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ABSTRACT

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

RELAP5/MOD3 code documentation is divided into seven volumes: Volume I provides modeling
theory and associated numencal schemes; Volume II contains detailed instructions for code application
and input data preparation; Volume III provides the results of developmental assessment cases that
demonstrate and verify the models used in the code: Volume IV presents a detailed discussion of RELAPS
madels and correlations; Volume V contains guidelines that have evolved over the past several years
through the use of the RELAPS code: Volume VI discusses the numerical scheme used in RELAPS; and
Volume VI 1s a collection of independent assessment czlculations.

FIN W6238-Code Maintenance-RELAPS and NPA
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EXECUTIVE SUMMARY

The RELAP5/MOD3 advanced-thermal hydraulic code has become a tool used throughout the world
to analyze transients in hght water reactor systems. RELAPS/MOD3 code users range from world-
renowned thermal-hydraulic expents to college students. Thus, there 1s a great need for guidelines to use

the code.

The RELAP5/MOD3 user’'s guidelines manual i1s a loose-leafed document and will be updated
penodically. The reason for this is that user’s guidelines are never complete. As more experience 1s gained
using the code, additional guidelines will be defined and included.

The user's gwmdelines have been designed for both first-time users and experienced users. As such,
the entire analysis process 1s outlined and described. Essentially, the model construction process consists
of the following steps:

The transient scenano should first be evaluated from the perspective of whether the code
has the capability to analyze the expected phenomena. For example, if three-dimensional
neutronics effects are important, the analyst should realize RELAP5/MOD3 does not have
the capability to analyze such transients. However, the code can be used to analyze many
other important transients.

The information required to build the model must be collected. This 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 RELAPS/MOD3.

The nodalization resulting from the above process should be reviewed by a model review
committee before performing an aralysis. The committee will review the important
phenomena that will occur duning the transient ana determine whether the model and
planned analysis approach will be adequate to evaluate the transient behavior and meet the
analysis objectives.

The steady-state calculation is performed and analyzed. The analyst must ensure that the
model’s initial condition is representative of the real system’s condition.

The transient calculation is perforined and analyzed. 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 improper nodalization, code deficiencies, or user
errors must be identified and eliminated. Thereafter, the analyst can use the results to meet
the desired analysis objectives

Throughout the process, the analysis must be rigorously docurmented. The model should
be documented in a workbook and independently checked, when feasible, by another
analyst. The calculation should be outlined, the steps taken to ensure that the calculation is
representative of the subject transient should be listed, and the analysis results should be
recorded.

xin NUREG/CR-5535-V5
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The above seven-step process should be used whether performing a code assessment calculation or a
code application calculation [i.e., assessing the code by comparing the calculation to a data set or applying
the code 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
applications of the code to Combustion Engineering, Inc. and Babcock & Wilcox plants are answered in
subsections specific to these plant types

NUREG/CR-5533-V'S Xiv
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1 INTRODUCTION

The RELAPS/MOD3 code is the third major variant of the RELAPS advanced thermal-hydraulic
code that was released in 1979 1% Initially, this code was used principally by Idaho National Engineering
Laboratory (INEL) analysts for understanding Loss-of-Fluid Test (LOFT) and Semuscale experimental
behavior. Since then, the code has become widely accepted throughout the world for analyzing
commercial and experimental light-water reactor (LWR) systems together with their related scaled
systems

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

This document has been designed to guide all classes of RELAPS/MOD?3 users to produce quality
models and analyses concerning the thermal-hydraulic behavior of light-water systems that are consistent
with the current knowledge concerning the code. Volume V is unlike the other volumes in that it is a
“living document”’ that will be updated when (a) information is provided by the user community from code
assessments and applications studies, (b) corrections are generated, and (¢) user’s guidehines for SCDAP
and ATHENA are assembled.

This volume has been organized to provide user guidelines in the order of increasing detail. Section 2
gives modeling technigues from an overall perspective and a very general outline of whether to use the
code for a specific application. Section 3 gives advice concerning overall model construction including
general code model options, and Section 4 gives specific guidelines applicable to each component model
available in the code. As a result, the more advanced users will probably discover that their questions are
addressed in the later sections of the report. Finally, Section 5 consists of examples showing how the code
has been applied to analyzing pressurized water reactors (PWRs).

1.0.1 Reference

1.0-1. V. H Ransom et al, RELAPS/MOD"0" Code Description: Volume 1. RELAP5 Code
Development, CDAP-TR-057, May 1979.
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2 FUNDAMENTAL PRACTICES

Problems concemning the behavior of single- and two-phase fluid systems are often too complex or
unwieldy to use hand calculations. Consequently, a number of advanced thermal-hydraulic codes have
been created (e.g., RELAPS/MOD3, TRAC-PFI/MOD?2, etc.), and are a part of the analyst's tool-chest.
Once the potential code user 1s aware of the existence of such tools, 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 kind of equipment is needed to use the code” If the user must analyze the problem
on a mainframe computer, is use of the code affordable?

. If the code does have the capability to analyze the problem and the necessary computing
hardware is available, what is the best way to apply the code?

The purpose of Section 2 is to discuss the first and third bullets above. Hardware requirements are
discussed in Volume I1.

2.1 Capability of RELAP5/MOD3

RELAPS/MOD3 analyzes the thermal-hydraulic behavior of light-water systems. It was originally
designed to analyze complex thermal-hydraulic interactions that occur during either postulated large or
small break loss-of-coolant accidents (LOCAs) in PWRs. However, as development continued, the code
was expanded to include many of the transient scenarios that might occur in thermal-hydraulic systems.

Thus, the code has been successfully used to analyze not only large-“" and small-break LOCAs, 21221
3 but also operational transients in PWRs? 14215216 404 various transients in experimental ard
production reactors and reactor simulators 217218219 The code has also been used (1o a lesser extent)
for boiling-water reactor (BWR) system analysis.2"'”'2"'“‘“'lz

The RELAP5/MOD3 equation set gives a two-fluid system simulation using a nonequilibrium,
nonhomogeneous, six-equation representation. The presence of boron and noncondensable 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 model 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
also has the capability to simulate the presence of slabs of matenal adjacent to the fluid. Thus, energy
transfer to and from stationary slabs of matenial can be simulated. Control systems and component models
permit simulations of equipment controllers, balance-of-plant equipment (e.g., turbines, pumps, and
condensers), and lumped-node representations of various processes (e.g., heat transfer from one volume to
another ).

The RELAPS/MOD3 code has implied capabilities because (a) the equation sets formulate. .or the
RELAPS/MOD3 code were designed to investigate light-water system behavior at both nonhomogeneous
and nonequilibrium conditions and virtually any pressure between the critical and atmospheric states,
(b) the point kinetics model allows the study of vanous anticipated transients without scram (ATWS) and
the thermal-hydraulic to neutronics feedback effects, and (¢) the code's control systems capabilities and
balance-of -plant models allow a coarse simulation of virtually any component of a plant using a “lumped

o
-
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node” approach. The user may be tempted to assume that the code can be used with impunity to study any
LWR transient. This 1s not the case, however. The restrictions and cautions that the user must exercise
when confronted with a problem that requires analysis are discussed below.

2.1.1 Assessing Use of the Code

RELAPS/MOD?3 has been used by analysts to evaluate the thermal-hydraulic behavior of many light-
water systems. Consequently, several reference documents exist for the potential user (see Appendix A for
abstracts of these documents). This body of literature 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 2.1-1 should be used
as a guide.

A subset of problems that falls within the analysis in Figure 2.1-1 deserves special mention.
RELAPS/MOD3 and earlier versions of the code have been used for structural analysis (including water
and steam hammer) in the past. Since such problems must be treated with great care, the next subsection 15
devoted to them alone.

2.1.2 Structural Analysis Using RELAPS

The RELAPS code was developed principaily to calculate fluid behavioral charactenstics during
operational and LOCA transients. Of course, the results describing fluid behavioral characteristics provide
the basis for also calculating structural loading because the transient hydrodynamic pressures are key
results. Furthermore, RELAPS can calculate acoustic wave propagation (pressure signal transmission) in
pipelines and various system components. However, it is important to understand and carefully evaluate
RELAPS results that are used in such a way.

First, the potential user should know that structural loading analysis wa: not part of the charter that
led to creation of the code. Therefore, the RELAPS numerical techniques were not optimized for such an
application. Second, rigorous assessment of the code's results for structural loading has never been
undertaken. Consequently, there are no official benchmark calculations that verify the code's capability for
performing such calculations or give a suggested approach that 1s known to work. Third, the RELAPS
solution scheme 1s designed to converge based on the material Courant limit (i.e., the numerical algorithms
limit the solution time-step size based on the mass flow transit time through each component cell).
Because of this, pressure wave propagation will violate the sonic Courant limit unless special care is taken
by the user. The following two sections offer advice concerning structura! analysis and acoustic wave
propagation.

2.1.2.1 Structural Analysis. A program has been written that computes fluid-induced forces

using the RELAPS/MOD3 hydrodynamic output. The code is called RSFORCE/MOD3s* 13 and is based
on a one-dimensional representation of the momentum equation that

. Neglects fluid velocity and shear force effects that are external to the flow path
. Assumes a one-dimensiona! uniform cross-sectional area control volume
. Approximates the normal stress by the quasi-steady change in the momentum
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a If the user intends 1o conduct a structural, water hammer, or steam analysis using RELAPS/MOD3. consult Section 212 1or2122

Figure 2.1-1 RELAPS/MOD3 use analysis.
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. Represents uniformiy the fluid velocity, density, and pressure over the local cross-
sectional area and the shear over the local control-volume surface area.

However, as Watkins has stated in the RSFORCE/MOD3s manual: "It must be understood that

verification studies with RSFORCE/MOD3s program have been very limited and no comparison with

expenimental data have yet been made 2113

2.1.2.2 Water and Steam Hammer Analysis. Using the code for water and steam hammer
analyses is sometimes a controversial topic. Analyst's opinions rangé from not using the code to using the
code with qualifications. At the heart of the various differences in opinion are the finite differencing
scheme used in the code and the standard practices exercised by most users. The code differencing scheme
is the upwind or donor-cell scheme. The standard practices exercised by most users are based on their
experience with the code in solving thermal-hydraulic phenomenological problems related to defining
system mass distribution, core heatup, etc

Fundamentally, researchers investigating the behavior of the upwind or donor-cell differencing
schemes have shown that for the nodalization schemes used by most thermal-nydraulic analysts in

RELAPS type probiems, an acoustic wave 1s rap.dly attenuated 21142115 Thys if a user attempts to usc
the code for water or steam hammer analysis, very close attention must be paid to the cell size and time
step. Two factors must 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 size shouid be decreased so that there are a
number of cells over the region of the pressure wave that has a high rate of change.

The acoustic wave Courant limit is the time required for a wave traveling at the sonic velocity to pass
through any given model cell. Since the sonic velocity can be quite high, the ime step usually has to be
reduced to a rather small number. Also, if the pressure wave is expected 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 th2 solution time step (1.e., dx/dt) will

be a large number for most water or steam hammer applications. An informal study done by Watkins® in
1982 using RELAPS/MODI showed that dx/dt ratios of 6,100 m/s gave reasonable results for a 0.34-m
diameter pipe filled with 75K subcooled water at 15.5 MPa. However, at dv/dt ratios of 61,000 nvs the
solution exhibited “ringing.” and at dx/dt ratios less than 610 m/s the wave was rapidly attenuated and
distorted. When confronted with the need to do a water hammer analysis on the Braidwood Unit 1 Nuclear
Power Plant residual heat removal piping, another user concluded that the long pipe lengths combined with
a sonic velocity of approximately 1,500 m/s created a problem that the RELAPS code was not well-suited

to handle.® Therefore, people planning to use RELAPS for water or steam hammer analyses are cautioned
to carefully examine the apphication 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 result, then a code designed
specifically for acoustic wave propagation analysis 1s recommended.

a. Private communication with John C. Watkins, EG&G Idaho. Inc., Idaho Falls, Idaho, January 1991.

b. Private communication with Victor T. Berta, EG&G Idaho, Inc., Idaho Falls, Idaho, January 1991
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ind ). P. Boris, Numerical Simulation of R ! low. New York: Elsevier 1987, pp

2.2 Description of Thermal-Hydraulic Analysis

Once *he analyst has decided to use RELAPS MOD?3 to analyze a problem, obtaining the problen
solution consists of the following stages

Gathering and orgamizing information that defines the initial and boundary conditions. All

the available information must be div ided into two categones: pertinent and nonpertinent

Missing information must then be obtamned from sources such as vendors, utilities, of

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 chron logy of the

'nu]‘

Defining and nodalizing the problem I'he code input nodalization should be defined so
the most complete information set CONCErNINg the questions that motivated the study will
he available. The solution approach, assumpuions and final model nodalization are
recorded in the problem description and solution notebook. This stage also inc ludes the
formation of a design review commitiee 10 conduct reviews of the model nodalization and

the analysis approach

[nputting the problem The mmtial and boundai conditions are placed 1in a computer file

The model is then imtialized to securt the desired starting point for the pr blem

investigation and the proper boundary conditions. The expenence IS Tec wrded 1n the

problem description and solution notebook

Quality-assuring the model An independent review | performed of the input and the
problem descrniption and solution notebook. This review verihes thal information sources
are documented. derived quantities acc uratelv calculated, and modeling assumptions are
vahd

{

Running the code and analyzing the problem The code 1s run until completed, and

the

solution is analyzed. All analysis procedure findings, ar * observations arc recorded 1n
the problem description and solution notebook
Each of the four phases described above 1s de scribed in more detail in the following Tour sections
2.2.1 Gathering and Organizing information

Fundamentally, the RELAPS/MOD3 nput requireme nts can be divided into four distinct areas
hvdrodvnamics, heat structures control systems, and neutronics The overall inputs required are listed
below

vdrodynamics

all flow areas
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all flow lengths

vertical onentations

geometric detail sufficient to calculate hydraulic diameters

matenal roughness at fluid-wall interfaces

RELAP5/MOD3.2

information sufficient to calculate flow losses (e.g., bend geometries, area expansion
geometry, valve geometries, rated or test valve flow rates, plant startup test data)

initial plant conditions

pump characteristics

Heat structures

material thicknesses
material masses

pipe lengths

inner and outer diameter

matenial types

s

material properties as a function of temperatures (e.g., thermal conductivity, density,

and specific heats)

heater power (if the mass has source terms)

locations of heat sources

initial temperature distributions

Control systems

control systern block dia

wdentification of the

hydrodynamic and/or heat structures that are controlled

controller charactenstics

filter characteristics

grams

relatonship between various control systems and the
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setpoints
- gains
- saturation limits
lags
controlled equipment charactenstics
valve stroke rates
maximum/mintmum pump speeds
- maximum/minimum cycling rates
. Neutronics
- initial reactivity
exposure data
- delayed neutron fraction data
fission product yield fraction
- actimde yield fractions
- reactivity characteristics

This information 1s available in vanous system specific documents. The following items are
examples

. Final safety analysis reports
. Prints of 'oop piping in
reactor vessel
steam generator
steam lines
feed train

pressunazer
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reactor coolant pumps
accumulators

- safety injection lines

. Piping and instrumentation diagrams

. Precautions, limitations, and specifications documents
. Operating procedures

. Fuel and reactor kinetics information

. Pump charactenistics

- reactor coolant pumps
emergency core cooling pumps
- charging pumps
- main feedwater pumps
- auxiliary feedwater pumps
. Valve information
. Plant startup test data.
Each of the information sources should be listed in the problem description and solution notebook.
As information is taken from each source and used to calculate RELAPS-specific input, the information
source can be specified in each instance.

2.2.2 Defining and Nodalizing the Problem

Following receipt of all the pertinent information regarding the syster . be modeled, the next step
consists of isolating the important components of the system that must be modelled using the code. In
effect, the user must draw a boundary around the system that requires simulation. The boundary defines
the extent of the model and the model 1s composed of volumes that are called “control volumes.” The
“control volumes”™ are defined by the user in a fashion that best allows analysis of the problem. The
process of creating the “control volumes™ is called “nodalizing the model.” During the process of defining
and nodalizing the problem, the user must carefully document each step. When the documentation process
is completed, the model should be checked by an independent checker.

2.2.2.1 Definition of the Model Boundary. Usually, definition of the model boundary is
straightforward. The exact location of the model boundary i1s dependent on the type of problem being
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analyzed. That is, if the user is only interested in core heatup characteristics for a particular PWR and the
core inlet and outlet conditions (together with the core power) are known as a function of time, then the
model boundary could be placed to only include the core together with the core inlet and exit flow paths.
On the other hand, if the entire primary system behavior for the same PWR requires study, then the model
boundary would probably encompass the entire primary system, together with the portion of the secondary
system that interacts with the primary. The extent to which the secondary system is simulated depends on
the problem. For example, if the user 1s analyzing an LOCA that results in closure of the secondary
system'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 mvolves interactions between the various components of
the balance-of-plant equipment (i.¢., the turbines, the condensers, feed pumps, booster pumps, etc.) then
the crucial balance-of-plant equipment components would also have to be included in the model boundary.

An example of a one-loop PWR model, with the model boundanies defined to include the entire
primary system and the secondary system up to the turbine stop valve (the turbine 1s crudely simulated
using a boundary condition), is shown in Figure 2.2-i, Figure 2.2-2, and Figure 2.2-3. Such a model was
designed to analyze plant operational transients that did not include pipe breaks and for which balance-of-
plant components exerted little or no influence on the course of the transient.

2.2.2.2 Model Nodalization. Following definition of the model boundary. the next step 1s to
nodalize the model. That is, each portion of the model must be divided into discrete components. As stated
in Volume 11 of this manual: “RELAPS is designed for use in analyzing system component interactions as
opposed to detailed simulations of fluid flow within components. As such, it contains limited ability to
model multidimensional effects either for fluid flow, heat transfer, or reactor kinetics”. Consequently, the
model is divided into control volumes that are essentially stream-tubes having inlet and outlet junctions.
The junctions connect the various model control volumes together. The code calculates the average fluid
properties at the center of the control volumes throughout the model and the fluid vector properties at the
junctions.

The simplest subdivision of a model into a set of control volumes or nodes is obtained by dividing
the entire model into approximately equally- sized nodes. Appropnate node size 1s governed by several
factors: numerical stability, run time, and spatial convergence Numerical stability requires that the ratio of
the node length to diameter be unity or greater. In practice, this ratio is much larger than one, but this
“rule” provides a lower limit. Generally, nodes should be defined as large as possible without
compromising soatial convergence of the results That is because node size directly influences run time:
the smaller the node, the smaller the maximum time step size 10 remain numerically stable. (The material
Courant limit dictates that the time step not exceed the node length divided by the maximum fluid
velocity.) Determining spatial convergence in the numerical results is a less straightforward process. The
modeling example that follows provides some guidance. However, suitable nodalization is problem
dependent, and the user must exercise some judgment as to where in the model nodalization sensitivity
studies are warranted

It should be recognized immediately by the user that unless the system is quite simple, the model
cannot be subdivided intc equally-sized nodes. Practical hardware configurations are often complex and

may contain multiple flow paths that change both area and orientation in the direction of fluid flow . Also,
in some portions of a system, single-phase fluid may move in a quiescent fashion while in other portions of
the system the flud may be highly agitated and exist in both the liguid and gaseous phases. The user will
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usually be more interested in the fluid behavior in one portion of the control volume than in another.
Consequently, finer nodalization may be used to study the fluid behavior in specific locations of the model.

The model shown in Figure 2.2-1, Figure 2.2-2, and Figure 2.2-3 has been subdivided into a
number of nodes. For example, the pressunizer was divided into eight nodes (Figure 2.2-1). Seven of the
nodes are contained within a RELAPS PIPE component (component 341) and one node 1s simulated using

a RELAPS BRANCH component (component 340).* It should be noted that the calculations required to
specify the dimensions, properties, and fluid conditions within each node must be documented and kept
within the problem description and solution notebook. An example ‘of such a calculation for a portion of
the pressurnizer 1s shown in Figure 2.2-4

Modeling most systems requires 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 sources. The code has the
capability to simulate one-dimensional heat transfer from heat slabs to the fluid. Generally, the heat slabs
are nodalized to have a length-dimension that 1s no longer than their adjacent fluid controi volumes.
Sometimes, *pending on the specific application, the heat slabs have length-dimensions that are less than
their adjacent control volume. Examples of heat slabs are shown in Figure 2.2-1, Figure 2.2-2, and Figure
2.2-3. Thus, the heat slab modeling the pressurizer dome material adjacent to control volume 340 is
number 3401 in Figure 2.2-1. The heat slabs simulating the core barrel and the exterior wall of the reactor
vessel in the downcomer region (control volume 106 in Figure 2.2-3) are 1011 and 1061, respectively.

As the analyst plans and constructs the model, a design review committee should be formed. The
purpose of the committee is to not only review the planned analysis approach, but also to suggest mode]
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.

Upon completion of the nodalization process, including the documentation, the user should have an
independent checker review the model to verify that all the numbers and assumptions are correct. The
checking phase 1s 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 venfy every single number that was input to the model. After
completing the checkoff process, the checker should be asked to sign each worksheet (Figure 2.2-4) to
indicate the worksheets have been reviewed and all problems have been resolved.

2.2.3 Obtaining the Boundary and Initial Conditions

Following the nodalization phase, the model is fully defined (as shown in Figure 2.2-1, Figure 2.2-
2, and Figure 2.2-3). All dimensions are known, the vanous model flow paths are defined and simulate

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

a. The RELAPS components are discussed in detail in Section 4
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Figure 2.2-3 Nodalization of reactor vessel
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’ CALCULATION WORK SHEET
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‘ Figure 2.2-4 Calculation worksheet for pressurizer nodalization
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CALCULATION WORK SHEET
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Figure 2.2-4 Caiculation worksheet for pressurizer nodalization. (Continued)
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comparable flow paths in the physical system, the system metal mass is simulated, the logic that defines
valve openings and closures, pump behavior, etc. i1s 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 RELAPS input is defined in Volume II. The 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 2.2-
4) into a computer file, transcription errors are among the most common. Error messages are displayed 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 1s the code's ability to detect waether model loop elevations are “closed.” For example,
considering the model shown in Figure 2.2-1 and Figure 2.2-3, a loop i1s formed by components 404, 405,
406, 408, 410, 412, 414, 416, 418, 420, 102, 104, 106, 110, 112, 114, 118, and 120. If the sum of the
elevation changes within these components 1s not zero, then an artificial pump would be inadvertently
present in the system model with a head equal to the hydrostatic pressure mismatch caused by the locp
elevations. The code imtialization logic i1s programmed to check for such mismatches.

2.2.3.2 System Steady-State. The system steady-state calculation is of particular importance in
prepaning 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 user in reaching the correct initial conditions,
Since the steady-state cordition represents the initial fluid conditions and the metal mass initial conditions,
the “steady-state” option enables the user to quickly reach steady-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 conditior: to prevent formation of an
unstable hydraulic-neutronics feedback system.

It 1s important that the user allows the model to run for a sufficient length of time before concluding
that a steady-state condition has been reached. The user should ensure that a fluid particle moving from
one part of the system can make a number of complete circuits back to its point of origin. Once a steady-
state condition has been reached, the fluid conditions should be virtually unchanging with time. Such a
condition 15 shown in Figure 2.2-5 for the steam generator steam and feedwater mass flow rates as
calculated for the model shown in Figure 2.2-2. Following an initial mismatch between the two flow rates,
after 60 seconds the steam flow out exactly matches the feed flow in, and the two flows are steady.

As for all other phases of the model-building process, each step and mode! 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 process consists of running the problem on the computer and
analyzing the results. This phase can be quite lengthy if the transient is complex.
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Figure 2.2-5 Workshop problem steady-state with controllers (steam and feedwater mass flow rates).

2.2.4.1 Running the Problem. Running the problem on the computer is often thought by the
novice user to be a trivial process. However, 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 maximum time step by 2 factor of two or more several time steps before the failure
occurred 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.
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2.2.4.2 Analyzing the Problem. Analysis of the RELAPS results i1s 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 visibie

. Check the output for nonphysical results. Results indicating liquid over steam (when
vapor flow rates are not sufficiently large to cause counter-current-flow-limiting),
prolonged existence of metastable thermodynamic states, and unphysical oscillations that
could be numencally-induced are all examples of nonphysical results that may lead to
erroneous conclusions concerning the code's calculated thermal-hydraulic behavior. Such
problems should be detected at the beginning of the analysis

. Check the calculation for results that may be unreahstic. The calculated flow regimes and
heat transfer modes should be studied to ensure that the code 1s not assuming unrealistic
conditions. For example, slug flow in a 1-m diameter pipe is usually suspect. Also,
excessively large slip ratios (the velocity of steam divided by the velocity of liquid)
indicating nsufficient interphase drag and core void fractions that appear to remain at
values just below or just above limits that tngger different heat transfer regimes should be
examined to determine whether the code 1s producing realistic thermal-hydraulic behavior
simulations. See Section 4 of Volume IV for a description of the logic for selecting
different heat transfer regimes

. . 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. The depressurization
rate, various indications of core heatup, drain rate of the system at various locations, liquid
holdup, indications of condensation or evaporation, transition from subcooled to two-
phase break flow, 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 RELAPS's minor edits whenever possible. Such diagnostics are invaluable
during the analysis process for a thermal-hydraulic calculation.

Analyzing the REL «esults 1s one of the most important phases of the total analysis process. The
first and foremost caution 1s that the user must never accept an answer from the code without first asking
whether the result seemns reasonable. A thorough examination of the code output for each analysis is a
cardinal rule that must never be violated. The user must evaluate whether each and 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.
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2.3 Basic RELAP5 Modeling Units

The process of building a RELAPS model can be envisioned as analogous to phy sically 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, s¢ is the RELAPS model. Although a few
of the RELAPS building blocks are specialized (e g.. the PUMP component and the VALVE junction),
most are general purpose.

The RELAPS building blocks can be divided into four fundamental groups: thermal-hydraulic, heat
structures, trips, and control variables. The th= mal-hydraulic group is composed of components designed
to simulate fluid passages and fluid-handling cquipment. Heat structures are designed to simulate matenal
mass and the interactions between the material mass and the fluid in the fluid passages. Trips are designed
to simulate the signals that initiate 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 systems are
designed 1o give the code modeling 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 basic building blocks for the thermal-hydraulic and control vanable groups are listed in
Table 2.3-1 and Table 2.3-2 respectively

Table 2.3-1 Summary of the RELAPS thermal-hydraulic building blocks.

Component Label Schematic Primary Uses

Single-volume | SNGLVOL Represents a portion of stream-tube that doesn't
require a PIPE or BRANCH

Pipe or annulus PIPE Represents a pipe in the system. PIPE can have | to
< 4> 100 subvolumes. PIPE with more than 1 subvolume
has internal junctions connecting the subvolumes

ANNULUS Special form of PIPE. Has the same characteristics
as PIPE but is used to simulate annular flow
passages.
Branch BRANCH Represents a stream-tube flow juncture that can

have as many as 10 junctions defined.

SEPARATR Special form of BRANCH that simulates a water
separator in a steam generator.
JETMIXER Special form of BRANCH that simulates a jet pump.
TURBINE Special form of BRANCH that simulates a steam
turbine
ECCMIX Special form of BRANCH that simulates a stream-

tube flow juncture with a potential of large
condensation rates.

Single-junction | SNGLJUN Designed to connect one component to another
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Table 2.3-1 Summary of the RELLAPS thermal-hydraulic building blocks. (Continued)

Component Label Schematic Primary Uses
Multiple- MTPLIUN Connects components to other components (up to
junction 100 connections allowed)
Time- TMDPVOL Specifies boundary conditions on system model.
dependent
volume
Time- TMDPJUN Connects one component to another and specifies
dependent —— junction boundary conditions concurrently
junction
Valve VALVE 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 PUMP Simulates the actions and presence of a centrifugal
Accumulator ACCUM Simulates a PWR accumulator. Model includes not
Q only the vessel, but also the accumulator surge line.

Table 2.3-2 Summary of RELAPS control vanable building blocks

Component Label Function
Sum-Difference SUM Allows addition or subtraction of variables
Multiphier MULT Allows muluplication of vanables
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 vanable as a
function of time
Functional FUNCTION Defines a table lookup functional relationship

to a vanable

'lJ
9
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Table 2.3-Z Summary of RELAPS contrel vanable building blocks. (Continued)

Component Label Function

e
-

STDFENCTN Performs absolute value, square root,

exponential, natural loganthm, sine, cosine.

tangent, arc-tangent, minimum value, or

maximum value operation on designated
vanable

e

Slandar::l- Function

DELAY Acts as a time delay factor operating on

Delay
designated variable

Unit Tnp TRIPUNIT Becomes true at defined ime (when true =
defined factor, when false = 0); also can be

defined as complementary function

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

POWERI Gives variable raised to integer constant

Integer Power
power I quantity times constant

Real Power POWERR Gives vanable raised to real constant power R
quantity times constant
Vanable Power POWERX Gives vanable raised to real vanable power V
quantity times constant
Proportional-Integral PROP-INT Defines a proportional-integral controlier
Lag LAG Defines a lag controller function
Lead Lag LEAD-LAG Defines a lead-lag controller function
Constant None Defines a constant value to be used with other
control variables
Shaft SHAFT Defines shaft characteristics that may be used
in conjunction with a generator
Pump control PUMPCTL Defines a pump controller (used principally
during steady-state portion of analysis)
Steam control STEAMCTL Defines a stear flow controller (used
principally during steady-state portion of
analysis)

Feed control FEEDCTL Defines a feedwater flow controller (used

principally dunng steady-state portion of
analysis)
2.3.1 Thermal-Hydraulic Group

Within the thermal-hydraulic group there are ten fundamental RELAPS components that can be

t..)
o
t2
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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 from one component to another are the single-junction component and
the muluple-junction component. Components designed to simulate boundary conditions are the time-
dependent volume component and the time-dependent junction component. Components designed to
simulate particular equipment are the valve component, the pump component, and the accumulator
component. Each of these components is listed in Table 2.3-1. If more detailed information is required,
consult Section 4.

2.3.2 Heat Structures

The heat structure modeling capability inherent to the RELAPS code allows simulation of all of a
systemn’s material mass. System structures constructed of different types of matenals (e.g., a cast iron pipe
covered externally with insulation and plated on the inner diameter with stainless steel) can be modeled
easily using the code. Also, the code can simulate the presence of heat sources within heat structures such
as nuclear fuel or electrical heating elements

The heat structures simulate the behavior of not only the core fuel rods in a reactor system, but also
the vanous 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 the geometry defined by the user; each heat
structure is sized to interact with particular stream-tubes and each heat structure can be finely nodalized to
provide a rather detailed temperature distribution in one dimension. A plane slab structure, a cylindrical
structure, or a spherical structure is allowed for each slab. The code assumes that energy flow to and from
the heat structures is in a direction normal to the stream-tube flow direction. Consequently, the heat
structure nodes are aligned in the direction normal to the fluid flow. A comprehensive description of the
RELAPS heat structure nodalization process is given in Section 4.

2.3.3 Trips and Control Variables

The trip capability available in the RELAPS 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 characteristics 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 test. The test consists of comparing the specified
vanable to either another variable or a parameter using specified conditions such as equal to, greater than,
less than, greater than or equal, less than or equal, or not equal. In combination with the “logical trips,”
very complex logical sequences can be simulated since the “logical trips” allow comparison between two
or more trips such that one or more trips may be required to be true to create a true “logical trip” condition.
A detailed description of the trips is given in Section 4.

The code's control vanables consist of 21 capabilities (see Table 2.3-2). In essence, the control
variables can be used for three pnimary functions: (a) to simulate equipment control systems, (b) to create
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“lumped node” parameters, and (¢) 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 is a
component of a physical system has a control system. The 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 compiex and sophisticated. Consequently, the code has control vanable
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 balance-of-plant components can be simulated using the control varables by
creating difference equation sets that represent the specific component's behavior. The equation sets can
then be coupled to the RELAPS 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 RELAP5 Model Boundary Conditions. The control vanables can be
used to sumulate the presence of instrumentation that provides key input to system trip or equipment
functions. For example, a piece of instrumentation affected by the total pressure rather than the static
pressure can be modeled by creating a control vaniable that monitors the fluid static pressure and the fluid
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 flow energy flux can ve
calculated using the control vanables to determine the flow enthalpy at each time step (since RELAPS only
calculates the flow specific internal energy, not the specific enthalpy).

2.4 Basic RELAFS5 Modeling Guidelines

Using the building blocks described in the previous section, the model shown in Figure 2.2-1
through Figure 2.2-3 was constructed. The model uses eight of the ten components available in the
thermal-hydraulic group together with heat structures. Trips are used to change the operational state of the
valves, the pump, the pressurizer heater rods, and the core power level as a function of the following
vanables:

° Primary inventory level (pressurizer water level)
. Secondary inventory level

. Primary and secondary pressures.

. Hot and cold leg temperatures.

A summary of the basic guidelines and their applications are given in the next three subsections to
illustrate the first steps in constructing a RELAPS model.
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2.4.1 Simulating the System Flow Paths

The flow paths shown in Figure 2.2-1 through Figure 2.2-3 were nodalized by adhering to the
following general rules:

The 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 component 341, volume 7 in Figure 2.2-1). The
volume representing the bottom of the pressurizer was sized to have a length-to- diameter
ratio less than | to allow better definition of when the pressurizer empties 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 mode]l containing a “free surface” were nodalized such that the “free
surface” lies approximately midway between the node boundaries. Thus, the normal
pressurizer water level is approximately at the middle of component 341, volume 2.

Multiple, parallel flow paths were combined. 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 flow paths were simulated by these two flow
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 fluid stream-tubes. Circumstances leading to such interactions occur because of

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

Large fluid temperature changes. For example, if a system is initially at 1000 psia and a
large valve suddenly opens such that the system depressurizes rapidly, the fluid
temperature will follow the saturation temperature during the depressurization.
Consequently, the heat structures, at the initial fluid temperature, will then transfer energy
to the fluid in an effort to reduce the heat structure to fluid temperature potential.

Environmental losses. Although commercial plants have thermal losses to the
environment that represent only a small percentage of core decay heat, scaled experiments
may have losses 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 to the power turbines by boiling secondary inventory
using energy supplied by the primary core fuel rods.
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Based on the above guidelines, the heat structures for the one-loop model shown in Figure 2.2-1
through Figure 2.2-3 were constructed. The reader should note that the majority of the structural matenials
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 1141), and the pressurizer
heater rods (heat structure numbers 3411 and 3421 ).

2.4.3 Trips and Control Variables

The actions and/or response of the model's simulated equipment 1s triggered and sometimes
controlled by the trips and control variables. Thus, the foliowing equipment has trips and sometimes
control systems that <.uide 1ts behavior duning off-normal conditions:

. Pressurizer heaters (heat structures 3411 and 3421)

. Core (heat structure 1141).

. Pressurizer spray (valve component 338).

. Pressurizer safety valve (valve component 346).

° Power-operated rehef valve (valve component 344).

. Reactor coolant pump (pump component 414).

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

. Secondary steam system valves (valve components 755, 765, and 804).
. Feedwater system (time-dependent junctiorn component 455).

As an example, the control system and governing trips for the on/off pressurizer heater (heat
structure 3421) 1s shown in Figure 2.4-1. The parameter labeled Y, 5 is the heater rod power in MW. Y,

equals O when trip 612 is false and equals 0.9 MW when trip 612 1s true. The logic works because the unit
trip equals 0 when trip 612 is false and equals 1 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 tnips 611, 510, 511, and
512, Trips 510, 511, and 512 are called variable trips and trips 612 and 611 are called logical trips. Trip
510 states that when controller 202 (an indication of the pressurizer liquid level) 1s less than or equal to -
0.144, 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 than -0.05, the trip becomes true and
only remains true as long as that condition 1s maintained (i.e., the trip is not latched). Trip 512 states that
whenever the primary system pressure bias is less than or equal to -25 (controller 212), then the tnp 1s true
and the trip is not latched. If either tnp S11 or trip 512 is true, then trip 611 1s true, but not latched. Finally,
if trip 611 1s true and if tnp 510 is nor true (represented by the -510), then trip 612 is true.

Although the logic for having the pressurizer on/off heater 1s simple, five trips were required to
program all the conditions that must be satisfied prior to having the heater on. An elaborate system can
have hundreds, or even thousands, of controllers and trips.

NUREG/CR-5535-V5 2-26




RELAP5/MOD3.2

Trip Unit Y19
a > trip |} 9x10° }—p
612
(612)
Latch

Top . Parameter Qperator Constant or no latch
612 611] AND -510 N
611 511 OR 512 N
510 CNTRLVAR 202 § -0.144 L
511 CNTRLVAR 203 LT -0.05 N
512 CNTRLVAR 212 LE -25. N

Figure 2.4-1 Pressunzer heater rod controller: on-off (component 3421)
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3 GENERAL PRACTICES

This section discusses general practices for applying RELAPS including standard procedures,
calculational node and mesh sizes, options, and special model applications.

3.1 Standard Procedures

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

3.1.1 Input Preparation

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

3.1.1.1 Model Documentation and Quality Assurance. The primary 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 model workbook forces a discipline on the modeler that reduces the possibility of
errors. Furthermore, formally requiring the wnitten data in the 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
model nodalization scheme is developed and documented in the workbook. The nodalization numbering
scheme should be carefully considered; logical numbenng of various modeling regions greatly facilitates
error detection and output interpretation. As an example, a logical scheme for a three-loop pressurized
water reactor might number the components in the loop 1 region from 100 to 199, loop 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 systems (e.g., makeup,
letdown, safety injection, accumulators) 700 to 799. Numbering scheme symmetry should be used where
possible. In the above example, if component 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 munor consideration, but one that car. prevent misinterpreting the output, is to avoid numbering
components from 1 to 99. Plotied 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 code, input and
output functions still use the trailing zeros. By limiting component numbering to numbers from 100 to 999,
all component references are standardized at 9 digits (three for component, two for cell, and four trailing
zeros). The advantage of this approach is that the possibility of misreading component numbers in the
output 1s avoided. For example, if component numbers from 1 to 99 are used, then on casual inspection an
indicator 120010000 may be visually mistaken for 12010000 (the first for component 120, the second for
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component 12). If all component numbers are 100 or larger, then there is no ambiguity because the first
three digits of the indicator are always the component number.

The main portion of the model workbook contains worksheets to document the information needed
to assemble the code input. The workbook 1s typically assembled in an order consistent with the
component numbering For each component, the hydrodynamic data are typically documented firet,
followed in turn by the heat structure data and control system data. It 1s useful to tabulate component da’a
in the order that it is to be input. (The tables can include page number references to 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 3.1-1. For each model component the workbook documents (a) the
sources of information used to as emble the model (such as drawing and report numbers), (b) assumptions,
(¢) any calculations needed to convert the raw data, and (d) the final values 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 careful entering of each number and a detailed comparison of the
resulting computer file and workbook are worthwhile efforts. While this effort is intensive, it 1s needed to
prevent serious errors such as mis-specifying input by orders of magnitude.

At the INEL, it is a standard quality assurance practice that each input model be independently
checked by an engineer other than the one who developed the model. Independent checking involves
certifying 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 activity 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 rmodeling decisions and assumptions. In the authors’ opinion, 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 engineers must recognize that the benefit of checking
is well worth the tedium of the effort required and approach the task positively. Junior engineers must
recognize that, as independent checkers, it is important they concur with or question the top-level
assumptions.

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, and alphanumeric entries. On any
given card, the data entries must appear in the proper sequence and be separated by one or more blanks.
The cards may appear in any order, as long as all required cards and data entries are present. If a card
number 1s duplicated in the mput listing, the code identifies it as a “replacement card” and uses the
information on the last card entered with that number.

A well-organmized input deck includes comment cards that aid interpreting the input from a printed
listing. Comments may be inserted through the use of the asterisk (*) or a dollar sign ($). On any line, all
entries following an asterisk are assumed to be comments. An example of a fully-commented input listing
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CALCULATION WORK SHEET

Subject. Sensitivity 1 SG Nodalization Study Date: July S, 1985

cked: 7-3 : W

Take volume 325 (shown on page 2) and divide it in half.

onginal volumes new volumes
325
325 i
320-3

The original length of 325 1s 7.906 ft (workbook page 79)

Volume is 338.938 ft’

From the lower tube sheet to the upper tube sheet the distance is 52.0312 ft (workbook page 67)
‘ The upper gnid spacer is 48.250 ft from the lower tube sheet.

The length of the new 325 and 320-3 volumes = l/2(7906)| = 3.9530 ft[

Locate the upper grid spacer: 52.0312 ft - 3.9530 ft = 48.0782 ft

The grid spacer physically 1s at 48.250 ft. Assumne the gnd spacer sits in volume 325 Therefore
there is |1 gnd spacer in volume 325 and 1 grid spacer in volume 320-3.

Volume of new 325 =

2 o 6.2356
(43.117) (3.9530) + 11(5.0573° - 4.9323) (1.0938) - =22 = 171.6146

P

Refer to: workbook pages 71, 72, 79

. Figure 3.1-1 Sample model workbook page.
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is shown for a branch component in Figure 3.1-2. With this format, an analyst u_/ill spend a mimmum
amount of time counting fields and searching through the manual to understand the input.

s#‘#‘*‘t#*#‘#*#t###!tt‘#t‘ti#"###*t“t“'tltﬂ‘t#‘t*t"#‘******t'****#*t*s

*hydro component name component type

1150000 “hxinplen” branch

B e et e 2 R R 8 R S 1 S S
*hydro no. juns vel/flw

1150001 2 0

*

*hydro area length volume
1150101 0. 1.065 1.265

»

*hydro horz angle vert angle delta z
1150102 0. 0. 0.

*

*hydro roughness hyd diam fe

1150103 0.0000457 1.265 00

*hydro &bt pressure  tempe

1150200 1808064,  332978. 2414206. 0.

*

*hydro from to area f loss r loss vcahs
1151101 110010000 115000000 0. 0. 0. 00100
1152101 115010000 120000000 0. 0. 0. 00100
»

1152110 001412 0. 1. 1L

*

*hydro f flowrate g flowrate ) flowrate

1151201 9.03925 9.03925 0. * 809.737
1152201 2.111656 2.111656 0. * 804918

s#*‘#**ttt#t‘**###*t**t#‘4##****#***#"**ﬁt##t*#*##****4****#**‘*********$

Figure 3.1-2 Example of full-commented input for a branch component number.

As stated above, the input deck cards may appear in any order. In practice, however, arranging the
cards in a logical manner 1s 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, control variables, and reactor kinetic
specifications. An input deck is generally arranged by increasing card numbers when this arrangement 1s

used. Within each of the above groups, data are similarly arranged in order of the card numbers (e.g., the

trips are listed in numencal order).
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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 (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 volumes are thus numbered 620010000, 620020000, ...
620080000. For the heat structures 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 620080000. The advantage of this method would be that in the output heat structure,
6201005 cun be easily associated with the pressurizer wall adjacent to the fifth hydrodynamic cell of the
pressurizer. Where 1t 1s required that more than one heat structure be connected to the same volume, the
above convention may be extended by using the same CCC but increasing the G. In the above example, a
heat structure for a pressunizer heater might be identified with a CCCG of 6202.

For control vanables there is a similar benefit to be gained by selecting control vanable numbers
consistent with a representative component. In the above example, the control vaniables associated with the
pressurizer heaters and spray system might be numbered 610 to 620. The user is cautioned, however, that
the control vanable numbering scheme must consider that control variables are evaluated in numerical
order during each time step. If control vanable 625 refers to control variable 620, the new time value of
control variable 620 is used. However, if control vanable 620 refers to control variable 625, then the old
time value of control vanable 625 1s used.

As a general convention, it is advantageous to define positive junction directions consistent with
flow during normal operation of the system. With this technique, indications of positive junction flow
(positive mass flow rates and velocities) in the output can be considered normal by the analyst. More
significantly, the appearance of negative junction flow (indicated by minus signs) can be an indicator
highlighting unusual behavior to the analyst. The sense of the junction flow is defined by the “FROM" and
“TO" hydrodynamic cells specified. “FROM" to “TO" cell flow 1s considered to be positive.

The user does not have the capability to change the direction of positive heat transfer. The code
convention on each surface of a heat structure is that the flow of heat from the structure to the fluid is
positive. As an example, consider the heat structure of a steam generator tube. The left side of the structure
is connected to the primary coolant system; the right side of the structure 1s connected to the secondary
system. During normal operation, with heat flowing from the primary to the secondary, the heat transfer
(rate and flux) on the left surface is indicated as negative while it is positive on the right surface.

The user does, however, have the option of specifying either the left 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 INEL, the convention is to assign the geometrical
inner surface as the left surface and the geometrical outer surface as the right surface. For example,
cylindrical pipe walls are modeled with the innet/left surface adjacent to the fluid within the pipe and the
outer/night surface representing the outside of the pipe. For fuel rods, the left surface represents the
centerline of the rod (specified as an adiabatic boundary) and the nght surface represents the outside of the
cladding.
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user should avoid using strings of asterisks to separate sections of the input deck. The removal of all errors
results in the generation of the message “input processing completed successfully.”

The user should be aware that the input processing is subdivided into several sections of data
checking that are performed in sequence. Depending on the nature of the er..» 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
this 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 messages may
increase. In other words, the analyst should realize that in this iterative process the number of error
messages may not monotonically decrease.

As a part of the input processing routine, the elevation closure of all flow loops in the model is
checked. An input processing failure message is generated if any of the flow loops fail to close elevation
by more than 0.0001 m. Following such a failure, the elevation closure edit data may be examined to find
the source of error.

A spurious input processing failure has been encountered by some users and 1s usually reported as a
code execution failure occurnng immediately after input processing has been completed. The diagnostic
print-out states an arithmetic error or arithmetic overflow has occurred. The most common source of this
error 1s the inadvertent specification of a noncondensable gas in the system. The error is created when the
user specifies an incorrect value for the initial condition control word. Control words of 4, 5, and 6 are
reserved for mixtures with a noncondensable gas; the error occurs if any of these control words are used
when a noncondensable gas has not been specified on Card 110

3.1.3 Problem Execution

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

3.1.3.1 Time Step and Edit Selections. The problem execution is controlled by the options
specified on the 201-299 Time Step Control Cards. These cards specify the time step sizes 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 modeling action (such as closing a valve 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 first execution interval might be selected to end at 9 seconds. The second interval might include a
reduced time step, and perhaps 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 terminated if the problem time reaches the end of the last interval specified on the 201-299
Cards.

For each tme nterval, mimmum and maximum time steps are specified. The code will attempt to
execute the problem at the maximum time step. The first ime step taken will be at the maximum value.
The user 1s cautioned to use a small maximum time step size when first executing a model for which gross
approximations of initial conditions have been spe_ified. Time utep size 1s automatically reduced based on
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a number of tests. The material Courant limit may not be violated. Mass, fluid property, quality, and
extrapolation errors are monitored in each calculational cell and the time step 1s reduced if errors exceed
internally preset limits. The major edit output indicates the critena and model region causing time step
reduction. This indication can be useful for improving model performance.

The code accomplishes time step reductions by repeated division by two until the errors are within
acceptable limits, the minimum time step size is reached, or a failure is encountered. The user should note
that this reduction process will result in running near the Courant limit only if the maximum time step size
is appropriately selected. As an example, consider a problem where a 0.1 second maximum time step 15
specified and the Courant imit 1s 0.09 seconds. If not reduced for other reasons, the code will start with the
0.1 second maximum and repeatedly divide by two until a time step less than the Courant limit 1s attained
In this example, the code will execute the problem at 0.05 seconds, a much smaller time step than the 009
second Courant limit 2un time efficiency may be improved 'n the example by specifying a maximum time
step size that is smal /- - than the Courant limit, such as 0.085 seconds.

Frequently, when a calculation s running at a particularly slow pace due to time step size reduction,
the selection of a smaller maximum time step size improves the progress of the calculation. This situation
occurs when the specified maximum time step size is unacceptably large for the problem. When
calculational difficulties are encountered, the code reduces the time step size. With the reduced ume step,
the code calculates through the difficulties and begins to recover. However, as recovery occurs the time
step size 1s increased and the difficulties reoccur. Thus, reducing the maximum time step size prevents
reoccurrence 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
sizes. These selections should be made considering the peculiarities of the code model, the problem to be
solved, and the findings of any studies inestigating the effect of time step size on calculation results
Furthermore, an appropriate time step size will vary during the course of a transient calculation as the
calculated phenomena change. As a practical but informal guide, the user should consider using a

minimum time step size of 1 x 10”7 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 calculauonal problems that should be traced
or reported. The calculated phenomena should be carefully examined before proceeding. While it may be
possible 1o 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 loop transit imes.

The time step control cards contain a packed word (ssdtt) specifying the code output format. The user
is referred to Volume 11 of the code manual for details regarding options. Generally, the option 00003 (or
simply 3) should be selected. For persistent code failures (i.e.. those that are not remedied by revision of
time step size), 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 00103; 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 cards. These
frequencies are specified as integer multipliors of the maximum time step size. For example, with a
maximum :ime step of 0.1 seconds, a minor edit frequency of 10, a major edit frequency of 100, and a
restart frequency of 700, the code will generate mincr edits every 1 s, major edits every 10 s, and restart
points every 20 s. In addition. the code generates minor, major. and restart edits at the imtial problem time
and at the end times for each of the 201-299 Cards. If a transient code failure occurs, the code also
generates these edits at the time of the failure and will designate the failure edit as a nonstandard edit.
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While review of the failure edits usually is quite valuable for understanding the fallure mechanism, the
user should not use the failure edit as a restart point following correction of errors. For this purpose an
appropniate (usually the preceding) restant ime should be used.

The selection of the minor edit frequency 1s particularly important hecause the restart/plot output file
will contain data points with the same frequency . Once a calculation is performed, it is not possible to
recover the data between these data points. Data for virtually all calculation parameters (pressures,
temperatures, void fractions, flow rates, etc.) are available on the restart/plot file. A common
misconception is that a parameter needs to be specified using a minor edit request in order to be available
in the output when the calculation 1s complete. A minor edit request affects only the printed output. It is
not necessary to specify ail parameters needed for output in advance; this determination may be made after
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
farlure frequency

3.1.3.2 Steady-State, Transient, and Strip Modes. A calculation may be executed in the
steady-state, transient, or strip modes as specified on control Card 100. In the steady-state mode, the
thermal capacitances of all heat structures are artificially reduced to speed problem response time;
execution 1s terminated when internal tests for rate of change in parameters are satisfied. As a general
recommendation, the steady-state mode is not recommended; difficulties have been encountered,
specifically with premature termination. Instead, stcady-state conditions are typically attained by
controlling boundary conditions and executing in the transient mode. With this technique, convergence can
be expedited by manually reducing the thermal capacitances. Once a satisfactory steady-state condition
has been calculated, the true capacitances are restored before performing transient calculations. The
procedures for obtaining a steady-state are described in greater detail in Section 5.7,

The stip 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 output is a compacted file, containing only pertinent data, that is suitable for
driving a separate plotting routine.

3.1.3.3 Transient Execution Failures. An extensive data dump is generated when 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 messages are usually not as informative as error messages
concerning input errors. A typical error mes:-age might, for example, indicate a water property failure in
cell 12001. The user should understand 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 common cause of transient execution failure 1s mis-specification of initial or boundary conditions.
If, for example, a loss-of-coolant accident transient is initiated from a calculated steady condition and a

4 The user should specify the edit frequency carefully. A huge quantity of output can be generated that may
require large amounts of disk storage space
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failure 1s encountered shortly after the calculation begins, a frequent cause is an unintended perturbation of

the steady conditions by the user. The user should confirm that imtial and boundary conditions (and
changes in them as the transient is initiated) are appropriate. If boundary and initial conditions appear to be
in order, the next step should be to significantly reduce the maximum time step size selected.

3.1.3.4 Normal Termination of Transient Execution. The 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, 2 normal
job termination occurs when the computer time expended reaches the limit specified by the inputs on the
105 control Card Third, a normal job termination may occur by tnp, as specified on the 600 Card. Thus,
the user has the flexibility of terminating the calculation based on problem time, computer time, or some
occurrence in the calculation (e.g., when a pressure hmit 1s exceeded). It is important for the user to ensure
a normal termination using one of these methods Failing to internally (1.e.. within RELAPS) stop the
calculation before expending all the computer time requested on an external job card will result 1n an
abnormal termination. In that case, some or all of the data generated by the job may be lost.

3.1.4 Code Output

There are two forms of code output for each calculation: printed output and the restart/plot file.

3.1.4.1  Printed Output. Dunng execution of the code, a prinied outp: file 1s generated
according to the options selected. A typical output file begins with a simple histing of the input. The histing
is followed by input processing information, including an echo of the input requested. This echo represents
the actual data accepted by the code for each »f 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 oniginal card. Therefore, it 1s to the user's advantage to use the echoed input. not the listing of
the input, as a true indication of the .aput used

The printed output file continues with a listing of the imtial major edit. This edit 1s, in turn, followed
by the major edits as requested by the user and addinonal major edits generated by the code. The munor
edits, requested by the user on Cards 301-399, 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
pnnted between the major edits, indicating the nature and times of non-fatal calculational difficulties.
Restart edits are annotated with a restart number; the message appears following the major edit data. An
annotated sample major edit appears in Figure 3.1-3

1. The major ednt header region contains informztion regarding the progress of the
calculation. Data described as “total” are from the beginmng of the calculation: data
descnbed as “edit” are from the previous major edit. In the example shown, the
calculation 1s runming at the maximum (or requested) time step size. no time step
reductions have occurred. The computer central processing unit ime consumed up to this
point is displayed. The Courant limit is displaved. The data on the right hand side are used
to determine 1f cumulative mass error 1s significant. In the example, the ratio of mass error

i ¥ " .
to problem mass 1s of the magnitude 10 ', therefore, mass error is insignificant
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RELAPS/3 | Reactor Loss of Coolant Analysis Program
Example PWR mode!
MAIJOR EDIT '''time= 2 SO0000 sec

attemted adv tot= W“= SO0 mun dt= S 000D00E-02 SCC‘ jast di= S 000000F-03 sec  ms red= -0.207175 kg
rcpcatcd adv. tot= Oedit= 0 max dt= S GO0000E-03 sec cmt di= 6 391199E.02 sec tot ms= 514348 ke
successful adv tot 500 edit= SO0 avg di= S DDDOODE-03 sec i e R T

: et est= | S04853E-07 m rato= -4 0277 16E-07
requested adv_ tot= 500 edit= 500  reqdt= 5 000000E-03 sec cpu = 68 6655 sec  time= 250000 sec

pa solew apdumg ¢-1'¢ aundiy

Trip number, trip time (sec)

[

——— 4
531 -1.000000 532 -1.000000 533 -1.000000 534 0.0000000e+00 S35 1 SO4RSE-07 @
Svstem | *none* mass= 2 4RR7SE+05 kg mass error= 1 33315E-02 kg errest= | SO485E-07
Voi no pressure vordf  voudg vordgo tempf tem?g sat. temp uf ug volume
(psa) :'l:l: ik k) kg) (kg) flag
sg outle branch

210-010000  1.52046E+07  1.0000 0.00000E+00 000000E+00 558476 616367 616367 1 24008E406 2 45695E+06 000000
s
212-01 LS1397E+07 10000 0.00000E+00 000000E+00 S58473 616024 616024 1 24018E4+06 2. 45652E+06 000000

212020000 1 51493E+07 1 0000 0 00000E+00 000000E+00  SSR483 616021 616021 i 24023E+06 2 456531E+06 000000
212030000 1 51463E+07 10000 0.00000E+00 000000E+00 558517 616059 616059 1 24030E406 12 45636E+06 000000
212040000 1 51452E+07 10000 000000E+00 0 00000E+00 558 536 616053 616053 1 2400E+06 2 45639E4+06 000000
212050000 1 S133RE+07 10000 000000E+00 0 00000E+00  SSR 565 616993 616991 | 24066E+06 2 45666E+06 0000
arcp pump
m = 129 61 (rad/sec) head =  701427E+05 (pa) torque=  -35765 (n-m)
ictant = | mir torque = IRS04 (n-m)
2:4-qum : i is_szzsxsm? 10000 0000 E+00 0 00000E+00 SS8 816 618 033 618033 1 24124E+06 2 44732E+06 011010
n S1 SREIvVO
gﬁ'@'ﬁ' mml ; . ;‘ STRO2E+07 10000 0 .00000E+00 0 00000E+00 558917 619 405 619 405 1 24129406 2 44104E+06 000000
1S anc
Wmoum 1 S7TR72E+07 1 0000  0.00000E+00 0. 00000E+00 558924 619 396 619 396 1. 241336406 2 44108E+06 000000
Vol rhof rhe rho-mix rho-boron vel-iqguid  vel-vapor  sounde alit alit quality
v kg/my)  (kgimd)  (kg/m3) (Rgimd) (ms&c)  (miset)  (misec) Loy c’:,p Satic | sion-cond
210-010000 75472 98823 75472 0. 00000E+00 1 1.7168 10396 0,363 0000E+00 0 000E+00
212.010000 754 62 98 |50 73462 0 00000E+00 10852 11.248 10392 0358 0 .000E+00 0 D00E+00
212-020000 754 60 98 145 75460 0 00000E+00 11 438 12082 1039.1 0358 0000E+00  O.000E+00
212-030000 75455 98218 75455 0.00000E+00 11438 11 869 1039.1 0.359 0 000E+00 0 0GOE+00
212-040000 75452 98206 75452 0 00000E+00 11438 11.548 1039.0 0359 0000E+00  0.000E+00
212050000 754 45 9ROR9 75445 0 00000E+00 11 438 11.548 1038 8 0358 0000E+00 0 000E+00
214010000 754 59 10218 75459 000000E+00 13076 13213 1040.5 0382 0 000E+00 0 O0DE+00
216-010000 754 82 10508 75482 000000E+00 14528 14.527 1042.0 0400 0000E+00  0.000E+00

SASESSHOI/OTANN
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tl-t

(panunuo)) 1ps Jofew dydwres g1y aandyy

Vol no tot ht inp vap ht.inp vapor- wall-flashi iq.int htc int hic mass-flux Reyno Reynolds flow
gwmsg m m‘!) (kgrsec-m. 6wamlm3 k) (watts/m3-k ikﬁ/secmz) hiquid Mpex regi
210-010000 309 0 +00 +00  0.0000DE 0D000E 3134194 289 4 272319E+07 144539E-08 bby
212-610000 17248 0.00000E+00 0 00000E+00 000000E+00 000000E+00 3 34194E+07  SI89 8 686527E+07 3.74412E-08 bby
212-020000 9468 8 0.00000E+00 000000E+00 000000E+00 0.00000E<+00 334194E+07 86316 7O4R13E+07 3 bby
212-030000 21447 0 00000E+00 0.00000E+00 000000E+00 000000E+00 3 34194E+07 86311 7.04847E+07 3.83767E-08 bby
212-040000 11419 0.00000E+00 0.00000E+00 000000E+00 000000E+00 334194E+07 86306 7 O48S56E+07 3 73500E-08 bby
212-050000 15197 0.00000E+00 000000E+00 000000E+00 0.00000E+00 3 34194E+07  8630.1 TO4902E+07 3 73473E-08 bby
214010000 0.00000E+00 0.00000E+00 000000E+00 0.00000E+00 Q0C0D0E+00 3 34194E+07  9R6.60 2 3R28SE+07 1 26257E-OR  bby
216-010000 1490 3 000000E+00 0 00000E+00 0 00000E+00 0.00000E+00 3 34194E+407 10964 7 94032E+07 4 25614E-08  bby
218-010000 97280 0.00000E+00 0 00000E+00  0.00000E+00 0.00000E+00 3 34194E+07 10964 794042E+07 4 31499E-08 bby
Vol no lrgst mass err reduce-qgualit reduce-extrap. reduce-mass reduce-propty reduce-courant
wtal edit  tota edit  total edit  total  edit total edit total @
210-010000 0 0 0 0 0 0 0 0 0 0 0 0
212-010000 0 0 0 0 0 0 0 0 0 0 0 0
212-020000 0 0 0 0 0 0 0 0 0 0 0 0
212-030000 0 0 0 0 0 0 0 ¢ 0 0 0 0
212-040000 0 0 0 0 H] 0 0 0 0 0 0 0
212-050000 0 0 0 ] 0 0 0 0 0 0 0 0
214-010000 0 0 0 0 0 0 0 0 0 0 0 0
216-010000 0 0 0 0 0 0 0 0 0 0 0 0
218-010000 0 0 0 0 0 0 0 0 0 0 0 0
System |
Jun no from vol to vol hiqj.vel vap.j vel mass flow  junarea throat Ruumon flow no.  advs choked
B— (m/sec) (m/sec). (kg/sec) (m2) rato ags regi last edit total
s e
210-010000 210-010002 212-010001 10.852 11 020 42033 0.51323 08R6YR 0000100 bby O 0 0
210-020000 208-080002 210-01000! 56931 56931 4204 0 097827 100000 0000000 bby O 0 0
i0
2!2-0")&5e 212-010002 212-020001 11.438 12082 42032 0 48695 100000 0000000 bhy O 0 0
212-020000 212-020002 212-030001 11438 12082 4203 0 0 48695 1.0000G 0000000 bby O 0 0
212-030000 212-030002 212-040001 11438 11657 42027 0 48695 100000 0000000 bby O 0 0
212-040000 212-040002 212-050001 11438 11438 42026 0.48695 100000 0000000 bby 0O 0 0
a rcp
2140 (II% 212-010002 214-010001 11 439 11.657 42022 (0 48695 100000 0000000 bbby © 0 0
2I4’)2(!II’!) 2|4-0|0(IJ2 216-0i10001 14 530 14.530 4201 4 0.38320 100000  000000C  cth 0 0 0
j 0()0() 2l6—0|0002 21R-010001 14 525 14 szs 4201 t 038320 100000 0000000 bby O 0 0
218-020(“) 218-010002 220-010001 14.525 14 4201 0.38320 1.00000 0000000 bby 0 0 0
218-030000 921-010002 218-010001 -9 i81IRE-05 -9 IRI I7E-ﬂ$ -2. ‘53728!2 03 366131E-02 100000 0000000 bby 0O 0 0

;
3
2
S



o

SASESSHO/OTANN

(panunuo)) 1pa solew aydwes g-1¢ aundyg .

Jun ne

voadfy  voidg) fij fwalf) fwaig) frunf formf; formg no advs ccfl
(n-s2/mS) last edit total
210010000 10000 000000E+00 24885 | OIRE-02 0000E+00 O0QO000E+00 0665 066 0 0 0
210-020000 10000 O00000E+00 83749 149 0000E+00 0000E+00  0.490 0 4%0 0 0 0
212-01000C 10000 O000DDOE+00 31017 1 484F-02 S300E-02  S300E-02 0000E+00  0O000E+00 9 0 0
212020000 1000C 000000E+00 37039  2071E-02 0O000E+00 0000E+00  0000E+00 OO0DE+00 0 0 0
212030000 10000 000000E+00 11061 2388E02 0.100 0.100 0000E+00  OO000E+O0 © 0 0
214-010000 10000 0O00000E+00 752130 1498E-02 QO000E+00 OO000E+00 OO00CEs00 O000E+00 0 0 0
214020000 10000 O0O0000DE+D0 97379 GSME-03  0000E+00 0000E+00  0000E+00. 0000E+00 © 0 0
218-010000 1 00GO 0O00000E+00 18200 227302 OO000E+00 O0000E+00  O000E+00 0000E+00 0 0 0
218-020000 10000 OCO0ODODE+00 18198 264SE-02 OO000E+00 0O000E:00 O0O000E:00 OO000Es00 O 0 0
21R-030000 10000 OO00000E+00 18198 1686E+03 0000E+00 0O000E+00  0O000E+00 O0000E+00 0 0 0
HEAT STRUCTURE OUTPUT +++4time= 250000 sec
str.no side  surface heat-trf heat-flux cnitical CHF e heat-trf int -heat conv+rad vol ave @
temp convection convection heat-fiux mul  mode coef conv source -source  temp
(k) {watt) (watt/m2) (watt/m2) (watt/m2-k) {watt) {watt) k)
2101001 left 558650 63099 931.73 000000E+00 000 2 S381 9 O.00000E+00 63069 S58R69
gsm SSR 690 000000E+00 000000E+00  000000E+00 000 0 0.00000E+00
2121-001 558636 17248 46111 0.00000E+00 000 2 28419 0.00000E+00 17248 S5R66
r SSR667 0 00000E+00 000000E+00 000000E+00 €00 0 0 00000E+00
2i21-:002 e SSR639 O46R 8 46126 0.00000E+00 000 2 29795. 0.00000%+00 94688 S558.66
ri%h! SSR668  0O0000E+00 000000E+00 000000E+00 000 0 0 00000E+00
2121003 jeft 558652 21447 3993 6 000000E+00 000 2 29794 000000E+00 21447 S5867
nght 558670  00000E+00  0O00000E+00 0 00000E+00 000 0 0.00000E+00
2121004 t 558670 11419 3583 6 0.00000E+00 000 2 29794 O00000E+00 11419 55867
nght SSR657  OO0000E+00  0.00000E+00 000000E+00 000 0 0.00000E+00
2121-005 left SSR661 15197 28297 0.00000E+00 000 2 29794 O.00000E+00 15197 55866
right 558666 00000E+00 000000E+00 000000E+00 000 0 0 00D00E+00
Attime= 2 50000 ‘
sec str.no temperatures (k) @
2101-001 558 65 S58 69 55869 55F 69 558 69
2121-001 558 64 558 67 558 67
2121-00 558 64 558 67 558 67
2121-003 558 65 S58 67 558.67
2121-004 558 66 S58 67 55867
2121-004 S58 66 558 67 558.67
2121-005 558 .66 558 67 558 67
34 step bia mult 0 D0000E +00 49 rep mer sum 00 494 @
56 rep spee mtergral 1237.70 60 core dt sm 60.1754-
----- Restart no 500 written, block no, I-- @
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This region displays the current status of all trips. A value of -1.0 indicates the trip 1s
currently false. Trips shown with positive values are currently true, and the value shown is

the time when the trip last turned from false to true.

This region displays the current conditions of all hydrodynamic volumes. The data are
displayed in four sections (3A, 3B, 3C, and 3D) and the volume identifier 1s shown at the
left margin in each section. The fluid state is displayed in Sectior: 3A. The column utled
“pressure” is the total pressure; the partial pressure of steam 1s shown in the following
column. The difference between the first two columns, if any, is the partial pressure of
noncondensable gas. The next two columns, titled “voidf” and “voidg™ display the liquid
and vapor fractions within the volume, respectively. These two columns add to unity The
terms “voidf” 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 specific internal
energies of the liquid and vapor phases are next displayed. For easy reference, the final
column shows the packed word (pbfve) control flags for the volume.

Section 3B starts with a display of the liquid and vapor phase densities, the density of the
fluid mixture, and the boron density in the volume. Next, the volume phase velocities and
the voiume sound speed are displayed. Note that the phase velocities are based on the
volume flow area, which may be different from the junction flow areas. Finally, the mixing
cup quality, static quality, and noncondensable quality are displayed. The mixing cup
quality assumes any phasic nonequilibnum is removed. A negative mixing cup quality
indicates subcooled liquid. Its magnitude is normalized to the laient heat of vaporization.

Section 3C provides volume transport conditions and properties. The column titled “tot. ht.
inp” is the total heat transfer rate into the volume fluid from heat structures. The vapor heat
input is the heat transfer rate from the heat structures to the vapor phase. The difference
between the first two columns is the heat additon rate from heat structures to the hquid
phase. By convention, positive heat transfer is defined as being from the walls to the flud.
The column titled “vapor-gen ™ displays the total vapor generation rate. This rate 1s
normalized to a unit volume basis. The total rate is the sum of the vapor generation from
interphase mass transfer and vapor generation from boiling on the wall. The following
column, titled “wall-flashing,” shows the vapor generation rate from boiling. The
difference between the columns is the interphase vapor generation rate component. The
liquid- and vapor-side heat transfer coefficients are displayed in the following columns.
Interphase heat transfer employs the concept of a saturated interface and these coefficients
represent the paths from the phases to the interface. For reference, the volume mass flux,
phasic Reynolds Numbers, and flov regime are shown in the remaining columns. The flow
regime is indicated by an acronvm: bby=bubbly, hst=horzontal stratified, anm=annular
mist, slg=slug, 1an=inverted arnular, isl=inverted slug, and ctb=churn turbulent.

The data in Section 3D provide an indication causes and model regions himiting
calculation progress. The data shown indicat:  oth on a total basis and for the edit, the
volume with the largest mass error and the olume controlling the Courant limit. The
columns labeled “reduce-" show the number of occurrences where the volume has resulted
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in time step reduction. For perspective, the number of occurrences should be compared

with the “edit” and “total” number of successful advancements shown 1n Section |

Section 4 displays the hydrodynamic state of the junctions. The junction identifier appears
in the left hand column of Section 4A followed, for reference, by identifiers of the
volumes the junction connects. Next, the phasic velocities and mass flow rates are
displayed. For reference, the junction flow area, throat ratio, and junction control flags
(packed word fvcahs) are shown. Depending on the junction options selected, the junction
area displayed may not be that specified in the model input and used by the code. The true

junction area, which may vary in time (e.g., at a valve junction), 1s the product of the

junction area and throat ratio

I'he final three columns in Section 4A indicate the current status and history of choking at
the junction. In the column titled “last,” a value of 0 indicates an unchoked condition and
a value of | 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 beginnming of the
calculation are shown. For perspective, the number of occurrences should be compared

with the “edii” and “"total” number of successful advancements shown in Section |

In Section 4B, the junction hiquid and vapor fractions are shown (see ciscussion in note 3
ibove). The following 7 columns, with titles beginning with “f”" present data describing the
components of junction friction pressure drop. “fi)” represents the interphase drag. “fwalf)

and “fwalg)” represent the wall drag components on the hquid and vapor phases. The wall

drag is based on flow between the adjacent volume ceil centers through the junction. The

columns titled “fjunf” and “fjunr” represent the phasic losses from user-input flow loss
coefficients. The columns titled “formf)” and “formg)” represent the phasic losses from
code-calculated flow losses (such as abrupt area change effects). The last three columns in
Section 4B descnbe the current status and history of the operation of the countercurrent
flow limiting model (the dispiayed information 1s comparable to that shown for the choking
mode! described above)

Sections SA and 5B show the current status of the model heat structures. Section SA starts

with the heat structure geometry number, the hydrodynamic volume connections are
shown for the left and ngnt sides for reference. If a boundary volume I O=O00000) 3
shown, the surface 1s adiabatic. The following columns show the surface temperatures
heat transfer rates., and heat fluxes. The next column shows the critical heat fluxes
Depending on the current status of the heat structure, actual critical heat flux data may not
be printed. Critical heat flux is not calculated (and a 0.00000 is printed) if no botling 1
present, such as in single-phase forced convection. If i-specihed critical heat flux
multiphier has been used, it appears for reference in ». *ext column. The following
column shows the heat transfer mode number; the use 1s referred to Section 4 of Volume
IV of the code manual for the correlation of heat transfer modes and numbers. The next
column shows the heat transfer coefficient. This coefficient 1s consistent with the

temperatures, heat structure surface temperature, heat flux, heat transfer rate, and heat
transfer area for each surface of the structure. If an internal heat source 18 used, such as for

a fuel rod, its magnitude i1s displayed in the following column The column titied
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“conv+rad-source” represents the total heat balance on the structure. The final column
shows the volume average temperature of the heat structure. Section 5B shows the curreat
node temperatures for each structure. The first temiperature 1s for the left surface; the last
temperature 1s for the right surface.

6. Section 6 shows the current values of all control vanables. The control vanable number,
its descriptive name, its type, and the current value are displayed.

7 If the major edit is also a restart edit, then Section 7 1s printed. The restart number shown
here 1s the one required on the 103 control Card for a restart run. The block number 15 not
used and plot point frequency should be changed as the problem proceeds from one phase
to the next. Freqient points should be selected during problem phases where rapid
changes in parameters are expected. For economy, less frequent points should be selected
during phases where quiescent conditions are expected

3.1.4.2 The Restart/Plot File. The restartplot file contains virtually all calculation parameters
(pressures, temperatures, void fractions, flow rates, etc.) for the enure transient calculation

A common misconception is that a parameter needs to be specified using a minor edit request in
order to be available in the output when the calculztion i1s complete. A minor edit request affects only the
printed output. It 1s not necessary to specify all the parameters needed for output in advance, this
determination may be made after the calculation ha, been completed. The output file may be accessed
repeatedly as new data needs arise. However, during a calculation, data are written to the restart/plot file
only at the munor edit frequency. Once a calculation has been performed. 1t is not possible to recover the
data between the data points written to the file. Therefore, 1t is important to select a minor edit frequency
that will provide plot points at an interval appropriate for the problem being solved. In practice, the minor
edit.(and plot point) frequency should be changed during as the problem proceeds from one phase to the
next. Frequent points should be selected during the problem phases where rapid changes in parameters are
expected. For economy, less frequent points should be selected during phases where quiescent conditions
are expected.

Calculations typically are accomplished using multiple restarts. (See Volume Il for restart input
requirements.) For example, a new problem is run from 0 to 10 seconds. This early portion is analvzed and
rerun from time zero as errors are corrected. When a successful calculation to 10 seconds has been made, a
restart run is made (e.g., from 10 to 30 seconds), and so on. RELAPS provides the flexibility to change
virtually any feature of the model at any restart point. When model changes are incorporated on restart, the
restart/plot file reflects those changes only after the point in the calculation where they were implemented.
In the above example, if an injection system 1s 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 i1s made at 10 seconds, the revised model remains in effect
unless further modifications are made at subsequent restart points

When a calculation has been completed, the restart/plot file becomes a valuable record of the
calculation. If 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 's recommended that the restart/plot files of important calculations
be protected securely and permanently.
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3.2 Calculational Node and Mesh Sizes

This section provides guidance for selecting the nodal sizes of hydrodynamic cells and the mesh
sizes of heat structures.

For economuc reasons, the numbers of hydrodynamic cells and heat structure mesh points in general
should be minimized. The computer run time needed to execute a problem simulation is determined almost
completely by the number of hydrodynamic cells in the model. The numbei of heat structures generally
increases in tandem with the number of cells. Therefore, a major economic benefii 1s gained by limiting the
number of hvdrodynamic cells in a model. Some additional economic benefit may be obtained by
minimizing the number of mesh points within the heat structures. Limiting the number of other model
features (such as trips and control vanables) provides only minimal economic benefits.

There 15 an additional motivation for employing the largest calculational cells possible. When small
cells are used, the time step size 1s reduced as a result of the material Courant limit. The Courant limit,
discussed in Section 3.1, limits the calculational time step based on the ratio of cell length to flmd velocity.

The process of mimimizing model size must, however, always consider the phenomena to be
modeled: mimimizing must not proceed past the point where important phenomena are excluded from the
simulation. This consideration is complicated, however, because the importance of phenomena varies from
one region of the model to another and is 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, the modeler should select the minimum number of hydrodynamic cells and heat
structure mesh points needed to calculate the important phenomena for the simulated transient. This
guidance suggests that a general model (i.e., one that is to be used to simulaie many different types of
transients) should contain sufficient noding detail for all phenomena anucipated. If the important
phenomena are uncertain, a detailed noding scheme should be emploved. Conversely, if the important
phenomena are well known, nodalization of the non-critical model regions may be simplified. If sufficient
time and funds are available, it 1s recommended that a general model of a reactor system be assembled
first. Analysis using the general model will then provide the information needed to determine what model
simplifications are appropriate. The following sections provide additional guidance concerning
hydrodynamic cell and heat structure sizing. General suggestions for appropriate noding may be inferred
from the example probiem applications in Section 5.

3.2.1 Hydrodynamic Cell Size

As discussed above, large hydrodynamic cell sizes should be used for economic reasons. However,
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. Celis of much longer lengths are appropriate in less important
regions of the model (e g, the feedwater train and steam lines). Example 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 applicaticns 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.

3-17 NUREG/CR-5535-V5



RELAPS/MOD3.2

Good modeling practice includes blending the transition from regions of small cells to regions of
large cells. For this blending, it is recommended that the volumes of adjacent cells not differ by more than
an order of magnitude,

Other considerations affecting cell size selection are the locatons of natural boundaries, flow
connections, and instruments within the prototype fluid system. Good modeling practice includes placing
junctions at natural fluid system boundaries and at flow loss features (such as support plates, gnid spacers,
bends, and orifices). Using this practice, the flow loss is placed at the proper location with respect to the
fiuid volemes. For similar reasons, the placement of junctions at flow connection points 1s a good practice.
Cell size selection should also consider placing model features at prototypical instrument locations (e.g.,
placing a cell center at the location of a pressure tap or a junction at the location of a flow meter). This
practice facilitates the use of the code output because the calculated and measured data are directly
comparable without further effort.

3.2.2 Heat Structure Mesh Size

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

To demonstrate this trade-off, consider the simple cylindrical heat structure portrayed in Figure 3.2-
1. The inner surface includes a convective boundary condition of fluid, the outer surface is insulated. The
code-calcu’ated heat transfer to the flud is an approximation based on a finite-difference conduction
solution within the heat structure and an assumed heat transfer coefficient on the inner surface. The heat
transfer coefficient is based on the calculated flow regime and may involve considerable uncertainty
(perhaps 50%) The question to answer is this: “How many heat structure nodes are needed so that the
conduction solution error is acceptably small in the context of the overall uncertainty?” The error in the
conduction solution will be a function of the speed and magnmitude of the thermal transient. Rapid
transients involving large temperature changes will result in the largest errors. The conduction solution
error may therefore be bounded by evaluating the effects of an instantaneous change in the inside surface
temperature by the largest anticipated temperature change. This evaluation may be facilitated by using a
simple RELAPS model of a representative heat structure and performing a noding sensitivity study .

In practice, the effort required to perform the above trade-off 1s justified only when the temperature
solution within a heat structure i1s of particular significance to the problem. Instead, the number of heat
structure nodes 1s typically selected by convention (some of which were developed by undocumented
convergence studies such as described above). These conventions prescribe 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 rods. For a new application, it is recommended that 6 nodes be used as a starting
point for analysis. RELAPS 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 typically distnbuted at even intervals with a higher density of nodes used within thermally thick
regions or where needed for resolution of heat source distribution within the thickness of the composition.

A special recommendation i1s made for the gas gap region within a fuel rod. To avoid calculational
difficulties resulting from the very low gas gap thermal capacity, it 1s recommended that no heat structure
nodes be placed within the gap region (i.e., between the node on the outer surface of the fuel pellet and the
ininer surface of the clad).
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Convective

surface \

Insulated
surface

Fizure 3.2-1 Heat structure noding.

The user should avoid the temptation to economize by reducing the number of heat structures.
Reducing heat structures may lead to significant misrepresentations in the computer model. Furthermore,
if the user develops the hydrodynamic portions of a mode! first, the heat structure models may be
developed only as an afterthought. With this process, the heat structures involving the plant energy balance
(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 er-or. Their
metal heat capacity is a large fraction of the fluid heat capacity in a plant. It is highly recomr . aded that
the hydrodynamic and heat structure input associated with each calculational cell be developed at the same
ume. 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 of options common to all components are presented in this section.
Guidebnes for option selection applicable to a specific component (e.g., valves or pumps) appear in
Section 4. The following subsections present general guidelines for selecting volume options, junction
options, initial conditions, and boundary conditions.

3.3.1 Volume-Related Options
The volume-related options are selected by the volume control flags that are required input for each

hydrodynamic volume. The volume control flags are input as a packed word of the format “tlpvbfe " The
default options, obtained by entering 0000000, are generally recommended for use.
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The t flag specifies whether the thermal stratification model is operative. The t = 0 option indicates it
15 not to be used. This 1s a new option in RELAPS/MOD3. It is recommended that the t = 1 option be used
in vertical tanks where a sharp temperature profile 1s desired (hot fluid over cold fluid)

The | flag specifies whether the level model is operative. The | = 0 option indicates the level model is
not to be used, and | = | indicates it is to be used This is a new option in RELAPS/MOD3. It is
recommended that the | = 1 option be used in vertical pipes and tanks where a sharp level 1s desired (steam
over liquid water).

The p flag specifies whether the water packing scheme is operative. The p = 0 option indicates water
packing 1s to be used, and p = | indicates 1t is not to be used. This is a new option in RELAPS/MOD3;
previously, the user did not have the option of deactivating the water packing scheme. It is recommended
that the p = O option generally be used and the p = | option be reserved for situations where calculational
difficulties are caused by repeated water packing occurrences. For TMDPVOL, SEPARATR, JETMIXER,
TURBINE, PUMP, and ACCUM components, the p flag 1s not used and 0 should be entered

The v flag specifies whether the vertical stratification model 1s to be used. The v = 0 option indicates
the vertical stratification model is to be used, and v = | indicates 1t is not to be used. This 1s another new
opuon in RELAPS/MOD?3; previously, the user did not have the option of deactivating the vertical
stratification model. It 1s recommended that the v = 0 option generally be used. The v = | option 15
reserved for situations where the calculated vertical stratification behavior is not desired. For TMDPVOL,
SEPARATR, JETMIXER, ECCMIX, TURBINE. PUMP, and ACCUM components, the v flag is not used
and 0 should be entered

The b flag specifies the interphase friction model to be used. The b=0 option indicates that the
normal pipe interphase fricion modei 1s to be used. The b = 1 option indicates that the rod bundle
interphase friction model 1s to be used. This 1s a third new option in RELAPS/MOD?3; previously, the user
did not have a choice of interphase friction models. The b = 0 option 1s generally recommended. For model
regions with bundle geometries, such as steam generator secondary boiler regions and reactor core regions,
the b = 1 option 15 recommended. For SEPARATR, JETMIXER. ECCMIX, TURBINE, PUMP, and
ACCUM components, the b flag 1s not used and 0 should be entered

The f flag indicates 1f wall friction is to be calculated. The f = 0 option specifies that wall friction 1s
to be calculated, and the f = | flag indicates wall friction i1s not to be calculated. The f = 0 option 18
generally recommended. The f = 1 option 1s reserved for special situations where wall friction 1s
undesirable. This situation might arise when a simplified model is constructed of a complex fluid region
In such situations, the input cell length (or that implied from volume and area) may be much longer than is
prototypical. The { = | option could be used in this case to eliminate the excessive wall friction resulting
from the long apparent cell length. For SEPARATR and PUMP components, the f flag 1s automatically set
to 1, regardless of the value set by the user

The e flag indicates whether phasic nonequilibrium or equilibrium options are to be used. In this
terminology, “nonequilibrium™ imphes that the hiquid and vapor phases may be at different temperatures
Conversely, “equilibrium” imphes that the phases are constrained to be at the same temperature. The ¢ = 0
flag idicates nonequilibrium assumptions are to be used; e = 1 indicates equilibrium assumptions are to be
used. The e = 0 option 1s generally recommended. The e=1 option is reserved for special situations where
the nonequilibrium assumption causes difficulty in obtaining 4 reasonable solution because of insufficient
thermal mixing between the phases. An example of the equilibnum option aiding a simulation s the
downcomer of a once-through steam generator. Insufficient interphase condensation may prevent flow of
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sufficient steam through the aspirator; changing to the equilibrium option may enhance the condensation
and improve the aspirator flow. Another example 1s the upper pressurizer dome region when spray is
operating and the pressurizer level is high. In this sttuation, insufficient interphase condensation may be
calculated and changing to the equilibrium option may improve the simulation. For ACCUM components,
the ¢ flag must be set to 0.

3.3.2 Junction-Related Options

The junction-related options are selected by the junction control flags that are required input for all
junctions except time-dependent junctions. The junction control flags are input as a packed word of the
format “efvcahs.”

The e flag specifies whether the energy correction option is operative. The e = 0 option indicates the
energy correction option is not to be used; e = 1 indicates it is to be used. This is a new option in RELAPS/
MOD3. It i1s recommended that the e = | option be used at those junctions where large expansions occur or
in those models that incorporate a combination of low-pressure systems (1.e., reactor containment system)
with the primary system in a reactor plant.

The f flag specifies whether the countercurrent flow limiting (CCFL) model is operative. The f = 0
option indicates the CCFL model is not to be used; f = 1 indicates it 1s to be used. This is a fourth new
option in RELAPS/MOD?3. It is recommended that the f = O 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, TURBINE, and ACCUM components, the f flag is not used and 0
should be input.

The v flag 1s used to invoke the horizontal stratification vapor pullthrough/liquid entrainment model.
This flag allows the user to specify a junction connected at a pipe centerline, or on the top or bottom of a
pipe. The v = 0 flag deactivates the model. The v = | flag indicates an “upward onented™ junction (i.e., a
junction on the top of the “from” volume), and the v = 2 flag indicates a “downward onented” junction
(1.e., on the bottum of the “from” volume). The v = 3 flag indicates a side connected junction. Whenever a
volume is in the horizontal stratified flow regime, the v = 2 and v = 3 options allow the adjacent junctions
to pass only steam from an upward oriented junction and only liquid from a downward oriented junction.

The ¢ flag indicates whether the choking (critical flow) model is applied at the juncuon. The ¢ = 0
flag indicates choking 1s active; the ¢ = 1 flag indicates it 1s not active. It is recommended that the ¢ = 1 for
all junctions except where choking 1s expected.

The a flag indicates the operative area change option. The a = 0 flag indicates the smooth area change
model 1s to be used: a = | indicates the abrupi area change model 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 involving a sharp edge
area change the a = 1 option is recommended. For motor or servo valve components, eitherthe a=0Oora=
1 option may be used. However, if the a = 0 option 1s used, a valve C, table must be input; if the table 1s

not input, the a = | option must be used. For all other types of VALVE components, the a = | option must
be used. The abrupt area change model determines an appropriate junction flow loss based on the flow
areas of the junction and adjacent volurnes and is suitable for modeling geometries such as pipe-to-
plenum, plenum-to-pipe, and orifices. The abrupt area change flow loss is calculated internally by the code
and is additive to any user-input flow loss for the junction. This additive property allows the user to
combine the code-calculated area change loss with other losses, such as bend losses, at any junction.
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The h flag indicates the phasic velocity assumption to be used at a junction. The h = O flag (the
recommended option) specifies a nonhomogeneous assumption. With this option, the two-velocity
momentum equations are solved and different vapor and liquid phase velocities are calculated. The h = 2
flag indicates a homogeneous assumption; the vapor and liqud phase velocities are constrained to be the

same.

The s flag is used to specify momentum flow options. The s = 0 option specifies momentum flux 1s to
be used for the ro cell and the from cell. The s = 1 option specifies momentum flux is to be used for the
from cell, but not the to cell. The s = 2 option specifies momentum flux 1s to be used for the ro cell, but not
the from cell. The s = 3 option specifies momentum flux is not to be used in either the to cell, or the from
cell. This option can be used to turn off momentum flux for crossflow junctions. The previous crossflow
mode! automatically turned off the momentum flux.

3.3.3 Initial Condition Options

The user is required to specify initial conditions for hydrodynamic volume fluid states,
hydrodynamic junction flows, heat structure nodal 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.

The user should carefully consider whether a large effort is needed to specify exact initial conditions
for hydrodynamic features. In most cases, this effort i1s not required and can prove counterproductive in
some -ases. 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, all initial fluid temperatures might be set to the cold leg temperature, ail imual
pressures set to the cold leg pressure, all initial velocities set to zero, and all heat structures and control
variables allowed to imitialize themselves. The model 1s then brought up to the desired steady conditions by
gradually introducing the fluid flow and heat addition boundary conditions. This simple initialization
process is much more economic than attempting to specify exact initial conditions for each model feature.

3.3.3.1 Volume Fluid State Initialization. The initial hydrodynamic volume fluid state 1s
specified using the fluid state control word. This is a packed word with format “gbt.” The € option specifies
the fluid, the b option specifies whether boron is present, and the t option specifies the manner in which the
two to five remaining input words are interpreted by the code.

It s recommended that the fluid be specified for each fluid system using either the default
assumption (steam/water) or the 120-129 series of fluid system control cards (see Section 4.2) rather than
using the ¢ option for each cell individually. Therefore, it is generally recommended that either ¢ = 0 be
employed or, equivalently, the e digit omutted

Options using t = 0 through t = 3 specify a single-component fluid (as indicated by the e option, the
fluid system cards, or by default), while options 4 through 6 specify a two-component condition (steam/
water and noncondensable gas) Using options 0 and 6, considerable effort 1s needed to develop the input
needed. It is suggested that the user avoid these options when possible. For PWR and BWR applications,
opuons 2 (pressure and quality in equilibrium condition) and 3 (pressure and temperature in equilibrium
condition) facilitate fluid state specification in all regions of the reactor coolant system. Option 2 is
recommended for steam regions (e g., steam lines and steam domes) and two-phase regions (e.g.,
pressurizer level interface, boilers, and BWR cores). Option 3 is recommended for subcooled hiquid
regions (e.g., cold legs, hot legs, und PWR cores).
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To include either boron or noncondensable gas capability, it 18 not necessary to identify the
capability in every cell of the fluid system (by specifying b = 1 for boron or t = 4, 5, or 6 for
noncondensable gas). Boron concentrations and noncondensable gas qualities only need to be specified in
cells where they are initially nonzero. If present in any cell of a fluid system, boron and noncondensable
gas migration is automatically tracked by the code throughout all cells of the system.

3.3.3.2 Junction Flow Initialization. The inital hydrodynamic junction flow condition 1s
indicated by the control word (0 = velocities specified and 1 = mass flow rates specified). Using either
option, velocities or mass flow rates for both the liquid and vapor phase are input. As indicated in Volume
11, the user must also input a zero interface velocity; this input velocity is not currently used by the code.
The choice of entering velocities or mass flow rates is usually determined by convenience and by
availability of information.

A common user error 1s to mus-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 1s initiated. To avoid difficulty, the user should ensure that each junction nitial condition
specified is consistent with the fluid state of the upstream cell and with the intial conditions of the
upstream junctions.

3.3.3.3 Heat Structure Initialization. The initial heat structure state is specifiea by the steady-
state initialization flag (Word 4 on the first input card of each heat structure). If a O flag is used, the initial
heat structure node temperatures are set to those input by the user. If a 1 flag 1s used, the mitial heat
structure node temperatures are calculated by the code based on steady heat transfer considerations and the
imtial fluid 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 flag is used. In general. for new
models it is recommended that the | flag be used. The choice of the heat structure imitialization flag 1s
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 flag should 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 Initialization. Control variable imtialization 1s determined by the
initial value flag (Word 5 on the first card of each control vanable input). If the O flag is used, the initial
value specified in Word 4 1s 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.

The user 1s cautioned that control variable references to thermohydraulic parameters are always
evaluated in International System of Units (SI) units, even when Bnitish units are specified using the
problem control option. Another caution regards the sequence used to evaluate control variables. Control
variables are evaluated last (i.e., following hydrodynamics, heat structures, and trips) and in numerical
order. It is not possible to recommend the general use of a 0 or 1 control vanable initialization flag. The
user should determine which option 1s most appropriate for each control vanable.

3.3.3.5 Trip Initialization. The capability, but not the requirement, to specify an initial trip status
15 available for both variable and logical trips. This specification i1s made using the TIMEOF quantity
(Word 8 on vanable trip statements and Word 5 on logical trip statements). If a false initial condition 1s
desired, -1 1s entered. If a true initial condition is desired, a non-negative floating point time is entered. For
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most new and restart problems, it is recommended that the true initial condition be attained by entering 0.
For restart problems, a positive TIMEOF quantity provides a mechanism for specifying a “last turned true”
time before the restart time. This capability allows the trip history to be retained when a trip is reinput on

restart.
3.3.4 Boundary Condition Options

It is essential that appropriate boundaries for a model be deiwrmined early in the modeling process.
Proceeding without this consideration is a significant modeling error that may lead to incorrect analysis
conclusions. The appropriate model boundaries are those for which all external influences may be
condensed into a known set of conditions at the boundary locations. This consideration often involves
engineering judgments. A large boundary condition uncertainty is acceptable if 1s effect on the modeled
processes is small; however, a small boundary condition uncertainty 1s unacceptable if 11« effect on the
modeled processes 1s large.

Depending on boundary condition assumptions, models are often categonzed as “separate effects” or
“systems 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 3.3-1 The model
represents a PWR core region and is intended to investigate reflood phenomena. The boundary conditions
specified include the inlet liquid temperature, the inlet coolant velocity, the outlet pressure, and the core
power. In combination, these assumptions are highly uncertain because they likely either assume constant
pressure, velocity, and temperature, or assume knowledge of how these parameters vary with core
response. Despite the uncertainties, the separate effects model is valuable because it facilitates study of
localized model performance and nodalization sensitivities.

The simplified PWR diagram shown in Figure 3.3-2 provides an example of system model boundary
conditions. Fluid pressure boundary conditions are applied for the outlets of the pressurizer, steam
generator 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 cf pump speed control). Heat 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 separat> 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.

Discussions regarding the application of fluid state, fluid flow, and heat transfer boundary conditions
are presented below.

3.34.1 Fluid State Boundary Conditions. A flud state boundary condition (pressure,
temperature, quality, or void fraction) is implemented with a time-dependent volume (TMDPVOL)
component. This name is inaccurate; originally, fluid conditions could be specified only as a function of
problem time. Current TMDPVOL capabiliues include varying the fluid condition in any manner and as a
function of any problem vanable the user desires. Detailed user guidelines for ume-dependent volumes are
found in Section 4.6. The remainder of this section regards their use for specifying boundary conditions.
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Figure 3.3-1 Example of separate effects core model.

The TMDPVOL provides the user with a mechanism for absolutely defining the fluid condition at a
point in the model. The user should consider that a TMDPVOL acts as an infinite fluid source or sink. Its
conditions remain unchanged (or vary) as requested. but are invanant with inflow or outflow. In nuclear
safety system model applications, the need to define the fluid state 1s typically encountered in two
situations: defining back pressures and defining liquid temperatures.

Examples where back pressures are required include the discharges of valves and breaks, and the
turbine header. Valves that discharge to the atmosphere typically 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 1s well known, or (b) estimating
the pressure drop through the network and adjusting the TMDPVOL pressure at the valve accordingly

Examples where liquid temperatures are required include the sources for main and auxiliary
feedwater, safety imjection, 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 lhiguid out of a line.

3.3.4.2 Fluid Flow Boundary Conditions. A fluid flow boundary condition (velocity or mass
flow rate) is implemented with a ime-dependent junction (TMDPJUN) component. This name is also
inaccurate because originally, fluid flow could be specified only as a function of problem time. Current
TMDPIUN capabilities include varying the flow condition in any manner and as a function of any problem
variavle 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.
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Boundary condition summary

No. Type Comment
1 Flow Pump speed determines coolant flow
2 Power Core power from table
3 Pressure Turbine pressure
4 Flow HPI/LPI flow vs. cold leg pressure
5 Temperature HPI/LPI fluid temperature
6 Flow Makeup flow vs. pressurizer level
7 Temperature Makeup fluid temperature
8 Flow Feedwater flow
9 Temperature Feedwater temperature
10 Flow Auxiliary feedwater flow
11 Temperature Auxiliary feedwater temperature
2 Pressure Atmospheric for satety discharge
13 Pressure Relief tank for PORV discharge
14 Power Pressurizer heater power

Figure 3.3-2 Simplified diagram of PWR system model boundary conditions.

The TMDPJUN provides the user with a mechanism for absolutely defining an inflow or outflow at
any location in the model. The TMDPJUN specification must consider the conditions in the upstream
volume. If a constant upstream fluid state is specified with a TMDPVOL, then the TMDPJUN may use
either a velocity or an equivalent mass flow boundary condition. However, care should be exercised if the
upstream fluid state may change during the course of a problem. Consider a problem where the upstream
TMDPVOL conditions change during the course of a transient. In this sttuation, the TMDPJUN will
contisue to supply the user-requested volumetric or mass flow condition, depending on whether the
velocity or mass flow option is used. Note, however, in this situation that the nonrequested rate (volume or
mass) will change as a result of the change in the upstream condition. .
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In nuclear safety system model applications, the need to define a ilow condition is encountered at
mjection sites for feedwater, auxiliary feedwater, safety injection, and makeup In these situations, it is
recommended that the injection fluid temperature be defined using a TMDPV()| component and that a
TMDPJUN component draws fluid from the TMDPVOL and injects it into the reactor coolant system. For
situations where the injection flow is known as a function of the reactor coolant system pressure (such as
for safety injection), delivery curves can be incorporated into the TMDPJUN. This 1s accomplished by
specifying the TMDPJUN flow as a function of the adjacent reactor coolant system hydrodynamic cell
pressure

The use of TMDPJUN components for specifying outflow from the reactor coolant system or
internal flows within the reactor coolant system is not recommended because the upstream fluid conditions
may change rapidly, causing solution difficulties. An example of this situation is the letdown system of a
PWR. Assume a TMDPJUN is used to model the letdown as a constant mass flow from the cold leg to a
TMDPVOL. With this model, the same mass flow 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 cont:hue removing only liquid
from a cell where both liquid and vapor at¢ found. The difficulties can be circamvented to some extent by
specifying a volumetric rather than mass flow condition. With this method, however, the user must
understand that the volumetric flow wil continue, even if two-phase fluid or single-phase steam is present
in the cold leg. A preferable method for modeling the letdown 1s to use a VALVE component connected to
a TMDPVOL. The VALVE 1s sized to pass the desired normal flow and the pressure in the TMDPVOL 15
specified to best simulate the letdown flow response during transients.

3.3.4.3 Heat Structu e Boundary Conditions. Several boundary conditions may be specified
using heat structures. Heat sources may be specified within a heat structure. These sources may be
determined either by evaluating a general table [such as one specifying the Amencan 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
structures. The most common heat structure surface external boundary condition is adiabatic. In general,
the adiabatic boundary condition is satisfactory for the external surfaces of insulated reactor coolant
system pipes. However, for particularly long transients, heat loss 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 option. Other heat structure surface boundary options aliow the user to specify surface
temperature, heat transfer coefficient, or heat flux as an external boundary assumption. Further discussion
of heat structure boundary conditions appears in Section 4.7.2.

3.4 Special Model Applications
This section describes several special application techniques.

3.4.1 Ereak Modeling

A common code application 1s simulating a loss-of-coolant accident (LOCA) involving the full or
parual rupture of a coolant pipe within an air-filled containment. These applications may involve
experimental facility or full-scale plant LOCA simulations.

The need to adequately measure the break flow in an experimental facility usually dictates a complex
expenimental break geometry to provide clearance for instrumentation. The experimental facility break
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design is best modeled in detail (1.e, the geometry upstream and downstream of the break should be
modeled directly). Courant limiting considerations will be important in this application because the fluid
velocities in the pipe leading to the break will be large. In most analyses 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 flow models. The benchmarking process consists of using expernimental data
that characterize the break resistance to adjust the model flow losses for an adequate companson between
measured and calculated break flow. The adjustment is typically accomplished by adjusting the discharge
coefficients on the break junction.

design often involves a side pipe leading from the broken pipe to a break onfice and valve. This complex .

For full-scale plant applications, the break modeling proce:s 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 typically are assumed to open instantly. Figure 3.4-1 shows a
recommended nodalization for modeling small and double-ended breaks in a coolant pipe In both
applications, the broken pipe 1s simulated with volumes 110 and 120

115

, ]
- 120 - 110 '4-

[
@

Communicative break

<— 120 = 110 |eg—o

970 950

980 960

Double-ended break

Figure 3.4-1 Coolant system break modeling.

The small communicative break 1s simulated by adding single junction 950 and TM.OPVOL 960 to
the existing hot leg pipe model. The term “communicative”” implies a portion of the normal flow through
the pipe continues after the break 1s opened. Note that the break components may be instzlled on restart, at
the time of break opening, by including components 950 and 960 in the input stream. Freak junction 950
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should employ the abrupt area change option, simulating the combined flow losses associated with the
sharp-edged area reduction from the pipe to the break plane and the sharp-edged expansion from the break
plane to the containment. Junction 950 should employ the choking option and be initialized at a zero flow
condition. The junction control flags provide the capability to locate 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 boundary condition in the calculation. Frequently, a constant-pressure containment
assumption is used. If the containment pressure response is known.(e.g., as a function of the integrated
break flow), then that response may be included in the simulation. For the double-ended break the
nodalization includes two break junctions and two TMDPVOLs, as shown in Figure 3.4-1. Note that two
TWMIDPVOLs are needed because no more than one junction may be attached to a TMDPVOL. As for the
small break, the break junctions should employ the abrupt area change and choking options. Care should
be used when specifying the initial break conditions. In the example shown, the initial ma-s flow rate for
junction 950 should be positive at the same rate as at the inlet to volume i10; the initial mass flow for
junction 970 should be negative and of the same magnitude.

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

The containment condition specification 1s more important in some applications than in others. For
small break applications, the primary coolant system depressurization typically i1s small, the pressure drop
across the break remains large, and the break flow remains both choked and positive (into the
containment). The containment conditions specified in this situation are not particularly significant to the
simulation. The problem is only moderately sensitive to the containment pressure and is insensitive to its
gas species. However, for large breaks, transitions between choked- and fricion-dominated flow, and
intermittent reverse flow from the containment are likely. In this case, it is important to adequately specify
the containment conditions.

For some problems where the response of the containment is particularly important, it may “e
possible for an approximation of the containment behavior to be included as a part of the model. Tns
could be accomplished by modeling the containment wad the actual containment mass and heat balances.
The code has not been extensively applied in this manner, however,

As a final note, the analyst should appreciate that critical break flow simulation represents an area of
significant uncertainty. For some problems, this uncertainty may be a controlling factor for the outcome of
the simulation. It is therefore recommended that care be taken to independently check code-calculated
break flow results either against experimental data in similar geometries or against standard critical flow
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 RELAPS
cnitical flow model:
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. For subcooled conditions, the RELAPS-calculated flow 1s too large. Often, 1t 1s found that
a discharge coefficient of about 0.8 is needed to predict break flow in representative .

geometries containing break nozzles with length-to-diameter ratios less than 1.0.

. For low-quality saturated conditions, RELAPS-calculated mass flow rates are too low,
often by as much as 20%, even when a discharge coefficient of 1.0 is used.

. Higher-quality saturated conditions at the break plane, such as are approximated by the
homogeneous equilibrium model, are well-simulated with RELAPS.

If the containment 1s modeled with regular volumes (i.e., not ime-dependent volumes representing
boundary volumes), improvement of the calculation of the energy convected downstream of a large
expansion, wherein the differential pressure is large, is provided by application of an energy correction
term at the junction. The need for this energy correction term arises from RELAPS/MOD3's use of the
internal energy equation rather than the total energy equation. This is of little consequence under
conditions in which the pressure difference between adjacent volumes is relatively small. But if it 1s very
large, as it would be across a choked junction, an understatement of the energy deposited downstream will
occur, of the order of the kinetic energy of the expanding fluid. This correction term is activated by using
flag e of the junction flags "efvcahs.” This energy correction method should only be applied to those
individual junctions where large expansions occur or in those models that incorporate a combination of
low-pressure systems with the primary system in a reactor plant, an example of which is the reactor
containment system.

3.4.2 Boron Model

The boron model 1s implemented by specifying an initial boron concentration in one or more ‘
volumes of a hydrodynamic system. Boron is specified using the b digit of the volume initial condition
packed control word “ebt.” A value of b = 0 indicates no boron is present, b = | indicates boron is present
and requires a boron concentration to be entered as a part of volume initialization specification.

The boron mode! provides for tracking boron concentrations from injection sites, around coolant
loops, out of coolant breaks, and through reactor cores. The purpose of boron tracking usually is to find the
boron concentration within the core to determine a corresponding reactivity feedback effect. Therefore, it
is appropriate to invoke the boron model only in problems where core power is calculated using the reactor
kinetics model and the core boron concentration 1s expected to vary. The RELAPS boron model assumes
that boron is present only in the liquid phase and 1s transported along with the liquid phase. The model
should be considered only a first-order approximation of boron effects because simulations of some
potentiaily important effects, such as boron 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 boron concentration may be used as a component reactivity for the reactor kinetics core power
calculation either using the TABLE4 reactor kinetics option or through a separate reactivity entry using a
table or control variable. Using the TABLE4 method involves the generation of a four-dimensional table
describing the coupled reactivity effects of fluid density, fluid temperature, fuel temperature, and boron
The separate method considers the boron effect simply as an independent reactivity component. The user
is cautioned that the boron model has not been applied extensively
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3.4.3 Noncondensable Model

The noncondensable model is implemented by specifying a noncondensable gas type on control Card
110 and indicating a noncondensable quality on one or more volume initial condition cards. A mixture of
noncondensable 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 noncondensable gas type (or mixture) may be used in
a problem, and if an accumulator component is used in the problem, the noncondensable gas must be
nitrogen (or include nitrogen in the case of a mixture). Available gas types are argon, helium, hydrogen,
nitrogen, xenon, krypton, and air,

The noncondensable model assumes the gas is tracked with the vapor phase. Furthermore, the
resulting gas-steam mixture is assumed to be isothermal (i.e.,the gas and steam are in thermal equilibriumn).
A total pressure is calculated for the gas-steam mixture; the partial pressure of steam is available as a
standard output vanable.

The user 1s cautioned that the noncondensable model has been used only in a limited number of
applications. Experience has shown that initialization difficulties may be encountered when the t = 6
option (in the volume initial condition packed word “gbt”) 1s used to specify initial volume conditions with
noncondensables. For this purpose, the t = 4 option is recommended. Further experience has shown that
calculational difficulties may be encountered during periods when a mixture of noncondensable gas and
steam 1s appearing or disappearing (i.e., at very small void fractions). Circumventing these difficulties has
required the analyst to manually (e.g., on restart) insert or remove vapor to artificially aid its appearance or
disappearance.

3.4.4 Reflood Model

The reflood model 1s implemented by specifying a nonzero reflood condition flag on the fuel rod
general heat structure cards (format |CCCGO00). As described in the user input data requirements manual
(Volume II), reflood may be initiated when the adjacent volumes are nearly voided, when dryout of the
heat structure 1s calculated, or by user-specified trip. The reflood option must be specified when the heat
structure geometry data are first described. Once described, the heat structure geometry for the reflood
structares cannot be deleted or changed.

Reflood 1s a phase associated with a large break LOCA sequence. Because RELAPS was developed
primanily as a small break LOCA analysis tool, the reflood model has received only limited developmental
assessment evaluation and independent application experience. Therefore, few recommendations
regarding reflood simulation and option selection may be made at this time. The little experience to date
indicates the code time step control features may not be adequate to handle reflood problems. Also, the
reflood model should not be imvoked when wall condensation effects are important or when
noncondensables are present

3.4.5 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 hydrodynamic cell has two faces, at the inlet and outlet. The
crossflow 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 crossflow junction
model allows connecting junctions at the cell centers in addition to the normal junctions at the cell faces.
When using thas capability to join vertical and horizontal components, it is recommended that the height of
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the vertical component be made consistent with the diameter of the honizontal component ( however, the
height of the vertical component should not be made less than 1 ft).

The crossflow is implemented using the expanded conaection code. The expanded connection code
has the format CCCVVO0ON where CCC is the component number, VV is the volume number, and N is
the face number. The expanded connection code assumes that a volume has six faces, i.e., an inlet and
outlet for each of the three coordinate directions. The expanded connection code indicates the volume
being connected and through which face it is being connected. For components specifying single volumes,
VV is 01; but for pipes, VV can vary from 01 for the first pipe volume to the last pipe volume number. The
quantity N is | and 2 for the inlet and outlet faces, respectively, for the volume's normal or x-coordinaie
direction. The quantity N is 3 and 4 to indicate inlet and outlet faces for the y-direction, and N is 5 and 6 to
indicate inlet and outlet faces for the z-direction. Entering N as 1 or 2 specifies normal connections to a
volume; entering N as 3 through 6 specifies a crossflow connection to a volume.

While the crossflow option provides a tool to simulate flow behavior in multidimensional flow
geometries, a crossflow-linked model does not provide a full three-dimensional modeling capability.
Therefore, it is recommended that the crossflow junction be avoided in locations where the transverse
(crossflow junction) velocity is comparable to or greater than the longitudinal (normal junction) velocities.
Suggested applications of the crossflow model are presented in the following examples:

Example 1--Right Angle Connections

The connection of a PWR pressurizer surge line to the hot leg is a logical application for the
crossflow model. The surge line in many plants enters the top of the hot leg at a right angle. During normal
operation, the surge line flow is nearly zero while the hot leg flow 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 flow does not have a component in the axial hot leg
direction

A suggested nodalization of the surge line/hot leg connection is shown in Figure 3.4-2. The local
region of the hot leg is represented by components 100, 110, and 120; the pressunizer surge line is
represented by component 550. As discussed previously, it is desirable to model the coolant loops

symmetrically * In the loops without the pressurizer, the piping corresponding to components 100, 110,
and 120 may be lumped into a single pipe component. Symmetry may be maintained by sizing the loop
components comparably. However, to accomplish this requires placing the center of a hot leg cell in each
loop at the location corresponding to the pressunzer surge connection point. The 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 3.4-2, 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 inlet and outlet faces of cell 110. Junction 3 would be a crossflow
junction. The junction is specified as being on the top of the hot leg pipe. A junction flag (efvcahs) of

a. Although many plants and experimental facilities are symmetrical, some facilities are not symmetrical. Loop
nodalization for nonsymmetrical facilities should be completed on a loop-specific basis.
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From
pressurizer

To ; From

steam g 120 o ——— 110 - 100 t}-—— reactor
generator vessel

Figure 3.4-2 Surge line/hot leg crossflow connection application.

0010000 would be used. A full nonhomogeneous solution will be gencrated, the countercurrent flow
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 model is disabled (if selected, an a = 1 flag is
automatically reset to 0 by the code). Therefore the forward and reverse flow loss coefficients associated
with a 90 tee should be determined independently by the user and manually input.

Example--2 Parallel Paths

. Some simulation problems raay 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 flow blockage affecting 25% of the core cross section. To model this
situation, the core region may be subdivided into “blocked” and “unblocked” regions. An example
nodalization to model this situation 1s shown in Figure 3.4-3 Components 100 through 150 represent the
blocked region, 200 through 250 the unblocked region. Inlet flow enters only at component 200. The
crossflow 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 flow direction (e.g., 110 to 120); crossflow
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 crossflow junctions fay not be connected to the internal pipe cells.
With the nodalization shown in Figure 3.4-3, fluid mixing will occur between the “blocked” and
“unblocked” regions of the core, providing a simulation of the flow distribution.

3.4.6 Countercurrent Flow Limiting Model

The CCFL model is a new model in RELAPS/MOD3 that was not available in previous code
versions. The CCFL. model snould prove valuable for simulating countercurrent flow 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 reflux cooling mode. Condensate inside the U-tubes must flow out
‘ of the tubes against steam flowing to be condensed. CCFL likely at the tube inlets.
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Blocked
inlet

Figure 3.4-3 Crossflow-connected core application

U-tube steam generator liquid holdup. When natural circulation loop flow 1s lost duning a
LOCA, draining of the U-tube upflow leg is opposed by steam flow. CCFL 1s likely at the
tube inlet and in the vertical section of the hot legs

Once-through stcam generator auxiliary feedwater penetration. Feedwater injected at the
top 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

I'he CCFL model 1s implemented at a junction by specifying f = 1 in the “efvcahs” 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, CCCO110 for single
junction and valve components, CCCN110 for branch component junctions, CCCO110 for pump inlet
junctions, and CCCO111 for pump outlet junctions. In these formats, CCC 1s the component number and N
18 the branch junction number. It 1s important to recognize that the validity of results produced using *he

CCFL model (assuming it engages during a calculation) 1s strictly dependent upon the applicability
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model constants used. The user should be able to justi’ . the constants used based on some experimental
data relevant to the geometry being modeled.

While the junction CCI'L data card 1s termed “optional,” the junction hydraulic diameter 1s specified
on the card. If the card i1s not input, then a default junction hydraulic diameter, based on a circular junction
flow area, 1s used. For noncircular geometries, and for “lumped-loop” situations, the code-calculated
default junction hydraulic diameter will pot 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.

3.4.7 Control System Modeling

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

in a RELAPS problem, control vaniables are typicaily employed in three types of applications: (a) to
include useful “side” calculations in a problem, (b) to specify complex boundary conditions, (c) to
simulate 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 vaniable types and
details of the input required appear in Section 4.10.

3.4.7.1 Useful Side Calculations. 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 analyst understanding and reduce post-processing effort.

Examples where side calculations may be useful include tracking of steam generator secondary side
mass, integrated injection flow, integrated break flow, 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 flow 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 flov - must be approximated by integrating
the minor edit mass flow rate data using a post-processing routine. However, the true integrated break flow
data are lost because the data on the restart/plot do not include the time steps between the minor edits.
Therefore, if a side calculation 1s 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 1s shown in Figure 3.4-4. In this
example, control variable 7 has been developed to calculate the mass on the secondary side of a steam
generator. The control varniable 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 accessed through
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the specification “rho” followed by the identifier of the hydrodynamic volumes. Note that references to

these densities will be SI in units (in this case, kg/m") regardless of the units specified for the problem on
the units selection control Card 102. Overlooking this fact is a common cause of modeling error.

Accordingly, in this example, the volumes of the hydrodynamic cells are specified in m". Since this mod |
was based on British units, the resulting mass in kg 1s converted to Ibm using the conversion factor 2.2046
on Card 20500700 Note the descriptive name “sgcmass™ 1s specified to recognize the control vari ble
information in the printed output.

s#“‘#“*“l#lO*#‘t#‘#‘t‘*#*#l#‘*#‘t#*‘*#“*.#‘##*###*#tt###t“‘#*#tt#*.‘ﬁ

$ steam generator ¢ secondary side mass

R R R N Iy AN R e o A e R o S B S R R TR LR P o o L *
*ctlvar name type factor it f ¢
20500700  "sgcmass” sum 2.2046 93260 0 0
*

*ctlvar a0 coeff variable name parameter no
20500701 00 15.52 rho 454010000
20500702 5.11 rho 458010000
20500703 398 rho 462010000
20500704 1.26 rho 462020000
20500705 1.26 rho 462030000
20500706 097 rho 462040000
20500707 7.90 rho 466010000
20500708 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 rho 478010000
20500714 19.68 rho 482010000

5*#113*##t‘t#‘#tﬁ*#l*‘*‘*t‘.‘*3**1‘#*##*#‘*‘*‘#!**#####t*##*#*#t##‘t*#‘t*'

Figure 3.4-4 Example of using control vanables for side calculations.

3.4.7.2 Specifying Complex Boundary Conditions. Control vanables may be used to impose
virtually any boundary condition on a problem. Boundary cond.tions may be tailored to suit the calculation
desired based on user input (e.g., from a table), the current status of any variable in the problem, or a
combination of these factors

To illustrate the power of control vanables for specifying boundary conditions, consider the
following example Fluid inventory in a plant system 1s controlled by makeup and letdown systems;
makeup inject.. fluid and letdown extracts fluid. In the plant, the letdown flow is retvrned to a 2000-gal
makeup tank through a cleanup system. During normal operation, the makeup and letdown flows are
balanced. In the model, however, these systems are modeled as “open loop.” The makeup system was
modeled using a pump that draws fluid 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
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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.

With the open loop modeling concept, however, a dilemma arises. During a transient, the letdown
flow will be terminated and the makeup system will draw down the inventory in the makeup tank. When
the tank 1s empty, the makeup flow will cease. By employing the control variables and trips shown 1n
Figure 3.4-5_ this makeup flow termination was realistically included in the simulation.

Trip 550 1s used to determine the letdown status. Letdown flow is to be terminated when the pressure
at the core inlet (p 505010000) falls below 3.42178 MPa. Prior to that occurrence, trip 550 1s false,
afterwards it is true. The status of this trip 1s used to control the letdown valve position. The valve is open
when trip 550 1s 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 1s accomplished with
trip unit control varable 801. As shown in Figure 3.4-5, this control vanable will have a value of 0 until
trip 550 latches true (when letdown is isolated) and a value of | thereafter

Control vanable 802 1s defined as the mass flow rate of the makeup injection junction (mflow)
850010000). Control variabie 803 is defined as the product of the mass flow rate and the binary operator
(control variable 801 xcontrol vanable 802). Control variable 803 thus has a value of O up to the ume of
letdown 1solation, then a value equal to the makeup injection mass flowrate (in kg/s; thereafter. Control
vanable 804 integrates control vanable 803, as a result, the value of control variable 804 represents the
integrated makeup injection flow subsequent to letdown isolation. Using trip 551, the value of control
variable 804 1s compared against 8358 4 kg (the mass equivalent of the 2000-gal imitial tank inventory
assuming constant temperature and pressure in the tank). When the integrated injection flow exceeds this
value, trip 551 turns true and 1s used to tnp the power to the makeup injection pump

3.4.7.3 Modeling Prototype 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 RELAPS control variable models.

To illustrate the use of control variables for modeling prototype control systems, consider a
prototype pressurizer level control system. The 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
pressunizer. The indicated level 1s first lagged, based on instrument response time, and then compared
against a “set point” level that vanes as a function of the highest average (of the hot and cold leg)
temperature of the three coolant loops in the plant. The resulting error between the indicated and set point
levels is processed through a proportional-integral controlier whose output is used to vary the makeup
pump speed. If the level indication is low, the control system response is 1o increase the makeup flow to
correct it.

The control vanable logic shown in Figure 3.4-6 was developed to model the response of the system
described in the preceding paragraph. Control vanable 200 determines the set point level as a function of
the highest average temperature. In previous logic (not shown), the hot and cold leg fluid temperatures in
each of the three loops were independently averaged and an auction process selected the highest of the
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*

D s g e A i OO o s g s g e S S SO *
. trip input

I e g e . 6 4 B SO S A s S A B *

0000550 p 505010000 It null O 3421786 | -1 *letdown isolation
0000551  cntrlvar 804 gt null O 83584 1 -1. *mu tank empty

»

N B L) JLA R = SPow T TR . .

" control vanable input

B e e e i i e 0 500 0 0 0 8 *

.

*ctlvar name type factor init f ¢ min max

20580100 "binary”  tripuniut 1. 0. 0 3 0 1.

»

*ctlvar trip no.

20580101 550

$==== == = z===== ==$

*ctivar name type factor init f ¢ min max

20580200 "flow” sum 1. 144792 0 O

.

*ctivar a0 coeff variable name parameter no.

20580201 0. 1. mflow;) 850010000

$=== = $

*ctivar name type factor init f ¢ min max

20580300 "flow” mult 1. 0 0 0

.

*ctlvar vanable name parameter no.  variable name  parameter no

20580301 entrlvar 801 cotrlvar 802

$ == s======sssssTzssss ====$

*ctlvar name type factor init f ¢ min max

20580400 "intflow” integral = 0. 0 0

*

*ctlvar integrand name integrand no,

20580401 centrlval 803

$ = = = === S
Figure 3.4-5 E: mple of using control vanables for specifying complex boundary conditions. .

NUREG/CR-5535-VS§ 3-38



RELAPS/MOD3 .2

three average temperatures. In the example, this highest average temperature was previously defined using
control vanable 104. The coefficients prescribed in control vanable 200 operate on this temperature to
define the pressurizer set point level. Imtially (assuming full power temperatures), the set point level is
0.533, or 53.3% of full scale.

Control vanable 201 calculates the pressunizer indicated level based on the difference 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 1s based on an elevation-weighted average of the pressures in these two cells

The instantaneous value of the pressunizer indicated level (control vanable 201) is lagged, based on
the response time of the instruments, in control variable 202. The level error 1s then determined by
subtracting the lagged indicated level from the set point level in control vanable 203. In turn, the level
error 1s processed by the proportional-integral operator in control vanable 204. The output from this
processor 1s a change in makeup pump speed. If the makeup pump is modeled explicitly, control vanable
204 is then used to modify the pump speed on each time step. If, instead, the makeup system 1s simply
modeled using a TMDPJUN, the effect of the change in pump speed is correlated into a corresponding
change in flow and the junction flow is modified accordingly.

It should be noted here that RELAPS is, in effect, performing a digital simulation of a control system.
Therefore, the “sampling rate” of the simulation i1s dictated by the size of the time step. It bears no
relationship to the true sampling rate of the system being modeled. However, this is probably of no
matenial significance since the time constants of the system being modeled are at least an order of
magnitude larger than either the time steps taken by RELAPS or the actual sampling rate in the plant
system.

3.4.8 Level Tracking Model

Accurate modeling of liquid levels 1s essential for some applications of RELAPS. Because the
discretization of the governing equations uses mean void fractions in each control volume, a fine
nodalization 1s required to resolve a large change m void fraction, such as 1s associated with a hiquid level.
Even that may not be adequate to model the phenomena, because RELAPS uses a highly diffusive upwind
difference scheme to discretize the advection terms. To compensate for the inherent limitation of the finite-
difference scheme used in RELAPS and to allow a coarser nodalization to reduce the computational cost, a
muxture level tracking medel is available in RELAPS/MOD3. A detailed description of the model and its
application 1s presented in Section 3 of Volume I of this manual. The volume control flag | from the flags
“tipvbfe” 1s used to activate the level tracking model as described in Volume II of the manual.

3.4.9 Thermal Stratification Model

Because RELAPS uses a first-order upwind differencing scheme that has considerable numerical
diffusion, there is significant mixing of hot and cold fluid on some applications of the code. This has an
unfavorable effect on the accuracy of the solution. To counteract this, the thermal stratification model was
developed with the following features:

. Have a sharp temperature profile that will separate the hot fluid from the cold fluid
whenever thermal stratification occurs.
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s‘t‘#'""#t‘l*t"#"‘t#‘#"‘ﬁlt‘#.#tt“l‘tt#t*‘##*l*.#t‘*#‘##‘*#‘##*‘#*tt*

$the following control vanables - 200 through 206 - represent the pressurizer level
$control system.

B BT e A A B B S et i T el it RS
*ctivar name type factor init f .c min max
20520000 “pzr sp Ivl"  sum 1.0 0.533 0 3 0.222 0.533
.
*ctlvar a0 coeff variable name parameter no.
20520001 -6.03230  1.14338e-2 cntrlvar 104
$“'*.i‘.##l.f*l*‘t‘#‘t#*"l"*ﬁtl“###*###-"*l*““#“#‘*"*‘*‘*****¥*¥‘#$
*ctivar name type factor init f ¢
20520100 "pzr sp Ivl"  sum 10 0227118 1 3 00 10
K
*ctlvar a0 coeff variable name parameter no
20520101 -0.20759 2.21849¢-5 ! 341070000
20520102 -1.18443e-5 P 340010000
20520103 -1.03406e-5 P 341010000
s###t*t!*.##*“*#t#l##“t###*##t#“##tl#*&lttt‘##*#t*#i‘tt********##*#t‘tm*
*ctlvar name type factor mit £ C min max
20520200 "pzr level”  lag 10 0227118 1 3 00 1.0 .
»
*ctlvar tau-1 variable name parameter no.
20520201 0.786 entrlvar 201
s‘*t‘tt‘*##.tt'#!t“#*‘*#‘tt“**t##‘#“*'###‘t‘*tt*****##t##t*’t**#tt#tw**#
*ctlvar name type factor init -
20520300 "pzr Isp-1"  sum 1.0 0.0 0
*
*ctlvar a0 coeff variable name parameter no.
20520301 0.0 1.0 cntrlvar 200 |
20520302 1.0 entrivar 202 |
5‘.“‘1“#!# B0 o o o o o ol o ol e ok o o o o o o o o ok ok e ok ok o o e o o R R O R o o o o o ok o ok
*ctlvar name type factor init f ¢
20520400 "cves d rpm” prop-int - 10.0 0.0 0 3 050649 30
*
*ctivar prop gain int. gain variable name parameter no.
20520401 1.0 5.55556e-3 cntrivar 203
Figure 3.4-6 Example of using control vanables in modeling actual control systems. .
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. Correct donoring of ligquid internal energy at the junctions for the cell where the thermal
stratification occurs,
. Only the hot fluid 1n a cell that contains the thermal front is allowed to flash

The volume control flag t from the flags “tlpvbfe” 15 used to activate the thermal stratification model
as described in Section 3 of Volume | of the manual
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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 ord r as the list of input
requirenients in the user input section of the code manual. The organization generally also follows the
recommended sequence of data in an input deck

4.1 Problem Control Options

The following 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
histing.

4.1.1 Format 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 utle card 1s identified using an equal sign as the first non-blank
character. It is recommended that the title card be descriptive of the 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 effort involved, it is highly recommended that input streams be weli-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 cntry of data on
any card by using either of these characters. All fields 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 1s recommended, but not necessary, that the input data stream be orgamzed by
increasing card number. Input of real numbers may be accomplished using any standard FORTRAN
notation (e.g., acceptable mputs for the number 12.45 include +12.45, 0.1245+2, 1.245+1, 1245 1,
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 number is not required on the continuation card). Data fields must be
complete on each card (1.¢., a field cannot be started on the original card and completed on the continuation
card). Where possible, it 1s 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 1s therefore limited to all data preceding the terminator card (note that the title card,
identified by the equal sign, does not need to be the first card of the input stream). 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 Appendix A of the input data

requirements manual (Volume IT). This format provides an efficient method for entenng certain data and it
1s recommended that it be used where available.
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4.1.2 Problem Type -- Card 100

The most common RELAPS calculation types are NEW, RESTART, and STRIP. The NEW opuon is
used for problems where a complete input stream is specified. With this option, imtial conditions for all
model features (e.g., volumes, junctions, heat structures, control vanables, 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 s 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 ume of restart and RELAPS offers considerable flexibility for making such changes
Virtually any model change may be made when restarting a previous problem. To effect a change, the
model feature 1s 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 chang=d in a restart calculation 1s
assumed to exist as onginally 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 imitial conditions of the features changed are consistent with those from the original
problem at the restart ime. Care shou!d 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 flow rates, and 10 control variable values) from the
restart/plot file. The strip option 1s used to create a file containing only pertinent data. This new file 1s
therefore of a more manageable size than the restart/plot file. Considerable efficiency 1s gained by
stripping the desired data; the memory requirement for an external plotting routine and the computer time
required to execute 1t 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, 1t 1s 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 1s not present, the RUN
option 1s assumed, if the card 1s present, RUN or INP-CHK may be selected

As described in Section 3.1.2, stopping a calculation after successful completion of input 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 appropnate
maximum computer usage time on Card 105 (see Section 4.1.6). With this method, the model input 1s
iteratively debugged in the RUN mode (input processing routines are the same in the RUN mode as in the
INP-CHK mode) by repeatedly running and correcting the model until all input errors are removed. 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 1s required to start the transient or steady-state calculation

NUREG/CR-5535-V35 4.2




RELAPS/MOD3 .2

4.1.4 Units Selection - Card 102

Optional Card 102 lets the user specify the calculational units for a problem. SI units are assumed if
Card 102 is not input. A units specification is made for both the input (model input stream) and output
(printed).

Several peculiarities of the units assumed by the code are described in Appendix A of the user input
data requirements manual (Volume II). Additionally, the user should carefully consider the input units
requirements specified in the same manual These requirements are identified in parentheses next to each
iput listing.

All internal RELAPS calculations and all data storage on the restart/plot output file are in SI units,
regardiess of the options selected on Card 102. The user is cautioned of two situations where umit
difficulties may anise. Note that both these difficulties may be avoided if a problem 1s performed using SI
units exclusively, therefore, if at all appropriate, SI units are recommended.

First, references to code parameters within control vanable 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
S1

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 SI to British
units

4.1.5 Restart Control -- Cards 103 and 104

For a restart problem, the restart number from a previous calculation 1s 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 after the major edit data. Card 104 provides a mechanism for preventing the writing
of a restart/plot file if so desired.

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
restart edit. The user is cautioned, however, that the restart edit created when a calculational failure occurs
1s unreliable as a restart point because the calculated parameters reflect 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 circumvented without
extensive recalculation. However, 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) or 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
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specifying any changes desired. Virually any change may be accomplished at the time of restart
Generally, to effect a change in a model feature it 1s necessary to reinput all 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 1s changing. When
reinputing data at a restart point, the user is cautioned to carefully respecify its imtial 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 RELAPS, 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 1s 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 1s 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 system, an external time limit is set to be higher than the internal time
fimat

Three inputs are needed on Card 105. Words | and 2 are time differentials (Word 2 should be larger
than Word 1) and Word 3 is the maximum CPU ume allowed. Following each time step, a check is made
to determine if the CPU time used to that point is greater than Word 3 munus 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 that a user would like to span a transient ime from 0 to 100
seconds Based on expenience, the user believes the calculation will require about 500 CPU seconds. To
run this calculation, the user will use an end time of 100 seconds on the last of the 2XX time step control
cards. On Card 105, the user might input the imes 10, 20, and 700. On the external job card, an 800-
second time himit might be specified. By doing this, the user has maximized the opportunity for a
successful run to 100 seconds while limiting the exposure to 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 therefore 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 to completion, or if not, a
fully-useful restart 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 (1.e., the time needed to run a similar problem on the same computer) and linearly scaling
the CPU ume (a)proportionally by the number of hydrodynamic cells in the problem, (b)proportionally by
the requested problem time, and (¢) inversely proportional by the requested or expected time step size. As
indicated above, 1f 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 Noncondensable Gas Type - Cards 110 and 115

These cards specify the presence and composition of a noncondensable gas. The user input
requirements document description (Volume II) for these cards 1s self-explanatory. The user 1s cautioned
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that the noncondensable model has only limited user experience. A basic description of the
noncondensable 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 system in the model. The word “independent” implies that there 1s no
possibility of flow between the two systems. For example, the primary and secondary systems of a steam
generator are normally independent systems. However, for the simulation of a steam generator tube
rupture event when the two systems are hydraulically coupled through a break rat.. the two systems are no
longer independent. Flow between systems using different working fluids is not allowed with RELAPS.

Currently available working fluids are light-water (specified as WATER), heavy water (D,0), and

hydrogen (HYDROGEN). The user is referred to the cautionary notes regarding this input in Appendix A
of the user input data requirements manual (Volume IT).

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 RELAPS to facilitate
the calculation of a PWR steady operating condition. These standard controllers are referred to as the “self-
imtialization” options.

The self-initialization options are invoked by entering Cards 140 through 147. These options provide
for specifying pump speed, steam flow, feedwater flow, and pressure controllers. The numbers of each
type of controller are described on Card 140. The remaining cards indicate the components where the
control is to take place and a reference 1o 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 flow controllers, Cards 145 and 146 for the feedwater flow controllers, and Card 147 for
the pressure controller. Detailed information explaining the use of control vanables 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 briefly described as follows. To begin, a constant core power is input using a
table entry. The primary coolant system pressure is controlled using a pressure controller at a location
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 flow rate is maintained. In most cases,
the coolant loops are identical; therefore, all primary coolant pumps are driven at the same speed. The
feedwater injection flow rates are controlled so that set point steam generator indicated levels are
maintained.

The steam flow controllers may be used in two different ways, 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 flow may be adjusted such that the desired steam generator secondary pressure
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is attained. With this method, the resulting steady state will possess the proper steam generator secondary
pressures, but the hot and cold leg fluid temperatures may not be as desired. The modeling difficulty
reflected here primarily concerns the calculation of the heat transfer process on the secondary side of the
U-tubes. Specif-cally, flow 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 dispanty 1s to
adjust the heated diameter specified on the secondary-side of the tubes. If the classically-calculated heated
diameter (ie., four times the flow 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. Here, the meaning of “tube-to-tube spacing” 1s the mimimum flurd gap width
between the outside surfaces of two adjacent steam generator tubes. Note that this recommended change
affects only the heated diameter specified on the outer tube surface; no change is made to the
hydrodynamic volume hydraulic diameters

The selection of appropriate gains for the various controllers 1s largely a trial-and-ezcor process. An
iitial gain is selected, the controller response is monitored, and the gain 1s 2J;usted based on any
indications of under- or over-damping. In the terminology of the self-initialization controllers, the integral
part of the time constant 1s the inverse of the gain. Therefore, an increased gain results in a smaller ime
constant and more rapid controller resporse

A complete discussion of the self-initialization controllers may be found in Self-Initialization Option
for RELAPS/MOD2.3 VY 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 1s controlled based on a complex combination of inputs.

4.1.10 Reference

4.1-1 G. W. Johnsen et al ., Self-Initialization Option for RELAPS/MOD2, EGG-RTH-7381, September
1986

4.2 Time Step Control

Cards 200 through 299 are the time step control cards

Optional Card 200 lets the user define a problem time otiier than zero at the beginning of a NEW
type problem. This is a very useful feature because a problem start ume can be normalized to any
convement reference. Examples where this capability is needed include resetting the problem time to zero
when a satisfactory model steady ininal condition has been attained and normalizing the problem start time
with a nonzero reference time in external data, such as when simulating an experi.inent 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 senes of 201-299 Cards in the preceding calculation. It 1s generally
recommended that at least one 201-299 Card be entered in RESTART problems
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Seven words are entered on these cards. Word |1 defines the end time of the interval for which the
data in the following words 1s used. The calculation proceeds either from time zero, from the restated
initial ime on Card 200, or from the restart time and proceeds to the time specified in Word | 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 last 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 201-299 Card.

Word 2 on the 201-299 Cards represents the minimum time step. From experience, a value of 1.0E-7
seconds i1s 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 1s 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.

Words S, 6, and 7 specify the minor, major, and restart edit 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
munor edits every 1 s, major edits every 10 s, and restart points every 20 s.

It i1s recommended the user 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 interval 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 restartplot file will be the same as for the printed minor edits. However, it is a common
misconception that a data channel must be requested as a minor edit variable 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.

The 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 reflect the data type and data location. For example, the
pressure in cell 3 of pipe component 125 would be specified as “p 125030000".
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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 velocity for
pump component 255 the proper specification 1s PMPVEL255. A common error is to request “PMPVEL
255010000, 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, velocities, and void fractions) 1s not consistent 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 location 1s identified
with the format CCC000000. If more than one junction may be associated with component CCC [pipe/
annulus, brainch/separator/jet- mixer/turbine/emergency core cooling (ECC) mixer, pump, and multiple-
junction components may include more than one junction], then the proper format is CCCNNOOOO, NN is
the junction number within the component

If muinor edit requests have been entered in a NEW calculation, then they need not be re-entered on
subsequent RESTART calculations. The eriginally-requested minor edits will appear in the output of the
restart calculations. If, however, a change in the minor edit requests 1s made when a calculation is restarted
(e.g., by adding more requests), then the entire block of desired minor edit request cards must be re-input
in the restart job input stream

It is recommended that the user empioy minor edits as a useful analysis aid. In a newly assembled
input deck, 1t is desirable to assemble a list of minor edit requests to characterize overall behavior in the
model. This list might include representative pressures, temperatures, flow rates, and velocities in the
important regions of the model. The list should also include the current values of any especially important
control vaniables. In a mature nput deck being used for transient calculations, the minor edits should be
tatlored for interpreting the transient behavior calculated. For this puroose, the minor edit request hst
would highlight parameters such as core power, break flow, and fuel temperatures.

4.3.2 Expanded Edit/Plot Variable Requests

A new feature in RELAP5/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 hst of these additional data is given in
Appendix A of the user input data requirements document (Volume II)

Additional data are requested by entering cards of the format 2080XXXX, where XXXX may range
from 0001 to 9999 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 vanables, minor edits, or trips, unless they are inciuded on a 2080XXXX
Card.

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 1s not available in the standard data hst. The
"HTTEMP" 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 structare temperatures are stored on the restart/plot file.
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4.4 Trips

Trips are binary logical operators whose 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, flow rate, and control
variable value) and perform a comparison to judge whether the current status 1s 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 tnp
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 aganst a constant) to determine a true or false status. The
logical trip directs a combination of other trips into a new trip whose status is either true or false. When
assembling trip logic, the user should temember that trip status is determined at each time step in
numerical order by trip number. As a result, if a lower number 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 trp 1s
referenced. then the status of the referenced trip is based on the previous time step.

RELAPS 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 1000 of each. The choice of format 1s
dependent on whether the user anticipates a need for more than 200 of either type of trip. The onginal
format is used unless the extended format is activated by entering the 20600000 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 illustrate the variable trip concept and some of its possible uses,
consider the following example:

505 p 140010000 gt p 145010000 50. n -1. *dela p

As a logical statement, trip 505 status 1s determined based on the question “Is the pressure 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 “1” (latch), the code continues to ask the question until the status of the trip is true. After that
occurrence, the code stops asking and the status of the trip 1s 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 (1.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 British units; in problems run in ST 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 flow, open a valve, or change the value of a control vanable
fromOto 1.
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A variable trip may also be used to compare the current value of any calculated parameter against a
constant. To illustrate, consider the following example:

506 mflowj 560010000 It null 0 500. 1 -1. *low flow

Trip 506 asks the question “Is the mass flow rate at Junction 56001 less than 500 bm/s”" The imual
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 flow rate limit, as
suggested by the low flow comment.

In many modeling situations, il 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 charactenistics 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 specifying dummy trips is to simply provide a convenient “always true” or
“always false” reference. To illustrate, consider the following trips:

507 time O ltnull O 1.e61 O *always true
508 time O gt null O 1.66 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).

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 5200r S21n-l.

622 S2C 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. XOR 1s termed the
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“exclusive or” operator. The use of the latch/nolatch and initial value indicators in logical trips is the same
in vanable trips as described in the previous section.

In the examples shown above, the logical trips have only referenced vaniable trips. However, logical
trips may also reference other logical trips. Furthermore, a logical trip may reference itself. When this 1s
done, the logical trip is referencing its own status on the previous time step

Example 1 -- Reactor Trip Logic

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

. The pressunzer 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 trp.

Also, assume that once a reactor signal has been generated there 1s a 0.5 second delay prior to
movement of the scram rods. To include a simulation of this reactor trip behavior in a RELAPS model,
vanable trips are first developed to provide the required parameter comparisons:

501 p 450010000 gt null 0 2300.1 -1. *przrp

502 catrivar 100 It nullO 0.20 1 -1. *przr level

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

504 tempf 210010000 gt null O 610. 1 -1. *hi2 temp

505 tempf 310010000 gt null O 610. 1 -1. *hi3 temp

506 ime O gt null0 1.6 n -1. *manual trp

In trip 501 the pressurizer pressure is tested against 2300 psia. Trip 502 tests the pressurizer indicated

level against the 20% lower limit. It 1s assumed that control variable 100 has been defined in such a way
that a value of 0 corresponds tc 0% indicated level and a value of 1 corresponds to 100% indicated level.

Trips 503, 504, and 505 test the fluid temperatures in each of the three hot legs against 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 1s desired, trip
506 would be replaced with

506 time O gt null O 10. n -1. *manual trip at 10 sec

Next, the variable trips are gathered together into a single trip that is false if none of the vanable trips
has ever been true and is true if any the variable trips has ever been true:
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601 501 or 502 1 -1. ‘

602 503 or 504 | -1.

603 505 or 506 1 -1.
604 601 or 602 1 -1
605 604 or 603 | -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 trp:

507 time O gt timeof 605 0.5 1 -1. *scram rod movement

This trip statement asks the question “Is the current problem time greater than the time that trip 605
Jast turned by more than 0.5 seconds?” Note that this question is only asked if trip 605 has ever turned true,
before that occurrence, trip 507 has a false status. Therefore, trip 507 is used to initiate the reactor scram.
In a case where core power is specified as a function of time after scram, trip 507 is used as the trip on the
power table.

Example 2 -- Trip Logic to Simulate Relief Valve Hysteresis

A common modeling need is to simula‘e the response of a system with hysteresis. Many prototype .
plant components are controlled with this process. Examples include passively and actively controlled
pressure relief valves, pressurizer spray valves, and pressurizer heater power.

To demonstrate trip simulation of a process with hysteresis, consider the code safety pressure relief
valves located on the top of a PWR pressurizer. These valves feature a passive spring-loaded mechanism,
and their purpose is to limit pressure excursions in the primary coolant system. Valve operation 1s
characterized by two set point pressures: an opening pressure and a “reseat’” pressure. As system pressure
is increased, the valve opens at the opening pressure and remains open until the system pressure falls
below the reseat pressure. This process therefore involves hysteresis: operation of the valve is not only
dependent on the pressure but also on whether the valve is currently open or closed.

With RELAPS, a realistic simulation of this relief valve's operation can be accomplished by using a
trip valve component and logic that mimics the actual response. First, variable trips are defined to compare
the current system pressure against the two set point pressures. Assume the valve opening pressure is 2550
psia and the reseat pressure is 2530 psia. The corresponding variable trips are

560 p 850010000 gt null 0 2530. n -1. *p gt "reseat” setpoint

561 p 850010000 gt null 0 2550. n -1. *p gt opening setpoint

Trip 560 asks the question “Is the system pressure greater than the reseat set point pressure”” and trip
561 asks the same question regarding the opening set point pressure.
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Next, logical trips are used to combine the information from the variable trips with the information
on the current valve status into a trip that will control the valve:

610 560 and 611 n -1.
611 561 or 610 n -1. * valve control

Trip 610 is true only if the valve was open on the previous time step and the current pressure is above
the "reseat” set point pressure. Trip 611 is true only if the pressure exceeds the opening set point pressure
or the valve was open on the previous time step and the current pressure is above the reseat set point
pressure. Therefore, the status of trip 611 is used to control the model valve position: open when the trip is
true and closed when the trip is false.

4.4.3 Terminating a Calculation by Trip

RELAPS calculations typically are terminated when the end time specified on the last of Cards 201-
299 has been reached, when the computer CPU time limit on Card 105 has been reached, or when a failure
has been encountered. Optional Card 600 provides an additional capability to terminate a calculation if and
when any particular event occurs in the calculation. One or two trips may be specified on Card 600 and the
calculation is terminated if any trip specified turns true. Either variable or logical trips may be specified.
Once entered, the termination criteria remain effective unless a 600 Card with another specification is
input in a subsequent restart calculation.

By using Card 600, the calculation can be terminated on virtually an) occurrence. For example, if the
user wishes 10 stop a calculation at the first occurrence of the injection flow through single junction 150
falling below 100 kg/s, then the following trip logic could accomplish this. First, the mass flow rate at the
junction would be tested against the 100 kg/s lower limit in a variable trip:

501 mflowj 150000000 It pull O 100.1 -1.
This variable trip is the., referenced on the trnp termination card:
600 501

When the flow rate falls below 100 kg/s, the status of trip 501 will change from false to true, the
calculation will be terminated, and a message will be written to the printed output file indicating that
termination was due to trip.

4.5 Interactive Variatles

The capability for interaction between a user and an executing problem has been incorporated into
RELAPS through interactive variables that are entered on Cards 801-999. This capability, that exists when
the code is interfaced with the Nuclear Plant Analyzer (NPA) color graphics software, allows a user to
modify user-defined input quantities as a calculation is executing. This allows a user to imitiate operator-
like actions, such as opening or closing valves, starting and stopping pumps, and changing operating
conditions.

An interactive variable is implemented on an 801-999 Card by entering three words. Word 1 is an
alphanumeric vanable name and Word 2 is its initial value. Word 2 may be changed interactively from the
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NPA terminal and its modification will effect the calculation in progress. Word 3 provides a convenient
capability for units conversion so that the NPA keyboard entry may be made consistent with RELAPS

internal units requirements.

The user only necds to concern himself with interactive vaniables if a model 1s to be run interactively
using software such as NPA_ If interactive variables are needed later, they may be added readily to a model
at any time.

4.6 Hydrodynamic Components

As a general rule, the user should be cautious of applications where the fluid conditions in the
RELAPS hydrodynamic components may approach the critical pressure. With respect 1o light-water
reactor safety issues, this limitation may be of significance to anticipated transient without scram (ATWS)
transients. During ATWS events, the reactor 1s 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 component. The
component type is specified using cards of the format CCCO000 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 Sing!~-Volume Component

The single-volume component is the basic hydrodynamic cell unit in RELAPS. Note that the pipe
component may be thought of simply as a senes 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 specifications describing the basic volume geometries and conditions for the
other types of components (pipes, branches, etc.) are identical to those described here for the single-
volume component.

The flow 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 1s 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 consisient may require
the imodeler 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 varying flow area varies within a single hydrodynamic cell.

A compromise is needed because the average flow area for the geometry may not adequately
represent the flow path in the region. The input flow area determines the flow velocity, the input length
affects the calculated frictional pressure drop, and the input volume contributes to the overall fluid system
volume. An additional constraint is that the length input for a vertical cell must be enveloped by the
elevation gain of the ceil. The modeler should select the compromise that would least affect his particular
problem. If the error introduced by all compromises is 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 the code; it 1s
recommended that it be entered as 0. An inclination angle from -90 to +90 degrees must be input (note that

NUREG/CR-5535-V5 4-14



RELAPS/MOD3 2

this entry is always in degrees even if S] units are specific for the problem). An entry of -90 is defined as
vertically downward, +90 as vertically upward, and 0 as horizontal. An angle is calculated from the ratio of
the absolute value of the elevation change to the absolute value of the length. This calculated value is used
to select the flow regime map. Volumes whose calculated angles have magnitudes greater than 45 are
considered vertical and those whose calculated angles are less than 45 are considered horizontal. Any
elevation change specified for a volume must be less than or equal to the maximum allowed using the
formula

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

An absolute wall roughness and hydraulic diameter must be input. It 1s recommended that a
roughness representing the actual finish of the fluid boundary wall be used. Good 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:

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

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

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

The volume control flags of the format "tlpvbfe” must be input for each hydrodynamic cell. These
flags define the operative code options for each cell. When default flags (0000000) are assumed, the
thermal stratification model is inactive (t = 0), the level model is inactive (1 = 0), 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 recommended and
users shou,J carefully consider the effects of using non-detault flags. Guidance for these considerations 1s
provided in Section 3.3.1.

An initial condition control word and corresponding initial fluid 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 fluid 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 connect
normal 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 “volum:-related” means the condition is one that is normally input as a part of a volume
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specification rather than a junction specification. For example, pressure, liquid temperature, vapor
temperature, void fraction, and quality are volume-related quantities.

For light-water reactor modeling, TMDPVOLSs typically are employed in two types of applications.
First, TMDPVOLs may be used to specify pressure boundaries, generally at locations where fluid exits a
model. For example, a TMDPVOL may be used to control the pressure at the inlet of a turbine. The
pressure solution throughout the secondary system is then determined by the turbine inlet pressure, the
system flow losses, and the system flow rate. When used to specify a pressure boundary, the TMDPVOL 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 TMDPVOL actively interacts with the rest of the model.

Second, TMDPVOLs are used to specify fluid conditions at injection sites. For example, a
TMDPVOL may be used to specify the temperature of emergency core cooling flurd. When used to
specify the fluid conditions at an injection boundary, the TMDPVOL typically is connected to the
remainder of the model through a TMDPJUN that effectively isolates the flud conditions in the
TMDPVOL from the remainder of the model. In this application. the TMDPVOL is used simply to provide
the proper fluid conditions for an injection flow boundary condition as defined by the TMDPJUN. A
discussion of boundary condition specifications is found in Section 3.3.4.

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

The boundary condition information entered includes a fluid condition control word, a trip number, a
two-word search variable, and a table. The control word defines the variables used to define the fluid state;
this option is the same as that described in Section 4.6.1 for the single-volume component. The trip number
determines at what problem time the table is to be referenced. The search vanable is the code-calculated
parameter assumed to be the independent variable in the time-dependent volume table. The dependent
entries in the table are the hydrodynamic conditions required to define the fluid state.

As a simple example, consider a time-dependent volume that is to represent a constant pressure
atmospheric containment boundary condition for a LOCA simulation. Assume that no reverse flow from
the containment to the coolant system is anticipated, such as would be the case for a small break. For this
purpose, TMDPVOL 580 may be input as follows:

*hydro name  type

5800000 “contain” tmdpvol

*hydro area length volume honz vert elev rough dh flags
5800101 1e6 0 1e6 0. 0. 0 0. 0. 00010
*hydro €bt trip alphacode numericcode

5800200 3

*hydro ume pressure temp
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5800201 © 147 213

The data input on Card 5800101 are virtually immaterial to the problem since the TMDPVOL 1s
being used only to define the pressure condition. Control Word 3 specifies that the table should indicate
the boundary condition as a pressure and fluid temperature. Since a constant pressure condition is desired.
only one entry is needed in the table: tme 0., 14.7 pria, 213 °F. Note that since no reverse flow is
anticipated, the fluid temperature specified is also immaterial. At 14.7 psia, a temperature of 213 Fisa
superheated vapor. However, in this application, the prc »em solution would be identical even if a
subcooled liquid state was specified.

Now consider that it is desired to include the effects of a variable containment pressure during the
calculation. Assume it is kaown that for this accident the break flow will pressurize the containment
linearly from 14.7 psia to S0 psia over 15 seconds and that the containment coolers will then reduce the
pressure to 20 psia over another 10 seconds. This effect could be included in the above example by
entering a table that reflects this pressure response:

*hydro time pressure temp

5800201 0. 147 213

5800202 15 50. 213.

5800203 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 boundary condition may be made a function of any calculated parameter.

To illustrate, consider extending the above examgple in the following way. Assume the break is to
open when the pressurizer level falls below 20%. The break will be modeled using a trip valve component
and say that trip 510 is used to compare a control variable representing the pressurizer level against the
20% limit. Because 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 flow. Elsewhere, control
variable 105 is used to calculate the integrated break flow. To model this situation, the time-dependent
volume input might appear as follows:

*hydro name  type

5800000 “contain” tmdpvol

*hydro area length volume horiz vert elev rough dh flags

5800101 1e6 0. le6 0. 0. 0. 0. 0. 00010

*hydro ebt tnp alphacode numericcode
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5800200 3 510 cntrlvar 105
*hydro cntrivar 105 pressure temp
5800201 -199 147 213
5800202 0. 147 213
5800203 1. 16. 213

5800204 10. 20 213.
5800205 150. 30 213.
5000206 500. 35 213.
5800207 1000. 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 -1.699 independent variable). After
the break opens and trip 510 turns true, the containment pressure is determined as the pressure in the table
corresponding to the current value of the integrated break flow (control variable 105).

An initialization problem with TMDPVOLs car be encountered if a search vanable from a higher-
numbered compcnent is specified. The components are initialized in numerical order. Therefore, if a
TMDPVOL uses a condition (pressure, temperature, etc.) from a higher-numbered componeni, an
indeterrinate condition is reached because that component has not yet been initialized. This problem can
be circumvented by always referencing lower-numbered components or by referencing a control variable
(such as in the above example) that has been initialized by the user.

4.6.3 Single-Junction Component

The single junction is the basic hydrodynamic flow unit in RELAPS. The input data specifications
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 single-junction componeni.

The “from” and “to” components must be specified for each junction. As discussed in Section 46.1,
each component has an implied inlet and outlet face. The “from™ and “t0” component callouts for junctions
refer to the component number, a two-digit face identifier, and four trailing zeros. When connecting to a
component'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 160. The “from"” code entered is 150010000 and the “to” code entered is 160000000

The “from” and “to” identifiers specify the direction of positive junction flow. In the above example,
flow from component 150 to component 160 will be considered positive by the code; flow in the opposite
direction wi | be considered negative.

It is necessary to input a junction flow area. If zero is input, then the code assumes that the junction
area is the minimum flow area of the adjacent hydrodynamic volumes. It is also required to input forward
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and reverse loss coefficients (although zeros may be specified). This input allows the user to insert flow
losses associated with irregular pipe geometries such as are found at bends and fittings. The total flow loss
will be based on a combination of losses from interphase drag, wall friction, abrupt area change, and user-
specified loss coefficients. All loss coefficients are referenced to the user-input junction area (or that
calculated by the code as explained above).

It is also necessary to enter the “efvcahs” junction control flags and initial velocity or flow conditions
for each junction. Details regarding selection of the junction flags 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 smooth area change model at junctions, the abrupt area
change option may be used to represent the flow losses through sudden contractions and expansions. When
selected, the code calculates the loss based on the area change ratio and the current fluid conditions. It is
recommended that this option not be used in situations where the area change ratio is greater than 10. For
this situation, the smooth area change option and an appropnate loss coefficient is recommended.

The current recommendation regarding the choking model 1s based on circumventing problems that
have been observed when specifying the nonhomogeneous choking model at all junctions. Specifically, it
has been demonstrated that the nonhomogeneous model produces unrealistically low mass fluxes at low
pressure (below 30 bar) and low static upstream quality (below 0.5). This in turn causes choking to remain
“on" down to very low pressure ratios (1.1). Consequently, the current recommendation is to invoke
choking (- = 0) only where it is expected to occur (1.e., breaks, relief valves, etc.) and to select the
homogeneous flow option (h = 2) for these junctions. All other junctions in the model should be specified
as nonhomogeneous (h = 0) with choking turned off (¢ = 1). Using the homogeneous junction option
produces mass fluxes that closely agree with the homogeneous equilibrium critical flow model. In
identifying the junctions where choking should be invoked, the user should not overlook the possibility of
choking occurring at locations internal to the system; for example, the upper core support plate in a PWR.
The recommendation for such locations is to invoke choking with the nonhomogeneous junction option.
This allows slip to occur and does not preclude countercurrent flow. When specifying the choking opuion
at internal ranctions, the user should carefully monitor calculated resuits for nonphysical choking,
particularly at low pressure. If this occur:. the user should turn choking off for the remainder of the
calculation.

The optional countercurrent flow limiting (CCFL) data card is available for input at junctions. The
use of the CCFL mode! is discussed in Section 3.4.6. While this card is termed optional, it must be used if
the user does not wish to have the code compute a hydraulic diameter for the junction based on the
assumption of a circular pipe geometry. This is true whether or not the CCFL model is being invoked.

4.6.4 Time-Dependent Junction Component

The TMDPJUN component permits the user to impose a flow boundary condition on a model. It 1s
possible to specify the flow condition as either a volumetric or mass flow rate. An illustrative example of
this capability is the specification of an injection flow as a function of the coolant system pressure (e.g., for
the flow delivered 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

number, a search variable, and a table that correlates the search variable to the flow boundary condition.
To model the ECC system described above, the TMDPJUN input might look as follows:
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*hydro name type

5900000 “eccs” tmdpjun

*hydro from to area

5900101 585000000 595000000 005

*hydro velflow trip  alphanumeric numeric
5900200 1 575 p 595010000
*hydro p mdot-l  mdot-v  mdot-if
5900201 -1.e99 0. 0. 0.

5900202 0. 0. 0. 0.

5900203 500.  250. 0. 0.

5900204 1000. 200 0. 0.

5900205 1500. 120. 0. 0.

5900206  2000. 60. 0. 0.

5900207  2400. 25 0. 0.

5900208 2500. 0 0 0.

Asst -~ that trip 575 has been defined as the safety injection actuation signal and no ECC flow 1s
possible until certain conditions are met. Before the status of this trip turns true, no flow will be injected by
TMDPJUN 590 (when the trip is false the flow associated with a negative search argument is used). After
the trip turns true, a search is made in the table using the pressure in cell 59501 to evaluate the injection
flow mass flow rate. With the input shown above, the shutoff head of the injection pump is 2500 psia and
as the pressure falls, the injection flow rate increases in a manner prescribed in the table. Component 585
would be modeled with a TMDPVOL that specifies the temperature of the injection fluid.

4.6.5 Pipe/Annulus Component

The pipe component is simply a series combination of single-volume and single-junction
components. Component descriptions and input requirements are presented in Section 4.6 1 for the single-
volume compozient and in Section 4.6.3 for the single-junction component. The advantage of the pipe over
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 significantly fewer than to input the corresponding ten single volumes and
nine single junctions. This efficiency results from using the sequential expansion input format.
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As an example of the sequential expansion format, consider the input weeded to specify the flow

. . adl
areas for a seven-cell pipe. For the first two cells, the flow areas 1 ft° for the third cell 1t 15 4 ft7, and for

cells 5. 6. and 7. it is 2 ft*. These data are entered for component CCC as follows
CCCO101 1

-

his data is read by the code as | ft* through Cell 2, 4 ft° through Cell 3, and 2 ft* through Cell 7

By defimtion, the pipe component has only internal junctions ass wciated with 1it. Any connecuons to
the ends of a pipe must be made with external junctions (e.g single junctions, valves, ime dependent
junctions, or junctions associated with branch-type components) RELAPS/MOD3 includes a new
capability to connect external junctions to internal pipe cells To exercise this capability, it 1s necessary to
use the expanded connection code option oOf RELAPS/MOD3. See the description of the single-junction

component in Appendix A of the user input manual (Volume i)

Flow branching may be accomplished by connecting two or more ¢ xternal junctions at the end of a
upe component; It 1S not necessary 1o use a branch component for this purpose A non-fatal warning
nessage will appear in the printed output indicating that more than one junction 1s attac hed at a pipe end

The annulus component is identical to the pipe component except that an annular flow regime map 1
i : f

used. An annulus must be specified as a vertical component

46.6 Branch Components

The branch component may be thought of as a single-volume component that may have single
junctions appended. Component descriptions and inpul requIreIments are prese nted in Section 4.6.1 for the

single-volume component and in Section 4.6.3 for the single-junction component

Anv 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 als
conne<t to a branct

he separator, jet-mixer, turbine, and ECC-mixer components are specialized branch components
Centain restrictions on the number and onentation of junctions apply for these specialized component
Brief discussions regarding use of these specialized branches are presented in the following subsections

4.6.6.1 Separator. The separator component is a specialized branch mainly used for simulating

the behavior of LWR steam separators. Three junctions must be defined with a separator, and no junctions
r

defined in other components may connect to a separator. By defimtion, junction | must be the vapor outiet
F

junction. junction 2 must be the liquid return junction, and junction 3 must be the separator iniet
Recommendations and restrictions for separator user option selection are documented in Appendix A of
the RELAPS user input data requirements (Volume II). Four separator options are available. Option zero 1
the simple sepa ~r model provided in a previous version of RELAPS/MOD3. Options | through 3 are
new to RELAP.. ... and are intended to model the chevron dryers (option 1) and the two- and three

stage centrifugal sepaators (options 2 and 3) in BWR reactors
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4.6.6.1.1 Simple Separator Option. The 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 separator outlet junction and passes the liquid out the liguid return junction. Example
nodalizations of separator applications are documented in Section 5.

The separation process is directed by the void fractuion limits associated with the last entries on the
input cards for the vapor and liquid outlet junctions. For the vapor outlet junction, this entry is term>d
VOVER and represents the vapor fraction above which the outlet flow 1s pure vapor. For the liquid return
junction, this entry is termed VUNDER and represents the liquid fraction above which the flow out the
hquid return junction is pure hquid.

The VOVER and VUNDER limits are based on the separator hydrodynamic cell conditions, not the
junction conditions. For void fractions greater than VOVER and less than (1-VUNDER), an idealized
separation process is used. This 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 10 be drained and vapor may be carried under through the liquid return junction. When outside
the range of void fractions for the idealized separation mode, the separator component revers o the
normal branch component models.

Default values of VOVER = 0.5 and VUNDER = 0.15 are used if not specified by the user. With
these values, an idealized separator is modeled when the void fraction 1s between 0.50 and 0.85. The user
must therefore ensure that the separator void fraction is between the limits specified when simulating a
normal separator operation. Separator performance in off-normal situations is an area of considerable

uncertainty. There is a general lack of available separator test data that may be used to correlate

appropniate liquid carryover and vapor carryunder limits 461

4.6.6.1.2 Mechanistic Separator and Dryer Options. The separator accepts the inlet flow,
computes the performance charactenistics of the separator or dryer from the inlet conditions, and modifies
the void fractions in the liquid and vapor outlet junctions to reflect the separator or dryer performance at
that set of inlet conditions.

The separator component volume for the mechanistic separator model should include the volume
within the separator barrel, all discharge passages, and that portion of the volume in the separator
standpipe between the elevations of the first stage discharge passage and the separator hub. The standpipe
should be modeled as a separator volume or a set of volumes. The height of the separator component
should be the distance between the elevation of the outlet of the first stage discharge passage and the top of
the separator to ensure that the computation of the liquid level surrounding the separator 1s correct.

The separator component volume for the dryer option should include the volume within the dryer
skirt from the elevation of the bottom of the dryer 1o the elevation at the top of the dryer The liquid
discharge line between the dryer and the downcomer should be explicitly modeled as a separate volume or
set of volumes so that a liquid level might exist in the liquid discharge line during penods of low dryer
liquid flow. The liquid level in the discharge line would prevent the injection of steam from the dryer into
the downcomer
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4.6.6.2 Jet-Mixer. The jet-mixer component is a specialized branch that is mamnly used for
simulating the behavior of BWR jet pumps. Three junctions must be defined and no junctions defined in
other components may connect 1o a jet-mixer. 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 Appendix A of the RELAPS user input data requirements manual.

The jet-mixer uses the momentum of the drive junction to accelerate the suction flow through the
discharge junction. There has been only limited user expenence applying the jet-mixer 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 mav be modeled using one turbine component; multistage turbines may be modeled using a
series combination of turbine components. Each turbine component must define two junctions. Junction |
must be the inlet junction and junction 2 must be a crossflow junction for steam extraction. The normal
turbine outlet junction must be defined as a part of another component (such as a single-volume or branch).
Recommendations and restrictions for turbine user option selection are documented in Appendix A of the
RELAPS user input data requirements manual.

The turbine component requires additional input data requirements (beyond those for a branch) to
define rotor geometry and performance parameters. A turbine component may be connected to a control
vanable shaft component, which in turn may be connected to a control variable generator component. With
this arrangement, the speeds, loads, and nertias 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 steam/water
system. However, 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
extracted was found to be entirely dependent on the differential pressure across the turbine. Other
parameters had virtually no effect.

4.6.6.4 Emergency Core Cooling Mixer. The ECC-mixer component is a specialized branch
that may be used 10 simulate the phenomena asscciated with subcooled ECC imjection into a reactor
coolant system. The ECC-mixer component 1s a new model that has not existed prior to RELAPS/MOD?3
s0 user experience 1s restricted to developmental assessment applications. The purpose of the model is to
provide a more representative simulation of the flow regimes and interphase heat transfer processes
associated with a subcooled liquid stream entening a voided pipe.

The 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 normal inlet, and junction 3 is the normal outlet. Recommendations and restrictions for
ECC-muxer user option selection are documented in Appendix A of the RELAPS user input data
requirements manual Note that the user may specify an ijection angle by using the last word on the data
input card descnbing junction 1.
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4.6.7 Valve Component

The valve component provides a general capability for specifying a junction with a variable flow
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 crossflow junction, but they may
be used in all applications where a single-junction component may be used

A valve type must be specified. This selection is dictated by the manner in which the user would
prefer the valve to be controlled. Available valve types include check, trp, inertial, motor, servo, and
relief Recommendations and restrictions for valve user option selection are documented by valve type in
Appendix A of the RELAPS user input data requirements manual. Descriptions and example applications
for each valve type are presented in the following subsections. For light-water reactor safety apphcations,
the check, trip, and servo valves are particularly useful, the motor valve 1s moderately useful, and the
inertial and relief valve components are not recommended. Because code assessments have highhghted
the importance of adequately modeling actual valve performance, it is recommended that the user carefully
consider the modeling of valves. Factors such as vaive closure time, closing charactenstics, and leakage
have been shown to significantly affect simulations.

4.6.7.1 Check Valve. The check valve component is used as a flow control device to prevent back
flow of fluid from one region into another when the downstream pressure is higher than the upstream
pressure. Check valves are employed at many locations 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 location as the prototype valves.

It is recommended that the check valve type be specified using option 0. Numencal difficulties have
been experienced when using option 1. The check valve component is fully open whenever the upstream
pressure exceeds the downstream pressure and fully closed whenever the reverse is true. Check valves
generally have been applied using zero closing back pressures and leak ratios. User experience has shown
that, when leakage is to be modeled, the valve must have been open previously for the leakage to be
simulated. To simulate leakage with a check valve that should always be closeC ‘nitialize the valve open
and let local pressures close it immediately when the calculation begins

4.6.7.2 Trip Valve. The trip valve component 1s used whenever a binary control (i.e.. open or
closed) valve is needed. The binary operator used is the trip (described in Section 4 4). The trip valve is
fully open whenever its associated trip 1s true and fully closed whenever its associated tnp is fals=. Since
control logic for many prototype valves may be reduced to a binary operation, the trip valve is used
frequently. Example applications for a trip valve include isolation valves and relief valves. An accumulator
system might contain an isolation valve that must be opened to allow flow or closed when the tank has
emptied. A relief valve might be open if certain conditions are present and closed if not. Example 2 in
Section 4.4.2 illustrates how the behavior of a hysteresis relief valve may be simulated with trip logic

The trip valve is also valuable in providing modeling flexibility. For example, consider a study to
find the sensitivity of calculated results to various flow systems. The modeler may include all flow sy stems
in a base model and will then have the capability to “valve-out” flow systems by employing 1solating trip
valves. The sensitivity calculations may proceed using the same model. The appropriate flow systems are
selected by altering trip status as needed
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4.6.7.3 Inertial Valve. The inertial valve allows the user to simulate the detailed response of a
check valve based on the hydrodynamic forces on the valve flapper and its inertia, momentum, and angular
acceleration. Unless the dynamic response of the valve itself is of particular importance to a problem, it is
recommended that the inertial valve not be used. The check valve component described in Section 4.6.7.1
is recommended for that purpose. 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 closed at a given rate following 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 responds by maintaining its current position unless either the open or close tnp 1s true.
When opening or closing, the valve area is reduced at a specified change rate. The change rate 1s specified
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 stem position and the valve flow area. In
the above example, the stem position would be assumed to vary from 010 1 (or T to 0) over 10 seconds. A
nonli-ear valve flow 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 flexibility in its control.

4.6.7.5 Servo Valve. The servo valve component is the most flexible valve model. Its normalized
flow area is equal to the current value of a specified control variable. For a control variable value of 0, the
valve is fully closed and for a value of 1 it 1s fully open. Thus, virtually any process, accessing virtually
any calculated parameter, may be reduced through control vanable logic to a normalized 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
number 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 normalized stem position and a nonlinear valve
flow area response may then be incorporated through the valve table

To demonstrate the power of the servo valve component, consider modeling a prototype feedwater
control system for a PWR with U-tube steam generators. The feedwater flow rate 1s 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 logic described in Section 4.10, then the modeled control system output may
be arranged such that a control variable will represent the normalized feedwater valve flow area. The
feedwater valve is then modeled using a servo valve component that references that control vanable.
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4.6.7.6 Relief Valve. The relief valve gives the capability to simulate the detailed response of a
spring-loaded relief valve based on the hydrodynamic forces on the valve pintle, and its mass, momentum,
and acceleration. Unless the dynamic response of the valve itself 1s of particular importance to a problem,
it is recommended that the relief valve not be used. The trip valve component described in Section 4.6.7.2
and the tp logic described in Section 44.2, Example 2, are recommended for that purpose. There has
been only limited user expenence applying the relief valve component.

4.6.8 Pump Component

The input and performance of the pump component is arguably the most misunderstood of the
RELAPS models. The pump component consists of a single hydrodynamic volume with appended 1nlet
and outlet junctions. By definition, junction 1 is the pump nlet and junction 2 1s 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 15 apportioned equally between the inlet and outlet sides. In
other words, the pump center pressure 1s midway between the inlet and outlet pressures.

The pump head is calculated based on the rated pump conditions, a normalized set of pump
characteristics (the homologous curves), and the currently-calculated conditions (e.g.. pressure,
temperature, void fraction, and flow rate). Because the pump performance 1s explicit, the solution 1s based
on the conditions present in the previous time step. Therefore, the user should check for stability
difficulties with the pump model that may be encountered when (a) the time step size is large, (b) the
calculated phenomena are changing rapidly, or (¢) the slopes of the homologous curves are particularly
steep. Instabilities associated with the explicit nature of the pump model would be manifested as pressure
oscillations with a frequency corresponding to the time step size. If this occurs, the user should reduce the
time step size until these oscillations disappear or are reduced to a tolerable level.

The homologous curves provide single-phase performance relationships between the pump flow,
head, and speed. These relationships are non-dimensionalized using the pumnp rated conditions. If needed,
the pump model provides the capability to degrade the pump performance as a function of the coolant voud
fraction in the pump.

4.6.8.1 General Pump Input. Much of the input required for the pump componcnt 18 similar 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 (Volume IT). Some general model options are not available for the pump component. The
most commonly encountered restricion is that heat structures may not be connected to a pump
hydrodynamic volume.

The CCCO301 Card (CCC is the component number) is used to input the flags that specify the
locations 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 CCC0302-04 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. The 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 TF3) are used to model the bearing friction drag for the
pump. The friction torque is determined from the cubic equation:

NUREG/CR-5535-V5 4-26



RELAPS/MOD3 .2

friction torque = TFO + TF1 x S+ TF2 x S“ + TF3x §°
where
S = the ratio of current speed to rated speed

This input allows the bearing friction torque to be specified as a function of pump speed. The rated
speed, flow, 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 interaction (through the homologous
curves) between the pumped fluid and the impeller. It 1s recommended that the user input a nonzero
friction torque because if it 1s specified 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 “pinwheel” in
any residual flow, such as from natural loop circulation. Thi - effect can be important because the locked
rotor pump resistance is a significant portion of the overall loop resistance at natural circulation flow rates
he difference between locked-rotor and pinwheeling resistances 1s considerable. As a starting point, 1t 1s
recommended that a total of 2% of rated torque be used as friction torque. Furthermore, it 1s recommended
that this 2% be evenly divided between torques TFO and TF2; therefore, 1% represents static bearing
friction and 1% represents beanng friction proportional to the square of the pump speed

4.6.8.2 Homologous Curve Development. The RELLAPS homologous curves provide the data
needed for the code to calculate single-phase pump performance. RELAPS contains built-in homologous
curves for a Westinghouse and a Bingham-Willamette pump. To avoid considerable extra effort, the pump
to be modeled should be represented with one of the built-in options if possible. Homologous curve
selection is made using the first field on Card CCCO0301: O 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

Bingham-Willamette curves are to be used. and -2 indicates the Westinghouse curves are 10 be used

If the user determines that homologous curves need to be input, then the data for a full set of curve
must be developed. The nature and terminology of the homologous curves are somewhat unique in the
development of thermal-hydraulic systems models. Therefore, curve development therefore is often a
source of confusion for the model developer. The remainder of this section 1s intended to reduce this

confusion by explaining the terminology and the development process

I'wo sets of pump homologous curves provide the relationships among head, flow, 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, rated torque, rated flow, and rated speed specified for the pump
Next, the curves are expressed in terms of unique independent variables (the ratio of normalized flow to
normalized speed)

Four modes of pump behavior are possible: normal pump, energy dissipation, normal turbine, and
reverse pump. These modes are summarized in Table 4.6-1. Because the curves are normalized, two
regions are needed for each of these modes to describe either the head or torque curves: one for when the
independent variable ranges from 0.0 to 1.0 and one when the independent variable 1s greater than 1.0, In
this latter case, the independent variable 1s inverted. Because of this inversion. the homologous curves can
compress the entire range of pump performance between independent variable values of-1.0 and 1.0. A full
set of homologous head curves contains eight regimes (two each for the normal pump, energy dissipation
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normal turbine, and reverse pump modes). Similarly, a full set of homologous torque curves also contains
eight regimes. It is a requirement that input be provided for all sixteen head and torque regimes.

Table 4.6-1 Modes of pump uperation.

Mode Characteristics
Normal pump " Posiliv;_ﬂ:(;w and positive speed
Energy dissipation Negative flow and positive speed
Normal turbine Negative flow and negative speed
Reverse pump Positive flow and negative speed

Figure 4.6-1 shows an example set of homologous head curves with the standard regimes indicated.
Note that the regimes and modes correspond with each other: regimes 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 1o the reverse pump mode. The normalized independent and dependent vanables are defined in
terms of the head, flow, and speed ratios as shown in the figure. A similar set of eight regimes 15 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 flow at a constant speed and this data is sufficient to generate the head homologous
curves for regimes | 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 4.6-1. The torque homologous curves for regimes |
and 2 may be calculated by extending the tabulation from the head curve calculation and considening that
the normalized torque is equal to the product of the normalized flow and normalized head divided by the
normalized efficiency

Pump test data supporting development of the head and torque curves for regimes 3 through 8 are
generally unavailable. It is suggested that a user with no other option consider using data similar to that
shown in Figure 4.6-1 for regimes 3 through 8 as a means of obtaining reasonable responses in the off-
normal regimes. It is important that the regime curves form a closed pattern, such as is shown in Figure
4.6-1 Regime intersection points are summarized in Table 4.6-2. An open pattern will result in grossly-
inappropriate pump mode) performance or job failure whenever a transition 1s attempted from one curve
regime to another across a discontinuity

4.6.8.3 Pump Two-Phase Degradation Characteristics. The two-phase degradation of
pump performance is specified using difference and multiplier curves. The degraded pump head 1s
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 (Volume II). Note that the multiplier curves

NUREG/CR-5535-VS§ 4-28




RELAPS/MOD3.2

Normal pump (+Q) +a) ( HAN
HVN
Energy dissipation  (-Q,+a) ‘HAD
HVD
Normal wrbine (-Q,- a) (HAT
HVT
Reverse pump (+Q.- a) ( HAR
HVR

2 2
h/v* or h/at*

\(; 5 0 /).5
- (8) /v or v/oL

HVR\_,_/V
0.5

h = H/Hg head ratio
v = Q/Qg flow ratio
o = Wo R speed rar'o

. Figure 4.6-1 Single-phase homologous head curves for 1-1/2 loop MOD1 Semiscale pumps.
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Table 4.6-2 Homologous curve regime consistency requirements.

Curves I Independent Variable
| and 2 1.0
|1 and 3 0.0
2and 8 0.0
4and 3 1.0
4and 6 0.0
5 and 6 1.0
Sand 7 0.0
7and 8 -1.0

are specified as functions of pump void fraction and that the multipliers 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 difference and multiphier
input often are not available. As is the case for the off-normal, singie-phase pump, homologous curve
regions described in Section 4.6.8.2, 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
Semiscale pump are available and are documented in the code manual (Volume II); however, no
assurances can be given regarding its use in other applications.

The two-phase pump performance degradation model 1s based on the pump-center void fraction.
This can be the cause of anomalies 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 significant for highly voided inlet conditions at very low pressures. As the fluid passes into the
pump, the voids 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 mput to account for
it. This modification is made by specifying the multiplier curves as functions of pump-center void
fractions that have been adjusted to reflect the differences between pump entrance and center conditions.

The user should note that the RELAPS pump does not contain a cavitation model. The 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. This implementation involves monitoring conditions using
RELAPS control vaniables 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. The pump simply has two modes of operation, untripped and tripped. In the untnipped
mode, the pump speed may be controlled by the user in any manner desired. For example, a constant pump
speed may be specified, or the pump speed may be controlled as any function of other problem vanables
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via a RELAPS control variable. In the tripped mode, the user may not control the pump syeed. It is
determined by the dynamics of the pump rotating masses and interaction between the pump aad its fluid
through the homologous curves. In a typical application, a pump's speed may be controlled as a constant
until some pump trip condition is met (e.g., attaining a low system pressure). Following trip, the pump
coasts down to zero speed.

The trip condition of the pump is determined by two trips. The first trip 1s contained on Card
CCC0301, where CCC is the pump component number. When this first trip is false, the pump is
considered to be untripped, and when it is true, the pump is considered to be tripped. The second trip 18
found on Card CCC6100. When this second trip is false, the pump is considered to be tripped and when 1t
is true, the pump is considered to be untripped. Furthermore, the status of the second trip overrides that of
the first trip, and if the second trip is specified as O then the condition of the second trip is assumed to
always be true. To avoid confusion, it is recommended that the first and second trips be specified as
complementary trips. In this manner, there 1s no doubt to the user whether or not the pump 1s tripped.

For an untripped pump, its speed 1s determined by the time-dependent pump velocity control cards
and table on Cards CCC6100, CCC6101, etc. The term “time-dependent” i1s inaccurate. These cards
provide the fiexibility 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 hydrodynarmic interaction between pump and fluid based on the pump

homologous curves. The user is referred to Section 4.6.8.1 regarding the importance 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 that when the pressure in cell 340010000 falls below 50 psia that the turbine and pump are tripped
and coast down. First, the two pump trips are developed:
535 P 340010000 LT NULL 0 50. L -1.
635 -535 AND-S35N 0O

Trip 535 is initiated as false and will latch true when the pressure falls below 50 psia. Trp 635 1s
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 used as the trip on Card 1350301 and trip 635 will
be used in the speed table that will appear as follows:
1356100 635 P 340010000
1356101 0. 0.
1356102 50. 27
1356103 300 125

1356104 700 180,
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1356105 1000 185
1356106  S000. 185

The speed table, which correlates pressure and pump speed, therefore is in effect whenever trip 635
remains true. The table uses the pressure in cell 340010000 as the independent search vanable. The table
dependent variable is the pump speed, in this case in RPM. When trip 635 turns false and trip 535 turns
true, speed 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. The pump speed may be determined in any manner desired using RELAPS control variables. The
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 1s calculated using control variables and that the
output of this process is control variable 405, which represents the desired pump speed. Speed control 1s
effected by using a speed table such as

1356100 635  CNTRLVAR 405
1356101 0O 0
1336102 16 146
With this method., the pump speed is set equal to the value of control variable 405 by the table.

4.6.9 Multiple-Junction Component

The multiple-junction component is a new model in RELAP5/MOD3 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 1s minimized, and (b) data for all junctions may be consolidated in a single location in the input
stream. These features make this option attractive for cross-connecting two parallel flow paths.

4.6.10 Accumulator Component

The accumulator component is a lumped parameter component for which special numenical
treatment is given. The 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. The accumulator therefore lets the user simulate a nitrogen-charged accumulator and surge line
system. The accumulator 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 accurmulator 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 ritrogen, which must be one of the gas types specified on
Card 110
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. 4.6.11 Reference

46-1 Westinghouse Electric Co., Central Electricity Generating Board, and Electnic Power Research
Institute, Cowncident Steam Generator Tube Rupture and Stuck Open Safety Relief Valve
Carrvover Tests--MB-2 Steam Generator Transient Response Test Program, NUREG/CR-4752,
EPRI NP-4787, TPRD/L/3009/RR86, WCAP-11226, March 1987,

4.7 Heat Structures

RELAPS heat structures are used to represent metal structures such as vessel 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 fluid conditions in the hydrodynamic volume are assumed
to interact with the entire heat structure except under stratified flow conditions. Consider, for example, a
core boil-off situation where a well-defined core mixture level falls 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 degrade because the
heat transfer coefficients are void weighted. A separate calculation is made for the vapor above the level
and for the liquid below the level.  The value of each heat transfer coefficient is decreased according to
the level height in the cell if the level tracking model 1s on, or void fraction weighted if level tracking 1s not
on.

‘ This section discusses general and specific practices for using heat structures. In a model, heat
structures are referenced by a heat structure/geometry numbers (termed CCCG) followed by a sequence
number. As a general practice, it is recommended that the CCC correspond to a hydrodynamic volume to
which it is connected. Note that this correspondence is not required; however, if 1 is used, then
interpretation of the code output 1s greatly facilitated because heat structures and hydrodynamic cells bear
the same 1dentifying numbers

As an example, consider a reactor vessel downcomer that 1s modeled using a 6-cell pipe component
number 570 Heat structures should represent the reactor vessel wall, thermal shield, and core barrel
Because the geometries of the vessel wall, thermal shield, and core barrel are different (1.¢, their cross
sections and materials are different), it will be necessary to use three separate heat structure/geometries to
represent them. In this example CCCG = 5701 might be used to represent the vessel wall, 5702 the thermal
shield, and 5703 the core barrel. Within each of these heat structure/geometries, the user would specify six
heat structures, consistent with the six axial hydrodynamic cells. For each CCCG, heat structure 1 would
connect to hydrodynamic cell 570010000, heat structure 2 would connect to hydrodynamic cell
$70020000, and so on. Eighteen heat structures are therefore specified using a mimmum of input, and the
heat structure numbers shown in the output can be easily correlated with their locations. In this example,
heat structure 5703006 1s easily recognized as representing the core barrel wall adjacent to the sixth
downcomer hydrodynamic cell

Heat structure data are input in three sections. The 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 discussed separately.
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4.7.1 General Heat Structure Input and Dimensioning Data

General heat structure data are entered on heat structure Card 1CCCGO000, where CCCG is the heat
structure/geometry number. The data on this card dimensions the input. The parameter NH specifies the
number of heat structures input for this heat structure/geometry. The number of radial mesh points and the
geometry type (rectangular, cylindrical, or spherical) are also specified.

The steady-state initialization flag is an important input that is a frequent source of errors. If this flag
is set 1o 0, the mesh point temperatures entered with the heat structure input are used for the initial
condition. If this flag i1s 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 fluid temperatures, code-
calculated heat transfer coefficients, and internal heat sources). Note that initial temperatures must be
entered so that input nrocessing may be satisfied, even if the | flag 1s used

The left boundary coordinate must be input. The value entered here is the reference point from which
the remainder of the geometry is specified. For rectangular geometries, zero may be entered, and all
remaining geometrical specifications become the distance from the left surface. A recommended
convention is to use the left surface as the primary and innermost heat transfer surface. For example, a flat
plate with a convective boundary condition to a fluid on one side and insulated on the other would be
modeled with the fluid on the left surface and an insulated condition on the right surface. In this case, x = 0
represents the fluid/plate surface and a value equal to the plate thickness represents the insulated boundary .
For a cylindrical pipe with fluid inside, the left coordinate would be set to the inner radius of the pipe and
the right surface would equal the outer radius of the pipe. The coordinate references for sphencal
geometries are treated in the same manner as for the cylindrical geometry. For fuel rods, 1t 1s 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.

The remaining fields on Card 1CCCGO00 indicate reflood options. Limited user experience data are
available as a resource for the RELAPS reflood models. Similarly, the gap conductance, metal-water
reaction, and fuel cladding deformation models have limited user expenience.

On restart problems, all heat structures in a CCCG heat structure geometry may be deleted from the
problem by entering

1CCCGO00 delete

4.7.2 Heat Structure Input Common to All Structures in the Group

Card 1CCCG100 identifies the mesh location and format flags. A O 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 location flag of the CCCG from that group 1s
specified for the other inputs.

The mesh format flag is a source of user confusion. This flag concerns the manner in which the data
pairs needed to lay out the heat structure mesh are to be input. Two options are available. The first option
(mesh format = 1) lists pairs of the number of inter .als in the region and the nght boundary coordinates.
The 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.
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To illustrate the mesh format options, consider the following example: modeling a pipe with a
cladding on the inner surface as shown in Figure 4.7-1 The cladding inside radius is 0.475 ft, the cladding/
pipe interface is at a radius of 0.5 ft, and the pipe outer radius is 0.6 ft. A heat structure mesh 1s desired
where one node is located on the inner surface, one node is in the center of the cladding, one node is at the
clad/pipe interface, three evenly spaced nodes are within the pipe wall, and one node is on the outer
surface. There 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:

l
|
| 0475 ft -
lov ee s
| 0.5 ft
r >
| 06 ft >
| v
Clad
Base metal

|
|
I
Figure 4.7-1 An example of mesh format dimensions.

1ICCCG1012 05 4 06

This statement 1s to be read “from the left coordinate of 0.475 ft, use 2 evenly-spaced intervals to a
coordinate of 0.5 ft, then use 4 evenly-spaced intervals to 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:

1CCCG101 00125200256

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 recommended that the
user select one of these methods and use it exclusively to avoid input errors caused by mixing 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.
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The heat structure compositions are specified using pairs of material composition identifiers and
interval numbers. The composition 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 steel with composition number 8. This
data would be input using

1CCCG201 728¢
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 later in the heat structure
specification) 1s to be distributed radially.

4.7.3 Heat Structure Input Specific to Individual Structures

Initial temperature data are required, regardless of the initial condition flag status on Card
1CCCGO00. A number of options are available and are controlled 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 flag is 0, one temperature profile is entered and this profile 1s used at all axial
positions. The profile is entered as a temperature followed by a node number. If the initial temperature flag
is -1, then temperatures values are 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

1CCCG401 300. 10

The left and right boundary condition cards specify the fluid volumes to which the heat structure is
connected, and the heat transfer surface areas. In addition, these cards allow the user to implement an
absolute boundary condition, such as a surface temperature or surface heat flux

Difficulties have been encountered in the past by users who have mixed boundary condition types
within a heat structure geometry group. As a result, it 1s 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 conditions is needed for each of the heat structures 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 zero entry is used when representing an adiabatic or insulated
boundary condition.

The “increment” entry is frequently misunderstood. The increment is used with the sequential
expansion data entry format to compress data into a minimum number of cards. For example, if input 1s
needed for five heat structures connected in sequence to volumes 120010000 through 120050000, then a
boundary volume of 120010000 is entered and an interval of 10000 is specified. With this input, the
boundary volume for heat structure 1 is 120010000, the boundary volume for heat structure 2 is
120020000 (120010000 + 10000), and so on
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There are several numbers allowed for Word 3 on the 501 and 601 Cards to activate convective
boundary conditions. A 1, 100 or 101 all give the default values. The default convection and boiling
correlations were derived mainly based on Jata from internal vertical pipe flow. Other possible input
values are shown in Table 4.7-1 When modeling a vertical bundle (Word 3 = 2 on Card 1cceg000), the rod
or tube pitch-to-diameter ratio should be input on the 901 Card. This has the effect of increasing the
convective part of heat transfer such that users can input the true hydraulic diameter and get reasonable
predictions. Users normally run with a 1 or 100. These two values are still accepted so that old decks will
run. They both default to 101. Decks which previously used 103 for the wall condensation option will need
to be changed to 153.

Table 4.7-1 Cards 501 and 601, Word 3, convection boundary type.

Word 3 Geometry Type
Moo | Defaun
110 Vertical bundle without crossflow
111 Vertical bundle with crossflow
130 Flat plate above fluid
134 Horizontal bundle

The heat transfer surface area may be specified in one of two ways as determined by the surface area
code. By using the 0 code, the surface area is entered directly as the following word. By using the 1 code,
RELAPS will automatically calculate the surface area 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
rods is to be modeled. In this case, the cross section of a single fuel rod is defined using the input described
in Section 4.7.2. A surface 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 1s entered

The source data cards (701) 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.” The input power
may come from a reactor Kinetics routine, a control variable, or a table input. The power deposited within
each heat structure is defined by the product of the total power and the internal source multiplier. By using
the direct heating multipliers for the left and right boundary volumes, a portion of the total power may be
deposited within the fluid, such as for gamma heating. Note that the power calculated here is distributed
within each heat structure as provided on the 1CCCG300 source distribution cards described in Section
4.7.2. The total of the internal source multiphers and direct heating multiphiers over all heat structures in a
core should equal 1.0.

The additional left and right boundary cards (801, 901) are used to specify the heated hydraulic
diameters for each heat structure and to provide data needed for the new RELAPS/MOD?3.2 heat transfer
package. The diameter suggested for horizontal plates is the area divided by the perimeter. For vertical
bundles, use the 12-word format and input the rod or tube pitch-to-diameter ratio The natural convection
length for inside horizontal pipes should be the inside diameter. RELAPS