

,

(a) software improvements to existing and evohing plant simulation codes used byareas:
the NPA through the use of such techniques as parallel and vector pmcessing and artificial
intelligence expert systems, and (b) advanced hardware implementations using combinations
of super , minisuper , supermini , and supermicrocomputer system and satellite data
communications networks for high flexibility and greatly increased NPA system

performance.

Laats, E. T.,1984," Nuclear Plant Analyzer Development and Analysis Applications," International
Thennal flydraulic and Plant Operations Topical Meeting Taipei Taiwan, October 1984.

The Nuclear Plant Analyzer (NPA)is being developed as the U.S. Nuclear Regulatory
Commission's (NRC's) state-of-the-art safety analysis and engineering tool to address key
nuclear plant safety issues. The NPA integrates the NRC's computerized reactor behavior
simulation codes such as RELAPS and TRAC-BWR, both of which are well-developed

computer graphics programs and large repositories of reactor design and experimental data.
Using the complex reactor behavior codes and the experiment data repositories enables
simulation applications of the NPA that are generally not possible with more simplistic,less ,

mechanistic reactor behavior codes. These latter codes are used in training simulators or
with other NPA-type software packages and are limited to displaying calculated data only.
This paper describes four applications of the NPA in assisting reactor safety analyses. Two
analyses evaluated reactor operating procedures during off-normal operation for a
pressurized water reactor and a boiling water reactor, respectively, The third analysis was
performed in support of a reactor safety experiment conducted in the Semiscale facility.
The final application demonstrated the usefulness of atmospheric dispersion computer
codce for site emergency planning purposes. An overview of the NPA and how it
supported these analyses are the topics of this paper,

4

Laats, E. T., et. al.,1985, " Nuclear Plant Analyzer Development at the Idaho National
Engineering Laboratory,"13th Water Reactor Safety Researth Infonnation Meeting
Washington, D.C., October 198S.

The Nuclear Plant Analyzer (NPA) is a state-of-the-art safety analysis and engineering tool
being used to address key nuclear power plant safety issues. Under the sponsorship of the
U.S. Nuclear Regulatory Commission (NRC), the NPA has been developed to integrate the:

NRC's computerized reactor behavior simulation codes, such as RELAPS, TRAC-BWR,
and TRAC-PWR, with well-developed computer color graphics programs and large
repositories of reactor design and experimental data. An important feature of the NPA is -
the capability to allow an analyst to redirect a RELAPS or TRAC calculation as it'

progresses through its simulated scenario. The analyst can have the same power plant
control capabilities as the operator of an actual plant. The NPA resides on the dual>

Control Data Corporation Cyber-176 mainframe coruputers at the Idaho National
Engineering Laboratory and a CRAY-1S computer at Los Alamos National Laboratory.

- _ _

,
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12ats. E. T., and R. N. Ilagen,1985, ' Nuclear Power Plant Simulation Using Advanced
Simulation CoJes through a State-of-the-Art Workstation," Proceedim:s of the 19S5 Summer

Com;> uter Simulation Conference, Chicago, Illinois, July, pp. 397 401.

The Nuclear Plant Analyzer (NPA) currently resides in a Control Data Corporation 176
mainframe computer at the Idaho National Engineering Laboratory (INEL). 'the NPA

tommuidty is expanding to include worthide u.crs who cannot consistently access theuse

INEL mainframe computer from their own facilities. Thus, an alternate mechanism is
needed to enable their use of the NPA. Therefore, a feasibility s;udy was undertaken by
EG&G Idaho, Inc. to evaluate the possibility of developing a stand-alone workstation
dedicated to the NPA. The basic requirements for the workstation are the ability to (a)
run the RELAP5 and TRAC-BWR nuclear reactor simulation cedes (which are part of the
NPA) at real wall-clock time computational speeds, (b) integrate all other NPA color
graphics and data base functions, (c) avemble the necessary workstation hardware using
off-the shelf components at a total price of less than 5250.000, and (d) develop the entire
system in five years. A workstation of this type with these simulation codes has only been
posible to date on a Class VI mainframe computer (e.g., CRAY.XMPl.

Larson T. K., and R.A. Dimenna,1987, " Preservation of Natural Circulation Similarity Criteria in
Mathematical Models: 24th National Heat Transfer Conference and Erhibition. Pittsburgh,

Pennsylvania, Augast 9,19S7.

This paper discusses preservation of similitude criteria in current mathematical models used
for transient analysis of thermal-hydraulic systems. Input models for the RELAP5
computer code were developed at the Idaho National Engineering Laboratory for two
simple hypothetical natural circulation systems consisting of a closed k>op containing energy
generation, energy removal, and flow resistance. The two models differ significantly in
geometric scale size. A reference model had components and operating conditions in a
range similar to those found in typical nuclear steam supply systems, a scaled model,
geometrically much smaller than the reference model, had comnonents that were sized from
the reference model using similarity criteria presented in the literature. Steady-state and
transient single- and two-phase natural circulation calculations were conducted using both
models to determine if the model-to-model relationships in time, pressure drop, and vekxity

scales were in accordance with the similitude criteria. Results indicate that while the code
predicts the expected fundamental effects of geometric scale, there are noteworthy
differences in the details of calculations.

Lee, Y. J., B. D. Chung. and 11. J. Kim,1988, " Analysis of Kori i Station Blackout Accident for
RELAP5| MOD 2 Assessment: Third International Topical Meeting on Nuclear Power Plant

Thermal Hydraulics and Operations, Seoul, Korea, November 19S8, Rorca Advanced Energy
Researen Institute.

The station blackout accident at 77.5% power that occurred on June 9,1981 at the Kori
Unit 1 pressurized water reactor (PWR) is simulated using the RELAP5/ MOD 2 system
thermal hydraulic computer code. Major thermal hydraulic parameters are compared with
the available plant data. The establishment of the natural circulation following the trips of
both coolant pumps is confirmed. The calculated reactor coolant flow rate closely
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.

approximates the plant data validating the relevant thermal hydraulic models of
i REIAP5/h10D2, Results also show that the supply of auxiliary feedwater without the(d operation of the steam generator power-operated relief valves (S/G PORVs) is sufficient

for removing the decay heat of the core.

A postulated station blackout accident with the similar sequence of events as the one
described above is analyzed. The results confirm that the safety of Kori l is secured by the
actuation of S/G PORVs coupled with the supply of auxiliary fe.dwater. The comparison
of the analysis results with the plant data demonstrates that the RELAP5/h10D2 code has
the capability to simulate the thermal hydraulic behavior of PWRs under accident
conditions of this type with accuracy. It is also recognir.ed that for best-estimate based
transient analyses, the characteristics of such non-safety related components as the turbine
stop valve closing time, and S/G PORV setpoints have significant impact on the results;
thus, the accuracy with which they are simulated is important. y

#
Liang, K. S., L Kao, L Y. Liao, and Y. B. Chen,1988, "Best Estimate Analysis of Recirculation

Pump Suction Like Small Break LOCA of Kuosheng BWR/6 Nuclear Power Plant," Third
Intemational Topical Meeting on Nuclear Power Plant 1hennal Hpiraulics and Operations,
Seoul, Korea, November 198S, Imtitute of Nuclear Energy Research. Taiwan.

A simulation model of the Kuosheng BWR/6 Power Plant is developed using the
RELAPS/hlOD2 code to investigate the system thermal response and define necessary

2
operator actions during a recirculation suction line small break (0.2 ft ) loss-of-coolant

t ) accident (LOCA) with or withou; the assumption of safety system failures. He calculation
V results show that even with the safety system failures assumed, the plant can successfully

withstand the small break LOCA. The high piessure systems must fail to cause a partial
core heatup. The resolts also show that the function of the automated depressurization
system plays an important role in mitigation of the conscquences of the small break LOCA.

Liang, K. S., L Kao, L Y. Liao, and Y. B. Chen,1988, " Assessment of the RELAP3/hiOD2
Code Using htSIV Fast Closure Test Data of Kuosheng BWR-6 Nuclear Power Plant,"
Third international Topical Meeting on Nuclear Power Plant Thennal Hpiraulics and
Operations, Seoul, Korea, November,19SS. Institute of Nuclear Energy Research, Taiwan.

The water level tracing capatility of computer cales is important for light water reactor
simulation [especially for boiling water reactors (BWRs)] to estimate water inventory
remaining during either transitory or accidental conditions. RELAP5/htOD2 has been
extensively applied in pressurized water reactors, but less frequently applied to BWRs. In
this paper, a set of plant test data of the Taipower's Kuosheng Nuclear Power Plant, a
BWR-6 hiark.III containment plant, is used to assess the BWR modeling capability of
RELAP5/htOD2, particularly for water level prediction. Because the main station isolation
valve (hiSIV) fast closure event occasionally occurred during operation and because it will
cause water levels to change heavily, the test of h1SIV fast closure is adopted. Through
comparisons, it was observed that results produced by RELAPS simulation are in good
agreement with the test data.g

(d
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Lin, J. C., R. A. Riemke, V. IL Ransom, and G. W. Johnsen,19M, ''RELAP5/ MOD 2 Pressurizer
h1odeling,' ASbfE Wmter Afecting New Orleans, Louisianna Decemtvr 1984.

i

T,.e objective of this paper is to present the RELAPS/ MOD 2 models for describing
repressurization tiansients and to report the developmental assessment results obtained

'

through simulation of vveral separate effects experiments. RELAPS/ MOD 2 contains
|improved modeling features that provide a generic pressurized water reactor transient

simulation capability. In particular, the nonequilibrium capability has been generalized to
include repressuriz.ation transients in which subcooled liquid and superheated vapor may
coexist in the pressurizer and/or other locations in the primary coolant system The
assessment shom that RELAP5/ MOD 2 calculated results are in good agreement with data
and the nonequilibrium phenomena for repressurization transients are properly modeled.

Loomis, G. G., and J. E. Streit,1985, Results of Sem6cale Af0D 2C Small. Break (5%)
Loss-of-Coolam Accident Esperiment S-LH-1 and S LH-2. NUREG|CR-4438. EGG-2424,
November.

Two experiments simulating small break (5%) loss-of-coolant accidents (5% SBLOCAs)
were performed in the Semiscale MOD-2C facility. Rese experiments were identical
except for downcomer-to-upper-head bypass How (0.9% in Experiment S-Lii-1 and 3.0% in
Experiment S-Lil-2) and were performed at high pressure and temperature [15.6 MPa
(2262 psia)-system pressure,37K (67 F)-core differential temperature,595K (6KrF)-hot leg
fluid temperature] From the experimental results, the signature response and transient
mass distribution are determined for a 5% SBLOCA. The core thermal hydraulic response
is characterized, including core void distribution maps, and the effect of core bypm flow on
transient severity is assessed. Comparisons are made between postexperiment RELAPS
calculations and the experimental results, and the capability of REIAPS to calculate the
phenomena is assessed.

Loomis, G. G., and J. E. Streit,19s5, Quick Look Report for Semiscale A10D 2C Etperiments
S-LH-1 and S-LH 2, EGG-SEMI 6834, May.

Results from a preliminary analysis of Semiscale Tests S-Lil-1 and S-Lil-2 are presented.
Both experiments were 5%, cold leg, centerline pipe break, loss-of-coolant accident
simulations the only difference was the downcomer to upper head bypass flow. Phenomena
of interest included two core liquid level depressions with minor core rod temperature
excursions. He first liquid level depression was induced by a manometric balance formed
by a liquid seal it the pump suctions of toth loops, and the second level depression was
due to core liquid boiloff. Pump suction seal clearing mitigated the first core heatup.
Comparisons are mad be"veen a pretest RELAPS calculation and S-Lil-1 data. RELAPS
calculated the manometric core level depression but not the core rod heatups.

Loomis, G. G., T. K. Larson, and J. E. Streit,1987, " Natural Circulation Cooling During a
Small-Break Loss-of-Coolant Accident in a Simulated Pressurized Water Reactor," ASAfE

International Symposium on Natural Circulation, Boston, Afassachusetts, Decemtwr 17,1987.

A-40

,



. -. . - .-- - ----..- - _- -.- .- -_..__- - -

1

The paper presents experiment results from a simulated small break loss-of coolant accident
(SBLOCA) irnulving natural circulation core heat rejection mechanisms. The experiment
results are compared to pre-experiment RELAP5/h10D2 calculations, and are related to ,

expected pressurized water reactor (PWR) behavior during SBLOCA conditions. The
simulation conducted in the Semiscale MOD-2C scaled-experiment facilky was a 0.5% cold
leg centetline break performed at high temperature and pressure with initial conditions ,

typical of a PWR (15.6-h1Pa pressure,587-K hot leg fluid temperature). The Semiscale
h10D-2C facility represents all major componcats of a large PWR; the facility includes
active loops, steam generators, and a vessel with an electrically heated core. The transition

.

ifrom forced circulation to the various modes of natural circulation was characterized in the
Semiscale simulation. The natural circulation cooling modes observed include single-phase, :

two-phase, and reflux. Analysis included extensive decoupling of natural circulation heat
rejection modes between the kiops, and multi-dimensional effects within the steam
generator U-tube. A comparison of RELAPS/ MOD 2 calculation with the data shows
correct qualitative calculations cf the occurrence of single phase, two-phase, and reflux
cooling during the Semiscale transient. Analyds of similitude criteria for the Semiscale
facility suggests that the Semiscale results prewrve the first-order effects thought important
for natural circulation phenomena expected in a PWR. ,

Lucas, S., T. Iludson, and M. Pope,1987, " Comparison of a RELAPS/ MOD 2 Thermal-llydraulic
Model to Plant Data for a Turbine Trip Test,' Transactions of the American Nuclear
Society, 55, pp. 697-698

; --

Shearon llarris Unit One is a three-loop Westinghouse 2775-MW (thermal) nuclear power|

plant owned and operated by Carolina Power & Light Company. A RELAP5/ MOD 2/36.04
thermal hydraulic model of Unit One has been constructed to support operations and
probabilistic risk analysis. The three-kxp model used in this study has 162 volumes and
175 junctions. At the present time, the model has control systems for the steam dump
system, pressurizer level control, steam generator level, secondary mass inventory, primary ,

'

average temperature, and various trips. To validate the model, the turbine trip startup test
was chosen for the benchmark comparison. The model was initialized at 97% thermal ,

power, since this was the power at which the turbine trip test was performed. The results
of the comparisons from the test indicate that the model does reasonably well in

| : reproducing plant respcmse, Additional plant parameters such as pressurizer level, steam -

j generator level, and steam line pressurt cIso compare favorably to plant data. Immediate
plans include using the model for probabastic risk assessment success criteria and
incorporating additional controllers and trips. Additional comparison to plant data will also
be performed.

Makowitz IL, and W. IL Oray,1987, " Investigation of Time-Step Insensitivity for
RELAPS/ MOD 2 SDLOCA Simulations,' Transactions of the American Nuclear Society, 55,

pp. 363-364.

| Time step insensitivity, accuracy, and temporal convergence have been demonstrated for a
small break loss-of-coolant accident (SBLOCA) simulation using the production version of -

|
RELAP5/ MOD 2 for a maximum time step delta t max of 0.01 less than or equal to delta t

' max less than or equal to 0.125 s for a 200-s calculation. An improved, generalized,
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underrelaxation scheme has been developed where the underrelaxation parameter is only a
function of the Courant number, Nc. This new underrelaxation scheme allows the
RELAP5/hiOD2 code to execute using larger time steps, limited only by the material
Courant limit and mass error considerations. Temporal convergence, accuracy, and
time-step int.ensitivity for this new scheme have been demonstrated using maximum time
step values, delta t max, of 0.01,0.125, and 2.0 s for 200 s of the SBLOCA problem
simulations. The authors plan to extend this study to 1(ms simulations and to investigate
round-off error propagation associated with performing RELAPS SBLOCA calculations on
computers of ditTerent word sizes. They also plan to accommodate now reversal and extend
the new underrelaxation scheme to the region where delta t is less than or equal to 0.05 s.

Makowitz, H., and R. J. Wagner,19S7, 'Trogress with Algorithm and Vector Tarallel
Enhancements for RELAP5310D2 Thermohydraulie System Simulation Code,"
International Tapical Meeting on Advances in Reactor Physics, Mathematics and
Computation, Parh, France, April 27-30, 1987.

Earlier experience resulting from attempts to develop a parallel implementation and a
vector implementation for RELAP5fMODI using super computers resulted in an alysis

suggesting a five to ten times performance enhancement for future versions of the ode.
The MOD 2 version of the code, presently available, uses a six equation model (vs. ove
equations in MOD 1) with the option of a semi-implicit or nearly. implicit numerical solution
scheme. The nearly-implicit numerical scheme violates the convective (material) Courant
limit. The RELAP5/ MOD 2 code has been implemented on Control Data Corporation
Cyber 176, CRAY IS, and CRAY LMP/48 computers. Algorithm performance
enhancements and vector performance improvements have been measured and are analyzed
for these three computing machines. The reactor small break loss-of-coolant problem used
in previous studies was employed as the basis for the present analysis. Previous studies
performed to compare the performance of algorithms in MOD 2 are compared to MODI,
using the two presently available numerical methods in MOD 2. Planned vector and parallel
enhancements are discussed in the context of past studies and expected future performance
gains. Applicability of the RELAP5 code to best- estimate real time simulations ano
nuclear power plant simulators is discussed.

McCreery, G. E., K. G. Condie, and M. P. Plessinger,1988, "B&W Once-Through Steam
Generator Single Tube bperiment Results," 15th Water Reactor Safety Information Meeting,
Gaithersburg, Maryland, October 26,1987.

Experiments are being conducted in an air-water facility that models Babcock & Wilcox
once-through steam generator (OEG) heat transfer and Guid now behavior during -

.

auxiliary feedwater (AFW) injection. The OEG is a single-pass counternow tube-in-shell
heat exchange. Decay heat is removed by injecting AFW into the steam generator boiler
region. AFW is injected near the top of the bundle, typically through seven penetrating
naales at the periphery of the bundle, and results in a complex steam. water counternow
situMion within the boiler. As AFW is injected, it tends to fall downward because of
gravity and inward because of momentum. Fluid flow is impeded and redistributed by tube
support plates (TSPs) spaced along the bundle and by steam flow up the bundle. The
single tube experiments described in this paper are the Orst in a series that examines the
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basic phenomena of ABV radial and axial flow distribution 1SP iboding, and tube heat
transfer. The succeeding experiments, which are presently underway, address the ARY

behavior in an unheated multi-tube (625 tubes) full-scale 1/8 sector of the O1SG that
- includes the top three 1SPs. The overall objective of the experiment series is to obtain

,

obsermions and data of steam generator fluid flow and heat transfer phenomena to
develop improved RELAP5 and TRAC code models. His paper describes data obtained in
the single tube experiments conducted to date. The relevant phenomena observed are
described and the data are analyzed. The analysis is preliminaty for the heat transfer data
since it employees a computer program that is presently under development.

Megahed M. M.,1987, REl<1P5|Sf0D2 Assessment Simulation of Semiscale Af0D-2C Test
i S.NHJ, NUREG/CR-4799, EGG-2519, June.

This report documents an evaluation of the RELAP5/ MOD 2/36.05 thermal hyJraulic
computer code for a simulation of a small break loss of-coolant accident (SBLOCA)

transient. The emerimental database for the evaluation is the results of Test S-Nil 3
performed in the Semiscale MOD-2C test facility. The test modeled a 0.5% SBLOCA with
an accompanying failure of the high-pressure injection emergency core cooling system. He
test facility and REI AP5/ MOD 2 model used in the calculations are described. Evaluations
of the accuracy of the calculations are presented in the form of comparisons of measured
and calculated histories of selected parameters associated with the primary and secondary
systems. The conclusion was that the code is capable of making SBLOCA calculations
efficiently. However, some of the SBLOCA-related phenomena were not properly
predicted by the code, suggesting a need for code improvement.

Miettinen, J , T. Kervinen, II. Tuomisto, and 11. Kantee,1987, " Oscillations of Single-Phase
Natural Circulation During Overcool;ng Transients," American Nuclear Society Anticipated
and Abnomial Transients in Nuclear Power Plants, Atlanta, Geo:gia, April.

-

Strong oscillations of single phase natural circulation were found when analyzing
overcooling transients of Loviisa Unit I reactor pressure vessel with the system codes
RELAP5/ MODI mJ SMABRE. SMABRE is a fast-running code for small break
loss-of-coolant accident analyses. The low flow rate periods of an oscillating natural
circulation may cause significant temperature decrease in the cold leg and downcomer when
the high-pressure safety injection is used. Therefore, oscillation phenomena need to be
studied further to def' : their importance for cactor vessel integrity. Similar oscillationsm
have been found in RELAPS calculations of the H. B. Robinson Unit 2 steam generator
tube rupture sequence in connection with me 4.tegrated pressurized thermal shock study.
The oscillations were explained qualitatively to result from the one-dimensional node
model. The purpose of this paper is to demonstrate that observed single-phase natural
circulation oscillations can occur in a one-dimensional representation. Qualitative
judgments and system calculations are used to show that these oscillations will be strongly
damped in a three-dimensional geometry.

O
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hiiller, C. S.,1986, "RELAPS/htOD2 Development," 14th li'ater Reactor Safety Information
Meeting. Gaithenburg. Maryland, October 27.

RELAP5/hiOD2 is a pressurized water reactor system transient analysis computer code
developed for the U.S. Nuclear Regulatory Commission Safety Research and Regulatory
Programs hiOD2 was officially released in April 1984. Since that time, development has
focused on refinements designed to increase code speed, usabilite, and reliability.

hiirkovic, D., and D. J, Diamond,1990, Boron Flushing During a BliR Anticipated Transient
liithout Scram, NUREGICR-5573, BNL-NUREG-52237, June.

- This report documents a study of an accident sequence in a boiling water reactor in which
there is a large reacthity insertion because of the Oushing of borated water from the core.
This has the potential to occur during an anticipated transient without scram after the
injection of borated water from the standby liquid control system. The baron shuts down
the power, but if there is a rapid depressurization of the vessel (e.g., due to the inadvertent 1

actuation of the automatic depressurization system), large amounts of low pressure,
relatively cold, unborated water enter the vessel causing a rapid dilution and cooling. His
study was carried out a determine if the reactivity addition caused by this Bushing could
lead to a power excursion sufficient to cause catastrophic fuel damage. Calculations were
carried out using the RELAP5/hiOD2 computer code under different assumptions
regarding timing and availability of low-pressure pumps and with different reactivity
coefGeients. The results showed that the fuel enthalpy rise was insufficient to cause
catastrophic fuel damage, although iess severe fuel damage might still be possible from the
overheating of the fuel cladding.

hiiro, J., H. G. Sonnenburg, F. Steinhoff, V. Teschendorff, A. Forge, R. Pochard, and A.
Porrachia, l')S7, Study on the State of the Art of the Development of Some
Thermal-Hydraulic Safety Codes for Pif R Systems, Pan One: Code Description, and
Part Two: Code Comparison. EUR-11522, Draft, hiarch, Gesellschaft fur
Reaktorsicherheit.

This report is concerr.ed with thermal hydraulic phenomena on the primary and secondary
siue of pressurized water teactors. It is addressed to engineers and scientists who would
like to improve their knowledge of the model and the phenomena description, which is
existing in the different codes. It should also be of interest for persons who need an
overview on existing cades, The selected codes are ALhiOD (Federal Republic of
Germany), CATHARE (France), DRUFAN/FLUT (Federal Republic of Germany),
RELAP5/ MOD 2 (US). THYDE P2 (Japan), TRAC /PFl/h10D1 (US). The report is
divided icto iwo parts. The Grst part presents all relevant information (e.g.. structure
phpical models, and numericai solution schemes) code by code with a common structure.
The scand part is devoted to a systematic comparison of main features, corresponding to
the structure of the part I code 6scription, and to quantitative comparisons concerning
some impertant cpecibe phenomena (e.g., interfacial friction, mass transfer) and structure to
Guid heat trLnsfer.
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JOTE: This report is restricted to International Code Assessment Program members
- unless specific permission is granted by the authors.

h1ocyaert, P., and E. Stubbe,1989 Assessment Study of REL iPSIMOD2, Cycle 36.04 Based on i

Spray Stan.up Testfor DOEIA, ICAP Number 00045, July, Brussels, Belgium. .

This report presents an assessment study for RELAP5/h10D2 based on a pressuriver spray i

startup test of the DOEL-4 power plant. DOEL-4 is a three-k>op Westinghouse
pressurized water reactor plant ordered by the EBES utility with a nominal power tating of !

1000 htWe and equipped with preheated Type E steam generators. The pressurizer spray
and heater test (SU-PR-01), one of a large series of commissioning tests are normally
performed on new plants, was performed on February 2,1985. TRACTEBEL, being the
Architect Engineer for this plant was ckisely involved with all startup tests and was
responsible for the final approval of the tests.

Nilsson, L, and A. Sjoeberg,1987, Analysis of Breaks in Hpe Connections to the Hot Leg and to
the Loop Sealin the Itimary System of Ringhals 2 PWR, in Swedish, STUDSV1N-NP-87 57,

L- hiay 17, Swedish Nuclear Power inspectorate, Stockholm; Studsvik Energiteknik AB,
Nykoeping, Sweden.

Analysis has been made of seven different cases of breaks in pipes connected to the hot leg

( and the loop seal in the Ringhals 2 pressurized water reactor. The pipes. ia which
guillotine breaks are postulated, have nominal diameters ranging from 1 to 14 inches. The
analysis supplements the basis for a review of the inspection procedures for the safey of
pressure vessels prescribed by the Swedish Nuclear Power Inspectorate. A similar analysis

- already exists concerning breaks in the cold leg connections. The analysis has been made
'

using the thermal hydraulic computer code RELAPS/htOD2 and with best estimate
-assumptions. This means that normal operating conditions have been adopted for the input
to the calculations. However, the capacity of the safety injection system was assumed to be

_

reduced by having one pump not operating in each of the low-pressure and high pressure
_

safety injection systems. The results of the analpis are presented in tables and as computer
_

plots. The analysis shon that the consequences with respect to increased fuel nxi and t
,

cladding temperatures are quite harmless. Only the two cases with the largest break sizes
lead to critical heat flux (CHF) and increased temperatures for the hottest rods in the core.
De peak cladding temperature was 636"C for the 12-in. break, in both cases, rewetting
occurred within 25 s of accident initiation. In the cases with breaks in connections of 6-in.
diameter and smaller, the RELAPS calculations indicated a substantial margin to CHF
throughout the transients.

Nithianandan, C. K.,1986,' Calculation of Once-Through Steam Generator Performance Using
RELAP5/ MOD 2,' American Nuclear Society and Atomic industrial Fomm Joint Meeting,
Washington, D. C., November 1986.

Three steam generator performance tests from the Babcock & Wilcox 19-tube,
once-through steam generator (OUG) test facility were simulated using
RELAP5/h10D2/36.01, and the results were compared with the experimental data.
RELAP5 predicted the steam generator steady-state performance reasonably well.

.
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ilowever, further refinements to the boiling and post-critical heat flux heat transfers would'

improve the capability to correctly predict OTSG behavior.

Nithianandan, C. K., et. al.,19S5, 'RELAPS/ MOD 2 Code Assessment? Transactions of the
Amencan Nuclear Society, pp. 326-327, Amencan Nuclear Society llT~ter Meeting. San
Franchco, California, November 1985, Volumes 50 and 51.

Babcock and Wilcox (B&W) has been working with the code developers at EG&G Idaho,
Inc. and the U.S Nuclear Regulatory Commission in assessing the RELAP5/ MOD 2
computer code for the past year by simulating selected separate-effects tests. Tne purpose
of this assessment has been to evahiate the code for use in the Multiloop and OnAhrough
Integral System Tests simulations and in the prediction of pressurized water reactor
transients. B&W evaluated various versions of the code and made recommendations to
improve code performance. As a result, the c'irrently released version (Cycle 36.0) has
been improved considerably over earlier versions. Ilowever, further refinements to some of
the constitutive models may still be needed to further improve the predictive capability of
RELAP5/ MOD 2 The following versions of the code were evaluated:
(a) RELAP5/ MOD 2/22 - first released version, (b) RELAP5/32 - EG&G Idaao test version
of REL.AP5/ MOD 2/32, (c) RELAP5 NOD 2/36 - frozen cycle for international code
assessment, (d) updates to Cycle 36 based on recommendations developed by B&W during
the simulation of a Massachusetts Institute of Technology pressurizer test, and

(e) Cycle 36.1 updates received from EG&G Idaho, Inc.

Nithianandan, C. K., N. H. Shah, and R. J. Schomaker,1985, "RELAP5/ MOD 2 Assessment at
Babcock & Wilcox,' 1.ith it'ater Reactor Safety Research Information Meeting, ll'ashington,
D.C., October 1985.

Babcock & Wilcox (B&W) has been working with the code developers at EG&G Idaho,
Inc. and the U.S. Nuclear Reguintory Commission in assessing the RELAPS/ MOD 2 ,

computer code for the past year by simulating selected separate effects tests. The purpose
of this B&W Owners Group-sponsored assessment was to evaluate RELAP5/ MOD 2 for use

_

in design calculations for the Multikmp and Once-Through Integral System Tests and in the
prediction of pressurized water reactor transients. B&W evaluated various versions of the
code and made recommendations to improve code performance. As a result, the currently
released version (Cycle 36.01) has been improved considerably over earlier versions.
Ilowever, further refinements to some of the constitutive models may still be needed to
further improve the predictive capability of RELAPS/ MOD 2.

Nordie Liaison Committee for Atomic Energy,1985, Computer Codes for Small-Break
Loss-of Coolant Accidents, Final Report of the N&t project SAKd, September.

An assessment of computer codes for analysis of small break loss-of caolant accidents
(SBLOCAs) is performed. The work comprises the American systems codes TRAC-PF1,
RELAP5/ MODI, RELAPS/ MOD 2, and the Finnish fast running code SMABRE, which are
assessed theoretically and by comparative calculations of five SBLOCA experiments. On
this basis, comparisons are made of the advantages and drawbacks of each code to conclude
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which should be selected for SBLOCA analpis. A recommendation of necessary
modifications is included. .

Nordic Liaison Committee for Atomic Energy,1985 Heat Transfer Correlations in Nuclear Reactor
Safety Calculations, RISO.M 2504, June.

Heat transfer correlations, most of them incorporated in the heat transfer packages of the
nuclear reactor safety computer programs RELAP5, TRAC PFI and NORA, have been
tested against a relevant set of transient and steady-state experiments. In addition to
usually measured parameters, the calculations provided information on other physical
parameters. Results are presented and discussed. The report consists of a main report
(Volume 1) and appendixes (Volume 11). Volume I is recommended for those looking for
main results rather than details; the appendixes will be useful for computer program
developers.

Osta, W. A.,1986, ' Quick Look Report for Semhcale MOD 2C Experiment S.NH-1,
EGG-RTH-7147, February.

Results are presented of a preliminary analysis of the first test performed in the Semiscale4

MOD-2C Small Break, Loss-of-Coolant Accident Without llPI (Nil) series. Test S-NH-1
simulated a pressurized water reactor transient initiated by the shear of a small diameter
penetration in a cold leg, equivalent to 0.5% of the cold leg Dow area. The high-pressure
injection system was assumed to be inoperative throughout the transient. Recovery was
initiated on a high core temperature signal und consisted of latching open both steam
generator atmospheric dump valves and normal accumulator operation. The test results
provided a measured evaluation of the effectiveness of automatic plant responses and
operator controlled recovery operations in mitigating the effects of a small break
lossef-coolant accident when high-pressure injection is unavailable. Test data were
compared to RELAPS/ MOD 2. Data from this test will be examined to evaluate event

~

signatures and event severities in Semiscale and recovery procedures, with the principal
objective of providing data to the benchmark computer code (RELAPS) calculations. Test -
data will also be compared to other tests in the series to assess the effects of break size and
alternative operator recovery operations.

Owca, W. A., and T. H. Chen,1985, Quick Look Report for Semiscale MOD 2C Test S FS.1,
EGG-SEMI-6858, May.

Results are presented of a preliminary analysis of the second test performed in the
Semiscale MOD-2C Steam Generator Feedwater and Steam Line Break (S FS) experiment
series.- Test S FS-1 simulated a pressurized water reactor transient initiated by a
double-ended offset shear of a steam generator main steam line downstream of the Dow
restrictor. Initial conditions represented normal full-scale plant " hot-standby" opera'. ion-

.

The transient included an initial 600-s period in which only automatic plant protection
systems responded to the initiating event. His period was followed by a series of operator
actions necessary to stabilize the plant. Test data were compared with the RELAPS/ MOD 2
computer code and provided a basis for comparison with other tests in the series of the

-
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effects of break size and location of primary overcooling and primary.to-recondary heat
transfer.

Park, R. J., Y. Jin, S. D. Suk, and S. K. Chac,1988, " Analysis of Station Blackout Transient for
Kori Nuclear Power Plant Unit 1,* Third Intemational Topical Meeting on Nuclear Power
Plant Thermal Hylraulics and Operations, Seoul, Korea, November 1988. Norea Advanced
Energy Research Institute.

The postulated transients associated with station blackout were analyzed for the Kori
Nuclear Power Plant Unit 1. The base transient, the TMLB' sequence, assumes no offsite
power, onsite power, feedwater, or operator actions. Reactor coolant pump (RCP) shaft
seal leakage during the TMLB' sequence was also analyzed. The core damage occurred
about 7300 seconds after the transient initiated in the base TMLB' sequence. The core
damage occurred earlier in TMLB' with RCP shaft seal leakage than in the base TMLB'
sequence. The earlier the shaft seal failed, the earlier the core damage occurred.
RELAPS/ MOD 2 and SCDAP/ MODI computer codes were used in the analyses.

Perneesky, L, O. Lesoel, L Szbados, and L Toth,1990, 7he Adaption of tl c RELAPS/ MOD 1
Code, Hungarian Academy of Sciences, Budapest, Hungary, Central Research Institute for
Phpics, January.

Experiences with the application of RELAP5/ MODI in evaluating the LOCA type failure
simulation experiments of pressurized water reactors are presented in two parts under the
same title. The simulation experiments were performed in the SPES facility (Siniulator
PWR per Experienze di Sicurezza. Italy) in the framework of the Organizatinn for
Economic Cooperation and Development / Committee on Safety of Nuclear Installations
International Standard Problem No. 22. The calculational procedures and the input
preparation strategy for WWER 1000 type reactors are described.

- Petelin, S., L Parzer, M. Gregoric, B. Mavko, A. Stritar, and M. Osredkar,1989, " Post-test
Calculation of SPE-2 with RELAP5| MOD 2| Technical Committee! Workshop on Computer

Aided Safety Analysis, Berlin, German Democratic Republic, April 1989, in Computer Aided
Safety Analysh,19S9, Institut Jozef Stefan Ljubljana, Yugoslavia.

The PMK-NVH test facility was selected for the International Atomic Energy Agency
(IAEA) SPE-2 Standard Problem. This facility has a high-pressure hydraulic loop

| containing an electrically heated reactor core, steam generator, primary pump, high-pressure

|
safety injection system, and low-pressure safety injection accumulators. A small break loss-

|
of-coolant accident was simulated. Results presented in this paper were obtained by

'

posttest calculation. Calculations were performed by the RELAP5/MODl/025 IBM version
and by the RELAP!/ MOD 286 00 VAX version using the same input model, rearranged

! only slightly for different input requirements for different program versions.

Plessinger, M. P.,1985, Quick Look Repon for Semiscale MOD-2C Test S-FS-11, EGG-RTU-7103,
November.

O
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Results of a preliminary analysis of the fifth test performed in the Semiscale htOD-2C

:O5 Steam Generator Feedwater and Steam Line Break (FS) experiment series are presented.
Test S-1%11 simulated a pressurized water reactor transient initiated by a 50% break in a
steam generator bottom feedwater line downstream of the check valve. With the exception
of primary pressure, the initial ccnditions represented the initial conditions used for the
Combustion Engineering. Inc. System 80 Final Safety Analysis Report Appendix 15D
calculations. The transient included an initial 6%s period in which only automatic plant
protection sptems responded to the initiating event. His period was followed by a series
of operator actions necessary to stabilize the plant followed by break isolation and affected
k)op steam generator refill with auxiliary feedwater, ne test results provided a measured
evaluation of the effectiveness of the automatic responses in minimiting primary system
overpressurization and operator actions in stabilizing the plant. Test data were compared
with the RELAPS/ MOD 2 computer code and also provided a basis for comparison with -

other tests in the series of the effects of break size on primary overpressurization and
primary-to-secondary heat transfer.

Ransom, V. H.,1989, Numerical Afodeling of Two-Phase Flows, EGG-EAST-8546, May.

This course is designed to provide an introduction to the application of two-Duid modeling
techniques to two. phase or, more generally, multiphase Dows, and to the numerical methods
that have been developed for the solution of such problems. The methods that are
presented have evolved to a large extent as a result of internadonal efforts to improve the
understanding of light water reactor transient response to postulated loss-of-coolant

'( accidents. Transient simulation codes that are based on these methods are now in routine
use throughout the in.;rnational light water reactor safety research and regulatory
organizations.

While modeling methods for two-phase now have evolved to the point that it is possible to
predict the behavior of nuclear power plants under a wide variety of transient situations, _

the state of two-phase modeling has not progressed to the point of true predictive
capability. %c material that is presented in this course represents, to the best of the
author's knowledge, the state of the art in modeling two-phase transient processes in !ight
water reactor nuclear power systems. The material is based on experience accumulated by
the author in the course of developing the RELAP5 computer code for simulating the
transient behavior of light water reactor systems under normal operation and postulated
accident conditions such as loss-of coolant accidents.

Ransom, V. H., et al.,1985, RELAPS!Af0D2 Code hfanual Volume 1: Code Simcture, System
Models, and Solution Afethods, NUREGICR-4312, EGG 23%, August.

Ransom, V. H., et al.,1985, RELAP5/Af0D2 Code hfanual Volume 2: Users Guide and input
Requirements, NUREGitR-4312, EGG.23%, December.

- The principal objective of the RELAP5 project is to provide the U.S. Nuclear Regulatory
Commission with a fast running and user convenient light water reactor system trans? nt

( analysis code for use in rule making, licensing audit calculations, evaluating operator
guidelines, and as a basis for a nuclear plant analyzer. He RELAP5/ MOD 2 code has been
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developed for best-estimate transient simulation of pressurited water reactors and
associated systems. He code modeling capabilities are simulation of large and small break
loss-of<oolant accidents, as well as operational transients such as anticipated transient
w:thout Scram, loss of offsite power, loss of feedwater, and loss of flow. A generic
modeling approach uses as much of a particular system to be mcxleled as necessary.
RELAP5/htOD2 extends the modeling base and capabilities offered by previous versions of
the code. In particular, htOD2 contains two energy equations, renood heat transfer, a
two step numerics option, a gap conductance modei, revised constitutive models, and
additional component and control system models. Control system and secondary system
components have be, n added to permit modeling of plant controls, turbines, condensers,
and secondary feedwater conditioning systems. The modeling theory and associated
numerical schemes are documented in Volume 1 to acquaint the user with the modeling

'

base and thus aid in effective use of the code. Volume 2 contains detailed instructions for
code application and input data preparation. In addition, Velume 2 contains user
guidelines that have evolved over the past several years from application of the code at the
Idaho National Engineering Laboratory and other nationallaboratories, and by industry
users throughout the world.

Ransom, V. 11.,1983, "RELAPS/htOD2: For PWR Transient Analysis,"Intemarional Conference
on Numerical Methods in Nuclear Engineering, Montreal, Canada, September 6,1983,
A ugust.

RELAPS is a light water reactor system transient simulation cooe for use in nuclear plan'
safety analysis. Development of a new ver ion RELAP5/510D2, has been completed and
will be released to the U.S. Nuclear Regulatory Commission during September 1983. The
new and improved modeling capability of RELAP5/ MOD 2 is described and some
developmental assessment results are presented. The future plans to extend the code to
include severe accident modeling are briefly discussed.

c

Ransom, V. IL, and V. hfousseau,1990, " Convergence and Accuracy Expectations for Tivo-Phase
"

Flow Simulations," 1990 Canadian Nuclear Society International Conference on Simulation
Methods in Nuclear Engincen'ng Montreal, Canada. April 18-20, 1990.

The convergence and accuracy of the RELAPS/ MOD 2 two-phase Dow model is studied by
using analytical arguments, simple test problems, and comparison with results using a totally
hyperbolic two-Duid model. The results of this study indicate that the basic two.Duid
model, as numerically implemented in RELAP5/h10D2, is consistent, stable, and
convergent. When constitutive models are included to obtain an engineering model for
two-phese flow, convergence is obtained for discretizations that are consistent with the
modeling uncertainty. Small irregularities in the solutions were observed at the finest
discretizations. These irregularities are due to the constitutive models and/or their
numerical implementation, but remain well within the two-phase flow model uncertainties.

O
A-50

1

- - - -__--- -_- ___ . _ _



_ -__ _ _ _ _ - - _ _ _ _ _ . _ __ .

Ransom, V. H., and J. D. Ramshaw,19s8, * Discrete Modeling Considerations in hiultiphase Fluids

Dynamics,' Thini International Ibpical hiceting on Nuclear P<m er Plant Thennal Hylraulics
ami Operations, Seoul, Korea, November 198S.'

A discussion is given of discrete modeling considerations in multiphase Guid dynamics and
related areas. By the term ' discrete unicling' the authors refer to a collection of ideas and
consepts that they hope will ultimately provide a phikisophical basis for a more systematic
approach to the solution of practical engineering problems using digital computers. As
presently constitu'ed, the main ingredients in the discrete modeling " Weltanschauung" are
made up of five considerations. First, any physical model must eventually be cast into
discrete form to be solved on a digital computer Second, the usual approach of
formulating models in differential form and then discretizing them is an indirect route to a
discrete model. It is also potentially ha ardous: the length and time scales of the

_

discretization may not be compatible with those represented in the model. Therefore, it
may be preferable to formulate the model in discrete terms from the outset. Dird,
computer time and storage constraints limit the resolution that can be employed in practical
calculations. These limits effectively define the physical phenomena, length scales, and time
scales, which cannot be directly represented in the calculation and therefore must ne
modeled. This information should be injected into the model formulation process at an
early stage. Fourth, practical resolution limits are generaily so coarse that traditicsnal
convergence and truncation-error analyses become irrelevant. Fifth, a discrete model
constitutes a reduced desenprion of a physical system from which fine-scale details are
eliminated. This climination creates a closure prob!cm, which has an inherently statistical

(q'y character becau:e of the uncertainty about the missing details. hiethods from statistical
physics may therefore be useful in the formulation of discrete models. In the present
paper, the authors elaborate on these themes and illustrate them with simple examples.

The modeling of multiphase flow plays a fundamental role in light water reactor safety
because of the impossibility of testing power reactors under all regimes of operation that

"

might exist as a result of hypothetical accidents, System simulation codes such as RELAP5
and TRAC have been developed for use in predicting the response of reactor systems to
design basis accidents, and they rely heavily on multiphase now modeling. The
development and assessment of these codes continue to be the focus of signilicant
worldwide attention. Even so, these models for multipnase Dow can not be regarded as
entirely satisfactory for either an accuracy or a computing speed The lesser used detailed
multidimensional codes such as COBRA and COhihilX suffer similar deficiencies.

Riemke, R. A.,1989, Hori:ontal Flow Stratificerion blodifications for RELAPSibf0D3,
EGG-EAST-8526, February.

The report documents the modifications to the horizontal stratification model in
RELAP5/htOD3. Background information, the model description and solution method,
coding changes, and an assessment of these changes are described in the report. The use of
the phasic selocity difference in the Taitel-Dukler criterion along with a mass Dux criterion

c. improved the vcid fraction data comparison for the Two Phase Flow Test Facility tests.

( hiodifications and error corrections to the void gradient term improved the code's capability
'

to calculate the correct vekxities.
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Rinckel, hi. A., and R. J. Schomaker,1986, REL4PS/ MOD 2 Benchmark of OT/S Leak Size Test
#2202&t, BAW-1092, January.

This benchmark of the RELAP5/ MOD 2 code using OTIS Test #2202AA was performed to
demonstrate the capabilities of the RELAPSSIOD2 code to predict the phenomena
characteristic of a small break loss.of-coolant transient. This report is produced as partial ,

fulfillment of the Babcock & Wilcock Owners Gioup commitment to the integral System
Test Program. The Once-Through Integral Sptem (OTIS) facility, was designed and built
for the investigation of thermal hydraulic phenomena essociated with small break .

loss-of-coolant accidents (SBLOCAs). The facility is a one-kiop (one hot leg, one steam
generator, and one cold leg) scaled representation of a B&W 205 Fuel Assembly raised

2
loop plant In h1 arch 1984, OTIS test 2202AA which consisted of a 15 cm pump suction
SBLOCA with the pressurizer isolated and guard heaters energirl, was completed. _

Important SBLOCA phenomena observed included system saturation, intermittent
two-phase natural circulation, high cievation and pool boiler condenser modes of cooling,
and sptem refill. The objective of this analpis was to simulate OTlS test 2202AA, up to
and including the pool boiler condenser mode of coolmg, with the current B&W version of
RELAPS/hiOD2/36. A model noding 6% ram is presented. The hot leg U-bend and steam
generator nmiing are consistent with the mom; ling used for the Multik>op Integral Sptem
Test facility. A detailed description of the CTIS facility in parallel with a discussion of the
RELAPS model is presented are also given. De results of the study and concluding
comments are also given.

Rohatgi, U. S., P. Saha, and V. K. Chexal 1985, " Considerations for Realistic ECCS Evaluation
Methodology for LWRs, 'Thint International Meeting on Reactor Thenna! Hylraulics,
Newport, Rhode Island, October 1985, BNL-NUREG-3703b, Nuclear Technology, 76,1, pp.
I l-26.,

Various phenomena that govern the course of large and small break loss-of-coolant
'

accidents in light water reactors and affect the key parameters (e.g., peak cladding
temperature; timing of the end of blowdown, beginning of reflood, and complete quench)
hase been identified. The models and correlations for these phenomena in the current
literature, in advance codes, and as prescribed in the current emergency core cooling system
methodology outlined in Appendix K of Code of Federal Regulations 50 have been
reviewed. It was found that the models and conelations in the present best.cstimate codes
such as TRAC and RELAP5 could be made more realistic by incorperating some of these
models from the literature. However, an asse<sm it program will be needed for the final
model selection for the codes.

Rosdahl, O., and D. Cataher,19s6, Assessment of RLw1P5| MOD 2 Against Critical Flow Data

from Marviken Tests llT 11 and CFT 21, NUREGilA-00(G, STUDSVIKINP 86N9,
September, Studsvik Energiteknik AB.

RELAP5/ MOD 2 simulations are reported for the critical flow of saturated steam, the
critical Dow of subcooled liquid, and a low quality two phase mixture. The exped.nents
which were simulated used nozzle diameters of 0.3m aad 0.5m. RELAP5 overpredicted the

expenmental Dow rates by 10 to 25 percent unless discharge coeftcients were applied.
-
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NOTE: His report is restricted to International Code Assetsment Program membess
unless specific permission is granted by the author,

,

Rosaahl O., and D. Cataher,1986, Internatioal Agreement Rtjur: Aneument of
' RELAr*NAIOD2 Agaimt Marviken let impingment Test il Level Swell, NU.tEoll AM,
Septersh.r, Swedish Nuclear Power inspectorate.

RELAP5/ MOD 2 simulations are tcported for level swell of saturated liquid in a large vessel
'

(5 m in diameter,22 m hight Por certain nodallations, RELAPS is shcwn to predict the !
measured void fraction pronle with fair accuracy. RELAPS results are shown to be
dependent on nodaliation, with the accuracy of computed results deteriorating signincantly ,

when a large number of nodes is cmployed. '

.

Ruggles, A. E., and D. G. htorris,1989, "nermal.llydraulie Simulation of Natural Convection
Decay }{ cat Removal in the liigh Plux isotope Reactor (liFIR) %ing RELAP5 and
TEh1 PEST: . Part 2, Interpretation and Validation of Results," RELAP5 Users Seminar,
College Station, Texas, January 1989.

|
%e RELAP,c<htOD2 code was used to predict the thermal hydraulic behavior of the liigh ;

Flux Isotope Reactor (IIFIR) core during decay heat removal through leiling natural
circulation. %e low system pressure and low mass aux values associated with leiling

'
natural circulation are far from conditions for which RELAP5 is well exercised, %erefore.
some simple hand calculations are used to establish the physics of the results. The s

| interpretation and validation effort is dhided between the time average now conditions and
,

the time vaiying flow conditions. The time average Dow conditions are evaluated using a -

*

lumped parameter model and heat balance. %e hiartinelli. Nelson correlations are ured to
model the two. phase pressure drop and void fraction vs. How quality relationship within the

,

core region. Systems of parallel channels are susceptible to both density wave oscillatior
. and pressure drop oscillations, Periodic variations in the mass flux and exit now quality at
individual core channels are predicted by RELAPS. %ese oscillations ne consistent with ,

'

those observed experimentally and :,rc of the density wave type. The impact of the time ,

ivarying now properties on local wall superheat is bounded herein. He conditions necessary
for Ledinegg Dow excursions are identified. The conditions do not fall within the envelope. .

,

. . of decay heat levels relevant to llFIR in boiling natural circulation.
.

Salim, P ' and Y. A. liassan,1988, "A RELAPS/ MOD 2 Malcl of a Nuclear Power Plant and
Sensithity Study on the Nodaliation Scheme,' 'In .t .m.ets of the American Nuclear Society

'

57, Joint Meeting of the Eumpean Nuclear Society wi iL American Nuclear Society,"

Washington, D.C.,19?

The complex natur(. i nuclear power plants makes it essential to have an extensive ;

understanding of its behavior under various operation conditions. One of the analysis
methods is m perform simulations on system computer codes These codes provide the

p analyst with a tool to predict the system behavior under normal and abnormal conditions. *

| Prior information obtained from such analyses becomes of paramount importance in -
designing and operating a nuclear power system. De purpose of this study was to develop

s
r
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a itEl APS/ MOD 2 model of a nuclear power plant and conduct a sensitivity study on the
nodalitation scheme. Favorable agreement was obtained.

Sandervag, O.,1987, *Swedish thperience with Illit.APS$10D2 Aucssment." 14th li'arcr Reac tor
Safety infomration Meeting, Gaitherstwg Maryland, Octolwr 27,1956, N Ult E G C P4 MN2.
Volume 5, pp.117-132, February, Studsvik Energiteknik All, N>koping. Sweden.

The Swedish awe.,sment of itELAP5M10D2 is a part of the International Cale Aucssment
Progr4un, which is organized by the U.S. Nuclear Regulatory Conuniuion. The major part
of the experimental data used for anessment is of Sacdish origin lhe data encompass
ciiticalJIow-at level. swell data hom the I,tarviken facility. A part of the agreed assenment
matris hu been completed. Com).arison with boiling water reactor intcgral test data show
that the major phenomena that control the core cooling during intumediate and large
break loss-of-coolant accidenti, are qualitatively repraluced by itEIAPS. Assessment
against separate and integral esperiments shows that the dominant uncertainty in
presentation of clad temperaturch is due to a }xtor calculation of dryout. Predicted [xEt
dryout wall temperctures, ghen the experiment dryout helion as input parameter,
generally agree well with data. Simulations of level swell following depressuritation of the
large diameter Maniken vessel showed that RELAPS/ MOD 2 was able to calculate overall
asial void profiles in fair agreement with data. 'lhe assevment indicakd that increning ihe
modeling detail could give rise to numerical instabilities. Assessment against large-scale
critical slow data revealed that the agreement with date was somewhat dependent on
upstream Guid conditions and modeling. low quality two. phase now was, in general,
accurately predicted while subcooled liquid now and saturated steam Daw were generally
oserpredicted if no discharge coefficient was ap; . icd.

'

Sandervag, O,19% %ssessment and Application of RELAPS! MOD 2 at STUDSVIK, Use of
TRAC PFl/ MOD 1 to Analyte Inss-of-Grid Transients,' 13th il'ater Reactor Safety
Information Mcrting. H' ashing.on D.C., Octoler 1985, NUREO!CPAn72, Volume 5.
February, Studsvik Energiteknik All

The Swedish auessment plans for the advanced computer codes RELAP5elOD2 and
TRAC PFl are presented. :lELAPS/ MOD 2 is based on data from experiments of mainly
Swedish origin. Preliminary auessment results indicate that predictions of dryout kications
and post-CliF temperatures have been improved in MOD 2 as compared to MODl.
TRAC PFl/ MODI will be assessed using low of esternal grid plant transients. One such
test with improved instrumentation was conducted in Ringhal's 4 in Septend>er 19R5.

Sardh, L, and K. M. Itecker,1986, Assessments of CilF Correlations Based on Full Scale R<nt
Bundle Operiments February, Royal Institute of Technology Sta kholm.

In the present study the Barnett, Becker, Iliasi, CISE 4, XN-1, Electric Power Research
Institute (EPRI), and Benukov burnout correlations have been compared with burnout
measurements obtained with full-scale 81,64,36 and 37-rod bundles. The total power and

h) cal power hypotheses were employed for the comparisons. The results clearly indicated
that the Biasi and CISl! 4 correlations do not predict the burnout condi::ons in full-scale
rod bundles. Since these correlations yield non-conservatise results, their use in computer
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AC, or NOR A should be avoided.tuded in the predictions, the liccher unl data. Iloweser,it should be
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programs such a RELAP, TRreement with the experimentad W bar data, while the -i
effects of spacers were not s cure range between

elation coly covered the 70 t.nerimental data in the whole prewere also in satisf actorycorrelations wete in excellent ag

pointed out that the Beirukov corr 14ceker correlation apeed with the expi of the

R1 and EPRI correlationsThe authors concluded that for predat onsthe liecker wrrelation
30 and W har. The llarnett. Xiling wr.ter reactor r d bundles,tt

agreement with the experimenburnout canditions in full scale boProgram memtcr>
should be employed. tional Cale Assessment
NOTE: This report is restricted to Internanted by the author.scenario at thei
unless specific permission s gra

Tasaka.19M, Sirmdation of a 1 All 2 lypeFacility: A Firu Int J Alikts13417 ,b
6 September,

Schulti, R. R.. Y. Kukita, and K. ([IROSA-IV hogram's Lan;e Scale Test W) type four loopi ute.

Japan Atomic Energy Research Inst tcenario in a Westinghouse ( aming tests in the
l imulator

R) wa studied in preparation for u, Facility (ISIF). The LSTF is a IMM sca e rdifferences. Th112The Three4 tile Island 2 (Thti.2) type s

piessuri/cd water reactor (PWROSA-IV Prograrn's Large Scale Testi h full-scale component elevationbhsh a pretest prediction database forbasis for such kEI APS
of a W. type four h>op FWR w twere conducted to estathe reference PWR. The WR thermal hydraulic
scenario simulation analysesRELAPS ISTFs capability to simu ateen the ISTF and reference P

l

calculations and the similarities betweario are presented.Sirnulation of the Th112behaviors during a Th112.ype scenG- Thennali and K. Tasaka,19M. *lSTFloop PWR * linemational Afecting on%4.

l Republic of Gennany, September 1Schuiti R. R., Y. Kukita. Y. Koizuta .
Scenario in a Westinghouse Type FourNucicar Reactor Safety, Kadsmhr, FederaEnergy Research Institute.Japan Atomic m's

KFK 348Wl, pp. 467 476, for u[voming tests in the ROS A IV PropaW type

The ISTF is a 1/48 scale siruulator of alevation differences.The scenario was studied m preparation
(PWR) with full scale component elation analyses were conducted to estad furnnh a means of

blish a
1 arpe Scale Test Facility (ISTF).

four loop pressuriecd water reactorThrec4 tile island (Th11F2 scenario s muRELAPS code evaluation purposes anWR. The basis for r,uchnce pWR thermali

simulate the reference Ppretest prediction database for
f

ii s between the ISTF and re erei t
evaluating the LSTFs capabil ty o

RELAPS calculations and the similar t ehydraulic behavior during a Thil 2 scenar
io are presented.

l mic

l tion of Three DimernionalliydrmynaNur/rar Society
l Transient Analysis Cale," Americani

Sha , R. A., and C. It Davis,19W,"S mu aComponents With a Or,c-DimensionaIVashington,11 C., Nocember IWo.U.S. Nuclear
w

les was developed to provide the1%0 Winter Annual Afecting l

ing and user convient reactor analysis too .ssuri/.ed
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programs such as RELAP, TRAC, or NORA should be avoided. Considering that the
effects of spaccrs were not included in the predictions, the 13ecker and llenukoz
correlations were in excellent agreement with the experimental data, llowever, it should be
pointed out that the Ilezrukov correlation only covered the 70 and 90 bar data, while the !

Ilecker correlation agreed with the experimental data in the whole pressure range between
30 and 90 bar. He 11arnett, XN 1 and EPRI correlations were also in satisfactory
agreement with the experiments. The authors concluded that for predictions of the
burnout conditions in full scale boiling water reactor rod bundles, the llecker correlation
should be employed.

NOTE: This report is restricted to International Cale Assessment Program members
unless specific permission is granted by the author.

Schultz, R. R., Y. Kukita, and K. Tasaka,19M, Sinndation of a TAft 2 7)pe Scenario at the
'

ROSA.IV Progrards Large Scale Test Facility: A First Look, JAERI h1-84176, September,
Japan Atomic Energy Research Institute. <

The nree Mile Island 2 (TMI 2) type scenario in a Westinghouse (W) type four loop ;

pressurized water reactor (PWR) was studied in preparation for upcoming tests in the >

ROSA IV Program's Large Scale Test Facility (13TF). The LSTF is a 1/48 scale simulator
of a W type four k>op PWR with full scale component elevation differences. Thll-2 i

scenario simulation analyses were conducted to establish a pretest prediction database for
RELAPS IETFs capability to simulate the reference PWR. The basis for such RELAPS 4

( calculations and the similarities between the LSTF and reference PWR thermal hydraulic
behaviors during a Th112 type scenario are presented.

r

Schultz, R R., Y. Kukita, Y. Koizumi, and K. Tasaka,1984, "LSTF Simulation of the TMI.2
Scenario in a Westinghouse Type Four loop PWR," International Afecting on Thennal

- Nuclear Reactor Safety, Karlsruhe, Federal Republic of Gennany, September 1934,
KFK 3880/1, pp. 467-476, Japan Atomic Energy Research Institute.

He scenario was studied in preparation for upcoming tests in the ROSA IV Program's
Large Scale Test Facility (LSTF). De LSTF is a 1/48 scale simulator of a W type
four-loop pressurized water reactor (PWR) with full scale component elevation differences.
Three-Mile Island (TMI) 2 scenario simulation analyses were conducted to establish a
pretest prediction database for RELAPS cale evaluation purposes and furnish a means of
evaluating the LSTFs capability to simulate the reference PWR. The basis for such
RELAP5 calculations and the similarities between the LSTF and reference PWR thermal
hydraulic behavior during a TMI 2 scenario arc presented.

Shaw, R. A., and C. B. Davis,1990, " Simulation of Three. Dimensional 11ydrodynamic
Components With a One Dimensional Transient Analysis Code," American Nuclear Society

.1990 liinter Annual Afcering, li'ashingron, D.C., November 1990.

p The RELAPS series of tri.nsient analysis codes was developed to provide the U.S. Nuclear

Q Regulatory Commission with a fast running and user convient reactor am. lysis tool.
Although it was deve!oped primarily for best-estimate transient simulation of pressurized
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* - ( 3rs, it has been used to simulate a wide spectrum of hydrualic and thermal
m W .: hath nuclear and non nuclear systems involving steam-water noncondensible
J a' ,5.uures. In recent years it has also been applied to inermal hydraulic analpes of
various U.S. Department of Energy pnxtuction reactors. RELAp5 is a one-dimensional
code, meaning that the basic field equations are solved only in the aual direction of a
component. Thus, for example, only asial flow is calculated in a reactor vessel; radial and
azimuthal flows are not considered. This has been a minor limitation of the code because
most hydraulic situations in reactor systems can be modeled adequately with a
one-dimensional code. In those situations where three dimensional flows were anticipated,
the TRAC PF1 code has generally been used. (TRAC PF1 has the capabilie to model
three-dimensional components; however, that option is normally only used in the scattor
sessel mdel.) This pairr describes the RELAP5 hesagoaal model of the Savannah River

f Site (SRS) L. Reactor and comparisons of benchmark calculations with SRS data. Emphasis

j is placed on the multidimensional phennmena.
i

| Shaw, R. A., and D. G. Itall. lW5. Brtnr Analpir Dxuntent for Tot LIM, EGO.S!!MIM78

| M ay.
1

This report documents the pretest analyses cornpleted for Semiscale Test S IS0. This test
simulated a transient initiated by a !WF break in a steam generator bottorn feedwater line
downstream of the check vahc for a Combustion Engineering, Inc. System 80 nuclear

power plant. Predictions of transients resulting frem feedwa:er line breaks in these plants
have indicated that significant primary system overpressurization may occur. The enclosed
analyses include a RELAP5JMOD2/21 code calculation and preliminary results from a
facility hot integrated test that was conducted to near STS-6 specifications. The results of
these anahses indicate that the te3t objectives for Test S-l%6 can be achieved. The
primary system overpressurization will pme no threat to personnel or plant integrity.

Shaw, R. A., S. Z. Rouhani. T. K. Larson, and R. A. Dimenna.1988, Dn clopme nt of a
Phenomena identification and Ranting TaNe (PIRT)for Thennal-flpiraulic Phenomena
during a PWR Lans Break LOCA, EGG 2527, November.

The U.S. Nu" tear Regulatory Commission (NRC) is proposing to amend its regulations to
permit the use ot' best-estimate safety analysis codes to demonstrate that the emergency
core cooling system would protect the reactor core during a postulated loss-of-coolant
accident (LOCA). A key feature of this proposed rule is that the licensee will be required
to quantify the uncertainty of the best-estimate calculations and include that uncertainty
when comparing the calculated results with the Appendix K limits. The NRC has further
proposed a code scaling, applicability, and uncertainty evaluation methodology. One of the
cornerstor'es of that methodology is the identification and ranking of all the processes that
occur durMg a specific scenario. The ranking is done according to importance during the
scenario and is used to limit the uncertainty analysis to a sufficient but cost effective scope.
The work reported in this document identilles the thermal hydraulic phenomena that occur
during a large-break LOCA in a Westinghouse four loop pressurimd water reactor and
ranks the relative importance of each with respect to peak cladding temperature.
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Shinotawa, N., bl. Fujisaki, hl. hiakino, K. Kondou, and ht. Ishiguio,1987 Cornrnion Ldfor
the LliR Transient Analysis Cnic REletP5 fnun the CDC l'enion to the EICOAf l'cnion,
J AERI.ht.St>-186, January, Japan Atomic Energy Rescatch Institute, Tokyo.

'the light water scactor transient analysis code RELAP5 was developed on the Control
Data Corporation (CDC).CYBl!R 176 at the Idaho National Enginecting laboratory. 'lhe
REl.APS code has otten been uixlated to extend the analyzing nuxlcl and tortect the
citors. At the Japan Atomie Energy Research Imtitute, the code was conveited from the
CDC version to the FACOh! version and the converted cale was used. The conversion
consumes a lot of time because the code is large and there is a difference between CDC
and FACOh! machines. To convert the RlilAP5 cale ataomatically, the software tool was
developed. By using this tool, the etliciency for converting the REIAPS cale was
improved. Productivity of the conveision 4 increased about 2 0 to 2.6 times in comparison _

with the manual. The procedure of conversion by using the tools and the option
parameters of each tool 1.re described.

Shumway, R. W.,1989, New Cntical Heat Tha Afethalfor REl.4P5/3f0D3, EGG EAST-8443,
January.

The RELAP5/hiOD2 computer program has been criticized foi using the Diasi correlation ,

to predict the critical heat llux in iod bundles when the correlation is based on tube data.
In addition, the Royal Institute of Technology in Sweden tested htOD2 agaimt their tube
data and found it to generally overpredict the value of the critical heat ilux. This rcport
discusses the uixlates that result in h10D't using the 19W Atomic Energy of Canada,
l.imited. University of Ottawa table hwikup method for critical heat llux. 'lhe table is made
from tube data but has multiplying factors to allow application to rod bundles. In addition,
it condders both forward and reserse flow and the effect of boundary layer changes at both
the bundle inlet and behind grid spacers. 'lhe new nuxlet has been tested again;t both tube
and rmi bundle data. Generally, the results are better with the new imxlel particularly in
the mid. mass flux sange.

Shumway R. W., J. R. Larson, and J. L Jacobson,1988, Applicability of REl.-lPS/Af0D2 to N <

Reactor Safety Analpis Part 1 -- Quick Look Evaluation, EGG-TYht-802b, February.

This reixut is Part 1 of a two part evaluation of the ability of the REIAPS computer code
to calculate N Reactor transients. 'lhe REI AP5/hiOD2 computer code, in malified form,
has been used by EG&G Idaho, Inc. and Westinghouse llanford to model hypothetical N ,

Reactor ;iansients. Because RELAPS/h10D2 was developed primarily to model
commercial pressuriecd water reactors, which have vertical f eel channels, its ability to ."

'

accurately calculate the thermal hydraulic phenomena in N Reactor tree vorizontal fuel
channels has never been assessed. Part 1 of this study ielies on rendi'y ava table mateling
information, and Part 2 involves obtaining horizontal channel data and making new
calculations and data comparisons.

<
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Sjocherg, A., and D. Caraher, lYs6, Anenment of REL4P$lbf0D2 Against 23 Dryout Esperimenn
Coaducted at the RoyalInstitute of Technohg, NUREG/lA3KH, October, Swe-Jish
Nuclear Power Inspectorate.

RELAPS/h10D2 simulations of post dryout heat transfer in a 7 m long,1.5 cm diameter
heated tube are reported. The Iliasi critical heat flux conclation is Shown to be inadequate
for predicting the experimental dryout. RELAPS accurately predicted the measured
temneratures downstream of the dryout once it was forced to predict dryout at the
experimentally measured location.

Slovik, G. C., U. S. Rohatgi, 3. 30,1990, REL4P5!hf0D2.5 Analy>is of the HFBR |High Flut
Beam Reactor]for a Lou of Power and Coolant Accident, ItNL-52243, h1ay.

A set of postulated accidents were evaluated for the liigh Flux 13eam Reactor (llFBR) at
Brooknaven National Laboratory. A loss-of. power accident (LOPA) and a loss-of coolant
accident were analyzed. This work was performed in response to a U.S. Department of
Energy review that wanted to update the understandmg of the thermal hydrualic behavior
of the liFBR during these transients. These calculations were used to determine the
margins to fuel damage at the 60.htW power level. The LOPA assumes all the backup
power systems fail (although this e~n: i highly unlikely). The terctor scrams, the
depressuritation valve opens, and the pumps coast down. The liFUR has downflow
through the core during normal operation. To avoiJ fuel damage, the core normally goes
through an extended period of forced downnow after a scram before natual circulation is
allowed. During a LOPA, the core will go into now reversal once the buoyancy forces are
larger than the friction forces produced during the pump coast down. 'lle flow will
stagnate, reverse direction, and establish a buoyancy driven (natural circulation) How
around the core. Fuel damage would probably occur if the critical heat flux (CilF) limit is
reached during the flow reversal event. The RELAP5/h10D2.5 code, with an option for
heavy water, was used to model the liFBR and perform the LOPA calculation. The code
was used to predict the time when the buoyancy forces overcome the friction forces and
produce upward directed now in the core, ne hionde CilF correlation and experimental
data taken for the liFDR during the design verincation phase in 19M were used to
determine the fuel damage margin.

Smethurst, A. J.,1990, Post Test Analysis of LOBI Test BT-12 using RELAPSihf0D2, AEEW-
R2645, April, Winfrith Technology Cen're, United Kingdom Energy Authority, Winfrith,
United Kingdom.

Stadtke, 11.,1989, *JRC ISPRA Contribution to the Improvement of RELAP5/htOD2," 16th
Water Reactor Safety Information Afecting Gaithersburg, AlD, Afarch 1989 Commission of
the European Communitica, Ispra, Italy.

The assessment of the RELAP5/htOD2 code within the framework of the International
Code Assessment and Applications Program (ICAP) has identilied various modeling
deficiencies and a strong need for a further development of this code. For this reason, a
multinational effort, coordinated by the ICAP Technical Program Group, has been started
for the improvement of 11ELAP5!hiOD2. The Joint Research Centre (JRC) Ispra
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contribution to this activity is based on the experience gained from the improvement of
RELAPS/ MODI. The paper summarizes several malifications and model improvements !

that have been implemented into a JRC ispra version of RELAPS/ MOD 2. His concerns
the :aiculations of state properties for valor and steam, interphase drag cocDicients, ;

occurrence of stratified conditions in horizontal pipes, and critical Dows for saturated
(two-phase) conditions. The results of these malet improvements are demonstrated by the
comparison of calculated values wing the original and modified versions of
RELAPS/ MOD 2 with separate effect and integral test data.

Stadtke, H., and W. Kolar,1988, 'JRC ispra Results from Assessment of RELAPS/ MOD 2 on the
Basts of LODI Test Dasa," 15th IVater Reactor Safety Information Alceting, Gaithersburg,
Ataryland, October, 26,1987. February Commission of the European Communides, ispra, '

t. Italy.

in the framework of the LODI project, various RELAPS code versions have been used
extensively for test design calculations, pretest predictions and postlest analysis. Important
results from assessment calculations and code sensitivity studies performed in 1986/1987 ;

with RELAP5/ MOD 2 are presented in this paper. The assessment cases include small
break loss-of-coolant accident and special transients experiments. From the comparison of <

measured and predicted parameters, conclusions are drawn on the prediction capabilities of
RELAPS/ MOD 2. Specific problems observed with regard to the automatic time-step
control, now regime selection, interphase heat transfer, and break mass now calculations

'
are analyzed. The significance of these deficiencies are described and recomrnendations are

't given for the improvement of the RELAPS code.

Stadtke, II., et al.,1987, " Post-Test Analysis of LOBI MOD * cial Transients Tests Using.

RELAPS,* American Nuclear Society Anticipated and Abnormal Transients in Nuclear Powcr
Plants, Atlanta Georgia, April 1987, Joint Research Centre 1spra Establishment.

The LOBl. MOD 2 integral test facility is a in00 scaled malel of a pressurized water .

reactor operated at the Joint Research Centre of the Europent Communities in Ispra, Italy.
Within the LOBI MOD 2 test program, three experiments simulating special transient
scenarios in a pressurized water reactor have been performed so far: (a) loss of normal

,

onsite and offsite power with failure of automatic scram system (Test A2-90), (b) loss of
main feedwater (Test BT-00), and (c) small steam line break (Test BT-01). For all three
experiments, various pretest and postlest predictions have been performed with the reactor
safety codes RELAPS/ MODI EUR, an improved version of RELAPS/ MODI, and
RELAPS/ MOD 2. In general, the predicted sptem behavior shows a good qualitative and .

. quantitative agreement with the measured data for the short term transient (5 to
, 10 minutes). The relatively large deviations observed for the long term transients (2 to 4 '

L hours) are a resuh of both deficiencies in codes and uncertainties in defining second-order
effects like heat losses, structural heat, bypass flows, and small leakages, in the paper, a

.

- comparison'of measured and predicted key parameters will be given for all three
experiments and existing discrepancies will be analyzed. Specific emphasis will be give to
the codes' capabilities to describe the governing phenomena including (a) single. and
two phase natural circulation in the primary system at high pressure, (b) mismatch between
power generated in the core and the heat removal by the steam generators (c) pressurizer

i
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insurge and fluid temperature stratification, (d) heat transfer conditions in the steam
generators with reduced mass inventory on the secondary side, and (c) modeling of complex
control circuits and valve operation. From the analysis of existing discrepancies between
measured and predicted system behavior, recommendations will be given for a further
improvement of the analytical capabilities of RELAPS for special transient calculations.

Steinke. R., et al.,19M "Nt. clear Plant Analy/er: An Interactive TRAC /RE! AP Power Plant
Simulation Program." haceedings of the International Conference on Powcr Plant Simulation,
SIctico City, Ainico, November ]984.

The Nudear Plant Analyzer (NPA)is a computer-software interface for executing the
TRAC or RELAP5 power plant systems codes. The NPA is designed to use advanced
supercomputers, long distance data communications. and a remote workstation terminal
with interactive computer graphics to analyze power plant thermal hydraulic behavior. The
NPA interface simplifies the running of these codes through automated procedures and
dialog interaction User understanding of simulated plant behasior is enhanced through
graphics displays of calculational results. These results are displayed concurrently with the
calculation. The user has the capability to override the plant's modeled control system with
hardware adjustment commands. This gives the NPA the utility of a simulator and the
accuracy of an advanced, best-estimate, power plant systems code for plant operation and
safety analysis.

Stoop, P. M., J. P. A. VanDenBogaard, A. Woudstra, and 11. Koning,1988, " Application of
RELAPS/ MOD 2 for Determination of Accident Management Procedures * 15th Irater
Reactor Safety Infonnation Alcaing, Gaithenbury, Afaryland. October 26,1987 February,
Netherlands Energy Research Foundation, Petten.

This paper presents the results of a number of severe accident transient analyses, which
have been performed for the two nuclear power plants (NPPs) under operation in the
Netherlands, using the RELAPS/ MOD 2 computer program. The two NPPs include a
natural circulation boiling water reactor (BWR) of the early General Electric design, and a
pressuriced water reactor (PWR) of the Kraftwerk Union design. The transients
considered include station blackout, anticipated transient without scram, primary feed and
bleed (PWR), and intermediate break loss-of-coolant accident (BWR). All transients
considered may potentially end up in a core melt situation. The influence of the operator
action on the course of the transient events has been investigated, especially with respect to
the possibility of depressurizing the plant before core melt actually occurs. The results of
the analyses serve as input for a safety evaluation of both NPPs presently being performed
as part of the post-Chernobyl activities in the Netherlands.

Streit, J. E., and W. E. Owca,1985, Pretest Analysis Document for Test S N/I 2, EGG RTII-7101,
November.

,

| This report documents the pretest calculations completed with the RELAP5/ MOD 2/36.01

| code for Semiscale MOD-2C Test S-Nil-2. The test simulated the transient that results
! from the shear in a small diameter penetration of a cold leg, equivalent to 2.lCc of the cold
! leg Dow area. The high pressure injection system was assumed to be inoperative
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throughout the transient. The recovery procedure consisted of latching open both steam
generator atmospheric dump valves, supplying luth steam generators with auxiliary
feedwater, and injecting water by normal accumulator operation. the ausiliary leedwater
system was assumed to tw partially inoperatise so the ausiliary feedwater flow was
degraded. Recovery was initiated upon a peak cladding temperature of 811 K (1(OT).
The test was terminated when primary pressure had been reduced to the low pressure
injection system setpoint of 1.38 h1Pa (2(O psia). The calculated results indicate that the
test objectives can be achieved and the proposed test stenario poses no threat to personnel
or plant integrity.

Stubbe, E. J.,1986, International Agreement Rctw Assessment Study of
REL41'5/ MOD 2 Cyrle-36.01 Based on the DOEL 2 Steam Gcncratur Tube Rupture Imident
of June 1979, NUREO/IMKOS, Octcher, TRACTIONEL Brussels, Belgium,

His report presents a code assessment study based on a real plant transient that occuired
at the DOEl.-2 power plant in Belpum on June 25,1979. DOEL-2 is a two kiop
Westinghouse pressmized water reactor plant of 392 hiWe. A steam generator tube
rupture occurred at the end of a heat up phase, which initiated a plant transient that
required substantial operator invohement and presented many plant phenomena of interest
for code assessmem. While real plant transients are of special importance for code
validation because of the climination of code scaling uncertainties, they introduce some
uncertainties related to the specifications of the exact initial and boundary conditions.
These conditions must be reconstructed f rom available on-line plant recordings and online
computer diagnostics. Best estimate data have been reconstructed for an assessrnent study
with RELAP5/h10D2/36.0L Because of inherent uncertainties in the plant data, the
usessment work is focussed on phenomena where the comparison between plant data and

'

computer data is based more on trends than on absolute values. Such an approach is able
to uncover basie code weaknesses and strengths that can contribute to a better
understanding of the code potential. This work was performed by TRAcilONEL, the -

Architect-Engineer for all DOFL plants, in cooperation with the utility EBES, which owns
and runs these plants.

Stubbe, E. J., and L Vanhoenacket,1985/ Application of RELAP5 to Analysis of the DOEL
Steam Generator Tube Rupture and Studies of the im of Feedwater Line Break
Tsansients," 13th it'ater Reactor Safety Research Information Meeting. li'ashington, D, C,
October 1985 TRACTIONEL, Brussch Belgium.

The RELAP5 code has been used extensively since 1981 as the nmin thermal hydraulic
system code at TRACTIONEL The principle analyses concerned the DOEL 1 and 2
power plants (392 htWe,2 hiop prssurized water reactors), which are not strictly covered by
the existing vendor studies. The purposes of the study were to: (a) improve the
understanding of various phenomena occurring duiing postulated plant transients,
(b) update the various emergency procedures and improve operator interventions,
(c) re-anal >/c some accident analy*es in the framework of the 10-year revision of those
plants, and (d) define and analyic tne pressurized thermal shock limiting transients This
paper concludes with some slecific remarks about the need to freeze the mde in its actual
state.
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i Ting. Y., R. Ilanson, and it. Jenks,1987, International Cale Aucument and /fpplicatioru Pragam,
,

i
I <timuallhpon, NURl!G 1270. Volume 1, h1 arch,

| This is the first annual report of the International Code Assessment and Applications
Program (ICAP). ICAP was organized by the Offke of Nuclear Regulatoiy Research, U.S.

;

Nuclear Regulatory Commission (NRC) in 1485. ICAP is an international cooperative
reactor safety research progra n planned to continue mer a period of appros.imately five
years. To date, elesen European and Asian countries' organizations have joined the
program through bilateral agreements with NRC. Seven proposed agreements are currently

; under negotiation The primary mission of ICAP is to provide independent assessment of ;

1 the three inajor advanced computer codes (RELAP5. TRAC.PWR, and TRAC-IlWR) ;

developed by NRC. lloweser, piogram activities can be expected to enhance the'

assessment pro ess throughout mernber countries. The entes were deseloped to calculate
j the reactor plant response to transients anJ loss-of. coolant accidents. Accurate prediction ;

i of normal and abnormal plant resiense using the codes enhances procedures and
regulations used for the safe operanon of the plant and also provides a technical basis for
assessing the safety margin of future reactor plant designs. ICAP is providing required !

assessn.ent data that will contribute to quantification of the code uncertainty for each coJe.
The first annual report is devoted to coverage of program activities and accomplishments
between Apnl 19S5 and March 1987.

Tuomisto, i1.,1987, Therinal.lloiraulics of flie l>>viisa lle actor l>enur< l *< ssel Overcooling
7'ransients, June, Imatran Voima Oy, llelsinki, Finland.

Oin the 1 oviisa reactor pressure vessel safety analy*.es, the thermal hydraulies of various
| overcooling transients have been evaluated to gise pertinent initial data for

fracture mechanics calculations. The thermal hydraulic simulations of the developed
'

oscrcooling scenarios have been performed using best-estimate thermal hydraulic computer
codes. I'.xperimental programs have been carried out to study phenomena related to
natural circulation interruptions in the reactor coolant system. These experiments include
buoyancy induced phenomena such as thermal mixing and stratification of cold
high. pressure safety injection water in the cold legs and the downcomer, and osci'lations of
the single-phase natural circulation. In the probabilistic pressurited thermal shock study,
the Loviisa training simulator and the advanced system code RELAP5/ MOD 2 were used to
simulate selected sequences. Flow stagnation cases were separately calculated with the
REMIX computer program. The mt thods employed were assessed for these calculations
against the plant data and Imatran Voima Oy's experiments.

,

Tuomisto,11., it Mohsen, and 11. Kantee,19% " Thermal llydraulic Analyses of Selected
Overcooling Transients in the Probabilistic PTS Study of the Loviisa Reactor Pressure
Vessel." European Nuricar Confereme '86 Trarnactiaro, Geneva, Swit:criand, June 19%
Technical Research Centre of Finland.

An integral probabilistic study of pressurized thermal shock to a reactor vessel has been
performed at the 12wiisa Nuclear Powu Station in Finland. Scenarios for all overcooling

,

events have been developed using an event tree formalism. The Loviisa training simulater,

| which contains a two-phase primary circuit SMAllRii randel, has been used to predict the
.

!
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|

thermal hydraulic response of the plant to selected overnx> ling sequences. The training
simulator has been validated for overcooling transient analyses by ecmparing predictions
with actual plant tran lents and by benchmark calculations with RELAP5/hiOD2. Special ;

attention has been given to prediction of flow stagnation cases. i

Venhuirca, J. R., and E. T. Laats,19M, " Development of a Full Scope Reactor Engineering
Simulator," Suntmer Computer Simulation Conference, Seattle, Wsuhington, July 25,1983.

He Idaho National Engineering Laboratory (INEL) is pursuing the development of an
engineering simulator for use by several agencies of the U.S. Government. His simulator,
which is part of the INEL Engineering Simulation Center, will provide the highest Adelity ,

simulation with initial objectives for uudying augmented nuclear teactor operator training,
and later objectives for advanced concepts testing applicable to control room accident

- diagnosis and management. The simulator is being built for the Advanced Test Reactor
(ATR) h>cated at the INEL The ATR is a 250 htW light water nuclear reactor designed i

to study the effects of intense radiation on samples of reactor materials. A modernization |
of the reactor control niom (RCR) is underway to enhance reliable and efficient operation
of the reactor for the next 20 years. A new simulator facility has been constructed for the
RCR to support operator training requirements. %c simulator, completed in April 192,
will undergo a major upgrade by replacing the simplified core physics and fluid dynamics !

models with the widely used RELAPS simulation code. When completed, the RELAPS !

code will operate on a CRAY X hip /24 computer and communicate with the ATR
I

simulato; which is some 50 miles away. The high fidelity engineering simulator will then be
used to train operators to recognize and respond to severe accident scenarios, a feaNrc
never before possible with previous simulators. The unique combination of the new
simulator, communications, and computing hardware demonstrates a major product of the ,

- INEL Engineering Simulation Center.

Vuorio, P.,11. Tuomisto, and J hiiettinen,1988, Assessment of the RELAP5 and Sh1ABRE
Phase Separation hiodels Against Full. Scale loop seal Experiments,"ThiniInternational
' Topical Meeting on Nuclear Power Plant Thermal Hylraulics and Operations, Seoul, Korea,
November 19SS, Technical Research Centre of Fmland. j

L

Full-scale experiments of the two. phase flow behavior in the cold leg k>op seal of a !

. pressurii.ed water reactor have been performed in Imatran Voima Oy, Finland. The results
of these experiments have been ned to assess the two. phase calculation capability of the
thermal hydraulic system codes RELAP5/h10DI, RELAP5/h10D2, and the fast running
code SMAURE. The results indicate that flow regime maps of both RELAPS versions are
not sufficiently accurate to make satisfactory code predictions. On the basis of the
experimental results, an improved phase separation model is proposed for the loop seal
geometry using the formulation for a two-fluid model and the drift. aux model. De -

drift-flux model of the ShtABRE code makes modifications casier. As a result, a better

correspondence with the experimental results can be obtained. The improved model was
- demonstrated with the SMABRE code.
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Wang, J. L, J. F. Kunze, and C. J. hicKibben,1987, 'LOCA Ac.aly is of a Propme Power
inetcase for h1URR Using RELAP5:h10D2,' Transactions of the American Nuclear Socierv,
Nm ember, pp. 698-699.

The University of hiissouri Research Reactor (hiURR) has been licensed to operate at
10.htW power since 1974. A preliminary study to increase its present power to a much
higher level (=30 htW) shows that this is readily achievable for steady state operating
conditions. He methods used to approach the goal of power upgrade operation include
the flattening of the radial power distribution by varying the fuel loading of the plates, and
the changing of operating conditions to provide a somewhat higher flow rate and greater
heat exchanger capability. %ese changes are easily accomplished without major
alternations to that portion of the primary system within the pool section of the hop.
llowever, one of the principal considerations in the power upgrade study for licensing is the
loss-of-coolant accident, which is aJdressed in this analysis.

Wang. S., C. Wu, and J. Wang,1987, * Assessment of the RETRAN02/hiOD3 and
RELAP5!h10D2 Pressuriter klodel," Transactions of the American Nuclear Society,
November, pp. 704 705.

The pressurizer in pressurized water reactor (PWR) power plants plays an important role in
determining the pressure history of the primary coolant system. Thus, accurate modeling of
the pressurizer is needed to simulate . werall PWR power plant behavior during transients.
The purpose of this paper is to present an assessment of the pressurizer model in the
RETRAN02/htOD3 and RELAP5/hiOD2 codes by using data from nuclear power plants.
The data are from two tests at the h1aanshan power plant, one test at the Shippingport
nuclear power plant, and the Three hiile Island accident. The results are shown to be in
good agreement with the test data.

Waterman, M. E., C. M. Kullberg, and P. D. Wheatley,1986, l'enting of Noncondensible Gas
From the Upper Head of a B &W Reactor l'ene! Using Hot Leg U-bend l'ent l'a!,rs,
NUREG/CR-44Sh, EGG 2436, hiarch.

This report describes RELAP5/hiOD2 thermal hydraulic analyses of noncondensible gas
rernoval from Babcock & Wilcox reactor systems before and during natural circulation
conditions following a severe core damagc accident. Ilot leg U-bend vent valves were
modeled as the principal noncondensible venting pathway. The analyses will assist the U. S.
Nuclear Regulatory Commission (NRC)in determining whether three B&W plants should
receive permanent exemptions from a reactor vessel upper head vent requirement,

Weaver, W. L,1989, " Plans and Status of RELAP5/h10D3 " RElJP Users Seminar, College
Station. Teras, January 30-Febmary 3,1989 EGG M-8%I5.

RELAPS/ MOD 3 is a pressurized water reactor (PWR) system analysis code being
developed jointly by the U.S. Nuclear Regulatory Commission and a consortium consisting
of several of the countries that are members of the International Cale Assessment and
Applications Program. This cale develonment program is called the ICAP Code
Improvement Program. The mission of the RELAP5/h10D3 code improvement program is
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!

to develop a code version suitable for the analysis of all transienti and postulated accidents |
in PWR systems including both large and small break loss-of-coolant accidents (LOCAs) as
well as the full range of operational transients. The emphasis of the RELAPS/hiOD3

!

developmcnt will be on large break LOCAs since previous verrions of RELAPS were
developed and assessed for small break LOCAs and operation transient test data. ne

,

paper discusses the various code models to be improved and presents the results of work ,

completed to date.

Weaver, W. L,1989, "RELAPS/ MOD 3 Development Plan and Status," 16th li'ater Reactor Safety
information Meeting, Gaithersburg, Maryland, October 1988.

RELAPS/ MOD 3 is a pressurized water reactor (PWR) system analysis code being
developed jointly by the U.S. Nuclear Regulatory Commission and a consortium consisting
of sescral of the countries that are members of the International Code Assessment'

Program. The objective of the RELAP5/ MOD 3 code development program is to develop a
code suitable for the analysis of all transients and postulated accidents in PWR systems
including both large and small break loss-of-coolant accidents as well as the full range of
operational transients.

i Weaver, W. L, et al 1989, "The RELAPS/hiOD3 Code for PWR Safety Analysis," Fourth
Internal Topical Meeting on Nuclear Reactor Thermal Hydraulics, Kathnthe, li'est Germany,
Octolwr 1013,1989.

.-

RELAPS/ MOD 3 is a pressurized water reactor (PWR) system analysis code being
developed jointly by the U.S. Nuclear Regulatory Commission and a consortium consisting
of several countries that are members of the International Code Assessment and
Applications Program (ICAP). - This code development program is called the ICAP Code
Improvement Program. The mission of the RELAP5/hiOD3 code improvement program is
to develop a code version suitable for the analpis of all transients and postulated accidents
in PWR systems including both large and small break loss-of-coolant accidents (LOCAs) as
well as the full range of operational transients, ne emphasis of the RELAP5/ MOD 3
development will be on large break LOCA since previous versions of RELAPS were
developed and assessed for small break LOCAs and operational transient test data. ne
paper discusses the various code models to be improved and presents the results of work
completed to date.

.

Wheatley, P. D.,'et al.,1986, RELAPS! MOD 2 Code Assessment at the Idaho National Engineering .
' Laboratory, NUREG/CR-4454, EGO 2428. March.

Independent assessment of the RELAP5 code was continued with the assessment of-
- RELAP5/ MOD 2 during 1985. RELAPS was assessed using a range of integral and
separate-effects data. Semiscale tests S UT-8, S-UT-6, and S-PL-4 simulating small break
transients were used for assessment. GERDA 1605AA and Model Boiler 2 were also used.
The crossflow junction capability in RELAPS was assessed using the Electric Power
Research Institute's single phase liquid subchannel blockage test data. International
Standard Problem 18 was also reviewed as part of the assessment of RELAP5/ MOD 2.
Results of the independent assessments are documented n this report.
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Winkler, F.,1986, 'FRG A."mmnt of TRAC-PFl/hiODI and REl AP5/h10D2," 13th Irater
Reactor Safety Infonnation Weting. IVashington, D.C., October 1985, NUREG|CP4U12,
Volume 5, February, Kraftwerk Unica AG, Federal Republic of Germany.

The U.S. Nuclear Regulatory Commis6on and Bundes hiinisterium Fur Forschung und
Technologic (Bh11T) of the Federal Republic of Germany (FRG) have established a
bilateral agreement in which Kraftwerk Union (KWU) and Gesellschaft fur
Reaktorsicherheit (GRS) will perform 50 code assessment calculations in return for receipt
of the four advanced computer codes TRAC PF1, TRAC-DD, TRAC-BF1, and
RELAP5/h10D2. This presentation describes the structure of the pro;used code
assessment studies and the experimental facilities and experiments to be used for these
studies. The proposed studies currently include analysis of experiments in FRG
cxperimental facilities and analysis for commissioning transients in modern KWU IMO-h1W
pressurited water reactor and boiling water reactor nuclear power plants. 'Ihe currently
proposed studies in experimental facilitics use data from the Upper Plenum Test Facility,
PKL, and the Karlstein Cahbration test facility. Separate cifcets test data will primarily be
used to assess individual models within the codes while integral test data will be used to

assess the entire code. These assessment activities will be the FRG contribution to the
International Code Assessment Program.

Winkler, F. J., and K. Wolfert,1988. " Experience with Use of RELAP5/htOD2 and
TRAC PFl/htODI in the Federal Republic of Germany," 15th IVarcr Reactor Safety
information Meeting, Gaithersburg, Maryland, October 26,1987, February, Siemens, KWU,
Erlangen, Federal Republic of Germany.

The purpose of the Federal Republic of Germany's (FRG's) participation in the Internation
Code Assessment and Applications Program (ICAP), with Siemens Kraftwerk Union
(KWU) and Gesellschaft for Reaktorsicherheit (GRS) as executing agents of the Bundes
hiinisterium fdr Forschung and Technologie (BhilT), is primarily to establish
internationally assessed and approved computer codes for accident analpis of light water
reactors. In Siemens KWU RELAP5/hiOD2 is used as the main thermal hydraulic code for
loss-of-coolant accident (LOCA) analysis over the entire transient range. Therefore, more
emphasis is placed on the updated FRG-lCAP matrix on assessing RELAP5/h10D2 for
large break LOCA anal sis, h KWU and GRS, TRAC-PFl is used mainly for
multidimensional pressurized water reactor-benchmark studies and research,in particular
for Upper Plenum Test Facility pretest and postlest analysis. The updated FRG lCAP
matrix includes 42 specific assessment studies, with 8 yet to be defined. In the paper, the
types of analysis performed in FRG at KWU and GRS using RELAP5/h10D2 and
TRAC-PFI are explained, Examples of results from RELAPS and TRAC-PF1 calculations
are also presented and significant findings discussed.

Yuann. R. Y., K. S. Liang, and J. L. Jacobson,1987, REL4PS/ MOD 2 Aucssment Using Semiscale
Erperiments S. Nil 1 and S-Lil-2, NUREGICR-5010. EGG-2520. October.

This report presents the results of the RELAP5/h10D2 postlest assessment using two small
break loss-of-coolant accident (LOCA) tests (S-NW1 and S-Lil-2), which were performed
in the Semiscale h10D-2C facility. Test S Nil 1 was a 0.5% small break LOCA where the
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high pressure injection system (llPIS) was inoperable throughout the transient. Test,

|
S.Lil 2 was a $"c small break LOCA involving a relatively high upper.to4towncomer initial

bypass flow and nomiraal emergency core cooling. % rough comparisons between data and
best-estimate Rl! LAP 5 calculations, the capabilities of REIAP$ to calculate the transient

j
phenomena are assessed. l'or S. Nil.1, emphasis was placed on the capability of the code

;

|
to calculate various operator actions to initiate core heatup in the absence of the llPIS.

j For S.Lil 2, the capability of the code to calculate basic small break system response -(e.g.,
vessel level during k>op seal formation and clearing, break uncovery, and primary pressurei

response following accumulator injection) was assened.
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APPENDIX B
v EXAMPLE PRESSURIZED WATER REACTOR RELAP5

INPU T LISTING

This appendis documents the Rl!!APS input listing for an example pressurized water
reactor. 'the exampic scactor is of Westinghouse design with three coolant hiops. This
microfiche input listing complements the discussions in Section 5 that provide general guidance
for the modeling of plants. Nodalitation diagrams for the modellisted here appear in Section S.
Table B 1 provides an index of the input listing. Page numbers shown in the table refer to the
accompanying microfiche.

Table B 1, index of REl.APS input listing for the example pressutired water reactor.
.

Input Type Pur_

Problem control I

hiinor edit i
Variable trips 2

b)gical trips 8

liydrodynamic components

Rerator vessel (comimnents IXX) 10

Loop A (components 2XX) 20

Loop B (components 3N 320 and 3S4 382) 34

Pressurizer (components 335 347) 40

Ump C (components 4XX) 50

bop A feedwater and steam systems (components 5XX) 60

Loop B feedwater and steam systems (components 6XX) 67

Loop C feedwater and steam systems (components 7XX) 71

Common feedwater and steam systems (components 8XX) 76

Emergency core cooling systems (components 9XX) 95

lica structures 102

hlaterial property tables 155

Otneral tables 159

Control systems 161
,

e

|

B-3

|
.. ..- - . - . - - . . . . . . . . - .- . - - _ . - - . _ . _ _ . - . _ . . - . _ .



_ _ _ _ . , .._ . . . . _ _ _ _ _ _ . _ - _ . _ . - - - _ _ _ _ _ _.._

,

1
-

.l
,

?

.

.

,
,

I

|
.

!

.

1
L

,i

,
.

.

.

|

|

i

.

4

APPENDIX C i

,
,

INDEX

.

1

5

i.

I
I

>
!
,

|
|

r i

!

C.)

,

,*-e,-ww, --v~,rw-yw = ...-m.,, . . - .v,.,7,w.,www.,-o..w.- , ,-. w-,-% , _.,y,cwe-e-.-ew,,we,om_,w.,rc.rw.,--ww,'-we,,ww!---w.rw..e,v-,.m-v.ra-ws.w.,rw.. we



_ _ _ _ _ .

|

|

(O
APPENDIX Co

INDEX

Acoustic wave job wntrol ..37......., . .......

Courant limit . . . . . . . . . . . . . . . . . . 2 4 junction rountercurrent now limiting
propagation . . 22,25 data 3 38... ......... . .. .... . . .. ..

Analysis minor edit request ........49..

steam hanuner . . . . . . . . . . . 22,24,25 pump velocity control . . . . . . . . . . 4 32
structural . . . 22,2-4 replacement ... 34,311. ...... ... ... . ..

water hartmer . . 22.2-4,25 source data . . . . . . . . . . . . . . . 439,440....

AND......... .. ........ 4 11 source distribution . . . . . . . . . . . . . 4-39
_

Angles terminator . . . . . . . 4 1. 4 4,.....

a zi m u t h . . . . . . . . . . . . . . . . . 415,537 time htcp control . . . . . . . . L4, 3 8, 3 9, >

inclination . . . . . . . 4 15, 4-16, 5 37, 5 38 311,44,4-7

injection . . . . . . . . . . . . . . . . . . . . 4 24 title . . . . . . .................41
Anticipated transient without scram . . 2 2, trip termination . . . . . . . . . . . . . . 4 14

4 15 units selection control . . . . . . . . . . 3-41
Hias reactivity . . . . . . . . . . . . . . 4-43,4 44 volume initial condition . . . . . . . , . 3 33
lilock number . . . . . . . . . . . . . . . . 3 15, 4-3 Central processing unit time control . . . 4 4
Boiling water reactors . . . . , 2-1,323,324, Choking . . . . . . . 314,322,330.335,420

4 23 Code capability . . 2-1,22,2-13,221,226,
) Baron gas capability . . . . . . . , . . . . . . 3 24 31,36,328,339 - c

V !!aundary conditions .. 25,29,217,218, Cold leg . . 2 27, 2-29, 3 23, 3 24,3 29,3-43,
2-20,2 21,2 23,2 26, 3 10,3 11, 4-6,51,53,5-5 524,525,530,

1

3 18, 3 20, 3 23, 3 25, 3 27 to 3 30, 5-33 to 5 35,5 AO,5 43 to 5-47
3 35, 3 39, 3-41, 3 42, 4 16, to 4 18, Coniponents

4 20, 4 35, 4 38, 4 39, 5 13,5 37, 5-40, ACCU M . . . . . . . . . . . . . . . . . . . . 3 21
5 42 to 5-47 accumulator ... 221,223,226,

"

...

Hreak modeling . . . . . . . . . . . . . . 330,331 3 20 to 3 23,3-33,3 34. 4 8,
Calculational units . . . . . . . . . . . 3 2. 4 3 434,55
Cards annulus . . . . . . . . 2 21, 2-22, 4 21, 5 1

boundary condhion . . . . . . . . . 4-38,4 39 branch... 2-13,221,222,226,3-4,35,
comme n t . . . , . . . . . . . . . . . . . . 34,41 338,4-8,415,421,422,51,
control . 310,311,315,333,41.42, 5 7, 5-45

44 b reak . . . . . . . . . . . . . . . . . . . . . . 3-30
countercurrent now limiting , . . . . 4 20 c heck valve . . . . . . . . . . . . . . 424,425
d at a . . . . . . . . . . . . . . . . . . . . 4 1, 4 21 cor, trol system . . . . . . . . . . . . . . . . 5 30
data table . . . . . . . . . . . . . . . . . . . 4 39 control variable . . . . . . . . . . . 2 26, 5-40
external job . . . . . . . . . , . . . . . 3 11, 4 4 control variable generato: .. 4 23.....

fluid system control . . . . . . . . . . . 30.3 control variable shaft '. . . . . . . . . . . 4 23
fuel rod general heat structure . . . 3 34 ECCM I X . . . . . . . . . . . . . . . . . . . 3 21
heat structure . . . . . . . 4 35, 4 44. S.8 - emergency tore cooling mixer . . . 2-21,
input . . . .. 324,42,411,422.4-24, 3-21,3 22,4-8. 4 22 to 4 24

[s'

4 45 horizontal . . . . . . . . . . . . . . . . . . 3-34'

in pu t dec k . . . . . . . . . . . . . . . . . . . . 34 hot leg . . . . . . . . . . . . . . . . . 5-47
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Components (conthmed) vertical 3-34, 4 21.. . . . .

hydrodynamic 3 4, 4-15 wall drag . . 3 14. .. . .. ... .

independent reactivity . . 3 33 Condensers 21.29,5-10,513,5-16,.. . . ...

,tiettial valve 424,425 5 45, 5-46
'

.... .. .

interphase vapor generation Control systems . . 4-26. ... . . .

rate .... 3-14 Control variables . . 2 21, 2-24 to 2 28,. .. .. ... .. ..

jet mixer . . . 3 20 to 3 23,3 34, 3-4, 3-6, 3 15, 3 17, 3-23 to 3 25,....

4-8,422,423 3 33, 3 39 to 3 45, 4 2, 4 3,
JETMIXER . . . 3 21 4-6. 4 9. 4 10, 4-12, 4-18, 4-19,...,.. . ..

junction friction preasure drop . . . 3 14 4 23, 4-26, 4 31. 4 33, 4 39, 4-40,

loop . . . . . 3 35 4-43 to 4-47, 4 50, 4 51, 5 8,513,.. ... . ... .. .

lumped parameter . . . . . .4-34,55 5 16. 5-18, 5-27, 5-30, 5 40.

motor valve . 322.425,512 Control 5 18. ... .. . .. .. .

multiple. junction . .221,223,48,4-33 Courant limit 22,24,2-9,227,38,39,

pipe . 2 13, 2 21, 2 22, 3 23, 3-34.3 38. 3-13, 3-14, 3-17. 3-30, 4 7
48,414,421,4-34,51,5-3, Critical heat flux ..... 3-15.. . .

5-10, 5 24 Data dump . . 3 10... ....... . ..,

pipe / annulus . . . . . . . , . . . . . . 4-8, 4 21 Debugging . 31,3-6,37,4-3. . . ..

pressurized water reactor . . . . . . . . 5 35 Deslyn review committec . . . . . 2-5, 2-13

pressuriier . 31 Discharge coefficient . . 3-30, 3-32................ ....

pump , . . . . 2-20. 2-21, 2-23, 2-26, 2-29, Documentation . ... 2 9, 2-17, 5-38, 5-40
3 20, 3-21, 3 23, 3-34, 4 8, 4-11, 4 26, model .31. . . .... ... ..

427,432,5-5,5-8.512 Edits
reactivity 4 43, 4-44,4-46 major . . . 3 7 to 3 15, 4 1, 4-3, 4-4,. . .... .

reactos vessel . . . . . 3 1, 5 1 47,4-8.

relief valve 4 24, 4-26 minor . . 2-20, 3-4, 3 9 to 3 11, 3-16,.. . ,,..

separator . . . 3 20 to 3-22,4 8,4-22 3-39, 4-4. 4-5, 4-7 to 4-9..,

SEPARATR..... . . . 3 21 nonstandard . . . ..............39... .

servo valve , 3-22, 4 26, 5 16, 5 27 restart . . . 3-8 to 3-11, 315, 4 3,.. . .

single pipe . . . . . 3 35 4-4, 4-7, 4-8..... .. ....

single junction . . . . 221,222.33S.48 Elevation
019,4 21,4 22,4 24,4 27,4 33 change 2-17,4 15, 4 16, 5-37, 5 38,, .

single-volume . . . 221,222,335,44, closure .. 2-17, 3 8. .. . .

J 15, 4 17, 4 21, 4 22, 4 27, 5 45 Emergency core cooling . 28,417,420,

time-dependent junction . . . . 2-21, 2 26, 421,423,424,55,520,533,5-35

229,321,328,3-29,48,420, mixer . . . . . . . 2 21, 3 21, 3 22, 4-8,..

5 12, 5-40 4 22 to 4 24
time dependent volume . . . . . 2 71, 2-23, Environmental losses . 2-28, 3 29, 5-36. .

2 26, 3 20, 3 28, 3-29, 4 16, 4 20, Equipment
5 13, f 40, 5-42 balance-of plant 2-1,29,226.. ..

TM DPVOL . . . . . . . . . . . . 3 21 controllers 2 1,2 7.. . .. ....

trip valve . . 332,413,418,425,426 fluid handling . . . . . , 2 21.. . . .

turbine 3-20 io 3-22, 4 8.4 22, 4 23, Er'or
5 10 checking . . 217,3-6,37... . .. .

valve 2 21, 2 23, 2-26, 2 28, 2 29 3-22, mass . .218,38,313,3-14. . .

3 23, 3-29, 3 34, 3-38, 4-M. 4-24, menages 2-17, 2-18, 3-6, 3 7, 3 10.

5 13 transcription . . . . . . . . . . 2 17...
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user. input . . . . . . . . . . . . 218,32,324 Frequencies |
Exclusive or operator . . . . . . . . . . . . . 4 11 edit . . . . 3 8 to 310. 316, 3 39, 4 4, 4-8 i

Expanded edit / plot variable requests . 4 8. plot . . . . . . . . . . . . . . . . 3 8, 3 10, 3 16
49 restart . . . . . . . ...............39 ,

'Feedback . . . 21,22,217.333,440,4-43. Friction torque .........427. .....

444,53 Fuel rods . . 2 21. 2 28. 3-6. 3 15, 3-18. 3 20
Feedwater . . . . . . . . . . . . . . . . . . . . . 5-10 3 34,4 34,4 35,4-39,4 43,5 24,

.

Flap 5-35,5 36
a.... .....................322 Fundamental building blocks . . . . 2 20, 2-21
b . . . . . . . . . . . . . . . . . . . . . . . . . . 3 -2 1 Gas gap region . . . . . . . . . . . . . . . . . 3 20
e . . . . . . . . . . . . . . . . . . . . . . . . . . 3 -2 2 General tab!cs . . . . . . 3 29,4-39,440,530

'

choking . . . . . . . . . . . . . . . . . . . . . 4 20 llead . . . . . . . 4 21, 4 26 to 4 29, 4 31, 5-1,
co n t r o' . . . . . . . . . . . . . . . . . . .. 3 13 53,55,5-7,58,525,5-27,5-45
control variable initialization . . . . . 3 25 l{ cat source . . . . 26,213,221,315,320,
e...................... . . . 3 21 3 25, 3 29.4 35, 4-38, 4 40, 5 10,5 35,

;

. f . . . . . . . . . . . . . . . . . . . . . . 3 21, 3 22 536,539,543 '

form a t . . . . . . . . . . . . . . . . . . . 4 36. 5-37 IIcat structure . . 2 6, 2-7, 2-21, 2 26 to 2 29,
h . . . . . . . . . . . . . . . . . . . . . . . . . . 3 22 3-2, 3-4, 3 6, 3 10, 3 13, 3-15 to 3 20, t

heat structure initialization . . . . . . 3 24 323,324,329,334,42,49,
initial condition . . . . . . . . . . . . . . . 4 38 4-27,4 34 to 4 36,4 38 to 4 40,
initial temperature . . . . . . . . . . . . . 4-38 443,4-44,5-3,5-5,57,5-8,
initial value . . . . - . . . . . . , . . . . 3 24 5-10,5 27, 5 29,5 30,'

,

j unction . . , . . . . . . . . . . . . . . . 335,419 5-35 to 5 37,5 39,5-44,5-48
junction centrol . . . . . . . 314,321,330, geometry number . . 3-4,315,434,435

419,537 initialization flag . . . . . . . . . . . . . . 3 24
,

mesh format . . . . . . . . . . , . . . . 4 36 mesh size . . . . . . . . . . . . . . . 3- 16, 3 18
mesh location . . . , . . . . - .. 436.537 passive ........ 318,320.535,536
nonzero renood condition . . . . . . . , 3 34 Ileat transfer coefGeient . 314,315,318,
p..........................3-20 3-29, 4-6, 4-35,'4-39, 5 7, 5-36
re 0ood . . . . . . . . . . . . . . . . . . . . 5 -37 - Ileater drain . . . . . . . . . . . 3 12, 5-45, 5-46
s..........................322 Ilomologous curves . . . . . . . . 4 26 to 4-29,
steady. state initialization . . . . 324,435

_.

4 31, 4-32
*

5 37 - development . . . . . . , . . . . . . . . . . 4 28
v . . . . . . . . . .. . . . . . . . . . . 3-20 to 3-22 1 tot leg 227,2-29,31,324,330,335,336,
volume control . . . 3 20, 4-16, 5 37,5-38 - 338,3-43,46,4-12,51,53,

_ ,

Flow 5 5,5-25,5 29,5 33, 5-40,5-42 to 5 47
horizont al . . . . . . . . . . . . . . . . . . . . . 2 1 Ilydraulic diameter 2-6,213,338,339.4-6, ,

paths , . 2 27, 3-30, 3 35, 3 38, 4 15, 4-16, 416,4 20,5-8,5 37 to 5-39,5 42
5 25, 5 27, 5 33, 5-43- Ilydrodynamic i

regime . . : 2-1, 2-20, 3 14, 3-18, 3-22, 4 16, cell size . . . . . . . . . . . . . . . . . . . . . 3 17
421,4-24,51 components . . . . . . . . . . . . . . . . 2 6, 3-4 ,

ver tical . . . . . . . .. . _ . . . . . . . . . . . . . 2 1 press ure . . . . . . . . . . . . . . . . . . . . . 2 2
Flow meter . . . . . . . . - . . . . . . . . . . . 3 18 s t ruc t ure . . . . . . . . . . . . . . . . . . . . . 2-7

-

.
.

: Fluid state control wrd . . . . . . . . 323,417 system definition . . . . . . . . . . . . . . . 4-5 |
''Format considerations . . . . . . . 31,3-4,41 volume . . 34,313,315,320,323,4-6,

k Free surface . . . . , . . . . . . . . . . . . . . 2-27 4 16, 4 19, 4 26, 4-27, 4-34, 4-43,
5-37 |

r
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independent checking 2-9,217,31,32, cavitation 4 31. ... . ..... ,

3-6.332.548 choking 314,322,335,420..

Initial conditions .2-5.217,2-20.38 combined system 5-46. . ..... .. . .

3-11, 3 20, 3-23 to 3-25, 3-30. 3 33, component 11,2-1. . . .

4-2,4-4.45,4-7,416,419.4-35, comprehensive closed loop . . . . . 3-41
4-38,4-44. 5 37 to 5 39,5-46 to 548 constitutive . . 21.. . .. . .

INP CilK . . . . . 37,42.43 control system . . 3-6, 5-47. . .... . .

input control variable . 3-43. . ..

deck arrangement 31,3-4.4-1 coolant loop . 5 46. ... .... .. .

preparing 31 countercurrent flow limiting 3-14,. . ..

processing 3-6 to 3-8, 3d 1, 4-2. 4-3, 3 22.345,3-38,.;.39,420..

4-44 critical flow . 3-32.. .. ... ..

Interactive variables . 4-14 crossflow . . . 322,335,338. .. .. . .

Interface velocity . 3-24 crossflow junction .. 3 34.. . . ..

Interphase crossflow linked . . . . . . 3-23, 3 34
drag 2-1,2 20, 3 14, 3-38,4 19 Davis 13 esse 5 30. . . .. . .. .

4 20,5-18 feedwater . 5-45, 5-46
friction model . 3-21. 4 16 fuel cladding deformation 4-36.

heat transfer 314,424.434 pp conductance . 4 36. . . .

mass transfer . 2-1, 3 13 heat structure 3-20. ... . .

Jet-mixer 2-21, 2-22, 4 8. 4-22, 4 23 homogeneous equilibrium 3 32
Job control 3-4,37 hot leg . 5 44. .

Job termination 3-6,37,311,4-4,4,.7 hot leg pipe . . . . . . . . . . . 3-30.. . .

Junction integrated control system . 5 30......

area 3-14, 4 19 interphase drag 3 38, 5-18..... ... . .. . . .. . .

control flags 3 14, 3 21, 3-30 interphase friction . . 3-21. . .

Kutateladee correlations . 3 38 light water reactor . . . 3-17. . . . . ..

Large fluid temperature changes 2-28 loss-of.tiaid test 5-18. .. . . .

Imop pressure drop . 5 45 lumped node 2-26... . . . ... .. .. .

Losoof. coolant accidents . . 2-2,29,227, lumped parameter component .55.

311,330,338,417,55,5-7,5-33 metal' water reaction . . 4-36..

large break . . .21,317,3-34,518 nodalitation .25,2-8,29,213. ... .

5 20 to 5-22. 5 24,5-36 non<ondensable . . . . 3 33, 4-5.. .

small break . 2-1,317,334,5-1,5-3, non-operating systems 5-47. ...

5 28 normal pipe interphase friction . . . 416
Loss-of fluid test 1-1 nuclear safety system. . . .. .. . 3-28, 3-29

Lumping coolant loops . 5-36 one-loop . . . . ........ 2-28. ...,.

Mesh size . 3-1, 3-16, 3-18 open loop . 3-41. . .. . . . ..

Model(s) plant features 5-47. . .

abrupt area change 3-22, 3 35, 4-19 point kinetics ..... . .. . 2- 1, 2-2

accumulator .434,55 power-operated relief valve . . . . . 5-48.. .. .

assembly methods , 5-38 pressurized water reactor . . 2-9, 3-27,....

balance-of-plant . - . 2-2 5 1,5-8,5-35,5 39,5-40
boron 3-33 pressurizer 5-46-. . . . ............. .

boundary 2-9 primr.ry thermabhydraulic . 2 26. . . . . ...

branch component . 4 22 pump . . ... .... 426,427,512.. .. .

break flow . .. . .. . . 3 30 pump discharge cold leg . . 5-44..
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p pump suction cold leg . . . . . . . 5 44 Node !..

reactor coolant pump . . . . . . . . . . 5-44 heat structure . . . .. 2-21, 4 38 |....

reactor kinetics . . . 3 29, 3 33, 4 40, 4-46 hydraulie diameter . . . . . . . . . . . . . 2-13
reactor vessel . . . . . . . . . . . 5/3, 5-46 length . . . 19,213
r ellood . . . . . . . . . . . . . . . . . . 334,436 lumped . . . . . . . . . . 21,2-2,221.226

'R E LAPS . . . . . . . . 220.226,227,318 site . . . . . . . . . . . . . . . . 2 9. b l . 3 16
412,426,530 Non-condensable

separate effects . . . . . . . . . . . . 325,326 gas .... 21,38,313,323,324,333,

separator . . . . . . . . . . . . . . . . . . . . 5 7 334.45
single. loop . . . . . . . . . . 5 36 to 5 38 gas capability 3 24....... .. ....

,

smooth area change . . . . . . . 3 22, 4. ' 9 gas type . . . . . . . . . . . . . . . 3 3 3, 4 5
split boiler region . . . . . . . . . . . . . 5 27 Nonequilibrium . . . . . .21,22,313,321
steady.st ate . . . . . . . . . . . . . . . . . . 5 40 Nonhomogeneous 21,22. ..... ....

steam generator . . . . . . . . . . 5-7, 5-44 Nonphysical results . . . . . . . . . . . . . . 2 20
steam line . . . . . . . . . . . . . . . . . . . 5 44 Normal termination . . . . . . . . . . . . . 3 11
steam system . . . . . . . . . . . . . . . . . 5 10 Null transient . . . . ... 5-47, 5 48. ...

sys t e m -- . . . . . . . . . . ' 223,325,45,540 Once.through steam generator . . 321,338,.

5 41, 5 46, 5-47 527.529,533
systems effects . . . 3 25 Operational transient 2-1,22,29,51,.. ..... ... .

thermal. hydraulic systems . 4 28 5 18. ....

t rip . . . . . . . . . . . . . . . , . . . . . . 5 4 7 Options
turbine ............ ... . 4-23 abrupt area change . . . . 3-30, 419. .

two. loop ............... .... 537 adiabatic surface . . ..........329
two phase pump performance boundary condition . . . . . . . . . . . . 3 25

degradation . . . . . . . . . . . . . . . 4 31 choking . . . . . . . . . . . . . . . . . . . . 3 30
valve . . . . . . . . . . . . . . . . . . 426,513 counte current now limiting . . . . . 3 22
vertical stratl6 cation . . . . . . 3 20,~ 4 16 cross 00w 323,334.......... ...

wall friction . . . . . . . . . . . . . . . . 4 16 default . . . . . . . . . . . . . 3 20, 3 21..

Modes
_ d is play . . . . . . . . . . . . . . . . . . . . . . 5 30

control rod . . . . . . . . . . 4 46 edit . . ....................38....... .

energy dissipation . . . . . . . . . . . . . 4-29 cmergency core cooling miser . . . . 4 24
heat transfer . . . . . . . . . . . . . 2 20, 4 9 equdibrium . . . . . . . . . . . .. . . . . . 3 21
IN P-CH K . . . . . . . . . . . . . . . . . . . . 4 3 expanded conneciton code . . . . . . . 4-21
normal turbine . . . . . . . . . . 4 29 feed b ac k . . . . . . . . . . . . . . . . . 440,443...

> p u m p . . . . . . . . . . . . . . . . . . . . . . 4 29 gen e ral . . . . . . . . . . . . . . . . . . . . . 3 20
reflux cooling . . . . . . . . . . . . 3 38, 5 7 heat structure surface . . . . . . . . . . 3 29
reverse pump . . . . . . . . . . . . . . . . 4 29 horizontal stratifiention . . . . . . . . . 3 22
RUN............... .. . ... 43 initial condition . . . . . . . . . . . . 3 23. ,

scram . . . 4 50 INP.CilK , . . . . . . . 3 -7................ .. ..

separation . . . . . . . 4 22 input check . . . . . . . . .- 4 3. ........ ... ....

s him . . . . . . . . . . . . . . . . . . . . . . 4 50 jet. mixer . . . . . . . . . . . . . . 4 23. .

steady. state . . . . . . . . . . . , . . .37,310 junction . . . .. 3-14,3 20..., , >

s t rip . . . . . . . . . . . . . . . . . . . . . . 3 10 junction controlu . . . .........539
transient ' . . . . . . . . . . . . . . . . . . . . 3 10 junction.related . . . . . . . . . . . . . . . 3 21
TRANS NT . . . . . . . . . . . . . . . . . . 4-3 mass now . . . . . . . . . . . . . . . . . 3 28

Neutronics . . . . . . . .. 21,22,26,-2-7,217 mesh format . . ..............436
- N E W . . . . . . . . . . . . . . . . . . . . . 3-8, 4 -2 motor . . . . . . . . . . . . . . . . . . . . . 4 27
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Options (coruinued) Plants
N EW . . . . . . . ..42 llabcock & Wilcox . . . . . 524,525,527,.. . ...

normal pipe interphase friction 3 21 5-29, 5-30..

operative area change . 3 22 Combustion lingineering. Inc. . . . 5 25.........

operative code 4-16 5 27, 5 29,5 30. 5 33 to 5-35... . .... .

phasic equilibrium . . 3 21 Westingnotise .. 5-1, 5-10, 5-25, 5-27,... .
,

phasic noncquilibrium . . . . 3-21 5 29, 5-33, 5-43.

phasic velocity as urnption . . . . . . 3-22 Positive heat transfer . . . . . . . 3-6, 3-13..

problem control . . . . . . . .. 324,41 Positive junction flow . . . . . . . . 3 -6, 4- 19
reactor kinetits . . . . 3 33 Power sources . . . . . . . . . . . . . 2-28, 4 44...... .

reflood . . . . . . . . . . . 3 3 4, 4 36 Pressure....

R ESTMtT . . . . . . . . . . . . . . 4 2 drop . 3 14, 3 28,3-32, 4-15, 5 36, 5 39
iRUN.......... ... 37,3-8,42,43 5-42,5-44 to 5-46

search variable . 4-18 signal transtnission . .... 2-2. ..... ... . .. ...

self.initialintion . 45,4-6 tap .... .... 3-18, 3 43, 5 16. 5-18... .. .

SEPARABl. 4 40.4-43, 4-44 wave propagation . . ........2-2.. . . .

. 4-22 Pressurized water reactors . . 1 - 1, 2- 1, 2 9,separator . .. . . .

smooth area change . 4 20 2-23, 2 26, 2-28, 3 1, 3 23 to 3 25,. ..... .

STD%ST . ... 4-2 327,3-29,335,4-1,45,4-6,.. . . . . .

steady state 2 17 413.426,4-46,51,58,535,.... . . . ....

STRIP . . . . ...42 5 36,5 38 to 5-40. 5-42. ..,. .....

TABLE 3..... 4-40. 4-43 metal structures . . . . . . . . . . . . . . . 5-35........

TABLE 4.. . . . . 4-40. 4-43 Pressuriier . 2-8, 2 13,2-27,3-4, 3 17,3-25,..... ..

time stcp . . 3-8 3 35. 3 43, 4-6, 4-12, 4 13, 4 18,... ... ... ...

TRANSNT... 4-2 4-46,53,5-8.59,513,5-18,..... . .

trip . . . . . . 4 18 5 20, 5 33, 5 46, 5-47, .. . . . ...

turbine . 4-23 heater rods 2-27, 2 28, 2-30... .. ..... .. . .......

two. phase . . . . . 4 27 heaters . . 2 28, 2-29, 3-4, 3-25, /. 13, 5-8,.... .....

valve . . ..... 4-24 5-33, 5 46........... .

velocity . . . . . . . . . 3-28 level control . . . . . 3-43, $-13, 5 18, 5-47 '

... . ....

vertical stratification . . . . . . . . . . . 3 20 pressure control . . 5-18,5 19, 5 30, 5-33
volu me . . . . . . . . . . . . . 3 20 spray . . . 2-28, 3-4, 4 13, 5-8, 5 18, 5-33.. .

volume control . . . . . . . . 5 39 5-46. ..

volume control flag . . . . . . . . . . 4-16 Primary to secandaty energy trans er . , 2 28
. 3 20 Problem (s)volume related . .. ....

wall friction . . . 3-21 control options . . . 3 24. .. . .. . ... .....

water packing , 3 20 execut:ng . . . . , . . . . 31,38,39,316...... .. .

OR.......... 441 new-type . . . . . . . . . . , , 3 -6, 3 25... .., ....

Output restart-type . . .. 3-6, 3 25...... .-

interpreting . . . .... 3-1,32,34,434 Pump
printed . . . . 3-10. 3 11. 3-16, 3-39, 3 41, discharge cold leg . . . . . . . . . . 5 5, 5-44

|. 4-1, b3, 4-8, 4 14, 4 21, 4 33 head .............. 2 18, 4 26, 4-31

Phasic nonequilibrium . . . . . . 321,416 speed control , . . . . 2-7, 3-25, 3-45, 4-27,.

Phasic velocity assuruption 3-22 4-31, 4-32.. -....

Pipe / annulus . . . . . . . . . 4--8, 4 21 suction cold leg . . . . 5-5, 5 33, 5-35, 5-44,...

Piping walls . . . . . .. 3-20, S-5, 5-10, 5-29, two phase degradation . . . . . . . .. 4 31
530,535 Quality assurance . . . . . . 3-1,32,37,548
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R5FORG./ MOD 3s . 24 running the code 2-5, 2 18... . .

Ratios Standard i ORTRAN notation . 41
length to diameter 2-13,241,3 32. STDY Si 42.

4 24 Steady-state condition 2-17, 2 18. ..

i slip 2-20 310,3-11,323,45,444,58,.

Reactor 5-35, 5 39.5 40, 5-42, 5 44, 5 4H
coolant hop . 5-44 St. cam dump contro! . . . 5 13. . .. .. . . . .

coolant pump 2-S 2 29. 5-M. 5-27 Steam generator 27,29 211,222,
5-33, 5 35, 5-44. 3 47 227,228,317,325,338,339

Linctics 28.29,2-17,226.34,329 4 5. 4 6, 4C6. 5 3. 5 5, 5 7, 5-10,
3 33,4 39, 4-40.4 42,4 44,4-46, 5 12, 5 13, 5-16, 5-20, 5-27 to 5 30,

450.530 5 33,5 35,5-40,5-43 to 5 46
trip logic 4-12 ,: vel control 5-16, 5 17, 5-47 -

'
. . . .

vessel 2-7,212.213,228,31, p. imaries 53. . .

3 17,5 1,545,5 43 scandaries 321,339,4-6,5-5

sessel vent vakes . 5-25 steam 56.512. . ..

Relief valve hysteresis 4 13 tubes . 36,3-18,3-20,45,4-6,434,
RilSTART 38.42.47.4S 53.5-5,57.5-35,539. .

Restart (s) Steam line 27.29,317,324,512,513,
control 4-3 5-16, 5 43, 5-44, 5 46, .

multiple 31b Steam system . 2 29. . . .

number 311,315,43 STRIP 42.43. .. . .

Restart / plot f,le 3-10, 3 11, 3 16. 3 39, Structure card 3 34. . . . ... . .

42,4-3.48,49,446 Surface area code . . . 439,537...

RUN 37,38,42,43 System steady-state 2 17.... .......... . .

Schemes Systems
donor-ce!! . . 2-4 accumulator ........ 4-25.. ... . .. . ....

nodalization 3-1,3-17,53.55,524 anticipatory scactor trip . . 5-30. . .

5-33 balance-ol plant 5 10.. . ... ...

numbering . . . 3-1,34,3-6 cleanup . 3 41. . . . . . .........

npwind . . 24 control 2-1,2-2,26,2-7,2-21,226,. . . . .

water packing . 3 20 2 28, 2 29, 3-2, 3 6, 3-39, 3-43,. . .

SliPARABL . . . 4-40,4 43, 4-44 3 44, 4-26, 4 44, 4-46, 4-48, 5 30,.

Separator 2-21. 2-22. 4-8, 4-22. 4-23, 5 5, 5-40,.5-47
57,512,5-44 coolant . 3-25, 3 29, 3-31, 3-32, 4 17,.

Sequential expansion data entry 4 20
format 4-2,421,439 emergency core cooling . .. 4 20. 5-33, ,. ,.

Side calculations 339,340 feedback . . . 2-17. ., . .. ...............

Sidequation representation . 2-1 feedwater . .229,31,325,. .... . . ....

Solution steps 4 26, 5 10 to 5-12, 5-45, 5-46, 5-48
analyzing results .. 2 20 flow 2-26, 4 25. . . ... . .. . . .

analyzing the problem . . . 25.218 Ouid 3-18, 3 23, 3 24, 4 15, 5 35. . .

defining and nodalizing the heater drain 5-45. .

problem 25,28 hydrodynamic . . 3-33, 4-5.. . . ..

gathering and organizing injection . . 3-16, 5-25, 5-47,.

information . 2-5, 2-6 integrated control 5-30, 5-32. . .. . .. .

inpuuing the problem . . 25 letdown . 3 29, 3-41. ... . .. . .

C-9
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| Systems (continued) control catd5 , 3-4,38,39,311,44,.

level control . . . . . . . . . . . . . 5 16 47

loss-of Ouid test 5-22 maximum 3-8.39.311,313,4' 48
.... ... . .

lumped node 2 21, ' 26 minimum 38,39.47
. .

makeup............. .. . 3-41. 3 45 options 3-8.. . . . ...

non operating . . . 5 47 reduction 3-8.19, L 13, 314. 317. ... .... ..

nuclear safety 3-28, L29 size . 29,3-8,39,45,426.450,431. . ..

piping . . . . . . 5-42 TRANSNT .. 42,4-3
... . . . . . .. .

pla n t co n t r ol . . . . . . . . . . . . 5 13,5 30 Trip . 2 21, 2 24, ;' 26 to 2 29, 3 -4. . ..

plant imtrumentation .516.518 3-6.311.313,317,323,325
. ..

pressurized water reactor . . . . . 5 39, 5-40 3 29,3-32, 3 34,3-39, 3-41, 3-43,

pressuriter heater control 5 46 4 2,4 9 to 4-14,417 to 4 21,
. . .

pressuriter level control . . . 3-43,5 13. 4 24 to 4 27,4 32,4 33,
5-18, 5 33 4 39.4-40,4-43.4-47, 4 50,5 7,

pressuriter pressure control . . . 5 18, 5 8. 5 10, 5-12,.5 13. 5 16, 5-30,.

514,530,533 5 33, 5 ''n, 545, 5-47, 5-48

pressuriter spray . 58 cuended . . . . 3 -6. . . .. .. . ..

primary coolant . 3-6, 4-6, 4-13, 4-15, logical 2 26. 2 29. 3 25,4 9 to 411,
5 8, 5 13, 5 18, 5 36, 5-46, 5-47 4-13, 4 14

prototype fluid . . . 3 13 variable . . 2 29, 3-25,4 9 to 414.. . .

reat tor coolant . . 3 M 4 24,5-33,5-47 Turbine 2-1, 2-9, 2 21, 2-22, 2-28, 3-25, 3 28,

separate control 5 16 4 17, 4-22. 4-23, 4 28, 4-29,.. . .. ..

shim . . . . . . . . . . 4 -4.* 4 32, 4-47, 5-10, 5-12, 5-13, 5-16.... .. ..

single phase Guid . . 21 5-33,5-45 to 5 48
. .... .

spray control . . . . . . . . . . . . . . . . 5-46 U. tube steam generator . 2 27, 2-28,3 38,
st eady st a te . . . . . . . . . . . . . . . . . . 5-40 4-6, 4 26, 5-27, 5 29, 5-44

steam . . . . . . . . . . . . 31, 5 10 to 5 12 Unespected convergent results . . . . . 2-18
steam and feed ruputure control . 5 30 Unexplained failures 2 18. . . ....

steam dump control . . . . . . . . . . . . 5-13 Unnecessary flow paths . . . . ...... 2-28
steam geneiator . 5-10, 5 12 Upper plenum region . . . 228,51,53,525,.. ....

steam generator level control . . 5 16, 5 27

5-17 User input data tables ..34..... ...

steam!w ater . 4 23 User input flow loss coelGeients . 3-14... .... . . ...

surge line . . . 4 34 Valves. .. .. .. .

thermal hydraulic .. 428,529,538 binary . . 5-13. .. .. . . . .

two-D uid . . . . . . . . . . 21 binary ccntrol . . . . . . . . . . . . . . 4 25. ....

two-phase Guid 2-1 check . 2 23, 4-24, 4 25, 4 34, 5 12. , . .. .. ..

TABLE 3 . ... 4 40, 4-43 dump .... . 5 16.. .. . . ... ....... .. .

TABLE 4 .. 3-33, 4-40, 4-43 feedwater . . . . . . 4 26. 5 16.......... ......

Thermal-hydraulic group . . L21,2 26,2-27 Dapper ..............,. 5-25..

Thermal-hydraulics . ........21 inertial . . . . . . . . . . . . 2 23, 4 24, 4-25.. .

Time step . . . . . 2-2,2-4,218,226,227, isolat ion . . . . -. . . . . . . . . . . . . . . . 4-25
3-6.3-8,39,314,3-17,339, load rejection controller , . . . . . . . 515

3-45, 4-4,4 7,4 9 to 411, 4-13, main feedwater . . . . . . . . . . 5-12, 5-16
4 26, 4-46, 4-50,4 51, 5 16, 5-27 main steam isolation 5-10,5 47.. ..

control . . . . . . . . . . . . 3 34, 4-7 main steam line . . . . 2-9.. . .....

main steam line isolation . . . 5 12. .

,
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- motor . . , , 2 23,3 22,4 24 to 4-M,5-12
L. power. operated relief . , . . . . 229,325,

5-8. 5-47
pressure relief . . . . . . . . . . , . . . . 4 13
pressurizer safety , , . . . . . . , , . . . ' 29

.

.-

pressurizer spray . . . . . . . . . . . 4-13, 5-16
.

. reactor vessel vent . . . . , , , . . . . 5-25
- relief . . . . . 2-23, 413, 4 24 to 4-26, 5 18

.

'

; .. s a fe ty . . . . . . . . . . . , . . . 5-8, 5-13,5 47
'

r.afety relief . . . . . . . . . . . . . . . . . . 5-13
servo . . . . 2 23,3-22. 4-24 to 4 26, 512,

5 13, 5-16, 5-27
spray . . . . . . . . . . . . . . . . . . . . 5-8, 5- 18
steam dump . . . . . 5 10, 5 13,5 10, 5-48g

steam generator nfety , . . . . . . 3-25,513E

- steam line check . . . . . . . . . . . . . 54 2
.,

*

steam system . . . . . . . .. 2-29. . ....
'

trip . . . . . . . , 2-23, 3-32, 3-41, 4-13, 4-18,
4-24 to 4 26

turbine governor . . . . . . . . . . 5 12, 5-13
.

turbine stop . . . . . . 2-9. 5-10, 5-12, 5-13, !
5-46, 5-48-

ve m . . . . . . . . . . . . . . . . . . . . . . , . 5 27 -

Vapor generation rate , , . . . . . . 313,314
VOVER . . . . . . . . . . . . . . . . . 4-22. 4-23
VUND ER . . . . . . . . . . . . . . . . . . 4-22. 4 23

- Wall friction . . . 21, 3-21,416,4-19,5-42,
5-45

Whil roughness . . .1 -16,5-37 to 5-39, 5-424

Wallis correlations 1, . . . . . . . . . . . . . . 3 38
Water packing . . . , . . . . . . . . . . . 3-20, 4-16-

s

Water property failure . . .. . . . . . . 3-10, 3-24
- -Workbook . . . . . . . . . . . . . . . . 3-1 to 3 3 -

Working fluid . . . . . . . , , . . . . . . 4-5, 4-23 '
:

XOR ;. . . . . . . . . . . . . . . . . . . . . . . . . . 4 1 1 - |:

:
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10. SurPLEME NrA31Y NOTES

.i. AssinAct tw.~* **''" Le RELAP5 code has tecen developed for 1 cst estimate transient simulation of
light water reactor coolant systems during a severe accident. The code models the
coupled t>chavior of the reactor coolant system and the core during a severe accident
transient, as well as large and small break loss-of-cociant accidents and operational
trannents,.such as anticipated transients without scram, kus of offsite power, kus of
feedwater, and lost; of flow. A generic modeling approach is used that permits as
mush of a particular eystem to le modeled as necessary. Control system and
secondary system components are incicded to permit modeling of plant controls,
turbines, condensers, and secondary feedwater conditioning systems.

REIAPS/ MOD 3 code documentation is dhided into Gveiolumes: Volume I
descrito modeling theory and asaciated numerical schemes, Volume 2 contains
detailed instructions for code application and input data p cparation, Volume 3

;

pnw&s the results of developmental assessment cases that demonstrate and verify
the models used in the code, and Volume 4 presents a detailed discussion of RELAPS
modch and correlations. Volumes 1-4 ore in varying stages of development. This
document, Volume 5, contains guidelines that have evohed over the past several years
throuch use of the REIAPS code.
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e owjel c.f any esis t orig e s tee. The elsers tor s contained hereinr

eltrough sneller to some enasting systems, are f actitanut.*
e

e.. . . .. . . .

*c t sa pr4 les irse c(e t i te
0090100

. . .. . . . . .
new treetat

e.

*c rono tr4-ch6/run of14cn
0000101

. . . un..r
s..,

ect ono )cput vnsts ve t s t vnatot

. be n.t is.h . .b. r n t ts h . . . .
0000102
e. . . . . . , .

*cf mo time 1 tsee 2
0000105 20 0 . . 30,0
e. ... .. . ... .. ., . .

*c r @c norwood 1 noncond 2 nor.cond 3 noncona 4 noncces %
0000110.. . .it. regen . . .

n
e.. . .. .

*c e dno eed time sin 91 mas dt s s 300 minct ed major ed restert

e,*.e 4.* *.e.e.e.2000.e**
20000000?01

w e. 0.*.0 1.ce.e-6e. e.0 0 5.e.e .0 k.0 3.e. e e .0
20 4

e.ee ene.e e e e e.eese.ee
i- *e di t no. var ease v a r numbe r
' 000C 101 p 282010000

0000)C2 0 36J010000
O(40303 p 4620t0000
w0;* )04 p 6M010000
900030s P $20010000
000C306

'

St4010000p
0000307 p 478010000
0000)t$ p t10010000
0000309 p t'10010000
0000310 p 710010000 __

0000311 p 343010000
0200312 of'ow; 279010000
;v503'J mf ow3 27v020e00
0000314 of pw) 278010000
0000311 af >= ; 378019000
0000314 af og 379020000
0000317 o f l aw' 378030000
0000319 a f l o= 1 476010000
0000319 mf l ew: 4 7bO20000
0000320 of low) 47U030000
0000321 af low) 505000000
0C00322 aflowj 155000000

af: o )0000373 mf l e. 005000000
0000324 855000000
0000325 of ou 705000000
0600326 of u. 755000000
0000327 of 829000000nw;ow et20000000000349 of
00t0329 mflow Bt3000000
0009330 aflow B(fx00000
0000J31 af low. 204010000 Svesse:
00003J2 aflow 104010000 4.es s e .
00 7:333 erlev - *MM10000 S es e

0000334 tempf 830010000 $1p bir i
Doo01F5 t ear f $10020000 $1p ett 2
0003336 t emLf $40010000 $1p h1r 3
6000337 tenef 86D020000 lip b1r 4
0000338 tempf $ 400 30000 Sio hte 5
0000339 1 enc t 9540 t 0C00 Sof w pmp scia Nd.
0000340 t es& f 918010000 t he t-t r 6
D000 341 t empf 112010000 Svessets

6000142 e enc f 11A010000 $ vessel
00C0343 teopf 1 26010000 S ves se t

0000344 tenpf 204040000 Svesse ,

000034% t e mpf 304540000 Svesse ,

'

0000346 tempf 405010000 S ect se ,

6000341 tenef 550010000 Svesse
0000348 tempf 650010000 Siesse .

0000349 tesof 750010000 Svt s se'.
00007$0 mf l ow: 102020000 liestel
0000151 afloi 100020000 %. esse)
0000352 st ) >w 1120i0000 $<cssei
000C353 oflow 120040000 5<essel
0000354 cn t e . var 101
0000355 cr i r. var IS2
0000 M4 cnte var 163
0060357 cntt var 621
0000)$$ cntrivar 131
C000 35. 9 cntrlvar 141
0000160 cet tiva r 60
C0003e1 cntr .va r 180
0406362 cntr var 191
00003t3 (ntr var it?
00CO M4 cntr vr 183
000036$ cnte ver 003
00 >0 36 ? crtr' ver 005
00003%3 cntr var 007
0060371 cntr. var 006
0000372 cntt var f46
0000371 <wtr var 706
000C374 retr var blo
0000375 cnte var & 70
000G170 cntr var 770
0000377 cntt ,ser 771
C000378 cntr aar It 0
0000313 cntr, var 202
0000360 en t tiva r 20 )
0000181 cetriver 207f 0000363 cntrlvar * /!*

00n0'94 cottlvs* 6 ;-9
GC~03?S tetrivsr 723
0600266 af l yw) 80 4n h 'K O
0000397 p 64f010000

#ses#sts9t*$4t9c#serDe#1%sestaest #s#ses%28 *se ea#a94% e+8604es44- s easts

*
e .* . e , * . . t. .r i ps. e . ese e............ ...............,*.e,*,....*,

a

eiese.e es ..

1,a*;aeje trips $
5 t |
$the following trips are used to isslate tre efw ssurces to the three 5
13 t( 44 @e"ereters a en carry 0ver f r t4 The geparatorg gg 50%, $r

e. n . . e

*v trip V Code i L43Le 1 rel g code 2 perse 2 ccostent latch
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0000441 ve2cf >sigt0000 9* c.d 1 0 0 t0 1
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00 0M. 09. . .i n te. . , e .0. . . . . = e 4 e . e . e .u .l .l . . . . , 0. . . . .. . . e . e r.4 .5. . . . . . , .1. . e9e .n tJe
go. *. . e e

t.s.ga..htyn s.te.am line daf ferentiel_pressurec ^ 9. 9.e. 116. .. .. ........
. .,,.. . ... .. . - . . (.. ... .. .

. . . . e re e . 55,0010000. l a. . i e , . . . . . . . 8.M. . 0. ' on00. . .s 100. 0. . . . . . .n . .[ 00f.t0.'.A.G..p
p

.go .* e e e . .=i . . ..

. . _ . . , - .. ,. _ -~ - _ - - - - - - . . .,



$s.pb..high s. tea.m line da f f erent ie.l. press.ute, .. s 94 116
g4

e. ..... . ... . .. s .*. ... .. .

00 00 570. e ,0. e . e . e .#.....e . e . e . e . 00 0. l e. e . e e . e . e . e . e $. 00 0100 00. e . e .100. e. 0
650010 p m

e e *-e.e e .e. .e.e.**-go.ees e

ls.vc. .haph s team Inne dif f erential. pressure.--tage 116 .. . .e. ..... . .. .. ... . .. . ....

e.e. . . .e e.e.00.t0000..le...e.'e.e.e 80001000 0. e . e 100. e . e . e . e . e
p 75 s 0 r0000571

e e . e 6. e . een.eie .e eego
$ stas high contalonent pressure (4 reig). Edge 117

k td 5pu k. o . . . . b. . . . . e . e . e . e . e . e. 6. . e . e . e . * *go .05.e.* * e . ehh ti.e...ee0.o.e.e...h0
e s ..e m .

5 tw rt gne s t op/pove rnc t selve area ,le. 0.0, tage 120

Chh.0673 .c.e.t t h e a r..E.2 4 .. ..s.s.o .a .u k. k . e s . e .e.e .e .. . . .e . e . e .e. e . e.1. .eka b 00n
go s ..e . .e.e. .. e a e

. toanua l.turb..ane t.r ip.. page. 120......... . . . .e, .... . . . ...

e.e.e.e.0.e s.e.e.e.e..nu.ll.e. . 0 .e.e.e.e. 1.0e.6.e.e.e.e..e
10000574 1see

e e e . .e .* .e.e s.* ego.e e

page 121$2/,3 .turb.ane..high o.ver teep nelta t... . .. . ..e. . . .. . . .

0000%.e.e n..t f.lva.r161e . e . e . a . I . e . e .u. .l l . e . e . e . e . * . e . . . . . e . e . e . e . e . e . e . e e
F5 cn oe n 0 L0 n

go.a e . . . e

$2/.3.turbane hi.gh ose.r po.w.er delta t. page 121
. . . . ... . ... .. , s. .. . ...

0000.$. 76. . .ca t t .i v a. r. 18 3. . . . . . * , pe . . e .u. l l . e . e . e . e . e . . . . . . 2. 0.e.e.e....m
p 0

go . . . . . . .ee

Stu t ane ev.ntack setrelet vales area...pe . 1. 0. . gage 122
..

r
e. .... . . . .

. * . e . e . e . e .0 . e . e . e .oe . . e .u. l l . e .e . e . . . . . .. .e . e . e. 0. . . e . e . e . *e. e e
92 n 0 1

0000S.e?? .c.ot riva r e 4. .ege ee

Sturbane..se.lve area le. r nback setr.oint valve. area. page 122u
em ... . . . ... ,.. . . ..

...*. 24 .....le...e.attiva..r
$ 0

00006. e .e . ce.t .r i v e r . e . 20. . . . e . . . ee. 0. e . e . . . . . . n. .
79 6.. c..eiego.e .. e .

S.turbi.ne valva ares ,le. runtack se tpoin t a rea f o.r 30 sec, . . t. e d.e..122
. . . .. .. ... .. . . .. .. . . .

*.e.e.e.e.a.*.e.e.eo.e.ee.e.e. ...e.e..
0

....e.e.ee
~

tte. f $78 30. o
60t et. ?9.e .e .n.* * e.e .0

time ge
e.go.e e

t.s.a.a f eed/stese stima t:h. pa ge.127- - . . ..
. .. -. . . . . . .. s

0000560 e r l oo.)* . e .62 5000000 11. e . e . f l ow )
o 155000000 -177 ,9 n

ge.o s s ees, e.e.e e e.e e . e. e . e . e . e . e . e . e . e . e . e . e . e . e . e . e . e ee

$s3D feed /steen misantch, gage 127

Obb.c.k.bi er.ibu.l..e.F2.b.0c.c.cE0..I t .e.rl.ow65 b
.e . e ..Ne e00 0 . .- 17 L. 78. . . . 6

'

e
go ..e.e. . e .. ..e e e. .e. . .e. . .ee

$spc f eerus tea.m s.tsmatch. pa. ge .127...
. .. .e.......... . . .... .. .

9000542.e.afle.w.)e.e.7250000N 11....o.fl.o. j. . . . e t0 0m. . .c. .17 L 78
7t n

go e e.e e e eie e.*.. . . . .aie,* e.e.*.se
I $s54.n r l.evel.,.le. 301...s1 . . . . .

pa ge 121
. . . ..

.e.e.....e.e.le.. nu.l.l. . . 0 .e.e.....
0 30........e. e0000583 .ce.t t.iv.e r

50 6 n
. . . .e .go.e e.e e. .

e........ level .le. 3ct. page 1*7 .. .

ssgb et
.. .... ... ... ..

000 0 58 4 en t t i va r. . F46. . * . e . e . t e e . *nu l l . e . e . *0. * . . . . h . e . e . 30.. e s
0 n

go e e.e e.e.eie. e. . . .e . e.e2.s
1sgc nr level les 301, page 127

. . .4........ .. . . .. . .

ull 0 0 ?O e0^06*S$ entelvar 70 6 le a

go.e.e.e.e.....e.e.e.e...............e.e.e. .e...e. .e...e.....*. ... e

tsanual reacto.r t. rip. p49e 128 . ... .. -.- - . .e.... . .. . ... .. .

0000t.46 . t s ae . e. e .0. . .* .e . e .e. * . e .ul. .l .e . e<0. * . . . e . e . e . e . e0e 6. . e . e . 1
n 1

g e *<e ***** e e e is .ee

$* e,e af mass fisu through ofu . reg va.lve e is telow E$.t5 lbe/s
. .e. . . . . . . ., . - ., . . . .....

600056 7. .a.f l e.=.1. 50 50 00000.. l e. . .nu. l. e . e . e . e . e . . e
55 55 ol 0

gese.e. . *. .e.e . . s ........... ....**

Ssee..if mass fl.om ine cush ef e re9 valse b is below $5.t5 15m/s -e.. . . , . . .. .

e . e . e . u. l. .l .. . . . *0.. . . . . e . . .%5. t. 5. . . . e . e . e e . ~0000684e ,of l owl .10.h000000.. .le n n
go.e. s. ...e . .e .e
$see if mass flow teruugn afe reg salve c is belai $$ $$ les/s
e.. ... . . . .. . . .. - - . . .. .

0 00 0t PS, e .n e l o.w. .) o. e .0 5000660. . .l e. .e .u l.e . e . e . e . e . * e . e . e .66. t.5. . . . * . e . = e *
7 n l 0 n

e e.e ego s.e e.e e.e.e.e. .

e$1.0. heater bypass.. . . .. . .. ... . ..g.. .. .. ..

0000591 p BA4010000 )e null 0 494.7 n

0000t.42.. .pe .e . e . e . e . 6 5. 4010 0 0 0 l e. e . nu l. *l . . . . e . a . . . e . e . e314,7 n0
ee.e.e.e.e.e. ,*.*go e e e .* e.e.* e

tea t n f eecks t e r punc ret t er ul a t t er va l ve I r iv : cor resrcMs to 14109pn Ss
e... . . . .... . . . e

0060593 velf) 9f)0.0000 11 null 3 3.429 n
00005G4 velf] $61010000 11 r+ 1. O t.195 n
C000t95 velf) RE&)t0000 11 null 0 3 429 n
600059A velf) *(4010000 4: null 0 1. t 9% n ,
e
e
go.e.e.......e e.e.e.e.e.* ........e.e.e.e.e.e...e.*,. e,. ....... e,e+ee

11ogic trips S

$ 5
* . . .*

* remove logic * rip 600 sa prettee will run en we.3tto

*l trip t rtp r o. t trip no. 2
*0000t00 501 502
e
go.......e.e.e. e.e.e.e.e.ese e e.e.e.e.*,* . e.e.....e. .. ....e,e se
*1 trip trio no. t tel tric co. 2 latcn cr+meees
6MC607 0 91 et tv0 n t w ents
60006tB E42 or t' 9 7 o 1:5 vlv
40Mfe9 t08 an3 -t 30 n Svlv/ pop
00e rf 10 ',23 a^d *23 n $ r cc on
0 .NT i t 611 or btf n 1r a ge t)
C0;Goil ft1 ara -510 n ton cfr tte pe etsst.e
CWNft3 $11 ed f14 e tocrv si sts, 15 ere

et3 1;ci St 4e pg 54Cue 0614 $14 e
e ,r

(-C a061 s (t$ a4 e16 n $; arv e) . 4- q. -
OvCf*f 16 $14 cr (15 n $r . sg rg t i i'L
SNut17 t!7 and E19 6 (r if sisy ot.er .
000C416 *th cr Et? n 50cr tf s en. p 'rj
030G619 524 cr 's5 ^ 1 - 3a u r t hi I v l . C' 'O
0000620 (19 or ' .; 6

e ..r mn el ivl. e %
5 '. Sr. e. 4 t ( .4 p ftC000tg1 f 96 a r.1

0"O*;f i 2 E20 or rf8 i St/) e. F.Ce ,1,

C00062) 621 cr t.12 1 s' .l. cis vz . ; -s tr
00n0A14 6 22 ce 5.9 1 $1/3 *n ).1 / le s to p
400be25 % 10 or 5JI 1 $10 ter 1 cr lo dsc eg p ]0000626 624 or (25 1 5
0000M27 (2f ct *u 1 %=anual m's D..ms tete
C00ct/B 027 or c27 1 tr* .c t lo f to/ef ur t ter
COL 'f i" 027 ct 52k t m ' oc |.

-
' * 1;/3+ g; typ ,,^
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' 0000-130 629 and 629 1 St>oth afets tripped
-9000438 6 10 ' or- 823 1 Safw valves elese
M%632 ' ' $$4 end $M n. 4
0000f*3 ~ 639-" or . . 440 .n. J$
0000634 633 - er 4 30 . n. 4
0000635 . 634 - and 632

=0000639- -634 or 641
~ n- -t

n 5
-- U000637 - 63$ and' En 1 4

0000644- 642 or 543 - i la safety
'000064J : $44 .-~

6000644 546
=. of 645 .- -n Sb safety-

or $47 n Sc safety.
OM0650 $be a and' $51 ' n Sten 1 elay JpeN 086
00 % % 1 SW or MI- n - St<ank i st r p 66

: 004I863 - M2- or
. M3 n-0000652 . M21 and llank{eatt,s t a y ope % (M

thant
M3 a pM

6000M 4 fee and' 6% n Stok 3 s tay o(+a. .
- M006% :- 654 or - 6% n Scaek 3 ant. p 86

0000%4 M6 "and 667 - 1 Sittp let to st<. F 92
- 0000657 656 or $33 .I thsb/sec on p 92

0000858 657 -and -696 n tra trap /lre off. p 92
00006S9 -667 and - 696 n -%spc offara ttsp/pt en

- 0000M4 - - 604 of M7 n .$2,/3 to, si.r pr. p ttSto
D0006ei 66 sed ses - i 23b iio<.siv

- M00662 - Oct -or M4 I. thi e p/estv trip.
000%63 -M{ and t42 n Sosavs stay open-p Il*
0000664 56v or 5 70 m Sa/b ba dp. p 417

; 00006M 6e4 or 571 1 tot c. p 117
0000666 E22 or 665 . n slo pat 117

: M00668'. M7
. or 572 m- Sor ha ev pt,p/hn 4% p?0000667 ' 94 4 p it

or 661 1 6er este e/oev sies
000M69| +623 and. -52) n Srces on. p 110
0000670 - -668 or 5 73 n $<.none r t ep/t t e p, giro
M00671 - ' $ 79 or f%- n Sor ta trap p 120
M00672 . 871 or 633 . n _ Sor hab. p 120
M00673 672 or 620- n Sar hn sg tv1. p 121

- 0000474 6 73 or- 674 1 Sean trp/ttrip. p tri

. 00M676 675 and-
5 76 n- S t rte et trnps. g 1210000676 $75 or
577 n Srth 8 AP 1. p 1 2

0000677 ' 6 76 and - $79 a $rti at ter 30 sec.
0000679 - 676 - or 677 n 5-
0000474 678 and +6 74 a $t viv runt,ack. p 122
0000680 $80 and 683- 1 .$sga Ivl/fLe trp.
9000681 691 and ' $84 4 lagb l*l/fle trip
9000642 582 and 685 ' 1 isyc tel/f c tre
0000683 620 or 681 -l la or b Iv' / flow
0000684 E83. - or ftB? I' Sar Sgc at /fitw
0000685 %3 or 582 1 Sh2 por/ men trap
C000686 507- or . SOS 1 lower-t or p 41
0000647 686 er 686 I 8
0000689 - - 6a7 or- $09 i Slam rc f' low
0000&s9- M4 M 119 i Sht pzt 1v1
0000H0- 689 or ??0 I sht pzr press -
000M91 - 690 . or . -b21 1 410 per prest
0000 4 2 691 > or - 503 1 $ rep trip
00M693 692 - or . EM 1 Slo sg tv1. p 129-
f,000694 - 693 or- M87 ) tales
0000635 H4 or 674- -a Sturbane trip
C000696 695 or- 694 "1 Ssg lvl/ flow mtssatch .
0000698 592 artd - -630 n Sheater deaan pump trip.

0000699e.e eet.o.4,74,e * e.e e e e t.o.674e ***,s.e.ee ent.e e a.ter.e*te supgly**.*.e 4.ee p
- or - at $he tri.es e s e e e v c e e.

* a. dd. .i t. .i o.n.a. .l . l o. gi.c . etri.ps....e.e...e.e.e.e.e.e.e.4.e.e...e.,
-

*
-

ee ee v . ese.e.e.e.e.

-* .
.

- 0000M1 ^ - 460 . aed - 461 n $ca r ryove r ' a h sgs sab
0000702 Mt and 44 1 $a e terryover in sg e
0000703 -702 and 6 35 n tetr driven aux fm
0000704 + 702 and 617 n $ste driven aue fe

- M3070% 70 3 or 704_ n S an af ar mode -
000C706 706 tad 460 L lu $'.

0000707 4 06. and - 10 6 -n- Sckse 394 asolate viv
- 6000708 M5- and 461 - .1. $

0000M9 708 and *705 n- Sclose sgb 1solate viv
' 0006710 706 and' .44 1 1
- 6000711 -710 and 710 .n' Sclose sip asolate vlv

0000720 722 and M3 .n ~ f land it 3030 ya
- 00M721. ' 120 ' or 694 n - So r it 1410 gpa

0000722 - 721 'and t93 n ta pvep flew )cw
0000714 726 ~ and 195 a land 1130M spo
00007M c 724 er . 1536- n- $or : it 1410 ga
0000726 - 725 , and 5% n to pump finw low
e

.-go.s.o.e...*e.....***.e........e..e.............a.e....e.e...e....ee

$the follomng trips are necessary for steady state initialtration *

Serid abound be replaced wth the proper valwes at the anatistion of . _ *
" 4 t he t r a.nu. en t s. e . . e ...e . . . . . s e .e . * , e . e . . . e . e . e . e . e . e . e . e . e . e . .. . . . e,e
7.e.e e .e ..e e e

*

*v teto y code t' raros t rel y tede 2 perse 2 centtant latch
. 00ccM) ' ce t r ive r- MO- ~ ge nu. 0.
000 M04 ent r iva r 182| oe ' no: 0=

- 4,0 -- 1

4.0 .I
' ON 0510 entrivar 20 2 le . eV 10 +0,144 11

000%e3 cat tiver ~ 90 7 -- ge tw . 0- 4.0 1
= 0000576 ' cetrivar -183 9e null -0- 4.0 n
:0000578 time .' 6 le nul' =0_ 0.0 n
0000541 cntrivar 734 - . ge - nul 0 4. 0 ' 1

-. M69t?$ - cnt r] var 181 ge nul 0 40. n-

--0000$,e e.cntr1 var- 920 es77 -

e . * . e . e e .u. l .n .s e ee.e.. e.e.e.*12. 0,*.e.e ++e *** -
- - ge 0 a

' geie e.*>eseseee s e e s s

OM0f 3 < 574 and - $74
' lat e - conwn t e*) ttle trip no. 1-.-rel = tete no, 2

.n t
0000637 $ 74 - and - 5 ?4 m S
6000668 574 or 574 n 1

' - 00C06 74 b)4 or $ 74 n S
0000609

. $74 -
and $74 - n 9

00004J0 $ 74 . and - t 74 1 - $ --
0000t J1 ; . 574

.' and - = $74
1 5and

0000679 574 574 n $
040Q7' E74 - e4. 574 a 5
McM18 574- amt ti4 - n 5-
0000e49 . t?4 < and : * 14 , .n S-

.OGCW6 574 $74 S

. $*.e ....* e.*.e.e.*.a.M..*.e.e.e.e.e.e.e.e.a. e.*.*+e.us e e . e . s . * e . e .* . w e e-
e
* ...e.e.e.e...e,'*..'.e.e.e.....e.e.e,*..,*g .e....s es s.o.es.....*,
* - - hyd M4fr.amic Wc.n.en. t s -

*

e e e.e4egementassetere ese.e.e . .e.+_e.s ..e;e.*.e,s es*4ocais.e.e.*,s
e

'

1e . . .* ~ .. e e .* .e. ... s . o . .e s s se s.o.e.e,e,*...e..,e.. s.o.'e...

. ...e.e.e.ss.e.l.... ,e.e,....e.e,*.e...e.e.e.e...e
e -

. ,e .

e

-.e.e, re.*. ... e e
: en

' vesfef kO|eI a M Qs '

, ~ , - - , . . . , , ~,, -,- --- ,
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*cr#9 ' -=' component name - conNneet -type'

, IS00000 -.- ineanup - artfwlve
-

e .

* cree t numbet of volwees
-10000011 3
a-

- 100010?;- - 0,0
' hol no.. c ree . L vel 4ree*

3
'e-

*c r@c _ -lenoth ' vol.no,
1000301: -1.6110 - 1
1004302 1.8240 7-

'

1000303 ).4350 3:

'e
. *c r eo volume. vol.no.
1000401 t 37,306 1-

1000402J S2.613 2
1000403 60.463 3

-e
*r reo vert angle . vol no,
1000601 -90.0 3'e

-ecree elev ctsenge ve).no,
11000701 . -1.6110 1

-

6000702 1,8240 2
1000703 3,4354 3
4
ec reo ravate es s - hyd. diameter vol.ho.
1000801 0.60Cf6 4.404 I

. 1000802 0.00015 1.500 ' 2 ,

1000803- 0.00015 0.922 3
- e

.H . *c ree f loss r less je,n9.
1000901. 0.0 0.0 2

c e.
*c rino ft vol.no. *

1001001 . 00 : 3
+ ,

- *c r@c cahs - ,}p.no,
1001101 6cc0 - 2

e'ee
?

*cr vol it pres w e eq teep
. vc) no.

100110% 0 . 2297,4000 $34. t 9000 t 048,9000 .00000000 0.0 01
1001202 ' 0 2296.0000 534.95000 1046 0000 4 00000E0 0,0 C2

_.1001203 0 *195.9004 E36.34000 1349.0000 .00000000 0,0 93
e . -

ereo- vel /flec'

- 1001300 0
e. .

,

*c r$o , f flee ste g flourate } fleaurett Jun.no,r
1001301 .04702690-.04702690 0.0 - 01
1901302 .46199220 .06198220 0.0 62

'* - 1ec dts tela e a
f1001401. 4.922 0, 1. l. 2

e
s e.e.e.e.. e.*es...e.eeees.eeese.e.e.e.e.e...e. .....s.es.... cee

*_ the fellowneg osta recrosect the vessel inlet ae vlus fluid e*

. . . .v.lu.m.e. . tie..l o.w. . .t he. .c o. e. . l.e. g c en t e, .r l .ine . (.o. .pe. .r.v.o. l u.ee. .l . . . . e . . . . 2ld s

o. . e ..se.* .. . .. .

.-
' .etreo . coepnent name componeet type

10?o000 m ana tr i sach

*

*c r@o =- ftuneet of jonct W e . vel /flw
71000005 6' 0

e

- 1970141 0,0
'

- termt h '- volume*creo flow area
'3.6I10 - 37.306

e

*c reo herr orient v+rt orient- delta #
. 1020102 0.0 40.0 -l.8)10
*

-*crdne rou est hyd, diameter fe
1020103- 4. 0015 t,404 00

-e
'ol ic pressure eq temp*c reo - v

102c200 ' 0 2294.6000 $33.68000 1049.1000 .00000000
: e.

n erdno ' f ran ' - . to~- area ..f loss r loss cahse

.1021t01 - 102000000 = 100000000 0.0 0.0- 0.0 0000
' 102*1C1 102010000 . 104000000 0.0

0.0 . - 1. 37e5 0000
0.0 0000

1023101 ': 102000C00 -120010000' O.0 .1. 3 7e6
1024101 220010000 . 1020011000 0.0 - 0.0 0.0 0100

- 102$101- 320010000. 102000000' O.0 0. 0 -- 0.3 0100-

:.1926101 420010006 s.102000000 0.0 .t0 0.0 0:00
i. ; *

flowrote^ *c reo . - - ~ - f flowrote g floerate $

' 1021201 . 047000$0 '.04700050 0.0 -

'
1022201 25.457000 ES 400CG 0.0 -i-

^

1023201 . 20307000 .2010 4 00 0.0
1024201 40.971000 40 971000 0.0

!. 102S201 D 40.071000 43.9 ?t000 43 - *
I. 102$209 40.968000 -40.969000 0.0 -.,

*.- . E tum: die ' L+ta O e
- 1.40% 0.. 1. = 1,1621110!

. 1022110 - 0.93.9 . 6. 1 1.
"1023110' 1.299 ' 0, t, I,'

r10241TO.. 1,289 ~-0. D1 1

- ?025110 s 1 ?89 1 - 0. -1 ti

- 1026110 0.189 9. 1_ 1.e-3

|- 1e_
f .. ' e.ne.w.e.e,.. eye, ........,e e,..n e, .e,........% e...........e

tP4 f ollrwang data terresent ti'e vessel inlet annulus fland **

e. a .olume.t'e l ow t he c.old.e .49. .c.en t e r l ine. .'t.i e e .r vo.lwee. .) e . e . e... e - *e .
1 lewa*

v .s.e e.e. 4e.e.o .e e e.*>e.e. e2 .. e
-e
-*c e &o ' r, te@+en t name rteporierit type
-1640000 .naelo desach

_e
-

~ '

nuorer (4 jum t' ons ' vel /flw ~*c edno . -
0=

-

i .

1Q4000)- -2.:
*

*cidDD flOtt 08,4 Ie64ID WW I VM'-
104c 101, 0.0 2.4410 f27,t 76

-*

;10delt? Det =90.0
'
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* 1202:101 If m .CO O 10000 t t ?.F'4

tif) til 2620 40c oG 0 1 1 E 016 i
* |

f4 toe t. t str no*otite rignt s m l. Irrr b r ond se code a r e a.'e o. j
t?E;26ct o 0 0 1 '. t 2 i

146e2402 0 0 0 1 4 0!t 3 '

. i

*ttste s. 9tre s. o911 lefi t+st right Nea t et str no.
*

.U t2 2 M1
0 0 0 D 3
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*ctfne eq6tv dies rested 1sn's erid len's erld ef's tif ht st r no.
-17622601 0- v9.0. 93.0 0,0 - 0.0 8.0 0.0 1.0 3
.e -t.
~;go.a... . ..se....... ........, ..... ..,*,..... 4.e, . . .e ...e s.eee~ s e

ta.rt.ro.e..r, b.elo.w.t.ee.ns..!,s t an c.on4......e. .. .. . . ... . ... . . . m..... ...........l.-

S .:. . . . . . . . . . . . . . . . . h t.s.t r .n.o. - 2661 -w e a r.t. e. r .1 . . . . . + . . . , _ ..e
*

e .. . ,_,.... .s

*htstr ht Stre _e Pts peem . tat t .l .coof d refl_ b.vol - eul. in(r
1?%S1000 3 -4 2 -t. 4 e63 0

'e

tit 41100 .
mesh 1000 Desh f atehtstr

0 t
e-

*htste intereals tt coord
' l teet 191 - 4 4,9 94
e

cumpsn no, intervalehtstr - .17641201 2 3
e

ehtstr source teterval
12b61301 0.0 3.
e

ehtstr teme mesh pt .
12661441 b09.41 - 4'e
*btste left vol Inct L.cond e4 code aree/ factor et str no.

- 17061501 .- 214010000 - 0 1 1 6 one 1

- 1766)$42 tbbOT0000 10000 1 1 L 9)4 3
e

ehtstt right vol trer b.cond se code area /faelor bt s t e no.

-1266160l_ Ptat40ece .e
i t 6.016 1

42661602 it/010000 10000 t t 7.834 3
e

*htstr s. typt s. mult lef t heat r$ght feet ht str no.
12661 tot 0 0 0 0 3
e
e r#o e44tv dise heated len's grid len's grid cf's t f ht str 60.c
1.*661801 - 0.1 30 - 69.0 99.0 0.0 0.0 0.0 C.e 1.0 3
e

*c t dno es.tv d6er. hea tad lan's grad len's grad cf's bf kt ste no.
126atBC1 0.130 .$*.s 99 0 . 0.0 0.0 0.0 0.9 t.0 3

'
. gee .* * * . e e .e .e . e . e , .. e . e . e 4.e .e . e . e . e .e .e, s . o . a . e .e ... . . e .e . e . e . e . * * *

4.re.pper. at.t.rans.it ion tone. . ..... ...
5

' *e.. ... .. . , . . ..... .

- S .. . .t41 s t r no. ff42 .. . , .. .w. .r appe r ,2. . .. -. . . .. ...
*

e.. .. .. .. . . . .

*htstr ht strs a pts gese that 1. c oo r d ref! b.vol aal. Incr
12662000 t 4 2 1 4 902 0
4

*htstt 1 sesh locn mesh fot
I?t62180 ' 0- 1

_e-
' * hts t e ; intervals et, coord

17662101- J 4.9331
e

eheste compun no. snterval
tite 2201 2 3

'e

*btstr - sourte - neterval -
12662108 0.0 -3- *

_

ektstr t emo -
- t ?f 62401 511.13 .

Sesh pt.
4

e
-*ntstr 1 eft vol _ _ ~ ~nnci b,cond - sa code area / factor bt str no.

12642501 se6040000 ' e n .1 7.834 - 1
e

~~

= ri ht vol inc r. b> c end sa ecoe area /f ac tor _ bt st r oc.*Ptste
12561t01 -26!010000 0 1 1 L SJ4 1

_e
- *nt s t r - s, type s mutt i r' - bes t right heat ht str nn.

12662701 0 0 0 0 1
e
*c t &un equi, d.as. keated len's grid len's grid cf's bf ht s t r no,

:12662901 0,130 99.0 , 99.0 0.0 040 0.0 0.0 1.0 1
e

*c r dno equiv dias heated len's geld len's - grid cf't Of ht str no.
' 120flvol .- 0.1 10 - 1Nr 0 99 0 - 0.6 0.0 - - 0 0 0.0 1.0 t

_

............. . ....... .. 4.e... .e.e.e.e... .ee .e.e.e.....e.e.e.e.e..

e., . .. ... , . . ..$Sw ea ppe r., e.bove t r ans.i t i on c. ore. ... . . .. . .... . . ... . ,, .

.e. .. s. .-
.... . w r a pt.e r . 3. . . . . . . . . .S . . . .. .. . . , . ht s t r no. 2 N.1

.

..b.vol est. intf

*
,

.. ..e

*histr - ht strs -a pts peon . 35 4 1 coord refi
- 11101000-- 1 =4 2 I 5 ?64 4-

e

entstr - mesh loca' set h f a t.
12/01100 0 l
e

ehtsir $ntervals ft. chord
12701101 3 5.295

* *

ehtstr c01 pan no. interval
12701201 7_ 1
e

8h'ste scu*te nnterval
. 12.01301 . 0.0 3-

e

. entstr . temp resh pt.
' 42701401 b11.A0 4
*

8 hts ti left *vl ' ne r 6.c+nd sa tode aree/fotier ht s t r no,.i

-{270f601- -2 T017@00 0- 1; 1- 4. 40 5 1

*PYstr - right vbl '.ac t 4 rood se ende arga/ factor bt st e ro.
12 Nif41 2tdO10000 0 t t 4. 4c5 .1

*hitir t. tyta '' s. mult lef t heat right beat ht s tr no.
1270170! 0- 0 0 0 1
e-

*t r or 4 ' o}utv dien hea ted lan's orld len's 0* id ( f #5 Of ht sir no.
12108991 0 99 0 Se.0 0.0 0.0 0.0 0,0 1.0 t

*c r &.a e_)ute inae hea t ed 1 *n 's grid len's geld (f's of kt str ro.t i re t *T) 0 64.0 99.0 9 0.0 .0 0.0 1.0 t
e

'
.

' gone,*,s. ......,e.a. .s,s.a.o.a.e,4,e.e.e..... ...e.e.e.e.e.e.e.e.e.ese
ss. t a. poet,. a t avio. pri. ma.,ry ( swi.ri vane ) separa tor

.. ... . . . ....Se . .. . .. . - . . . . . - e

' $ .' .c . . . s.tr no 2741 . . - - ... . ...no-
wrescer.4 eht

'

, . . .
,

.. l e c to.r d reft b.vol asl. Inctobtstr ht str3 m pts pe en E 'I t
1274!000 1 4 2 1 5.54 4 0 *
* CZ)

,
- - -
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' - th*ett e5ghloce mesh f at
"

12741100 0 - 1
-- e .
'' et34 t r ' lete rvelt et,4nordy

12741101 3 4 b200
e.
evtgjp compun no, getge,g) -

12741201 2 3',e- .

|
ebitir SDurf t infeigal '

' 12741301- 0.0 )
'e-
s shtstr temp mesh pt,

e:
. (1 7. 96 412! ' " * *

!ebtst - -left vel incr' L Aced 'se code area / factor ht str ne,
12741501 : 274040000 0 1 1,0c i*

*--
?. thtst r . right vel, ine r b.cond sa todo area / factor ht str no,

12741601.' tt @.t>000',

e
. 0- t 1 7488 18_

J 12741791 ' s
type.__ t. mult- lef t heat -- tight best ht str no,*htste
O O O O- -1

.e
e rdne eav1v dies heated len's gend len't grld cf's bf ht str no.e
12741501 -0 99 0 #w.0 . 0.4 0,0 0.0 0.01.0- t
e I

*cteno equiv dise heated len's grad len't e?id cf'.0 l.0s bf ht s1r no, |
12741J01 -0 99.0 - 99.0 0.0 0.0 0,0 0 t J
e j

.ge ege tee e n e e,*eere.e s,*ee.e e.e.e e s e.s.e.e e e,s e.e,s.. 4.4e*
is n e v e e s e

. Sp ra sa ry s ege..r s.t er .,t ss. t r l va. ne. ). . . . .. .. .. . . .. . .. .s . . 1 J

..... .. .. . - . ,. .. . ...,. . e

6
. ...h.t sit n@. 2 742, .y. . . . . . ..t.w.i r l. vant. .. . . . . .e - i

- e
e......&..... . .. . . . . .

- *htttr ht st rs a pts peca tatt 1.coord reft b.vol est. inct i

12742000 1 4 1 4 0.0 0
e-
ektstr mesh locn mesh fat
12742100 .O t

-e
'htstt intervale tt coord
12742101 3 0,0312%

- e
~*btste compen 60. anterval-

12742201 2 3
e

*btste - source '- interral
-12742301 - -0.0 3 F'e

'h'etr _ _1emo mes h p t .
12'r4240t 517.96 .. 4

-e
'histr left vel ,- ance b,c ond sa cyde e rne/ rector ht it, a n

.- 12742$01 - . 274019c00 - 0 1. t. ed ?. 7 1 1
- e-

"*htstr right vel' tac r b cond se ende eree/facter ht str no,
-- 1274?stt- 27 A110000 0 t t 647.7 1
.- e
*btste- s c type - 9. a=lt' lef t heat right heat bt s tr no. *12742701 - 0 0 0 0 - 1

. e.-

*c rono cadv dine heated len's n< td lea's no g_gf's t f *t s t r ec-

- 12742801 0 99.0 99.0 . 0.0 __ 0.0 0.0 -0.01.0 t
e

= ecrono- equiv d4ee heated len's ern# len's sa id cf's bt tt sir no, .

< 12742901 0 99,0 . 99.0 0.0 0,0 0,0 0.0 n.0 1
9

' g e s.e.e .s e e.e .e,*. e .e .e.e. e e. e . a . e . e . * , s . e . e . e. e .e . e .. . e t e .* *a . 4. ** ee e s e

e. . ... .e. ll - e.le. ve. .t.i on o,f. d. r ye. r. . . t4sg sh . . . .. - . . . ,.. ... ...... ... . -. .'-

,

' S : ht st r.no 2791 . .... .s. e. l l. ,5. . . !h *
e..,.............. .. . . . ..... . e

'htst r ' bt atts a pit peon init 1.coord ' f**l b,vol ev), inc r 4

'12781000- 1. 6 2 .I 4.69 0 --
*-
*btstr J mesh locr,

1279tt00 . 2641 ~
mesh fut

: t
-e
'*ntstr te m flg

'

1,,12781400.-. k'b41

str' cleft vel . Inc t b,tond sa code area /fector. ht str no.
* h'7% 1501,12 278010000 0 t t 5.29 1
e

ehtste - right vol' inct u.cond- sa code eteatfatter. ht st r ne,
1278160t .0. -

0 'e 1 6.29- - I=

.

i - .

its t r - s c t y44 -- s. mult lef t heat - rnght heat
1276 t 7C1 0- 0 0- 0< '

ht ste no.
t

e

*crono equt, etas heated len's -ernd len's geld st 's t<f ht mir oo.

*
- 0 . 99,0 99,0 0.0 0,0 0.0 ' O.0 1 0 l12781601 *

go,e.e e.e e.....e.e...e.e.e.e.e.g.e.e.e.e.e.e.e.4,s.e...........+ e.ee.e

, - Ss.ec..onda.ry sepa..rato.r (dryer. venes) 4
e. . ... .. . . . . ........ . ., - - ... . ,,,,e

4 . ...... 4..... ..t.at.t no. 27E.2.....,.... dryer.~.
.... . ... .*

h *
e4 .+ w.... .

*htstr ht stre a pts . peen ' Ins t 1,rperd ref! b. vel sel. ince
u12782000 1 4 '

t. t 0,0 0 "

e
- * hts t r ' mes h l ocn . besh fat.

12782100 0 -I
e

- *ht s t r Antervels f t c t%'rd .
12782101 3 0.020t3

: e
* : *h15 t r - compen aq, totarve)

42782701 2 3
*

*
. *htstr- tou rce 'intervai.

12782101 0.0 3
- e

| *htste temp eesh pt,
c 12 7824St St L RJ . >4

- e.-

- *htstr- left vol- 12782501- -27s010004 -- inct 6,cond $4 tode seea/fector- ht s t r no.O t- 1 2347, -I.
o

.*htstr- right vol -- nact - D. t ond se coon etea/ factor bt s t r no,
12792601 : ?ia016000 - . 6 ; 4 -t 2347 1

type e, eutt - lef t heet right heet ht str no.*btste , 0 -0 -0 0 112782701-
e

'

*ctsno e sutv dise e heated lea's . pr as len's : 9t ut (f's tf ht s t r no
., _ , ..v- . - . . - . - . . - - . . - - . . , _
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17742001 0. ' DS. 0 " ' $9,0 '' O.0 0,0 00 0.0 1.0 1
--e
-*c e p.o equiv 4:44

heated len's -. 0.0ertd len't pred ef's Of ht ett e6' 12742901 0 k0.0-. 39,0 0.0- e-0 9,6 4.@ t.

e
g o. s . e . e . t . u. e . e . e . 4, e . e , . . e . e . e . e . . e . e . e . e . .. . . . e . e . a . a . a . s . . . e . e . e e s

e.. .s.. ell.,.e..t.e. .le.ve..t l an.of Jrye.r, 8hcludleg el.ipto.s sa l i rp c ap .1lag t

4. ' ... . ,. .. . . . . . bi s. t r t o. 7821.. .
.e .. .. . .. . e. . .. .

l.'e l l .8.. .o.. . , . ..
*

e. . ,, ... ,

ehis t r - ht etts a 15 peos nnit 1.coord ref1 b.vci sul. thc r
17321000 1 2 1 ~ t.b9 0
e
*htstr seth locn me h f ut

- 12921100 0 1
e.
ebte t e- intervsts rt, teerd
12121161 6 610617
e

_ehtste compan no, anterval
1?b2t201 - 2 %
e

ebistr t ou r ce interves
176.* t 301 0.0 %
e

eht}tt teep mesh pt.
176J1601 619 99 $
e

'tils t r - left vel s ac r b . ( towJ se code area /f ac tor ht str ne ,

,12621101 . 197010000 0 1 1 7.)#1 1

*btste flgri vo) -Ince b.cood 64 code sf ee/f actor ht str no.
It92tf4l . 0 0 0 1 1 791 1
e

*htstr s.' type t mult left heat rtgnt heat ht str no.
12821791 0 0 0 0 t

.e
*c e dne aguly dien heated len's orld len't grid ef's tf bt ett.Ac

.1212 t 50) 0 99.0 99 0 0.0 0,0 0.0 0.0 1,0 t
e
ge.e.e.e e.e.e.e.e.e.e.e.e.a.a...e.e.e,*.e.e.e.e.o.4.6.e.....e,s.o......

S.te.@. ..b. .s.tese gene r a.to..r anle t ple%.e. v. .19t es , ou.t le t . ple%m h.e4 4
e . . ... . . . . . . . e

l.in.le.t pletan S
.. . ... . .... ,, ,...a, . ..

. $....... ....... . .t str no. 3oe..t s.in el t plen..
, ..ee .

h a

. . . .... .

*htstr bt strt a ets pace lett 1,tverd left b,vol es)- nact
1306t 000 1 6 3 11 4,817 -0
e

obtatt mesh loco mesh f at
13061100 0 1
e

ehtstr antervols rt caord
, 13uoll01 1 4. 8 r4

13065 t92 ' 4 % 623 .,

> s
I~ = *btstt - crepun ne, interval

1306t?tt .1 l
IW6126) 2 6

- e

' ehtste suurce interval
11061101 0.0 6

.4

*btstr -
606.18 6
teep mesh pt.

13061441
-e

entser left ye.1 inct b, t ond sa cmse Stee/fd<1or bt str no.
1 7061601 305010000 0 t' 1 0.2% 6

- e
* h t s t e -. = tight.vol tact b,cond : ta cwie erosiletter ht str no. .
1396160t. 0 0 0 t 0.2% 1
e

'ht s t r - e. type ~ s, mult left hee t right test na s t e e.o.
; 13061 Pol 0 0 0 0 t

e

'c r ono equiv dlem hested len's 0+td len's grid of'.s of ht sit no.
'

t 1061601 0- 99.0 99 0 00 0.0 0.0 - 0010 t.

- e
te.e.e.e... ........... .e,4.e.e.e.e.e.e.................e.............e

6sig tub.e.s... .. ..... ........e....& ,. .. . . . ..

-9..~..a . .... h.t s.tr no. 7081 - t.o tut +t. .. +- . . -e
*

4 ... . , - - . ..

entste ht stre e ets gece Innt 1,coord reft b.voA eil, twt r
I n'01000 8 6 2 1 0 0123 0

. e
' *htstr ' meth 1 pen mesh f et

1)o8t t00 ' -0 1
e

~1306110%
' intervalt it, (bofdehtstf'

S 0,b na
e

ahtete compan nec .in t e rval
- t act t.'Ol - .3- 5

e

*htete acurre interval
t ace 1301 0.0 . 6

, e

*ntett t emp - mesh pt.
11081401. tSO. ' 6
*

*ht s t r - left vel in(r- b Ennd se cemg stee /f acier ht str no,
1F081tet joF010?40 0 1. I I tO T% 4 1

- 13041547 30B020000 10000 - 1 1 ?S S ?$ . 5 7

- e-
-- JoBvv0000 4. 1 1 13115.4 81308100).'

ibilte 't) h1 wd] imf r b. 4 0nd ' e q ( ; te areaffattar ht s t e ew.
1308300f -Je1010000 6~ 1 1 1531t,4 1

1.1C 91662 ap0 Moo 0 t 1 fin % 2 l

. I Ewi6et - 36eo 8060 0 4 1 et t i$ . S 3
l )18 t fA 4 'A48440000 0 t t . ' ! ?4.$ 4'

11091 t0% - Jte0 40000 0 1 t .* 17e 5 5
13061tA6 . 3640 )c0D0 - 0 1 l itt ?# $ e
13081007 'af *0 76c00 0 t i 251'49 5 - !
114e1604 htoG10C00 0 4- t 19f36.4 9
e

ehts t r . 3. type 9. mult left tedt right be.4% ht sie no,

1)UW1701 - 0 0 0 0 6
-*

*C r 3PO equLv d)ee he.s t ed l en * g grid len't gt id tf's hf ht str no.
130Si ke t - 0 $9,0 #9.0 94 0,0 0.0 0 0 1.0 m
e

'c r dno equly diaa tested len't gPld lere*g grid cf'l tf P.1 31.f no.
17n91901 . 0 < 0 34 49. 0 99 0 v.0 0.0 v.0 0.0 1.0 8

.........................e.............. ....................... .......

. - - . - -- , - - . . . . . - ,
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- 4.tu.t.e. s. he.e. .t
5 5

'

. ...........<.... ......... . ...... ..... . ..... ...e

6. .. . . . . . . . . . . . . ht s .i .r m.e. ., .3082.4 . . . . . . . t a. tie.s. hee. t . * , . . . . . . . . . .. . *e .. . .. . e

htste ht stre e pts yes tant 1.<oord reft. b.ve) est, incr -e

1 %$2000 2 s- 1 -1 0.0 0-

- eht st r pesh loca - eesh fot
: 1308/100 - 0 -I

e

- *htstr- inter.els et, reord
1 30$21G1 % 0.M3 7
:s

*ht s t r pape no. interval
13082201 2 6
e.

' *ht st r ' course interval-
1)DSM01 0.0 $-. e
*htete temp - eeth 01
1 % 82401 67%.0 4-
e
'htste left vel inct . t.coru, ea code stee/ factor bt sir no.
13042501 W otoc00 0 6 0 1185.5 1

13052 % 2 306080600 0 1 0 1185.6 2
e

entstr fight vol .nacr b.cond te (ode enes/ factor ht sir no,
' 130 tit *1 0 0 0 I ttst.5 2

e

*btste s. type s. mult left host right heat bt s t r no.
1308t701 0 0 0 0 2
e

*c t ee es,1, dian' hea red lea's - g' cid leC s orld (f % t f ht st r no,
1308.'80 t 0- 99 0 99.0 0.0 0.0 A.0 0.0 1.0 2
e

l*********e***.***=*****ee**ee**.e. .e...e.e.e.e a.e. . .+.e...e,e. .eee
m. .t .le. t .p l enus. . . . . . . . 4
e. . .. . . ....., . . . . . ,... ... ..... ..

S...n., . . . .. . ..t.s t r no. 3101 . . . outle.t p)h *
e. . . . .e, ..,n+ ...........e

, *41str ht stri a pts geve innt .l. coped - refl b.vol a sl, inO
13101000 1 - o 3 1 4.817 e
e

4tstr . kesh locn newh fot a

t)101100 - Jot.t 1-*
'*htste leap ee n pt.

-- 13101401 647.6. 6
L-*

*htste left vol inct. tNcond se teos - ares /f actor et s t r no.
13tcit0i 31001u000 0 1 1 0.25 1
*

- *ktstr ' rtsht vol 'inct b,cond se coce arearfector ht sir no,
- 13101608 -O 0 -0 1 0 26 1

4

*htst?- s; type es-malt- lefI beat ryh1 heat ht str no,,

_. 13101308 _ 0 0 0 0 t
e
-*f r eo'- equiv dian' heated leC p se nd 1*o 's ofid cf's tf ht s1r no.
1310'901 0 ho 94 0 00 0.0 0.0 0.0 1,0 I

'*
.e.e.e,.... ...e. .e. .e. .e, .....ese.......e.g.eees.+
cressu irer wall hegt steur tu es - ** c

e . e .e , e . e . . e e . *. e .e . e , . . e . e . . * . e . e . e . .e , . . . e . e . e e s
-e
erreo test s t r s' me*h pts 0*ce*1ry Init flag ieft o ord

, 134J 10 M $ 6 J l 3,500
e

' *cedno - mesh loca flag - mesh fut flag
0 40?)90 .0' l
e
*creo on, intervals'. ft. coord
13401101 - F 3 556

'13401162 3' 3 Ss2 .
.

*c rdne ' pap no. - Intervel no.
t1401201

'

2- 6:
1- 2

134Q1202 .
*

*cedno ' source velve mesh snt. no.
13401341- , 0. 0 - S

-e
'c reo : tewerature me h pt no.

- 14401401 642.70 6
-e
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