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ABSTRACT

The SCDAP/RELAPS5 code has been developed for best-estimate transient simulation of light water
reactor coolant systems during a severe accident. The code models the coupled behavior of the reactor
coolant system and reactor core during severe accidents as well as large and small break loss-of-coolant
accidents, operational transients such as anticipated transient without SCRAM, loss of offsite power, loss
of feedwater, and loss of flow. The coolant system behavior is calculated using a two-phase model
allowing for unequal temperatures and velocities of the two phases of the fluid, and the flow of fluid
through porous debris and around blockages caused by reactor core damage. The reactor core behavior is
calculated using models for the ballooning and oxidation of fuel rods, the meltdown of fuel rods and
control rods, fission product release, and debris formation. The code also calculates the heatup and
structural damage of the lower head of the reactor vessel resulting from the slumping of reactor core
material. A generic modeling approach is used that permits as much of a particular system to be modeled
as necessary. Control system and secondary system components are included to permit modeling of plant
controls, turbines, condensers, and secondary feedwater conditioning systems.

This volume describes the organization and manner of the interface between severe accident models
in the SCDAP portion of the code and hydrodynamic models in the RELAPS portion of the code. A
description is also given of the overall architecture of the code. Additional information is provided
regarding the manner in which models in one portion of the code impact other parts of the code, and
models which are dependent on and derive information from other subcodes.
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EXECUTIVE SUMMARY

The specific features of SCDAP/RELAPS/MOD3.3 are described in this five volume set of manuals
covering the theory, use, and assessment of the code for severe accident applications. This set replaces the
SCDAP/RELAPS/MOD3.2 Code Manuals, NUREG/CR-6150, Rev. 1.

The SCDAP/RELAPS5 computer code is designed to calculate for severe accident situations the
overall reactor coolant system (RCS) thermal-hydraulic response, core damage progression, and reactor
vessel heatup and damage. The code was developed at the Idaho National Engineering and Environmental
Laboratory (INEEL) under the primary sponsorship of the Office of Nuclear Regulatory Research of the
U.S. Nuclear Regulatory Commission (NRC). The code is the result of merging the RELAPS and SCDAP
codes. The models in RELAPS calculate the overall RCS thermal-hydraulics, control system interactions,
reactor kinetics, and the transport of noncondensable gases. The RELAPS code is based on a two-fluid
model allowing for unequal temperatures and velocities of the fluids and the flow of fluid through porous
debris and around blockages caused by reactor core damage. The models in SCDAP calculate the
progression of damage to the reactor core. These models calculate the heatup, oxidation and meltdown of
fuel rods and control rods, the ballooning and rupture of fuel rod cladding, the release of fission products
from fuel rods, and the disintegration of fuel rods into porous debris and molten material. The SCDAP
models also calculate the heatup and structural damage of the reactor vessel lower head resulting from the
slumping to the lower head of reactor core material with internal heat generation. Although previous
versions of the code have included the analysis of fission product transport and deposition behavior, this
capability has been removed from SCDAP/RELAPS, and the analysis of fission product behavior is now
performed using the detailed fission product code, VICTORIA?, in an effort to reduce duplicative model
development and assessment.

The SCDAP/RELAPS code includes many generic component models from which general systems
can be simulated. The component models include fuel rods, control rods, pumps, valves, pipes, reactor
vessel, electrical fuel rod simulators, jet pumps, turbines, separators, accumulators, and control system
components. In addition, special process models are included for effects such as form loss, flow at an
abrupt area change, branching, choked flow, boron tracking, and noncondensable gas transport. The code
also includes a model for reactor kinetics.

Several new capabilities and improvements in existing capabilities were implemented into the
MOD3.3 version of SCDAP/RELAPS. The new capabilities include; (1) an integral diffusion method to
calculate oxygen and hydrogen uptake accounting in mechanistic manner for steam starvation and rapid
changes in temperature, (2) calculation of the relocation in the circumferential direction of melted metallic
cladding retained by the oxidic portion of cladding, (3) calculation of the re-slumping of cladding that
previously slumped and froze, (4) calculation of heat transfer in porous debris using correlations specific
to porous debris, (5) calculation of flow losses in porous debris locations based on Darcy’s Law and
applying relative permeabilities and passabilities based on local debris conditions and volume fractions of
the liquid and vapor phases of the coolant, (6) calculation of oxidation of both intact and slumped cladding
under reflood conditions, (7) calculation of the heatup of the lower core structures and its interaction with
slumping core material, (8) calculation of the behavior of jets of core material penetrating into a pool of

a. N. E. Bixler, “VICTORIA2.0: A Mechanistic model for Radionuclide Behavior in a Nuclear Reactor
Coolant System Under Severe Accident Conditions,” NUREG/CR-6131, SAND93-2301, December 1998.
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water, (9) calculation of the permeation of melted core plate material into porous debris in the lower head
of reactor vessel and affect of this permeation on lower head heatup, and (10) calculation of heatup of
lower head containing melted core material and accounting for whether the melted material is well-mixed
or stratified into oxidic and metallic pools. The improvements in existing modeling capabilities include;
(1) a semi-mechanistic stress-based model instead of a wholly empirical model for failure of the oxidic
portion of cladding retaining melted metallic cladding, and (2) more simplistic but accurate models for
calculating position, configuration, and oxidation of melted fuel rod cladding that slumped to a lower
location and froze. The MOD?3.3 version of the code retains all of the capabilities of the previous version,
namely MOD3.2.

This volume, Volume 1, describes the organization and manner of interface between the severe
accident models in the SCDAP portion of the code and the hydrodynamic models in the RELAPS portion
of the code. A description is also given of the overall architecture of the code.

NUREG/CR-6150-Rev 2, Vol 1 xii
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Introduction

1. INTRODUCTION

The SCDAP/RELAP5/MOD3.3 computer code is designed to calculate for severe accident situations
the overall reactor coolant system (RCS) thermal-hydraulic response, reactor core and vessel damage

progression, and, in combination with VICTORIA!, fission product release and transport during severe
accidents. The code was developed at the Idaho National Engineering and Environmental Laboratory
(INEEL) under the primary sponsorship of the Office of Nuclear Regulatory Research of the U.S. Nuclear
Regulatory Commission (NRC).

1.1 General Code Capabilities

The code is the result of merging the RELAP5/MOD3? and SCDAP? models. The RELAP5 models
calculate the overall RCS thermal-hydraulics, control system interactions, reactor kinetics, and transport of
noncondensable gases. A model is also included in RELAPS to calculate flow losses in porous debris.
Although previous versions of the code have included the analysis of fission product transport and
deposition behavior using models derived from TRAP-MELT, this capability has been replaced through a
data link to the detailed fission product code, VICTORIA, as a result of an effort to reduce duplicative
model development and assessment. The SCDAP models calculate the heatup and damage progression in
the core structures and the lower head of the reactor vessel. The calculations of damage progression
include calculations of the meltdown of fuel rods and structures, the fragmentation of embrittled fuel rods,
convective and radiative heat transfer in porous debris, the formation of a molten pool of core material, and
the slumping of molten material to the lower head.

SCDAP/RELAPS is capable of modeling a wide range of system configurations from single pipes to
different experimental facilities to full-scale reactor systems. The configurations can be modeled using an
arbitrary number of fluid control volumes and connecting junctions, heat structures, core components, and
system components. Flow areas, volumes, and flow resistances can vary with time through either user-
control or models that describe the changes in geometry associated with damage in the core. System
structures can be modeled with RELAPS heat structures, SCDAP core components, or SCDAP debris
models. The RELAPS heat structures are one-dimensional models with slab, cylindrical, or spherical
geometries. The SCDAP core components include representative light water reactor (LWR) fuel rods,
silver-indium-cadmium (Ag-In-Cd) and B,4C control rods and/or blades, electrically heated fuel rod
simulators, and general structures. A two-dimensional, finite element heat conduction model based on the

COUPLE? code may be used to calculate the heatup of the lower head of the reactor vessel and the
slumped material supported by the lower head. This model takes into account the decay heat and internal
energy of newly fallen or formed debris and then calculates the transport by conduction of this heat in the
radial and axial directions to the wall structures and water surrounding the debris. The most important use
of this model is to calculate the heatup of the vessel lower head and the timing of its failure in response to
contact with material that has slumped from the core region. Other system components available to the
user include pumps, valves, electric heaters, jet pumps, turbines, separators, and accumulators. Models to
describe selected processes, such as reactor Kinetics, control system response, and tracking
noncondensable gases, can be invoked through user control.

The development of the current version of the code was started in the spring of 1998. This version
contains a number of new capabilities and improvements in existing models since the last version of the
code, SCDAP/RELAP5/MOD3.2 was released. The new capabilities include; (1) an integral diffusion
method to calculate oxygen and hydrogen uptake in the fuel cladding, (2) calculation of the relocation in
the circumferential direction of melted metallic cladding retained by the oxidic portion of cladding, (3)

1-1 NUREG/CR-6150-Rev 2, Vol 1



Introduction

calculation of the re-slumping of cladding that previously slumped and froze, (4) calculation of heat
transfer in porous debris using correlations specific to porous debris, (5) calculation of flow losses in
porous debris based on Darcy’s Law and applying relative permeabilities and passabilities based on local
debris conditions and volume fractions of the liquid and vapor phases of the coolant, (6) calculation of
oxidation of both intact and slumped cladding under reflood conditions, (7) calculation of the heatup of the
lower core structure and its interaction with slumping core material, (8) calculation of the behavior of jets
of core material penetrating into a pool of water, (9) calculation of the permeation of melted core plate
material into porous debris in the lower head of a reactor vessel and the affect of this permeation on lower
head heatup, and (10) calculation of heatup of lower head containing melted core material and accounting
for whether the melted material is well-mixed or stratified into oxidic and metallic pools. The
improvements in existing modeling capabilities include; (1) a semi-mechanistic stress-based mode] instead
of a wholly empirical model for failure of the oxidic portion of cladding retaining melted metallic
cladding, (2) more simplistic but accurate models for calculating position, configuration, and oxidation of
melted fuel rod cladding that slumped to a lower location and froze. In addition to the above changes, the
MOD3.3 version of the code retains all of the capabilities of its previous version, namely MOD3.2.

1.2 Relationship to Other NRC-Sponsored Software

SCDAP/RELAPS and RELAPS were developed in parallel and share a common configuration. Both
codes share a common source deck. Separate codes are formed only prior to compilation, so changes made
to the source deck are automatically reflected in both codes.

The development and application of the code is also related to several other NRC-sponsored software
packages. Theoretical work associated with the development of PARAGRASS-VFP’ has resulted in
model improvements for fission product release. A link with PATRAN® and ABAQUS’ provides the user
with the means to calculate the details of lower head failure. Animated plant response displays are possible

through links to the Nuclear Plant Analyzer (NPA)® display software, which gives the user an efficient
way of analyzing the large amount of data generated. Detailed plant simulations from accident initiation
through release of fission products to the atmosphere are possible by applying SCDAP/RELAPS results to
analyses with VICTORIA! code for fission product release and transport, CONTAIN? code for

containment response and CRAC2!? or MACCS!! codes for atmospheric dispersion consequence.
1.3 Quality Assurance

SCDAP/RELAPS is maintained under a strict code configuration system that provides a historical
record of the changes made to the code. Changes are made using an update processor that allows separate
identification of improvements made to each successive version of the code. Modifications and
improvements to the coding are reviewed and checked as part of a formal quality program for software. In
addition, the theory and implementation of code improvements are validated through assessment
calculations that compare the code-predicted results to idealized test cases or experimental results.

1.4 Organization of the SCDAP/RELAPS Manuals

The specific features of SCDAP/RELAPS/MOD3.3 are described in a five-volume set of manuals
covering the theory (Volume 2) user’s guidelines and input manual (Volume 3), material properties
(Volume 4), and assessment (Volume 5). Although Volume 1 describes (a) the overall code architecture,
(b) interfaces between the RELAP5 and SCDAP models, and (c) any system models unique to SCDAP/

NUREG/CR-6150-Rev 2, Vol 1 1-2



Introduction

RELAPS, the code user is referred to the companion set of six volumes which describe the RELAPS
system thermal-hydraulics and associated models.

Volume 1 presents a description of SCDAP/RELAP5/MOD?3.3-specific thermal-hydraulic models
(relative to RELAP5/MOD3), and interfaces between the thermal-hydraulic models and damage
progression models.

Volume 2 contains detailed descriptions of the severe accident models and correlations. It provides
the user with the underlying assumptions and simplifications used to generate and implement the basic
equations into the code, so an intelligent assessment of the applicability and accuracy of the resulting
calculation can be made.

Volume 3 provides the user’s guide and code input for the severe accident modeling. User guidelines
are produced specifically for the severe accident code. The user should also refer to the RELAP5/MOD3
Code Manual Volume V: User Guidelines for a complete set of guidelines.

Volume 4 describes the material property library, MATPRO. It contains descriptions of the material
property subroutines available for severe accident analysis.

Volume 5 documents the assessment of SCDAP/RELAP5/MOD3.3. It summarizes the
improvements made to MOD3.3 and the affect of these improvements on code calculations. A presentation
is made of the comparisons of MOD3.3 calculations of a wide range of severe fuel damage experiments
with the measured results of these experiments and with the calculations of MOD3.2. Also presented are
the MOD3.3 and MOD3.2 calculations of the TMI-2 accident and calculations of severe accidents in
typical PWRs and BWRs.

1.5 Organization of Volume |

Volume 1 describes the architecture of SCDAP/RELAPS and the interface of the thermal hydraulic
models with the reactor core and vessel models. The organization and structure of SCDAP/RELAPS is
described in Section 2 of the volume. Section 3 describes the manner in which models in one portion of the
code impact other parts of the code. Section 4 describes extensions to RELAPS5 models and to its
procedure for time step control. Section 5 provides references.

1-3 NUREG/CR-6150-Rev 2, Vol 1



Code Architecture

2. CODE ARCHITECTURE

Modeling flexibility, user convenience, and computer efficiency were primary considerations in the
development of SCDAP/RELAPS. The following sections describe computer adaptability, code top level
organization, input processing, and transient operation.

2.1 Computer Adaptability

2.1.1 Source Coding

SCDAP/RELAP5 was originally written in FORTRAN 77 but now includes many FORTRAN 90
features. Compile time-options are provided to allow operation on 64-bit machines and 32-bit machines
that have double-precision (64-bit), floating-point arithmetic. A common source is maintained for all
computer versions. Reported errors are resolved on all computer versions derived from the common
source.

SCDAP/RELAP5 minimizes the need for hardware specific coding through the use of generic
functions, character variables and statements, and open statements. The bit handling functions used are
from a Mil-spec standard and many computers have implemented that standard. Some machine dependent
coding is needed to overcome deficiencies in the Fortran standard. For example, the standard does not
allow specification of variable range and precision requirements. Unless modified, the Fortran for a 64-bit
machine in single precision would use 64 bits while the 32-bit machine would use only 32 bits. Additional
statements are needed to indicate double precision on the 32-bit machine. Some compilers have options for
automatically converting to double precision, but that is nonstandard and not available on all systems.
Nonstandard coding is needed in some subroutines to define the smallest and largest floating point
numbers, the smallest floating point increment, and to access the radix, fraction, and power part of a
floating point number. The next standard should remedy these, but until then, precompilers are used to
handle hardware and software differences.

2.1.2 Systems

The SCDAP/RELAP5 computer program should execute on a wide variety of scientific computers
with minimal modifications. In particular, the code should execute on all 64-bit computers, that is
computers using 64 bits for both floating point and integer arithmetic. It should also execute on the
multitude of 32-bit computers that range from workstations to supercomputers and that have 32-bit integer
arithmetic but provide 64-bit floating point arithmetic through double precision operations. The code is
maintained for all computers in a common source file, and through one or two stages of precompiling, the
code is made suitable for a particular computer. Table 2-1 lists the computers where SCDAP/RELAPS and
RELAPS test problems have been run.

2.2 Organization of the Code

SCDAP/RELAPS is coded in a modular fashion using top-down structuring. The various models and
procedures are isolated in separate subroutines. Figure 2-1 shows an overview of the code architecture.

Input processing is performed in INPUTD and associated subroutines. Transient control is performed
by TRNCTL and associated subroutines. The STRIPF routine extracts data from the restart plot file for use
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Table 2-1. Computers executing SCDAP/RELAP5 or RELAPS.

Computer Identification

Cray X-MP 2/16

DEC Alpha 3000/500X
DEC 5000/200

HP 720

HP 735

HP 750

IBM R6000/320

IBM R6000/370

IBM R6000/540

IBM R6000/Power2/590
SGI Indigo

SGI Crimson

Sun Sparc2

Sun Sparc

in other computer programs. Because of their complexity, the input processing and transient control
routines are described in more detail in the Sections 2.2.1 and 2.2.2.

2.2.1 Input Processing Overview (INPUTD and RNEWP)

The input processing is performed in three phases. In the first phase, the input data is read and checks
are made for typing and punctuation errors (such as multiple decimal points and letters in numerical
fields), and stores the data keyed by card number so that the data are easily retrieved. A listing of the input
data is provided, and punctuation errors are noted.

During the second phase, restart data from a previous simulation are read if the problem is a
RESTART type, and all input data are processed. Some (common) processed input is stored in fixed
common blocks, but the majority of the data are stored in dynamic data blocks that are created only if
needed by a problem and sized to the particular problem. In a NEW-type problem, dynamic blocks must be
created. In RESTART problems, dynamic blocks may be created, deleted, added to, partially deleted, or
modified as modeling features and components within models are added, deleted, or modified. Extensive
input checking is done, but at this level checking is limited to new data from the cards being processed.
Relationships with other data cannot be checked because the latter may not yet be processed. As an
illustration of this level of checking, junction data are checked to determine if they are within the
appropriate range, such as positive, nonzero, or between zero and one; and volume connection codes are
checked for proper format. However, no attempt is made at this point to check whether or not referenced
volumes exist in the problem until all input data are processed.
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Figure 2-1. SCDAP/RELAPS architecture with SCDAP specific routines highlighted.
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The third phase of processing begins after all input data have been processed. Because all data have
been placed in fixed common or dynamic data (common) blocks during the second phase, complete
checking of interrelationships can proceed. Examples of cross-checking are existence of hydrodynamic
volumes referenced in junctions and heat structure boundary conditions; entry or existence of material
property data specified in heat structures; and validity of variables selected for minor edits, plotting, or
used in trips and control systems. As the cross-checking proceeds, cross-linking of the data blocks is done
so that it need not be repeated at every time step. The initjalization required to prepare the model for start
of transient advancement is done at this level.

Input data editing and diagnostic messages can be generated during the second and/or third phases.
Input processing for most models generates output and diagnostic messages during both phases.

As errors are detected, various recovery procedures are used so that input processing can be
continued and a maximum amount of diagnostic information can be furnished. Recovery procedures
include supplying default or replacement data, marking the data as erroneous so that other models do not
attempt use of the data, or deleting the bad data. The recovery procedures sometimes generate additional
diagnostic messages. Often after attempted correction of input, different diagnostic messages appear.
These can be due to continued incorrect preparation of data, but the diagnostics may result from the more
extensive testing permitted as previous errors are eliminated.

The input processing for the SCDAP portion of the code is performed in two main subroutines as
shown in Figure 2-1, RSCDAP and ISCDAP. These subroutines perform the following functions:

RSCDAP Processes the input based upon the RELAPS approach.

ISCDAP  Initializes the SCDAP related variables in the code, maps fuel element locations into
thermal-hydraulic volumes, and performs input consistency checks once all input data
has been read in.

2.2.2 Transient Overview (TRNCTL)
Subroutine TRNCTL consists only of the logic to call the next lower level routines.

Subroutine TRNSET brings dynamic blocks required for transient execution from disk into computer
central memory, performs final cross-linking of information between data blocks, sets up arrays to control
the sparse matrix solution, establishes scratch work space, and returns unneeded computer memory.
Subroutine TRAN, the driver, controls the transient advancement of the solution. Nearly all the execution
time is spent in this subroutine, and TRAN is also the most demanding of memory. The subroutine
TRINFIN releases space for the dynamic data blocks that are no longer needed and prints the transient

timing summary.
The following description is presented for selected subroutines driven by TRAN (see Figure 2-1):
DTSTEP Determines the time step size, controls output editing, and determines whether transient
advancem