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ABSTRACT

The CONTAIN 2.0 computer code is an integrated analysis tool used for predicting the physical
conditions, chemical compositions, and distributions of radiological materials inside a containment
building following the release of material from the primary system in a light-water reactor accident.
It can also predict the source term to the environment. CONTAIN 2.0 is intended to replace the
earlier CONTAIN 1.12, which was released in 1991. The purpose of this Code Manual is to provide
full documentation of the features and models in CONTAIN 2.0. Besides complete descriptions of
the models, this Code Manual provides a complete description of the input and output from the code.
CONTAIN 2.0 is a highly flexible and modular code that can run problems that are either quite
simple or highly complex. An important aspect of CONTAIN is that the interactions among thermal-
hydraulic phenomena, aerosol behavior, and fission product behavior are taken into account. The
code includes atmospheric models for steam/air thermodynamics, intercell flows, condensation/
evaporation on structures and aerosols, aerosol behavior, and gas combustion. It also includes
models for reactor cavity phenomena such as core-concrete interactions and coolant pool boiling.
Heat conduction in structures, fission product decay and transport, radioactive decay heating, and
the thermal-hydraulic and fission product decontamination effects of engineered safety features are
also modeled. To the extent possible, the best available models for severe accident phenomena have
been incorporated into CONTAIN, but it is intrinsic to the nature of accident analysis that significant
uncertainty exists regarding numerous phenomena. In those cases, sensitivity studies can be
performed with CONTAIN by means of user-specified input parameters. Thus, the code can be
viewed as a tool designed to assist the knowledgeable reactor safety analyst in evaluating the
consequences of specific modeling assumptions.
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1.0 INTRODUCTION

The CONTAIN code is an analysis tool for predicting the physical, chemical, and radiological
conditions inside the containment and connected buildings of a nuclear reactor in the event of an
accident. CONTAIN was developed at Sandia National Laboratories under the sponsorship of the
US Nuclear Regulatory Commission (USNRC) for analyzing containment phenomena under severe
accident and design basis accident conditions. It is designed to predict the thermal-hydraulic
response inside containments and the release of radionuclides to the environment in the event of
containment failure. The modeling capabilities of CONTAIN are also sufficiently flexible that it can
be applied to the analysis of nonreactor problems, such as the migration of radioisotopes in waste
repositories, and the thermal-hydraulic response of non-nuclear facilities under accident conditions.
This manual focuses on the nuclear reactor containment analysis capabilities of CONTAIN, since
this is its primary targeted application. Such analyses are an integral part of the USNRC’s Severe
Accident Research Program (SARP), where reactor safety issues are addressed through an
appropriate mix of experimental and analytical research. The scope and role of the CONTAIN code
as it applies to the SARP are discussed in Chapter 2.0. The role of CONTAIN and its relationship
to other elements of the USNRC SARP is also discussed in the Revised Severe Accident Research
Program Plan published by the USNRC. [NRC92]

The intent of this manual is to comprehensively document the models and capabilities of CONTAIN
2.0 by giving the following information. First, this manual describes the phenomenological models
in CONTAIN and the underlying governing equations. The assumptions, relevant data base, and
range of applicability of the models are also discussed in most instances. This information is
provided for the reader who wishes to perform a "bottom-up" review or assessment of the models
in the CONTAIN code. Second, this manual provides basic descriptions of the models and features
in the code and the relationship among code input, models, and output. This information is provided
for readers wishing to perform an engineering-level "top-down" review or assessment of the
capabilities of the CONTAIN code. Third, this document provides detailed instructions and
associated user guidance for preparing code input. This information is designed to assist both new
and experienced code users in preparing and refining input files for the desired applications. Fourth,
this document describes the postprocessing program used to process CONTAIN output into an easily
usable form, including the generation of graphical results. Fifth, this document demonstrates the use
of CONTAIN through the inclusion of a number of sample problems. These problems are intended
to supplement the guidance provided to the code users in the basic model descriptions and input
instructions. Sixth, the reader interested in an assessment of the CONTAIN models will find the
CONTAIN validation data base summarized in Appendix C.

It should be noted that an extensive independent peer review of the CONTAIN code has recently
been completed. [Boy95] The USNRC decided that a broad technical review of the CONTAIN code
should be performed to determine its technical adequacy, and selected six technical experts to
conduct an independent peer review of the code. The findings of the Peer Review Committee were
extremely positive. In general, the peer review found that CONTAIN was very close to fulfilling all
of its original design objectives and targeted applications, as well as the recently revised design
objectives and targeted applications that were developed within the context of the NRC’s severe
accident code strategy. This achievement was highlighted as a "significant accomplishment" for the



code project. In addition, the committee found that CONTAIN could be applied to both selected
design basis accidents and severe accidents for both current reactors and advanced light water
reactors. In the peer review committee’s final report, a number of recommendations were made for
improvements to the code and its documentation. [Boy95] The relatively small number of high
priority recommendations have since been addressed either in the CONTAIN 2.0 code or this code
manual, or resolved through separate communications with the USNRC.!

1.1 The N for Nuclear Reactor Containment Analvsi

Since the inception of nuclear power as a commercial energy source, safety has been recognized as
a prime consideration in the design, construction, operation, maintenance, and decommissioning of
nuclear power plants. Nuclear reactor systems are sufficiently complex that dismissing the
possibility of an accident followed by the release of radioactivity to the environment would be
imprudent. Such a release would require the failure of multiple safety systems and the breach of
three physical barriers to the release of radioactivity: fuel cladding, reactor cooling system, and the
containment, Probabilistic risk assessments have shown that the required multiple system failures
are improbable but not negligible. The accident at Three Mile Island Unit 2 (TMI-2) demonstrated
that significant core melting could occur in a commercial power reactor and that at least the first of
the three physical barriers to radioactivity release can be breached. The reactivity-driven explosion
at Chernobyl showed that all three barriers could be breached and the public exposed to radioactivity.
Although US power reactors are not vulnerable to the type of energetic event that occurred at
Chernobyl, that accident reinforced the perception that highly off-normal system and/or operator
behavior, though extremely improbable, could in fact occur. Consequently, the USNRC's reactor
safety research program has historically been focused on understanding system behavior and
underlying phenomena associated with the low-probability, high-consequence class of accidents
referred to as severe accidents. The CONTAIN code was developed as a tool to assist the analyst
in understanding the complex phenomena and interactions that occur in the containment building
of a nuclear reactor during such accidents.

The need for such a tool was born out of the recognition that the extreme nature of severe accident
sequences presents unique difficulties for the reactor safety analyst. First, unlike many other safety
engineering disciplines, very few relevant historical records of vessel failure accidents exist. Second,
the reactor and its containment are extremely complex systems, and their designs vary substantially
from one plant to another. Third, the fuel debris and the materials it contacts are expected to be
subject to such severe conditions that the behavior of even small sub-elements of these complex
systems is not easy to predict. Fourth, even though scaled experiments are vital to improving our
understanding, it is often difficult to extrapolate the experimental data to the physical scale and
system complexity of actual nuclear reactors. All these considerations lead to two conclusions
concerning reactor safety research methodology. First, detailed, system-level, phenomenological
computer models are essential tools for understanding how the reactor and its containment might

"It should be noted that the revised severe accident code strategy de-emphasizes the role of CONTAIN for source term
analysis. This revised strategy was taken into account in the peer review model rankings and recommendations. Nevertheless, by
direct comparison of the CONTAIN aerosol and fission product models with those of other codes. the user will find them in
many cases to be state-of-the-art and suitable for many types of source term analyses.
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respond under accident conditions, Second, the application of such computational tools must be
done intelligently with engineering judgment and with the benefit of phenomenological
understanding that can only stem from experimental research. Therefore, the USNRC reactor safety
research program has included both the development and application of analytical simulation tools
and scaled experimental studies. Risk analysis methodologies, of course, continue to play a key
integrating role in the safety assessment of nuclear power plants.

A worthwhile specific example of the importance of these research components and their interplay
in the study and eventual resolution of severe accident issues occurs in the area of direct containment
heating (DCH). Here, experimental progress has resulted in major changes in our understanding of
the governing processes that drive DCH, and this change in understanding has had a significant
impact on the evolution of the DCH models in CONTAIN. Since the release of CONTAIN 1.1, the
USNRC has aggressively pursued the experimental investigation of DCH at several experimental
scales. This effort has included thermite tests at 1/10th and 1/6th scale performed at Sandia National
Laboratories, and thermite and UO, tests at 1/40th scale performed at Argonne National Laboratory.
Among other things, these tests have revealed the following: (1) containment subcompartments and
structures result in a profound reduction in debris transport to the upper containment; (2) hydrogen
burning can and usually does occur in a DCH event as a jet or a standing diffusion flame; (3) debris
is essentially completely dispersed from the reactor cavity at modest to high driving pressures; and
(4) water in containment during a DCH event can have either an aggravating or a mitigating effect
depending upon the quantity involved. (Note that these lessons-learned are somewhat
oversimplified). Numerous other lessons have been learned from these experiments. The point of
this discussion is to emphasize that these experiments have provided invaluable insights into DCH
that have been implemented and then refined in the CONTAIN 2.0 DCH models. The inclusion of
these models and their assessment against this data base has resulted in a much more useful tool for
the study of DCH in full scale plants than was available with the interim DCH models associated
with CONTAIN 1.1.

Recently, the nuclear industry, with support from the US Department of Energy, has invested in the
design of a new generation of advanced light water reactors (ALWRs). One objective of this
initiative is to spark the revitalization of nuclear power as a viable future energy option for the
United States. In light of the above-noted severe accident concerns for existing light water reactors
(LWRs), great attention is being given to safety in the ALWR designs. In particular, many design
features are aimed at reducing the probability of the occurrence of severe accidents, and/or mitigating
the consequences. Improved safety is also being addressed in these designs through the use of more
passive safety features, such as passive containment cooling. Another aspect of the strategy to spark
the revitalization of the nuclear energy in this country is the development of a streamlined licensing
process. At the time of this writing, many of the specifics of this revised process have not been
finalized or even defined; however, it is known that some form of prelicense certification of these
designs will be performed. Among other things, the certification process involves a USNRC
independent assessment or confirmation of the effectiveness of the various new features in the
ALWR designs. Such an assessment presents some of the same challenges as analyzing severe
accidents for existing LWRs. For example, in many respects these systems are as complex and
difficult to analyze as existing LWRs; therefore, extrapolation of knowledge about ALWR system
performance gained from scaled experiments requires the use of detailed analysis tools.
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The safety assessment of these designs also presents some new challenges. In particular, the existing
USNRC-sponsored analysis tools were not originally designed to address the passive safety features
found in these designs. The USNRC reactor safety research program has therefore undertaken to
adapt as necessary and apply their severe accident analysis tools to the analysis of ALWR behavior
under accident conditions, The two designs that are receiving the most attention at the time of this
writing are the AP600 design by Westinghouse and the simplified boiling water reactor (SBWR)
design by General Electric. The certification of these designs and possibly others will require the
USNRC to apply these adapted tools to the performance of the reactor and containment systems
under both severe accident and design basis accident conditions. As a result, some of the new
modeling capabilities in CONTAIN, such as the film tracking model discussed in Section 10.2.2.1,
address the unique features of the ALWR designs.

The need for containment analysis is common to all US commercial LWR containment types.
Therefore, CONTAIN 2.0 is intended to be applicable to large dry pressurized water reactor (PWR)
containments, subatmospheric PWR containments, suppression pool containments of boiling water
reactors (BWRs) (including horizontal and vertical vents), ice condenser containments, and passively
cooled ALWR containments.

1.2 Differences Between CONTAIN 2.0 and Earlier Versions

The CONTAIN 2.0 code represents the third major version of CONTAIN. The first two major
versions were released in 1984 and 1988 as CONTAIN 1.0 [Ber85b] and as CONTAIN 1.1,
[Mur89a, Mur89b, Was91] respectively. Table 1-1 lists the code versions from 1.0 through 2.0 and
summarizes the major improvements, new models, and other items contained in each version.
CONTAIN 1.1 and 2.0 incorporate numerous significant improvements and advancements not
included in CONTAIN 1.0. The CONTAIN 1.1 changes are summarized in References Mur89a and
Was91. The improvements offered by CONTAIN 2.0 over CONTAIN 1.1 are equally numerous and
significant.

Many of the latter improvements are embodied in interim versions. Four such versions have been
released: CONTAIN 1.11, CONTAIN 1.12, CONTAIN 1.12V, and CONTAIN 1.2. Table 1-2 shows
the official update sets incorporated in each of these interim versions. While CONTAIN 1.11, 1.12,
1.12V, and 1.2 are in use by a number of users (as approved by the USNRC on a case-by-case basis)
this manual for CONTAIN 2.0 represents the first formal documentation provided since CONTAIN
1.1. Some of the models in the interim versions may have been revised or replaced; therefore,
interim documentation on these versions may not agree with the descriptions provided in this code
manual.

Table 1-3 indicates the code version(s) associated with the addition of a new modeling capability or
code feature or the revision of an existing one and also lists the sections of this report where the
reader can obtain more information about the indicated model additions or revisions. Numerous
minor, but important, fixes to modeling errors or code bugs were also implemented but are not listed
in this table.
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1.3 Guide to This Manual

This code manual includes documentation for old and new models and features of the CONTAIN
code. For old models and features, the manual represents the consolidation of previously published
documentation on the CONTAIN code. Information used for this consolidation includes the
CONTAIN 1.0 User’s Manual, [Ber85b] the CONTAIN 1.1 User’s Manual, [Mur89a, Mur89b] the
CONTAIN 1.1 Reference Manual, [Was91] and the POSTCON 1.0 Manual. [Was87] Other sources
of information for this code manual include unpublished code change documents that describe new
or updated models in the interim code revisions. Although unpublished, these change documents
have been distributed to code users along with the release and distribution of CONTAIN 1.12 to
USNRC approved users. Note: A code change document is generated by the developer of an update
and must be approved by the revision manager before the model is finalized, according to the

Table 1-1
CONTAIN Code Release History

Code Version Major Improvements and New Models
(date)
1.0 First official release of code
(Aug. 1984)
1.01 Modifications to correct nonstandard use of character variables
(December 1984)
1.02 Maodifications to make code conform to FORTRAN-77 standard
1.03
(May 1985) Improved lower-cell (pool and basemat) nodalization process, and engineering safety
systems models
1.04 Add water aerosol deposition into structure surface film layer, time-dependent aerosol
(November 1985) size distribution input parameters, and implicit flow solver for multi-cell gas transport

Improved atmosphere-to-structure radiation model and hydrogen burn timestep
adjustment, and method to estimate liquid film boundary layer interface temperature

1.05 Add carbon monoxide combustion, fission product targeted release and acceptance,
(July 1986) choked flow limit for intercell gas flow, and activation and deactivation keywords for
combustion model

Improved thermal properties, burn completeness correlation, and flexibility in
specifying combustion burn parameters

1.06 Add integrated implementation of the CORCON-Mod2 model for core concrete
(February 1987) interactions (CClIs), VANESA model for aerosol generation and radioisotope release
from CClIs, water dropout model to remove water from atmosphere without using
aerosol dynamics model, and aerosol settling through flow paths

Improved models for radiant heat transfer (net enclosure model)
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Table 1-1
CONTAIN Code Release History (Continued)

Code Version Major Improvements and New Models
(date)
1.10 Add specialized models for boiling water reactor features (safety relief valves and

(October 1987)

pressure suppression pools), new flow path type (engineering vent) to provide added
flexibility to plant nodalization, and user-defined material properties

Improved method for tracking radioisotopes, the heat conduction algorithm for lower-
cell concrete floor model, various solution techniques including semi-implicit
coupling of the thermal radiation model with flow equations, and automatic recovery
from nonconvergence in the flow solver

1.11
(March 1991)

Add moving-grid calculation technique for solving the equations for aerosol growth
by water vapor condensation, concrete outgassing of both bound and evaporable water
and carbon monoxide, generalized treatment of heat structure boundary conditions,
flexibility for variable setting on restart, aerosol settling into pools, volumetric
displacement of atmosphere by pools, and an averaging scheme to approximate gas
flow velocities within a cell, used for calculating force convection for heat structures

Improved material property library; heat and mass transfer models for
condensation/evaporation at structure surface, and in ice condenser and fan coolers;

and lower cell modeling of transient pool layers

Improved flexibility of user control over plot files

1.12
(March 1991)

Add direct containment heating (DCH) modeling, reactor cavity models for high
pressure debris dispersal and vessel blowdown, and new model for the vapor
saturation of noncondensable gas vented into pools

Improve concrete outgassing modeling to include ability to outgas from behind liners

1.12V Workstation version of release 1.12
(August 1993)
1.2 Add film flow on wall structures, energy and mass conservation tracking, hybrid flow

(October 1995)

solver, pool tracking, non-ideal equation of state for water, specific reactor pressure
vessel and cavity models for DCH, CORCON Mod3, and fission product library

Improved DCH model setup and heat and mass transfer for convection and
condensation on structures

2.0
(June 1997)

Improvements in the DCH and hydrogen burn models and miscellaneous bugfixes.

CONTAIN software quality assurance procedures. In many instances the information from the
existing documentation has been rewritten for improved clarity. Therefore, when any of the
previously available documents on CONTAIN appear to conflict or be inconsistent with this manual,
the reader should consider this manual to be the more accurate source of information.
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The intent of this document is to provide in one publication all the information required to
understand the models in CONTAIN 2.0 as well as information needed to use the code. The
intended audience includes: (1) new users who are learning how to use the code, (2) experienced
users who need a reference to the models, input instructions, and output, and (3) nonusers who wish
to review either the broad capabilities or the specific models in CONTAIN. Given that each model
is typically discussed later in this report in complete detail, the intent of this chapter and the next is
to give a broader perspective, as well as to provide a road map or guide through the document to
assist the reader in finding the desired information.

Table 1-2

Update Sets Installed between CONTAIN 1.1 and CONTAIN 2.0,

by Interim Version Number

CONTAIN 1.11
Cl110A - postrelease fixes for version 1.10
C110B - interface heat balance upgrade
C110C - miscellaneous fixes
C110D - conduction model upgrade and concrete outgassing model
CI1I0E - flow-based convective velocity model
C110F - moving-grid aerosol condensation model
C110G - FLINT FORTRAN corrections
CI110H - conduction/outgassing model revisions
C110I - plot file output options
C110J - miscellaneous fixes
CI110K - material properties upgrade
Cl110L - miscellaneous fixes
Cl110M - miscellaneous fixes
CI11ON -  prerelease fixes for version 1.11
CONTAIN 1.12
C1100 - direct containment heating model
Cl110P - CORDE/GASBLOW?2 models'
C110Q - miscellaneous fixes
CII0R -  prerelease fixes for version 1.12
CONTAIN 1.2
C110S - postrelease fixes

' Not supported in CONTAIN 2.0
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6/30/97



Table 1-2
Update Sets Installed between CONTAIN 1.1 and CONTAIN 2.0,
by Interim Version Number (Concluded)

C110T - combustion mo?d upgrade

Cl110U - multifield DCH model

C110V -  workstation compatibility changes

C110W - film tracking modifications

C110X - mass and energy accounting modifications

C110Y - DCH slip model

C110Z - DCH reactor pressure vessel and cavity models

Cl11AA - nonideal water equation of state

Cl11AB - CORCON-Mod3 upgrade

Cl1AC - fission product library

Cl11AD - heat transfer flexibility improvement

Cl1AE - pool tracking modifications

Cl1AF - hybrid solver modifications and prerelease fixes
CONTAIN 2.0

Cl11AG - miscellaneous improvements and bugﬁxes

Note that Chapter 2 provides a broad perspective on CONTAIN and gives a general discussion of
each of the major modeling areas. This chapter does not present modeling details such as governing
equations; however, cross-references are provided in this chapter to the detailed modeling
discussions and the model input descriptions. Detailed discussions are given in Chapters 3 through
12 with regard to each of the major modeling areas in the code. Practical advice and user guidance
are provided in Chapter 13, as well as hints and tips for circumventing commonly encountered
difficulties based on the experiences of CONTAIN code users and the code developers. Detailed
instructions for preparing code input are provided in Chapter 14. This chapter is appropriate for
guiding new users in preparing input files and is also suitable as a reference for the experienced code
user. A number of sample problems and input files are provided in Chapter 15. Code output and
the POSTCON postprocessing program are discussed in Chapter 16. Appendix A discusses the mass
and energy accounting feature of CONTAIN 2.0. Appendix B presents a number of input formats
that are considered obsolete but are available in CONTAIN 2.0 to maintain upward compatibility
of input files. Appendix C presents a compendium of independent analyses and experimental
comparisons that have served to validate CONTAIN. Finally, Appendix D discusses the quality
assurance procedures that have been used in the development of CONTAIN.
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Table 1-3

Major New Models and Features of CONTAIN 2.0, by Modeling Area

New and Upgraded Model or Feature

Code Version”

Code Manual Sections

Interface Heat Balance R1.11,R1.2 2.10, 10.6
Heat Conduction Model R1.11 2.10, 10.5.3, 14.3.1.3
Concrete Outgassing N1.11,R1.2,R2.0 2.10,10.5.4,14.3.1.3
Connected Structure Boundary Condition | N1.11, R1.2 2.10,10.5.2,14.3.1.3
Flow-based Convection Velocities NI1.11,R1.2 2.10,10.1.1.6
Moving Grid Aerosol Condensation N1.11 2.7,72.2,14.2.5
Model
Plot File Output Options NI1.11 14.2.9.3
Material Properties Upgrade R1.11 2.3,3.1,3.3
Direct Containment Heating N1.12,R1.12V,R1.2, | 2.6,6.0,14.2.7,
R2.0 14.3.1.11, 14.5.1.3
Combustion Model Upgrade R1.12V,R1.2,R2.0 29,9.0,14.3.1.7
Film Tracking Model N1.2 2.10, 10.2.2, 14.3.1.3
Mass and Energy Accounting N1.2 2.3,34,14.22,
14.2.9.2, App. A
Nonideal Equation of State for Steam N1.2 2.3,3.2,1424.1
CORCON-Mod3 Upgrade R1.2 2.5,5.0,14.3.2
Heat Transfer Flexibility Upgrade R1.2 2.10, 10.1, 10.2,
14.3.1.3
Pool Tracking Modifications R1.2 24,40, 14.2.4,
14.3.1.1
Hybrid Solver Modifications R1.2 24,445.1,14.24

*R = revision of an existing model, N = new model; code versions denoted by 1.11, 1.12, 1.12V,

1.2,0r2.0
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2.0 GENERAL DESCRIPTION OF THE CODE MODELS

The purpose of the present chapter is to provide a general overview of each of the modeling areas
in CONTAIN. This is intended to orient the reader with respect to the scope of the code and the
available modeling options, without burdening the reader with the full details. Each of the modeling
areas is discussed in full detail in Chapters 3-12. Additional user guidance for each modeling area
is also provided in Chapter 13. Section 2.1 of the present chapter discusses the scope of the
modeling, Section 2.2 discusses computational considerations, and Sections 2.3 through 2.12 are
each devoted to an individual modeling area.

2.1 Scope of the Modeling

Where possible, best-estimate models are employed with an emphasis placed on mechanistic detail
and numerical robustness. Despite use of best-estimate models, the code has reasonable
computational efficiency because a control volume framework is used. The control volume approach
has proven to be a useful technique for modeling a wide variety of containment configurations. It
also provides a suitable framework for modeling the many different containment subsystems. To
allow a wide range of applications, physical models are activated as needed for each simulation on
the basis of the physical processes present.

The modeling applies primarily to processes that occur within the containment building. Therefore,
the term "integral analysis" does not refer to the combined treatment of the reactor/containment/
environment system; rather, it applies to the range of phenomena analyzed for the containment
system itself. Separate effects codes could be used to examine containment phenomena. Under such
an approach, one code analyzes the thermal-hydraulic phenomena, another handles the fission
product processes, another is used to model aerosol behavior, and so on. By contrast, CONTAIN
treats all of these phenomena and others as well. The benefit of this approach is illustrated in Figure
2-1, where the ability of one process to affect another through phenomenological feedback
mechanisms is shown. Today there are several other modern codes that also use this integral
approach to accident analysis, although this was relatively uncommon when CONTAIN [Ber85b]
was first released in 1984.

The code treats a containment system as a network of interconnected control volumes or "cells,"
shown schematically for a typical containment building in Figure 2-2. The cells may each represent
an actual internal compartment or group of compartments in the reactor containment building,
although in some cases the user may wish to partition a compartment to model phenomena such as
natural convection and stratification within the compartment. The cells communicate with each
other by means of mass flow of material between cells and/or heat conduction between cells through
heat transfer structures. The arrows in this figure indicate possible flow directions through some of
the flow paths present in the problem. Because there is considerable flexibility in specifying the
properties of each cell and the connections between cells, the code is able to handle a wide variety
of containment types.
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For completeness, the environment outside the containment building can be represented as a cell
with a very large volume. This representation not only allows boundary conditions with respect to
the environment to be applied to the internal cells but allows releases to the environment to be
tracked in terms of the environment cell inventories.

As with many control volume codes, CONTAIN is designed to use a relatively small number of
control volumes, but a relatively large number of degrees of freedom per control volume, or cell.
These degrees of freedom can be localized, such as the nodes of heat transfer structure, or global
fields associated with intercell flow. The global fields are associated with either the atmosphere or
pool. The atmosphere fields include (1) the atmosphere bulk fluid, which includes gases, coolant
vapor, and any homogeneously dispersed liquid coolant, (2) aerosols represented in terms of a
number of size classes, each with a separate material composition (3) fission product distributions
assigned to the gas and each aerosol component material, and (4) finely dispersed core debris,
represented in terms of an arbitrary number of debris droplet fields. Such dispersed core debris can
result, for example, from high pressure melt ejection from the reactor pressure vessel. The coolant
pool fields include (1) the pool bulk fluid, (2) aerosols deposited into the pool, and (3) fission
product distributions assigned to the pool. These fields allow complex interactions to be modeled
within and between cells.

The major processes that are modeled include intercell flow, hydrogen combustion, heat and mass
transfer processes (e.g., convection, condensation, condensate film flow, thermal radiation,
conduction, and concrete outgassing), aerosol behavior (e.g., agglomeration, deposition, and
condensation), fission product behavior (e.g., decay, heating, and transport), engineering safety
features (ESFs) (e.g., containment sprays, fan coolers, and ice condensers), processes associated with
but not limited to boiling water reactors (BWRs) (e.g., vent clearing, gas-pool equilibration, and
aerosol scrubbing), direct containment heating (DCH) caused by high pressure ejection of finely
divided core debris from the reactor vessel, and core-concrete interactions (CCIs). These modeling
categories can be further divided into numerous separate phenomenological models, a few of which
are noted parenthetically above. Taken collectively, these models provide the code with the
capability to analyze a wide variety of LWR plants and accident scenarios. Through appropriate user
input, large-dry, sub-atmospheric, and ice condenser pressurized water reactor (PWR) containments
can be modeled. Boiling water reactor (BWR) containments, and advanced light water reactor
(ALWR) containments can also be modeled. The input flexibility also allows for the representation
of experimental facilities and other nonstandard configurations. This has proven to be important for
performing code validation calculations.

Since CONTAIN is not designed to treat in-vessel processes, the user in many cases must rely upon
separate analyses to determine the sources of mass and energy to the containment. However, in some
cases a rudimentary thermal-hydraulic model of the primary system may suffice, and the user may
be able to model this directly. Also, CONTAIN does not calculate doses or model processes beyond
the containment boundary. Such modeling can be performed with a separate consequence analysis
code, using the results of a CONTAIN calculation. By limiting itself to the containment, the code
is able to maintain reasonable computational efficiency while still incorporating detailed mechanistic
models.
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2.2 Computational Considerations
2.2.1 The Bi-Level Modeling Approach

A bi-level approach to modeling is used in CONTAIN. This approach distinguishes between cell-
level and global models. Cell-level models, as a rule, describe processes within a cell that are not
strongly coupled to processes outside the cell. Global models, on the other hand, typically describe
processes that are strongly coupled between cells.

The overall scheme under which the global and cell-level models are processed is shown in Figure
2-3. The results from the cell-level processing loop indicated in Figure 2-3 are cast in the form of
sources and sinks of mass and energy for the global models. In the global loop, these sources and
sinks are processed by the global level models to generate updated global conditions for use on the
next pass through the cell-level loop.

The most important global process is the intercell flow of the fluids. To achieve a stable flow
calculation for an arbitrary system of cells and interconnections, the flow rate through each flow path
must be based on self-consistent conditions; that is, the flow must reflect changes in pressures and
pool levels in the upstream and downstream cells. Thus, an implicit global analysis of intercell flows
is required.

Most other phenomena treated at the global level are coupled to or affected by intercell flow. For
example, the equation of state for the gas determines the pressure, which is strongly coupled to
intercell flow. Therefore, for numerical stability, the thermodynamic state calculations are done
simultaneously with the flow calculation. Other fields are affected by the gas flow. For example,
the flow of suspended aerosols, fission products, and dispersed core debris is based on that of the
gas. Since the effects of flow on these fields are taken into account at the same time gas flows are
calculated, it is convenient to place certain aspects of the aerosol, fission product, and dispersed core
debris modeling at the global level.

2.2.2 Calculational Timestep Control

This section discusses the calculational timestep hierarchy under which various models are integrated
forward in time. There is a separate hierarchy that controls the various output frequencies (short edit,
long edit, plot, and restart). This is discussed in Section 14.2.9.

Figure 2-3, which shows the overall scheme used for global and cell-level processing, does not show
which models are processed at each of these levels. Section 2.2.2.1, which discusses the time step
hierarchy, provides additional information concerning how various models are evaluated, including
the timesteps used.
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Section 2.2.2,2 provides some guidance to the user in selecting reasonable maximum system and cell
timesteps. These suggestions consider only some of the interactions among the explicitly coupled
models. The user should be aware that other inaccuracies (not necessarily instabilities) may result
from insufficiently frequent updating of information between explicitly coupled models. Depending
on the level of the model, the updating frequency is controlled by either the cell or system timestep.
The testing of calculated results for sensitivity to user-specified timesteps is always encouraged.

2.2.2.1 Timestep Hierarchy. Four different types of calculational timesteps are used. Two of these,
the system timestep and the cell timestep (At, and At, in Figure 2-3), are primarily under user control.
The third type, the Runge-Kutta timestep, is selected automatically and used within certain models.
The fourth timestep is that used by the CORCON-Mod3 module, which describes core-concrete
interaction (CCIs). The maximum and minimum allowed values of this timestep are user-controlled.

The models in CONTAIN are processed in parallel. This type of processing is somewhat different
from the serial, discrete-time processing normally found in single purpose codes. In parallel
processing, each model, or in some cases a group of models, is integrated forward in time over the
system timestep. The system timestep is defined as the maximum interval of time after which all
models, except possibly CORCON-Mod3, must be in coincidence. State variables that are external
to the model or model group being processed at any given time are held fixed at the last calculated
value. State variables that belong to the model or model group being processed may be updated at
many sub-intervals within the system timestep. These sub-intervals are determined by the model
internal timestep. (In some cases, this is just the cell timestep.) After the model equations are
integrated forward in time to the end of the system timestep, the state variables for that model are
updated to end-of-timestep values.

The CORCON model uses its own user-specified timestep, which is chosen independently of
CONTAIN timesteps. Thus, CORCON can advance beyond the end of a system timestep and
generate source rates that CONTAIN will use until the CONTAIN time advances to the CORCON
value. Alternately, CORCON can be run with a step smaller than the CONTAIN cell timestep. In
this case, the fluxes computed by CORCON are integrated over the CONTAIN cell timestep.

In general, the values of the state variables at the sub-interval points are not available outside the
model or model group. For example, the suspended aerosol concentrations are calculated every
Runge-Kutta timestep. However, the values are not available outside the aerosol model except at
the end of the system timestep. The exceptions occur in the models that update their state variables
every cell timestep.

The maximum system and cell timesteps are specified through input. These control the frequency
with which the control loops in Figure 2-3 are traversed. There is little in the way of automatic
control of these timesteps; the maximum timesteps are normally the timesteps that are actually used.
The exceptions are as follows: (1) Because a hydrogen deflagration is a common event whose
timing cannot be predicted, the system timestep is adjusted automatically during hydrogen
deflagrations. (2) Because the cell timestep cannot exceed the system timestep, the cell timestep is
also adjusted during hydrogen deflagrations.
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Table 2-1 lists the internal timesteps used for various models. The internal timestep determines the
frequency with which the state variables belonging to the model are updated for internal use. The
convection timestep indicated for the intercell flow model is, in general, set to the smallest time
required for 20% of the contents of any cell to convect out of that cell, although in some cases
certain cells may be excluded from consideration in this criterion when the FIX-FLOW option
discussed in Section 4.4.9 is invoked. With respect to the integration methods listed, the word
"integral" implies that a closed-form solution is used. The words "explicit" and "implicit" refer to
the type of numerical integration method used. (The integration method with respect to the variables
at a model interface is always explicit.) The interface timestep determines the frequency with which
the internal variables are updated for use outside the model in question.

Table 2-1
Internal Timesteps Used Within Various Models
MODEL INTERNAL INTEGRATION INTERFACE
TIMESTEP METHOD TIMESTEP
Fission Product System Integral/ System
Matrix
Flow/Thermo- Runge-Kutta* Explicit* System
dynamics or Convection or Implicit
Aerosol Processes Runge-Kutta Explicit/ System
Integral
Heat Transfer Structures Cell Implicit Cell
Engineered Safety Cell Explicit Cell
Features
Lower Cell Model Cell Implicit Cell

*This is the default option, but the implicit option is recommended

For example, according to Table 2-1, the temperature profile in heat transfer structures is computed
every cell timestep. The method used is fully implicit with respect to the internal variables (the node
temperatures). However, as a result of the explicit coupling at the interface (such as that with the
atmosphere), an instability in the profile may result from too large a cell timestep. The next section
will discuss the maximum stable timestep because of this explicit coupling.

2.2.2.2 Suggested Criteria for User-Specified Timesteps. This section will discuss two criteria for

selecting user-specified timesteps. The first criterion specifies the system timestep required to
properly incorporate the effects of global changes. The second criterion specifies the cell timestep
required for stability in the presence of the explicit coupling between the atmosphere and pool and
heat transfer structures.

Dav N nQ £1naTl



Flow Time Constants. The flow calculations are done with either a Runge-Kutta timestep, in the
explicit flow option, or a convective timestep, in the implicit flow option. In the latter case, the flow
timestep is set to the minimum of convection timestep or the system timestep. With the
recommended implicit flow option, there is relatively little advantage to using a system timestep that
is much larger than the flow timestep, and the system timestep should be set to a comparable value,
Since the system timestep determines the frequency at which global conditions are provided to other
modules, use of a system timestep much larger than the flow timestep may mean that the conditions
are not updated frequently enough. In general, one should check on the sensitivity to the system
timestep by reducing it by a factor of two or more in the time domain of interest.

The convection time will depend on the relative pressure differences between cells. In the blowdown
of cell at high pressure, the cell contents will convect out with a time constant equal to the pressure
relaxation time. A simple rule of thumb for such transient conditions is that if the system timestep
is short enough to resolve a 20% change in the pressures, it should be adequate with respect to the
cell convection time of the blowdown cell.

If the initial pressure difference is not large, the cell contents will not convect out significantly during
the pressure relaxation to the steady state. In this case, most of the convection, if any, will occur
under low, steady-state pressure differences. The timestep to use in this case is less obvious than the
one to use for transients. For cases in which the gas convection time controls the flow timestep, the
steady-state convection time, t,, for cell i with total volume V; should be obtained from

V. \'2

1 1 (2_1)
W, W..
_k E_
i P

tc=rmn

k Py ij
where the k sum is carried out over all flows into cell i and the j sum is carried out for all flows out
of cell i, W;; is the mass flow rate, and p;; is the flow density in the flow path. The steady-state
convection tlme is typically much longer than the pressure relaxation time in such cases.

Fluid-Structure Time Constant. Another important potential source of inaccuracy or instability due
to explicit coupling occurs at the cell level, where a bulk fluid may transfer an excessive amount of
heat into a structure, because the effect on the surface temperature is not properly taken into account.
A criterion for the maximum cell timestep can be obtained if the fluid-to-structure heat transfer
coefficient h is known. By requiring the temperature rise in the first node during a single timestep
At to be less than the fluid-structure temperature difference, one obtains for an insulated first node,

At <pc L/h (2-2)
and for a node backed by similar material,

At,<pc k/h? (2-3)
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where p is the structure density, ¢, is the specific heat of the structure, k is the material thermal
conductivity, and L is the first node thickness. These expressions should be used as first estimates
for setting cell timesteps. Stable behavior may occur even if cell timesteps are two or three times
these values, but exceeding these criteria by large factors will generally result in surface temperature
oscillations. Sensitivity to the cell timestep should always be checked by varying the timestep. A
typical heat transfer coefficient for condensing conditions of h = 300 W/m?-K, an Lof 3 x 10 m
and concrete properties of k = 1.5 W/m-K, p = 2400 kg/m’ and ¢, = 1000 J/kg-K gives values of At,
=24 sand At, =40s.

2.3 Material Properties

An important aspect of a containment code is the ability to evaluate thermodynamic and transport
properties for materials typically found in LWR plant systems. Table 2-2 lists the standard materials
modeled in CONTAIN and the name of each material as used in the input. Property functions are
provided for the heat capacity, enthalpy, thermal conductivity, viscosity, diffusivity, and density of
these materials. Appropriate mixture relationships are also included for these properties when more
than one constituent is involved. Note that in addition to these materials, the user has the option of
defining materials and material properties through tabular input options. It is also possible to redefine
the properties of the standard materials through tabular input.

The ideal gas law is assumed for all gases in the atmosphere, except possibly steam. It should be
noted that steam behaves to good approximation as an ideal gas for typical containment conditions.
However, to assess non-ideal effects and address high pressure conditions, a non-ideal equation of
state option for steam has been provided.

The CONTAIN heat conduction routines have limited capability to deal with phase transitions.
Thus, the only CONTAIN material explicitly allowed to change phase at present is the coolant and
then only the liquid-vapor phase transition is modeled. The properties of a nominally solid material
above the melting point are simply an extrapolation of the properties below the melting point; the
properties of a liquid-phase material are similarly extrapolated below the melting point. This
limitation on phase changes fortunately does not apply to the modeling done with respect to CCls.
These are modeled through the CORCON-Mod3 module, which has its own independent set of
properties functions. Note that this limitation also does not prevent modeling of ice melt in an ice
condenser. The ice in this case is treated through hard-wired ice properties and represented in terms
of temperature and melt-rate boundary conditions.

The material property functions were extensively revised in CONTAIN 1.11 to reflect more recent
data bases and to achieve more consistency with regard to enthalpy conventions and the treatment
of different phases. However, not all of the properties for each material were revised completely.
Also, certain materials are no longer supported after CONTAIN 1.11. The materials presently
recommended for use are specified in Table 2-2. A more complete list, with references, is provided
in Tables 3-1 and 3-2.
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Table 2-2

Materials Modeled in CONTAIN

Name Name
Material In Code Material In Code
argon AR oxygen 02
carbon dioxide CcO2 silicon dioxide S102
carbon monoxide CO sodium hydroxide NAOH
concrete CONC solid iron FE
graphite GRAPH solid uranium U
helium HE solid uranium oxide Uuo2
hydrogen H2 stainless steel SS
liquid water H20L water vapor H20V
magnesium oxide MGO zirconium ZR
| nitrogen N2 zirconium oxide ZRO2

The user should note that the convention for the zero of enthalpy was in some cases revised for
condensed phase materials in CONTAIN 1.11. This change may be non-upward compatible if the
user has specified source tables of these materials based on enthalpy, The new enthalpy convention
defines the enthalpy of the stable phase of the material at 273.15 K to be zero; the enthalpies of
materials representing other than the stable phase at 273.15 K are offset by either the heat of
vaporization or heat of fusion, or both, from the stable phase. Note that the stable phase of water at
273.15 K is taken to be the liquid. The modeling of solid-liquid transitions was also revised in
CONTAIN 1.11. In prior versions, the specific heat of some nominally solid materials is changed
to that of the liquid above the melting point. Unfortunately, this change is not made consistently;
for example, the heat of fusion is not reflected in the enthalpy, and other liquid properties, such as
viscosity, are not assigned to the solid above the melt. Thus, solid-liquid transitions are no longer
explicitly modeled.

It should be noted that an independent mass and energy accounting scheme is available in
CONTAIN. The coolant mass and the energy of all CONTAIN and user-defined materials, except
those that are used exclusively to name aerosol components and fission products, are included in the
accounting scheme by default. In addition, the mass of any other CONTAIN or user-defined material
may also be included as a separate line item in the accounting.

Further discussion of material properties is given in Chapter 3. The selection of materials for a given

problem and the input format for user-defined materials is discussed in Section 14.2.1. As discussed
in Section 14.2.1.2, DCH materials in particular must be defined by the user. Examples of DCH
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material definitions are given in the Sequoyah sample problem discussed in Section 15.3. Use of
the mass and energy accounting scheme is discussed in Section 3.4 and 14.2.2.

here/Pool Thermal-Hvdraulics and Interce

The atmosphere/pool thermodynamics and intercell flow models deal with the thermodynamic state
of the bulk fluids in a cell and the intercell flow of the atmosphere and pool fields. As discussed in
Section 2.1 the bulk fluids are of two types: the atmosphere bulk fluid, consisting of the
noncondensable gases, coolant vapor, and any homogeneously dispersed liquid coolant in the cell
atmosphere, and the pool bulk fluid, consisting of the coolant in the pool. Besides the bulk fluids,
a number of other fields are associated with the atmosphere and pool, including aerosols, fission
products, and dispersed core debris in the atmosphere and deposited aerosols and fission products
in the pool.

The treatment of intercell flow is typical of a control volume code. The cell fluids are assumed to
be stagnant and well-mixed. Flow is assumed to occur between cells through junctions, called flow
paths, that essentially determine the exchange of mass and energy between the cells. The momentum
equation in this framework is actually a lumped-parameter equation for the junction flows that
assumes that the flow is controlled by a fluid slug with an effective length specified by the user. The
flow paths are not repositories and do not have an actual inventory associated with them. The
material flowing into a flow path is placed immediately in the downstream cell without regard to the
holdup of the material in the flow path.

Note that the pool tracking modifications implemented in CONTAIN 1.2, as well as the hybrid
gravitational head formulation discussed below, have radically changed the treatment of intercell
flows. In CONTAIN 1.2, both the atmosphere fluid and the pool fluid, if present, are treated as bulk
fluids on the same footing. Within this dual fluid treatment, the atmosphere and pool are assumed
to be able to occupy the same physical volume within a cell, with the pool completely displacing the
atmosphere below the pool surface elevation in the case of a partially filled cell. In conjunction with
this new volume-filling assumption, the effects of submergence on flow paths and heat transfer
structures are now treated. In addition, the pool thermodynamic state is now calculated by the
implicit flow solver, and a new type of implicit pool flow path, with features comparable to those
of gas paths, is available. In order to define the CONTAIN cell geometry more precisely than in
prior versions, the cell geometry has been generalized, as discussed in Section 4.1.

In contrast, in code versions prior to CONTAIN 1.2, a single bulk fluid, the atmosphere fluid, is
treated implicitly with respect to intercell flow. In addition the pool is considered to occupy a
volume that only partially overlaps that of the atmosphere, and while volumetric displacement effects
are taken into account, the effects of submergence are not generally considered.

Flow paths modeled within the recommended implicit flow solver may now transport either the
atmosphere fields or the pool fields. These fields may flow only in a path of the appropriate type,
a situation requiring the definition in general of both types of CONTAIN flow paths for each
physical flow path. For generalized flow paths specified through the engineered vent input, the type
is defined by the user to be either GAS or POOL, respectively. The specialized flow path
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representing the dedicated suppression pool vent model for BWRs is also available, although its
thermal-hydraulic modeling in some respects has been made obsolete by the generalized flow paths.
Note that the use of "regular" flow paths is now considered obsolete, but if present they will be
treated as gas flow paths.

The intercell flow of pool coolant may be treated both implicitly and explicitly. Pool flow paths
defined in terms of engineered vents are treated implicitly, in a manner similar to that for gas flow
paths. The flow of pool coolant may not be as strongly coupled to pressure heads as the gas, so that
an explicit treatment may be feasible. The liquid transport system components associated with the
engineered safety features and discussed in Section 12.5 may be used to treat inter-pool transfers in
an explicit manner. In some cases, use of an explicit model for pools will significantly reduce the
overhead of the implicit solver.

A simple containment-oriented gas-pool flow hierarchy establishes which type of flow (i.e., gas or
pool or both) is allowed when flow paths are submerged. Effects related to the coverage of the inlet
or outlet of a gas path by pool coolant are taken into account. These include gas-pool equilibration,
blockage of gas flow path inlets by the pool, liquid head terms, and scrubbing effects. A discussion
of flow path configurations and the pool-gas hierarchy for the flow paths is given in Section 4.2.

Section 4.3 gives a summary of the modeling options available for gas and pool flow paths, as well
as the suppression pool vent flow path. The governing equations of the flow path models are given
in Section 4.4. The latter section discusses the three basic models for intercell flow, i.e., the inertial
flow model, the quasi-steady flow model, and user-specified flow rates, as well as the formulations
for critical or choked flow, gravitational heads, pool boiling, gas-pool equilibration, the velocity of
gas evolution from the pool, and the FIX-FLOW option for overcoming the gas Courant limit in
certain situations. The reader should note that a new, "hybrid" formulation of gas gravitational heads
has been implemented into CONTAIN 1.2 as the result of investigations into the over mixing
associated with control volume codes. [Mur96] This formulation satisfies three important criteria
regarding the treatment of stratifications. As a consequence, the strong cautionary statements made
with respect to prior code versions regarding convective overmixing are no longer necessary.
However, the user should consult the guidance given in Section 13.3.1.3 with respect to avoiding
certain situations that may lead to excessive stability of stratifications.

Section 4.5 discusses the momentum, mass, and energy conservation equations used by the intercell
flow model and summarizes all contributions to the conservation equations, except the DCH ones,
which are discussed separately in Chapter 6. This section also discusses the gas and pool
thermodynamic state calculations.

2.5 Lower Cell and Cavity

In a core-melt accident involving a breach of the primary vessel, a coolant pool and/or a bed or pool
of core debris may develop in the bottom of the reactor cavity, which is typically concrete. If core
debris is present, the temperature of the concrete generally increases as decay heat is transferred from
the core debris to the concrete, and the concrete can undergo thermal ablation in severe cases.
Ablation of the concrete presents the threat of basemat penetration while simultaneously producing
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water vapor, noncondensable gases (including combustible hydrogen and carbon monoxide), and
ablation products. Further chemical reactions may take place in the core debris, generating
hydrogen, carbon monoxide, and other products. These CCIs can produce aerosols, fission products,
and gases that can be carried into the upper containment. The lower cell model deals with these
phenomena. These processes may not be present in all cells; for example, in some cells, the lower
cell system may serve simply as a sump for collecting coolant. In others, a lower cell may not be
required.

The lower cell coolant pool provides one of the bulk fluids considered to be in a cell, the other being
the atmosphere gas and associated fields. As a result of the pool tracking modifications introduced
into CONTAIN 1.2, the pool coolant is now treated on the same footing as the gas with respect to
intercell flow and thermodynamics calculations. One non-upward compatible change resulting from
these modifications is that the pool coolant is assumed to fill the same cross-sectional area in a cell
as the gas, and not the lower-cell layer cross-sectional area. The cell cross-sectional area is specified
in the cell GEOMETRY input block, discussed in Section 14.3.1.1, and not the lower-cell
GEOMETRY input block, discussed in Section 14.3.2.1. The latter may still be used, however, in
determining the pool area in contact with the basemat or with other lower cell layers forming the
pool substrate. The coolant pool may also be in contact with submerged heat transfer structures.
The calculation of the pool thermodynamic state, including the effects of gas-pool equilibration, is
carried out by the implicit flow solver, provided this recommended option is invoked. The effects
of boiling are also included if the recommended BOIL keyword for the pool is invoked.

The nature of the lower cell modeling below the pool-lower-cell interface depends on whether CCls
are actively modeled. I they are actively modeled, the lower cell below the interface is controlled
by the CORCON-Mod3 module in CONTAIN (see below). If CCls are not actively modeled, the
lower cell below the interface is represented by a one-dimensional system of material layers, which
may include a concrete layer and multiple intermediate layers. The feature of multiple intermediate
layers allows distinctly different material layers such as molten metal and oxide by-products typical
of CClIs to be present. Because a high level of phenomenological uncertainty prevails concerning
the configuration of core debris and other materials, the user is allowed to specify this layer
configuration. When CClISs are not actively modeled, the processes modeled below the pool interface
include decay heating and heat conduction.

The CORCON-MOD3 code, [Bra93] which now incorporates the VANESA code for calculating
aerosol releases, [Pow86] has been integrated into CONTAIN to deal with CCIs. The CORCON-
Mod3 module provides three types of input to CONTAIN: gas generation rates, convective or boiling
heat transfer from the hot core debris upper surface, and aerosol generation rates. Both the coolant
pool and atmosphere can interact with this upper surface.

Aerosols generated in the cavity are scrubbed if they pass through a coolant pool on their way to the
atmosphere, as discussed in Section 7.7. The pool in this case will also scrub any fission products
in aerosol form. Gases introduced into the coolant pool will essentially be equilibrated at the pool
temperature before being passed to the atmosphere. The scrubbing model is discussed in Section
7.7 and also in Reference Pow86, and the gas equilibration modeling is discussed in Section 11.2.1.
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Lower cell modeling, including that in CORCON-Mod3, is discussed in Chapter 5. The input for
the lower cell is discussed in Section 14.3.2. Examples of lower cell input are provided in the
sample problems of Chapter 15. An example of CORCON input is provided by the Surry sample
problem discussed in Section 15.2.

2.6 Direct Containment Heating

In severe accident scenarios in which core melting occurs, the traditional assumption has been that
molten debris will slump to the bottom of the vessel. This molten debris is typically assumed to
eventually fail the lower head of the vessel. One postulated scenario is that the vessel is breached
while the system is still pressurized; a plausible prediction is that a control rod penetration weld will
fail and then be ejected. Such a situation could lead to the ejection of molten debris as a finely
dispersed collection of particles into the containment. This high-pressure melt ejection and the
subsequent phenomenological processes that contribute to containment loading and other threats to
containment integrity are collectively referred to as direct containment heating (DCH). This term
is derived from the high efficiency at which dispersed core debris can directly exchange energy with
the containment atmosphere.

The DCH modeling capability draws from standard containment models and from a suite of DCH-
specific models. A high degree of integration exists between the DCH models and the standard
models. This integration is an essential component of the DCH modeling because of the energetic
nature of a DCH event. The models work together to capture the complex interactions that occur
among the various physical and chemical processes. This integrated approach to DCH modeling is
consistent with the spirit of other models in the code.

A few of the more important containment processes associated with DCH phenomenology are
intercell flow, two-phase atmosphere and coolant pool thermodynamics, heat transfer to structures,
radiative heat transfer, hydrogen transport and combustion, ice condenser behavior, core debris
entrainment and transport, core-debris chemical reactions, and debris-gas energy exchange.

DCH-specific models are available with respect to the following: the transport and trapping of
multiple dispersed core-debris fields, debris droplet chemistry, convection and radiation heat transfer
from the debris, debris-structure interactions, and cavity dispersal processes. A treatment of vessel
hole ablation, vessel blowdown, and debris entrainment is included in the cavity dispersal modeling.

A description of the DCH-specific models used to describe the DCH phenomena is presented in
Chapter 6. These models include the treatment of the debris fields, intercell transport, chemical
interactions, heat transfer, and debris trapping. The cavity dispersal models are also described in
detail. Some advice on the use and limitations of the DCH models is presented in Section 13.3.2.
A complete description of the DCH input is given in Sections 14.2.7 and 14.3.1.11 for the global and
cell-level input, respectively. An example of DCH input and results from a DCH calculation are
provided in the Sequoyah sample plant calculation presented in Section 15.3.
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2.7 Aerosol Behavior

Events occurring early in an LWR accident may create fission product and core-material aerosols
in the reactor primary system, which then escape to the containment. Other events occurring late in
the accident may also generate aerosols through CCls. Significant amounts of aerosols may also be
produced as a result of heterogeneous condensation of water vapor in the atmosphere. The principal
aerosol quantities of interest are the suspended mass, particle size distribution, chemical
composition, and radiological composition of aerosol particles within containment.

The ability to model the aerosol particle size distribution and aerosol composition as a function of
size is important in assessing the radiological consequences of the suspended aerosols. The aerosol
models used in CONTAIN to determine these distributions are based on the MAEROS code, [Gel82]
although several enhancements have been added in CONTAIN. The MAEROS approach allows the
use of a number of size classes, typically 10 to 20, to represent the particle size distribution and
allows as many as eight material components to describe the chemical composition. The airborne
aerosol components may each be the host for an arbitrary number of fission products, which are
transported with the aerosol component in intercell flow and deposition processes. A more complete
discussion of the host concept is given in Sections 8.4 and 14.3.1.10.

It should be noted that aerosol condensation modeling is one of the options available to the user for
treating suspended liquid water in the atmosphere. (The other available options are discussed in the
introduction to Chapter 4,) Aerosol condensation modeling allows the condensation of water vapor
in the atmosphere to be treated as occurring heterogeneously on aerosols, in which case the
suspended water is carried in the aerosol inventory. Because of the large masses that may be
involved, such aerosol condensation may be quite important in determining the radiological
consequences of the suspended aerosols. An important feature of CONTAIN is that the aerosol
condensation process is tightly coupled with the atmosphere thermal-hydraulics modeling and treated
in a self-consistent manner. This consistency is particularly important when hygroscopic aerosol
materials are present.

The user may invoke aerosol condensation modeling by specifying H20L as the last aerosol
component in the global AEROSOL input block discussed in Section 14,2.5. Two condensation
models are available, the fixed-grid and moving grid models, as discussed in Section 7.2.2. The
fixed-grid model is the default. The moving grid model must be invoked to treat solubility and
Kelvin effects in the condensation modeling. The trade-offs between the two models are also
discussed in Section 7.2.2.

Besides aerosol condensation, the aerosol model considers agglomeration and deposition processes.
Three agglomeration processes are treated: Brownian, gravitational, and turbulent. Also, four
deposition processes are treated with respect to unsubmerged heat transfer structure and pool
surfaces: gravitational settling, diffusiophoresis, thermophoresis, and particle diffusion. Aerosol
deposition specific to engineered systems operation is treated for the three engineered safety features
modeled in CONTAIN: containment sprays, ice condensers, and fan coolers. Besides the above
deposition mechanisms, impaction and interception mechanisms are included for sprays and ice
condensers. In addition to the above processes, aerosol scrubbing is treated when gas-aerosol

Rav N 7 1A A/I_NQ7T7



mixtures are vented into a pool from a submerged gas flow path or as the result of a submerged
external source. Two different mechanistic models are available in CONTAIN to model the
scrubbing process. (However, these mechanistic models are not available for ordinary gas flow
paths; see the discussion in Section 7.7.) In the event that a gas flow path is not submerged, acrosols
are allowed to flow between the atmospheres of the two cells connected by the flow path. In such
flow, the settling of aerosols relative to the gas component of the flow is considered. All of the
above processes are discussed in detail in Chapter 7.

The modeling of aerosol generation from CClIs is treated through the VANESA module of the
CORCON-Mod3 code, [Bra93] which has been integrated into CONTAIN. The details of this
implementation are discussed in Chapter 5.

The input required to specify global aerosol model parameters is discussed in Section 14.2.5. The
geometrical specification of the deposition surfaces is generally given along with the respective
thermal-hydraulic model input; e.g, the scrubbing model parameters for the dedicated suppression
pool vent is given in Section 14.2.4.3. The input for aerosol initial conditions and external sources
is discussed in Sections 14.3.1.8 and 14.3.4. The VANESA input is described in Section 14.3.2.3.2,
and an example of CORCON/VANESA input is provided in the Surry sample problem presented
in Section 15.2.

2.8 Fission Product Behavior

The composition of the fission product inventory in the reactor core can be determined with
considerable accuracy through a knowledge of its power history and the application of any one of
several well-documented "burn-up" codes. However, during a core-melt accident, the physical
disposition of the radionuclides is highly uncertain. Because CONTAIN does not analyze in-vessel
phenomena, the user must specify the initial conditions and/or source rates for fission products
introduced to the containment. From that point on, CONTAIN models three aspects of fission
product behavior: transport (which determines the locations), decay (which determines inventories
of each isotope), and decay heating (which affects the thermal-hydraulic behavior). Note that
mechanistic models for the effects of chemical interactions involving fission products are not
available, with the exception of a model for the removal of iodine by containment sprays and the
exception of the VANESA model for the aerosol generation during CClIs, discussed in Section 2.5
and Chapter 5. However, a parametric release and acceptance model is available and may be suitable
for simulating the effects of chemistry in some cases.

In CONTAIN, fission products are assigned to certain repositories, called hosts. Examples of hosts
include the atmosphere gas, a suspended aerosol component material, the coolant pool, or the surface
of a heat transfer structure. The transport of fission products on mobile hosts, such as the gas or
aerosols, is largely based on the transport of the host. For example, transfer of half of the gas in a
cell will result in transfer of half of the fission products assigned to the gas in that cell. A model for
fission product transport with condensate film runoff from surfaces and flow of pool coolant is also
available.
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In addition to these models, fission products can also be transferred from one host to another at user-
specified rates, which can depend upon host temperatures. This flexible system, called the targeted
release-and-acceptance model for fission product transport, is necessary because of the high degree
of uncertainty involving the physical and chemical forms of fission products and their affinities for
the various materials. The experimental and modeling data base for the radionuclide chemical
effects has in general been insufficient to provide reliable mechanistic models. The targeted release-
and-acceptance formalism is provided to allow sensitivity studies to be carried out in this area.

In CONTAIN, fission products may be represented either as (1) individual parent-daughter
radionuclides with a given specific power related to the decay constant, or (2) a user-specified class
of fission products with a given time-dependent specific decay power. Radionuclide parent-daughter
relationships are defined by transforming the radionuclide decay processes into a series of linear
chains. In the individual radionuclide representation, the decay of fission products and the heating
of the host materials are modeled according to the half-lives and specific power of each linear chain
element. This fission product decay information may either be downloaded from an internal fission
product library or be specified by the user, or both. The decay power for each host is computed from
its radionuclide inventory using the linear chain data and from the fission product classes present,
using the time-dependent decay power. The decay processes are assumed to cause localized heating
in each host. For example, the decay power of fission products deposited on the surface of heat
transfer structures is assigned entirely to the surface node of the structure,

Despite the flexibility in being able to specify individual radionuclides or fission product classes, it
is usually difficult to specify in detail all of the radionuclides or classes that would contribute to
decay heating, as this would require a large amount of input. Normally, only a selected subset of
radionuclides is of interest for health physics or transport reasons, and it is these radionuclides that
are typically specified explicitly. The remaining decay power in core debris can be handled in a
more generic way, provided the decay power can be associated with a stationary distribution assigned
to the lower cell. In this approach a standard ANSI decay power curve is used to calculate total
decay power as a function of time since shutdown. The power associated with the explicitly
specified radionuclides and fission product classes is subtracted from this total power, and the
remaining power is then deposited in various lower cell layers, according to a fixed distribution
specified by the user. The use of this approach is discussed in conjunction with the lower cell in
Sections 5.6.1 and 14.3.2.2. In addition to this makeup decay power model, the decay heating
models internal to CORCON-Mod3 may also be invoked in conjunction with the modeling of CCISs,
as discussed in Sections 5.3.2 and 14.3.2.4.2.

The subjects discussed above but not already given cross-references are discussed in Chapter 8. The
specification of global fission product characteristics, including the linear decay chain information,
is discussed in Sections 14.2.1 and 14.2.6. The specification of fission product initial conditions and
external sources is discussed in Sections 14.3.1.9, 14.3.1.10, and 14.3.4, The specification of
parameters for the targeted release and acceptance model is also discussed in Section 14.3.1.10.
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2.9 Combustion

Various types of combustion phenomena are modeled in CONTAIN, including deflagration of
premixed combustible gas, diffusion flame burning (DFB) of combustible-gas jets entering a
compartment containing oxygen, and bulk spontaneous recombination (BSR). The deflagration
model is based on that in the HECTR 1.8 code (Din86 and Won88), although two additional
modifications have been made. The first modification is the use of a diluent criterion that takes into
account the inerting effect of excess nitrogen (i.e., beyond the ratio found in air), which becomes
important if burns have previously occurred (see Equation (9-2)). The effect of nitrogen diluent is
not modeled in the HECTR code. In addition, the burn completeness correlations in the HECTR 1.8
code have been revised in CONTAIN 2.0 to remove unreasonable behavior associated with those
correlations.

Deflagrations can occur when the combustible gas and oxygen concentrations exceed the ignition
thresholds and the atmosphere is not inerted by an excess of diluent such as steam. If default values
are used, initiation of a deflagration requires an oxygen concentration in excess of 5% and a
combustible gas concentration in excess of 7%. A deflagration can also propagate to other cells, if
certain criteria are satisfied. Upward, downward, and lateral flame propagation are possible.

The purpose of the DFB model is to allow the user to explore the effects of burning hydrogen in a
jet rather than in a deflagration involving premixed gases. The burning of premixed gases could be
physically reasonable when igniters are first turned on, or when the igniters are on and the
atmosphere subsequently deinerts. However, in cases in which hydrogen is being introduced to
containment with igniters on and the atmosphere is not inerted, quasi-continuous burning such as
calculated in the DFB model may be physically more reasonable.

The DFB model is a relatively simple one that is not intended to be fully mechanistic. The
parametric nature of the model stems principally from the fact that the dynamics of the diffusion
flame are not modeled. While the user may specify the inerting concentrations above which the
diffusion flame is no longer self-sustaining, there is no modeling of the dynamics of the flame front,
which determine whether the diffusion flame is stable. The diffusion flame model, given noninerted
conditions and an ignition source or the presence of conditions for autoignition, simply burns the
combustible gas flowing into a cell through a flowpath or from an external source, utilizing the
oxygen in the cell. The burning of combustible gas entrained into the jet from the downstream cell
is also modeled. The DFB (and the BSR model, below) are interfaced implicitly with the intercell
flow and atmosphere thermodynamic models to prevent numerical stability problems.

The BSR model is also a simple parametric model. The model uses a recombination threshold
temperature and a recombination time constant that are specified by the user. The principal
motivation for this model is the need to have a physically reasonable model of spontaneous
recombination for DCH parametric studies, as in Reference Gid91.

The modeling of gas combustion is discussed in detail in Chapter 9. The input for the model is

discussed in Section 14.3.1.7. Ignition and propagation concentration thresholds are summarized
in Table 9-1, and other ignition criteria are summarized in Table 14-1.
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2.10 Heat and Mass Transfer

Through heat and mass transfer processes, containment heat sinks can in some cases absorb a
considerable fraction of the thermal energy introduced into the containment during a reactor accident
and thus provide a mitigating effect with respect to containment loads. In CONTAIN, these sinks
are of two main types: heat transfer structures, which are nominally associated with the upper cell
but can be submerged, and lower cell layers, which can be specified as needed for each cell. Because
of their importance, a variety of heat and mass transfer processes are modeled at a number of
interfaces involving such sinks. These processes include natural and forced convection heat transfer,
condensation mass and heat transfer, condensate film mass transfer, radiative heat transfer, boiling
heat transfer, and heat conduction. Not all of these processes are treated at all of the interfaces. The
interested reader may wish to consult Table 10-1, which indicates the types of interfaces in
CONTAIN and the types of processes considered at each. Other aspects of the table are discussed
in the introduction to Chapter 10 and in Section 10.6.

Gas-to-surface heat and mass transfer is treated in mostly the same manner regardless of whether the
surface is that of a heat transfer structure, pool, or spray drop, or of melting ice (in an ice condenser).
Thus, the discussion of heat and mass transfer in Chapter 10 is organized according to the processes
mentioned above and is intended to be as general as possible. Exceptions to the general discussion
are noted, and cross-references to interface-specific discussions are provided. In addition, several
topics associated with heat conduction, such as heat sink boundary conditions, heat sink
characteristics, and concrete outgassing, are also discussed in Chapter 10.

The discussion of convective heat transfer in Section 10.1 starts out with the treatment of boundary
layer properties and the characterization of heat sinks relevant to convective heat transfer, and
continues with the formulations available for the Nusselt number. It should be noted that the heat
transfer modifications implemented into CONTAIN 1.2 considerably improved the treatment of the
boundary layer properties that are used in the heat and mass transfer modeling. In particular, gas
boundary layer composition effects, which were previously ignored, are now treated in a
computationally efficient manner. In addition, a number of user options were installed for specifying
alternative forms for the natural and forced convection correlations used in conjunction with heat
transfer structures. The pool tracking modifications implemented in CONTAIN 1.2 also enabled
heat transfer structures to be submerged in the coolant pool in a cell. Thus, the treatment of
submerged heat transfer structures and of characteristic lengths for heat sinks is also discussed.

As discussed in Section 10.2, two main interfacial mass transfer processes are modeled in
CONTAIN: condensation mass transfer between a gas and surface and condensate film mass
transfer between two structures or between a structure and a pool, as a result of film runoff. The
condensation mass transfer formulation is based on the well-known heat and mass transfer analogy,
[Bir60] which relies on the Nusselt number formulation to define the Sherwood number for mass
transfer. Thus, much of the previous discussion of convective heat transfer is applicable for mass
transfer. The diffusivity of steam, the boundary layer property appropriate to mass transfer that is
not discussed in conjunction with convective heat transfer, and the Sherwood number are discussed
in detail.
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Condensate films on a structure can be created in a number of different ways: from condensation
mass transfer, deposition of water aerosols, inflow of condensate runoff from other structures, or a
film source table. Two models are available in CONTAIN to describe condensate film flow from
a structure. The first uses a fixed film thickness parameter and allows the condensate film to flow
only from a structure to a pool. The second, the film tracking model, uses film flow correlations to
determine the film depth. In this model condensate films are allowed to flow from one structure to
another, in a way that allows the user to simulate film flow over a general two-dimensional surface
comprised of a number of structure surfaces, and from a structure to a pool.

As discussed in Section 10.3, two types of radiative heat transfer models are available: a net
enclosure model and a direct radiation model. Either model can be used with modeling of the optical
properties of the atmosphere that in its most general form takes into account the effects of steam,
carbon monoxide, carbon dioxide, aerosols, and dispersed core debris. The direct model takes into
account direct exchange between the atmosphere and the surface of a heat transfer structure and
between a lower cell and a structure surface. Structure-structure direct exchange and secondary
reflections are neglected in the direct model.

Boiling heat transfer correlations are available, through a model that has been adapted from the
CORCON-Mod3 code. This correlation is available at the moment only with respect to CORCON
or lower cell layers in contact with the pool. The user is cautioned that the modeling details depend
on whether or not CORCON is active. If it is not, all of the effects on boiling heat transfer taken into
account in CORCON-Mod3, such as pool subcooling and gas barbotage, are not considered. Full
details are given in Section 10.4.

Section 10.5 discusses the heat sinks in CONTAIN, the method of solution of the heat conduction
equation, and the model for concrete outgassing. With regard to heat transfer structures, an arbitrary
number of structures within each cell can be treated. The allowed shapes are slabs, hemispheres, and
partial cylinders, and each may have either a floor, wall, or roof orientation. Each structure is treated
one-dimensionally and can be composed of an arbitrary number of nodes, with a different material,
if necessary, for each node. The "inner" surface of the structure, as defined in Section 10.5.1 or
14.3.1.3, is considered to be exposed, or in contact with the bulk fluids, in a cell. The "outer" surface
may also be exposed in the same cell or assigned an external boundary condition. It may also be
connected to another structure in a different cell through a conduction boundary condition. Note
that, as discussed in Section 10.5.1, the complete suite of modeling options for an atmosphere-
structure interface is available only for an inner surface. Fewer options are available for outer
surfaces in the same cell.

The method of solving for the effects of heat conduction in heat sinks is discussed in Section 10.5.3.
This method uses conventional finite difference techniques and allows the user to specify the degree
of implicitness in the solution.

As discussed in Section 10.5.4, a concrete outgassing model is available for describing the release

of bound and evaporable water and carbon dioxide from concrete structures. This model assumes
that the outgassing is controlled by thermal conduction and thus does not explicitly model the
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diffusion of water and the released gases within the concrete. Nevertheless, it is a simple and
efficient model that has been verified for certain concrete types.

The heat and mass transfer processes described above are for the most part controlled by the interface
temperature, which must be determined self-consistently from the heat and mass transfer rate for
each process. A discussion of the interface energy balance equation, which is solved to obtain the
interface temperature, is given in Section 10.6. Finally, Section 10.7 discusses control options
available to the user for activating or deactivating heat and mass transfer processes at specific
interfaces.

2.11 Boiling Water Reactor and Related Models

CONTAIN treats a number of processes in which the partitioning of enthalpy and mass flows
between pool and atmosphere is important. These are commonly associated with the design of
boiling water reactors (BWRs) but not restricted to them. They include suppression pool vent
clearing, gas-pool equilibration and scrubbing for gas mixtures injected under the surface of a pool,
and coolant phase separation modeling for low-quality two-phase flow that is injected into the
atmosphere. This modeling is discussed in the context of (1) BWR suppression pool vent models
and (2) safety relief valve (SRV) discharge models.

Within the generalized treatment of pool flooding implemented in the pool tracking modifications,
modeling of the above types of processes should occur automatically on the basis of a flooded
geometry. For example, suppression pool vents are, in principle, no more than submerged flow paths
and thus the vent clearing process should be modeled automatically in such a geometry. Within the
limitations of the pool tracking modifications, this is the case. Thus, two ways of modeling
suppression pool vent systems are discussed in Chapter 11 for a Mark Il BWR: through a collection
of ordinary gas and pool flow paths and through the dedicated suppression pool vent model
originally developed to treat the BWR vent system. An approach using ordinary flow paths could
presumably be developed for Mark I's and II’s, but this configuration would involve water-solid
cells, an aspect of the pool tracking modifications that has not been fully tested. Thus, only the
dedicated model is currently recommended for the last two designs.

It should be noted that the ordinary flow path model and the dedicated model have their own
advantages and disadvantages with respect to modeling gas-pool equilibration and aerosol scrubbing.
The user may specify the gas-pool equilibration length for a gas flow path, but, for simplicity, all
aerosols are assumed to be removed by scrubbing for a submerged gas flow path. In contrast, gas-
pool equilibration is always assumed to be complete for the dedicated model in forward submerged
flow but is ignored in reverse submerged flow. However, two different mechanistic aerosol
scrubbing models are available in conjunction with the dedicated model.

Although intended originally to describe the SRV discharge of gases, aerosols, and fission products
through lines leading to the bottom of the suppression pool in a BWR, the SRV discharge model may
also be used in other situations in which the discharged materials are equilibrated and scrubbed by
a pool before being introduced into the atmosphere. A submerged discharge is treated in a manner
similar to that from the dedicated suppression pool vent model in forward submerged flow.
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The SRV model can treat unsubmerged discharges as well as submerged discharges. In
unsubmerged discharges, the partitioning between pool and atmosphere is handled through a coolant
phase separation calculation. In this calculation the source materials are assumed to expand
isenthalpically down to the cell pressure before mixing with the cell. Any liquid coolant present at
the end of expansion is diverted to the pool, and all other materials are directed to the atmosphere.
In contrast, partitioning is not considered for atmosphere sources. All materials are simply directed
to the atmosphere.

The modeling of suppression pool vents is discussed in more detail in Section 11.1, and the SRV
modeling is discussed in more detail in Section 11.2. The input for the ordinary flow paths is
discussed in Section 14.2.4 and that for the dedicated suppression pool vent model is discussed in
Section 14.2.4.3. The SRV input is discussed in Section 14.3.4.

2.12 Engineered Safety Features

Three major engineered safety features (ESFs) are modeled: fan coolers, ice condensers, and
containment sprays. Associated with these models is a liquid transport system that provides sources
and sinks for the ESFs and also allows coolant transfer between lower cell pools to be modeled. The
components available for such systems include tanks, pumps, orifices, pipes, valves, and heat
exchangers, as well as user-specified external sources of coolant. In addition, the overflow of
coolant from one pool to another can be modeled. The status of models for the removal of
suspended aerosols and fission products, as a result of ESF operation, is indicated below,

Fan Cooler. Fan coolers provide nonemergency cooling and augment the heat removal capabilities
of the sprays. These coolers use large-capacity fans in conjunction with banks of finned,
service-water-cooled coils to cool the containment atmosphere. Two types of fan cooler models are
available. The first model is similar to that developed for the MARCH code. [Wo0083] It is simple
and fast, and it adequately reproduces the cooling capacity of actual plant equipment under saturated
conditions. It can be used whenever the effects of superheated conditions are expected to be
relatively minor.

A second, more mechanistic, fan cooler model is based on forced convective heat transfer
correlations similar to those used throughout the code. This model calculates mass and heat transfer
coefficients based on the atmosphere and coil conditions and can treat superheated conditions.
However, it requires a more detailed knowledge of fan cooler characteristics than the simple model
described above. These two fan cooler models are discussed in more detail in Section 12.1, and the
input for the models is discussed in Section 14.3.3.2.

Because of the relatively cool surfaces and high condensation rates provided by fan coolers,
substantial deposition of aerosols can occur. The aerosol removal resulting from diffusiophoresis

is calculated if the mechanistic fan cooler model is used. This modeling is discussed in Section 7.4.

Ice Condenser. Ice condensers are used in some PWR containment systems to limit containment
overpressure in the event of a loss-of-coolant accident by directing the steam released from the
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primary system through a large ice chest. In addition to reducing peak pressures and temperatures,
ice condenser systems can be effective in removing aerosols.

The ice condenser model uses the intercell flow model to determine the flows into the ice
compartment. Heat and mass transfer to the ice is treated by a natural/forced convection model
similar to that for heat transfer structures. This heat and mass transfer modeling is discussed in more
detail in Section 12.2, and the ice condenser model input is discussed in Section 14.3.3.3. Aerosol
removal by the ice and supporting structures is also modeled and is discussed in Section 7.5.

Containment Spray. The containment spray system provides a high-pressure, finely divided water
spray to the containment atmosphere. Heat transfer to the droplets and subsequent condensation of
atmospheric steam can produce rapid reductions in temperature, pressure, and aerosol and fission
product concentrations. The spray droplets, as well as much of the condensate, collect in a sump at
the bottom of the containment. Generally, the initial spray water is taken from a water storage tank.
When this source is exhausted, water is pumped from the sump, through a heat exchanger, and to
the spray nozzles. The heat and mass transfer between the droplets and the atmosphere is calculated
in a manner similar to that for heat transfer structures, but with allowance for the geometry and
conditions appropriate for a spray drop. The heat and mass transfer modeling for sprays is discussed
in Section 12.3, and the input for the spray model is discussed in Section 14.3.3.4.

The containment spray model allows for the removal from the containment atmosphere of aerosols,
aerosolized fission products, elemental iodine, and less reactive organic iodine compounds. Aerosols
and fission products removed from the atmosphere by the sprays can be diverted to the pool of any
compartment. A first-order depletion rate model is used for the removal of elemental iodine (I,) and
methyl iodide (CH,]) by sprays. The aerosol removal modeling is discussed in Section 7.6 and the
iodine removal modeling is discussed in Section 8.6.

Liquid Transport System Components. The ESF modeling includes several components that might
typically be used in a liquid transport and supply system. These components include a liquid storage

tank, a pump, an orifice, a pipe, a valve, and a heat exchanger. These components can be combined
in various ways to model coolant storage and transfer systems and auxiliary cooling systems. They
can also be used to model the transfer of coolant from one pool to another. These components are
discussed in Section 12.5, and the input is described in Sections 14.3.3.5 through 14.3.3.11.



3.0 MATERIAL PROPERTIES

The modeling of thermodynamic and transport properties of materials is described in the following
sections. An internal material property library is provided for the heat capacity, enthalpy, thermal
conductivity, viscosity, and density. The emissivity properties of steam and CO, are also provided
but are discussed in Section 10.3.3 rather than in this chapter. In addition, the diffusivity of steam
with respect to noncondensable gases is discussed in Section 10.2.1.1.

Note that the following discussion pertains only to the CONTAIN material properties. A separate
set of material properties is maintained within the CORCON module for the purposes of calculating
the effects of core-concrete interactions. The reader is directed to Reference Bra93 for a discussion
of those properties.

Section 3.1 discusses the material property library and the user-defined material option available
within CONTAIN. Section 3.2 discusses both the ideal-gas and non-ideal-gas equations of state for
water. Section 3.3 discusses the methods by which bulk thermophysical properties of mixtures are
calculated. Finally, Section 3.4 introduces the mass and energy accounting scheme available within
CONTAIN.

3.1 Material Properties

Internal to the CONTAIN code is a library of physical properties for 50 standard materials that can
be used in the modeling of containment systems. This library provides temperature-dependent
specific enthalpy, specific heat, density, viscosity, and thermal conductivity for a variety of materials
commonly found in nuclear reactor containments under severe accident conditions. Table 3-1 lists
the standard materials available in CONTAIN and the corresponding name of each material in the

library.

The material property library includes temperature-dependent functions for the following properties:

k = Thermal conductivity (solids, liquids, gases),

h = Specific enthalpy (solids, liquids, gases),

c, = Specific heat capacity at constant pressure (solids, liquids),
¢, = Specific heat capacity at constant volume (gases),

p = Density (solids, liquids, and steam), and

u = Viscosity (gases, liquids).

Note that viscosity functions are not needed for solids, and gas densities are determined from the
equation of state. A complete listing of the property functions for each of the 50 materials in the
CONTAIN 2.0 library is beyond the scope of this document. Moreover, these functions have
undergone major revisions since CONTAIN 1.10 to reflect more recent data bases and to achieve
more consistency with regard to enthalpy conventions and treatments of phase transitions. Refer to
Reference Val88 for the correlations in CONTAIN 1.10 and those developed for CONTAIN 1.2.
The user is cautioned that the changes in the enthalpy convention for materials may render obsolete
source table input based on enthalpy and developed for CONTAIN 1.10 and prior versions.
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Figure 3-1. Material Properties as Modeled in CONTAIN
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Table 3-1
Materials Available in CONTAIN

Name Used in Name Used in
Material CONTAIN Material CONTAIN
aluminum oxide" AL203 plutonium oxide vapor’ PUO2V
argon AR plutonium vapor* PUV
boron carbide’ B4C potassium oxide” K20
calcium oxide’ CAO silicon dioxide SI02
carbon dioxide CO2 silicon trioxide® SIO3
carbon monoxide CO sodium carbonate' NA2CO3
chromium sesquioxide® CR203 sodium hydroxide NAOH
concrete CONC sodium monoxide’ NA20
ferrous oxide’ FEO sodium peroxide’ NA202
graphite GRAPH sodium silicate' NA2SIO3
helium HE sodium vapor’ NAV
hydrogen H2 solid iron FE
ice * H20 solid plutonium' PU
iron vapor * FEV solid plutonium oxide' PUO2
liquid iron’ FEL solid sodium' NA
liquid plutonium’ PUL solid uranium U
liquid plutonium oxide' PUO2L solid uranium oxide U02
liquid sodium’ NAL stainless steel SS
liquid uranium’ UL stainless steel oxide’ SSOX
liquid uranium oxide' UO2L titanium dioxide" TIO2
liquid water H20L uranium oxide vapor’ U2V
magnesium oxide MGO uranium vapor’ UV
manganese oxide * MNO water vapor H20V
nitrogen N2 zirconium ZR
[Loxygen 02 zirconium oxide ZRO2 |

* Not supported after CONTAIN 1.10
' Not recommended for use because some properties still require updating

However, note that this caution does not apply to steam or water, for which the enthalpy convention
has not changed.

Not all of the properties for each material have been revised completely. These materials are marked
with a dagger (T) in Table 3-1. Also, after CONTAIN 1.10, certain materials denoted by an asterisk
(*) in Table 3-1 are no longer supported. The user is cautioned to check the property values and
functions in the code before using any of these marked materials. Table 3-2 lists the references for
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Table 3-2
References for CONTAIN Material Properties

Name Reference
c,orc, h p k u
AL203 Bar77 | {cdT Wea85 Tou79 N/A
AR Van78 | [cdT ideal gas Rei77 Chug4
B4C Bar73 | [cdT Wea85 N/A
CAO Bar73 | [cdT Wea85 Tou79 N/A
CO2 Van78 | [cdT ideal gas Rei77 Cha39, Rei77
CO Van78 | [cdT ideal gas Rei77 Chu84
CR203 Bar73 | [cdT Wea85 N/A
CONC Bak70 | [cdT Bau78 Bak70 N/A
FEO Bar73 | [cdT Wea85 N/A
GRAPH Bar73 | [cdT Wea85 Ho68 N/A
HE Van78 | [cdT ideal gas Rei77 Cha39, Rei77
H2 Van78 | [cdT ideal gas Rei77 Cha39, Rei77
H20 Raz76 | [cdT, Wea85 Raz76 Raz76 N/A
FEL Bar77 | [cdT Bra83 Tou79 Bra83
PUL Bar77 | [cdT Bra83 Bra83
PUO2L Lei7l | [cdT Hag81
UL Bar77 | [cdT Bra83 Bra83
UO2L Lei71 | [cdT Fin80 Hag81
H20L Tou79 or | See Section 3.2 Rey79 or Rei87 Mak70
Kee78 Kee78
MGO Bar73 | [cdT Wea85 Tou79 N/A
MNO Bar73 | [cdT Wea85 N/A
N2 Van78 | [cdT ideal gas Rei77 Cha39, Rei77
02 Van78 | [cdT ideal gas Rei77 Cha39, Rei77
K20 Bar73 | [cdT Wea85 N/A
SIO2 Bar73 | [cdT Wea85 Tou79 N/A
NA2CO3 Bar73 | [cdT Weag5 N/A
NAOH Bar73 {cdT Wea85 Tou79 N/A
NA20 Bar73 | [cdT Wea85 N/A
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Table 3-2
References for CONTAIN Material Properties (Concluded)

Name Reference
c,orc, h P k p
NA202 Bar73 | [cdT Weag5 N/A
NA2SIO3 Bar73 | [cdT Weag5 N/A
FE Bar77 | [cdT Wea85 Tou79 N/A
PU Bar77 | [cdT Tem63 N/A
PUO2 Hag81 | [cdT Wea85 N/A
U Bar77 | [cdT Wea85 Tou79 N/A
Uuo2 Ker72 | [cdT Weal5 Gol73, Bat70, | N/A
Wei72
SS Per73 {cdT Per73 Chu78 N/A
TIO2 Bar73 | [cdT Wea85 Tou79 N/A
H20V Van78 or | See Section 3.2 | equation of | Rei77 Cha39, Rei77
Kee78 state
ZR Bar73 | [cdT Wea85 Tou79 N/A
ZRO2 Bar73 | [cdT Fis74 Hag81 N/A

the properties of the recommended materials, as well as the available references for the other

materials.

The user should be aware of the following assumptions and conventions about the properties:

. For common gases, excluding steam, an ideal gas assumption is always made. For steam,

both ideal gas and non-ideal gas properties are available (see Section 3.2)

. The only CONTAIN materials allowed to change phase are steam (H20OV) and liquid water
(H20L).! The properties of a solid material above the melting point are in general simply
extrapolated from the solid phase; the properties of a liquid material are in general
extrapolated below the freezing point and above the boiling point. However, note that solid-
solid transitions are taken into account by distributing the latent heat of transition over a 20-
K range. Also, note that the limitations on the modeling of phase transitions do not apply
to the modeling of core-concrete interactions with the CORCON module, which uses its own
set of material properties.

'The ice within an ice condenser chest is not explicitly present in an ice condenser cell. Rather, the ice condenser
heat transfer model uses stored ice properties to compute the melting rate. Once the ice is melted, the melt is then
introduced to the cell at the appropriate rate.
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. A common reference temperature, T, = 273.15 K, is used to define the arbitrary constant in
the enthalpy. For all materials but steam, the constant is specified by defining the enthalpy

as
T ) ) (3-1)
h (T,P-0) = fT ¢,x (T',P~0)dT
ref
where ¢, is the specific heat, T is the temperature, and P is the pressure.
For steam, the analogous definition is
h,(T,P,~0) = fTT ¢,o(T"-P,~0) dT' + AH (TP, ~0) (3-2)
ref
where AH is the latent heat of vaporization and P, is the vapor pressure.
. Volumetric displacement work by and on materials that are neither gaseous nor the liquid

phase of water is ignored. Therefore, the pressure dependence of the enthalpy indicated in
Equation (3-1) is ignored for such materials and the enthalpy is taken to be a function of
temperature only, h(T,P) = h(T). Furthermore, the specific enthalpy is assumed to be
interchangeable with the specific energy for such materials.

In addition to the library of material properties, the user may define new materials and their
properties through tabular input. The same method can be used to redefine the properties of one of
the internally defined CONTAIN materials. The format of the user-defined property tables is
discussed in 14.2.1.1. These tables are temperature-based and must be given in standard SI units.
The user must ensure that the tables cover or extrapolate sensibly over the entire range of
temperatures that are anticipated for a given problem. If the calculated temperature extends beyond
the specified range, the enthalpy tables are linearly extrapolated beyond their end points. For all
other properties, the endpoint values are assumed for such temperatures. A variable, "nwdudm," is
included in the global CONTROL block (see Section 14.2) to allow the user to expand the amount
of memory reserved for the user-defined tables beyond the default amount of 1000 words.

The names of materials used in a given run must be specified in the MATERIAL input block (see
Section 14.2.1). The names of standard materials, which are given in Table 3-1, must follow the
COMPOUND keyword. (The COMPOUND keyword must immediately follow the MATERIAL
keyword.) The names of user-defined materials must follow the USERDEF keyword. These names
should be alphanumeric strings of eight or fewer characters that begin with a letter and should not
correspond to a keyword or the word GAS. They may be standard names from Table 3-1. The
declaration of names after USERDEF implies the presence of a corresponding block of input
associated with the USERDAT keyword. Note that no default properties are provided for a user-
defined material, even one with a standard name.

For direct containment heating (DCH) calculations, the standard material property library cannot be
used to specify the properties of the debris species. The names of debris materials must be included
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in the USERDEEF list and the DCH debris material properties input according to the USERDAT
input format (see Section 14.2.1.1). The one very important difference between DCH user-defined
materials and other user-defined materials is that the phase type, DEBRIS, is specified after the
material name in the USERDAT input block. (See Sections 6.6 and 14.2.1.2 for more information.)

To use the CORCON model, it is no longer necessary to specify the dummy melt material names
used to represent CORCON materials in the CONTAIN lower cell intermediate layer representing
CORCON. These are now included by default. These names are LCCHOX, LCCMET, and
LCCLOX, as described in Section 5.3.

The names of user-defined fission products must also be specified in the MATERIAL block,
following the keyword FP-NAMES, FP-NAMES, if used, must follow the COMPOUND block.
Arbitrarily chosen names can be used for fission products, unlike the material names in the
COMPOUND block, which must be chosen from Table 3-1. Nuclide names such as 133, or general
names such as DUMI, can be used.

Names of aerosol components may be either that of a nongaseous material specified immediately
after COMPOUND or a dedicated aerosol name. The latter may be specified after the keyword
AERNAMES following the COMPOUND block. Such names must be unique.

3.2 Water Thermodynamic Properties

Water is the only material that is considered to undergo phase changes, and only the liquid-gas
transition is modeled, Water phase changes are modeled in the condensation of steam onto
structures and aerosols, pool boiling, and the evaporation of water films. The heat of evaporation
is automatically taken into account in the enthalpy function of each phase of water. Both an ideal
and a non-ideal equation of state are available as discussed in Sections 3.2.1 and 3.2.2, respectively.

3.2.1 Ideal Water Equation of State

The ideal water equation of state is based on an ideal gas formulation of the vapor [Van78] and on
the saturation properties of the liquid. [Tou79] The specific heat of the solid is based on Reference
Raz76. The specific enthalpy for the vapor is assumed given by its zero-pressure limit
h, = h, (T, P, -~ 0) as shown in Equation (3-2). In CONTAIN, the liquid is taken to be
incompressible, with properties as a function of temperature defined along the saturation curve. The
enthalpy h, of the liquid in the ideal equation of state is taken to be

h(T,P) = u(T,P) + P/p(T) (3-3)
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where

u(T,P) = hy(T) = fTT cp‘e(T)dT (ideal equation of state)

ref

Also, p, (T) is the saturated liquid density, and c,, is the saturated liquid specific heat at constant
pressure. It should be noted that neither h(T,P) nor h(T) gives the standard saturated enthalpy, since
C,, 1s defined along the saturation curve and not at a fixed pressure. In addition, the explicit pressure
term in Equation (3-3) is to some extent redundant since pressure contributions are also implicitly
included in the integral term. In previous code versions, the pressure dependence was ignored, and,
in addition, the temperature integral was assumed to give the standard saturated enthalpy. The
explicit pressure term was introduced in the present code version to allow accounting for work done
on and by the liquid. Such tracking requires that a pressure dependence be explicitly present in the
enthalpy. Atlow pressures for which the ideal equation of state is valid, the inconsistencies present
in Equation (3-3) are presumably not important.

3.2.2 Non-Ideal Water Equation of State

This section discusses the non-ideal water equation of state. The use of a non-ideal equation of state
is important at the high vapor pressures that are typical of reactor primary systems but is typically
not important under reactor containment conditions. However, the non-ideal equation of state is still
useful for containment problems in which high pressure primary system volumes or pressurized
cavities are explicitly modeled through CONTAIN cells, for example, in the modeling of a vessel
steam blowdown in a DCH problem. The non-ideal equation of state is based on properties of the
vapor and saturated properties of the liquid.

The non-ideal equation of state is based primarily on the Keenan and Keyes [Kee78] analytic
formulation of the steam tables. The approach is similar to that used in MELCOR, which uses an
analytic representation of the single-phase regions of the equation of state and a uniform-grid tabular
representation of the saturation curve properties. [Sum95] The single-phase analytic thermodynamic
properties are based on Keenan and Keyes, except for those for high temperature vapor (T > 1589
K), which are based on the JANAF tables. [Cha65]

The analytic representation requires a considerable amount of algebra for a full set of properties but
the overhead has been reduced by selective calculation of properties inside iteration loops, and by
using only saturated liquid properties. For example, CONTAIN does not require the specific heat
or other second derivatives of the free energy during the flow solver pressure iteration, and thus such
quantities are not calculated during the pressure iteration. The use of the non-ideal equation of state
has been found to increase the computational overhead somewhat, but in test problems the increase
has been less than 10%. The computational overhead may be higher in applications problems with
large numbers of cells. However, since the non-ideal equation of state is optional, the user can still
use the old, less accurate but more efficient ideal equation of state, which is adequate for most
containment conditions.
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The non-ideal equation of state is selected through the HIPRWATR keyword (for high pressure
water) in the FLOWS input block. The placement of the HIPRWATR keyword in the FLOWS (i.e.,
atmosphere thermodynamics and flows) input block reflects the fact that ideal gas assumptions for
water have not been eliminated from all code models under this option. The limitations in the
implementation of the non-ideal gas modeling are discussed below.

3.2.2.1 Representation of the Water Equation of State. The non-ideal equation of state for water was

derived from the following fundamental equation from Reference Kee78, which expresses the
Helmbholtz free energy ¥ in j/gm in terms of the density p in g/cm® and temperature T in Kelvin:

vy =y (T) + RT[lnp + pQ(p,7)], (3-4)
where
6 .
y, = Y C/i! + C,InT + Cy(InT)x (3-5)
i=1
and
7 . 8 - E 10 -
Q = (t-) ; ) ,21: Agp=pyy) ¥ e 12.; AP (3-6)

In Equations 3-4, 3-5, and 3-6, t denotes 1000/T, R =4.6151 bar cm*/g-K, 1, = 1000/T,;, = 1.544912
K, E=4.8cm’g, and

T, =1, (=1 p,; =0.634 (j=1) 3-7)
=25(G>1), =10 (>1)

The coefficients for ¥, in joules per gram are given as follows:

C,=1857.065 C,=36.6649  C,=46.
C,=3229.12  C,=-205516 C,=-1011.249
C,=-419.465 C,=4.85233

The coefficients A;; are listed in Table 3-3.

This representation in principle gives the complete water equation of state for both vapor and liquid
phases. The saturation curve can be obtained by solving the analytic representation for the condition
of equal chemical potentials. To avoid having to solve repeatedly for this condition, the saturation
curve was previously derived from the analytic representation and the saturation properties stored
in tables in the MELCOR H202PH subroutine. These tables have now been imported into
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Table 3-3
The Coefficients A;; in Equation (3-6)

i 1 2 3 4 5 6 7

I

1| 29.492937 | -5.1985860 | 6.8335354 |-0.1564104 | -6.3972405 | -3.9661401 |-0.69048554
2 [-132.13917 | 7.7779182 |-26.149751 [-0.72546108 | 26.409282 | 15.453061 | 27407416
3 1274.64632  |-33.301902 | 65326396 [-9.2734289 |-47.740374 |-29.142470 |-5.1028070
4 [-360.93828 |-16.254622 |-26.181978 [4.3125840 | 56323130 | 29.568796 | 3.9636085
5 [342.18431 |-177.31074 | 0o 0 0 0 0

6 |-244.50042 |127.48742 0 0 0 0 0

7 1155.18535  |137.46153 0 0 0 0 0

8 5.9728487 |155.97836 0 0 0 0 0

9 [-410.30848 [337.31180 |-137.46618 |6.7874983 |136.87317 | 79.847970 |13.041253
10 [-416.05860 |-209.88866 |-733.96848 |10.401717 |645.81880 |399.17570 |71.531353

CONTAIN. Also imported into CONTAIN was the MELCOR treatment of the vapor at high
temperatures: at temperatures greater than 1589 K, the analytic representation of Reference Kee78
is joined onto the JANAF [Cha65] vapor phase properties using ideal gas relations.

The uniform grid used in the tabular representation of saturation properties makes looking up the
table very fast. However, the analytic representation is always used for the vapor in the CONTAIN
implicit flow solver, even for saturated conditions, since the single-phase representation must join
continuously onto the saturation curve properties. The only way to ensure this is to use the analytic
representation in conjunction with the tabular representation. In the CONTAIN implementation, the
tabular properties are used to define the saturated vapor density. This density is then used in the
analytic representation to define all other properties for the saturated vapor. In contrast, to avoid a
similar problem for the liquid, it is treated as incompressible with an effective specific energy as a
function of temperature (at zero pressure) corresponding to the saturated liquid specific energy as
a function of temperature (see the next paragraph). Consequently, the tabular liquid saturation
properties are almost always used for the liquid, except on the extension of the saturation curve
above 640 K, as discussed below.

While the vapor properties such as the density P(T,P,) and the enthalpy h(T,P,) follow in a
straightforward fashion from the equation of state, the use of saturated liquid properties requires
further clarification. The liquid specific enthalpy h,(T,P) as a function of temperature T and pressure
P is defined in terms of the actual specific energy u,(T,P) for water according to

h(T.P) = u(T.P) + P/p(T) (3-8)
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where

u,(T.P) = u,(T.P(T))

where P(T) is the saturation pressure and p(T) is the liquid saturation density. The specific heats
are given by the standard derivatives. For example, the specific heat at constant pressure is given

by

¢, = Oh(T,P)/AT |, (3-9)

and the liquid density is given by the saturated values
p(T.P) = p(T) (3-10)

Note that c,, is not the standard saturated liquid specific heat for the present non-ideal equation of
state, whereas it is the enthalpy that is non-standard with the ideal equation of state.

It should be noted that in the CONTAIN implementation at high temperatures and pressures (above
640 K or 2 x 107 Pa on the saturation curve), the saturation curve has been modified and extended
to infinity. The purpose of this extension is to provide a continuous extrapolation for the flow solver
when its iterations sample conditions well outside the range of physical interest. The procedure for
the extension is as follows.

3.2.2.2 Extrapolation of the Water Saturation Properties. The water saturation curve has been

arbitrarily modified above T, = 640 K for numerical reasons and redefined to extend to infinite
temperatures. The extrapolation is made as follows. First, it is assumed that the saturated vapor
density p, increases to 0.99 p, and the liquid density p, decreases to p, at infinite temperature, where
p. is the critical density. Furthermore, it is assumed that the density variation at infinity is
exponential in temperature

Py = (Pv,o -0.99 pc)exp (a‘)(T - To)) + 0.99p,
(3-11)
P =(Peo ~Pe)exp(a{T-Ty)) +P.

Rev. 0 3-11 6/30/97



To ensure that the extrapolation has continuous derivatives, we use the relation

dp | _ dP/T GPAT],

= (3-12)
dT | dP/dp|, oP/dp|,
It follows that
[ ap sat, oP,/OT|,
oP/op,|;  AP/op, |
a, = To To (3-13)
[Pv,o - O.99pc]
dP,/dT, OP/IT|,
IPI3p,|;  OPIOp,|
a, =
9 [pﬂ.O - P c]

where the subscript "0" refers to saturated conditions at T,,. These are evaluated from the tabular
saturation values for the liquid and vapor calculated in subroutine "h202ph." Equations (3-11) and
(3-13) for the vapor define the extrapolated saturated vapor density. This density defines the other
extrapolated saturated thermodynamic properties of the vapor when substituted into the analytic
representation given in Equations (3-4) through (3-7) with T and p, ; as independent variables.

The extrapolated liquid enthalpy and other properties are then obtained from the Clausius-Claperon
relation

_ hv,s ()
dP/dT = W (3-14)

where v is the specific volume. To be specific, Equation (3-11) is first used with the analytic
representation to define v, = l/p,, h,, and dP /dT = dP ,(dT along the saturation curve. These
values are substituted into Equation (3-14) to define h,, which is then used to define other liquid
properties.

3.2.2.3 Modeling Limitations. As indicated previously, the non-ideal equation of state was not

implemented in full generality throughout the code. A number of assumptions and modeling
limitations should be noted with respect to the implementation:
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Definition of water vapor densities or partial pressures. In some cases, when the present

code architecture does not allow convenient definition of the density or pressure to use with
the non-ideal water equation of state, simplifying assumptions are made. Such cases can be
enumerated as follows: (a) Source tables are presently structured so that at most one
variable can be used to define the material enthalpy. If this variable is the enthalpy, it is
interpreted as such; however, if this variable is the temperature, the density or pressure to use
in the case of water is not specified. For either the liquid or vapor phase of water, the
accompanying pressure is assumed to be the pressure just downstream of the injection point
for the source, since the upstream pressure is not known. The downstream pressure is
typically a cell pressure, or a cell pressure adjusted for an overlying pool head. A diagnostic
is issued whenever such a pressure assumption is made in conjunction with the non-ideal
equation of state. (b) The calculation of the enthalpy of water vapor evolving from the core
debris during core-concrete interactions in general requires a thermodynamic state
calculation when water vapor is evolved along with other gases. For simplicity, however,
it is assumed that the partial pressures of the released gases are given by their molar ratios.
(c) A similar situation arises with the gases evolved from concrete outgassing. In this case,
however, it is assumed that the water vapor partial pressure is the cell pressure of the cell to
which the outgas is directed, multiplied by the water vapor molar ratio in the outgas. This
approach assumes that the outgassing surface can communicate freely with the downstream
cell. (d) The definition of the enthalpy of water vapor involved with DCH chemical reactions
requires specification of either a density or partial pressure. The low density (ideal gas)
limiting value of the enthalpy is used in this case. None of these approximations are
expected to have significant consequences for processes occurring under containment
conditions. However, one should be careful to specify the correct enthalpy, as usual, in
modeling a blowdown from the primary system through CONTAIN source tables.

Use of ideal gas relations between pressures and densities. The ideal gas relation between

gas molar fractions and partial pressures is used in the derivation of the expressions for steam
condensation rates, such as those for steam condensation on heat transfer structures,
engineered system surfaces, and on aerosols. In addition, the ideal gas temperature
dependence of the gas density at constant pressure is assumed in the definition of boundary
layer gas densities. Finally, the ideal gas adiabatic relation between pressure and density is
used in the derivation of choked flow rates. These aspects of gas transport modeling have
not been upgraded in the non-ideal equation of state implementation. However, the bulk gas
(and wall saturation) pressures used in the final transport rates have been upgraded to reflect
the non-ideal equation of state, if invoked. The specific heat ratio used in the choked flow
rate has also been upgraded.

Restrictions with respect to the explicit flow solver. The new equation of state has been

implemented for use only with the implicit flow solver. This restriction was imposed on the
assumption that the tabular saturation curve properties will cause timestep problems with the
Runge-Kutta integrator used with the explicit solver, which expects a highly continuous
function.

3-13 6/30/97



4, Assumption of saturated intermediate states. Certain routines, specifically the aerosol

condensation routines and the engineered systems fan cooler model, require the calculation
of intermediate thermodynamic states. Such states are needed, for example, to calculate the
condensation rate for the fan cooler with respect to the second and subsequent coil banks.
For such calculations, it is assumed that such states are saturated or close to saturated.
Therefore, calls to the saturated enthalpy and specific heat functions are used, and the
complications of the pressure dependence of the vapor enthalpy avoided.

3.3 Bulk Gas Thermophysical Properties

This section describes the equations used in CONTAIN to obtain bulk material properties when two
or more material components are present. In general a weighted averaging method is used to obtain
mixture properties as described below for each property.

Bulk Gas Thermal Conductivity (k..). This property uses a weighting factor based on the mole
fraction:

N
ko = Y Xk (3-15)
i=1

where X is the mole fraction and k; is the thermal conductivity of component i. It should be noted
that Equation (3-15) is an approximation for the standard method of determining mixture
conductivities given in Reference Mas58 which uses a weighting factor that is also dependent on
component molecular weight and viscosity. However, for steam-air mixtures, Equation (3-15) can
be shown to be a good approximation for the mixture thermal conductivity.

Bul Viscosi mix)- 1hiS property uses a weighting factor that is based on the product of the
mole fraction and the square root of the molecular weight, that is,

X (Mi)uz
X, (Mi)uz
where ; is the viscosity and M, is the molecular weight of component i. [Per73]

Bulk Gas Specific Heat at Constant Volume (c, ;) This property uses a weighting factor based on

the mass fraction of each component, that is,

(3-16)

l""mix

=[50z

—

-

N
Cv.mix = E (Di Cv.i (3-17)

i=1
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where @, is the mass fraction of gases, and c,; is the specific heat at constant volume of gas
component i.

Bulk Density (p_.,,) The bulk superficial gas density is defined as

m

Poix = (3-18)

where m,, is the total mass of all gaseous components, and V is the free volume of the cell not taken
up by the coolant pool (if any). Note that this bulk density is not actually used in the calculation of
intercell flow. The implicit flow model uses the masses of the individual species in the upstream
cell as explained in Section 4.5. The bulk density in the above equation is calculated for output
purposes and for use in heat and mass transfer correlations.

Bulk Ratio of Specific Heats
R N
Yo = 1 + ——— (3-19)
rntotcv,rnix
where R is the universal gas constant and N, is the total number of moles of all gaseous
components.

3.4 Masgs and Energy Accounting

This section discusses the CONTAIN mass and energy accounting scheme. This scheme gives an
independent audit of the masses and energies in CONTAIN repositories. The audit energies are
defined as a sum of the internal and potential energies, since it is the total energy that is conserved.
The audit energies furthermore are obtained by using best estimate expressions, consistent with the
CONTAIN thermodynamic properties functions and knowledge of thermodynamic states, for energy
transfers associated with a given mass transfer rate. Such audit energies are tracked through
bookkeeping arrays that are independent of the other CONTAIN interface arrays, since the energies
in the latter reflect a number of approximations used in evaluating the effects of mass transfer that
are not appropriate for the audit energies.

The mass and energy accounting is set up to track total energies as well as the mass of any
CONTAIN thermodynamic material. In the present discussion, a thermodynamic material is defined
as one either given in the CONTAIN master material list or defined explicitly by the user through
user-defined material (USERDEF) input. The accounting scheme will always track energies and the
combined liquid and vapor phase masses of the coolant, even if no energy accounting input is
specified. The user can specify mass balances for any other thermodynamic material through use
of the "nmtrac" control parameter and the TRACKMAT input discussed in Section 14.2.2. The user
must specify the PRENACCT keyword to obtain energy accounting output, which is present only
in the long edits. If the user initially omits the PRENACCT keyword but desires energy accounting
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output after a run is completed, this keyword may be specified on a restart. A restart at a given
restart time will automatically include energy accounting information up to that time.

Aerosol materials can be either a nongaseous thermodynamic material or a dedicated aerosol material
defined by the user in the AERNAMES and global AEROSOL input blocks. (If an aerosol material
is declared to be the H20OV material, a usage that is now considered obsolete, the material will be
treated as the liquid H20L.) Only the aerosol components that are thermodynamic materials are
included in the mass and energy accounting. Both suspended and deposited aerosol masses are
considered. It should be noted that fission products, by convention, cannot be comprised of
thermodynamic materials and are, therefore, excluded from the scheme.

The details of the accounting scheme are described in Appendix A. The strategy used in the mass
and energy accounting is discussed in Section A.2. The repositories considered and the mass and
energy contributions reported in the accounting scheme are discussed in Section A.3.

As discussed in Appendix A, the present mass and energy accounting scheme is repository-oriented.
The mass and energy output is organized so that the mass and energy balance for each repository may
be obtained by inspection, without having to refer to other repositories. An example of the mass and
energy accounting output (enabled by the PRENACCT keyword) is given in Figure 3-2. As shown
in this figure, a number of repositories and their mass and energy balances are reported. The mass
reporting in this case includes only the coolant mass, given in kilograms, since "nmtrac" and
TRACKMAT were not specified. In Figure 3-1, the present energy E, for each repository should be
compared with the second column labeled "i+e+r+i-c," which is a combination of the first letters
of the labels of the next five columns. This column contains the sum E; + E, + E, + E; - E_, which
according to Equation (A-11) should be equal to E,, plus any work done by the repository against
its geometric constraints (see Section A.3), if no energy accounting errors have occurred.

The format shown is that obtained when the implicit flow solver is used. If the explicit flow solver
is used, the atmosphere mass and energy balances for each cell are replaced by a single mass and
energy balance representing the sum over all cell atmospheres. The reason for reporting this sum
is that the explicit solver has not been upgraded to track the change in audit energies resulting from
intercell flow.

Note that because all internal interfaces are conservative with respect to audit energies, the sum of
the influx energies E; over all repositories should be zero. The user can check this if desired.

It should be noted that a sizeable relative error in the energy balance, based on repository contents,
does not necessarily imply that the error is significant in terms of the calculated thermodynamic state.
For example, a repository may have a great deal of mass and energy cycled through it but contain
only a small fraction of the total cycled mass and energy at any given time. A relatively small error
in the calculation of the thermodynamic state may build up over time to a relatively large error, based
on the repository contents. The error may actually be tolerable if the measure of significance is the
error relative to the total mass and energy cycled through the repository.
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Figure 3-2. Example of Mass and Energy Accounting Output
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number =

present
2.60636E+ 11
1.19098E +05

atmos

number =

present
9.43296E + 10
4.33135E+02

lowcel
present

4.14665E+ 10

1.42858E+05

number =

present
9.89510E-14
0.00000E + 00

number =

present
4.88754E+11
2.19898E +05

number =

present
9.65239E +10
1.20632E+03

number =

present
2.20642E +05
1.92021E+00

lowcel

number =

present
2.21464E-08
0.00000E + 00

1

1

number = 1

1

1

1

1

1

cell = 1
1+e+r+ic
2.60635E+ 11
1.19098E +05

cell = 1
1+3+r+1c
9.43306E+10
4.33135E+02

cell =1
1+e+r+bkc
4.14701E+10
1.42858E+05

cell =1
1+e+r+ic
9.89510E-14
0.00000E +00

cell = 2
1+e+r+lc
4.88754E+11
2.19898E +05

cell = 2
1+e+r+ic
9.653256+10
1.20632E+03

cell = 2
1+e+r+kc
2.20642E+05
1.92021E+00

cell = 2
1+e+r+l-c
2.21464E-08
0.00000E + 00

100.000 s

initial
-4,50482E +09
2.55385E+04

mitial
9.29716E+10
0.00000E +00

initial
1.95154E+11
2.00000E+05

mitial
0.00000E + 00
0.00000E + 00

initial
6.04602E+11
2.57916E+05

initial
9.29716E+10
0.00000E +00

initial
0.00000E + 00
0.00000E + 00

mitial
0.00000E + 00
0.00000E + 00

external
0.00000E +00
0.00000E + 00

external
0.00000E + 00
0.00000E +00

external
6.08453E+08
1.00000E +02

external
0.00000E+00
0.00000E +00

external
0.00000E +00
0.00000E +00

external
0.00000E + 00
0.00000E +00

external
+5.47505E +06
0.00000E +00

external
0.00000E +00
0.00000E +00

reaction
0.00000E +00
0.00000E +00

reaction
0.00000E +00
0.00000E +00

reaction
0.00000E + 00
0.00000E +00

reaction
0.00000E +00
0.00000E + 00

reaction
0.00000E + 00
0.00000E + 00

reaction
0.00000E + 00
0.00000E + 00

reaction
0.00000E +00
0.00000E +00

reaction
0.00000E +00
0.00000E +00

influx
2.65140E+11
9.35592E+04

influx
1.35901E+09
4.33135E+02

influx
-1.54218E+11
-5.71824E +04

influx
9.89510E-14
0.00000E +00

influx
+1.15848E+ 11
-3.80182E+04

influx
3.56090E+09
1.20632E+03

influx
5.69568E +06
1.92021E+00

influx
2.21464E-08
0.00000E +00

committed
0.00000E +00
0.00000E +00

committed
0.00000E +00
0.00000E +00

committed
7.51767E+07
5.93604E+01

committed
0.00000E +00
0.00000E +00

committed
0.00000E +00
0.00000E + 00

committed
0.00000E +00
0.00000E +00

committed
-1.48842E+01
0.00000E +00

committed
0.00000E + 00
0.00000E +00
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4.0 ATMOSPHERE/POOL THERMODYNAMIC AND INTERCELL FLOW MODELS

The atmosphere/pool thermodynamics and intercell flow models deal with the thermodynamic state
of the bulk fluids in a cell and with the intercell flow of the atmosphere and pool fields. As
discussed in Section 2.1, the bulk fluids are of two types: the atmosphere bulk fluid, consisting of
the noncondensable gases, coolant vapor, and any homogeneously dispersed liquid coolant in the cell
atmosphere, and the pool bulk fluid, consisting of the coolant in the pool. The effects of the coupling
of the aerosol and fission product fields to the bulk fluids are discussed elsewhere. For aerosols and
fission products attached to aerosols, such effects are discussed in Section 7.8. For fission products
attached to the atmosphere gas and in the pool, such effects are discussed in Section 8.8. It should
be noted that the often substantial effects of dispersed core debris are also not discussed in the
present section. The required modifications and additions to the equations in this section to include
the latter fields are presented in Chapter 6 on the direct containment heating (DCH) models.

It should be noted that sweeping changes were made in CONTAIN 1.2 with regard to treating the
pool bulk fluid on the same footing as the atmosphere bulk fluid. In CONTAIN 1.2 and later
versions, both the atmosphere fluid and the pool fluid, if present, are treated as bulk fluids on the
same footing. Within this dual fluid treatment, the atmosphere and pool are assumed to be able to
occupy the same physical volume within a cell, with the pool completely displacing the atmosphere
below the pool surface elevation in the case of a partially filled cell. Note that pool level swell from
trapped gas in the pool is not modeled. In conjunction with this new volume-filling assumption, the
effects of submergence on flow paths and heat transfer structures are now treated. In addition, the
pool thermodynamic state is now calculated by the implicit flow solver, and a new type of implicit
pool flow path, with features comparable to those of gas paths, is available. In order to define the
CONTAIN cell geometry more precisely than in prior code versions, the cell geometry has been
generalized, as discussed in Section 4.1.

In contrast, in code versions prior to CONTAIN 1.2, a single bulk fluid, the atmosphere fluid, is
treated implicitly with respect to intercell flow. In addition the pool is considered to occupy a
volume that only partially overlaps that of the atmosphere, and while volumetric displacement effects
are taken into account, the effects of submergence are not generally considered.

Flow paths modeled within the recommended implicit flow solver may now transport either the
atmosphere fields or the pool fields. These fields may flow only in a path of the appropriate type.
For generalized flow paths specified through the engineered vent input, the type is defined by the
user to be either GAS or POOL, respectively. The specialized flow path representing the dedicated
suppression pool vent model for boiling water reactors (BWRs) is also available, although its
thermal-hydraulic modeling in some respects has been made obsolete by the generalized flow paths.
A detailed discussion of the dedicated model is given in Section 11.1. The differences between the
generalized flow path modeling and the dedicated suppression pool vent modeling are also discussed
as necessary below. Note that the definition of flow paths within the FLOWS input block, as
opposed to the engineered vent input block, is now considered obsolete, but if present such flow
paths will be treated as gas flow paths.
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The intercell flow of pool coolant may be treated either implicitly or explicitly. Pool flow paths
defined in terms of engineered vents are treated implicitly, in a manner similar to that for gas flow
paths. The flow of pool coolant may not be as strongly coupled to pressure heads as the gas, so that
an explicit treatment may be feasible. The liquid transport system components associated with the
engineered safety features and discussed in Section 12.5 may be used to treat interpool transfers in
an explicit manner. In some cases, use of an explicit model for pools will significantly reduce the
overhead of the implicit solver.

A simple containment-oriented gas-pool flow hierarchy establishes which type of flow (i.e., gas or
pool or both) is allowed when flow paths are submerged. The flow of the atmosphere and pool fields
within their respective paths is taken to be independent in the sense that interfacial shear and void
fraction effects are not taken into account. However, effects related to the coverage of the inlet or
outlet of a gas path by pool coolant are taken into account. These include gas-pool equilibration,
blockage of gas flow path inlets by the pool, liquid head terms, and scrubbing effects. A discussion
of flow path configurations and the pool-gas hierarchy for the flow paths is given in Section 4.2.
Key elements of atmosphere/pool thermodynamics and intercell flow models are illustrated in Figure
4-1.

Section 4.3 gives a summary of the modeling options available for the gas and pool flow paths, as
well as the suppression vent flow path. The goveming equations for the flow path models are given
in Section 4.4. The latter section discusses the three basic models for intercell flow, i.e., the inertial
flow model, the quasi-steady flow model, and user-specified flow rates, as well as the formulations
for critical or choked flow, gravitational heads, pool boiling, gas-pool equilibration, the velocity of
gas evolution from the pool, and the FIX-FLOW option for overcoming the gas Courant limit in
certain situations. As discussed in Section 4.4.5, the CONTAIN formulation of gas gravitational
heads has been revised completely in CONTAIN 1.2 to satisfy three important criteria regarding the
treatment of stratifications. As a consequence, the strong cautionary statements made with respect
to previous code versions regarding convective overmixing are no longer necessary. However, the
user should consult the guidance given in Section 13.3.1.3 with respect to avoiding certain situations
that may lead to excessive stability of stratifications.

Section 4.5 discusses the momentum, mass, and energy conservation equations used by the intercell
flow model and summarizes all contributions to the conservation equations, except the DCH ones.
This section also discusses the gas and pool thermodynamic state calculations.

4.1 The CONTAIN Cell

The fluid control volumes, or cells, in CONTAIN are partitioned into two parts: the atmosphere and
the coolant pool. A horizontal interface between the pool and atmosphere is assumed to be present
at the collapsed hydrostatic level of the pool, an assumption that neglects possible level swell due
to boiling and gas injected below the pool surface through submerged gas flow paths and other
sources. Use of the collapsed level is consistent with the fact that although the equilibration and
scrubbing of such injected gas are taken into account, a separate bubble field is not modeled in the
pool. Instead, the injected gas is assumed to immediately become part of the atmosphere field of the
downstream cell, without holdup in the pool.
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The cell geometries assumed in CONTAIN 1.2 are based on a representation of the cell in which
up to 10 different constant cross-sectional areas may be specified through the CELLHIST keyword
as a function of height, relative to a common reference for the entire problem. The cell geometry
is assumed fixed in time. The cross-sectional areas represent the area associated with the principal
atmosphere and pool fluids. Heat transfer structures, the coolant film on structures, and any lower
cell layers except for the coolant pool are assumed to have been excluded from the specified cell
cross sections. One possible cell configuration is shown schematically in Figure 4-2 for the case of
three different cross sections.

For old files lacking an explicit specification of cross-sectional areas through the new CELLHIST
input, a single cross-sectional area is assumed and taken to be "volume"/"height," where the gas
"volume" and "height" are parameters previously required in the cell GEOMETRY block The
obsolete keyword ELEVCL in the FLOWS input is also used to define the initial gas center of
elevation. The pool volume, if any, is added to the "volume" parameter to obtain the total cell
volume. A diagnostic is given whenever the lower cell area is significantly different from the new
cell cross-sectional area(s), as major changes in pool-atmosphere heat transfer areas and pool depths
may occur. The user should also be aware that extremely large values of "height," for example, for
cells representing the environment, may produce spurious effects because of the unrealistically large
gravitational heads involved.

4.2 Flow Path Configurations

The recommended procedure with respect to flow paths is to construct them, in general, from
engineered vents, which are specified through the ENGVENT input block' discussed in Section
14,2.4.2. These flow paths have unlimited connectivity, in the sense that any number may be used
to connect a given pair of cells. Beginning with CONTAIN 1.2, a given flow path modeled within
this option may now transport either the atmosphere fields or the pool fields. The atmosphere and
pool fields may flow only in a path of the appropriate type, defined by the user to be either GAS or
POOL, respectively. Thus, it is necessary to define both a GAS and a POOL path in the ENGVENT
block to represent any physical path in which both fields can flow, and it is assumed that the user
will do this if necessary. The flow of the atmosphere and pool fields within their respective paths
is taken to be independent, in the sense that the effects of interfacial shear and void fraction effects
are neglected within the flow paths. However, gas-pool equilibration and liquid head effects related
to the coverage of the inlet or outlet of a gas path by pool coolant are taken into account. In addition,
a simple pool-gas hierarchy determines when gas or pool coolant can flow in a GAS or POOL path.
For example, gas is not allowed to flow in a GAS path when the inlet is submerged to any
appreciable degree below the surface.

CONTAIN flow paths are considered to be attached to a cell at a point, rather than a range of
elevations corresponding to the physical opening height. By default, as shown in Figure 4-3, a gas
path is attached at the tops of the cells connected by the path, and a pool path is attached to the
bottoms of the cells. The user may specify the elevations at which each of the flow path ends are

'"The option to use "regular” flow paths within the FLOWS input block is considered obsolete. However, if used,
these paths are treated as type GAS. The input format for such flow paths is discussed in Appendix B.
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Figure 4-2.  Definition of Cell Cross-Sections and Elevations, for a Case with Three Cross-
Sectional Areas (A, Ay, and Ap)
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connected to the respective cells. Note that the elevation of each end must be specified separately
for the gas and pool paths. Because of ambiguities related to gravitational heads, gas paths may not
be connected below cell bottom, and pool paths may not be connected above the top of the cell. (The
cell may be readily extended up or down to join onto the flow path, if necessary.)

It should be noted that the present defaults for the elevations of the ends of a gas flow path have
changed from the pre-CONTAIN 1.2 defaults, which employed the user-specified gas centers of
elevation. This change was necessary because the gas center of elevation is no longer fixed, as
previously assumed, but changes with the pool height. In addition the possible submergence of the
end of a gas path is now taken into account. Despite the change in default elevations, other changes
in the formulation of the gas gravitational head, as discussed in Section 4.4.5, have improved the
treatment of gas natural convection through the gas paths. This formulation is not dependent on
user-specified gas flow path elevations, provided the gas path is not submerged and provided the new
RESOLVHD or MSTABLE flow keywords are not specified. (These keywords attempt to recover
the old gravitational head treatment.) However, the user is warned that if gas path elevations are
specified, pool blockage and liquid head effects may produce effects on gas paths not modeled in
the pre-CONTAIN 1.2 code versions.

The pool coolant level in a cell can affect not only the liquid heads for the flow paths attached to the
cell but also the outflows from the cell in ways not directly reflected in the flow equations for the
individual flow paths. Three types of level effects are treated: (1) if sufficiently deep, the pool may
block the outflow from a gas path attached to the cell; (2) pool coolant may not flow when the pool
level lies below the flow path inlet elevation; and (3) if the pool level is coincident with the elevation
at which a pool path is attached to the cell, the volumetric outflow from that path may be balanced
against the pool volumetric inflow for a period of time, with the pool level fixed at the pool path
inlet. Treatment of the last condition in terms of a stationary level is not necessary but helps to
minimize the "level hunting" associated with the point elevation assumption for flow path
attachments. Such level effects are controlled by the CONTAIN pool-gas flow hierarchy.

The CONTAIN pool-gas flow hierarchy determines the degree to which gas or pool liquid, or both,
are allowed to flow in multiple CONTAIN flow paths representing a given physical flow path. It
should be noted that the simple CONTAIN hierarchy is intended primarily to describe separated flow
processes in a containment, such as suppression vent clearing or liquid spill-over, in which a
reasonably well-defined pool-gas interface exists in a cell and use of a collapsed pool level is
reasonable. Such flow processes are assumed to occur with respect to "side-connected" paths, as
discussed below. However, rigid adherence to a separated flow treatment would result in numerical
problems, as well as a total inability to model two-phase flow phenomena such as level swell. While
accurate modeling of such two-phase flow phenomena is not the intended purpose of the present set
of models, some allowance for two-phase flow is desirable in the hierarchy. Therefore two-phase
concurrent or countercurrent flow dependent on gravitational heads, but independent of the collapsed
pool level, is assumed to occur with respect to "top-connected” paths.
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A side-connected path is defined as being connected to the donor cell below the top elevation of the
cell (H, < H,;, in terms of the elevations shown in Figure 4-4, for flow from i), whereas a top-
connected path is defined as connected at or above the top elevation (H, > H;;,). Note that a bottom-
connected path is treated in the same way as a side-connected path. Because of the differences in
the treatment of these two cases, the user is warned that the point of attachment of a flow path to the
cell can significantly affect the behavior of the path and therefore should be set with some care. In
particular, the user should ensure that the attachment point of a side-connected path to a cell allows
sufficient head space, or cell volume above the attachment point, so that the use of a collapsed-level
flow hierarchy, as well as the point elevation assumption, is reasonable. It is recommended that the
head space be at least 20% of the cell volume. With smaller amounts of head space, the user should
anticipate an increased likelihood of stability problems related to nearly water-solid cells.

The effects of the pool-gas hierarchy may be defined very precisely in terms of quantities called
inventory factors (§;). (For simplicity we will use the ij notation here and below to denote a flow
path, even though more than one may connect the cells i and j.) Such inventory factors are
multipliers on the flow rates calculated from the individual flow equations for each flow path to take
the hierarchy into account. For example, the pressure head for a gas path may be sufficient to cause
gas to flow in the path, were it not for the fact that the inlet is completely submerged below the pool.
The inventory factor zeroes out the gas flow in such a situation until the pool level approaches the
inlet elevation.

Prior to discussing the inventory factors, it should be noted that for specialized applications, the user
may wish to use the dedicated suppression pool vent model discussed in detail in Section 11.1. This
model was implemented to model the flow of gases, aerosols, and fission products through the
suppression pool vent system that connects the drywell and wetwell in a BWR, prior to the
availability of the generalized flooding capabilities of CONTAIN 1.2. Its architecture is different
from that of the gas and pool flow paths discussed above. First of all, only one suppression pool vent
flow path may be specified per problem. Secondly, in contrast to what one would expect, coolant
is not actually exchanged between pools in different cells during the vent clearing process for this
model. The reason is that the dedicated model uses only one pool, that in the wetwell cell, and
assumes that this pool spans both the drywell and wetwell sides of the vent. The vent clearing
calculation is carried out internally in the model to determine a vent clearing time, after which the
vent is assumed to be accessible to gas flow. Other ramifications of this single pool treatment are
that gas-pool equilibration in reverse flow is not modeled, flooding of the vent from the drywell side
cannot be modeled properly, and blockage of gas flow by the drywell pool level, if any, is not
modeled.

Because of the architectural differences between the dedicated suppression pool vent model and the
gas and pool flow path models, the inventory factors defined for the latter do not apply to the former.
In effect the internal calculations for vent clearing in the former define the equivalent of an internal
inventory factor. Thus, the external & is simply taken to be unity for the suppression pool vent
model.

Table 4-1 gives the inventory factors used for the gas, pool, and suppression pool vent flow paths.
The elevations used are defined as in Figure 4-3, and it is assumed that cell i is the donor cell. The
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Table 4-1

Definition of Inventory Factors for Gas and Flow Paths as a Function of the
Elevation (H,) of the Flow Path at the Donor Cell i, Cell Top Elevation (H,;),
Cell Bottom Elevation (H,;), Pool Surface Elevation (H,;), and Gas Access
Transition Height 6H, = 0.01 m. The other quantities are discussed in Section 4.2.

Path Type - Condition € Value
Gas H, > H,, (top-connected) & =min(1,V/3V,,)
Gas H;>H,>H; &
Gas H;>H;;H, + 6H,>H ;> H, (H,; - H)) &/ 6H,
Gas H,;>H, + 8H, 0
Pool H, = H,; H,; > H,; (top-connected) 1
Pool H,;>H,>H, 0
Pool H,;>H,=H,; > H,; OV,/ 8V,
Pool H,;>H, 1
Suppression Pool Submerged F,,
Vent
Suppression Pool Bypass 1
Vent

*Fraction of timestep in cleared state, see Equation (11-23)

volumes V,, 6V, and 6V, are defined separately for the atmosphere and pool fields and denote the
initial available volume, the total inflow volume, and the total outflow volume from a cell during
each timestep used in the intercell transfer of the atmosphere or pool fields. The inflow volume is
computed by taking the actual upstream inventory factors into account. However, the total outflow
volume in this table is calculated by using a zeroeth order approximation for the inventory factors,
corresponding to setting &; = 1 for all of the outflows.

Although Table 4-1 is for the most part self-explanatory, some discussion is helpful. A gas-access
transition height, 6H, presently hardwired to a nominal 0.01 m, governs the cutoff of gas flow in a
gas path for which the inlet end is submerged. The &; for a gas path is one at zero submergence, is
zero at a submergence equal to 8H,, and is linearly dependent on the submergence in between. It
should also be noted that the condition in which the collapsed pool level is fixed at the inlet elevation
of a pool flow path, with pool inflow balancing pool outflow, is given by the second to last condition
in the table for pool flow paths. The "suppression pool vent" entry in this table refers to the
dedicated suppression pool vent model. As discussed above, because of internal calculations to the
model that serve to define the equivalent of an inventory factor internally, the external £ factor for
this flow path has been set to unity.
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4.3 Flow Path Modeling Options

The flow modeling options available for flow paths constructed of engineered vents or the
suppression pool vent are described in this section. The use of engineered vents and the suppression
pool vent is available only within the implicit flow solver, invoked with the IMPLICIT sub-block
within the FLOWS input block. It is recommended that the IMPLICIT option always be invoked
unless a compelling reason to the contrary exists.

The implicit flow solver determines the flows in flow paths of GAS, POOL, and suppression pool
vent types and the thermodynamic states of the cell atmospheres and pools. By default, the size of
the implicit solution space is equal to the number of cell atmospheres and number of coolant pools.
The user may specify which of these are to be solved implicitly and which explicitly. When
IMPLICIT is specified but some of the atmospheres and pools are to be solved explicitly, an Euler
explicit method is used with respect to the atmospheres or pool pressures. In practice only
environment cell atmospheres (on the order of 10° m®) are sufficiently large to be modeled explicitly.
A pool may be solved explicitly, with considerably less stringent requirements than those for an
atmosphere, but that is allowed only if that pool is not connected to another pool through a pool flow
path. A cell governed by the FIX-FLOW code efficiency option discussed in Section 4.4.9 also may
not have a pool that is connected to another pool through a pool flow path. It should be noted that
transfers between pools denoted by the user as explicit may still be effected through the liquid
transport models available within the engineered systems modeling (not be confused with engineered
vents) discussed in Chapter 12. If IMPLICIT is not specified, then only a very limited set of
modeling options are available; for this limited set of options, an explicit Runge-Kutta method is
used.

The engineered vent input options are discussed in Section 14.2.4.2. The modeling options for each
engineered vent may be chosen completely independently, although the user should define two flow
paths of type POOL and GAS to represent a single physical flow path in which both types of flow
can occur (see Section 4.2). A number of tabular input options are available for the engineered vent.
For example, the vent flow area as a function of pressure difference AP can be calculated reversibly
or irreversibly in a RVAREA-P or IRAREA-P table, respectively. In addition, the user can specify
either the mass or volumetric flow rate as a function of time through MFLOW-T and VFLOW-T
tables, respectively. Each vent may be opened at a specified time, using VTOPEN, or at a given
pressure differential, using VDPF or VDPB for forward or reverse opening, respectively. Each can
also be closed at a specified time, using VTCLOS.

Two new keywords VEQLENB and VEQLENF for the gas-pool equilibration lengths for backward
and forward flow, respectively, allow the user to control the degree of equilibration of the gas exiting
a gas flow path that is submerged below the pool surface in a cell. The default for these lengths for
a gas path is 0.01 m. The details of the gas-pool equilibration modeling are given in Section 4.4.7.

The flow of aerosols, fission products, and dispersed core debris in the flow paths is discussed in
Sections 7.8, 8.8, and 6.2, respectively. The treatment may be summarized as follows. For an
unsubmerged gas flow path, aerosols are transported through the flow path according to the gas
convective velocity and the differential settling velocity of the aerosols. The differential velocity is
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calculated from the terminal settling velocity and user input for the flow path inclination angle
provided through the VCOSN keyword (see Sections 7.8 and 14.2.4.2). Fission products attached
to the aerosols flow with the aerosols. In an unsubmerged gas path, fission products attached to the
gas flow without slip (see Section 8.8.1). Dispersed core debris flows with the gas according to slip
factors assigned by the user to each of the debris fields in the DCH input (see Sections 6.2 and
14.2.77). For submerged gas flow paths, the treatment of the scrubbing of aerosols, fission products,
and dispersed core debris is presently very simple. Aerosols and fission products are simply
removed from the flow and placed in the downstream pool. Core debris is removed from the flow
and placed in the uppermost intermediate layer of the lower cell in the downstream cell, if such a
layer has been defined. Otherwise, this debris is removed from the problem. (While such debris is
no longer present in an active repository, any such removed mass and energy will be reflected in the
WASTE location of the energy and mass accounting arrays.) Only fission products in the pool are
allowed to flow with coolant in a pool path. The fission products flow with transport efficiency
factors assigned by the user in the FPLIQUID option (see Sections 8.8.2 and 14.2.6.2).

The thermal-hydraulic details of the dedicated suppression pool vent model are discussed in Sections
11.1 and 11.2, and the input options are discussed in Section 14.2.4.3. The interested user should
also read the comments about the model architecture in Section 4.2. With respect to modeling
differences between a gas flow path and the dedicated model, it should be noted that although the
gas-pool equilibration modeling for a submerged suppression pool vent follows the modeling
described in Section 4.4.7, the gas-pool equilibration lengths, over which the gas temperature and
vapor pressure are equilibrated with those of the pool, are fixed: the length is taken to be zero for
forward flow from drywell to wetwell and infinite for reverse flow from wetwell to drywell (i.e.,
equilibration is not considered in this direction). In addition, gas or pool inertial effects are not
modeled in the dedicated model.

With respect to the treatment of aerosols, fission products, and dispersed core debris, two detailed
aerosol scrubbing models, the SPARC and SCRUB models, are available for the dedicated model,
as discussed in Sections 7.7 and 7.8. Otherwise, the treatment is similar to that for a gas path.

If detailed modeling of aerosol scrubbing is not required, an alternative to the dedicated model is to
use a system of gas and pool flow paths, which should provide more realistic modeling of a
suppression pool vent system. For example, vent clearing in a MARK III can be modeled with a set
of three gas and three pool paths, as discussed in more detail in Section 11.1.

4.4 The Flow Model

The subsections that follow describe the flow path and related models that are used in CONTAIN.
There are three basic models for intercell flow: the inertial flow model, the quasi-steady flow model,
and user-specified flow rates. These are discussed in Sections 4.4.1, 4.4.2, and 4.4.3, respectively.
The flow in a gas path for either of the first two basic models is limited by critical or choked flow,
discussed in Section 4.4.4. A revised treatment of gravitational heads, using the "hybrid"
formulation, is discussed in Section 4.4.5. The next three subsections discuss quantities related to
pool-gas exchange rates. Pool boiling is discussed in 4.4.6, gas-pool equilibration is discussed in
Section 4.4.7, and the velocity of gas evolution from the pool is discussed in 4.4.8. Finally, the FIX-
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FLOW option for overcoming the gas Courant limit in certain situations is discussed in Section
449.

4.4.1 Inertial Flow Model

For gas and pool flow paths, the inertial flow model is used in all cases except in the RVAREA-P
tabular option for reversible flow area versus pressure. This model takes into account the inertia of
the fluid in the flow path, as well as flow losses through a user-specified loss coefficient. If a flow
path is opened suddenly at a fixed pressure difference, the fluid inertia has the effect of delaying the
buildup of the flow rate to the steady-state value. When two cells are close to pressure equilibrium,
the inertia manifests itself in a different manner. At the point where the pressure difference becomes
zero, the flow rate is generally finite because of the inertia of the flowing material. A finite flow rate
will tend to reverse the direction of the pressure difference across the flow path. The reversal in the
pressure difference will eventually reverse the direction of the flow. Under these conditions, damped
oscillatory flow will occur.

The inertial flow model, described in detail in Table 4-2, can be viewed as a one-dimensional
momentum equation for the turbulent flow regime. It is derived by integrating the equation for the
time-derivative of the kinetic energy flux along streamlines for the flow path, using the assumption
that all points along the streamlines are at steady state.

The inertial flow model uses an irreversible flow loss coefficient Cy. that is specified by the user
through the VCFC keyword (see Section 14.2.4.2). This coefficient of order unity should represent
the viscous losses in the flow including entrance, exit, and Moody friction factors. Caution should
be used in applying standard formulas because these may apply to dynamic pressures, whereas the
CONTAIN cell pressures are stagnation pressures. One consequence is that velocity-of-approach
corrections may not be necessary. Specifically, Cg. = 1/2(2C3) where C, is equal to the discharge
coefficient C defined in Reference Bau78 or the quantity Cp, in Reference Flo79. In the notatlon of
Chapter 4 of Reference Ide60, the CONTAIN Cg: corresponds to the quantity gAH/(yw ). In most
cases discussed there, this quantity is equal to (/2. However, one must be careful since Reference
Ide60 is not consistent in the definition of ¢. In some cases,  is based on the upstream velocity and
not the velocity w, in the flow constriction. (See Section 13.3.1.4 for other guidance concerning the
specification of the flow loss coefficients in a CONTAIN calculation.)

4.4.2 Quasi-Steady Flow Model

The quasi-steady flow model is used in some cases in the implicit flow options; specifically, for the
engineered vent with the RVAREA-P tabular option for reversible area versus pressure, as discussed
in Section 14.2.4.2, and for the dedicated suppression pool vent, which is described in Sections 11.1
and 14.2.4.3.

The basic assumption of the quasi-steady flow model is that the fluid inertia is negligible. The mass

flow rate is calculated by neglecting acceleration, that is, dW;/dt in Table 4-2 is set equal to zero.
The resulting flow equation is
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Table 4-2
Conservation of Momentum Equation for Flow Between Cell i and Cell j

For a flow path with inertia, the flow equation is a momentum equation given by [Mur96]

iner,ijj _ I\Niner,ij | Winer,ij Aij
= | APy - Cge -

dt ’ P(AY" ) Ly

where for a gas path within the implicit flow option

AP, = P,-P+AP_,

y

for a pool path within the implicit flow option

AP, = P,-P+AP,.

and within the explicit (Runge-Kutta) flow option or for the dedicated suppression pool vent
flow path in bypass (unsubmerged) state

AP.. = Pi - P.

ij J

Note the other parameters are defined below. Within the implicit flow option the actual flow
rate W;; for a gas path is limited by critical flow rate W ; and by inventory factors &;, defined
below, which reflect the pool-gas hierarchy for the flow paths. For a gas flow path with inertia
or the dedicated suppression pool vent flow path in bypass state:

Wl.’ = élj nljn( Winer,ij’wcr_ij ) if Winer'ij > O arld Wcr.ij > O;
W= & max( Wige ;Wi ) if Wigery<0and W, ;;<0;
Wij = é’] Winer,ij OthCI'WiSC.

The flow rate W, for a pool path is limited by the &; factors introduced through the pool-gas
flow hierarchy; for a pool path with inertia

Wij = E;ij Winer.ij
Within the explicit (Runge-Kutta) flow option
W;; = Wiy (8as paths only)

ner,ij
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Table 4-2
Conservation of Momentum Equation for Flow Between Cell i and Cell j (Continued)

Note that for quasi-steady flow paths without inertia, including the dedicated suppression pool
vent in submerged state, the definition of W is discussed in Section 4.4.2. In the above

W = total mass flow rate of gases, coolant vapor, and homogeneously
dispersed liquid coolant through a gas flow path or of pool coolant
through a pool flow path. Note that flow paths in the following
discussion, including the suppression pool vent, will be indexed by ij,
even though more than one path may be present between cells i and j;

Wiey =  total mass flow rate in the inertial flow model;
WC,_ij = critical flow rate for a gas path, defined in Equation (4-5);
& = inventory factors defined in Table 4-1 that reflect the pool-gas

hierarchy, as discussed in Section 4.2;

t = time;
Cee = user-specified irreversible flow loss coefficient for the flow path;
Pu = the flow path density, which depends on the flow option used. For the

implicit flow option, p, = p; if i is the upstream cell, and p, = p; if j is the
upstream cell. For the explicit (Runge-Kutta) flow option, p, = (p; +
P2,

P = gas, vapor, and homogeneously dispersed liquid density in cell i for a
gas path; pool density in cell i for a pool path;

p; = gas, vapor, and homogeneously dispersed liquid density in cell j for a
gas path; pool density in cell j for a pool path;

Ay/L; = user-specified area to length ratio of the flow path;
Ay = flow path area;
Aj = A, for a pool flow path or gas flow path when the downstream end is

not submerged below the pool in the downstream cell, and A{; =
min(IAP;//1000,1) A;; when the downstream end is submerged;
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Table 4-2
Conservation of Momentum Equation for Flow Between Cell i and Cell j (Concluded)

P, = gas pressure in cell i;
P, = gas pressure in cell j;
AP, = pressure head due to gravity for a gas path, as discussed in Section
44.5.1;
AP,.; = pressure head due to gravity for a pool path, as discussed in Section
44.5.2.
AP. = CFC|qu,ij |\Nqs.ij (4_1)
1 2
PuA;j

where the quantities are as defined in Table 4-2. In the reversible-area-versus-pressure option and
the dedicated suppression vent, the A; is taken to be a function of the pressure difference APy,

Equation (4-1) can be used to solve for the mass flow rate in terms of AP

Wosii = (eij’eji)‘/|APij|Pu‘°*ij2/CFc 4-2)

where 8, equals 1 and O for AP; > 0 and AP;; <0, respectively; 6; equals 0 and 1 for AP, > 0 and AP,
<0, respectively. Except in the case of submerged gas flow through the dedicated suppression vent,
the flow of gas is limited by the critical or choked flow limit; that is, the flow rate W;; in the flow
path is taken to be

Wy =& min(W W ) if W .20

=&; ma‘x(qu.ij’wcr.ij) if W ;<0 4-3)

where W, ; is defined in Equation (4-5) below and the inventory factor &; is defined in Table 4-1.
In the case of a submerged suppression pool vent or a pool path, critical flow is ignored and W is
defined as

W, =£W

ij j  gs.j (4—4)
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4.4.3 User-Specified Flow Rates

The user may want simply to specify the flow rate as a function of time. The mass or volumetric flow
rate can be directly specified as a function of time through tables as described in Sections 4.3 and
14.2.4.2. Tt should be noted that the energy equation for user-specified flow rates is taken to be the
same as for pressure-driven flow at the same flow rate. This treatment neglects the work done, in
some cases, by the agent required to sustain the flow. If important, such work should be calculated
and added separately.

The flow area need not be specified when the flow rates are specified. However, if the area is not
specified, it is assumed to be infinitesimal, and consequently the velocity in the flow path will be
calculated as extremely high. Choked flow is not considered in the case of user-specified flow rates.
However, the specified flow rates are modified when necessary by the inventory factors, &, in Table
4-1.

4.4.4 Critical Flow Model

Critical or choked flow through gas flow paths occurs when the mass flow rate reaches a fixed value
independent of the pressure ratio across the flow path. The flow velocity is limited at the minimum
area of the flow streamlines to the speed of sound. The critical flow rate of gas W_;. is then given
by

cr,ij

Wcr,ij = (eij B eji)p‘ijvij[yupup u'rlu]”2 (4'5)

where 6;; equals 1 and O for AP, > 0 and AP, <0, respectively; 6; equals O and 1 for AP; > 0 and AP;
<0, respectively; v; is the vena contracta factor; v, is the ratio c,/c, of specific heats in the upstream
cell atmosphere; and 1, is a dimensionless parameter given by

Yol
W (4-6)

M =

1 +v

u

The other parameters are defined in Table 4-2. Note that v;; is generally less than unity and is defined
as the ratio of the minimum area occupied by the flow streamlines to the geometric cross-sectional
area A;; of the flow path [Lam45]; that is, v;; = A qumc/Ay;, Where the relation between these areas is
shown in Figure 4-5. The subscript u denotes upstream conditions.
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4.4.5 Gravitational Head Modeling

The following sections discuss the gravitational head modeling for both gas and pool flow paths that
is available within the implicit flow solver. Beginning with CONTAIN 1.2, a number of important
changes have been made in the modeling of gas gravitational heads as a result of investigations into
the cause of the overmixing of gas stratifications typically found in control volume codes. [Mur96]
These investigations have resulted in a "hybrid" flow solver formulation. The hybrid formulation
refers to a treatment of gas gravitational heads that has been developed to satisfy a minimum set of
requirements for modeling natural convection in the gas in a reasonable manner. These requirements
are (1) consistency with the derivation of the CONTAIN momentum equation for flow paths,
(2) proper treatment of stable stratifications, when present; and (3) correct limiting behavior in the
well-mixed asymptotic limit. The performance of the hybrid solver has been assessed extensively
and is discussed in a separate report. [Mur96] The findings from this assessment are summarized
in the user guidance Section 13.3.1.3. The user should note and avoid in particular the situations
discussed in that section that lead to excessive stability of stratifications. The gravitational head
formulation for pool flow paths is straightforward, except for the fact that no correction is made for
the gas gravitational head between the gas center of elevation, at which the pressure is defined, and
the pool surface.

4.4.5.1 Gas Flow Path Gravitational Heads. In the hybrid formulation, the gas densities used to
evaluate the gas contribution to the gas flow path gravitational head depend in a complicated way
on the gas densities and elevations of the two cells connected by the flow path. The hybrid
formulation interpolates between two methods. One method, correct in the well-mixed asymptotic
limit, is based on the use of an arithmetically averaged cell gas density p,, = (p; + p;)/2, where p; and
p; are the gas densities of the two cells i and j connected by a flow path. The other method, used
away from the asymptotic limit, closely approximates the use of the donor density p, defined in
Table 4-2, unless the user specifies that an alternative treatment be used. For numerical reasons
related to the efficiency of the flow solver, the latter method is actually based on what is called a
virtual dynamic interface (VDI) within a flow path. The VDI method eliminates the discontinuity
in the flow that would occur at flow reversal when a strictly donor method is used. The VDI
eliminates the discontinuity by defining a continuum of possible locations within the flow path at
which the density changes from that of one cell to that of the other of the two cells connected by the
flow path. This density crossover location is used to calculate the flow path gravitational heads.
Figure 4-6 shows some possible VDI locations for the flow paths in a four-cell problem. The term
"virtual" refers to the fact that this density crossover point is used only to calculate the gravitational
head, since CONTAIN flow paths are not repositories and have no actual resident inventory
associated with them.

The VDI has its own dynamic equation (Equation (4-11) below) based on a flow path filling
considerations. However, the motion of the interface is artificially accelerated (through the
parameter k in Equation (4-11)) so that the VDI method much of the time gives results corresponding
closely to the donor treatment. Alternatives to this default flow path formulation may be specified
through user input (see the discussion of the MSTABLE and RESOLVHD keywords below).
Regardless of the gravitational head modeling options invoked, the gravitational head formulation
will always revert back to an asymptotically correct expression, based on the averaged density and
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gas center-of-volume elevations, in the well-mixed limit. Hence, the overall approach is termed a
"hybrid" one.

The gas flow path gravitational head AP, ;; occurs in the momentum equation between two cells i
and j, as indicated in Table 4-2. This is taken to be a linear combination of the asymptotically correct
expression for the gas head AP, ;, calculated using the averaged cell density and gas centers of
elevation, the VDI expression for the gas head APy, ;; used away from the asymptotic limit, and the
liquid head terms present when one or both ends of the path are submerged below the pool surface

in the cell to which they are attached:

APgr,ij = yAP A (1 —Y)AP ”gr.ij + gAHp'i'lpp'i - gAH

@)

pJ.Zp P

where y is a crossover parameter, AH ; , = max(H,; - H,,0) is the submergence, if any, below the pool
surface of the flow path end at cell i, and p,; is the pool coolant density in i. The notation for the
pool and flow path elevations H,; and H,, respectively, are as shown in Figure 4-4. The crossover
parameter y, AP, ;, and AP}, ;; are defined in the order given in the following discussion.

The crossover parameter y determining the relative weighting of the AP, ; and AP, ;; terms depends
on the value of the typically small parameter €, defined as € = gp,IH; - HVP,,, where g is the
acceleration due to gravity, and H; and H; are the gas centers of elevation of the two cells i and j
connected by the flow path, as shown in Figure 4-4, and P,, = (P, + P,)/2 is the average gas pressure.
The € parameter corresponds to the absolute value of the first-order relative change in density with
height that would be present if the contents of i and j corresponded to a well-mixed isothermal
metastable stratification between H; and H;. The crossover also depends on a second parameter 4,
which is the actual cell relative gas density difference: 6 = (p; - p;)/p,, if H; < H;; 8 = (p; - p;)/pay if
H; < H;; 6=0 otherwise. Note that 6< 0 corresponds to an unstable configuration, whereas >0 could
correspond to either unstable, metastable, or stable cases.

The crossover parameter y is defined according to the relation between p and €:

y=0 if 8 2 2e0rd <0 (VD]
=2(e-6/2)/6 if 2 > > € (interpolated) (4-8)
=1 ife>820 (averaged)

where the three different hybrid solver regimes (VDI interpolated, and averaged) are also indicated.
Figure 4-7 illustrates these three different regimes for H; > H; within the one-dimensional space
relating the fractional cell densities p/(p+p;) and p/(p+p;), which are subject to the obvious
constraint p/(p;+p,) + p/(p,+p;) = 1. This figure also gives the inherent isothermal stability regimes
of the cells. Note that in a well-mixed adiabatic metastable stratification, as opposed to an
isothermal one, the first-order relative density difference would be €/y, where v is the specific heat
ratio, instead of €. In practice, metastable stratifications are neither exactly isothermal nor adiabatic
and the density difference is likely to lie somewhere in between these two values. Note that the
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crossover parameter y always selects the averaged expression AP, ;. (i.e., y = 1) over the range of 6%

(i.e.,€ 2 & 2 &/y) corresponding to the possible types of metastable stratifications.

The definition of the asymptotically correct head AP, ;; is
APIgrlj =g(I-I: —HJI )pav (4-9)

where H'; = H, - AH,;, is the gas center-of-volume elevation in i, adjusted for submergence, if any,
and H'; = H; - AH,;,. This asymptotically correct head cannot be modified through user input.

The definition of the VDI head AP}, ;; used away from the well-mixed asymptotic limit is

AP

o)l 1o 14t 1) @10
The definitions of the elevations H;, H;, H;, and H, and the VDI parameter F;; depend on two user
options, controlled by the MSTABLE and RESOLVHD keywords discussed below. The F;
parameter gives the location of the VDI in the flow path in terms of a fraction of the effective length
of the path in the direction from i to j. The default treatment is a dynamically calculated F;;, as
discussed below, in which the interface is assumed to span the entire elevation difference between
the gas centers of volume, with adjustments for any submergence of the flow path ends. If
MSTABLE is specified, then F;; is simply set to Y%, a value which corresponds to using the averaged
density over the elevation span normally spanned by the VDI model. Specification of the
RESOLVHD keyword invokes a treatment whereby the elevation difference normally spanned by
the VDI is restricted to the elevation difference between the flow path ends, and the appropriate cell
density is used within a cell to span the elevation change between the gas center of volume and the
flow path end. In other words,

H; = H; if the RESOLVHD keyword has not been specified for the path
= H, if the RESOLVHD keyword has been specified for the path, and

H; = H;j if the RESOLVHD keyword has not been specified for the path
= H, if the RESOLVHD keyword has been specified for the path,

where H, and H, are the attachment elevations of the flow path ends to the cells i and j, respectively,
as shown in Figure 4-4. Note that RESOLVHD will have no effect if the flow paths are
(coincidentally) attached at the cell center at each end.

The MSTABLE and RESOLVHD options have been made available to recover the old gravitational
head modeling used in code versions prior to CONTAIN 1.2, and also to add flexibility to the present
modeling. (Use of MSTABLE, and explicit specification of RESOLVHD and the appropriate
elevations for all flow paths will allow the user to recover the "old," averaged-density gravitational
head formulation recommended in prior versions, at least in cases in which the pool does not cover
gas path inlets and significant displacement of gas centers of elevation by the pool does not occur.)
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In the VDI model, if MSTABLE is not specified, F;; is determined dynamically, using an initial value
Fg =%. The motion is governed by the rate at which one considers the flow path to become filled
with material from the upstream cell:

) RS | I (4-11)

where x is a dimensionless acceleration factor defined below, Wy, is the mass flow rate in the path,
as determined from the flow equation, p, is the upstream, or donor, gas density, L{; = max(|H; -
H;|, L) is the effective filling length of the flow path, and L is the inertial length. Equation (4-11)
is coupled to the momentum equation through Equation (4-10) above and is solved with the
constraint 0 < F; < 1. Note the value x = 1 when L’ = L would correspond to physically filling an
area equal to the actual flow path area A;; over the inertial length L, and x = e corresponds to an
instantaneous flow path filling, or donor, assumption. In practice, for reasons discussed below, large
values of k are used to accelerate the filling. Much of the time the VDI method gives essentially the
same results as a straightforward donor cell approach, which corresponds to setting F;; = 1 if W;>0
and F;; = 0 if W;<0, in Equation (4-10). This occurs whenever flow in one direction has persisted
for a sufficient time to cause F; to be pinned at its maximum or minimum value. The time required
for pinning to occur is clearly reduced as k is increased.

As discussed above, if MSTABLE is specified, F; is simply set equal to %2. This value for F;
corresponds to treating stratifications as metastable over the vertical rise spanned by the flow path,
since F; cannot respond to flow to provide a restoring force for a stable stratification or a
destabilizing force for an unstable stratification.

It should be noted that in the derivation of CONTAIN momentum equation in Table 4-2, the
changeover in density within the flow path to that based on the donor cell is assumed to occur
instantaneously. Thus, Equation (4-11) is not strictly consistent with the assumptions of the
momentum equation unless « is effectively infinite. In practice, the value used for x is chosen
sufficiently large (210) to give results close to donor cell results but not so large that the
discontinuities associated with the donor cell approach result in numerical problems. The value used
is

L
10,—2
g(Atf)2

K =max

(4-12)

where At; is the flow timestep.

If F;; were in fact solved using values of « close to the "physical" value, in contradiction to the
momentum equation assumption, gravity wave behavior would in general be observed in the
presence of stable stratifications. If one views the density difference between cells as representing
a sharp stratification interface, then these gravity waves would cause unphysical mixing across the
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interface, since in CONTAIN material entering a flow path is instantaneously transported to and
mixed with the downstream cell. (This unphysical mixing could be prevented through a code
upgrade in which flow paths are modified to be repositories, but this upgrade is not feasible at
present.)

For the above reason, the present numerical implementation of the VDI attempts to ensure that any
gravity waves are artificially and strongly damped. First of all, self-consistent end-of-timestep
(implicit) values of F;; are calculated and used in Equation (4-10) whenever the response of Fj; is in
a direction to retard the flow; beginning-of-timestep values are used otherwise. The use of such
implicit values, coupled with a large «, serve to overdamp the gravity waves, (In the limit k = , the
flow must be damped to zero for stable stratifications and small perturbing forces since a "flow gap"
in which no flow is possible occurs in the self-consistent donor method in such cases.)

4.4.5.2 Pool Flow Path Gravitational Heads

The gravitational head for a pool path is defined as
AP, o = 8[AH, 11 Py + Py o (H ~Hy) = AH 0, ] (4-13)

where the pool coolant densities p,, are given by

Pp.1 = Pp; and p,, = p,; if a pool is defined in both i and j,
= p,2 = Pp; if a pool is defined only in i
= Pp2 = Pp; if 2 pool is defined only in |

and
pp.av = (pp,l+pp,2)/2

In contrast to a gas path, the submergence, such as AH,;,, used with a pool path is sometimes
negative. The submergence of a side-connected (H, < H,;) pool flow path at i is given as usual by

AH!

p..l = max(lei B HI’O)

whereas the submergence of a top-connected path (H, = H,;) is given by

pin = Hy; - Hy < 0if i is the donor cell

=0 otherwise
Similar expressions are used for AH_;,. It should be noted that in the absence of extremely tall cells

with a pool, a geometry which is not recommended, gas density contributions to pool flow path
gravitational heads are negligible relative to the pool heads and are justifiably neglected.
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The reader should note that the gravitational head changes discontinuously as a function of flow path
elevation at the top of the cell when the cell contains gas (so that H; # H,;). As discussed in Section
4.2, this discontinuity reflects differences in the pool-gas flow hierarchy between the top-connected
and side- or bottom-connected cases. The pool and gas flows in the former case are treated as
independent of the pool level in the donor cell, except indirectly through the pressure head, whereas
the flows in the latter adhere to a hierarchy controlled by the collapsed pool level.

4,4.6 Pool Boiling

Pool boiling is calculated either explicitly within the lower cell model or implicitly within the
implicit flow solver. The former occurs when the implicit flow solver is not used or when the lower
cell model determines that the remaining pool coolant will boil off in the current system timestep.
The reason for doing an explicit boiling rate calculation in the lower cell model when the pool boils
off is that the lower cell model can then adjust other fluxes at the atmosphere-lower cell interface
to compensate for the fact that the pool is present for only part of the timestep. In this case the
explicit pool mass boiling rate, W, and energy transfer rate, g ¢, are included in the explicit
mass and heat transfer terms of the atmosphere conservation equations shown in Tables 4-3 and 4-4,
respectively. Implicit boiling can occur whenever the implicit solver is used, and is based on mass
and heat transfer rates to the pool known to the implicit solver at the time of processing. In the case
of implicit boiling, the mass and heat transfer contributions to the pool conservation equations shown
in Tables 4-5 and 4-6, respectively, are evaluated within the implicit flow solver to determine a
boiling mass and heat transfer rate W, and q,; to the atmosphere. Note that the explicit and
implicit pool boiling rates may both be non-zero but this requires that conditions unknown to the
lower cell occur in the flow step, such as flow of superheated coolant into an initially empty pool.
Note that in either case, the BOIL keyword must be specified in the PHYSICS sub-block of the
POOL input block for boiling to occur.

The expression for the amount of mass boiled is the same regardless of where the boiling rate is
calculated. The rate calculated by the implicit solver will be discussed in detail. When the implicit
solver is used, interpool flow is evaluated first, then the boiling and gas equilibration (see Section
4.4.7). The interpool flow step takes into account the flow contributions and all explicit sources
except that due to boiling and to gas equilibration. The implicit pool boiling rate W, ; follows from
the standard expression for boiling rates and is defined as

AQ, 0
P)-h(T, ,P))At,

Wi =max (hv(Ts.i’

(4-14)

Dot = Woir i 11 (T

boil.i v

P)

s.?
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Table 4-3
Conservation of Mass Equation for the Atmosphere in Cell i

dm
d

ik ‘
= Win B Wout + chn + Wboil + Wpa + W - W

€X,50 ex.si

-+

where

mass of atmosphere component k in cell i. This component may be a gas, the
coolant vapor, or homogeneously dispersed (non-aerosol) liquid coolant. Note
that many of the term definitions have an implied value for i and k. For
example, coolant vapor terms are only for the k corresponding to coolant vapor;

my

t = time;

W, = mass flow rate of component k into cell i

m

W. 0. m

= E ji_ji ik

ji m,
where the ji sum includes gas flow paths or the suppression pool vent only when
not submerged below the pool surface in i (submerged flows are included in the
W, term discussed below);

W..

n

0. = {1 if W; >0 (ie., the flow is into cell i)

total flow rate as defined in Table 4-1;

ii .
0 otherwise

total mass of gases, vapor, and homogeneously dispersed liquid in the
atmosphere of cell j;

H]J.
w = mass flow rate of component k out of cell i

out
= [E Wijeij]

ij

m;

m,

where the ij sum includes only gas flow paths and the

suppression pool vent;

W,. = production rate of water vapor and/or CO, from continuous diffusion flames and
spontaneous recombination, or the (negative) removal rate of the gas reactants
from the same processes, as discussed in Sections 9.2 and 9.3;
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Table 4-3

Conservation of Mass Equation for the Atmosphere in Cell i (Continued)

g

€

boil

pa

ex,so

ex.si

pool boiling rate calculated by the implicit flow solver, see Section 4.4.6;
flow rate into the atmosphere of cell i from flow paths that are submerged in i.
This rate takes into account the equilibration of the flow in the pool as discussed
in Section 4.4.7.

mass transfer rates into the atmosphere from explicit processes

an,so + Wud,so + WLC.boil + WLC.g + WSRV.g

an.so

ud,so

WI.C,boil

8

WSRV.g

mass transfer rates out of the atmosphere from explicit processes (this term also
includes evaporation into the atmosphere, with a negative sign)

Wes,cond + Wa,cond + th.cond + Wp,cond + Wdrop

Woa = condensation rate of vapor as a result of engineered systems

rate of water vapor and/or CO, production and (negative) rate of
removal of the reactant gases as a result of deflagration burns, see
Section 9.1;

user-defined mass addition rate for component k;

pool boiling rate calculated by the lower cell, as when the pool is
boiled off in the current timestep, see Section 4.4.6, or when the
explicit (Runge-Kutta) flow model is used;

production rate of gases and coolant vapor from core-concrete
interactions (CCIs) modeled with CORCON ( see Chapter 5).
This rate takes into account the effect of any equilibration of the
gas or vapor with an overlying coolant pool, as discussed in
Section 11.3;

safety relief valve (SRV) or sparger model mass addition rate to
the atmosphere, as discussed in Section 11.3. This rate takes into
account any equilibration of the gas, vapor, or homogeneously
dispersed liquid with the pool when the sparger is submerged and
liquid-vapor phase separation modeling when the sparger is not
submerged;

operation, see Chapter 12;
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Table 4-3
Conservation of Mass Equation for the Atmosphere in Cell i (Concluded)

W...a = condensation rate of vapor onto aerosols, see Section 7.2.2;

Wiscona = condensation rate of vapor onto heat transfer structures, see
Section 10.2.3;

W, .na = condensation rate of vapor onto the pool surface, see Section
10.2.3;

W, cond condensation rate of vapor onto the pool surface, see Section
10.2.3;

Wy = rate of liquid dropout to the pool in the DROPOUT option, see
Section 13.3.1.2.

Table 4-4
Conservation of Energy Equation for the Atmosphere in Cell i

du.
T = %in " 9our Y Debn t Dooit T qpa + qgr + qex,so T Qexsi t qgr.ex * Qux
where
du. . . .. .
—! = rate of change of the total internal energy in atmosphere of cell i, including gases,
dt the coolant vapor, and any homogeneously dispersed liquid coolant;
Qin = energy transfer rate into cell i because of flow

2 Wi b by
ji

where the ji sum includes gas flow paths and the suppression vent only when not
submerged below the pool surface in i (submerged flows are included in the q,,
term discussed below);

W.. = total flow rate, as defined in Table 4-2;

n
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Table 4-4

Conservation of Energy Equation for the Atmosphere in Cell i (Continued)

qout

qcbn

qboil

Qer

le,SO

h. =  specific enthalpy in cell j;

]

E Wij Oij h, , where the ij sum includes only gas flow paths and the
suppression pool vent;

heating rate from diffusion flame burning and bulk spontaneous
recombination, see Sections 9.2 and 9.3;

energy transfer rate from pool boiling calculated by the implicit solver, see
W, in Table 4-3;

energy transfer from submerged gas inflows, see Section 4.4.7;

energy dissipation rate from work done by gravity for implicit processes

%: gW0,(H; ~H, Jrg(Wy5y + W, )(H,,; - H)

g = acceleration due to gravity;
H; = gas center of elevation in i;
H,; = pool surface elevation in i,

energy transfer rate into the atmosphere from explicit processes

Gons0F Qudso T Qrcwon + icg + Asrvg + e

om0 = heating rate from deflagrations, see W, ., above and q,, above
for other burning modes that are implicitly interfaced,

Qud.so = energy addition rate corresponding to user-defined mass
addition rates, see W 4,;

Qicken = energy transfer rate from pool boiling calculated in the lower
cell, see Wycpois

Qice = energy transfer rate from gases generated from CCI, see W ,;
Qsrve = energy transfer rate from SRV or sparger sources, see Wgy o
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Table 4-4

Conservation of Energy Equation for the Atmosphere in Cell i (Continued)

qex,si

qgr,ex

e = heating rate from fission product decay, see Section 8.5;

energy transfer rate out of the atmosphere from explicit processes (this term
also includes evaporation into the atmosphere, with a negative sign)

qes.c + qhs.c + qp.c + qes.cond + qa,cond + qhs.cond + qp.cond + qdrop + qrad

Qesc = energy removal rate from convection as a result of engineered
systems operation, see Chapter 12;

Qps.c = energy removal rate from convection with respect to heat
transfer structures, see Section 10.1;

Ay = energy removal rate from convection with respect to the pool
surface, see Section 10.1;

Qescona = cnergy removal rate from condensation as a result of
engineered systems operation, see W .4

Qucnda = cnergy removal rate from aerosol condensation, see W, ..q:

Qusconda = cDergy removal rate from condensation with respect to heat
transfer structures, see W .45

Qpecona = €nergy removal rate from condensation with respect to the pool
surface, see W, .45

Qarop = energy removal rate from liquid removed to the pool in the
DROPOUT option, see Section 13.3.1.2;

9rad = energy removal rate from thermal radiative heat transfer to heat

transfer structures and the pool or lower cell surface, see
Section 10.3;

energy dissipation rate from work done by gravity for explicit processes
gl Wichon + Wice -min(W, 0,00 1 [Hy; - H; 1 + gWery, [ Hsryv, - H; ]

Hgrv, = sparger elevation if not submerged
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Table 4-4

Conservation of Energy Equation for the Atmosphere in Cell i (Concluded)

= Hj; if submerged;
Quk = rate of work done by the atmosphere on the pool
= _ p% , Where V, is the gas volume.
dt
Table 4-5
Conservation of Mass Equation for the Coolant Pool in Cell i
dmpi
T = Wp.in - wp.out - Wboil + Weq +Wp,ex,so —Wp,ex,si
where
m,; = the pool coolant mass in cell i;
W = the coolant inflow rate, defined by W, ., = E W8, where the ji sum
includes pool flow paths only; "
W,ou = the coolant outflow rate, W, = E W8, where the ij sum includes
pool flow paths only; !
W,.w = pool boiling rate calculated by the implicit solver, as discussed in Table 4-3;
W, = mass transfer rate into the pool as a result of condensation of vapor, plus the
removal of any homogeneously dispersed liquid during the equilibration of
gas flows into the pool from flow paths submerged below the pool surface,
see Section 4.4.7;
W, o = mass transfer rate into the pool from explicit processes
= Wes.out +Wa,dep +th,out +Wp,cond +Wdrop +Wp,ud,so +WI.C.eq +WSRV,eq + WSRV.out
Weonw = inflow rate of effluent routed to the pool as a result of
engineered systems operation, or transferred to the pool
through a liquid transport model, see Chapter 12;
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Table 4-5
Conservation of Mass Equation for the Coolant Pool in Cell i (Concluded)

W.4p = T1ate of coolant aerosol deposition on the pool surface, see
Section 7.2.3;
Wionw = rate of runoff of the condensate film on heat transfer structures

that is directed to the pool, see Section 10.2.2;

W, .ma = condensation rate of vapor on the pool surface, see Section
10.2.3;

Wy, = rateofliquid dropout from the atmosphere in the DROPOUT
option;

W, s = user-defined mass addition rate of liquid;

Wiceq = coolant mass transfer rate as the result of equilibration of gases

and (coolant) vapor produced in CCIs modeled through
CORCON, see Chapter 5;

Werve, = [ass transfer rate as the result of equilibration of sources
introduced through the SRV or sparger model when the
sparger is submerged, see Section 11.2.1;

Wervew = mass transfer rate as the result of liquid directed to the pool
from liquid-vapor phase separation of SRV sources, which is
taken into account in the case of an unsubmerged sparger, see
Section 11.2.2;

W, = mass transfer rate out of the pool from explicit processes
= Wi+ Wik
W, = removalrate as aresult of engineered systems drawdown or a
transfer to another cell through a liquid transport model, see
Chapter 12;
Wicon = Ppool boiling rate calculated by the lower cell model, see Table
4-3.
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Table 4-6
Conservation of Energy Equation for the Coolant Pool in Cell i

du .
Tp’l = qp,in - qp‘out ~ Qpour + Geq + qp.gr +qp.ex.so - qp,ex.si + qp,gr.ex ~Qwk
t

where

U,; = the pool internal energy in cell i;

Qpin = the energy inflow rate, defined by Din E Wi Ojihpd. , where the ji sum
includes pool flow paths only and

h,; = pool specific enthalpy in cell j;

Qoox = the energy outflow rate, D out E W
pool flow paths only;

;D » where the ij sum includes

Qooit = energy transfer from pool boiling calculated by the implicit solver, see W
in Table 4-3;

Qeq = energy transfer rate into the pool as a result of the equilibration of gas flows
into the pool from flow paths submerged under the pool surface, see Section
44.7,

= energy dissipation rate in the pool from work done by gravity for implicit
processes;

Qp g

= E gw. J.OJI(H > H_.) , where the ji sum extends over pool flow paths
ji '
only;

Qpexso = energy transfer rate into the pool from explicit processes

= qes‘out + qa,dep + qhs.out + qp,cond + qp.c + qdrop+ q p,hs+ q p.ud,so+ q LC,eq+ q SRV.eq+

qSRV.out;

Qes.out = energy transfer rate from effluent routed to the pool as a result
of engineered systems operation, or transferred to the pool
through a liquid transport model, see Chapter 12;

Qadep = energy transfer rate from coolant aerosols deposited on the

pool surface, see Section 7.2.3;
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Table 4-6

Conservation of Energy Equation for the Coolant Pool in Cell i (Continued)

qp.ex,si

qhs.out =

qp.cond -

9p.c =

qdrop -

qp,hs -

qp.ud.so -

qDC,eq -

qSRV,eq -

qSRV.out

energy transfer rate out of the pool from explicit processes

Qesin T Aot

qes,in =

energy transfer rate from the runoff of the coolant film on heat
transfer structures, see Section 10.2.2;

energy transfer rate from condensation with respect to the pool
surface, see Section 10.2.3;

energy transfer rate from convection with respect to the pool
surface, see Section 10.1;

energy transfer rate from liquid removed from the atmosphere
in the DROPOUT option;

energy transfer rate from convective heat transfer to submerged
heat transfer structures;

energy addition rate associated with a user-defined mass
addition rate of liquid, plus any of the heating options available
in the lower cell, see Section 5.6;

energy transfer rate as the result of equilibration of gases and
(coolant) vapor produced in CCIs modeled within the
CORCON module, see Chapter 5 and Section 11.2.1;

energy transfer rate as the result of equilibration of sources
introduced through the SRV or sparger model when the
sparger is submerged, see Section 11.2.1;

energy transfer rate as the result of liquid from the liquid-vapor
phase separation of SRV sources, which is taken into account
in the case of an unsubmerged sparger, see Section 11.2.2;

energy transfer rate out of the pool as a result of engineered
systems drawdown or a transfer to another cell through a liquid
transport model, see Chapter 12;
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Table 4-6
Conservation of Energy Equation for the Coolant Pool in Cell i (Concluded)

Quewor = energy transfer from pool boiling calculated in the lower cell,

Qperex = energy dissipation rate in the pool from work done by gravity for explicit
processes

= g{ Wes.out ( Hes,out - Hp.i ) + [Wa.dep + max( Wp.cond’ 0 ) ] ( Hi - Hp,i ) +
Wdrop (Hdrop.oul - Hp,i ) + th,out ( Hhs,out - Hp.i ) + WSRV,out ( HSRV - Hp,i ) }

H,,. = mean elevation of origin of engineered systems effluent;

Hyoponw = mean elevation of origin of dropout liquid directed to the pool;

Hyo.: = mean elevation of origin of coolant film runoff from heat
transfer structures;

Hgry = SRV or sparger elevation;

Qwik = rate of work done by the atmosphere on the pool

= _ pi& , where V, is the gas volume.
dt

where
AQ=U,;-m,; uﬂ(Ts,i’Pi)

and At, is the flow timestep, h, is the coolant vapor specific enthalpy, h, is the liquid coolant specific
enthalpy, T,; is the pool saturation temperature, P; is the cell gas pressure, m; is the pool mass after
flow step, but before gas equilibration, U, ; is the pool internal energy after the interpool flow step,
but before gas equilibration, and u, is the liquid coolant specific energy.

4.4.7 Gas-Pool Equilibration

This section discusses the modeling of gas-pool equilibration that occurs with respect to gas flow,
when the flow is injected into a cell from a flow path that is submerged below the collapsed pool
level in that cell. Gas flowing into a pool from a submerged gas flow path or the dedicated
suppression vent in forward flow is in general equilibrated as discussed below. However, note that
gas equilibration is ignored for the suppression vent in reverse flow, for reasons related to model

Rev. 0 4-36 6/30/97



architecture, A gas-pool equilibration model similar to the one presented here is used for the SRV
and CORCON models, as discussed in Section 11.2.1.

With regard to gas equilibration, the gas inflow to the pool from a submerged gas flow path is
assumed to equilibrate with respect to both temperature and vapor pressure over a gas equilibration
length "veqlnf" or "veqlnb" for the front or back end of the path, respectively. These lengths may
be specified by the user. By default, such lengths are set to 0.01 m for gas flow paths. For the
suppression pool vent model in forward flow, the same treatment is used but the equilibration length
is set to zero. Note that the behavior of the equilibrated vapor outflow from the pool depends on
whether the BOIL keyword has been specified for the pool. If BOIL has not been specified, then the
vapor outflow mass is taken to be zero.

The gas equilibration calculation for cell i is based on the gas equilibration lengths discussed above,
a self-consistent pool temperature T, ;, and the gas inflow rates for paths submerged under the pool
surface in cell i. The self-consistent pool temperature, which is implicitly defined by the equations
below, is based on the end-of-timestep conditions for the pool, and therefore includes the effects of
(1) explicit sources, (2) liquid inflow and outflow through flow paths, (3) boiling (see Section
4.4.6), as well as (4) the equilibration of the gas injected into the cell below the pool surface. Gas
equilibration is the last step calculated in the implicit solver, after the effects of (1) through (3) have
already been taken into account. For simplicity, in the discussion below, only the effects of gas
equilibration are explicitly displayed. The other effects listed above can be considered to have
modified the starting conditions of the pool prior to incorporating the effects of gas equilibration.

In the case of a gas flow path or the dedicated suppression vent model, the gas inflow into cell i is
characterized by the gas inflow rate W; =W, ; + W, ; for path ji, where W, ; is the noncondensable
gas flow rate and W is taken here to be the total coolant flow rate. The latter includes the coolant
vapor and homogeneously dispersed coolant liquid carried with the vapor, if present. In the
discussion below, only positive inflow rates W;; corresponding to gas flow paths venting below the
pool surface into cell i will be considered. (As noted in prior sections, the flow is indexed by ji, even

though more than one path may be present between cells j and i.)

The energy transfer rate to the pool through a given path ji, corresponding to the submerged gas

inflow W, is given by

Qi = Wiihy 4-15)

where h; is the gas specific enthalpy in cell j.
The mass transfer rate from the pool surface to the atmosphere W, ; from gas outflow is broken into

four parts: W, ..., the vapor contribution required to bring the pool down to saturation, if necessary,
in case the inflowing gases are sufficiently hot to drive the pool above saturation; W, .. ;, the vapor
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outflow associated with the equilibrated noncondensable gas; W the vapor outflow associated

pa,vn,i?

with the nonequilibrated gas; and Woanei = E 0. W the total noncondensable inflow rate.
ji

The pool saturation flow rate W, ... follows from the standard expression for boiling rates and is
defined as

_ AQ, if BOIL is specified (4-16)
Weaysi = 02X (b (T, P;) = by(T,, P AL, -0

s,i? s.i?

=0 otherwise

where
AQ, = my; (b, (T,,P;)-hy(T,.P)) - E £,0, W, 0y (T, - P) Aty

*; i O [dups + 8W; (H - Hyy) - Wiy (To)] At

and my; is the initial pool mass; T,; is the initial pool temperature; Tj; is the pool saturation
temperature; f; is the gas equilibration fraction = 1 - exp(-AH,; ,/A;); AH,; , is the submergence of
the flow path end in 1; A; is the equilibration length associated with the flow path end at i; b, is the
liquid coolant specific enthalpy; h, is the coolant vapor specific enthalpy; and h .is the non-
condensable gas specific enthalpy for the ji path; g is the acceleration due to gravity; H; is the gas
center-of-elevation in j; and H,; is the pool surface elevation in i.

The contribution to the vapor flow rate associated the equilibrated outflow is defined as

Ef 0, MW, ./[M,  max(P, -P(T/ J,0.01P(T; )] if BOIL is specified (4-17)

pa,ve i

=0 otherwise
where M, is the molecular weight of the coolant vapor, M,.; is the molecular weight of the
noncondensable gas inflow, and P(T) is the pool saturation pressure at temperature T. The cutoff
of 0.01P(T};) in the denominator of the above equation has been implemented to prevent unrealistic

amounts of vapor production for large pools.

The nonequilibrated vapor outflow contribution is defined as

W oo ; (1-£)8,W (4-18)
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Finally, the mass transfer rate of vapor, homogeneously dispersed liquid coolant, and
noncondensables from the pool to the atmosphere, including the equilibrated and non-equilibrated
parts of the flow, is given by

= +W +W +W 4-19)

pai WP&VC.i pavs,i pa,vn,i panc,i

The energy addition rate to the atmosphere as a result of the mass transfer from the pool, including
the equilibrated and nonequilibrated parts and referenced to the pool surface, is given by

qp&i:z (1 —f) [ ‘]J gwW (HJ )] f % WnCthncn(T;»i) (4-20)

n

+W__h (T’ P(T;,'i)) +st,ihXTs,i’Ps(Ts.i))

vei W\ © pi’

The self-consistent temperature T} ; is determined by an enthalpy balance condition, using the net
energy addition rate q; to the pool as a result of equilibration

72 530G 8 Wl ~Fo) Wacibacs(Thd | - Wonseal (TP Toi)) - (42D
~ Wiy (T P)
The energy balance condition is
m’ ;h(T: .P)-m h(T .P)=q, At (4-22)
where
m);=m  + W, At (4-23)

is the net change in the mass of the pool due to equilibration and

(4-24)

pa,ve,i Wpa,vs,i

Weq‘i=;f 0, W, - W

is the net mass transfer rate to the pool due to equilibration.

4.4.8 The Gas Evolution Velocity at the Pool-Atmosphere Interface

The velocity of gas evolving or rising from the pool-gas interface in a cell may be non-zero for a
number of reasons: (1) boiling or flashing of the pool, as discussed in Section 4.4.6; (2) injection of

gas below the surface of the coolant pool from submerged gas flow paths or the dedicated
suppression vent model, which can result in gases that are partially or completely equilibrated, as
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discussed in Section 4.4.7; and (3) explicitly modeled submerged sources of gas, such as the SRV
discharge model discussed in Section 11.2 and the CORCON CCI model discussed in Chapter 5.
A contribution not taken into account in this velocity is that due to surface condensation or
evaporation of coolant at the pool surface, which is accounted for separately. The gas evolution
velocity is used in a number of places. One is to offset aerosol deposition processes, as discussed
in Section 7.2.3, at the pool-atmosphere interface. It is also used in the default option, as discussed
in Section 10.1.1.6, to calculate the degree of forced convection present with respect to the exposed
heat transfer structure surfaces. In the forced convection option, the contributions to the convective
velocity from each outflow and unsubmerged inflow gas flow path connected to the cell are taken
into account separately. The effect of all the submerged inflow gas paths, plus that of boiling and
explicit submerged sources, are taken into account in a single gas evolution velocity v, ; (for cell
1). This velocity is processed as an "inflow" velocity according to the POOLFLOW parameters in
the VELCOEF input, or their defaults, to obtain the pool-gas interface contribution to the forced
convection velocity. (Prior to CONTAIN 1.2, only the effect of the dedicated suppression pool vent
discussed in Section 11.1.2 was taken into account, according to the SUPVENT parameters in that
input. The SUPVENT keyword is considered obsolete but if specified will be treated like the
POOLFLOW keyword.)

The gas evolution velocity v,,; in cell i is computed from the conditions calculated just above the
pool surface. The total flow enthalpy for all contributions is given by

W oeiDoei =D * boiri * Ircboiti * Ircgi ¥ dsrv.gi (4-25)

where q,,,; is defined in Equation (4-20) and q,,;; and q; ¢,,3; represents the implicit and explicit pool
boiling rates, respectively, discussed in Section 4.4.6. The other terms represent explicit submerged
sources of gas as discussed in Tables 4-3 and 4-4. The total mass flow rate in this equation is given
by the sum W ., = W, i+ Wi + Wicpai + Wic,; + Wegyei The temperature T, ; and density p,,;
of the flow are obtamed by solving the enthalpy equation at a total pressure equal to the cell gas

pressure P;, namely

N

-26
pgl pg g pglk pgl pgvth( pgi’ ngI) ng.ﬂ.ihﬂ(Tpg-’P) (4-26)

where N, is the number of ideal gases; W,,;, is the flow rate of ideal gas k; h, is the specific
enthalpy function of k; W, .; is the flow rate of coolant vapor; h, is the coolant vapor specific
enthalpy; P, ,; is the coolant vapor partial pressure; W, ,; is the flow rate of homogeneously
dispersed liquid coolant and h, is the specific enthalpy of the coolant liquid.

The velocity of the flow is given by

ng 1/ (Apg iPpe. i) @27
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where A, ; is the area of the atmosphere-pool interface, which is the cell cross-sectional area at the
collapsed pool level.

4.4.9 The FIX-FLOW Option

The FIX-FLOW option within the implicit flow solver is designed to improve calculational
efficiency in long-term calculations in which strong gas natural convection in cells with relatively
small free volumes severely limits the flow timestep because of the convective Courant condition
(i.e., Aty < 0.2 t,, where t, is given in Equation (2-1)). If the conditions in these cell atmospheres
approach a quasi-steady state for much of the calculation, despite the strong convection, the FIX-
FLOW option may be useful. The option in effect removes the atmospheres in question from the
implicit solver solution matrix and assumes that the gas flow rates in the flow paths connected to
those atmospheres are effectively fixed boundary conditions to the rest of the problem. Note that
in order for the option to apply to a cell, the cell atmosphere must be selected as being solved
implicitly through the IMPLICIT option, and the coolant pool, if any, in the cell, must not be
connected by pool flow paths to other cells. (The pool may be explicitly connected to other pools
through liquid transport models available within the engineered systems models, discussed in
Chapter 12,) The FIX-FLOW option was originally developed to treat cells modeling the passive
containment cooling system air duct in the Westinghouse AP600 design.

Section 4.4,9.1 discusses the modeling basis, and Section 4.4.9.2 discusses guidelines for the
applicability of the option.

4.4.9.1 Modeling Basis. The FIX-FLOW option is designed to overcome the convective Courant
limit imposed by a cell on the flow timestep when conditions in the atmosphere are changing slowly,
even though gas convection through the cell is occurring at a relatively high rate, By approximating
these slowly changing conditions instead of completely recalculating them each timestep, the need
to continually take small timesteps can be reduced. The FIX-FLOW option uses the simplest
approximation to the slowly changing conditions, which is to replace selected cell atmospheres by
fixed-flow-rate boundary conditions when the conditions are changing sufficiently slowly. More
sophisticated approximations, such as a linearly extrapolated change, were considered but appeared
to be unstable, It is shown in Section 4.4.9.2 that in order for the FIX-FLOW option to be useful,
the relative rates of change of conditions must be many orders of magnitude smaller than the inverse
time constants for relaxation to the quasi-steady state.

The criteria for a sufficiently slow change are based on a user-specified rate tolerance g;, which is
by default zero, for each cell i. It is input as "rtol" after the FIX-FLOW keyword for each cell as
described in Section 14.2.4.1. Specification of zero, the default value, indicates that the
corresponding cell is excluded from consideration in the FIX-FLOW option. The rate tolerance
value governs the maximum rates of change of the atmosphere temperature, mass, and volume that
can be present when the fixed-flow-rate boundary conditions are invoked.

When the FIX-FLOW option is invoked, the implicit flow solver will use the first flow timestep
within a system timestep to sample the rate of change dT,/dt, dm/dt, and dV/dt of the temperature

™. N A A1 L1007



T;, total gas mass m;, and free volume V,, respectively, in each cell i. On the first timestep, if the
relative rates of change satisfy

T, dT/dt| < g,
|m,”! dmy/dt| < g (4-28)
IV, ' dv/dtl < g

the cell i is replaced in subsequent flow timesteps within the same system timestep by fixed-flow-
rate boundary conditions, with the flow rates and composition taken to be those calculated in the first
flow timestep. In addition, the atmospheric conditions in the cell related to the noncondensable
gases and the condensable material will be held constant for those timesteps. Note that while the
atmosphere thermodynamic and flow conditions will be held constant, aerosol and fission product
inventories will not be held constant but will be calculated as evolving according to the assumed
flow rates and thermodynamic conditions.

4.4.9.2 Guidelines for Applying the FIX-FLOW Option. In applying the FIX-FLOW option, the

user should be aware of the fact that even for relatively small tolerances, mass and energy
conservation problems may result and the calculated cell conditions for the cell atmospheres replaced
by fixed-flow boundary conditions may deviate significantly from the correct ones. These effects
in general scale with the user-specified rate tolerance g;. The degree to which these effects occur
depends on the detailed nature of the processes occurring within a cell. The purpose of this section
is to supply guidelines to the user as to when FIX-FLOW should be invoked.

Mass and energy will in general not be conserved in a cell replaced by fixed-flow boundary
conditions, since these quantities should in general be changing, albeit slowly. Under the quasi-
steady conditions likely to be present when the fixed-flow boundary conditions are invoked, one can
estimate errors by assuming linear rates of change of mass and energy over the system timestep.
Estimates for the relative error per system timestep on the atmosphere temperature and total
atmospheric mass in this case can be expressed, respectively, as:

|AT/T;| < ¢ (1 - 8) At
(4-29)
|Amy/my| < ¢; (1 - s) At

IAV./Vi< g (1-5)At,

where At is the system timestep and s is the ratio At, /At, of the first flow timestep to the system
timestep. The degree to which such errors accumulate and can be tolerated depends on the situation.
In some cases, such as an adiabatic closed cell with a very low source rate extending over a long
period of time, the cumulative errors may not be acceptable even for ¢, = 107%. However, as
discussed below, for a cell that rapidly relaxes to a quasi-steady state and is connected to a very large
reservoir (i.e., the environment), the cumulative errors may be negligible.
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The FIX-FLOW option may be useful in cases in which the atmosphere thermodynamic and flow
conditions correspond to a slowly varying quasi-steady state and in which this quasi-steady state is
stable if the conditions in the cell are perturbed. It is helpful to deal with a specific case. In the case
of a duct cell, one would expect steady-state conditions to be established in the time 7 it takes to set
up natural convection flow through the duct. The natural convection flow will in general not be
absolutely steady but will adjust to changes in other conditions in the duct. Such "other" conditions
may, for example, include temperature changes on the surfaces of duct structures due to changes in
the decay heat within the containment. In the absence of these other changes, it is assumed that the
atmosphere thermodynamic and flow conditions in the duct would relax to steady-state values with
a time constant t. In the presence of other slowly varying conditions, one would expect that the
atmosphere thermodynamic and flow conditions will evolve slowly with time (i.e., be in a quasi-
steady state) and be close to their "instantaneous" steady-state values, which are defined as the values
that would be eventually attained if the "other" conditions suddenly stopped changing.

The cumulative error will be analyzed here for the cell temperature, although similar analyses can
be done for other quantities. The following analysis was motivated by considering the change in cell
atmosphere temperature due to a change in surface temperature, for fixed-flow rates through the cell.
Because of changes in the surface temperature, the "instantaneous" steady-state atmosphere
temperature T is assumed to vary linearly in time (to lowest order)

n n-1 . -
T = Tao ' + (dT, /di)At, (4-30)

where n is the index for the system timestep At, and where the cell index i has been suppressed for
simplicity. With the standard approximation that only the first term in the expansion of the
exponential describing the relaxation of the cell temperature is kept, the cell temperature T varies
as

T = AT - T4 )/r + T (4-31)

This finite difference form is applicable either for the case in which the flow timestep is equal to the
system timestep (s = 1) or the case in which the flow timestep is less than the system timestep and
the cell is replaced by fixed-flow boundary conditions for all but the first flow timestep in the system
timestep. From Equations (4-30) and (4-31), it is easy to show that the difference T - T, rather than
T itself, attains a steady-state value when T varies linearly in time. This steady-state value is

(T - T,) = -(dT,/dT)us (4-32)

§S

If we define the cumulative error AT, as the difference in cell temperature between the case in which
s<1 and the case in which the system timestep is reduced to the flow timestep, then from Equation
(4-32)
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AT, = -(dT,/dt)z(1 - s)/s (4-33)

Thus, in order to have a relatively small cumulative error for a small s, the time constant for change
in the quasi-steady conditions must be much larger than the time constant t for relaxation to the
quasi-steady state.

In general, since we have assumed that the fixed-flow boundary conditions are being invoked, the
temperature must satisfy Equation (4-29). Since the difference T - T, is assumed to relax to a
steady state (with a relaxation factor 1 - sAt/1), the time derivative dT,/dt will be comparable to
dT/dt. Thus, an estimate for the cumulative error is

|AT,| < ¢ Tyt (1-58)s (4-34)

This error should be evaluated to see if it is acceptable. If one assumes the conditions that t = 10's,
At;=20s,s=0.1, T, =300 K, and ¢; = 107, then AT, < 0.3 K, which may be an acceptable
temperature error. Note that for the case of the adiabatic closed cell mentioned above, 1 is infinite
and the error could consequently be large even if ¢; is small.

The cumulative errors for conditions within cell atmospheres replaced by fixed-flow boundary
conditions will produce mass and energy conservation errors, which eventually may affect other cells
in the problem. It is therefore desirable that the cells to which the fixed-flow cells are connected by
flow be large repositories that are not significantly affected. This condition is obviously satisfied
if the former cells are environment cells. In other, less obvious cases, the effect of the mass and
energy conservation errors should be explicitly checked, as discussed in Section 3.4.

The user is cautioned that ¢; must be carefully chosen, much like an error tolerance, to keep errors
from accumulating in the calculation and to maintain calculational efficiency. Appropriate values
will depend on the problem, but it is expected that values of order 107 to 107 per second will be
useful for long-term containment analysis. Accuracy should be checked by reduction of ¢, by a factor
of 10 if there is any question about the magnitude of errors being introduced.

4.5 The Conservation and Thermodynamic State Equations

Tables 4-2 through 4-6 present the momentum, mass, and energy conservation equations in a form
appropriate for a control volume formulation. These pertain only to the principal fluids:
noncondensable gases, the coolant vapor, and liquid coolant. In particular, the modifications of these
equations to include dispersed core debris fields is discussed in Section 6.2. These tables include
a cross-reference for the terms in each equation.

The momentum conservation equation given in Table 4-2 is the inertial flow equation that is
typically used for flow paths and has been discussed in Section 4.4.1. It relates the mass flow rate
W;; between cells i and j to the total pressure difference AP; between the cells connected by the flow
path. This difference includes gravitational heads for all flow paths. The irreversible flow loss
coefficient Cy in the momentum equation can be specified by the user to account for entrance and
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exit losses and other frictional losses. Section 4.4.1 gives additional discussion regarding the flow
loss coefficient.

The atmosphere mass conservation equation for a cell is given in Table 4-3. The equation in this
table takes into account (a) the flow of principal fluids into a cell from other cells, (b) flow out of
the cell to other cells, (c) pool-gas exchange terms from boiling and equilibration of gas injected into
the cell below the coolant pool surface, and (d) mass sources and sinks from processes modeled
explicitly outside of the flow solver.

The energy conservation equation for the atmosphere of a cell is given in Table 4-4. The equation
includes volume displacement work, work associated with gravity, and the energy from sources and
sinks within a cell. Note that the kinetic energy term is neglected in the energy equation, because
the flow velocities must be on the order of the sound speed in order for the kinetic energy terms to
become . [Ber85b] Volume displacement work terms are implicitly included in the equation through
the use of the flow specific enthalpy. Similarly, volume displacement work from explicit processes
is taken into account through use of the enthalpy to define the q terms. The gravitational work terms
are explicitly displayed. The elevations used in the work terms are dictated by the fact that the
enthalpy fluxes are referenced to the gas center of elevation for transfers from an atmosphere and
to the pool surface for transfers from a pool.

The coolant pool mass conservation equation is similarly given in Table 4-5, and the energy
conservation equation for a pool is given in Table 4-6.

The thermodynamic state equations for the atmosphere and pool given in Table 4-7. From the
component masses and the total internal energy of the atmosphere and pool, the thermodynamic state
calculation determines the temperature, pressure, enthalpy, and saturation condition of the
atmosphere and the temperature of the pool in the cell.

From the given internal energy and the component masses, it is necessary to invert the internal
energy function to obtain the temperature. This is done iteratively for both the atmosphere and pool.
An initial guess for the temperature close to the expected temperature is made. In practice, these first
estimates are chosen to be close to the last known temperature. The internal energy for this
temperature is then calculated and compared to the total energy that should be present. If the
comparison is not acceptable, a new temperature is selected, and the iterative process is continued
until acceptable convergence occurs. In the implicit method, if more than 50 iterations are required,
the calculation simply will abort. In the explicit (Runge-Kutta) method, if more than 30 iterations
are required, a message warning of nonconvergence is given. One should note that the inversion
routines are extremely robust. Nonconvergence that is not the result of too large a timestep is usually
a symptom of a calculational fault outside the solver, such as a negative mass for the condensable
gas. The code does check for negative masses, but intermediate calculations are sometimes
performed prior to this check. Another potential cause of nonconvergence may be the use of
user-defined materials for the gas phase components of the atmosphere, particularly if data violating
thermodynamic laws are specified.
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Table 4-7
Thermodynamic State Equations

Atmosphere Internal Energy:
N as
U = 2 mkhk(Ti) + m hy i’Pv) + m, hI(T i’Pi) - BV,
Pool Internal Energy:
Ui = mp.ihﬂ(Tp.i’Pi) -P,V,;
where
U, = internal energy of gases, coolant vapor, and homogeneously dispersed
liquid coolant in cell i,
Nas = number of gases that are treated as ideal gases;
m, = mass of gas component k in cell i;
h(T) = specific enthalpy of ideal gas component k at temperature T;;
T, = atmosphere temperature;
m, = mass of coolant vapor;
h,(T,,P,) = specific enthalpy of coolant vapor. See Section 3.2 for the expressions for
h, for the ideal and non-ideal equations of state;
P, = coolant vapor partial pressure;
m, = mass of homogeneously dispersed liquid coolant in the atmosphere;
h(T,,P,) specific internal energy of liquid coolant. See Section 3.2 for the
expressions for h, for the ideal and non-ideal equations of state;
P, = atmosphere total pressure;
\'A = free volume (cell volume - pool volume);
P, = pool volume.
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Table 4-7
Thermodynamic State Equations (Concluded)

Pressure:
P - I:"f RN,T, p.
k=1 V.
where
P, = pressure in cell i;
P, = partial pressure of coolant vapor;
N, = moles of component k in the free volume.
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5.0 LOWER CELL AND CAVITY MODELS

The lower cell system of models provide for the representation of processes in the lower regions of
a cell, The principal uses of the lower cell models include the modeling of coolant pools and the
underlying substrates and of core concrete interactions (CCIs). The lower cell includes models for
heat conduction between the pool and substrate layers, CClIs, volumetric and radionuclide decay
heating, and mass and energy sources to the pool and substrate layers. As discussed in Section 5.7.1,
the CONTAIN lower cell model for radionuclide decay heating utilizes the ANSI-standard decay
power curve [Ame79] and is used in conjunction with the decay heating from explicit fission
products that is discussed in Section 8.5. Other models for decay heating are imbedded in the
CORCON module and are discussed in Section 5.3.2.

A coolant pool, if present, is assumed to occupy the lower regions of the CONTAIN cell as depicted
in Figure 4-4. The cell geometric shape (i.e., the cross-sectional area as a function of height) is
defined by the cell GEOMETRY input discussed in Section 14.3.1.1. The pool is assumed to fill this
cell from the bottom up, with a horizontal free surface dividing the pool and atmosphere volumes.
Heat transfer structures and the pool substrate are assumed to be excluded from the user-specified
cell volume.

If CORCON is not active, a conduction model solution for the heat transfer between the pool and
the layers in the pool substrate is carried out. For purposes of the conduction solution, the substrate
area is defined through the lower cell GEOMETRY area discussed in Section 5,1 below and in
Section 14.3.2.1. (The use of cell GEOMETRY input for the pool cross-sectional area as a function
of height is a non-upward compatible change from versions prior to CONTAIN 1.2, which assume
a constant pool cross-sectional area given by the lower cell GEOMETRY area.) The substrate is
considered to be either composed of "intermediate" and "concrete" layers, as discussed below, or
represented by a basemat temperature boundary condition.

Note that a lower cell substrate is not the only way to define the region below the pool. As discussed
in Chapter 10, the pool may also be in contact with the face of a submerged slab-type floor heat
transfer structure, which can be at any elevation equal to or above the bottom of the pool. The
bottom of the pool may also be a virtual flow boundary, characterized by a pool-type engineered vent
to the cell below, in which case the pool is considered to be in contact with the pool in the cell below
rather than a substrate. In the latter two cases, a lower cell GEOMETRY area for the pool substrate
must still be defined but should simply be set to a negligible value.

The changes in CONTAIN 1.2 to allow the pool to flood the lower regions of a cell, including the
heat transfer structures, have resulted in non-upward compatible changes with respect to aerosol
deposition onto the pool surface (which is typically dominated by settling). This deposition is
modeled if and only if aerosols are defined and a coolant pool is defined in the cell, The lower cell
SETTLE keyword is no longer required for such deposition to occur. In addition, the aerosol
deposition velocity is now offset by any gases evolving from the pool free surface. In contrast,
deposition does not occur on the part of a heat transfer structure that is submerged below the pool
surface.



CClIs are modeled through an embedded version of the CORCON Mod3 code. CORCON Mod3
includes an integrated version of VANESA for representing aerosol releases; therefore, in the
discussions that follow CORCON is used to refer to both the CORCON Mod3 and VANESA
models. When active, the CORCON model governs the processes occurring in the melt, which is
assumed to be located at the bottom the coolant pool, if it exists. Convective and boiling heat
transfer from the substrate can be modeled with either the CORCON model or the heat conduction
model. In most severe accident analyses, the user will invoke CORCON to represent CClIs and
related phenomena. In situations where concrete ablation is not expected to be important, the
simpler heat conduction model can be used rather than CORCON. The former model has the
advantages that it handles transient conduction in the concrete, is simpler to set up and use than
CORCON, and runs significantly faster than the CORCON module.

The coolant pool is the repository used for liquid coolant taken from or directed to the lower cell by
other modules. Such transfers can occur as the result of flow through pool-type engineered vents
(see Chapter 4), operation of engineered systems (see Chapter 12), condensate runoff from heat
transfer structures (see Chapter 10), coolant acrosol deposition (see Chapter 7), the flow DROPOUT
model (see Chapter 4), and the steam blowdown phase separation process (see Chapter 11) that is
modeled in conjunction with the safety relief valve (SRV) model. Note that if a coolant pool is not
defined, any liquid coolant directed to a cell will be lost from a problem, although its mass and
energy will be noted in the WASTE location of the mass and energy accounting output. To reduce
the number of pools required in a problem, condensate runoff from structures in a given cell (e.g.,
as a result of condensation) can be directed to the pool in another cell by using the cell OVERFLOW
keyword (see Chapter 10 and Section 14.3.1.12).

A number of models deal with the venting of gas/aerosol/fission-product mixtures under the pool
surface. The gases are partially or completely equilibrated with the pool, depending on the model,
as discussed in Section 4.4.7 and in Section 11.2.1. Also, the aerosols are scrubbed in a manner
discussed in Section 7.7. For example, such mixtures are vented into the coolant pool when the
downstream end of a gas-type engineered vent lies under the surface of the pool in the downstream
cell. Also, when CORCON is active, any such mixtures generated by CCIs are assumed to be
injected at the bottom of the coolant pool, if present. Otherwise, they are injected into the
atmosphere. In addition, the user can specify such mixtures as external sources to the pool through
the SRV model.

Convective, condensation, and radiative heat transfer between the pool surface and atmosphere is
modeled in a manner similar to that between heat transfer structures and the atmosphere, and is
therefore discussed in Chapter 10 rather than here. As with structures, the modeling of condensation
heat transfer for the pool-atmosphere interface requires the specification of CONDENSE option.
Convective heat transfer between the pool and the submerged portion of heat transfer structures is
also discussed in Chapter 10.

Boiling heat transfer correlations are also discussed in Chapter 10. Presently, boiling heat transfer
correlations are used only between the coolant pool and pool substrate. If CORCON is active, the
boiling heat transfer model of CORCON Mod3 is used. This model takes into account the effects
of gas barbotage and pool subcooling in the film boiling regime. If CORCON is not active and the
substrate is hotter than the pool, then the somewhat simpler boiling heat transfer model from



CORCON Mod?2 is used. That model does not treat gas barbotage or subcooling effects during film
boiling. It should be noted that Section 10.4 is a complete and somewhat revised version of the
corresponding discussion in Reference Bra93 on boiling heat transfer, as modeled in CORCON
Mod3.

A basic description of the layer configurations in the lower cell with and without CORCON active
is provided in Section 5.1. Sections 5.2 through 5.4 describe specific physical models and user
options associated with the concrete, intermediate, and pool layer types in the lower cell system.
This includes the conduction model that is used when CORCON is not active, and special options
or unique features included to link CORCON to CONTAIN. Interlayer heat transfer coefficients
used in the conduction model and user-specified heat transfer coefficient option are described in
Section 5.5. The use of mass and energy sources to the various layers, including decay and
volumetric heating, is discussed in Section 5.6. Section 5.7 addresses any implementation specific
capabilities and/or limitations of the CONTAIN implementation of CORCON not covered in the
preceding sections. Section 5.8 addresses the physics modeling in CORCON. Rather than duplicate
the governing equations and discussions in the CORCON Mod3 User’s Manual, [Bra93] this section
provides a guide for applying this existing documentation to the CONTAIN implementation of
CORCON. Section 5.8 also describes any changes made to CORCON Mod3 since the publication
of Reference Bra93. Section 5.9 discusses limitations and assumptions of the lower cell modeling.
Key elements of the lower cell and cavity models are illustrated in Figure 5-1.

5.1 Layer Configurations

The first subsection below describes the layer configuration when CORCON is not active. Note that
this is applicable to problems in which CORCON is invoked but CORCON is not yet active or was
active and has been deactivated. Section 5.1.2 describes the layer configuration used when
CORCON is invoked and active, This describes how the CONTAIN lower cell layer system
represents the CORCON layer.

5.1.1 Layer Configuration Without CORCON

The layer configuration and the relationship of the layers to the phenomena modeled in the lower cell
without CORCON is depicted in Figure 5-2. Each of these layers, with the exception of the pool
layer, is assumed to have the cross-sectional area given by the lower cell GEOMETRY keyword (see
Section 14.3,1.1). Layers are defined in the CONTAIN input beginning at the bottom. Thus, the
first layer is the concrete layer which is shown in Figure 5-2 as being nodalized into 12 equal-size
nodes. Any number of nodes greater than or equal to 5 can be specified for the concrete layer using
the "jconc" input in the cell control block. If "jconc" is specified as non-zero but smaller than 5, the
code will use 5. Only one concrete layer may be specified. Above the concrete layer are "jint"
intermediate layers, each with only one node. When CORCON is not invoked, intermediate layers
are allowed to have only one node. The user can specify an arbitrary number of intermediate layers
by specifying the desired number as "jint" in the cell control block. Also, each layer can be given
an arbitrary name when CORCON is not invoked. A pool layer is shown above the topmost
intermediate layer. The pool, like an intermediate layer without CORCON, is allowed to have only
a single node and is indicated by "jpool" = 1. Only one pool layer may be specified. If specified,
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the pool layer should lie on top of all the other specified layers as shown in Figure 5-2. Each layer
will be included in the one-dimensional heat conduction solution as discussed in Section 5.2. The
heat transfer coefficients between these layers will be based on perfect contact if the layer is solid,
otherwise the coefficient will be as described in Section 5.6.

The composition of the layers may be specified through initial conditions provided by the user and/or
through material source tables. Essentially any non-gaseous material may be placed in any layer, but
it is recommended that only CONC material be placed in the concrete layer, coolant in the pool layer,
and core debris or concrete materials in intermediate layers. The experienced user may choose to
deviate from this scheme to simulate special situations, such as simulating rebar in the concrete layer
by including iron material. Alternatively, the user may also redefine the CONC material properties
through the USERDEF user-defined material input.

5.1.2 Layer Configuration With CORCON

Figure 5-3 depicts the layer configuration in a CORCON calculation. As in the case without
CORCON, layers are defined beginning at the bottom. Unlike the case without CORCON, however,
the layer configuration in problems with CORCON is fixed. One must define a concrete layer and
exactly one intermediate layer. A pool layer is optional, but is highly recommended, since in most
applications an overlying coolant pool is at least possible.

The concrete layer is present mostly to serve as an input and output interface to the CORCON model.
The CORCON concrete type is specified in the concrete layer input. Note that this concrete type is
only used by the CORCON model. That is, it is ignored by the conduction model as discussed
further in Section 5.2. The temperature specified in the concrete layer input is used to initialize
CORCON, but the specified mass of the concrete layer is not passed to CORCON. The mass is not
used by CORCON because it uses its own two-dimensional model for the concrete cavity. However,
a reasonable mass should be specified in the concrete layer input of the concrete layer so that
conduction can be modeled before CORCON is activated and after CORCON is deactivated. Note
that the CORCON and VANESA input options are specified, in part, through the CORCON
subblock of the PHYSICS block of CONCRETE layer. Note that this block includes the input
specification for the melt spreading option and the interlayer mixing option.

Above the concrete layer is a single intermediate layer, which will always have the layer name of
"CORCON." This required single CONTAIN intermediate layer is used to initialize and report on
the five possible CORCON internal layers: HOX, HMX, MET, LMX, and LOX. The names and
meanings of these five CORCON layers are discussed in Section 5.3. Each of the five CORCON
internal layers is represented as a separate node within one CONTAIN intermediate layer. (As
discussed in Section 5.1.1, normally only one node is available for each intermediate layer.) The
intermediate layer input is used to specify the initial inventory of oxides and metals in the cavity, the
degree of stratification or mixing of the CORCON layers, and the time-dependent mass and energy
sources to the debris pool. Note that input for the VANESA model and its various options, the melt
spreading option, and the interlayer mixing model are all part of the concrete layer input.

Figure 5-3 shows a coolant pool overlying the core debris layers. Although not shown here,
CORCON can also be used without an overlying coolant pool. If a pool is included, the phenomena
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modeled will include the scrubbing of CCI aerosols using the VANESA scrubbing model (activated
with the SCRUB keyword) as discussed in Section 5.4. Equilibration of CCI gases in the coolant
pool will also be modeled as discussed in Section 11.2.1. If a pool layer is defined and the pool is
empty, the CORCON model will function as if a pool were not defined. However, if a pool is not
defined, coolant normally directed to the pool, such as condensate runoff from structures, will be lost
from the problem.

5.2 Concrete Layer

If CORCON is not active, the concrete layer is nodalized and heat conduction is modeled as
described in Section 5.5. When used with the conduction model, the concrete layer will consist of
materials specified by the user. Typically, the CONC material will be used. However, other
materials besides CONC could be specified as present in the concrete layer.

If CORCON is active (i.e., the calculation is within the period specified in the CORCON TIMES
block, during which CORCON is running), the concrete layer is primarily used as a vehicle for
supplying CORCON initial conditions and for reporting the results of the CORCON calculation.
Heat conduction in the concrete and intermediate layers is not taken into account by CONTAIN
while CORCON is active. However, during the periods that CORCON is not active, heat conduction
is modeled. Also, the material used with the conduction model in CORCON problems during the
periods CORCON is inactive is always assumed to be the CONC material. The mass of the concrete
layer will be that given by the "cmass" variable.

If CORCON is active, the shape of the concrete cavity must be specified. The concrete cavity
containing the core debris is assumed to be axisymmetric. Two predefined geometries are available
to describe its initial shape: a cylinder with a flat base (FLATCYL) and a cylinder with a
hemispherical base (HEMICYL). Alternatively, a general but still axisymmetric initial shape may
be defined by specifying the initial position of each body point (ARBISHP). The keywords shown
in parentheses are specified in the GEOMETRY input of the CORCON block in the concrete input.

In a CORCON calculation the concrete type in the cavity must also be identified. Three predefined
concrete types are available for analysis of CCIs in CORCON. These types are basaltic concrete
(specified through the keyword BASALT), limestone/common-sand concrete (LIME), and limestone
concrete (GENERIC). The concrete type is specified in the concrete layer input before the
CORCON sub-block is specified. Unlike previous implementations, the concrete type specifications
for CORCON and VANESA are taken to be the same, since the concrete composition for both is
taken from the concrete type identified in the concrete layer. The VANESA concrete type input
previously provided by the CONCCOMP keyword is obsolete, but is still allowed for upward
compatibility reasons. Any CONCCOMP input specified will be ignored and the concrete type
specified in the CORCON input section will be used instead. The properties and compositions of
the three predefined concrete types are listed in Table 5-1. In addition the user may specify an
arbitrary CORCON concrete type through the keyword OTHER, followed by the appropriate values
of the mass fractions and characteristic temperatures indicated in Table 5-1. User-defined concrete
input is described in detail in Section 14.3.2.3.2.



Table 5-1
Properties of CORCON Predefined Concrete Types

Concrete Aggregate Type Name
Limestone/ Limestone/
Basaltic Common Sand Limestone
(BASALT) (LIME) (GENERIC)
Species Variable Mass Fractions
Si0, fsio2 0.5484 0.3580 0.0360
TiO, ftio2 0.0105 0.0018 0.0012
MnO fmno 0.0 0.0003 0.0001
MgO fmgo 0.0616 0.0048 0.0567
CaO fcao 0.0882 0.3130 0.4540
Na,O fna2o0 0.0180 0.00082 0.00078
K,O fk2o0 0.0539 0.0122 0.0068
Fe,O, ffe203 0.0626 0.0144 0.0120
ALO, fal203 0.0832 0.0360 0.0160
Cr,0, fcr203 0.0 0.00014 0.00004
Co, fco2 0.0150 0.21154 0.35698
H,O%* fh2oe 0.0386 0.0270 0.0394
H,O** th20b 0.0200 0.0200 0.0200
Ablation tabl (K) 1550.0 1590.0 1810.0
emperature
Solidus tsolet () | 13500 1420.0 1690.0
Temperature
IT‘ie%’gi‘;;wre figet (K) | 1650.0 1670.0 1875.0

*  Evaporable water
** Chemically bound water

The predefined concrete compositions do not include any steel rebar. Because rebar can be on the
order of 20% of the concrete mass in reactor cavities, a provision is included for the user to specify
a rebar mass fraction in the concrete. This is done by means of the REBAR keyword in the
CORCON input. Note that input was previously provided in the VANESA block for specifying the
rebar fraction used by the VANESA model. This input is now obsolete and will be ignored; the
VANESA model will now always use the CORCON value. Rebar is by default assumed to be pure
iron (material FE); however, the user can override this assumption and specify other metals for the
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rebar using the RBRCOMP keyword. Concrete, with or without reinforcing rods, is treated as a
homogeneous material in the CORCON model.

The specific concrete types and the REBAR option described above apply only to the CORCON
models. They do not pertain to the heat conduction model. If CORCON is invoked in a calculation
but not active at a given point in time, a default concrete layer will be used in conjunction with the
conduction model. The default layer will consist of the CONC material even if one of the above
concrete types is specified in connection with the CORCON input and will have a total mass given
by the "cmass" input variable. The properties of the CONC material are unaffected by the CORCON
concrete type definitions. However, the properties of the CONC material may be specified through
the CONTAIN user-defined materials option.

5.3 Intermediate Layers

The first subsection discusses briefly the options available when CORCON is not invoked. These
options are related primarily to heat conduction modeling. The second subsection discusses the use
of intermediate layers in conjunction with CORCON. Note that the conduction model is also used
in a calculation involving CORCON prior to CORCON activation and after CORCON terminates.
The second subsection also includes a description of layer initiation and the various species names
used in the input to and the output from a CORCON calculation.

5.3.1 Intermediate Layers Without CORCON

When CORCON is not invoked, the main physical phenomenon analyzed in the intermediate layers
is conduction heat transfer. Any number of single-node intermediate layers may be present when
CORCON is not invoked, and any number of CONTAIN liquid or solid materials may be present
in the intermediate layers. Mass transfer between intermediate layers and phase changes within the
layers are not modeled. Chemical reactions are also not modeled; therefore, the composition of these
layers can be changed only through user-specified source tables as discussed in Section 5.6.2. Note,
however, that trapped debris will be added to the uppermost intermediate layer in a direct
containment heating calculation as described in Chapter 6. The layer mass and energy addition
options (see Section 5.6) provide a great deal of flexibility in representing heat transfer problems in
the cavity.

5.3.2 Intermediate Layer With CORCON

If CORCON is invoked, only one intermediate layer may be present, This single intermediate layer
is used to initialize the CORCON debris pool layers and to report results. This layer, named
CORCON, will have 5 nodes, one for each possible CORCON debris pool layer. These nodes,
numbered 1 through 5 beginning at the bottom of the melt pool, correspond to the following
CORCON layer names:

Num Name Description
1 HOX Heavy oxides
2 HMX Heterogeneous mixture of heavy oxides and metals
3 MET Metals



4 LMX Heterogeneous mixture of light oxides and metals
5 LOX Light oxides

The mass appearing in these nodes will be associated with special material names in the CONTAIN
output and plot file. These material names are LCCHOX for heavy oxide, LCCMET for the metal
layer, and LCCLOX for light oxide. LCCHOX and LCCMET can be present in the HMX layer, and
LCCMET and LCCLOX can both be present in the LMX layer. The HMX layer is interpreted as a
metal layer with suspended drops of heavy oxide (most likely from entrainment). The LMX layer
is interpreted as a light oxide layer with suspended metal drops. These material names are also used
in the plot file. The user should not specify these names in the MATERIAL list of the global
COMPOUND block because they are included automatically when CORCON is invoked.

The user has the option of specifying either an initially homogeneous mixture or a stratified layer
configuration via the LAYERS keyword in the INTERM block. Homogeneous mixtures are
assumed located in the HMX CORCON layer. The HOX, MET, and LOX layers are used to
represent an initially heterogeneous configuration. Material may move between the various layers
as a result of interlayer mixing processes or density changes. Mixing, stratification, and density
changes resulting from material addition (either from concrete ablation or external sources) can lead
to changes in the layer configuration during a calculation. Note, however, that CORCON Mod3 does
not include layer flips as did CORCON Mod2. Instead, debris movement resulting from density
changes is handled more realistically by material transport between layers.

If CORCON is active, volumetric heating of the CORCON intermediate layer or concrete layer, due
to Q-VOL tables (see Section 5.6.3), will not be taken into account. Fission product heating of core
debris layers is calculated through either the CORCON CORESTAT decay power model or the
CORCON user input tables. The user may also invoke the CONTAIN DECAY-HT makeup decay
power model. When the last option is used, fission product heating from explicit fission products
and DECAY-HT makeup decay power assigned to the CORCON layer will be used by CORCON
(see Section 5.6,1) to normalize the overall fission product heating calculated in one of the first two
options. Mass sources to the CORCON internal layers can be specified through use of CONTAIN
source tables (see Section 5.6.2).

Prior to the start of a CORCON calculation, the CORCON layer is treated as a null layer, Should
the CONTAIN calculation continue beyond the time that the CORCON calculations are completed,
the representative CORCON intermediate layer will become a lower cell layer with a single node
composed of UO2 and FE. The layer mass will be equal to the summed final masses of the
CORCON layers with UO2 representing CORCON’s internal oxide layers and FE representing the
internal metal layer. After the CORCON calculations are completed, this intermediate layer is
included in heat conduction modeling, along with the concrete layer and pool layer, if any. The
purpose of providing an active intermediate layer is to allow a smooth transition in the heating of the
containment when the CORCON calculations are completed.

Initialization of the intermediate layer for a CORCON calculation in CONTAIN requires the
specification of a number of material species in various locations. The allowable species names vary
depending upon whether the input pertains to the initiation of melt masses for the CORCON physics
modules, or whether it pertains to the specification of fission products in the melt for the VANESA
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aerosol release model. The allowable names for each input situation are listed in Tables 5-2 through
5-5 below. Note that most of these names are taken from the CORCON and VANESA master
species lists given in Table 2.1 and Table 2.2 of Reference Bra93, respectively. Because of specific
changes made in the CONTAIN implementation of CORCON Mod3, the user should use the tables
below rather than the tables in Reference Bra93.

The species names in Table 5-2 are used in the initialization of material masses in the oxide and
metal CORCON layers of the CONTAIN intermediate layer. Any of these species may also be
specified in user-specified mass sources to the intermediate layer. The metal species are also used
in the RBRCOMP input for specifying the composition of the rebar. Note that condensed phase
carbon is given the input name C in the CONTAIN implementation of CORCON, while it is named
C(c) in the stand-alone implementation of CORCON. This change was necessary because
parentheses are used as delimiters in the CONTAIN input parser. Internally, the name of condensed
phase carbon is C(c) in both implementations.

Table 5-2
CORCON Metal and Oxide Species Names

Oxides Metals

SI1I02 FE203 FE U
TIO2 AL203 CR SI
FEO uo2 NI UALS3
MNO ZRO2 ZR UAL2
MGO CR203 MN NA
CAO NIO C CA
SRO FE304 AL

BAO MN304

L120 PUO2
NA20 U0o3

K20 U308

The decay power elements in Table 5-3 below are used in the CORESTAT decay power model. In
this model, the decay power is characterized by the gross fuel mass, the operating power, and the
decay power element retention factors. The default retention factors and the assumed mass
concentrations are shown in Table 5-3. The default retention factor shown may be replaced by
specifying the appropriate "reti" value for decay power element "fpl" in the CORESTAT input block.
Note that the mass concentrations may not be altered. Note that the two user input elements shown
in Table 2.5 of Reference Bra93 are not available in CONTAIN. Thus, there are 25 allowable
element names in the CORESTAT input block.
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Table 5-3
CORCON Fission Product Decay Power
Element Names and Default Retention Factors

Element Mass Retention || Element Mass Retention
Name Concentration Factor Name Concentration Factor
"fpl" (g-atom/MWt) "reti" "fpl" (g-atom/MWt) "reti"
MO .6053 97 PU 7921 99
TC .1545 97 AM .00593 .99
RU .3885 97 Y .1099 99
RH .0690 97 LA .1662 99
SB .00244 .85 PR .1446 .99
TE 0627 .85 ND 4638 99
SR 2155 .90 SM .0539 .99
BA 1915 .90 EU .01705 .99
ZR 7352 .99 RB .0819 .19
CE .3870 .99 CS 3776 .19
NP .0422 .99 BR .0053 .10
CM .00204 .99 I .0320 .10

NB .01139 .99 - - -

The fission product species names used to specify initial inventories for VANESA are shown in
Table 5-4. (Note that this table includes three sets of columns to conserve space.) If the preferred
material keyword input method is used a series of values are specified in the form "ovfp"="v{pm,"
where "ovfp" is the fission product name and "vfpm" is the associated mass. The names specified
for "ovfp" must be taken from the keywords given in the first, third, and fifth columns of this table.
The corresponding chemical symbols are shown to the right of the keywords in the second, fourth,
and sixth columns. If the obsolete MELTCOMP input method is used, the values specified after the
MELTCOMP keyword must be given in the order listed in the table (going down the columns first).
One of these two inputs is required to specify the initial inventory of fission products in the melt.
Note that the major species, shown in Table 5-4 with an asterisk, should not be specified here as they
were in the previous version of CORCON Mod2 in CONTAIN. The masses of these species are now
taken from the layer mass input discussed in Section 14.3.2.3.2. If the obsolete MELTCOMP
method is used, zeros should be specified for the obsolete species. If the "ovfp"="vfpm" method is
used, the keyword names for the obsolete species should not be specified.
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Table 5-4

Melt Component Keywords and Chemical Symbols

For VANESA Fission Product Initial Inventory Specification

Keyword Chemical Keyword Chemical Keyword Chemical
Symbol Symbol Symbol

CES Cs IOD I XEN Xe

KRY Kr TE Te BA Ba

SN Sn RU Ru U02* Uo,

ZR* Zr ZRO2* ZrO, FE* Fe

FEO* FeO MO Mo SR Sr

RB Rb Y Y TC Tc

RH Rh PD Pd LA La

CE Ce PR Pr ND Nd

SM Sm PU Pu CR* Cr

MN* Mn NI* Ni AG Ag

SB Sb NB Nb - -

*Obsolete input, since these species are taken from CORCON layer mass specification. If MELTCOMP is used, zeros
should be specified for these species.

In contrast to the stand-alone implementation of CORCON Mod3, the option to define the fission
product inventories in VANESA from the CORESTAT retention factors (see Table 5-3 above) and
the amount of UO, in the melt is not available. In stand-alone CORCON input terminology, this
means that the "ivanfp" variable is fixed at 1. This option was disabled in the CONTAIN implemen-
tation because the DECAY-HT option is typically used, with the default CORESTAT retention
factors.

Calculated aerosol and fission product releases are mapped to CONTAIN aerosol components and
fission product chain elements or groups using the AERCONST and FPTRACK input blocks. The
names of the species released are given in Table 5-5. These are the names that are specified in the
input when identifying the mapping between VANESA releases and CONTAIN aerosol components
and fission products. If the CORESTAT decay power option is used, the inventory of the CORCON
decay power elements (see Table 5-3) will be updated based on fission product releases from the
melt as predicted in the VANESA module. The mapping between CONTAIN aerosol components
and fission products and VANESA calculated releases is discussed in Section 5.7.4.
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Table 5-5
VANESA Constituent Names of Released Aerosol and Fission Products

VANESA Chemical VANESA Chemical VANESA Chemical
Constituent | Symbol Constituent Symbol Constituent Symbol
FE Fe AG Ag ZRO2 Zr0,
CR203 Cr,0, MN Mn CS20 Cs,0

NI Ni CAO Ca0O BAO BaO

MO Mo A1203 AlLO, SRO SrO

RU Ru NA20 Na20 LA203 La,0,
SN Sn K20 K,0 CEO2 CeO,

SB Sb SIO2 Sio, NBO’ NbO

TE Te U02 Uo, CSI Csl

*NB20S is also allowed to retain compatibility with older input files. NBO will be assumed if NB205 is specified.

5.4 Coolant Pool Layer

As discussed in the introductory Section 5.0, the coolant pool layer is a key aspect of the lower cell
model because it serves as a repository for coolant for a number of models. The various modules
with interfaces to the coolant pool were outlined in that introduction. The present section discusses
various input options that control the physics modeling of the coolant pool. Two aspects of the
physics modeling related to the venting of gas/aerosol mixtures under the pool surface are discussed
elsewhere. The scrubbing models for aerosols under such conditions are discussed in Section 7.7.
The modeling of the condensation/evaporation of coolant vapor within the bubbles of injected gas
is discussed either in Section 4.4.7 or in Section 11.2.1, depending on the origin of the injected gas.

Note that the coolant pool layer must be unique and specified as the topmost layer in any given lower
cell (this is done by defining the pool as the last layer in the lower cell input block). It can have only
a single, well-mixed node. The pool may contain only coolant and deposited aerosols and fission
products. Although other layers in principle can contain coolant, only the coolant in the pool layer
will be accessible to other code modules. It is also worth noting that the deposited aerosol inventory
in the lower cell is associated with the pool layer. Therefore, aerosol deposition onto the lower cell
is modeled only if a pool layer is defined. In contrast to code versions prior to CONTAIN 1.2, such
aerosol deposition is automatic and does not require the SETTLE keyword for activation. The
association of aerosol inventory with only the coolant pool layer is usually not a serious limitation.
If CORCON is not invoked, the simple conduction modeling done in the lower cell in the absence
of a pool can to a large extent be replaced with options for a floor heat transfer structure. If
CORCON is invoked, but without a coolant pool, acrosol deposition on the melt surface generally
has a minor effect.
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The coolant pool layer is unique in that it is the only lower cell layer, outside of the models in
CORCON, in which phase changes are allowed. As discussed in Chapter 10, surface evaporation
and surface condensation of coolant vapor can occur much in the same manner as for heat transfer
structures. As discussed in Section 11.2.1, pool evaporation and condensation can also occur with
respect to gases vented into the pool under the pool surface. Boiling of the coolant can occur if the
BOIL keyword is specified in the lower cell input block. If boiling is not activated, the pool is
treated like other nodes in the conduction model, and the pool could reach unreasonable
temperatures. Therefore, boiling should always be activated. The BOIL keyword is also required for
proper equilibration of the coolant vapor between the pool and any gases vented under the pool
surface. In the absence of the BOIL keyword, any coolant vapor in the vented gases is entirely
condensed out in the pool.

If boiling is activated, any net energy flux to the coolant pool that would raise the pool above
saturation is assumed to contribute instead to the pool boiling rate. When such a saturated condition
is detected, the conduction model solution is carried out with the pool temperature fixed at the
saturation temperature, for the purpose of calculating the conduction flux to the pool and the boiling
rate.

Pool boiling is calculated fully implicitly with respect to pressure, if the implicit flow solver is
invoked. Heat and mass sources to the pool are accumulated every cell timestep. They are then used
to calculate a continuous boiling rate during the system timestep in which the sources are
accumulated. Because of the fully implicit treatment, the pressurization due to the coolant mass and
energy entering the atmosphere as a result of boiling is consistent with both the pool saturation
temperature and the mass and energy flows to and from other cells. If the explicit flow solution is
invoked, pool boiling is evaluated explicitly outside of the flow and atmosphere thermodynamics
solution. The expressions for the pool boiling rate for both flow methods are given in Section 4.4.6.

5.5 Interlayer Heat Transfer

The heat transfer coefficients used in the lower cell conduction model between layers are discussed
in this section. The following, with one exception, applies to the heat transfer between the
uppermost lower cell layer, which could be the pool, and any additional layers below. The heat
transfer across the interfaces between the atmosphere and uppermost lower cell layer and between
the coolant pool layer and submerged heat transfer structures is discussed in Section 10.1.2. The one
exception mentioned above is an option, discussed in Section 5.5.2, for the user to specify the total
convective heat transfer coefficient for the atmosphere-pool interface.

This section consists of three parts: the first describes the overall interlayer heat transfer coefficient;
the second discusses user-specified overall coefficients; and the third discusses the heat conduction
model.

5.5.1 Interlayer Heat Transfer Coefficients

The present section discusses the overall interlayer heat transfer coefficients that are defined for use
in the heat conduction model, which is used when CORCON is not active. These heat transfer

correlations are applied to the interface between layers; the heat transfer between nodes of a layer
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(multiple nodes are present only in the concrete layer) are based solely on the thermal conductivity
of the material in the layer, evaluated at the node temperature.

The overall heat transfer coefficient lumps together boundary heat transfer coefficients on either
sides of the interface. The overall heat transfer coefficient is defined by

_ 1 }
heff - (1/h0+l/hu) (5-1)

In this formula, b, is the boundary coefficient for the layer below the interface and h, is the boundary
coefficient for the layer above the interface. At each interface, the boundary heat transfer
coefficients h, and h, are evaluated using correlations appropriate to the layers.

The coefficient used depends on the phase (liquid or solid) of the material with the largest mass in
the node adjacent to the layer interface. The boundary heat transfer coefficient for a layer with a
dominant solid material is given by

h =22 (3-2)

where k is the volume-weighted thermal conductivity of the material mixture in the layer evaluated
at the surface node temperature, and L is the thickness of the surface node. The node thickness, L,
is equal to the thickness of the entire layer for all layers except for the concrete layer, which is the
only layer that can be nodalized in the conduction model. This coefficient is also used between the
bottom-most layer and the basemat if the lowest layer is solid.

Convective heat transfer correlations are used whenever a liquid material has the largest mass in a
node adjacent to a layer boundary. A number of heat transfer correlations discussed in Chapter 10
are applicable in this case. The ones used are given in Equations (10-20) through (10-22), except in
the case of a coolant pool over a substrate layer above saturation. In that case, the boiling heat
transfer correlations taken from the CORCON code and discussed in Section 10.4 are used. Note
that the CORCON correlations are used regardless of whether CORCON is actually active or not.
However, if CORCON is not active, the new modeling in CORCON Mod3 of the effects of gas
barbotage and subcooling during film boiling is ignored, and modeling equivalent to CORCON
Mod2 is used instead. It should be noted that for a convective layer that is not the pool, only the
properties of the dominant liquid are used in the correlations. The presence of other materials is
ignored with respect to the heat transfer coefficient. In addition, the properties are evaluated at the
node temperature, not the conventional boundary layer temperature (i.e., the average of the node and
interface temperature).

5.5.2 User-Specified Heat Transfer Coefficients

One of the features of the lower cell model is that it provides the user with the flexibility to explore
the consequences of adopting various alternative hypotheses regarding the disposition of debris and
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water and regarding heat transfer among the different materials. There are two ways in which this
flexibility is exercised: (1) The number and composition of the layers can be specified by the user;
(2) through the HT-COEEF option, the user can override the overall heat transfer coefficient described
in Section 5.6.1 by specifying any heat transfer coefficient as either a function of layer temperature,
time, or temperature difference between any two adjacent layers. In the HT-COEF option the default
overall heat transfer coefficient given by Equation (5-1) is overridden by a user-specified table.

In the HT-COEEF option, there are three quantities that need to be defined. The first (the independent
variable) is time, layer temperature, or interlayer temperature difference; the second (the dependent
variable) is the overall heat transfer coefficient. The third is the name of the layer which must be
adjacent to the layer in which the HT-COEF option is invoked, for the overall coefficient to be
applicable. If temperature is the independent variable, it is the temperature of the layer for which
the table is specified. If a temperature difference is the independent variable, the difference refers
to the bottom temperature of the layer above minus the top temperature of the layer for which the
table is specified. In most cases the bottom and top temperatures are the same as the layer
temperature. The only exception is the nodalized concrete layer, in which case these temperatures
refer to the appropriate node temperature. Note that a given HT-COEF table is used only if the layer
in which the option is specified and the declared adjacent layer have finite mass, and the declared
adjacent layer is in fact physically adjacent. If different layers are physically adjacent to a layer of
interest at different points in time, because of null layers, the HT-COEEF option should be specified
for each layer that could be physically adjacent.

The HT-COEF option can be used to specify the overall convective heat transfer coefficient between
the atmosphere and the uppermost lower cell layer, by using the keyword ATMOS to identify the
adjacent layer. In this case, the HT-COEF coefficient applies only to the overall convective
coefficient between the atmosphere and the uppermost lower cell layer. To allow for the fact that
other heat transfer processes such as radiative and condensation heat transfer are occurring, the
atmosphere-side (or gas boundary layer) convective coefficient is inferred from the HT-COEF table
values and a computed layer-side coefficient, using the lower-cell approximations discussed in the
preceding section. Clearly, it would not make sense to specify an overall coefficient larger than the
layer-side coefficient by itself. Therefore a fatal error occurs if this is detected. When coolant
evaporation or condensation is allowed, the gas boundary layer convective coefficient is first
computed. Then the heat and mass transfer analogy discussed in Section 10.2.1 is applied to obtain
the mass transfer coefficient.

The user may also override the default heat transfer coefficient between the first non-null layer in
the lower cell and the basemat. This is done by specifying the name BAS-MAT in the HT-COEF
input as the declared adjacent layer.

An important use of user-specified heat transfer coefficients may be to model an enhanced heat
transfer area. Because the CONTAIN calculation is based on the nominal area of the layer, the user
wishing to model a significantly enhanced area, as when molten fuel is in the form of droplets
suspended in the coolant layer, must increase the effective heat transfer coefficient. This can be done
by multiplying the nominal heat transfer coefficient by the ratio of the true area to the nominal area.
The ratio might be several thousand in the case of fragmented fuel.
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Heat transfer between layers can be set to zero through the use of the table option, but there is a
simpler method. This involves the use of the keyword HT-TRAN, followed by five flags. The
HT-TRAN option can be used to completely turn off all heat transfer between layers, between the
basemat and the bottommost layer, and between the uppermost lower cell layer and the upper cell.
Note that the heat transfer from the CORCON layer cannot be turned off if CORCON is active. The
HT-TRAN option is discussed in more detail in Sections 10.7 and 14.3.1.6.

5.5.3 Lower Cell Conduction Modeling

If CORCON is not active, a simple one-dimensional heat conduction model is used to calculate heat
transfer between the various layers in the lower cell, from the uppermost layer downward. The lower
cell conduction algorithm is identical to that used for structures as described in Section 10.5.3 and
the reader is referred to that section for details. However, only slab geometry is allowed. The cross-
sectional area used for the conduction solution is that given by the lower cell GEOMETRY keyword
discussed in Section 14.3.2.1. In applying this model to the lower cell, the basemat below the first
layer is handled as a surface temperature boundary condition. This temperature is specified
following the BC keyword in the lower cell input block. The interlayer heat transfer coefficients
used in the lower cell conduction model are described in Sections 5.5.1 and 5.5.2. The interlayer
heat transfer coefficients are by default internally calculated as discussed in Section 5.5.1, but may
be overridden by the user through the HT-COEF option (as discussed in Section 5.5.2).

If CORCON is specified but is not active initially, the conduction model is operative prior to the
start time for the CORCON calculations and after CORCON finishes, but not while CORCON is
active. Moreover, the conduction model assumes that core debris is absent prior to the CORCON
start time and is present after CORCON finishes. This approach is used to allow the starting
temperature of the debris in the cavity to be specified by the user (see TOXIDE and TMETAL in the
intermediate layer input) without being affected by the conduction model prior to initiation of CCI
phenomena modeling in CORCON.

5.6 Lower Cell Mass and Energy Addition

The sections below discuss various ways that mass and energy may be added to the lower cell layers.
These include the decay heating by explicit fission products discussed in Section 8.5; the ANSI-
standard DECAY-HT makeup decay power model discussed in Section 5.6.1 below; external
material sources to the lower cell discussed in Section 5.6.2 below; and the QVOL external
volumetric heating model discussed in Section 5.6.3 below.

The application of these models is complicated by the possible presence of null layers (containing
at most deposited aerosols and fission products) and the possible use of the CORCON model to
describe CCIs. In the case of fission product, DECAY-HT, and QVOL heating of null layers, the
heating is simply reassigned to the first node below that is not null, unless CORCON has been
invoked. If CORCON has been invoked and is active, the fission product, DECAY-HT, and QVOL
heating models are ignored for the intermediate and concrete layers representing CORCON, with the
exception that the DECAY-HT makeup power, plus any explicit fission product heating assigned
to the CORCON intermediate layer is used to scale the total decay power in the CORCON melt
layers. In the case of a null coolant pool, any heating directed to the pool layer from the above three
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options is directed to the first node below that is not null, even if it represents a CORCON melt layer
during the time CORCON is active. If such a node does not exist, the heating is accounted for in the
WASTE repository of the mass and energy accounting scheme.

5.6.1 Makeup Decay Power

In many severe accident analyses, containment heating resulting from shutdown decay power needs
to be represented in the calculation. However, it would be very tedious and computationally costly
to specify explicitly all the fission products and their respective decay chains that contribute to the
total reactor decay heat after shutdown. Therefore, a model is provided that allows the user to
specify explicitly only those fission products that are of interest with respect to transport within and
release from the containment, yet allows the proper amount of decay heating to be present in the
problem. In particular, volatile fission products released from the fuel in the core into the
containment will normally be tracked explicitly. The model bases the total shutdown decay heat on
the ANSI standard ANSI/ANS-5.1-1979, which assumes light water reactor characteristics. [Ame79]
The model then calculates the decay heat not represented by the explicitly specified fission products
as the difference between the total decay heat and the decay heat from the specified fission products.
The decay heat not carried by explicitly specified mobile fission products is referred to as "makeup
power." The user specifies how the makeup power is distributed among the various lower cell layers
in the problem and the stationary atmosphere interface. This model is activated by specifying the
DECAY-HT input block in the lower cell input for those lower cells in which makeup power is
desired.

Makeup decay power can be specified for any number of cells. In the DECAY-HT input for cell
1, a portion P, of the reactor operating power (in MW?1) is specified together with the parameters for
the ANSI decay power model for that cell. This determines the ANSI decay power P, ;(t) associated
with the cell. The sum, Py, of the operating powers P, should correspond to the nominal power at
which the reactor operated prior to shutdown, unless not all the core debris is explicitly in the
problem. In the makeup decay power modeling, the heating from all of the explicitly specified
fission products in all cells is summed up to give the total explicit decay power P(t) at each system
timestep. A fraction, P/P;, of this explicit decay power is compared to the value of the ANSI decay
power P, (t) for cell i. For the vast majority of cases, that fraction of the explicit decay power will
be smaller than the ANSI decay power. The makeup decay power P,(t) for cell i is obtained by
subtracting the former from the latter if the difference is positive; otherwise, the power is set to zero:

P(1) = max[PA.i(t) - P, P ()/P,, 0] (5-3)

There are two controlling times specified in the DECAY-HT input. The time "tohstr" is that at
which decay heat will begin to be added to a cell with the option active. The time "tofsd" specifies
the time of reactor shutdown, in terms of the problem time used in a CONTAIN run. Thus, a
negative "tofsd" implies a reactor shutdown some time before the zero of time in a CONTAIN run.
Decay heat will not be added to a cell unless the problem time is greater than both "tohstr" and
"tofsd." Note that these parameters may have different values in different cells. The user should
note, however, that the makeup power algorithm described above assumes that the makeup power
comes from core debris with a common burnup and fission product release history. If the histories
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of the core debris in different cells are considerably different and significant release has occurred,
then the makeup power algorithm may not be accurate.

If the makeup decay power is positive, the makeup power is allocated according to the layer
distribution fractions specified by the user. All layers plus the atmosphere can accept this makeup
power. Note that the condition of zero makeup power may arise through a physical inconsistency
introduced by the user or in a situation in which a large fraction of the core debris is not explicitly
in the problem or is modeled in a manner that does not use the lower cell or explicit fission products
(e.g., a significant part of the debris may be assumed to be retained in the reactor coolant system).
In the latter situation, if the user wishes to use the makeup decay power model, the decay power from
the missing debris should be made part of the DECAY-HT input. (It could be placed in a lower cell
that is purposely isolated from the rest of the problem.)

If CORCON is not invoked, the distribution among the layers in a given lower cell is handled as
follows. Within the DECAY-HT input, the layer distribution keyword DIST-PWR is followed by
a list of fractions, "dpwr," the sum of which should be less than or equal to one. These fractions
define how much of the makeup power will be placed into each of the lower cell layers specified,
plus the atmosphere. The first fraction in the list is associated with the first or bottommost layer, the
second with the next layer up, and so forth. The last fraction refers to the stationary atmosphere
interface. The user should note that the makeup power assigned to the atmosphere is associated with
the lower cell interface and not with the atmosphere. In a multicell problem, the assigned makeup
power thus does not flow with the atmosphere into another cell but remains fixed in the original cell.

For calculations in which the CORCON model is used along with the makeup decay power model,
provision has been made to normalize the CORCON internally calculated rate of decay heating to
the makeup power value. If CORCON is active, the total amount of decay heating in all CORCON
layers is adjusted at each CORCON timestep to be equal to the makeup power, plus any explicit
fission product heating, assigned to the representative CORCON intermediate layer. In addition, the
makeup power assigned to the concrete layer is ignored during this time. Note that the DECAY-HT
option should not be used with CORCON if core debris is added to CORCON through source tables
since the fraction of total core power assigned to CORCON is fixed in time.

The makeup power model attempts (if possible) to place all power calculated by the makeup power
model in the lower cell layers. If a layer has zero mass, exclusive of aerosols and fission products,
the power for that layer will be assigned to the first node below that is not null. If all layers below
are null layers, the energy will be lost to the basemat and will be accounted for in the WASTE
repository of the mass and energy accounting scheme. If the "dpwr" fractions are not specified at
all for a given cell or are all specified to be zero, the total makeup power for that cell will be
calculated as it normally would but the power will not be distributed to the layers. if CORCON is
being used in conjunction with the makeup power model, such input will also result in turning off
the decay heat source to CORCON.
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5.6.2 External Lower Cell Material Sources

Material sources can be introduced into lower cell layers through user-specified source tables.
Lower cell source table input follows the same format used elsewhere in CONTAIN. In theory
material sources are allowed for concrete, intermediate, and pool layers; however, in practice there
is seldom a need to specify sources to the concrete layer.

Provision has been made for the addition of materials to the CORCON layers in a time-dependent
manner when CORCON is active. User-specified material source tables can be defined in the
representative CORCON intermediate layer to specify mass addition rates and temperatures of any
of the CORCON materials in Table 5-2 as functions of time. Only tables based on temperature, not
enthalpy will be accepted. This is due to differences between CORCON’s method of referencing its
internal enthalpy values and CONTAIN’s method. The material added will also be reflected in the
VANESA inventories and also in the CORCON decay heat computation if CORESTAT is used and
UO, is added. Note that the VANESA fission product inventories will not be augmented when UO,
is added. If the layers are initially stratified or if the mixing model is turned on (regardless of the
initial configuration), metal species will be added to the CORCON MET layer, and oxide species
will be added to the LOX layer. Otherwise, if the layers are initially homogeneous and the mixing
model is turned off, all user-specified material sources will be added to the CORCON HMX layer
(see Section 5.3.2). Table 5-2 lists the species that can be specified in source tables to the CORCON
intermediate layer. Note that material source tables for the concrete layer are not allowed when
CORCON is invoked.

5.6.3 External Lower Cell Volumetric Heating

Energy sources may be introduced to the lower cell layers by means of the Q-VOL table option
available for each layer. (Energy may also be introduced through material source tables or the
DECAY-HT makeup power option as discussed in the previous two sections.) The values entered
in the Q-VOL tables refer to rate of energy addition to the entire layer. If the layer has multiple
nodes, this power is partitioned among the nodes with a mass weighting. If the layer is null,
exclusive of aerosols and fission products, then the heating specified by the table will be directed to
the first node below that is not null. During the periods that CORCON is active, the specified energy
addition is ignored in all layers except the pool. In the case of a null pool, the pool energy addition
is directed to the uppermost CORCON melt layer.

5.7 CORCON - CONTAIN Interface Considerations

CORCON has been integrated into CONTAIN so that it receives feedback from the upper cell
atmosphere or the coolant pool, but aside from this connection, CORCON runs more or less
independently from CONTAIN. When CORCON is invoked, CONTAIN’s lower cell layer
architecture is used to specify and initialize CORCON and to report results. The CORCON
calculation acts much like a generator of external sources to the upper cell models of CONTAIN.
Nonetheless, the implementation of CORCON into CONTAIN does present some new features or
special limitations that the stand-alone version of CORCON is not subject to. Many of these have
been described above. The purpose of this section is to describe any remaining special
considerations resulting from the implementation of CORCON Mod3 into CONTAIN. This begins
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with a discussion of the implementation approach taken to ensure that the core physics modules are
identical among the stand-alone, CONTAIN, and MELCOR implementations of CORCON Mod3.

5.7.1 Implementation Strategy

Major architecture changes were made to the CORCON Mod3 software to facilitate its
implementation into CONTAIN. Most notably, an architecture was developed to allow CONTAIN
and MELCOR implementations of CORCON Mod3 to share a common set of routines that embody
the key physics models. Unique interface routines were then developed to link the common
CORCON models to the CONTAIN code. A parallel effort was also undertaken to develop the
necessary interface to link MELCOR to the common CORCON models. This strategy for linking
CORCON to CONTAIN and MELCOR is illustrated in Figure 5-4. This approach has two key
advantages:

o It ensures that the same physics modeling is used in the CONTAIN, MELCOR, and
stand-alone implementations.

e Improvements made to the core physics models will be reflected in all three
implementations with little or no code development effort.

As a result of this strategy, many of the subroutine names in CORCON Mod3 have been changed
from the names referred to in Reference Bra93. All CORCON-related routines in the core physics
module now begin with the two letters CC, and all VANESA-related routines in the core physics
module now begin with the two letters VA.

5.7.2 Obsolete Options From CORCON Mod2

A number of options were included in the CONTAIN implementation of CORCON Mod?2 that have
not been retained in the CORCON Mod3 implementation. Instead of specific options, CORCON
Mod3 provides new user flexibility options that provide much of the required flexibility for
sensitivity studies. These new user flexibility options have been fully implemented. Therefore, the
decision was made to remove the previously provided user options that were not part of the new
capability. The keywords that are no longer available include: CONCCOMP, EDITDELT, REBAR,
FDELT, DIFCO, BUBD, PTBB, PTDIA, OXPDT, MOLEC, STABLE, MMCHEM, ISCHEM,
VROVR. All of the input for these options is still accepted, but will produce an input warning
message. If an existing input file containing one of these keywords is used, the user should check
to see whether one of the new user flexibility options will provide a similar function.

5.7.3 Nonstandard Gases Released From CORCON

During CCIs, CORCON may release some gas species that are not included in the CONTAIN
material library. Normally, such gases are treated by CONTAIN as nitrogen in molar-equivalent
quantities. The NOUNKGAS optional keyword in the CORCON input block is provided to restrict
the chemistry in CORCON to producing only gases in the CONTAIN material library: CO, CO,,
H,, and H,0.
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5.7.4 Interfacing CONTAIN Aerosols and Fission Products with CCI Aerosol Releases

This section discusses the interfacing between the CONTAIN aerosol and fission product inventories
and the CCI aerosol releases calculated by the VANESA submodule of CORCON. VANESA
releases are expressed in terms of the constituent materials given in Table 5-5, and the released
masses must in general be mapped onto the CONTAIN aerosol and fission product inventories. This
mapping is assigned through the AERCONST input block for aerosols and the FPTRACK input
block for fission products. Note that the CCI releases are all assumed to be in aerosol form.

Since each CONTAIN aerosol component is a possible host for fission products, the fission product
mapping must specify not only the CONTAIN fission products associated with each VANESA
constituent, but also the CONTAIN aerosol component to which the fission product masses are
assigned. The FPTRACK input format allows the user complete flexibility in assigning the
VANESA constituents to CONTAIN aerosol components and fission products. VANESA
constituents may not be assigned directly to non-airborne hosts; however, this assignment may be
indirectly achieved through use of the fission product targeted release formalism (see Section 8.4).
Aerosols produced by the VANESA module in CORCON from CCIs may be scrubbed by an
overlying coolant pool if the scrubbing model is turned on by including the SCRUB input block.
This will activate the VANESA scrub model discussed in Section 7.7.1. Note that the SPARC
scrubbing model that is available for scrubbing SRV aerosol sources cannot be used to scrub
VANESA aerosols. If scrubbing is not modeled for CCI aerosols, the aerosols and fission products
will enter the atmosphere without attenuation even in the presence of a pool.

Two schemes, SIMPLE and DETAIL, are available for mapping VANESA constituents onto the
CONTAIN fission product representation. In the SIMPLE fission product tracking scheme, for each
constituent in Table 5-5 that is to be tracked in the containment, a CONTAIN fission product must
be defined with the exact same name. In this scheme, all releases of each fission product to be
tracked will be assigned to the CONTAIN fission product with the same name. If the fission product
occurs in more than one chain as a result of the linear chain decomposition (see Section 8.3), the
assigned mass will be distributed among the chain elements according to the inventory factors for
the fission product. The inventory factors used in the linear chain decomposition are either
predefined if the fission product library is used or defined by the user for user-defined decay chains.
The released mass will be associated with the aerosol component assigned in the AERCONST input
block.

In the DETAIL fission product tracking scheme, the aerosol mapping is handled in the same manner
as described above for the SIMPLE scheme. Unlike the SIMPLE approach, the released constituents
can be mapped to any fission product defined in CONTAIN. The fission products need not be given
the same name as the VANESA constituent to be tracked. This added flexibility allows the user to
map different constituents to the same CONTAIN fission product. This option also allows the user
to map a given VANESA constituent to more than one CONTAIN fission product, with an arbitrary
distribution.
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5.7.5 Restrictions in Mass and Energy Sources

As discussed in Section 5.6, if CORCON has been specified, the use of material source tables and
volumetric and fission product heating options for the intermediate and concrete layers is either
modified or restricted. For a pool layer, these options still function as they would without
CORCON. In particular, when the coolant pool layer is a null layer, the volumetric and fission
product heating associated with the pool will be assigned to the first node below, even when that
node is the uppermost CORCON layer. For the intermediate and concrete layers, however, these
options are ignored during the time CORCON is active, with the following exceptions: (1) material
source tables may still be used to add material to CORCON, but only temperatures may be specified,
and (2) the DECAY-HT makeup decay power assigned to the CORCON layer, plus the decay heat
of any explicit CONTAIN fission products assigned to that layer, may be used to normalize the
CORCON decay power calculation.

5.7.6 Radiative Heat Transfer to Containment Atmosphere and Surroundings

The radiative heat transfer from the upper CORCON core-debris surface to the atmosphere may be
modeled through the regular CONTAIN models. If one or more of the radiative heat transfer models
discussed in Chapter 10 are invoked to model the heat transfer from the lower cell, the ones invoked
will also be used to model the radiative transfer from the upper CORCON surface when it is exposed
to the atmosphere. In the direct atmosphere-surface radiative transfer model discussed in Section
10.3.2 and the net enclosure model discussed in Section 10.3.1, the CORCON surface emissivity and
surface area will override the CONTAIN input values for lower cell layers, when the upper
CORCON surface is exposed and CORCON is active. If the net enclosure model is used with
CORCON, the net enclosure input should correspond to the average geometry present when radiative
transfer is important. Strictly speaking, the input is valid only for a given geometry, whereas the
core-debris geometry may actually change as a function of time when CORCON is active. With
time, this change in geometry will create energy conservation errors. Consequently, a waming
message is given if the net enclosure radiation model is used with CORCON. In the simple
lower-cell-to-structure radiative transfer model, the user-supplied value of "vufac" in the heat
structure input will be used for the uppermost lower-cell layer, including the CORCON surface.
However, the CONTAIN input value for the lower cell area will again be replaced by the CORCON
surface area when the CORCON surface is exposed and CORCON is active. If none of the
CONTAIN radiative models is specified, the internal CORCON radiative transfer model will be used
as a default.

5.7.7 Fission Product Mass Additions

When the CORESTAT option for computing decay power is used, fission products are added to the
CORCON inventories whenever UO?2 is included among the materials being added to CORCON.
The reason is that the fission products are assumed to be present in proportion to the mass of UO2
in the core debris and the values of the retention factors for fission products. The fission products
added in association with the additional UO2 affect the decay power. However, in CONTAIN the
added fission products are not used to modify the VANESA inventories. As noted in Section 5.3.2,
the initial CORCON fission product inventory cannot be used to initialize the VANESA fission
product inventory. VANESA fission products must be specified explicitly in the VANESA input

Dav N & "Nc Lmniagg



block. In implementations of CORCON prior to CORCON Mod3, VANESA aerosol releases did
not affect the CORCON inventories. This has been changed so that VANESA releases are now
properly reflected in CORCON.

5.8 CORCON Physics Modeling

The physical models in CORCON Mod3 are documented in the CORCON Mod3 User’s manual.
[Bra93] The purpose of this section is to describe which sections of Reference Bra93 apply to the
implementation of CORCON into CONTAIN. Thus, this section provides a guide to users with
respect to the applicability of that reference. The first three subsections are based on sections from
Reference Bra93 that summarize the modeling in CORCON Mod3 and its new features. The
remaining subsections address the physical models in CORCON.

5.8.1 Broad Capabilities of CORCON Mod3

CORCON is a general computational model describing the interactions between molten core
materials and concrete in light water reactors. The molten core debris is assumed to lie in an
axisymmetric concrete cavity, with gravity acting parallel to the axis of symmetry. Several standard
concretes may be used, or the user may specify a nonstandard concrete. Coolant may be present.
The user also may specify addition of core material and/or coolant as a function of time,

The model includes heat transfer between core debris and concrete and between core debris and the
atmosphere. If coolant is present, then the heat transfer from the core debris to the coolant is
modeled. CONTAIN handles any heat and mass transfers that occur between the coolant pool and
the atmosphere.

For heat transfer between the core debris and the concrete, the user may choose to model the
interfacial region as a gas film or a slag film. Heat transfer across the gas film is by combined
radiation and convection (the models in the code are identical to those used in CORCON Mod2).
The model for heat transfer across the slag film is based on analysis of transient slag and crust
growth at the interface during intermittent contact between the core debris and the concrete.
Convective heat transfer between the bulk melt and the film (gas or slag) is modeled using heat
transfer correlations derived for boiling and gas barbotage.

The heat transfer model for the coolant includes a representation of the full pool boiling curve. The
effect of ambient pressure is included in the models for film, nucleate, and transition boiling. The
effect of coolant subcooling is included in the nucleate boiling model, while the effects of subcooling
and gas barbotage are included in the film boiling models. The transition boiling regime is treated
using a linear interpolation with respect to the logarithm of the critical heat flux and the logarithm
of the wall superheat.

Models have been added to simulate the mixing between core debris layers which occurs via droplet
entrainment. Melt stratification via de-entrainment has been added as well. The user may choose
to disable the mixing calculation, forcing the core debris to remain stratified into distinct oxidic and
metallic layers. Here, as in CORCON Mod2, the layering configuration is determined by the
relative densities of the layers.
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Both gas-phase and condensed-phase chemical reactions are modeled. The model assumes chemical
equilibrium between the oxides, metals, and gases in each layer containing metals. Chemical
reactions between gases and oxides in a purely oxidic layer are not treated. The user may disable
the oxide-metal condensed phase reactions if desired.

CORCON Mod3 models the generation of aerosols and the release of radionuclides using the
VANESA model, [Pow86] which has been fully integrated into the code. The VANESA model,
which was developed originally as a stand-alone code, treats aerosol generation by vaporization and
by mechanical processes (e.g., bubble bursting). Kinetic limitations to the vaporization process are
considered. VANESA also models aerosol removal by an overlying water pool.

CORCON Mod3 includes a much broader range of user options than were available in CORCON
Mod2. Through input the user can modify many of the more important models and parameters in
the code. This capability allows the code to be applied to a broader range of accident conditions.
It also allows the user greater flexibility in assessing uncertainties.

The features described above allow CORCON Mod3 to model a wide range of CCI phenomena and
allow the code to be used to simulate the effects of CCls in a wide range of severe accident
scenarios. CORCON Mod3 is a state-of-the-art computer code for simulating the interaction of
molten core debris with concrete in light water reactors.

5.8.2 Improvements in CORCON Mod3

Many improvements have been made to CORCON Mod2 during the development of CORCON
Mod3. Several of the phenomenological models in CORCON Mod2 were improved, and several
new models were added.

The model improvements include

 the debris-concrete heat transfer models now allow either a stable gas film or an unstable gas
film with intermittent melt-concrete contact,

 the coolant heat transfer model now includes the enhancement of film boiling heat transfer by
gas barbotage and coolant subcooling, and

* the models for bubble phenomena (bubble size, rise velocity, and void fraction) have been
upgraded to reflect an improved understanding of bubble behavior.

The new models include

* an integrated version of the VANESA model that includes models for aerosol generation and
radionuclide release from the melt, and scrubbing in overlying water pools,

 the models for condensed phase chemical reactions between oxide and metals,
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e activity coefficient models for the condensed phases (used in the aerosol generation and
radionuclide release calculation),

e an aerosol scrubbing model for subcooled pools, and
e aparametric treatment of core debris spreading across the concrete floor of the reactor cavity.

In addition to these model changes, CORCON Mod3 provides the user with the capability of
modifying a wide range of models and model parameters. This additional flexibility allows the code
to be used in a broader range of applications.

5.8.3 System Components (2.2 From Bra93)

The principal components of the CORCON system are the core debris pool and the concrete cavity.
An overlying coolant pool, the atmosphere, and structure surroundings above the debris are treated
on the CONTAIN side of the CONTAIN-CORCON interface. Information about the concrete cavity
and core debris pool components is provided in Sections 5.2 and 5.3 respectively. The coolant pool
is discussed in Section 5.4. Because of differences between the CONTAIN implementation of
CORCON and the stand-alone code, these sections should be consulted for information on these
system components rather than Reference Bra93.

The composition of the debris pool and the concrete cavity is specified through user input in terms
of a "master list" of chemical species given in Table 2.1 of Reference Bra93. As in the stand-alone
code, not all of the species in the master list are available to the user for specification
of initial compositions. The aluminates (species 12 to 17) are a holdover from the viscosity
modeling of CORCON-Mod! and are not used in CORCON-Mod3. The fission-product pseudo
species (oxides 24 to 28, metal 47, and gases 82 to 83) are used in the CORCON decay power model.
The initial fission product composition is determined within the code from the concentration of
fission products in the fuel. The fission product composition is then updated during the calculation
to account for addition of core material into the reactor cavity and release in the form of aerosols.

The VANESA model was developed using a somewhat simpler description of the melt, and
considers only the major condensed phase species. VANESA focusses primarily on gas phase
chemistry and it therefore includes a much more extensive species list for the gas phase. The
VANESA species list is shown in Table 2.2 of Reference Bra93.

5.8.4 Energy Generation (2.3.1 from Bra93)

The CORESTAT decay power model included in CORCON as described in Bra93 is available in
the CONTAIN implementation of CORCON. Reference Bra93 notes that the ANSI-standard decay
power curve is not appropriate because of the potential for loss of important volatile radionuclides
from the core debris. This problem is addressed in the CONTAIN DECAY-HT implementation of
the ANSI-standard curve by allowing users to track specific radionuclides explicitly. The decay
power from the explicit radionuclides in the calculation is subtracted from the ANSI-standard decay
power value in the DECAY-HT model. This method is described in greater detail in Section 5.8.1.
The user has the option of using the DECAY-HT model within CORCON. If this is selected, the
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decay power calculated in the DECAY-HT model for the CORCON melt layers is used to scale the
decay power used in the CORCON model.

5.8.5 Melt/Concrete Heat Transfer (2.3.2 from Bra93)

Description of this physical process in Section 2.3.2 of Reference Bra93 is directly applicable to the
CONTAIN implementation of CORCON. The default interfacial heat transfer model for both
bottom and side surfaces between the debris pool and the concrete cavity is the stable gas film
model. The slag film model is turned on for side surfaces with the SLAGSIDE keyword in the
CORCON input block. The slag film model is turned on for bottom surfaces with the SLAGBOT
keyword in the same block. The reader is referred to Section 2.3.2 of Reference Bra93 for details
on the governing equations.

5.8.6 Coolant Heat Transfer (2.3.3 from Bra93)

Because of the importance of the boiling heat transfer correlations in both CORCON and non-
CORCON calculations in CONTAIN, this section has been included in its entirety in Section 10.4.
As previously noted, gas barbotage and subcooled pool effects are not included when CORCON is
not invoked, since the correlations from CORCON Mod?2 are used in such instances.

5.8.7 Crust Formation and Freezing (2.3.4 from Bra93)

The description of this physical process in Section 2.3.4 of Reference Bra93 is directly applicable
to the CONTAIN implementation of CORCON.

5.8.8 Bubble Phenomena (2.3.5 from Bra93)

The description of this physical process in Section 2.3.5 of Reference Bra93 is directly applicable
to the CONTAIN implementation of CORCON.

5.8.9 Interlayer Mixing (2.3.6 from Bra93)

The description of this physical process in Section 2.3.6 of Reference Bra93 is directly applicable
to the CONTAIN implementation of CORCON.

5.8.10 Pool Surface Heat Transfer (2.3.7 from Bra93)

The description of this physical process in Section 2.3.7 of Reference Bra93 is only partially
applicable to the CONTAIN implementation of CORCON. In particular, the linearization of the
pool response described by Equations 112 and 113 of that reference are applicable. These equations
are applied on the CORCON side of the interface to obtain a heat flux from the underlying core
debris to the coolant pool. The pool boiling correlations given in Section 10.4 are used for this
purpose. Heat transfer between the coolant pool and the containment atmosphere, including
convection and radiation, is handled by the standard CONTAIN heat transfer models (see Chapter
10). The radiation heat flux from the atmosphere and surroundings to the pool is calculated by the
radiation model and passed to the pool routine. Either the simple, the net enclosure, or the lower-
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cell-to-structure radiation model can be used with CORCON. However, as previously noted a
waming is issued if the net enclosure model is used, because it assumes a fixed area for the cavity
and this can lead to energy conservation problems. More detailed information about the radiation
models is provided in Section 10.3.

5.8.11 Concrete Decomposition and Ablation (2.3.8 from Bra93)

The description of this physical process in Section 2.3.8 of Reference Bra93 is directly applicable
to the CONTAIN implementation of CORCON. The model has been slightly altered to limit
ablation rates to 2 mm/s to prevent numerical problems in some of the routines. This limit is several
times greater than the maximum ablation rates seen in CCI experiments performed to date.

5.8.12 Time-Dependent Melt Radius Option (2.3.9 from Bra93)

The description of this parametric model in Section 2.3.9 of Reference Bra93 is directly applicable
to the CONTAIN implementation of CORCON. As noted in Bra93, as implemented this model is
limited to flat-bottomed cylindrical cavities. Unlike the stand-alone implementation of CORCON
Mod3, up to 100 time points may be specified. This increased number of points allows users to more
realistically use the results of a mechanistic spreading calculation to drive this parametric model.

5.8.13 Chemical Reactions (2.3.10 from Bra93)

The description of this physical process in Section 2.3,10 of Reference Bra93 is directly applicable
to the CONTAIN implementation of CORCON. Note that by default the new model for condensed
phase reactions of Zr with silicon dioxide is by default disabled. The user must specify the
CPCHEM keyword in the CORCON input block of the lower cell to enable this reaction. Another
change from the stand-alone implementation is that the option to disable coking is implemented
differently than as it is described in Bra93. It has been found that the approach described in Bra93,
where the chemical potential of condensed carbon is set to an artificially large value, leads to slower
convergence of the chemical equilibrium solver. Therefore, in the CONTAIN implementation
coking is disabled by skipping the relevant reactions rather than setting the chemical potentials of
condensed carbon to an artificially large value. This method was tested and shown to give equivalent
results as the method described in Bra93 but with much improved computational efficiency. Note
also that coking is disabled by default, whereas in previous implementations of CORCON in
CONTAIN coking was enabled by default. The user must specify the COKING keyword in the
CORCON input block to enable coking in the present implementation.

5.8.14 Mass and Energy Transfer (2.3.11 from Bra93)

The description in Section 2.3.11 of Reference Bra93 is directly applicable to the CONTAIN
implementation of CORCON.
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5.8.15 Energy Conservation (2.3.12 from Bra93)

The description in Section 2.3.12 of Reference Bra93 is directly applicable to the CONTAIN
implementation of CORCON.

5.8.16 Cavity Shape Change (2.3.13 from Bra93)

The description in Section 2.3.13 of Reference Bra93 is directly applicable to the CONTAIN
implementation of CORCON.

5.8.17 Aerosol Generation and Radionuclide Release (2.3.14 from Bra93)

The description in Section 2.3.14 of Reference Bra93 is directly applicable to the CONTAIN
implementation of CORCON, with the exception that the simple model for aerosol generation in
CORCON Mod3 that was retained from CORCON Mod2 is not available in the CONTAIN
implementation. If aerosol generation modeling is desired, the VANESA modeling must be invoked.
For the interested reader, the simple model available in the stand-alone implementation of CORCON
Mod3 is described near the bottom of Section 2.3.1 in Reference Bra93.

5.8.18 Aerosol Removal By Overlying Water Pools (2.3.15 from Bra93)

The description in Section 2.3.15 of Reference Bra93 is directly applicable to the CONTAIN
implementation of CORCON. Coolant pool behavior is also discussed in Section 5.4.

5.8.19 Material Properties (2.4 from Bra93)

The description in Sections 2.4.1 through 2.4.3 of Reference Bra93 is directly applicable to the
CONTAIN implementation of CORCON. The equations governing the coolant pool in Section 2.4.4
are not applicable, since the coolant pool thermal hydraulic behavior is modeled on the CONTAIN
side of the interface. The coolant pool equations in CONTAIN are given in Chapter 4 of the
CONTAIN code manual.

5.9 Numerical Considerations and Known Limitations
5.9.1 Layer Processing

A simplified overview of the processing that occurs each timestep in the CONTAIN lower cell
modules is given here. First, any radiant energy exchange between the uppermost layer and the
atmosphere is taken into account. The actual radiant heat flux is computed by the upper cell
radiation controller. External mass and energy sources are then added to the appropriate layers and
new equilibrium conditions are found. These external sources can include sources from mechanistic
upper cell models (e.g., sprays) and user-defined material source tables. The atmosphere-pool
condensation model is then processed if the CONDENSE option is used (see Section 10.2.1) and a
pool is present. If CORCON is not active, the interlayer heat transfer coefficients are then
determined and the conduction model is called. Volumetric heating of the layers (e.g., by explicitly
specified fission products, through the DECAY-HT option, and through user-specified Q-VOL
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tables) is also incorporated in the conduction solution. In either case, if a coolant pool is present,
mass and energy sources to the pool are evaluated and the pool state calculated. If boiling is allowed,
any energy that would raise the pool above saturation is used to boil off the pool. If CORCON is
active, the conduction module is skipped because CORCON assumes a steady-state temperature
profile in the concrete and models the heat transfer in the melt layers independently of CONTAIN.
If the implicit flow solver is not used, boiling is evaluated in the lower cell pool routine, otherwise
the boiling rate is handled in the implicit flow module.

After the completion of lower cell processing, sources accumulated in the various lower cell modules
are gathered together for eventual transfer to the upper cell. If a pool is present, the gas equilibration
and VANESA pool scrubbing model (SCRUB) are also invoked at this time. Any aerosol and
fission product sources produced by VANESA that are not scrubbed out are transferred to the
atmosphere.

5.9.2 Assumptions and Limitations

With the exception of the first item, the assumptions and limitations noted in Section 3.0 of
Reference Bra93 also apply to the implementation of CORCON into CONTAIN, The first limitation
has been relaxed by virtue of its implementation into CONTAIN. The assumptions and limitations
from that reference are reproduced below for convenience. The last two items on the following list
are not included in that reference.

1. The atmosphere and surroundings above the pool surface serve only to provide boundary
conditions for heat and mass transfer from the pool, as the stand-alone implementation of
CORCON does not include calculational procedures to update the temperature, pressure, or
composition of the atmosphere or the temperature of the surroundings. The calculation of
radiative heat loss from the pool surface is based on a one-dimensional model, and the
convective loss is calculated using a constant heat transfer coefficient. Note: these limitations
are not applicable to the implementation of CORCON in CONTAIN.

2.  The calculated concrete response is based on one-dimensional steady-state ablation, with no
consideration given to conduction into the concrete or to decomposition in advance of the
ablation front. This assumption is probably not a source of serious error in the analysis of
reactor accidents, at least for the sequences with long-term interactions between core materials
and concrete. The heat fluxes involved are sufficiently large that quasi-steady ablation is
approached within the first few minutes of interaction if the pool is molten; the process
continues for a period of hours to days, sustained by decay heat from the fission products in
the melt. The steady-state ablation assumption makes it difficult to apply the code to transient
interactions that occur in the first few minutes following reactor vessel failure. The code may
also be inaccurate for analysis of very long-term interactions where the debris temperature may
be close to the concrete ablation temperature.

3.  The solidification model is preliminary. It assumes that a crust forms on any surface whose

temperature falls below the solidification temperature. The mechanical stability of the crusts
is not considered. We believe that both the mechanical strength of the crust and the loads
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imposed on it by concrete decomposition gases are important in determining the true
solidification behavior of the core debris.

The code also assumes that the crust has the same composition and properties as the current
bulk liquid phase. This may not be true if the liquid phase composition is changing with time.
Consider for example the formation of an oxide crust early in the interaction (before significant
concrete ablation). This crust material will have a solidus temperature near that of the fuel
oxide mixture. As concrete is incorporated into the molten phase, the molten phase solidus
temperature will decrease. The code assumes that the same change in the solidus occurs for
the crust. Clearly, this is not correct.

If the gas-film model is used, it is used for radial heat transfer even after the melt solidifies,
even though the assumptions on which the model is based are no longer valid. In particular,
no radial gap develops around a layer of the melt which has completely solidified. Thus, radial
ablation continues with the "solid" layer continuing to conform to the changing shape of the
cavity rather than behaving as a rigid penetrator. As coded, the model also assumes that the
frozen material remains gas-permeable. Because the total amount of concrete eroded is largely
determined by energy considerations (the available decay energy), the effect of these modeling
assumptions is primarily on the calculated shape of the cavity.

There is no treatment of chemical reactions between the melt and the atmosphere, nor of
reactions in the atmosphere. We do not consider these to be significant limitations. Melt-
atmosphere interactions are probably insignificant due to the limited surface area and relatively
low temperature of the surface. Reactions in the atmosphere do not affect the progress of the
CClIs and so can be neglected in a computer model such as CORCON. Modeling of
atmosphere reactions would, however, be useful when comparing code predictions to
experiment results, since the gas stream in the experiments is sampled at some distance from
the melt surface.

The code assumes ideal chemistry when calculating bulk phase chemical reactions. Note that
the code does include non-ideal chemistry modeling for vapor phase chemistry. Limitations
associated with the vapor phase non-ideal modeling are discussed below in item 11.

The code uses flat plate pool boiling correlations to model heat transfer to an overlying coolant
pool. Recent experiments show that heat transfer is greatly enhanced during the initial pour
of coolant. This enhanced heat transfer may lead to rapid cooling of the melt surface, and a
transition to nucleate boiling. The code predicts lower early heat fluxes than in the
experiments, and long-term heat transfer by film boiling. Interestingly, the code predicts well
the longer term (steady-state) coolant heat fluxes measured in the experiments.

The time-dependent melt radius model allows the user to mimic the spreading of a melt across
a horizontal floor, but it is not a mechanistic model of spreading.

The code uses the same Fe-Cr-Ni phase diagram for the metal phase that was in CORCON
Mod2. This treatment neglects important metallic components such as Zr, Si, or Al that may
be present in the melt at various times during a CCIL. In general, these constituents will reduce
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10.

11.

the melting range of the metal phase relative to the range predicted by the code. Through
input, the user can modify the phase diagram for the metal phase by specifying a constant
solidus temperature. The liquidus temperature is then assumed to be 10 K greater than the
specified solidus.

Under certain conditions, the interlayer mixing model can produce numerical instabilities,
where debris layers form and disappear on alternating time steps. The source of this problem
is known. Briefly, it is related to the arbitrary selection of a timestep as the duration it takes
layers to mix when denser layers above less dense layers are detected. This problem is being
addressed and will be corrected in future versions. In the meantime, the homogeneous layer
option can be used when this is observed. Also, smaller timesteps may cause the oscillations
to disappear. This limitation is not discussed in Reference Bra93.

The non-ideal chemistry model is presently not operational for the oxide phase. Thus the user
should only use the default ideal option or the option to treat only the metal layer as non-ideal.
This limitation is not discussed in Reference Bra93.

It is also worth noting that a number of sensitivity parameters are available through input to allow
the user to readily explore the extent of importance of some of the approximations noted above.
These sensitivity parameters are listed and briefly discussed in Section 14.3.2.3.2 under the
description of the optional keywords in the USERSENS input block
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6.0 DIRECT CONTAINMENT HEATING (DCH) MODELS

Direct containment heating (DCH) consists of a collection of complex chemical, thermal, and
physical processes resulting in the transfer of mass and energy from dispersed molten debris to the
containment atmosphere and its surroundings. The CONTAIN DCH modeling capability draws from
both standard containment models and from a suite of DCH-specific models. The purpose of this
chapter is to describe the DCH-specific models in the CONTAIN code. Additional models important
to DCH calculations (e.g., atmosphere-structure heat transfer, hydrogen combustion) are described
in other sections of this manual. Guidance as to their use in DCH calculations is given in Section
13.3.2, when this use differs from normal use in non-DCH calculations.

To capture the complex interactions occurring among the various physical and chemical processes,
a high degree of integration exists between the DCH and the standard models. This integrated
approach to DCH modeling is consistent with the spirit of other models in CONTAIN. As is also
done elsewhere in the code, detailed models are included in areas where the phenomena are well
understood, and more parametric models with flexible input options are provided for phenomena that
are less well understood. Parametric models are also included instead of detailed models in some
cases where the phenomena are understood, but a detailed model could not be included because of
inherent limitations posed by the CONTAIN control volume code architecture.

A key purpose of the DCH models in CONTAIN is to provide an analytical tool for quantifying
containment loads in a DCH event. This tool is also intended to be used to gain an understanding
of DCH phenomenology through the analysis and interpretation of DCH experiments. This
understanding is then transferred to the use of CONTAIN in the prediction of DCH loads at full
scale. Toward this end, an extensive series of CONTAIN analyses of DCH experiments has been
performed, with the phenomenological insights obtained being used to develop guidance for analysis
of DCH in nuclear power plant containments. [Wil95] Section 13.3.2 includes a summary of this
guidance.

DCH processes can be divided into two distinct categories. The first category includes the ejection
of debris under high pressure from the reactor pressure vessel (RPV), followed by the entrainment
of debris from the cavity into the containment atmosphere. The second category includes the
transport and trapping of debris in the containment, and the transfer of heat and chemical energy
from debris to the containment atmosphere and its surroundings, Models have recently been added
to CONTAIN for predicting the debris ejection and entrainment phases of the DCH process. These
models are referred to collectively in this manual as the "RPV and cavity models,"

In the past, the large majority of CONTAIN DCH calculations employed user-defined debris source
tables in order to introduce the debris into the calculation. The new RPV and cavity models have
the potential to eliminate the need for user-defined debris source tables. Because of their newness,
the RPV and cavity models have not been fully validated against the available DCH database, nor
have they been used to any appreciable extent in DCH full scale plant calculations. These models
have been assessed against a large body of cold simulant data [Wil96]; however, they have been
assessed only to a limited extent against the high temperature database. [Wil95] Use of these models
is still considered exploratory. The present chapter describes the RPV models and also summarizes
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the user-defined source table capabilities. The latter are still considered the standard method of
performing CONTAIN DCH calculations and guidance for defining these source tables is included
in Section 13.3.1.2.2.

Section 6.1 of this chapter summarizes the DCH phenomena modeled and describes the multiple
debris field modeling features. Section 6.2 describes the debris transport and intercell flow models,
including the RPV and cavity models and also the options for introducing debris into the calculation
via source tables when the RPV and cavity models are not used. The models for debris trapping,
DCH chemistry, and DCH heat transfer are described in Sections 6.3 through 6.5. Section 6.6
extends the treatment of debris-gas heat transfer and chemical reaction to the nonairborne debris
field. Known limitations of the DCH models are summarized in Section 13.2.3 and practical
guidance for the user is offered in Section 13.3.2. The description of DCH input is given in Chapter
14. Key elements of DCH models are illustrated in Figure 6-1.

6.1 General Description of the CONTAIN DCH Model

The DCH model is based on a multiple field representation of debris particles. With this modeling
approach airborne debris can be represented by a range of particle sizes and material compositions.
Any number of particle fields can be represented in the model, and each field has its own
characteristic size, mass, chemical composition, and temperature. The exchange of mass and energy
from the debris to the atmosphere and its surroundings are modeled in CONTAIN for each debris
field. The processes that are treated are briefly discussed in the following subsection.

6.1.1 Phenomena Modeled

Table 6-1 lists the collection of processes contributing to the DCH phenomena that are modeled in
CONTAIN. Some of these processes are modeled mechanistically; however, others are represented
by parametric models that rely upon user-specified input. This input may be picked using
engineering judgment or can be based upon the results of calculations performed using a stand-alone
model. Table 6-1 also summarizes how the major processes that drive DCH are treated in the
CONTAIN model. The options employing the RPV and cavity models as well as the options for
user-specified debris source tables are both included in Table 6-1.

It is important to recognize that like other analyses, DCH analyses with CONTAIN require that
certain information about the containment geometry be specified by the user. This includes sizes of
the control volume compartments, the flow path connections, initial conditions of the containment
atmosphere, structure masses and surface areas, and a variety of other information.

6.1.2 Multiple Debris Field Modeling Features
The CONTAIN DCH model is based on a multiple field representation of debris particles. With this
modeling approach airborne debris can be represented by a range of particle sizes and material

compositions. Any number of particle fields (also called "bins") can be represented in the model,
and each field has its own characteristic size, mass, chemical composition, and temperature. The
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Overview of DCH Processes Modeled in CONTAIN

Table 6-1

Without Using the RPV and Cavity Model
Representation in Brief Model Description or Basis With the RPV and
DCH Process CONTAIN for User Input Cavity Models

Core melt ejection User input User-specified source tables Gluck correlation
from RPV introduce debris into trapped field
Gas blowdown from | Internally calculated | RPV modeled as a cell connected to | A(t) calculated using
RPV cavity with user-specified hole size | Pilch-Gluck

A(t) correlation [Pil92b]
Cavity dispersal User input Integral of cavity entrainment rate Various correlations
fraction
Cavity entrainment User input Externally calculated to set the Various correlations
rate mass per unit time of the source
Particle size User input Each field is given a mean particle Weber breakup

diameter model
Particle transport Internally calculated | Two-phase flow with a parametric -

slip treatment
Trapping on Internally calculated | Time of flight based on flow rate & -
structures Kutateladze criteria for first two

impacts; gravitational fall time

thereafter
Chemical reactions Internally calculated | Gas-side & drop-side transport -

limitations; Zr, Fe, Cr, Al metals;

oxygen and steam oxidants; Fe/H,0

equilibrium
Hydrogen burning Internally calculated | HECTR 1.8 correlations, -

continuous burning, and H, bulk

spontaneous recombination at high

temperature and debris

concentrations
Convective heat Internally calculated | Forced convection: Ny, correlation -
transfer for spheres
Radiation heat Internally calculated | Debris/gas and debris/wall gray -
transfer body law with user-specified

emissivity

initial values of these parameters are controlled by the user. The exchange of mass and energy from
the debris to the atmosphere and its surroundings are modeled in CONTAIN for each debris field.
The DCH models are evaluated multiple times, once for each field, using the composition,
temperature, and other properties of that field. The composition and temperature of each field will
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evolve independently of the other debris fields in the atmosphere. Using this approach, more realism
is possible than before this modeling capability was available. For example, smaller drops in the
atmosphere will now react and cool off faster than larger drops if a particle size distribution is
represented.

In addition to the capability to represent a range of particle sizes and compositions, there is also a
capability to keep freshly dispersed debris separate, preventing it from being homogenized with
previously dispersed debris. This capability is provided by modeling multiple "generations" of
debris fields. When the total amount of debris introduced into all the fields defined as described
above exceeds a user-specified value, the entire initial set of fields is replicated. All additional
dispersed debris is introduced into the new set of fields until the total mass in it, too, reaches the
user-specified maximum. Multiple generations of fields are thereby automatically provided until all
the dispersed debris has been accommodated. All fields in all generations are treated in the flow,
trapping, chemistry, and heat transfer models. The only distinction among the generations is that
only the current generation receives newly-dispersed debris. Experience with the multigeneration
capability to date suggests that time resolution often represents a relatively small effect; however,
there may be cases where the time resolution feature is more important.

Figure 6-2 illustrates this concept of fields and generations. This figure also shows the trapped field
that represents non-airborne debris. The non-airborne field represents trapped debris and debris in
the cavity before it is entrained by the blowdown steam. Debris in the trapped field can chemically
interact with and transfer heat to the blowdown steam.

The non-airborne debris field is not treated in the flow model, and is used as the repository for
trapped debris in the trapping model as described in Section 6.3. The multiple generation feature
does not apply to the non-airborne field.

In principle, the number of fields that can be represented is only limited by the amount of memory
and CPU power available to the user. In practice, 10 or fewer fields are recommended for most
calculations, not counting the additional fields generated by the multiple generation feature if it is
being used.

6.2 Debris Transport and Interc oW

Modeling debris transport between control volumes requires use of the implicit flow option
described in Section 14.2.4.1. Since the implicit flow model is the recommended option for almost
all CONTAIN calculations, restricting the debris transport model to the implicit option should not
be a serious limitation in practice.

The transport of debris in the containment is modeled as flow between control volumes using the
control volume based inertial flow momentum equation shown below. In this model, debris and gas
are assumed to flow together with a relative slip velocity from upstream cells to downstream cells
through one or more interconnecting gas flow paths. Chapter 4 describes the intercell flow model
and its solution in detail; therefore, these details will not be repeated here. The unique features of
the flow model in CONTAIN when debris is present are described in this section.
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The combined mass flow rate of gas and debris in a gas flow path (connecting cells i and j) is
governed by the following equation, within the inertial model:

dwy ”_CFC|Wi’j|Wi’j
— i e | O
dt Pa(Ag)
(6-1)
Wy = &GW

where W, is the mass flow rate of gas and debris through a flow path; AP;; is the pressure difference
between cell i and j, including gravity head; Cy is the flow loss coefficient for flow path; A} is the
effective area of the flow path; A,/L; is the area to length ratio of the flow path; p; is the effective
flow density including effects of debris and gas; and {; is the inventory factor for the flow path, as
discussed in Section 4.4.

This equation is similar to the one used in the absence of DCH in CONTAIN, but with two important
changes made to the variable definitions. First, the mass flow rate, W, is defined here as the total
flow rate of gaseous materials and debris, including all dispersed debris fields, through the flow path.
The division between gas and debris is discussed in the following subsections. Second, the flow
density, pg, and the equivalent densities embedded in the gravitational head term of AP are the
densities of gas plus some fraction of airborne debris in each debris field in the upstream cell. The
discussion in the next section on the debris/gas slip model describes how the effective flow density
is obtained from the slip factor and the upstream gas and debris densities.

The detailed descriptions in Chapter 4 of the other parameters in Equation (6-1) also apply to DCH
calculations; therefore, they are not repeated here, Note that the gravity head component embedded
in the AP;; term typically plays a small role in DCH calculations. DCH calculated results are also
fairly insensitive to Cg. values selected for flowpaths in the containment.

6.2.1 Gas/Debris Slip Model
The governing equations for the effective flow density, p;, which governs the debris flow rate, are
based on the assumption that gas and debris flow at different velocities that can be correlated by a

slip factor, s. This slip factor is defined as the ratio of the velocity of the gas phase to the velocity
of the debris phase

s = _& (6-2)

where s, is the slip factor for field n, v, is the gas velocity, and v, , is the velocity of debris in field
n. The slip factor must be constant over time but can be a function of location. That is, different slip
ratios can be specified for flow out of different cells. In general, the velocity of debris in fields with
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different slip factors will not be the same. The gas velocity in general will be greater than the debris
velocity because the slip is constrained to be greater than or equal to one. Also, the gas velocity will
always be greater than or equal to the effective flow velocity defined below, and the debris velocity
will always be less than or equal to the effective flow velocity. This model for gas/debris slip was
adopted from the theory of slip in two-phase fluid flow, where the ratio of the velocities of the steam
and water phases are correlated with a similar slip factor. [Elw62] Note that by default slip is
ignored (i.e., s, = 1 for all fields and all cells).

The sum of the gas and debris mass and momentum fluxes must add up to the total mass and
momentum flux. Therefore, the following equations must hold true

Ngeg (6 3)
pﬂvﬂ = pg,uvg + E pd,u,nvd,n
n
and
N
5 ) 5 fields 5 (6-4)

pﬂ Vﬂ pg,u Vg + E pd.u.nvd,n
n

where pj is the effective flow density including effects of debris and gas; vy is the effective velocity
through flow path including effects of debris and gas; p,,, is the density of gas in upstream cell which
is equal to the mass of gas in the upstream cell divided by the cell volume; v, is the velocity of gas
through the flow path; N, is the number of airborne debris fields; p; , , is the density of debris from
field n in the upstream cell which is equal to the mass of debris in field n in the upstream cell divided
by the cell free volume; and v, is the velocity of debris in field n through the flow path.

The above equations can be solved for the effective flow density, p,, and the velocity relationships,
v /Vq and vy /vy,

Nﬁelds
Pau -

Pa = ¢ [pg,u + Z; . ”‘ (6-5)
v

& = C (6_6)
v

Yan & (6-7)
Vﬂ sn
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where

Py,
pgu + Z sun
n=1 n
¢ = t— ; (6-8)
o= pd,u,n
pg.u 2
n=1 sn

Note that when all slip ratios are one, the effective flow density, p,, reduces to the sum of the gas
and debris densities, which is equivalent to the heavy-gas no slip assumption. Also, as s, tends
toward infinity, p, tends toward p, as one would physically expect.

From the above equations one can write the atmosphere fluid, or gas, flow rate, W, and the debris
field mass flow rate for each field, W, in terms of the total combined debris and gas flow rate, W,

W oo Py (6-9)
gd4) N
Pa
i = SPaun W.. (6-10)
Lij.n sn pﬂ ij .

where W, ;; is the mass flow rate of gas, and W, is the mass flow rate of debris in field n.
Physically, we know that the sum of W, ; and W,;, over all fields must be equal to the total mass
flow rate, W;. It can be shown from the above two equations that this is true.

Gas and debris mass and energy conservation equations are shown in the following sections based
on the expressions derived above. Note that the variable { defined in Equation (6-8) turns out to be
important for evaluating the effect of flow on the distribution of gases and debris. A different value
of { is calculated for each cell depending upon the amount of debris in each field in the cell and the
slip parameter in each field in the cell.

6.2.2 Gas Mass Conservation

The net gas flow term in the gas mass conservation equation for cell i is written in terms of the gas
flow rate W, into cell i, and W, ;; out of cell i

W _.0.m_. m .
— gji JiTTgdk | g,i.k
Waowis = 2 [ [ZJ: Weii eij] ~ (6-11)

Y Y
Mg x 4 my;y

k
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where the ji sum includes only unsubmerged gas flow paths, Wy, ; is the net rate of change in mass
of gas species k in cell i resulting from flow into and out of the cell, W is the flow rate of only gas
(see Equation (6-9)) from cell i to j; 8; is a conditional function (1 if W is positive, O otherwise);
m,;, is the mass of gas species k in cell i; and N, is the number of gas species in the cell.

Note that the above expression does not contain terms that include debris. Rather than using this
equation directly, it is more convenient to incorporate Equation (6-9) into this equation to express
Wowix i terms of the total effective flow rate, W;. This is done because Wy is determined directly
from the flow equation (i.e., it is the flow rate actually calculated in the code), while W is not. For
flow from cell i to cell j, Wy is expressed as W; in the equations below to remain consistent with the
nomenclature in Chapter 4. Substituting Equations (6-5) through (6-9) into Equation (6-11), it can
be shown that Wy, ., can be expressed as

W;i8iGmex
Woowix = E i3 g,
L P (6-12)
B [E Wij eij] Cl Bht
ij Mg;
N Naes Noct
dink )
mg; =g i My *+ Y ) o 6-13)

k=1 n=1 k=1 Si.n

where 0 is the conditional function: 1if W, is positive, 0 otherwise; g; is the calculated slip flow
parameter for flow out of cell i (see Equation (6-8)); m,;, is the mass of gas species k in cell i; N,
is the number of gas species in a cell; Ny, is the number of debris fields; Ny is the number of
debris species in a cell; my; ,, is the mass of debris species k in field n of cell i; and s, is the user-
specified slip parameter for field n for flow out of cell i.

Note that no assumptions were made in going from Equation (6-11) to Equation (6-12); thus, they
are functionally identical. Equation (6-11) shows the physical basis of the model more clearly than
Equation (6-12), while the latter shows how the model is actually implemented in the code.
Equation (6-12) also clearly shows that these terms of the mass conservation equation reduce to the
proper limits in the absence of debris, where { will be one and mg; and mg; will be the total mass of
gas species only.

The above flow terms are now combined with other source and sink terms to write the mass
conservation equation for gases in a DCH calculation
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a@ FT e
Fj
- [21: eijwij] G,y (6-14)
! mF.l
+ dmg.i,k + dIng,i.k
dt Jchem dt non-DCH

where m,;, is the mass of gas species k in the cell i; [dm/dt] g represents the gas mass changes
resulting from DCH chemical reactions (this will only be non-zero for O,, H,, and H,O species); and
[dm/dt],,, pcy Tepresents the gas mass sources and sinks from non-DCH processes, including the
effects of gases from submerged flow paths.

The first two terms account for gas flow taking slip into consideration. The governing equations for
the DCH chemical reactions are given in Section 6.4. The non-DCH processes are discussed in
Chapter 4 and are therefore not described here.

The gas energy, debris mass, and debris energy conservation equations are provided in the following
sections in a form similar to Equation (6-14). The above derivation is also applicable to the flow
terms in the forthcoming expressions and is therefore not repeated.

6.2.3 Gas Energy Conservation

The energy conservation equation for the atmosphere in a DCH calculation is

du; _ E[Ojiwﬁcj(uj+PjVj)
dt ji m...

Fj

- Y oW, CAD

g 0 Mg

(6-15)

+ —ng’i + E

dt Jchem dt non-DCH
+ Nids de.i.n de.i,n

n=1 dt conv dt rad.g
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where U, is the internal energy in cell i; P js the pressure in cell i; V is the volume of cell i;
[dQ/dt],;., is the chemical energy gain rate (or loss rate, if negative); [dU/dt],,.pcy is the energy
sources and sinks from non-DCH processes; [dQ/dt].,, is the convective heat transfer from debris
to gas; and [dQ/dt],,,, is the radiative heat transfer from debris to gas.

The first two terms represent the net rate of change in atmosphere energy resulting from flow. The
third term represents the energy added to the atmosphere from DCH chemical reactions as described
in Section 6.4. This includes the local recombination energy of DCH-generated hydrogen. It does
not include the debris-gas chemical reaction energy as this energy is added to the debris field. The
fourth term represents energy sources and sinks from non-DCH processes. The fifth term represents
convective heat transfer from debris to gas as described in Section 6.5.1 This term is equal in
magnitude but opposite in sign to the counterpart term in the debris energy conservation equation
given in Section 6.2.5. The last term represents radiation heat transfer from debris to gas as
described in Section 6.5.2. Note that this does not include radiation from debris to structures,
whereas the counterpart radiation term in the debris energy conservation equation does.

6.2.4 Debris Mass Conservation

The mass conservation equation for debris species k, debris field n, and cell i is given by

dm;n -y W39 G0 e
dt i Sj,n mg 3
(6-16)

- [E wijeu] Gy, 0 i
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nk dt i,n d,i,nk dt
sIc chem

where my; , is the mass of debris species k in field n in the cell i; s, , is the slip factor for flow of
debris in field n out of cell i; f,, is the user-specified distribution factor for the source of debris
species k into field n; [dm/dt] . is the external source of debris species k into cell i, or the
entrainment of debris species k from the non-airborne field in cell i; A, , is the debris trapping rate
for field n in cell i (same for all species); and [dm/dt] ., is the debris mass change resulting from

DCH chemical reactions. Note that [dm/dt], is non-zero only for the current generation.

The first two terms on the right side of this equation represents the inflow and outflow of debris
species k in field n in cell i from and to other cells, respectively. External sources of debris species
k into field n of cell i are represented by the third term. The total source rate of debris given by the
third term is the sum of any user-specified entrainment source tables, user-specified tables of debris
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entering directly into the atmosphere, and sources calculated by entrainment models. Section 6.2.8
summarizes these three methods of introducing debris into the airborne debris fields.

The £, factors are applied to the total source rate for each species to distribute the mass among the
various fields, This two-dimensional parameter is specified by the user as an array in the DCH
global input section following the FDISTR keyword. This is the parameter that governs how
chemical species are initially distributed into fields when they enter the airborne debris fields. For
example, suppose that two fields are being represented in a calculation. Dispersed metals could be
separated from dispersed oxides by specifying:

f,,=1 and f,,=0 for k=metals
f,,=0 and £, =1 for k=oxides

A matrix of factors, f,, is specified for the first generation of fields and all species represented in
a DCH calculation to determine how sources are distributed among the fields. When the first
generation fills to its capacity, a second generation of fields is generated. The first group of fields
then ceases to be current and the second group becomes current. Becoming current means that f
is shifted down such that the values for the first generation of field types are all zero, and the values
for the second generation of field types are set to the specified f,, values. This process repeats as
more generations fill and new ones are generated. The user has the flexibility to control whether or
not the multiple generation feature of the DCH model will be used by specifying the number of field
types and field generations. The rate at which new generations is created is governed by the user-
specified maximum allowed mass in a generation of field types (see GRPLIM keyword in Section
14.2.7). By default only one generation of field types will be modeled. When metals oxidize, oxides
normally stay in the same field as their parent metal. An option (see PRODSEP keyword) is
provided to allow oxides to be separated from metal when one generation is used. The PRODSEP
option can only be used when there is one generation; oxides are never separated from their parent
metals when there is more than one generation.

The fourth term represents mass losses resulting from trapping. The govering equation for
calculating the trapping rate, A, and other details of the trapping model are described in Section 6.3.
The last term in the debris mass conservation equation represents mass changes resulting from
chemical reactions. The model includes reactions for Zr, Fe, Cr, and Al metals. For reactive metals
this term is negative. It is positive for the corresponding oxides of these reactive metals. The
chemistry model and the governing equations are described in Section 6.4.

6.2.5 Debris Energy Conservation Equations

The energy conservation equation for debris in field nin cell i is given by
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where Uy;, is the total internal energy of debris field n in cell i; hi(T) is the specific enthalpy of
debris material k at temperature T; T, is the temperature of the source debris; and T, is the
temperature of debris in field n in cell i.

The first five terms of the energy conservation equation parallel the first five terms of the debris mass
conservation equation. The first two terms on the right hand side represent the inflow and outflow
of energy resulting from intercell flow. The third term corresponds to the addition of energy from
debris sources, such as those to represent debris ejection from the RPV or entrainment in the cavity.
T, will be the temperature of the non-airborne debris field if the source represents an entrainment
rate (i.e., specified as an ENTRAIN type source table or calculated by an entrainment model).
Otherwise, T, will be the temperature specified in the source table. The energy associated with all
of the material species that are introduced into the debris field are added together, since one energy
conservation equation is used to represent all species in the field. A separate mass conservation
equation is used for each species of a field. The fourth term is the energy loss associated with debris
trapping, and the fifth term corresponds to the energy release from chemical reactions. The
contributions from each species are added together for the trapping term. Trapping is discussed in
detail in Section 6.3. The equations that govern the chemical energy term are provided in Section
6.4. Note that the chemical energy includes debris/gas chemical interactions. The energy resulting
from the recombination of hydrogen produced in DCH with local oxygen is not included in this term,
since this energy is added to the atmosphere.

The sixth term represents convective heat transfer between airborne debris and the cell atmosphere.
The DCH convective heat transfer model is described in Section 6.5.1. The seventh and last term
represents radiative heat transfer from airborne debris to the cell atmosphere and surrounding
structures (including a coolant pool if one is present). The radiation model-is described in Section
6.5.2. Convection and radiation are done on a field basis, not a species-specific basis; therefore,
there is no need to have a summation over species for these two terms. There is no term for decay
heat because the time scale for DCH is assumed to be sufficiently short that decay heating of
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airborne particles can be neglected. Fission products are not allowed to be hosted to debris fields
for this reason.

The specific enthalpy functions, h,(T), are represented by user-supplied debris property tables given
in the CONTAIN input file as described in Section 14.2.1.2.

The total internal energy of a debris field, Uy ,, must not only satisfy the above equation, but must
also equal the sum of the enthalpies of the debris species in the field. This relationship

N DCH

Ugin = > My nk uk(Ti,n)

(6-18)

defines the temperature of each debris field. There is only one temperature that will satisfy the above
equation. Obviously, this temperature must be solved for numerically.

6.2.6 Choked Flow

In the choked flow model an ideal gas choked flow expression is applied as an upper limit to the
calculated intercell gas flow rate. This is done indirectly, since the code actually calculates first a
total gas/debris flow rate and then determines the gas and debris flow rates from the specified slip
factors. Given this approach, a maximum allowable total flow rate under choked flow conditions
must be determined. Equation (6-9) provides the required relationship between the gas flow rate and
the total flow rate, since this condition must also apply when the flow is choked. Therefore, the total
flow rate limit under critical flow conditions must be given by

W_. =W

cr,ij cr,g,ij

&]
Cpg (6-19)
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where W, is the total critical flow rate; W, ; is the critical gas flow rate; Aj is the effective flow
area; v; is the vena contracta factor; v, is the ratio of specific heat (c/c,) for gas in the upstream cell;
P, is the pressure in the upstream cell; p, is the gas density in the upstream cell; and n, is a
dimensionless parameter given by

Il+1

Y
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Note that only gas is considered in the heat capacity ratio. The vena contracta parameter is specified
by the user and is used in place of the flow coefficient under choked conditions. This parameter is
generally less than unity, and is defined as the ratio of the minimum area intersected by the flow
streamlines to the geometric cross-sectional area of the flow path. [Lam45]

The last term in the critical flow rate equation is present to convert the critical gas flow rate to an
effective maximum allowable total flow rate. By using this expression to calculate the total
maximum flow rate, the gas flow rate will be limited to the ideal gas choked flow rate, and the debris
flow rate will meet the specified gas-debris slip velocity criterion. At any time, the total flow rate
W;; is given by the minimum of W;; from the conservation equations presented earlier and W,

crij

[Wy| = min( [W|[W_;| ) (6-21)

This choked flow model can overestimate flow rates when slip factors are small; see Section 13.3.1.4
for some additional discussion.

6.2.7 Numerical Considerations of the Debris Intercell Flow Model

From a numerical standpoint, it is important to understand that the code correctly solves the debris
mass conservation equations, the gas mass conservation equations, the debris energy conservation
equations, the gas energy conservation equations, and the inertial flow equation for the debris and
gas flow rates simultaneously. This solution also includes the evaluation of cell pressures, cell
temperatures, and coolant pool conditions. It is also important to understand that the debris to gas
heat transfer and chemistry are explicitly coupled to these flow =quations. This explicit coupling is
what causes small timesteps to be required in performing DCH calculations with CONTAIN. The
last two terms of the debris mass conservation equation are also calculated outside of the implicit
flow solver. The explicitly coupled rates are timestep averaged values evaluated as the mass change
from the process divided by the current calculational timestep.

There are Npcy X Ny, (one for each debris material in each debris field and generation) mass
conservation equations and N, energy conservation equations that are solved by the code for each
flow path connected to a given cell. This includes fields in the current generation and all previous
generations. These same equations are then solved for all of the other cells and the flow paths that
are connected to them. It should be obvious from the above discussion why DCH calculations can
be computationally intensive relative to other CONTAIN calculations.

6.2.8 Blowdown and Debris Sources
DCH calculations necessarily must provide representations for blowdown steam and debris entering
the reactor cavity from the primary system. Since CONTAIN does not include detailed primary

system modeling, some means of making this information available to the code is required. There
are three means of introducing the blowdown steam and gas into the calculation:
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1. Conventional atmospheric source tables representing steam and gas (e.g., hydrogen) may be
defined in the cavity cell; see Sections 14.3.1.2 and 14.4.1 for the specification of
atmospheric source tables.

2. A CONTAIN cell representing the primary system may be defined and filled with high-
pressure steam and gas at the start of the calculation, with a flow path having an appropriate
time-dependent orifice area connecting the RPV cell to the cavity. The code then calculates
the blowdown rate.

3. The new RPV models may be used to calculate the time-dependent flow area available for
blowdown, as described in Section 6.2.9.

Likewise, there are three ways in which debris sources may be introduced into the problem:

1. Atmospheric source tables of the debris materials may be introduced in the cavity cell. The
time dependence of these sources is normally defined to represent the rate at which debris
is entrained by the blowdown steam, not the rate at which debris is ejected from the vessel.

2. The debris may be first introduced into the cavity trapped field using an atmosphere debris
source of type TRAPBIN, and then transferred into the cavity cell atmospheric field(s) with
debris source tables of type ENTRAIN; the input description is given in Section 14.3.1.2.
The first set of tables may be thought of as representing melt ejection from the vessel, and
the second represents melt entrainment by the blowdown steam.

3. The new RPV models (described in Section 6.2.9) and cavity entrainment models (described
in Section 6.2.10) may be used to represent debris ejection from the RPV and its subsequent
entrainment by the blowdown steam.

The first two methods may be used for the blowdown and debris sources in any combination with
one another; the third method must be used in conjunction with the RPV and cavity models.
Blowdown and debris sources may be introduced into any number of cells when the first two
methods are used; when the third method is used, only one cell can be designated as an RPV cell and
only one cavity cell can be designated. However, the blowdown and debris sources calculated could
be supplemented by sources specified using the first two methods in either the same cell or in other
cells.

If the RPV and cavity models are not being used, the user must determine the appropriate timing for
both the blowdown and the debris sources. In the past, this was sometimes done with side
calculations using stand-alone models. However, extensive analyses of experimental data has led
to the suggestion that a simpler approach based upon experimental results for blowdown and debris
entrainment rates may be just as satisfactory. Guidance for using this approach is summarized in
Section 13.3.2. When this approach is being used, it is recommended that the second of the methods
summarized above be used for both the blowdown sources and the debris entrainment sources.
Chapter 15 gives an example of a DCH calculation for the Sequoyah plant in which this approach
is used.
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6.2.9 Reactor Pressure Vessel (RPV) Models

The purpose of Sections 6.2.9 and 6.2.10 is to discuss RPV- and cavity-specific models in
CONTAIN. The RPV models include vessel hole ablation, single-phase debris discharge, gas
blowthrough, and two-phase debris/gas discharge. The cavity models include a number of
correlations for the entrainment rate of debris and for the total fraction of debris dispersed from the
cavity, and a Weber breakup model for determining the size of entrained debris droplets.

The user may specify one cell in a problem to represent the RPV, and one cell to represent the cavity.
The code assumes that these two cells are connected by a single gas flow path. At the start of the
problem, the user must place some initial amount of debris into the trapped debris bin in the RPV
cell by using the TRAPBIN option for debris source tables. The initial flow area between the RPV
and cavity cells must be specified by the user, and is intended to represent the initial failure of the
pressure vessel by either instrument tube penetration failure or a larger scale rupture.

Prior to gas blowthrough, debris exits the RPV in single-phase flow and is transferred from the
trapped debris bin in the RPV cell to the trapped debris bin in the cavity cell. Ablation of the hole
in the RPV is modeled, along with the height of the debris pool in the RPV. When the debris pool
depth has decreased to a critical value, gas blowthrough occurs and two-phase ejection of debris
from the RPV begins. The exit quality of the two-phase discharge is modeled, and a gas flow area
is passed to the CONTAIN flow solver at each timestep. As in single-phase discharge, debris exiting
the RPV during two-phase discharge is removed from the trapped debris bin in the RPV cell and
placed in the cavity cell trapped debris bin.

After gas blowthrough has occurred in the RPV cell, entrainment of debris from the trapped debris
bin in the cavity cell is permitted. The rate of entrainment is calculated from a user-selected
correlation, and is based on transient conditions in the cavity cell. Entrained debris is removed from
the trapped debris bin and placed in the cell atmosphere in the appropriate multifield airborne debris
bins. The size distribution of the airborne debris may be either user-specified or determined from
a Weber breakup model. The airborne debris in the cavity cell may exit the cell or be trapped and
returned to the trapped debris bin, where it might be re-entrained during subsequent timesteps.

The user may also specify that a specific fraction of the debris initially in the RPV cell be entrained
in the cavity cell, either by selecting a specific value or by invoking a specific model to predict an
entrained fraction. In this case, the code employs the user-selected entrainment rate model to
estimate the entrainment rate over the duration of the RPV blowdown. The entrainment rate is then
modified so that the code will produce the specified total fraction of debris dispersed from the cavity.
The user must specify the conditions in the cavity cell that will be used to calculate both the
entrained fraction and time-dependent entrainment rate. With this option, there is no feedback
between the entrainment rate and cavity conditions as the calculation progresses; the entrainment rate
is based solely on the cavity conditions provided by the user.

The original references for all of the RPV and cavity models discussed in this document have been

cited in the appropriate places and are provided in the References. However, for guidance on the
development and use of the various entrainment rate and entrained fraction models, it is
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recommended that the user review Reference Wil96. This reference provides guidance on the use
of the cavity models, the selection of user-defined parameters, and the applicability of individual
models.

6.2.9.1 Single-Phase Debris Discharge. Prior to gas blowthrough, debris exits the RPV by single-
phase flow out of the hole in the vessel. The mass flow rate of debris is [Pil92b]

i, = p,A,C, | 228 (6-22)
d

where p, is the debris density as calculated by the code from the user-supplied density tables, A, is
the area of the hole in the RPV specified by the user in AHOLE] or as calculated by the ablation
model, C, is the discharge coefficient specified by the user in CSUBD, and AP is the pressure
difference between the RPV and cavity cells. Debris that exits the RPV cell is removed from the
trapped debris bin in the RPV cell and placed in the trapped debris bin in the cavity cell.

6.2.9.2 Two-Phase Discharge. This section describes the period of two phase discharge following
single phase debris discharge from the vessel. The two phase discharge consists of gas and debris.

6.2.9.2.1 Onset of Gas Blowthrough. The onset of gas blowthrough is determined from [Pil92b]

172 dh

\ (6-23)

h
o - 043 2 tann
dh dh

where h, is the height of the debris pool at which gas blowthrough occurs; d, is the diameter of the
RPYV hole; Ny, is the Froude number v d/\/éa_h , Where v, is the velocity of the debris exiting the RPV;
and D is the diameter of the RPV specified by the user. The supporting database for this correlation
spans the range 3.2 < D/d, < 20.0 and 0.32 < N, < 320. However, the database is limited to low-
density fluids (p = 1000 kg/m’) and small scales (D < 0.0508 m).

6.2.9.2.2 Gas Void Fraction and Exit Quality. The gas exit quality is obtained from [Pil92b]

: (o) W, (6-24)

where the gas void fraction is
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and N = 0.6. The single-phase liquid flow rate W, is given by Equation (6-22), and the single-phase
gas flow rate is determined from

W_ =m 2 (6-26)

where 1m_ is the mass flow rate of gas out of the RPV and A, is the area for gas flow in the RPV
hole. The gas void fraction is used to determine the rate at which debris exits the RPV cell during
the two-phase portion of the high pressure melt ejection, and further discussion is provided in the
next section. As in single-phase debris discharge, debris that exits the RPV cell is removed from the
trapped debris bin in the RPV cell and placed in the trapped debris bin in the cavity cell.

6.2.9.2.3 Gas Flow Area and Debris Flow Rate. The gas flow area in the hole in the RPV during
two-phase discharge can be determined from the gas exit quality using the relationship

A, =0, A (6-27)

The mass flow rate of debris out of the RPV during two-phase discharge can be expressed as

2AP [Ah—Ag

Pq

(6-28)

Ay

my = [PdAth

6.2.9.3 Vessel Hole Ablation. The hole in the RPV is enlarged through ablation of the vessel wall
by debris as it exits the RPV. The hole ablation rate is given by the relation [Pil94a]
dd, 2K.h, AT,

o (6-29)
dt pW[Cp'W (T mpow TW) + hf,w]

where K, is a constant multiplier to the ablation rate specified in ARMULT, AT, is the difference
between the temperature of the debris in the RPV and the melting temperature of the RPV wall as
specified by TMELT, p,, is the density of the RPV wall as specified by RHOWAL, C, , is the spe-
cific heat of the RPV wall as specified by CPWALL, T, , is the melting temperature of the RPV
wall as specified by TMELT, T, is the temperature of the RPV wall as specified by TWALL, and
h;,, is the heat of fusion of the RPV wall as specified by HFWALL.
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The heat transfer coefficient between the debris and vessel wall can be written as

A, - A

h, - b, |-P h T (6-30)

) ' CB"I Ah

where
g = PoConDns (6-31)
2h',,
k

' _ d . . -
by, = 00292 = Nger*Np>* (6-32)
. h’
D’ - 2 d,WATr (6_33)

s p w [Cp,w (Tmp.w - Tw) + hf.w]

The thermal conductivity of the debris, k,, is calculated by the code from the user-supplied
conductivity tables, L is the thickness of the RPV wall specified by THKWAL, and N, and N, are
the Reynolds number and Prandt] number, defined as (p4v4L) / 4 and (C, 41,) / Ky, respectively. The
debris viscosity p, is calculated by the code from the user-supplied viscosity tables. A factor of the
ratio of the debris area to hole area has been included in Equation (6-30) to simulate reduced contact
between the debris and vessel walls as the gas exit quality increases.

If the user has decided to specify an entrained fraction of debris or to invoke an entrained fraction
model, the time-dependent RPV hole size is not determined using Equations (6-29) through (6-33)
after the onset of gas blowthrough and two-phase discharge from the RPV. Instead, the hole size
following gas blowthrough is determined using the method described in Section 6.2.10.2.5.

6.2.10 Cavity Models

6.2.10.1 Entrainment Rate Correlations. If the user specifies only an entrainment rate correlation,
without specifying a correlation or a value for the entrained fractions, the amount of debris dispersed
will simply equal the integral of the entrainment rate. When this option is selected, the dynamic
feedback between debris entrainment and cavity conditions (e.g., gas densities and flow velocities)
that control entrainment rates is included in the modeling.

Five different correlations are provided as options for calculating the entrainment rate of debris in
the cavity. These include three forms of the Whalley-Hewitt model, the Levy correlation, and the
Tutu correlation. Each of the five entrainment rate correlations includes a cavity constant K as a
multiplier to the entrainment rate. This factor, which is CCENR in the CONTAIN input, is specific
to both the cavity being modeled and the correlation being used. It is the user's responsibility to
select reasonable values for this constant, based on the guidance provided in the references cited for
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each entrainment rate model. The entrainment rates given below are actually entrainment rate fluxes;
the actual entrainment rate in the cavity is determined by multiplying the entrainment rate flux by
the surface area of debris in the cavity, designated as AFILM in the CONTAIN input.

6.2.10.1.1 Whalley-Hewitt Entrainment Rate Model. The entrainment rate from the Whalley-Hewitt
model is determined from [Wha78, Wil96]

(6-34)

& = 0.0025K,
(o)

2
1+ 360 2| | Belete
D

[

where ¢ is the entrainment rate per unit area, K is the cavity constant specified in CCENR, D is the
hydraulic diameter of the cavity specified in HYDDIA, p, is the debris viscosity calculated from the
user-defined debris material property tables, and o is the surface tension of the debris specified as
SURTEN in the global DHEAT block. The debris film thickness is determined from

§ = —d (6-35)

P

ww

where m, is the mass of unentrained debris in the cavity and A, is the area of the cavity walls
covered by debris specified in AFILM.

An alternate form of the Whalley-Hewitt model was used in Reference Pil92b and can be written as

2

- v
& = 0.0395K_Re,” |1 + 360 i) [M] (6-36)

D, c

where
Re - VePDe (6-37)
g
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and y, is the viscosity of the gas as calculated by the code.

A third form of the Whalley-Hewitt model was proposed in Reference Wil96 and may be written as

¢ = 0.0025K ( °)0'7826 (6-38)

GS

2 -3
0x1
1+360_§) [ngg (1.0x107)
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where the standard surface tension o is specified in SURTES. This modification was introduced
to correct what was judged to be unrealistic dependencies upon viscosity and surface tension in the
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other versions of the Whalley-Hewitt model. [Wil96] For guidance on the use of these models and
the selection of user-defined parameters, the user should consult Reference Wil96; see also Section
13.3.2.4.7.

6.2.10.1.2 Levy Entrainment Rate Model. The entrainment rate from the Levy model is determined
from [Lev91]

0.26
2P 2P
- d_8 = Kc Néus k I:ent(NE“) _C) C (8) L+ 3001 f1 f2 (6-39)
dt My c Py D,
where
I:ent(NEu) = Ngus (6_40)
r 12
[ ds.h]
¢ - S, (6-41)
e
d,
. S -
g, = Pud (6-42)
Py

Here, N, is the Euler number, (p g] gz )/2P_, where j, is the superficial gas velocity in the cavity and
P, is the pressure in the cavity; d; is the standard RPV hole diameter specified by DSUBS; S; is the
standard scale specified by SSCALF, S is the scale specified by SCALEF; R is the gas constant for
the standard gas specified by RSUBS; R is the universal gas constant; M, is the molecular weight
of the driving gas as calculated by the code; T is the initial standard gas temperature as specified
by TSUBIS; T° is the initial gas temperature; and p,, is the standard density of the debris as specified
by RHDEBS.

It should be emphasized that the Levy entrainment rate model requires a number of "standard"
values. The user must consult the reference for the model [Lev91] in order to specify these values
correctly in the input for the model. For additional guidance on the use of this model and the
selection of user-defined parameters, the user should consult Reference Wil96; see also Section
13.3.2.4.

6.2.10.1.3 Tutu Entrainment Rate Model. The entrainment rate from the Tutu model [Tut91] is
determined from

€ = pA, B g (6-43)
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The area term is determined from

0.5
A, = min [cavity exit area, (w+2h) TC Fh (6-44)
Cc
where (w+2h,) is the wetted perimeter of the cavity is specified in WETPER.
The fraction of the melt flux flowing as droplets is
v — 6-45)
E = tanh (K, Ng,, Ngog Pe DX*{1-¢ ? (6-
Py~ P g
where
. 05
N. = JePe (6-46)
Kug 0.25
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The total superficial velocity of the melt can be written as
\"
ja =05 (i) | 5 (6-48)
eq
where V is the volume of the non-airborne debris in the cavity and
0.5
2| G (649)
“ 4| D,
The dimensionless pipe diameter is determined from
0.5 0.5
b -p |%| (&P py (6-50)
’ ‘| D, o

Some additional discussion of this model is given in Reference Wil96.
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6.2.10.2 Entrained Fraction Correlations. In the options described above in Section 6.2.10,1, the
code determines the fraction of the debris dispersed from the cavity. Alternatively, the user has the
option of specifying the dispersal fraction directly, or specifying that it is to be calculated from an
integral correlation for the dispersed fraction. Six different correlations are provided as options for
calculating the total fraction of debris dispersed from the cavity. These include the Levy correlation
and five individual Tutu-Ginsberg correlations. Because the entrainment rate must be forced to
integrate to the calculated fraction dispersed, no feedback occurs between the entrainment rate
calculation and transient conditions in the system. As a result, the user must provide estimates for
the cavity conditions that are required by the entrained fraction and entrainment rate models. The
required conditions include the molecular weight, ratio of specific heats, density, and viscosity of
gas in the cavity, as well as the cavity and containment pressures. In addition, any of the entrained
fraction options requires estimates of the debris entrainment time, the time-dependent gas flow rate
out of the RPV, and the final hole size in the RPV.

At the moment of gas blowthrough, the total fraction of debris that will be dispersed from the cavity
is calculated with the model selected by the user. Because the entrained fraction models are all based
on experiments with low temperature chemically non-reactive debris simulants and fixed RPV hole
sizes, the models require fixed values for cavity conditions and a single RPV hole size. The
entrained fraction of debris is calculated from the user-provided input, with either a user-specified
hole size or an estimated final hole size based on the ablation rate prior to gas blowthrough.

In a side calculation removed from the main CONTAIN calculation, a time-dependent debris
entrainment rate is calculated using the user-specified entrainment rate model, the cavity conditions
provided by the user, and an estimated gas flow rate out of the RPV cell. The duration of the
entrainment is estimated from the blowdown time of the RPV. In one option, the gas flow rate used
in determining the entrainment rate is based on the fixed hole size used in the calculation of the
entrained fraction. Alternatively, the user may also specify that the hole area grow linearly during
the blowdown of the RPV by using the AHENF and TSTOP input parameters. Note that the use of
this option has no effect on the total entrained fraction of debris, but it does affect the rate of debris
entrainment in the cavity because it affects the gas flow rate out of the RPV.

At the end of the gas blowdown from the RPV cell in the side calculation, the estimated entrainment
rate is modified so that the integral of the entrainment rate over the course of the gas blowdown
yields the desired total entrained fraction of debris. The side calculation then terminates and the
main CONTAIN calculation once again proceeds. At each timestep, the predetermined entrainment
rate is used to calculate the amount of debris that is removed from the trapped debris bin and placed
in the airborne debris bins in the cavity cell. Because the entrainment rate is based on the side
calculation, it is completely independent of cavity conditions as the CONTAIN calculation proceeds.
The models used in the entrained fraction options are described below.

6.2.10.2.1 Levy Entrained Fraction Correlation. The entrained fraction of debris predicted by the
Levy correlation is determined by solving the transcendental equation [Lev91]
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where 8° is the initial thickness of the debris film, the quantities f, and f, are as defined in Equations
(6-41) and (6-42), M, is the molecular weight of gas in the cavity specified by AMWCU, V| is the
volume of the RPV calculated internally or specified by VRPVU, and P, is the pressure in the cavity
specified by PCAVU. As with the Levy entrainment rate model, the Levy entrained fraction model
requires a number of "standard" values. The user must consult the reference for the model [Lev91]
in order to correctly specify these values in the input for the model. For additional guidance on the
use of this model and the selection of user-defined parameters, the user should consult Reference
Wil96; see also Section 13.3.2.4.

6.2.10.2.2 Tutu-Ginsberg Entrained Fraction Correlations. The entrained fraction of debris
predicted by the Tutu-Ginsberg correlations is determined from the following equation [Tut90]:

f = 1-UF (x-C) + FX+FY) UF (x-C)) (6-53)
where
C
x = log,, [NS (Lsd,)” Pe/pg)™ (1 + C,N, 5)/ (1 + C6Nf’)] (6-54)
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Nl = 2—(12 (6'55)
pR UR Lc
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z = [x-C| (6-61)
FX = cs/{1 , cgzcw} (6-62)
_ (C,) ™
FY = C,e (6-63)
UF(x-9) =0 forx<o (6-64)
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The length of the cavity L is specified by CAVLEN, P_ is the pressure in the containment specified
by PCONU, P? is the initial pressure in the RPV, A_ is the cross-sectional flow area in the cavity
calculated by the code or specified by AFLLOW, and vy is the gas-specific heat ratio specified by
GAMMALU.

Specific values of the constants in Equations (6-53) through (6-64) are provided for five distinct
cavity configurations: Surry cavity without structures, Surry cavity with skirt only, Surry cavity with
all structures, Zion cavity, and Watts-Bar cavity. Values for the constants are presented in Table 6-2.
For guidance on the use of these models and the selection of user-defined parameters, the user should
consult Reference Wil96 and Section 13.3.2.4.
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Table 6-2
Constants for the Tutu-Ginsberg Entrained Fraction Correlation

Surry (no Surry Surry (all Watts-

Cavity structure) (skirt) structure) Zion Bar
C, 0.136 0.481 0.467 0.839 0.263
G, 1.886 1.818 0.601 1.512 1.618
G, 0.748 0.652 0.133 0.464 0.440
C, 1.248 0.575 0.336 2.32 0.273
C 1.024 0.680 0.992 0.324 1.630
Cs 1.0 0.350 3.019 0.0 3.783
C; 0.630 0.121 0.558 0.0 0.522
C 0.5 0.472 0.777 0.296 0.497
G 0.915 0.688 0.0395 0.0813 0.858

Cio 6.4 2.75 5.0 3.6 5.0
C, 0.5 0.528 0.223 0.704 0.503
Cp, 2.319 0.958 4.467 1.351 3.451

Cps 1.8 8.75 3.0 6.6 3.0

6.2.10.2.3 Entrainment Time. The entrainment time is the interval over which debris is entrained
in the cavity. It can be specified directly through the TDISP keyword. If TDISP is not specified, the
entrainment time is estimated from an expression for the RPV blowdown time [Lev91]:

P
-V, In| —=
v Po
ty = . (6-65)
(0.6065) (A,) YRT®

In CONTAIN, the pressure ratio in this equation is assumed to be 0.1, which represents the cutoff
for entrainment. The blowdown time t, is taken to be the entrainment time, unless the user specifies
through the TSTOP keyword that the RPV hole itself grows as a function of time, over the time
interval given by TSTOP. In this case the entrainment time is taken to be t, + "tstop," to ensure that
the entrainment time is adequate.

The total fraction of debris dispersed from the cavity will not be affected by the entrainment time,
since the entrainment rate is forced to integrate to a specific total entrained fraction. It should be
noted that while no debris entrainment can occur after the dispersal interval has passed, the debris
entrainment rate might be large enough to disperse the desired fraction of debris before the dispersal
interval has ended. Small entrainment times may lead to very high entrainment rates in the cavity,
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because the desired fraction of debris must be dispersed in the given time interval, However, if the
entrainment rate model selected by the user already predicts high entrainment rates, increasing the
entrainment time will not slow down entrainment of debris in the cavity. The entrainment rate must
be controlled directly through the CCENR parameter.

6.2.10.2.4 Time-Dependent Gas Flow Rate. The use of an entrained fraction option also requires
an estimate of the time-dependent gas flow rate out of the RPV. The equation is based on Tutu’s
formulation, [Tut91] modified to permit a time-dependent gas flow area

+1
= CA, (t)ﬁ(_z_)zé-l)_i

vy + 1 (6-66)
& Tv(t)
g
where P, is the pressure in the RPV and
0
Tv(t) = —I_
M ‘? -1 (6-67)
M, (1)
R
M, () M, T, (1) 6.68)
P () =
y® v

The time-dependent gas flow area A (t) is controlled by specifying AHENF and TSTOP, P(t) is the
time-dependent pressure in the RPV calculated by the code, T (t) is the time-dependent temperature
in the RPV calculated by the code, M? is the initial mass of gas in the RPV, and M,(t) is the time-
dependent mass of gas in the RPV.

The estimate of the time-dependent gas flow rate provided by Equations (6-66) through (6-68) is
used to calculate a time-dependent entrainment rate from the cavity using the model selected by the
user. However, the gas flow rate has no effect on the total fraction of debris entrained from the
cavity cell, since the entrainment rate is still forced to integrate to the desired total fraction dispersed.

6.2.10.2.5 Final RPV Hole Size. Because the entrained fraction models require a fixed RPV hole
size, it is necessary to estimate the final size of the hole after ablation and then use this value in the
entrained fraction model selected by the user. An expression for the final hole diameter can be
derived by assuming that the rate of change of the hole diameter is constant during debris ejection.
The final expression for the estimated RPV hole diameter has the form
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The rate of change of the hole diameter, &h, is calculated internally by the code, MJ is the initial
mass of debris in the RPV, and d_ is the initial RPV hole diameter at the start of the final hole size
estimation in the code.

Note that the time-dependent RPV hole size used in the gas flow rate calculations described above
has no effect on the entrained fraction of debris calculated by the code. The user may also select the
hole diameter used in the entrained fraction model, rather than allowing the code to calculate a value,
by specifying AHENF.

6.2.10.2.6 Integration of the Entrainment Rate. When an entrained fraction model is selected by the
user, the entrainment rate must integrate to yield the appropriate total fraction of dispersed debris.
To simplify this problem, the entrainment rate is determined from the conditions at the time of gas
blowthrough; estimates of the entrainment time, gas flow rate, and final RPV hole diameter as
described in the three sections above; and conditions provided by the user through input. There is
no feedback with the CONTAIN calculation as a whole; the entrainment rate is estimated in a side
calculation that is performed outside of the main CONTAIN calculation.

If the entrainment rate calculated by the user-specified entrainment rate model in the side calculation
predicts 100% entrainment before the end of the entrainment interval estimated by Equation (6-65),
the entrainment rate used in the subsequent CONTAIN calculation is multiplied by the desired
entrained fraction at each timestep up to the time where 100% dispersal was reached. At this time
entrainment ends, and the entrainment rate is set to zero for all future times. If the entrainment rate
calculated by the user-specified entrainment rate model in the side calculation predicts less than
100% entrainment by the end of the entrainment interval estimated by Equation (6-65), the
entrainment rate used in the subsequent CONTAIN calculation is multiplied by the ratio of the
desired entrained fraction to the predicted entrained fraction. Entrainment continues until the
entrainment interval estimated by Equation (6-65) ends, at which point the entrainment rate is set
to zero for all future times.

6.2.10.3 Debris Particle Size. The following subsections discuss the Weber drop size model.
6.2.10.3.1 Weber Drop Size Model. Weber breakup occurs when liquid is broken into fragments
as a result of interaction with a flowing adjacent gas. This occurs during the debris entrainment and

transport process as well as in other processes not specific to DCH, such as pneumatic atomization.
The Weber number is defined as

DaAre N z 2N L1niniaT



dv”
Ny, = Pdve (6-71)
)

where Ny, is the Weber number, p is the density, d is the drop diameter, v, is the gas velocity, and
o is the surface tension.

Physically, the above equation defines a critical Weber number at which surface tension forces in
the drop balance the forces exerted on the drop by the flowing gas. For a given flow velocity, drops
with diameters above the value that will give this critical Weber number will not be stable and will
break up. Therefore, the Ny, criterion can be applied to DCH problems to determine the maximum
stable drop size as a function of the gas flow velocity and an assumed critical Weber number Ny, .

N
d = o2ec (6-72)

v2
PVe

The critical Weber number has been studied extensively for air/water systems and to a lesser degree
for systems involving other fluids, such as molten core debris and steam. These studies are
summarized in the work by Ostensen et al.' In this work a Weber number of 6 was recommended
for estimating the volumetric median particle size in DCH applications. A critical Weber number
of 12 is commonly used for aerosols and has also been recommended for molten debris and other
fluids. The value of 12 is used as the default critical Weber number in the CONTAIN model. Since
the volumetric median diameter of the particles resulting from breakup is typically about half the
critical diameter, this default is consistent with the recommendations of Ostensen et al.! The user
may specify the critical Weber number and therefore assess the impact of this parameter on
containment loads.

6.2.10.3.2 Integration of the Weber Model into the Multifield Architecture. In CONTAIN, debris
is grouped into a number of fields (also called bins), where the number of fields represented can be
controlled by the user. The user selects the number of bins that are to be modeled, where each bin
is typically a unique drop size. The user also selects the number of time generations to be modeled.
A unique set of debris bins are tracked within each generation. Therefore, the total number of fields
represented in the code in each cell is the product of the number of bins and the number of
generations, plus one additional field for non-airborne debris. The drop size model is integrated into
this treatment of debris as described below.

The maximum stable drop size predicted by the We criterion depends strongly on the velocity of the
entraining fluid. In the CONTAIN default treatment, the average velocity through the cell is used
as the gas velocity for the entraining fluid. Physically, the velocity used in We criterion should be
the velocity across the surface of the fluid being entrained, which is the debris. In a CONTAIN
calculation there is no good way to obtain this velocity. Moreover, no experimental measurements

'R. W. Ostensen, R. O. Griffith, and D. C. Williams, Sandia National Laboratories, Albuqllllergue, NM, letter report
to the USNRC, with title "Models and Correlations for Direct Containment Heating," March 15, 1992.
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of flow velocities in the cavity are presently available so that correlation of entrainment velocity
against exit velocity is not possible. The velocity of interest to the entrainment process is believed,
however, to lie somewhere between the blowdown velocity and the cavity exit velocity. Physically,
this is reasonable given that the blowdown gas picks up extra mass by entraining debris into the flow
field and that the momentum of the blowdown gas must be conserved between the entrance and exit
of the cavity. The gas is also heated, which acts to accelerate the flow. The ability to use either the
average gas velocity through the cavity or the exit gas velocity from the cavity is provided through
the USEVOUT keyword.

As debris is ejected from the RPV, it is transferred from the RPV non-airborne field to the cavity
non-airborne field. Debris in the non-airborne field is assumed to have one particle size associated
with it for purposes of interacting with the blowdown steam. As debris is entrained out of the cavity
non-airborne field, the drop size models are invoked to distribute the debris among the various
airborne fields. The distribution of entrained mass during a timestep into the airborne fields is done
assuming that the mass is distributed log-normally. The mass median particle size, d , is assumed
to be equal to one half the maximum stable drop size given by Equation (6-72). The mass of debris
entrained into a given field during a timestep is given by

AM_ 1
AM. =
! Nﬁc]ds
2%
j1 (6-73)
b
i In(x)-In{d )]
Ii = f_l_ exp —_[nﬂ__n_(_m)]_ dx

3,

X 21n2(6g)

where AM, is the mass of debris entrained into field i, AM; is the total mass entrained into all the
fields during the timestep, N, 18 the number of airborne debris fields, and o, is the geometric
standard deviation. The integration limits a, and b, in Equation (6-73) are given by

a = ‘/m, i>1

a, = d/minf5.02), i = 1 674
b, = \/aiTi:l-’ i < Ngegs

b, = min5,02)d;, i = Ny

where d, is the particle diameter assigned to fieldi. The geometric standard deviation o, is controlled
by the user-specified parameter WESIG, which is the natural logarithm of 6,. The default value of
o, is 2; hence, WESIG = In(2) = 0.693 by default. In DCH experiments, the size distribution
observed is generally broader than this, with o, = 4 being typical. However, the value of d,
calculated from Equation (6-72) will vary as the gas flow conditions in the cavity vary, which will
tend to broaden the size distribution obtained for the entire calculation.
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Equations (6-73) and (6-74) may allow some particles to have sizes that are larger than d,,, as given
by Equation (6-72). Although this result is not strictly consistent with the Weber number breakup
assumption as described previously, it is consistent with the size distributions observed in DCH
experiments, which do not show a sharp cutoff at large particle sizes. The Weber model should be
thought of as providing an estimate for d,,, but it does not define the entire size distribution, since
this is also governed by the user-specified value of WESIG.

When the Weber number model is used, all species in the debris are distributed proportionately
among the airborne debris fields. That is, the composition of the material added to each airborne
field during a timestep equals the composition in the cavity non-airborne field during that timestep,
and FDISTR cannot be used to distribute the individual species separately. Section 14.2.7 provides
the details as to how the debris fields are to be specified when the Weber model is used.

6.3 DCH Trapping Model

The process of debris removal as a result of interaction with containment structures and/or
gravitational fallout is referred to as trapping. This process is still the subject of considerable
uncertainty, and plant and experiment analyses have shown that trapping can have an important
effect on results. Therefore, the CONTAIN model includes both a mechanistic approach to trapping
as well as flexible input for performing sensitivity calculations.

In principle, the CONTAIN DCH trapping model is a simple one, where debris trapping in a given
control volume is governed by a first order linear rate equation. As implemented, however, the
model has several dependencies, such as the conditions in the cell atmosphere, attributes of the
debris field being de-entrained, and the debris and gas inflow rates. In addition, the trapping rate is
recalculated every timestep, so that debris trapping reflects changes in the particle field, atmospheric
conditions, and inflow rates as the DCH event progresses. The first subsection below describes the
trapping rate equation and its solution. The remaining subsections describe the models and options
available in CONTAIN for calculating the trapping rates used in this model.

6.3.1 Rate Equations for Trapping
The debris trapping process is governed by a first order linear rate equation for the time rate of

change of airborne debris mass in a field:

- m (6-75)

where A, , is the trapping rate for field nin cell i
Notice that each particle field in each cell is governed by its own trapping rate. Therefore, these

equations are solved many times throughout a calculation for each particle field, n, and for each cell,
i. The model keeps track of the mass of trapped debris by species.
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The trapping rate for the different species in a given field and cell is assumed to be the same. The
trapping rate, A, is also assumed to be constant over a calculational timestep. Therefore, the
trapping terms in the DCH mass and energy conservation equations in Section 6.2.2 are linear and
can be represented by a time-averaged removal rate that depends on the initial mass of airborne
debris for each material in a given field and cell. If the timestep is given by At,, then an average
trapping rate for material k in field n in cell i over the timestep is given by

dmy;
dt

C Cm [1 —exp(—kilnAtc)] (6-76)

d,ink
trap Atc

The following subsections describe the equations used to calculate the trapping rate, A, ,.

Special provisions are made in the trapping model for sending some fraction of the trapped debris
material to the intermediate material layer in the lower cell. In the present model, this fraction is
specified by the user. The addition of trapped debris to the lower cell is governed by:

N
dmy ey - i"s dmy; .o (6-77)
dt ! n=1 dt trap

where my; is the mass of material k in the uppermost intermediate layer of the cavity in cell i, and
fic; is the user-supplied fraction of trapped debris to deposit into the uppermost intermediate layer
of the cavity of cell i. This is specified using the COOLFRAC keyword in the DCH-CELL input
block.

The user-supplied fraction, f;.;, governs the fraction of the trapped debris that goes into the
uppermost intermediate layer of the lower cell. The remaining fraction, (1-f,;), of the trapped debris
will be placed in the non-airborne debris field. Note that this option is available in any cell, but is
most useful in the cavity cell. The CONTAIN lower cell layer system is described in Chapter 5. If
there is no intermediate lower cell layer, or if there is no lower cell defined at all, then all trapped
debris is placed in the non-airborne debris field regardless of the f; ; value. Trapped debris cannot
be passed into the CORCON layer system if CORCON is active. Therefore, f; will be ignored if
CORCON is active and all trapped debris will be placed in the non-airborne debris field. This is not
considered an important limitation because DCH calculations are typically performed only to predict
the peak short term containment load. The f;; parameter is used if CORCON is defined but has not
yet been activated; therefore, DCH can be used during the early phase of the accident and CORCON
used in a restart or in a new calculation using the trapping results from the DCH run.

Except for the debris that is optionally sent to the lower cell, the DCH model stores trapped debris
in the non-airborne debris field. This field also can be used to hold debris in the cavity that has not
yet been entrained by the blowdown gas. If debris is not sent to the lower cell, the mass of debris
in the non-airborne debris field is governed by the following equation
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N
dmy,;i _ f“ dmy; ., dm,;, | dmy; (6-78)
dt n=1 dt trap dt IpY,s dt ent,s

where m,,,;, is the mass of debris in cell i in the non-airborne field; [dm/dt] ., is the discharge
source rate from the RPV into the non-airborne field; and [dm/dt],, , is the entrainment source rate
out of non-airborne field.

This equation does not include chemical interaction terms in the non-airborne debris field. These
terms would be identical to those described in Section 6.4 for the airborne fields. The first term on
the right side represents trapping from all airborne fields. The second term represents user sources
into the non-airborne field using the TRAPBIN type source tables and/or debris transferred to the
cavity trapped field by the RPV models described in Section 6.2,9. The third term represents the
user-specified entrainment rate out of the non-airborne field using the ENTRAIN option for source
tables or the debris entrainment rate calculated by the entrainment models described in Section
6.2.10.

The trapping rate, A, is either provided by the user or calculated by the code based on cell conditions,
particle field attributes, and inflow gas and debris velocities. Four options for determining A are
provided. These options only differ in the way in which the trapping rate, A, is determined. That is,
all models use the first order rate Equation (6-75), and this equation is always solved in the manner
described above to represent de-entrainment. The four trapping options included in the CONTAIN
DCH model are:

USER User-specified trapping rate

GFT Gravitational fall time

TFI Time to first impact and fall
TOF/KU Time of flight/Kutateladze criterion

The USER option is not actually a model, since it is strictly user-driven, and does not depend on field
attributes, cell conditions, or inflow gas or debris conditions. The GFT model depends on cell
conditions and field attributes, but is not dependent upon gas or debris inflow rates. The last two
options are dependent upon cell conditions, debris field attributes, and inflow gas and debris
conditions. The TOF/KU model is believed to be the most realistic of all the options and is
recommended for most situations. There are some situations when use of one of the other options
would be more desirable than TOF/KU. For example, one might want to use the USER option to
disable trapping in a study to calculate conservative DCH loads. The equations used to calculate A
and the trapping mechanism flags are described in the following sections. The first section below,
however, discusses how velocities that are used in the trapping and heat transfer models are
calculated.
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6.3.2 Average Velocities

The relative velocity between gas and debris, v,,, in the GFT and USER trapping models is calculated
as the maximum of the gravitational fall velocity and the difference between the average gas velocity
and the average debris velocity through the cell. The gravitational fall velocity, Vo 18 defined in
Section 6.3.4. The average gas and debris velocities through a cell are calculated in a similar manner
as the structure forced convection velocities are calculated, but with one key difference: the average
velocities calculated for use in the DCH models do not use the structure-specific flow-path
coefficients. The following equations describe the calculation of the average velocities used in the
DCH trapping model and the DCH heat transfer model. Note that these velocities are used in all four
(USER, GFT, TFI and TOF/KU) of the trapping models, and in the convective heat transfer model.

The average debris velocity for a given cell i and field n, considering all flow paths, is calculated
from the debris outflow rates and the debris inflow rates as follows:

- 1 E Wd.ji.neji (6-79)
Vd.in A - /P
hyd i pd,j,n(Pi j)

1 E Wd,ij.n eij (6-80)

hyd 1§  Pdin

vd.out = A

d,avg = max

v vd.in +Vd.out (6-8 1 )
gft’ 2

where W, is the debris mass flow rate given by Equation (6-10), the ji sum corresponds to all gas
and debris inflows, and the ij sum corresponds to all gas and debris outflows. The cell hydraulic area
Ayyq i equal to the cell gas volume to the two-thirds power. Note that the subscripts i and the n for
cell i and field n are not included in the symbols for vy, V4. and v, . for notational convenience;
however, these values are specific to a cell and a field. It is also worth noting that the average debris
velocity is not allowed to be smaller than the gravitational fall velocity.

The average gas velocity through a cell, v, ., is calculated in a similar manner, but the gas mass
fluxes and gas densities are used in place of the debris values as shown below. Also, the gas velocity
is calculated by assuming isothermal flow and assuming that all incoming gas flow streams mix with
each other before they mix with the cell inventory. Again, this is similar to the structure forced
convection velocity model discussed in Section 10.1.1.6. Note that there is only one average gas
velocity through the cell which is used to calculate v, for each debris field. The controlling
equations are
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where T,; is the temperature, c,; is the gas heat capacity, and M; is the gas molecular weight in the
upstream cell j. R is the universal gas constant.

In the USER and GFT trapping options, if the slip s defined in Equation (6-2) is set greater than 1
for any field in any cell, then v,, is calculated as follows:

v, = max (vgﬁ, Ivg'avg -v d.avg) (6-86)
Otherwise the expression
Vi = MaX(VyqVy o) (6-87)

is used. If the former expression is desired even when the slip is essentially 1, then the slip can be
set slightly larger than 1.

The v, and v,,,, averages are also used in various places in the TFI and TOF/KU trapping models
as described in the following sections.

6.3.3 USER Trapping Model

The simplest and most parametric model is the USER model. In this model, the user simply
specifies a trapping rate, A, for each cell. The user-specified trapping rate must be the same for each
particle field in a cell. That is, A;, = A, for all particle fields, n. This is not true for the other trapping
models, since in these models, the rates depend upon the size and composition of the particles in the
field.
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The user-specified trapping rate is normally a constant; however, time-varying rates can be specified
through the use of user tables. To specify a constant trapping rate in a cell the value desired is given
in the DCH-CELL block as explained in Section 14.3.1.11. User trapping values specified in the
global DHEAT block are used as default constant trapping rates for all cells. To specify a time-
varying trapping rate, the VAR-PARM keyword is used in the DCH-CELL input block. The name
of the VAR-Y variable in the VAR-PARM block must be TRAPRATE to specify the trapping rate
as the dependent variable in the table.

6.3.4 GFT Trapping Model

In this model, the trapping rate is taken to be controlled by the gravitational fall rate of a sphere in
the cell atmosphere:

A = eftin (6-88)

where the terminal fall velocity for debris particles in field n and cell i is v, . In the interest of
notational convenience, this velocity is simply referred to as v,, hereafter, but the reader should
remember that v, for each field and in each cell is unique. The characteristic gravitational fall
height for debris particles in cell i is L4;. Again, the i subscript will be dropped for notational
convenience, but the reader should remember that L, for each cell can be unique.

The terminal fall velocity, v, is computed using the following drag correlation for spheres:

-C, +\/C12+C1C2}1( M, ]

v
gft
2 pgd

d d
o3[
g g

where g is the acceleration of gravity, u, is the gas viscosity, p, is the gas density, d is the particle
diameter, and p, is the debris material density.

(6-89)

Note that v, is dependent upon both cell i and field n, through the gas density, gas viscosity, debris
density, and particle diameter. The above correlation assumes that the particles are spheres, the
atmosphere is stagnant, and that the particles do not physically interact with each other as they fall.

The characteristic gravitational fall height, L., by default, is calculated to be the cube root of the

initial cell gas volume. A DCH-specific L, value can also be specified independent of the cell
volume. This is done using the LENGFT keyword in the DCH-CELL input block.
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An important aspect of the CONTAIN trapping treatment is that the GFT trapping rate is computed
and used in the TOF/KU model as described in Section 6.3.6. This is based on the assumption that
particles cannot de-entrain more slowly than they would fall to the floor by gravity. Details of how
this is applied is provided in the following two sections. The GFT rate is not used as a bound if the
USER trapping model is selected. The GFT trapping rate is also used in the TFI model to calculate
the total debris flight time. The gravitational fall time, t., is given by

(6-90)

il
o |

6.3.5 TFI Trapping Model

The TFI model is based on the assumption that debris will not stick on structures, but will strike only
one structure and then rebound and fall to the floor by gravity. This model is provided primarily to
facilitate performing sensitivity calculations. Production calculations and most experimental
analyses should be performed with the TOF/KU model described in the following section, although
use of the TFI or GFT models in the dome can be defended. The TFI and TOF/KU models both use
the mass flow rates of gas and debris through the dominant flow path into a cell, and the average
flow rate into a cell. By default, the code automatically determines the dominant flow path into a
cell. The dominant flow path is defined as the flow path with the most debris material flowing
through it. The user can optionally specify the dominant flow path as a regular flow path or an
engineered vent using the FROMCELL or FROMVENT keywords. (Note that regular flow paths
are now considered obsolete.) The dominant flow path may not be a dedicated suppression pool vent
flow path. For any period of time when debris and gas flow is not inward through the identified flow
path, the GFT model will be used. Unless there is a good reason to do otherwise, such as performing
code testing, the user should let the code automatically determine the dominant flow path.

The CONTAIN flow model calculates the mass flow rate of gas and debris through the flow paths
in the containment as described in Section 6.3.2. If slip between gas and debris is modeled, then the
gas and debris velocities are distinct and their individual values will be used to determine flight times
and N, numbers. However, if slip between gas and debris ignored, the average flow velocity for
gas and debris is used for both. Both cases are included in the descriptions below.

The debris time of flight to the first structure, t,,, is calculated by assuming the debris velocity
linearly decreases from the inlet debris velocity, v, ,, to the debris velocity at first impact, v, ,

(oo h ln[vd.n] (6-91)
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where L, is the distance to the first structure. This distance must be provided by the user. The debris
velocity at first impact is assumed to be equal to the gas velocity at first impact, v, ,, if that velocity
is slower than the debris inlet velocity:



Va1 =min(v 4 n,vg’l) (6-92)

Qualitatively, this is based on the fact that debris/gas drag and entrained ambient gas are assumed
to slow down the gas until debris and gas both decrease together. The gas velocity at first impact
is also used in the TOF/KU model to evaluate the Kutateladze number; therefore, its governing
equations are provided in the following section.

If vy, is equal to v, ,, then the debris flight time to the first structure is given by

L

v

t, = (6-93)
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which is the limit of Equation (6-91) as v, approaches V4. The average debris velocity to the first
impact, vy ,,, is given by

1 -
Valavg = = (6-94)

The TFI trapping rate is given by the inverse of the sum of the flight time to the first structure and
the gravitational fall time:

A= (6-95)

The trapping rate given by the above equations is only calculated if flow through the identified flow
path is into the cell. If this is not the case, then the trapping rate will be calculated using the GFT
model.

If the slip s in Equation (6-2) is greater than one for any field in any cell, then the relative velocity
between gas and debris, v,,, for heat and mass transfer purposes is given by

v, = max(vgﬁ, lv

) (6-96)
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where v, ., is the average gas velocity to the first structure, which is defined in the following section
under Case 1 of the TOF/KU model. The reader is referred to that section for a description of the
govemning equations for this velocity. If slip is ignored completely, then Vg1avg 18 dropped in the
above equation.



6.3.6 TOF/KU Trapping Model

Like the TFI model, this model calculates the trapping rate at each calculational cycle according to
current conditions of the atmosphere, attributes of the particle field (size, composition, etc), and gas
and debris inflow conditions. As the name of the model implies, the TOF/KU model uses a
Kutateladze entrainment criterion to determine whether particle re-entrainment occurs after debris
impacts structures. If re-entrainment is not indicated, then the debris is assumed to stick and the
trapping rate is set to the inverse of the time of flight to the structure. Two de-entrainment criteria
which are conceptually related to physical impacts of debris on structures are considered. The first
criterion refers to debris impaction upon the first structure debris is likely to encounter as it flows
into a cell. The second refers to subsequent structures that debris will impact as a result of average
flow through the cell. If the Kutateladze correlation indicates debris re-entrainment for both
conditions, then the trapping rate will not be based upon time of flight to structure impacts. Instead
the trapping rate will be set to allow most of the debris to flow out of the cell. An option is provided
to allow debris to trap at a rate characteristic of gravitational settling under this condition.

The remainder of this section describes the specific equations in the DCH model that implement this
trapping strategy. First, however, it is important to understand that the flight of particles in the cell
is not actually "tracked" in the TOF/KU model. Without major architectural changes, this would be
impossible for a control volume code like CONTAIN to accomplish, Instead, the model relies upon
estimates of particle and gas velocities and flight distances to evaluate the Kutateladze numbers for
the first two phases. The magnitude of these numbers compared to Kutateladze cutoff numbers for
entrainment dictate which calculated debris transport time estimate to use in the evaluation of the
trapping rate at that moment in time. This trapping rate applies to all debris that is airborne at that
moment in time. If the rate of change in the calculated trapping rate is slow, then this approach
should be reasonable.

The Kutateladze number is a dimensionless number given by

N, = PeVe (6-97)
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where p,, iS the material density of the debris, not the airborne density of debris in the cell.
Physically, Ny, represents the ratio of the kinetic force of an entraining fluid (with density p,, and
velocity v,) to the geometric mean of gravitational and surface tension forces of the denser fluid
being entrained (with density p;). In the context of the TOF/KU debris trapping model, the
entraining fluid is the in-flowing debris/gas jet (that tends to re-entrain any trapped debris on
structures back into the jet), and the denser fluid is the molten debris in the cell (whose surface
tension favors "sticking" the debris to a structure as a film). At some fluid velocity, the kinetic
forces will sufficiently overcome the surface tension forces to re-entrain the debris from the surface
thereby avoiding trapping on that structure. Below this velocity, debris in the cell is assumed to de-
entrain (or trap) at a rate that corresponds to the time of flight to the surface in question. The model
uses two Ny, cutoff values, Ny, 1, and Ny, 1, which control the first two phases (or impacts)




considered in the TOF/KU model. The default value for each cutoff is 10, but the user may override
this value for the first and subsequent impacts. The default is based on droplet entrainment in
vertical tubes from the work in Reference Brg81.

The reader should also be aware that the equations presented below are applied to each debris field
individually, even though this is not explicitly indicated by the simplified notation used below.
Therefore, the trapping rate of one field will typically be different than other fields with different
sizes and debris densities.

6.3.6.1 TOF/KU Case 1: Trapping On First Impact. Gases flowing into a cell are assumed to entrain

gases in the cell using the Ricou-Spalding [Ric61] entrainment correlation. With this correlation,
the density of the gas jet impinging the first structure used in evaluating Ny, is given by

PoP, &
o - (6-98)
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where,
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and L, is the user-specified distance to the first structure as previously noted, and x, is a critical
cutoff distance below which no entrainment occurs. This distance is given by
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where a is the density corrected jet expansion coefficient, d, is the hydraulic diameter of flow path
opening, A, is the area of the flow path opening, a, is the user-definable jet expansion coefficient
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(6-100)
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whose default value is 0.32, p,; is the density of gas in the cell, p, is the pressure corrected density
of gas from the upstream cell, P, is the pressure in cell i, and P, is the pressure in the upstream cell.

By default the flow path area, A,, is the area of the dominant flow path as defined in the flow input.
This area can be user-specified using the ADFLOW keyword; however, if this is done, it may be
desirable for the user to specify the dominant flow path explicitly using either FROMCELL or
FROMVENT keywords. This is suggested because the flow path area will not change if ADFLOW
is specified, while the dominant flow path may change if it is not also explicitly specified.
Specifying the dominant flow path explicitly will prevent an inconsistent area from being used.
There may be valid reasons for not following this suggestion; therefore, it is not enforced by the
code.

The velocity of gas after it enters a cell is assumed to be constant at v, ;, until it travels the cutoff
distance x.. Beyond the cutoff distance it is assumed that the velocity declines linearly as gases are
entrained into the flow stream. The gas velocity at the first impact, v, , is given by the maximum
of the jet velocity and a forced convective velocity

xC
vy, = mMmax 1,—

] (6-101)
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where v, is the forced convective velocity for the inner face of the first heat transfer structure in the
cell (see Section 10.1.1.6). None of the parameters in the DCH-CELL block have an effect on v,.
Because of this scheme, it is recommended that at least two structures be defined in subcompart-
ments so that a forced convection velocity will be calculated and stored in v, (and v, used under Case
2 in the following section) for use in the TOF/KU model. If no structures are defined, then the
model will use the average gas velocity through the cell, v in place of v, in the above
expressions.

gavg’

The Kutateladze criterion can be evaluated using one of two options. In the default RHODG = GAS
option only the gas momentum is included in the numerator. If the RHODG = MIX option is
invoked then debris momentum will be included in the numerator of Ny,. Under the default
RHODG = GAS option, N, for the first impact, Ny, ,, is given by

2
N, = _ Pei¥sl (6-102)
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If the RHODG = MIX option is specified, then N, , includes the momentum of the debris:

2 2
N _ PeiVer * PguVan (6-103)
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where the debris velocity at first impact, v, ,, is taken to be the minimum of the debris inlet velocity
and the gas velocity at first impact as noted in the previous section on the TFI model. In the above
equation p,, is calculated as (p, - p,,,) P/P,.

De-entrainment on the first impact is assumed to occur if Ny, ¢, is less than the Ny, 1, cutoff value.
When Ny, < Ng, 1, the trapping rate, A, is given by

A= —1 (6-104)
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where t, is the debris flight time to the first structure defined in the previous section on the TFI
model. The average gas velocity from the inlet to the first impact is calculated by integrating from
Voin 10 V,; Over the distance X, to L, to give
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2 (6-105)

If x, is greater than L, then v, ,,, will be set equal to v,;,. If the slip s in Equation (6-2) is greater
than one for any field in any cell, then the relative velocity between gas and debris for heat transfer
and chemical reactions, v,,, is given by

Ve T max(vgft’lvgl,avg—vdl,avg

) (6-106)

If slip is ignored completely, then v,, is given by

v, = max(vgﬁ, le,avg) (6-107)



The flight time and average velocity to the first structure in Case 1 of the TOF/KU model are the
same as they are for the TFI trapping model. Note, however, that the TOF/KU Case 1 trapping rate
differs from the TFI rate. The TFI model takes the sum of the gravitational fall time and the first
impact flight time as the time of flight, while the TOF/KU model takes the shorter of the two as the
time of flight. The rates are different because if the debris reaches the first structure under Case 1
of the TOF/KU model, it is assumed to be trapped there. The main input parameter that affects this
case of the TOF/KU model is the first trapping length, L,. If a direct line of travel from a primary
entrance flow path to a structure can be clearly identified, then this distance should be given as L,.
Otherwise, it is recommended that L, be set equal to 6 times the cell gas volume divided by the
surface area of all surfaces in the cell.

An alternate trapping behavior corresponding only to the time of flight to the first structure can be
obtained by intentionally specifying an artificially large N, 1, value. If this is done, the N, criterion
for re-entrainment will never be met and debris will always stick on the first impact. This technique
may be useful for performing sensitivity studies. In most predictive calculations, however, the
default N, cutoff values should be used.

If the Ny, criterion for re-entrainment on the first impact is met, sticking on the first impact is not
assumed and subsequent impacts on nonhorizontal surfaces will be considered as described below.

6.3.6.2 TOF/KU Case 2: Trapping On Structures Beyond The First Impact. The velocity v, , used
for evaluating N, for impacts after the first is the second structure convective velocity, v,, if defined.
This velocity is more specifically the convective velocity for the inner face of the second structure
defined in the structure input block and can be controlled by changing the default hydraulic area and
coefficients in that input block. Note that none of the parameters specified in the DCH-CELL input
block have an effect on v,. It is recommended that at least two structures be defined in
subcompartments so that either a forced or natural convection velocity is calculated in the heat
transfer module and stored in v, for use in the TOF/KU model. If fewer than two structures are
defined, then the model will use the average gas velocity through the cell, v, ,,, for v,,.

Under the default RHODG = GAS option, Ny, for the second trapping criterion is given by

2
N, = — Pei's2 (6-108)
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If RHODG = MIX is specified, the second trapping Ny, number is given by
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In calculating v, as used here, v, is dropped from Equation (6-81); that is, Vg, does not provide
a lower limit to v, ,,, in this context. Also notice that the density of the entraining fluid is given by
Pg;» Which is the gas density in the cell and not the upstream entrained density, p, ;, that was used in
evaluating Ny, ;. This approach is based on the assumption that the entraining fluid of interest for
structure impacts, after the first one, more closely resembles the debris/gas mixture of the cell itself
than the material entering from the upstream cell.

When Ny, > N, 1, and Ny, ., < Ni, 1, debris is assumed to re-entrain from the first structure but
trap (stick) on subsequent structures. For this case the trapping rate, A, is given by

1

A=
t,+ rnin(tsl2 ,tgﬁ)

(6-110)

where t,, is the average debris time of flight from the first impact to subsequent impacts before
trapping. This time is not allowed to exceed the gravitational fall time, because, physically, drops
normally would trap at least as fast as they would if falling under gravity to horizontal surfaces. The
t,, travel time is given by

Lo b (6-111)
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where L, is specified by the user. Because the second trapping criterion applies to generic second
impacts, it is recommended that L, be set equal to a generic characteristic cell dimension equal to
6 times the cell volume divided by the sum of all exposed surface areas, unless there is a clear reason
based on actual cell geometry for choosing a different value.

The average debris velocity vy,,,, from inlet to trapping on surfaces beyond the first impact is given
by

2
v - [ts.l\/vdl.avg + ts,2\/vd,avg (6—1 12)
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If the slip s in Equation (6-2) is greater than 1 for any field in any cell, the relative velocity between
gas and debris for heat and mass transfer purposes, v,., is given by

Ve = max(v

) (6-113)
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If slip is ignored completely, then v, is given by

v, = max(vgﬁ,vdzmg) (6-114)

If Ng,s2 > Niu 12, then debris is assumed to remain airborne until it traps by gravity or flows out of
the cell. The trapping rate will be calculated as described below.

6.3.6.3 TOF/KU Case 3: No Trapping From First or Second Kutateladze Number Criterion. This

section describes the case where the inflow velocity and other conditions are such that neither of the
two N, re-entrainment criteria are met. Therefore, debris will either gravitationally settle to
horizontal surfaces or flow out of the cell. The user has some control over this by specifying the
third trapping length, L,, and how the debris velocity is treated with the VNOST = GFT and VNOST
= CNVEL options. Some guidance on the selection of L, and the VNOST option is provided in the
following section.

The trapping rate for this case is given by

A= 1 (6-115)
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where t, , is the characteristic residence time for debris that is not trapped under the first two de-
entrainment criteria. In the VNOST = CNVEL option (the default), the debris in the cell is assumed
to travel at the average debris outlet velocity; therefore, t,; is given by

t., = Ly (6-116)
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where L, is a user-specified distance for this case. Four reasonable choices for this distance are (1)
the GFT height, L4, (2) the cell height, (3) 6 times the cell volume divided by total surface area as
was also suggested for L,, and (4) a large value to approximate infinity. The fourth choice causes
debris to remain airborne until it is swept out of the cell by flow. Under this approach the VNOST
option has no effect. The recommended approach is to use the first choice, which is the default.

If the VNOST = GFT option is invoked, t; is given by

t, = L (6-117)
S, Vgﬁ

Under this option the debris that is not trapped according to the two calculated Ny, numbers is
assumed to gravitationally settle to horizontal surfaces. The most logical selection of L, for this
option is the cell height. By default L, will be set equal to the "lengft" value, which will be set equal



to the cell height if one is given in the GEOMETRY block. The average velocity of debris for this
Case, V3, Will be v,y if VNOST = GFT is specified and v, otherwise. The average velocity of
debris for this case beginning with its entry into the cell is given by

2
- [ts,l V le.avg + ts.2\/ Vd,avg + ts,3 Vv V3.avg (6-1 18)
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If the slip s in Equation (6-2) is greater than one for any field in any cell, then the relative velocity
is given by

v

Vetv I Vazavg ~ Vgavg

v, =max(

) (6-119)

As for the other cases, when slip is ignored, v, ., is dropped from the above equation.

8avg

6.3.7 Trapping Model Sensitivity Coefficients

In addition to the four trapping models and their various options and inputs, three sensitivity
coefficients are provided to facilitate performing trapping sensitivity calculations. These coefficients
are:

slowest allowable trapping rate (default = 0)
fastest allowable trapping rate (default = «)
trapping rate multiplier (default = 1)

min

max

P S
[

mul

These three coefficients can be specified by the user in the input file using the TRAPMIN,
TRAPMAX, and TRAPMUL keywords (see Section 6.4). Regardless of the trapping model
selected, the trapping rate A’ actually used is obtained as follows:

A= max(min(kmax,kkmul),lnﬁn) (6-120)

where A is the trapping rate defined by the above trapping rate models.

The A, coefficient is useful for exploring the sensitivity of a simulation to trapping rate in a relative
manner. The other two are useful for limiting the calculated trapping rate to fall within known
reasonable bounds.

6.4 Chemical Reactions
Chemical reactions are modeled to occur during a DCH event if reactive metals are present in the

dispersed debris fields and if the atmosphere contains oxygen or steam. The following chemical
reactions are treated in the model



Zr+0, - Z10,
Al+%02 ~ AIO,,

3 0
Cr+—4—02 ind C 15
Fe+10, ~ FeO

> (6-121)
Zr+2H,0 - 710, +2H,
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Al+ZH,0 ~ AlO;;+~H,

Cr+ —;—HZO - CrO, + —;—Hz

Fe +H20 = FeO+H,

As indicated, all of these reactions except for the last one for iron/steam are assumed to go to
completion. These reactions are treated in a hierarchical fashion within a timestep where the order
of the reactions is given by the order of the above list. Note that although a hierarchy is assumed
during a timestep, normally metal is not exhausted during the short timesteps typically taken in a
DCH calculation. As a result, the reactions of oxygen and steam are effectively calculated to proceed
in parallel.

Each reaction is treated for every debris field in sequence. Therefore, the reactions are treated for
drops in the first field, and then the reactions are considered for the second field, and so on. The
exact same equations are applied to each debris field in a calculation; however, the reaction rate
calculated for each field can and usually will be different since the models depend on the diameter,
composition, and temperature of drops in the field. For example, if a debris field has no reactive
metal in it, then chemical reactions will not be modeled at all for that field. Also, if two fields have
different diameter drops then the reaction rate for the field with the smaller diameter will be faster
than the field with the larger diameter drops. The model also considers the reaction of drops that are
non-airborne if the non-airborne field is assigned a non-zero diameter (see Section 6.6).

The DCH chemistry model consists of four parts. The first part is the modeling of the transport of
gases to the surface of drops. This part of the model is described in the first subsection below, where
an effective reaction time for the metals in the field based on only gas-side transport limitations is
derived. Note that this reaction time is also referred to as a "time constant" in the code output.
Because the calculated reaction times change from timestep to timestep the term "time constant” is
not used here. The second part of the model is a drop-side transport model based on the diffusion
of oxidant inside the drop. This part of the model is described in the second subsection below, where
an effective reaction time for metals in the field based on drop-side transport limitations is derived.
The third part of the model is the combination of the gas-side and drop-side reaction rates and the
hierarchy scheme used to evaluate the amount of metal that reacts in the debris fields. This part of



the model is described in the third subsection below. The equations in the third subsection provide
the mass and energy terms that go into the debris and gas mass and energy conservation equations.
The final part of the model is the recombination of hydrogen produced by the chemical reactions that
is described in Section 6.4.4.

6.4.1 Gas-Side Transport
The gas-side rate model is based on a heat/mass-transfer analogy, where the transport of oxygen and

steam to the surface of drops in a field is given by a mass transfer coefficient times a density
difference as follows:

dm '
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where K, is the mass transfer coefficient for oxidant x; p’, is the density of oxidant x in the bulk
atmosphere, corrected to Ty, which is the boundary layer temperature between gas phase and the
drop; N, is the Sherwood number for oxidant x; D, is the gas diffusivity of oxidant x in air; pg,
is the equilibrium density of steam at the drop surface; A, is the surface area for all drops in the
debris field; d is the diameter of debris in the field; and x stands for either O, or H,O.

The Sherwood number, analogous to the Nusselt number in heat transfer, is given by the following
correlation

Sc.x

Ngux = 20 + 0.6 /No Noo (6-124)

where N, is the Reynolds number for the gas density and Ny, is the Schmidt number for oxidant
X.



The Reynolds and Schmidt dimensionless numbers are given by
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where p,’ is the gas density at the gas/debris interface.
Expressions for the remaining terms in the above equations are given by
T
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T, is the gas temperature, and T, is the debris temperature of a specific debris field. The diameter,
d, is the diameter of drops in the field. As previously noted, the chemistry for each field is calculated
separately, using the diameter, composition, and temperature specific to that field. The Reynolds
number in the Sherwood correlation above is evaluated using the value of v,, calculated as described
in Section 6.3.2.

Note that the density of gas, p, in the Ng, and N, correlations is the density of gas in the atmosphere,
but modified to be at the boundary layer temperature. Likewise, py is the density of oxidant x in the
atmosphere, modified to be at the boundary layer temperature. The viscosity p/Tgis the molar
average of the viscosities of the gas species in the atmosphere evaluated at the boundary layer
temperature, Ty, .

If the debris field has iron metal in it, the equilibrium density of steam, pg, is given by
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where the Py,q, and Py,,, parameters are the partial pressures of steam and hydrogen in the cell
atmosphere and M is the molecular weight. The X, parameter is the mole fraction of FeO among
the other oxides in the debris field. K is the equilibrium constant for the iron/steam reaction and is
given by

-AG

RT:‘ (6-128)
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where AG;, is the net difference in the Gibbs free energy of formation for the reactants and products
of the iron/steam reaction. The correlations given in Reference Pow86 are used to evaluate the
Gibbs free energies of formation.

Options also exist by which the user may either disable the equilibrium or specify that Xg, = 1 in
evaluating Equation (6-127) and Equation (6-144) below; see the description of the IEQOPT input
flag in Section 14.2.7 for details. The default treatment is normally recommended.

As shown by the above equations, the equilibrium density of steam at the surface of drops in the field
is set to zero if there are any metals other than iron. If all the steam oxidant is consumed by non-iron
metals in the field then this steam transfer rate is used unadjusted. An adjustment is made to the
remaining available steam if iron is present in the field and if other metals did not consume all of the
steam. This is accomplished in the code by evaluating an effective multiplier on the steam reaction
rate for the p;,=0 case that would give the same amount of oxidant reaction as the non-zero case.
This multiplier is then used only on the iron/steam reaction, which will only occur if iron is present
and if other metals did not exhaust all steam transported to the drop. If the drop has only iron metal
in it, then the steam transport rate is given by Equation (6-123). This is explained in greater detail
in Section 6.4.3.

The correlations for oxygen and steam diffusivity, D, and By, in the cell atmosphere are derived
from a binary diffusion approximation given in Reference Bir60, where the transport medium is
assumed to be air:
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The molecular weights of oxidant and air and various constants specific to air are embedded within
the constants in the above expressions.

The correlation for steam diffusivity is known to overestimate the diffusivity in air at elevated
temperatures (above 500 K). [Wil87a] On the other hand, the bulk of the metal-steam reaction in
typical DCH calculations takes place in the cavity or subcompartment volumes in which the
dominant noncondensable species in the debris-gas boundary layer is hydrogen, not air or nitrogen;
often the hydrogen is dominant by large factors. As it happens, these errors cancel at approximately
2000 K and the net error does not exceed 30% over the temperature range 1200 to 3000 K, assuming
a pure steam-hydrogen mixture. [Wil87a] While it is obviously unsatisfying to rely upon this
essentially fortuitous cancellation of errors, the fact is that the error is sufficiently small for the
conditions that typically dominate DCH analysis that only a relatively sophisticated multicomponent
diffusivity formulation would guarantee improvement without risking doing more harm than good.
For compartmentalized geometries, the likelihood of important error in the present model is believed
to be small. If large amounts of metallic debris are transported to the dome, where concentrations
of noncondensables other than hydrogen may not be small, this formulation may overpredict the
steam-metal reaction rate somewhat at sufficiently high temperatures.

The gas-side transport rates given by Equations (6-122) and (6-123) are used to calculate an oxygen
equivalent molar gas transport rate to the surface of drops in the field

fl_NE:L(@) ' 1(@) (6-131)
i Mo\ dt), Mol dt)yg

N.. in this expression is the number of oxygen equivalents of oxidant gas at the surface of the drops
in a given debris field available to react. The equation above gives the rate at which N, can be
supplied for chemical reactions.

If only gas-side transport limits the reaction of metals, then the reaction rate of metal expressed in
oXygen equivalents must equal the transport rate of gases to the drops. The metal reaction time
based on gas-side transport can therefore be expressed as the ratio of metal, in oxygen equivalents,
to the oxidant molar transport rate

g ( N ) (6-132)



where N, is the amount of metal in the debris field in oxygen equivalents and is given by

VvV, m
Npet = k;:,\, - (6-133)
Cr.f’e Mk

where m, is the mass of the reactive metal species "k" in the debris field, M, is the molecular weight
of the reactive metal species and v, are the oxygen to metal stoichiometry ratios for the metal species
in the debris field. The stoichiometry ratios for Zr, Al, Cr, and Fe are 2, 1.5, 1.5, and 1 respectively
as readily seen from the reactions as written in Equation (6-121).

6.4.2 Drop-Side Transport

In reality, drop-side limitations may slow the reaction rate from the rate given by considering only
gas-side limitations. The actual reaction rate used in the chemistry model is therefore a combination
of gas-side and drop-side rates. This section describes the drop-side rate model and the next section
describes how the gas-side and drop-side rate models are combined and used to represent the
chemical reactions.

CONTAIN has a rate-limiting drop-side model that is based on the solution of the diffusion equation
in spherical coordinates. A useful approximation to the diffusion equation solution in spherical
coordinates at early times is

F@y) = GJZ - 3y ; y<0.2 (6-134)
T
where,
y = *Pig! (6-135)
d2

and by, is the diffusivity for the drop and t is time. This expression holds true until y = 0.2 at which
time over 90% of the metal has reacted. From this expression it can be seen that the reaction rate
initially varies as t"'%; therefore, the reaction rate is strongly time-varying early in the process. It is
not practical, however, to track the history of individual debris droplets with sufficient resolution to
use this parabolic reaction rate law directly in CONTAIN. Therefore, the drop-side reaction rate is
set such that one obtains the correct time required to react half the metal in an initially fresh drop.
In terms of a drop-side reaction time, t,, this means that
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where tq, is the time that will give F(y)=0.5. After a little algebra it can be shown that

2
_ 0.03055d (6-137)

50 4 Dliq

Substituting this into Equation (6-136) and solving for the effective drop-side reaction time, T,, gives

2
_ 0.011017d (6-138)
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If the temperature of a debris field is below a user-specified cutoff temperature, T, then the
diffusivity is set to zero and the drop-side reaction time is set to infinity, thereby disabling chemical
reactions for that field. The rationale for providing this option to terminate the reaction at low
temperatures is to prevent reactions from continuing at unrealistically low temperatures while also
preventing old, cold debris from quenching fresh debris. When a limited number of generations is
used, this quenching is likely to occur if a realistic temperature dependence is specified for the drop
diffusivity, Dy, The default value of the cutoff temperature is sufficiently low, 273.15 K, that this
feature is effectively disabled.

The drop diffusivity, Dy, is given by

[ , if B,=P,=0
Eu
T, .
b e ; if By,=0
D, =1 B } (6-139)
liq T .
b, ,Te ; if B ,=0
Eu ot
min(P, e ".p,T,e '*|; otherwise

where D,,, Ey,, Py,, and E,, are specified by the user. Note that if D;, and D;, are set to zero by the
user, then D;;, will be set to infinity, which corresponds to no drop-side limitations (t, = 0).

A few limitations of the drop side model are now discussed. First, the drop-side reaction time given
by Equation (6-138) corresponds to a fixed reaction rate that will match the time required to react
half the fresh metal in a drop. Because the reaction rate is time varying approximately as t'?, the



drop-side limited reaction rate is underestimated at early times and overestimated at late times.
Second, the drop-side model is based on diffusion within a stagnant drop. Other relevant processes
such as vibration or circulation within the drop may lower the drop-side resistance below the
diffusion limited rate. Also, drop shattering and drop-drop physical interactions could expose fresh
metal which would bypass the diffusion limited rates assumed by this model. Reliable models for
these processes are not available; however, their importance can be assessed in CONTAIN by
choosing large drop diffusivities or by ignoring drop-side resistance. It is now recommended that
infinite diffusivity be used to bypass the drop-side model in most DCH calculations (see Section
13.3.2.2.2). This is now the default, which represents a change from code versions prior to
CONTAIN 1.2.

6.4.3 Reaction Rate Equations

The previous two subsections describe gas-side transport and drop-side transport limited reaction
times, respectively. The reaction rate will be slower than the rate implied by either the gas-side
limited or drop-side limited reaction times. The two reaction times are therefore combined to obtain
an effective reaction time, 7.. The effective reaction time is defined as the root-sum-square of the
gas-side and drop-side reaction times as follows:

T =2 (6-140)

The use of a root-sum-square here has no rigorous basis; however, the intent is to account for the fact
that the reaction time will be somewhere between the slower reaction time and the sum of the two
reaction times.

The effective reaction time is used to calculate the reaction rate of metals in the debris field. The
following discussion describes how this calculation is actually performed. First it is important to
remember that each debris field is modeled separately and will therefore have its own effective
reaction rate time constant. The equations below pertain to one particular field. The total mass and
energy changes resulting from chemistry in a cell must include a summation over all debris fields.
Another important aspect of the model is that the reaction times are not constant. That is, they are
re-evaluated at the beginning of every cell timestep.

The reaction rate for metal in oxygen equivalent units for a given debris field is given by

met _ N (6-141)

where N, is the amount of metal in oxygen equivalents in a debris field given by Equation (6-133).
Again, this specific rate only applies to one timestep, one cell, and one debris field. The above
equation is integrated to give the amount of metal in oxygen equivalents that can react in a timestep
At
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The reacted amounts of all metal species in oxygen equivalents added together must not exceed
AN, ... The reactions are also limited by the amount of oxygen and steam that can transport to the
drop surface as given by Equations (6-122) and (6-123). Note that this check in the model is
redundant, since t, is determined from Equations (6-122) and (6-123). The following discussion
provides more details on how the calculation is actually performed.

The metal species in the debris field are reacted with the available oxygen in the following order:
Zr, Al, Cr, and Fe. The reactions will be cut off if there is no oxygen remaining of that available
from the gas-side transport calculation, or if the moles of metal reacted in oxygen equivalents
exceeds AN, .. If the reactions are cut off because of oxygen limitations, the metal species are again
considered in the same order listed above for reaction with steam. Again, the reaction of each metal
species will proceed in the listed hierarchical order until no steam remains of that available from the
gas-side transport calculation, or until the moles of metal reacted in oxygen equivalents reaches the
maximum allowable amount, AN_,, from Equation (6-142).

The iron/steam reaction is the very last one that will be calculated to proceed. Therefore, this
reaction will only proceed if other metals in the drop did not consume all the available steam from
the gas-side transport Equation (6-123). The steam transport equation (with pgo= 0) is incorrect for
the iron/steam reaction. Note that if iron is the only metal in the drop, the steam transport equation
as originally written is correct. For the case where iron is a residual metal, any unreacted steam
available for the iron reaction is reduced by a factor, o, to account for the fact that Pro > O for the
iron/steam reaction. The parameter o, is defined by rewriting the steam gas-side transport Equation
(6-123) as follows:

dm ’ _ ,
(E)HO = KHZOAd(pHZO - pEQ) = Ky,084%0PH,0
2
(6-143)
. = Pro ~ Peq
= PH,0

™., N £ &7 LnninTg



It can be shown from Equation (6-127) that &y, is given by

K PHZ.b
o _ XFeO PHZO.b (6- 1 44)
EQ ”
+ 1
XFeO )

The g, parameter is used to adjust the available steam for the iron reaction for fields that have iron
and other metals present at the beginning of the timestep. The oz, parameter is applied to account
for non-zero pg, values for the iron reaction for such fields. For fields that have only iron present
at the start of a timestep, the use of pg, given by Equation (6-127) in the steam transport equation
is exactly equivalent to using the o, correction and pgo=0.

It should be clear from the above discussion that simple differential equations do not describe the
rate at which metals are burned. This is primarily because there is no way to know a priori which
metal in the drop will use the last available mole of oxidant. In fact, there is no way of knowing a
priori whether the reaction will be oxidant transport limited, oxygen or steam availability limited,
or metal limited. In most situations, the reaction will be oxidant transport limited. The following
equations describe the amount of a given metal that reacts if metals more reactive than that metal are
absent and if that metal does not run out during the timestep. The quantities in the following
equations are subscripted with i and n to emphasize that the expressions pertain to a particular cell
i and debris field n. For oxygen reaction, the equations are

- [ dm
(AOZ)i,n ( dt )02 Atc

A0, M
Amgy; = -2 (O, “Xl. k = metals Zr, Al, Cr, Fe (6-145)
o M,, Vi
AO,) M
Amy, = +2 ( 2)”" —X|;  k = oxides Zr0,, AlO, ,, CrO, , FeO
d,i.nk M v y 1.5 15
0, k

where M is molecular weight, v is the stoichiometry coefficient, and all other parameters are
previously defined. Recall that At is the timestep. Similar expressions apply to the reaction of
metals with steam
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' H,0
(AHZO)in M,
Amdi.nk = - : —1; k = metals Zr, Al, and Cr
' Mpo Vx
2
a.AH.O) M
Amdik=—(EQ 2)"" —X¥|. k = Fe metal
. Mo Yk
(6-146)
(AHZO)in M, .
Amy, . =+ 2 —; k = oxides ZrO,, AlO,,, CrO,
0o AH,O) M
Amg, =+ (—u —X]. k = FeO oxide
”' My Vk
(AHZO)in
(AHZ)A = +| ——2|M; (from all k)
1,n MHO 2
2

Similar but more piecemeal expressions (using several if-then branches) are used to calculate
chemical reactions under other conditions. For simplicity’s sake, these more involved expressions
are not shown, since the physical modeling is represented adequately by the expressions above for
the simplest case.

The gas transport rate in the above expression is calculated for debris field n in cell i from Equations
(6-122) and (6-123). As noted previously, the steam transport equation is evaluated with the pgo=
0, and o, is used as shown above to account for non-zero values of pg,. The net effect is that the
correct value of pg, is used for all the metals.

The above equations are applied to each debris field sequentially. The metal masses reacted and
oxide masses produced in a cell are divided by the timestep to give the chemistry terms in the debris
mass conservation equation. The same procedure applies to the masses of oxygen and steam
consumed and the mass of hydrogen produced, but with two important differences, First, the gas
mass changes from the reaction of all debris fields must be added together. Second, hydrogen gas
produced can burn if oxygen is available in the cell. This is described in the following subsection.
Note that if multiple generations are included, all sizes in a generation are calculated first before
moving on to the next generation.

The energy released by the chemical reactions is added to the debris field. The amount of metal
burned by oxygen and steam is multiplied by the energies of reactions given in the following table.
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Table 6-3
DCH Chemistry Energies of Reaction

v er.02 er.HZO
Oxygen/Metal Oxygen Steam
Metal Stoichiometry Reaction Reaction
Species Ratio Ml/kg Ml/kg
Zr 2 12.023 5.7384
Al 1.5 31.06 15.18
Cr 1.5 10.91 2.442
Fe 1 4.865 -0.2679

This table gives the heat of reaction per unit mass of metal-reacted referenced to 273 K. It is
important to note that the Q,, ;15 values are for reaction with liquid phase water; therefore, the energy
required to vaporize water has been subtracted from the steam reactions. If atmosphere conditions
are such that water is in the vapor phase then the heat of vaporization for the water will be added
back to the debris field. The energy required to heat oxygen and steam to the drop temperature is
also accounted for. These energy exchanges are done in two stages. First, the model takes the
difference in enthalpy between the gaseous reactants and products at the debris field temperature

HXyin = (Aoz)i'nhoz(’rd.i.n)
+ (AHzo)i o hHZO(Td,i,n)

- (AHz)i'n hHZ(Td,i,n)

(6-147)

and adds it to the debris field and subtracts it from the gas field. This is done on a field-by-field
basis. Next, because convective heat transfer results in heating of the reactants above the gas
temperature as they transport toward the drop, the following correction is applied to the convection
heat transfer rate as recommended by Collier [Col81]

A(zcor.i,n = AQC (E- 1)
£=—2
1-e® (6-148)
a= I-IXd.i.n HXg,i.n




where

IIXg‘i‘n - (Aoz)i.n hoz(Tgvi-n)
* (AHZO) in hHZO(Tg.i,n) (6— 1 49)

- (AHz)i,nhﬂz g.i.n)

and AQ, is the amount of energy exchanged by convection between the debris field and the
atmosphere, and is calculated as described in Section 6.5.1.

Taking these corrections into account, the chemistry term for the debris energy equation for a
particular field n in cell i is given by

ZrAl
CrFe
_dQ‘“J‘ IR DY [(Amd,i,n,k)o Qrozx * (Amd,i,n,k o er,HZO,k]
dt . At | K :

+ HXd.Ln + AQ«:or,i.n
(6-150)

The first term in the summation represents the energy of metals burned in oxygen reactions given
by Equation (6-145). The second term represents the energy of metals burned in steam reactions
given by Equation (6-146). The third term is the difference in enthalpies of the gaseous reactants
and products, and the last term is the Collier convection correction factor. The mass change terms
are only given by Equations (6-145) and (6-146) under ideal conditions as explained previously.

The chemistry term for the gas energy equation includes the differences in enthalpies of the reactants
and products, and the Collier correction for all fields:

dQ,;

Neiss
dt - L { ; [— I.‘D(d.i.n - AQcor,i,n] +2.86 x 108 (AHZ)i‘n (6-151)

Jchem c

The AH, factor in this expression represents the hydrogen (in kilogram-moles) produced in DCH
chemical reactions that recombines with local oxygen in the cell atmosphere as discussed in the
following subsection.

6.4.4 DCH-Produced Hydrogen Recombination

Consideration is given to the recombination of hydrogen produced in metal/steam reactions with
unburned oxygen in the vicinity of the drop. Hydrogen produced by DCH chemical reactions is



assumed to burn instantaneously if oxygen is available in the cell. This can only occur if oxygen is
available during the same timestep when the hydrogen was produced. The rationale for this
approach is that the hydrogen is assumed to be near the surface of the drop during the same timestep
during which it was produced. If oxygen is not available during this timestep, then it will only burn
as governed by one of the other containment combustion models (deflagration, diffusion flame
burning, or bulk spontaneous recombination). The hydrogen recombination reaction can also be
disabled by the user in one or more cells by specifying RCOMH2 = OFF in the DHEAT or DCH-
CELL input blocks.

The hydrogen burning reaction is given by
H2 + 0.5 02 ind Hzo

where 2.86 x 10® Joules per kilogram-mole of hydrogen are released when hydrogen recombines
with oxygen. This reaction is limited by the availability of oxygen in the cell and the amount of
hydrogen produced by DCH during the timestep. The energy released by the recombination process
is added to the atmosphere, not the drop field, as shown in Equation (6-151).

6.5 Heat Transfer

Models are included for convective and radiative heat transfer between the debris and the
atmosphere. The DCH radiation model also includes provisions for direct radiation from the debris
to containment structures, including the pool and ice condenser. The first subsection below
describes the convection model. The second subsection describes the DCH radiation model. The
models described below apply to debris in all fields, including the airborne fields and the non-
airborne debris field.. The models do not apply to trapped debris that is transferred to the uppermost
intermediate layer in the lower cell cavity. Heat transfer for debris in the lower cell is modeled as
part of the lower cell heat transfer model as described in Chapter 5 and Section 10.6.

6.5.1 Convective Heat Transfer

Convection heat transfer from debris to gas is assumed to be by forced convection. The heat transfer
coefficient is given by the Nusselt correlation of Ranz and Marshall [Ran52, Bir60] for forced flow
over a sphere

Nyuin = 2.0 + 0.6 Ng, Npo> (6-152)

Nu,i,n

where Ny, ;, is the Nusselt number for debris field n in cell i. The convection heat transfer rate for
each debris field is individually calculated since each field has its own temperature, T; ., and particle
size, d,.

The Ng, and Np,, parameters in this expression are calculated using gas properties at the boundary

layer temperature, T, , as recommended in Reference Bir60. The velocity, v, is used as the forced
convection velocity in the Reynolds number. This velocity is calculated within the code from the
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calculated intercell mass flow rates and the predicted trapping behavior as described in Section 6.3.
The user does have the option to override this calculated velocity with either a constant or a tabulated
function of time as described in Section 14.2.7 and 14.3.1.11. '

The heat transfer coefficient is obtained from the Nusselt number according to the relation

h = _Nwin in (6-153)

where k; , is the thermal conductivity of the gas evaluated at the boundary layer temperature between
the gas and the debris in field n in cell i, and d, is the diameter of droplets in debris field n. The
thermal conductivity is calculated as a mole-weighted average of the gas species as follows:

N
i K, {Tor) (6-154)

where N, is the number of gas species in the cell, X, is the mole fraction of gas species m in the cell,
and TBLn is the boundary layer temperature between atmosphere and debris in field n.

The debris-to-gas convective heat transfer rate for a given field n in cell i is given by

de,i.n
dt

= hi,n A

din (Td.i.n - Tg,i) (6-155)

conv

where A,;, is the surface area of all drops in field n in cell i, T,;, is the temperature of debris field
nin cell i, and T is the gas temperature in cell i. The [dQ/dt],,,, term is the convection heat transfer
rate that is subtracted in the debris energy equation for field n (see Equation (6-17) in Section 6.2.5),
and added to the gas energy equation for all fields.

The amount of energy transferred from the debris field to the atmosphere by convection in a cell
timestep, At,, is given by

de,i,n
dt

At (6-156)

C

AQ, =

conv

The AQ, term is the convection energy amount used to evaluate the Collier correction factor (see
Equation (6-148)) for the effect of mass transfer on convection heat transfer as described in
Section 6.4.3.
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6.5.2 Radiative Heat Transfer

Debris radiation to the atmosphere, all structure surfaces, the ice condenser, and the uppermost layer
in the cavity are treated in the DCH radiation model. Radiation heat transfer between the debris field
and the atmosphere is modeled using a simple gray body law

de.i,n
dt

4 -
- Ed-go‘A‘d.i.n(Taf.i,n - Tg,i) (6-157)

rad.g

where 0 is the Stephan-Boltzman constant and A; , is the surface area of all drops in debris field n
in cell i. The effective emissivity for debris-gas radiation, €., is specified by the user. Values of
about 0.8 are typically appropriate for this parameter. The default value of €,,, is 1.

The radiative heat transfer rate from debris field n to surface j is given by

de.i.n - o Ad.i,n Ai.j x
a A,. A .
e AT (6-158)
Nﬁelds Nsurf
. 4 4
rmn[ El Ad.i.nn’ "El As,jj (Td,i,n - TSJ )
nn = D=

where N is the number of surfaces, T;; is the temperature of surface j, and j represents all surfaces,
including all exposed structure surfaces and the ice condenser area. For structure surfaces, Tj; is the
temperature of either the first node or last, the latter being appropriate if the exposed surface is the
outer surface of a structure. Note that T is not taken to be the film interface temperature. Although
using the interface temperature might be slightly more accurate than using the node temperature,
doing so can cause numerical instabilities, since there is no heat capacity associated with the film
temperature. In practice the two temperatures will be very close to each other for DCH calculations,
since small nodes should be used for the surface nodes and water films will typically not be present.
Note that water films may be present at the start of some DCH calculations and they may be
surprisingly important because their evaporation represents an additional source of steam that can
interact with debris. Note that the surface area for radiation is weighted in the above expression to
take into account the limitations imposed by the smaller of the total debris and total structure areas.

The black body multiplier for debris-surface radiation, €, , is specified by the user. By default this
parameter is zero and debris-to-structure direct radiation is disabled. This parameter is normally left
at or close to its default value of zero in most DCH applications based on the assumption that the
atmosphere is opaque from airborne debris and DCH-generated aerosols. Heat transfer from debris
to heat sinks will be non-zero if a non-zero value is specified for €, .. If a non-zero €, is given, then
€4. should also be specified to ensure that the sum of €, and €, does not exceed unity.
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The total radiative energy loss from debris field n used in the debris energy conservation equation
(see Equation (6-17)) is given by the sum of the debris to structure radiation for all surfaces and the
debris to gas radiation

N surf

de,i.n
dt

dQy;m dQyin

dt

(6-159)

rad.s.j

The first term on the right hand side of this equation is added to the gas energy conservation
equation, and the last term is added to the surface node of each structure. For structures, the
radiative flux is included in the surface flux used to calculate the structure interface temperature.

6.5.3 Atmosphere-Structure Heat Transfer During DCH

Heat transfer from the atmosphere to structures is not a DCH-specific model. The gas-to-structure
heat transfer models are described in the Chapter 10 and are not repeated here. However, there is
an important consideration that one must give to the gas-to-structure radiation model in DCH
calculations, and DCH-specific options are provided to address this consideration. Normally, the
radiative properties of the cell atmosphere are calculated by the Cess-Lian and Modak correlations
described in Chapter 10. However, these correlations may not be appropriate under DCH conditions
because they consider only the optically active gases in the atmosphere, while DCH events are
expected to be accompanied by dense aerosol clouds that result in high atmospheric emissivities.
Therefore, in CONTAIN 2.0 and higher versions, the GASSUR option permits specification of a
fixed emissivity in the DCH input blocks (see Sections 14.2.7 and 14.3.1.11), and this user-specified
emissivity is applied only during the DCH event. An atmospheric emissivity value of about 0.8 is
thought to be appropriate for most DCH calculations. However, there are some potential
complications that should be considered; see the discussion of DCH heat transfer in Section
13.3.2.2.2 for some additional guidance on this subject.

6.6 Non-Airborne Debris Interactions

Debris that is airborne and debris that is not airborne can both contribute to DCH by heat transfer
and chemical reactions. Non-airborne debris includes debris that has not been entrained into the
atmosphere, and debris that was once airborne that has been trapped. To enable consideration of
both types of non-airborne debris in the heat transfer and chemistry models, the trapped debris field
in the cavity cell must be used as an intermediate repository for debris between the RPV dispersal
phase and the cavity entrainment phase. This may be accomplished by using debris sources of type
TRAPBIN as summarized in Section 6.2.8 to represent debris ejection from the RPV, or by using
the RPV models described in Section 6.2.9.

The governing equations for heat transfer and chemical reactions given in the previous sections also
apply to non-airborne debris. There are four unique aspects to the heat transfer and chemical
reactions models for non-airborne debris. First, the surface area for heat transfer and mass transfer
is based on a user-specified effective diameter that applies only to debris in the non-airborne field.
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By default this diameter is not defined, thus the model is not active. A diameter must be specified
by the user in a given DCH-CELL input block using the DIATRAP keyword to enable non-airborne
debris interactions in that cell. The DIATRAP keyword may be used either by itself to specify a
constant diameter or within the VAR-PARM block to specify a time-dependent diameter. For a
given effective diameter, the debris surface area is computed according to the relation

NDCH
6 ) m,y.. (6-160)
A -k

nad,i
pnad.i dnad,i

where A,4; is the surface area for the non-airborne field in cell i, m,,,;, is the mass of debris species
k in the non-airborne field in cell i, p,,,; is the average material density of debris in the non-airborne
field in cell i, and d,q; is the user-specified effective diameter for the non-airborne field in cell i.

The mass of non-airborne debris is governed by the rate of debris addition to the non-airborne debris
field, the rate of entrainment from the non-airborne debris field, and the trapping rate of debris into
the non-airborne debris field. Equation (6-78) in Section 6.3.1 gives the governing equation for the
mass of debris in the non-airborne field that takes into account these three processes. The addition
of debris to the non-airborne field and the entrainment of debris out of the non-airborne field is
governed by user-specified tables or the RPV models as noted above.

The average material density of the non-airborne debris is calculated as the inverse of the mass
average of specific volume of all materials in the trapped field at the temperature of the trapped field.
Normally the densities are taken from the material property tables given in the USERDAT input, but
they will be ignored if the DENDRP global input (or VAR-PARM table) is specified, in which case
the average density of airborne and non-airborne debris will be set to the specified value.

The second unique aspect of non-airborne debris heat transfer is that heat transfer to structures or
the ice surfaces in an ice condenser cell is not modeled for debris that is not airborne. Therefore, the
non-airborne field is not included in the debris to surface heat transfer calculation. The third
difference is that the black body multiplier for debris to gas radiation can be specified separately for
non-airborne debris. This is done using the RADTRAP keyword. By default this value is equal to
the value of €, that is used for the airborne debris fields.

The fourth and final difference for non-airborne debris is that if VELTRAP is not specified and
fewer than two structures are defined in the cell, an average gas velocity through the cell is used for
heat and mass transfer for non-airborne debris. This average is calculated by using the current cell
gas volume to the two-thirds power for the cell hydraulic area. If VELTRAP is not specified and two
or more structures are defined in the cell, then the forced convective velocity defined for the second
structure is used (see Sections 10.1.1.6, 13.3.2.2.2, and 14.3.1.3). This is in contrast to airborne
debris, where the trapping conditions and the gas and debris flow velocities are used to calculate an
appropriate velocity for heat transfer as described in Section 6.3.2. This is not done for non-airborne
debris since this field is not flowing and is not subject to trapping as are the airborne debris fields.




The velocity for non-airborne debris heat and mass transfer can also be directly specified through
the VELTRAP keyword, either by itself to specify a constant value or within the VAR-PARM table
option to specify a time-dependent value.
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7.0 AEROSOL BEHAVIOR MODELS

The aerosol models in CONTAIN determine the mass, size distribution, and composition of
suspended aerosols as well as the location and composition of deposited mass. The present chapter
discusses the modeling of agglomeration, deposition, and condensation processes. It also discusses
the modeling of intercell flow processes and the scrubbing processes that occur when gas-aerosol
mixtures are vented into a coolant pool from a submerged flow path or external source. The aerosol
models are based on the MAEROS code. [Gel82] However, several enhancements of the MAEROS
models have been added for use in CONTAIN.

The CONTAIN aerosol model uses a number "nsectn” of size classes, or sections, to represent the
particle size distribution for the suspended aerosols. Each section can have a different composition,
in terms of the "nac" aerosol component materials present in a problem. Up to eight such aerosol
components can be independently specified. (Both "nsectn" and "nac™ are specified in the global
CONTROL input block as described in Section 14.2.) As discussed in Section 8.4, each aerosol
component is in turn a possible host for its own independently specified set of fission products.
Because particle size is an important characteristic governing the release and respirability of aerosols,
and because composition is important in determining consequences, the model is particularly suited
to applications where health effects are important. Key elements of aerosol behavior models are
illustrated in Figure 7-1.

Figure 7-2 illustrates the sectional representation of a two-component aerosol with 12 sections. The
mass concentrations of component 1 in each section are given by the stair-stepped broken line above
the horizontally shaded region. The mass concentrations of component 2 in each section are given
by the uppermost stair-stepped solid line. Section 7.1 discusses the aerosol size distribution used
in the aerosol modeling.

Section 7.2 introduces the general aerosol dynamic equation that is solved within the aerosol module.
The remainder of the sections are organized according to the seven types of dynamic processes that

are modeled:

e agglomeration (or coagulation), whereby two particles collide and form one larger
particle, as discussed in Section 7.2.1;

e particle size and composition change as the result of condensation of water on or
evaporation of water from the particle, as discussed in Section 7.2.2;

e particle deposition onto heat transfer surfaces and the lower cell coolant pool, as
discussed in Section 7.2.3;

e aerosol sources, including user-specified and core-concrete interaction (CCI) source
terms, as discussed in Section 7.3;

e particle removal from gases during the operation of engineered systems, as discussed in
Sections 7.4 through 7.6;
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 particle scrubbing from gases vented into a coolant pool, as discussed in Section 7.7,
and

*  intercell flow of aerosols, with settling through flow paths and scrubbing, as discussed
in Section 7.8.

Note that not all phases of aerosol transport are modeled. Aerosol processes can be classified as
primary, secondary, or tertiary. By primary process, we mean a process that removes aerosols from
the atmosphere or transports aerosols through it. Secondary and tertiary ones affect the aerosol after
it is removed from the atmosphere. The primary processes such as deposition on surfaces are, in
general, modeled. Secondary and tertiary processes following a primary process are in general not
modeled. An example of a secondary process is the wash-down of deposited solid aerosols into a
pool as a result of condensate draining from a surface. An example of a tertiary process is
resuspension, during pool flashing, of the aerosols washed into a pool. While aerosol wash-down
is not modeled, fission product wash-down into the pool may be simulated with the FPLIQUID
option discussed in Section 8.8.2 and Section 14.2.6.2 or the targeted release model discussed in
Sections 8.4 and 14.3.1.10.

To run an aerosol calculation, the user must specify at least the aerosol names and size distribution
parameters ("amean" and "avar") for each aerosol component in the global AEROSOL block, as
described in Section 14.2.5. As discussed in Section 7.1, these size distribution parameters govern
the initial particle size distribution and the distribution for a source of new particles if no other
options for the size distribution are specified. Initial aerosol masses and aerosol sources are specified
in the cell AEROSOL block (see Section 14.3.1.8, Aerosol Initial Conditions and Sources). The
aerosol component names may be selected from either the COMPOUND, USERDEF, or
AERNAMES material lists (see Section 14.2.1). It should be noted that if an aerosol material name
is taken from the list of CONTAIN materials, given in Table 3-1, or is a user-defined material, as
discussed in Sections 3.1 and 14.2.1.1, the aerosol will be included in the mass and energy
accounting scheme described in Section 3.4. (This does not mean that the aerosols are taken into
account in evaluating the thermodynamic state of a repository; it means that the error of omission
is evaluated.) Note that any name specified after AERNAMES must be used only to label an aerosol
component. The thermodynamic properties of the associated material are unspecified and therefore
are not included in the mass and energy accounting scheme.

The liquid water material H2OL is treated in a special fashion when specified as an aerosol material.
First of all, it must be specified as the last aerosol component if modeling of condensation on or
evaporation from aerosols is desired. If H20L is specified as the last aerosol component, the
amounts of any water vapor condensed on aerosols will be added to the mass of that aerosol
component. Also, when aerosols with an H20L component deposit out on heat transfer structures
or the coolant pool, the H2OL inventory is transferred from the aerosol deposition arrays to the
structure film or coolant pool inventories, respectively. The subsequent dynamics of the H20OL is
thereafter controlled by the film or pool model.

Changes have occurred in aerosol deposition modeling as a result of the new coolant pool tracking
modeling in CONTAIN 1.2. (In versions prior to this, the flooding of structures and flow paths is
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not taken into account.) Aerosol deposition processes are assumed to occur on the surfaces of heat
transfer structures not submerged in the coolant pool in a cell. Aerosols and fission products
deposited on structure surfaces are assumed to transfer to the pool in proportion to the structure
surface area that is subsequently flooded. (This process should not be confused with the wash-down
of deposited aerosols with condensate runoff from unsubmerged surfaces, discussed above.) As in
prior versions, deposition may also occur on the surface of the coolant pool. Such deposition
requires the definition of a coolant pool in the cell, as discussed in Section 5.4, but no longer requires
the use of the SETTLE keyword that is required in code versions prior to CONTAIN 1.2. This
deposition occurs on a surface area equal to the cell cross-sectional area at the pool height, if coolant
is present; equal to the lower cell cross-sectional area, if the coolant pool is dry and CORCON is not
active; or equal to the CORCON upper surface area, if the pool is dry and CORCON is active. As
discussed in Section 7.2.3, pool deposition is offset by gas convection from the pool surface. Such
gas convection takes into account evaporation, boiling, and any venting of noncondensable gases
below the surface of the pool. It should also be noted that, as discussed in Section 7.7, aerosols and
any attached fission products are completely removed from the gas vented under the surface of a
coolant pool through the submerged end of a gas flow path. These aerosols and fission products are
subsequently placed in the pool. This is the result of an incomplete implementation of aerosol
scrubbing models for submerged gas flow paths and does not apply to the dedicated suppression pool
vent flow path, for which scrubbing models are in place.

7.1 Aerosol Size Distribution

In CONTAIN, the aerosol particle size distribution is represented by a number "nsectn" of particle
size classes called sections. The section boundaries are based on a compact spherical-equivalent
diameter d (the diameter of a fully dense spherical particle with the same density and mass as the
particle in question) and are distributed between user-specifiable minimum and maximum diameters
for the particle sizes considered in the calculation. The minimum and maximum diameters are
specified by the spherical equivalent diameters "diam1" and "diam2," respectively, in the AEROSOL
input block (see Section 14.2.5). The "nsectn" + 1 size class boundaries are determined by
partitioning the interval ["diaml,""diam2"] geometrically; that is, the interval [In("diam1"),
In("diam2")] is divided evenly. The default values of "diam1" = 10”" m and "diam2" = 10™* m give
satisfactory results in a number of containment situations, The user is cautioned that a value smaller
than 10”7 m for "diam1" may introduce stiffness into the calculation and increase the execution time
considerably.

The CONTAIN aerosol module is designed to use a small number of sections for computational
efficiency. A sensitivity study has shown that the default particle diameter range between 1077 and
107* m can be handled adequately by ten sections in a typical case. [Lei84] However, it is
recommended that no fewer than 20 sections be used without testing. On the other hand, one must
avoid using so many sections that the geometric constraint that particle volumes must increase by
a factor of two or more from section to section (see Equation (7-4) below) is violated.

Upper and lower accounting bins have been added to keep track of aerosol particles that may become

larger than the maximum diameter or smaller than the minimum diameter, respectively. (Such
masses are referred to as "mesh" losses in the following discussion.) Aerosol particles can become
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too small by evaporation of water. Particles can become too large by condensation of water vapor
or agglomeration. Normally, the aerosols that become too large or too small are lost from the
problem, and the corresponding mass and energy is added to the WASTE repository of the cell in
which this happens. However, the user may specify the keywords TRAPOVFL or TRAPUNFL in
the AEROSOL input block, discussed in Section 14.2.5, to redirect the aerosols. The cell
OVERFLOW option (see Section 14.3.1.12) controls the disposition of mass whenever TRAPOVFL
is specified. (This OVERFLOW option should not be confused with the engineered systems
OVERFLOW component described in Section 12.5.6.) Specifying the TRAPOVFL keyword will
result in adding the mass of particles that become too large to the aerosol deposition arrays of the
coolant pool in the cell specified through the OVERFLOW option. If a coolant pool is not defined
in the overflow cell, the mass is added to the WASTE location in that cell. The rationale for linking
TRAPOVFL to OVERFLOW is that the oversized condition typically results from high water
aerosol concentrations during blowdowns, and the OVERFLOW option directs this mass to the same
location as condensate film runoff from heat transfer structures. Large amounts of mass in the upper
bin typically indicate either a high aerosol condensation rate or the lack of an effective settling
surface for the aerosols. Such a surface is automatically defined if a lower-cell coolant pool or floor
heat transfer surfaces are defined in a cell. (Note that the SETTLE keyword is no longer required,
as in versions prior to CONTAIN 1.2, to allow aerosols to settle onto the pool surface.) In addition,
aerosol settling through flow paths is modeled whenever the VCOSN keyword (for flow path
inclination angle) is specified in the ENGVENT input. The effect of the TRAPUNFL keyword is
much simpler than that of TRAPOVFL. Specifying the TRAPUNFL keyword will prevent particles
from becoming smaller than the smallest allowed size, when evaporation is occurring from particles
in the smallest size class. To prevent this, the mass of particles growing smaller than the smallest
allowed size is simply added back to the smallest size class.

Although the distribution of airborne particles among the "nsectn" sections is generally computed
from the aerosol dynamic equations discussed in Section 7.2 and initial conditions, a specific,
lognormal distribution is assumed for any initial aerosol mass or aerosol sources. A (continuum)
lognormal distribution with respect to the particle diameter d, is given by

1

2
m(dp) 8d, = exp [ - = __ln (dp/dmm)

2| )

] 8d /d, (7-1)

where « indicates proportionality; d, ., represents "amean," the user-specified spherical-equivalent
mass median diameter; and In(o,) represents "avar," the user-specified natural logarithm of the
geometric standard deviation with respect to diameter. [Yos79] Normally these two lognormal size
distribution parameters are specified in the global AEROSOL input block, discussed in Section
14.2.5, and are constants that are independent of time. However, by using the AERTIM option, also
described in Section 14.2.5, or by using the safety relief valve (SRV) model, discussed in
Sections 11.2 and 14.3.4, the user may specify these parameters as time-dependent for aerosol
sources. A different size distribution may be specified for each aerosol component.
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To obtain the initial or source distributions by section, Equation (7-1) is integrated over each section
to determine the aerosol mass allocated to each section. Particle mass falling outside the size domain
is redistributed within the size domain by renormalizing the section masses.

7.2 Aerosol Dynamics

The aerosol dynamics model calculates the aerosol suspended mass for each of the "nsectn" size
classes, or sections, as a function of time for each cell. These sections are defined as discussed in
Section 7.1. The composition of aerosols is described in terms of the "nac" materials specified by
the user. As many as eight aerosol component materials may be used. The distribution of the
component materials among the sections is governed by the initial conditions and the aerosol
dynamic equations. Within each section, each particle is assumed to have the average composition,
based on the component masses for that section. Particle agglomeration, deposition, intercell flow,
aerosol sources, and condensation/evaporation processes are included in the model,

The modeling of the aerosol size distribution is governed by a complex integro-differential equation.
In CONTALIN, this equation is converted to a sectional form using a method developed by Gelbard
and Seinfeld [Gel80] and originally implemented in the MAEROS code. [Gel82] Only the discrete,
sectional form of the integro-differential equation will be displayed below. To illustrate what we
mean by a sectional form, the agglomeration kernel B represents the collision rate per unit volume
for two particles of two discrete sizes. The sectional form of this kernel, B—iﬂ, represents the mass
accumulation rate of particles in section £, as a consequence of the agglomeration of particles of
section i with those of section j resulting in a particle belonging to section {, based on the mass
concentrations in sections i and j. In the MAEROS approach, the integro-differential equation is
reduced to sectional form by integration, assuming that the distribution of aerosol component mass
within a section, with respect to the logarithm of the (spherical-equivalent) particle diameter, is
constant, and that each particle within a section has the same composition. The agglomeration kernel
requires a two-dimensional integration over particle sizes. The deposition and condensation rate
expressions require only one-dimensional integration. When defined on a sectional basis through
integration, the agglomeration kernel and the deposition and condensation rate constants are referred
to collectively as the aerosol coefficients. The formulas for conversion between the discrete and
sectional forms are discussed in detail in Reference Gel80 and will not be presented here.

The total mass of aerosol per unit volume of gas in section { at time t, Q,(t), is defined in terms of
the component masses for each of m = "nsectn" sections according to:

QM =Y Qu® (7-2)
k=1

where Q,,(t) is the mass of component k in section ¢ per unit volume, and s = "nac" is the total
number of components. The sectional form of the integro-differential equation can be written as:
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where dQ,,(t)/dt is the time rate of change of aerosol mass of component k per unit volume in section
¢ at time t and the coefficients (B,G,S, and %) are defined below. This equation describes the
evolution of the aerosol size and composition distributions within one computational cell. Each cell
has its own particle size and composition distributions, and the aerosols are carried from one cell to
the next by intercell gas flow, as discussed in Section 7.8, but the cell dependence and flow terms
are not explicitly represented in Equation (7-3). It should be noted that the G condensation terms
in the above equation are written for condensing conditions within the fixed-grid option discussed
in Section 7.2.2 A similar expression is used for evaporating conditions.

The coefficients in Equation (7-3) correspond to the following mechanisms:

Coefficient Represents
B Agglomeration, m*/s-kg,
G Vapor condensation, s/,
S Sources, kg/m>-s,
! Deposition, kg/m>-s.

The six types of agglomeration coefficients in Equation (7-3) represent the following processes:

1B, it addition of component k in section ¢, through a particle in section j coagulating with
a particle in section i to form a particle in section {. In this case, the component k
comes from section j.

Bl addition of component k in section ¢, through a particle in section i coagulating with
a particle in section j to form a particle in section {. In this case, the component k

comes from section i.

=B, removal of component k in section ¢, through a particle in section i coagulating with
a particle in section ¢, and forming a particle larger than those in .

Rav N ~ o £ 1vnine



*B. addition of component k in section ¢, through a particle in section i coagulating with
a particle in section ¢, with the resulting particle remaining in section {
B removal of component k in section ¢, through two particles in section { coagulating
with the resulting particle promoted to a section higher than ¢
B removal of component k in section ¢, through a particle in section ¢ coagulating with
a particle in section i, where 1> ¢

Section 7.2.1 describes the agglomeration modeling in CONTAIN.
The three types of G coefficients, as displayed in Equation (7-3), refer to the following processes:

'Gy, addition of component k to section { through condensation of component k onto
particles in section {. Note that condensation is limited to the water component.

Gy; removal of component k from section ¢ through condensation of water onto particles
in section £, through promotion

Gy addition of component k in section { due to condensation vapor of water onto
particles in section {-1, through promotion

Section 7.2.2 describes the condensation modeling in CONTAIN in more detail.

In Equation (7-3), particle deposition or removal is addressed by the R term. Deposition occurs
through a number of processes, including gravitational settling, diffusion to surfaces, thermophoresis
(a Brownian process causing migration of particles toward lower temperatures), and diffusiophoresis
(deposition induced by condensation of water vapor onto surfaces). Section 7.2.3 describes these
contributions to & for heat transfer structure and pool surface deposition. The engineered systems
aerosol removal models described in Sections 7.4 through 7.6 also contribute to the removal rate.
The ice condenser and containment spray aerosol removal models consider two deposition processes,
interception and impaction, that are not considered for heat transfer structure and pool surface
deposition.

External sources of aerosols may result in the addition of component mass to any section. Such
sources are represented by the S term in Equation (7-3).

The CONTAIN implementation uses the fact that simplifications in the coefficients and in Equation
(7-3) occur if the geometric constraint

V.

i+l

N> 2 (7-4)
is satisfied, where V, is the particle volume at the lower boundary of section i. The geometric

constraint ensures that the agglomeration of two particles results in a new particle that will fit into
either the section that contains the larger of the two original particles or the section just above it.
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This constraint thus reduces the number of sectional agglomeration coefficients. If this geometric
constraint is not satisfied by the input parameters specified by the user, the code will abort.

The calculation of the coefficients is time consuming. Therefore, the coefficients are either read in
from a file or calculated on the first call to the aerosol model for use throughout the entire problem.
Using a constant set of coefficients imposes some modeling constraints, however. These arise
because parameters embedded in the coefficients are also effectively held fixed, despite the fact that
they should vary with changing conditions during the problem. A simple multiplier in a coefficient
should not be considered embedded because the coefficient can be calculated for a unit multiplier
and rescaled when used. In fact, the deposition coefficients, except that for settling, are calculated
for a unit forcing factor. The coefficient set employed in CONTAIN uses 8("nsectn")? + 8("nsectn")
storage locations, not counting the condensation coefficients, which are not used when the moving
grid method is employed. (For an aerosol with 20 sections this corresponds to 3360 storage
locations.)

The following constraints pertain to the current coefficient set:
. The aerosol material density is assumed to be the same for all components.

. The aerosol shape, as modeled by the dynamic and agglomeration shape factors, is
independent of aerosol composition.

. The medium in which the aerosol processes are assumed to occur has fixed
composition and is taken to be air. In addition, gas properties appearing in
expressions for deposition rates are evaluated for bulk conditions, not boundary layer
conditions, unless otherwise specified.

. The degree of turbulent agglomeration is fixed throughout the problem. This is
controlled by the turbulent dissipation coefficient, "turbds" specified in the global
AEROSOL input block.

. Other parameters that control deposition rates do not depend on particle composition.

For example, the ratio of the thermal conductivity of air to that of the aerosol
material, "tkgop," also in the global AEROSOL input block, is fixed.

The pressure and temperature of the atmosphere are embedded in these coefficients and are fixed for
a single set of coefficients. However, the aerosol module actually calculates four sets of coefficients
at points given by combinations of two temperatures (T, and T,,,) and two pressures (P_,, and
P...).- These temperatures and pressures are specified in the AEROSOL input block as "tgasl,"
"tgas2," "pgasl," and "pgas2," respectively. Changing thermal-hydraulic conditions during the
problem are accommodated by interpolating between these sets of coefficients. The T, Trax> Prins
and P_,,, parameters are chosen to bound the temperatures and pressures expected. At the expense
of larger sets of coefficients, some of the constraints above can be removed by interpolating to
accommodate other changing parameters or by separating the coefficients so that a relevant
parameter is not embedded.
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For any sectional coefficient J, the interpolated sectional coefficients are given by
S = (L-Fp(1 -FRy, + FByy] + Fol(l-Fo)S + FpSy) (7-5)

where §,, is the aerosol coefficient for some process for the lowest atmospheric temperature (T;,)
and pressure (P,.), 3, is the aerosol coefficient for that process for the lowest atmospheric
temperature (T_;,) and highest pressure (P__), (gu) is the aerosol for the highest atmospheric
temperature (T,,,) and lowest pressure (P,;,), and $,, is the aerosol coefficient for the highest
atmospheric temperature (T ) and pressure (Pp,,).

F; and F, in Equation (7-5) are defined as

T -T.

- g min
FT—[T —T.]
min

max

and
Flp  -P_
min
where T, is the atmosphere temperature, and P, is the atmosphere pressure.

Tt should be noted that not all aerosol modeling is cast in coefficient form, because of the limitations
discussed above. In particular, coefficients are not used for the aerosol deposition models for
engineered systems, which are discussed in Sections 7.4 through 7.6, or for the moving grid
condensation model. With regard to engineered systems, the full expressions for the deposition rates
are always used and properly evaluated with respect to local boundary layer conditions. The
deposition rate, however, is evaluated only for one representative particle diameter within each
section, taken to be the geometric mean of the upper and lower diameters in the section. This
approach is believed to be adequate. With regard to the moving grid model, the effects of
condensation or evaporation are evaluated by calculating the change in particle size with time, then
redistributing the time-evolved distribution into the fixed sections. The effects cannot be represented
in terms of the time-independent G coefficients shown in Equation (7-3).

In the following discussion, for simplicity, only the discrete forms of the agglomeration kernels and
deposition rate equations will be presented. The approximations inherent in the use of the coefficient
approach, if applicable, will be indicated.

7.2.1 Agglomeration

When two aerosol particles collide, they can combine to form a larger particle. This process is
known as agglomeration or coagulation. A basic assumption about these processes is that only two
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particles can combine at a time. The agglomeration model used in MAEROS and CONTAIN treats
four processes that lead to agglomeration: particle Brownian diffusion, differential gravitational
settling, turbulent shear, and turbulent acceleration in eddies. The agglomeration processes depend
on the physical properties of the gas and particles. Because the particles can be highly irregular, it
is customary to base the agglomeration modeling on the compact spherical-equivalent particle
diameter d, the agglomeration shape factor vy, and the dynamic shape factor 4. These shape factors
and the three collision efficiencies Col,, Col,;, and Col,, used in the model are discussed in more
detail below, after the expressions for the agglomeration kernels are given.

The Brownian or diffusional agglomeration kernel is defined as[Gel82]
Baier = 2"(Di * Dj)(Yidi M dej)fs/F (7-6)

where f; =1 is the sticking coefficient, d, and d, are the spherical-equivalent particle diameters of the
two interacting particles, and v, is the agglomeration shape factor for the ith particle, and the particle
diffusivity D, is given by

1<Tg

) 3ndp oXi '

i

In this expression, x is the Boltzmann constant, p, is the gas viscosity (taken to be that of air), and
%; 1s the dynamic shape factor. The G factor allows for noncontinuum effects of the gas and is called
the Cunningham slip correction factor

C;=1 + Ny, [1.257 + Odexp (-1.UN J

where N, ; is the Knudsen number 2A/d; and A is the mean-free path of the gas (taken to be air). The
factor F is defined as

__ 4+ §B+D)
d+d;+28; v, {d;+d)

where
7 2
&;"Vy& *§
and
V_:: V.2+V.2
j iV
. _ 1 [ (42, 2 /1]_
with g = ﬂ(dﬁ Qi)3 (di + Qi)3 d,
8D,
6 = —
nv;
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The gravitational agglomeration kernel is defined as
n
B = ZColg(Yidi +dej)2 A ; If, 77

where the collision efficiency Col, is discussed below, and the settling velocity v; is defined as

_ pp,igdizci
S,1 1 8l.lgxi

Here, p,; is the particle density and g is the acceleration due to gravity.

The turbulent shear and turbulent acceleration kernels are combined to yield a total kernel

B.=yBG: +Bo (78

where the turbulent shear kernel is defined as

e
— Col, (vd; +,dff,, (7-9)

Bu=
\ 120vg

where v, is the gas kinematic viscosity (taken to be that of air). The turbulent acceleration kernel is
defined as '

£ 0.04029p, )"

2 s/
Mg

Coly(rd; + Ydj)zlp"' & ‘”X; ’ (7-10)

In the above, ¢, is "turbds," the turbulent energy dissipation rate. This input parameter is specified
in the global AEROSOL input block as described in Section 14.2.5. The collision efficiencies for
the gravitational, turbulent shear, and turbulent acceleration processes are represented by Col,, Col,,
and Col,,, respectively, and the expressions used are discussed below.
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Except when they include significant amounts of liquid, aerosol particles are usually not spherical,
and the effective aerosol densities may be significantly less than the bulk density of the materials of
which the aerosols are composed. In aerosol codes, these effects may be taken into account through
the use of the agglomeration shape factor y and the dynamic shape factor y. The shape factors y
("gamma") and y ("chi") are input by the user to represent the effect of non-fully-dense shape upon
aerosol collision cross sections and atmosphere drag forces, respectively. Unit values of the shape
factors, which are the default, correspond to fully dense aerosols of spherical shape, while porous
spherical agglomerates lead, in theory, to values somewhat greater than unity. Highly irregular
aerosols and agglomerates can have shape factors substantially greater than unity, often with y and
x being quite different.

Given a description of the aerosol shapes and densities, shape factors could, in principle, be derived
theoretically. However, this is not practical, so empirical values are obtained by fitting code
calculations to the results of acrosol experiments. The values obtained may be sensitive to aerosol
composition and to atmospheric conditions, especially the relative humidity. Humid conditions
tend to produce more nearly spherical aerosols. Only limited information is available concerning
the dependence of shape factors upon the relevant parameters (for example, particle characteristics
and atmospheric conditions), and these parameters are themselves quite uncertain under accident
conditions.

Agglomeration rates can be enhanced by turbulence in the containment atmosphere. In the past,
very little attention has been given to estimating values of turbulent energy dissipation density g,
appropriate for accident conditions, and uncertainty in its value may contribute to uncertainty in the
aerosol agglomeration rates. The user can input the value of ¢, after keyword TURBDS or use the
default value of 0.001 m?%s’.

Gravitational collision efficiencies Col, of unity correspond to the collision cross sections being
equal to the geometric cross sections. It is well known that hydrodynamic interactions between
particles can yield collision efficiencies much less than unity, especially for particles that are unequal
in size. The problem of collisions between falling (spherical) acrosols has been the object of much
detailed theoretical and experimental study, and may be more complex than can be represented by
the simple expressions normally used in aerosol codes. The user can specify a constant value of Col,
using keyword COLEFF in the global AEROSOL block; however, the default value is almost always
used in practice and is given by

2
Col, = 1.5¢; /(di + dj)2 (7-11)

where d; is the smaller of the two aerosol particle diameters. Arguments have been presented
[Dun84, Wil87b] that using 0.5 instead of 1.5 as the coefficient in Equation (7-11) is more accurate
and that other corrections are needed when the size ratio d/d; is less than about 2 and/or d, is greater
than about 20 um. However, more recent experimental measurements of collision efficiencies by
Gelbard et al. [Gel90] do not support these proposed revisions and, instead, gave collision
efficiencies in reasonable agreement with Equation (7-11). These measurements involved studying
the collisions of spheres at higher Reynolds numbers than those typical of aerosols and the results
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therefore may not be totally conclusive; however, arguments for modifying Equation (7-11) are not
judged to be any more convincing, and hence Equation (7-11) remains the recommended option in
CONTAIN.

Gravitational collision efficiencies have been a subject of considerable study in atmospheric and
aerosol sciences, but much less attention has been paid to turbulent agglomeration collision
efficiencies. As described in Reference Wil87b, the treatment of turbulent agglomeration is based
upon that of Saffman and Turner, [Saf56] who assumed unit collision efficiencies. However, Col,,
(the turbulent acceleration collision efficiency) is set equal to Col,, although Col,; is assumed to be
unity. The rationale for these choices is discussed in Reference Wil87b.

Examination of the above relations for the agglomeration kernels shows that the effects of collision
efficiencies, aerosol shape factors, and turbulence are coupled together in a highly nonlinear fashion.
The dependence upon the various parameters differs among the different agglomeration mechanisms,
and the net effects are strongly size-dependent. Hence, it is possible to give only a few
generalizations of the effect to be expected.

All the agglomeration processes are enhanced by large values of the agglomeration shape factor v,
with the effect being largest for turbulent shear agglomeration and smallest for Brownian
agglomeration. Large values of the dynamic shape factor y reduce all the kernels except the turbulent
shear kernel, which is unaffected. Hence, large values of the shape factors enhance the relative
importance of turbulence, especially for the turbulent shear effect. Reference Wil87b includes
sensitivity studies examining the implications of uncertainties in the shape factors y and y, the
turbulent energy dissipation rate €, and the turbulent agglomeration collision efficiencies Col,, and
Col,,.

7.2.2 Condensation and Evaporation

The condensation of water on or evaporation of water from aerosols is calculated as part of the
aerosol behavior model. The input for aerosol condensation and evaporation is part of the global
aerosol block, discussed in Section 14.2.5.

A powerful aspect of the CONTAIN aerosol model is that the condensation of water on and
evaporation from aerosols is coupled with the atmosphere thermal-hydraulic calculation and modeled
in a self-consistent manner. This self-consistent coupling is essential to effective modeling of the
dynamics of aerosol condensation, which often is controlled by a small difference between relatively
large atmosphere source and sink terms, Two methods are available for modeling of aerosol
condensation and evaporation. Two methods are available for computing the effects of condensation
or evaporation. These methods are the fixed- and moving-grid methods discussed in Sections 7.2.2.1
and 7.2.2.2, respectively. The methods differ in their numerical algorithms and physical models as
summarized in Table 7-1.

The moving-grid method has models for the solute and Kelvin effects that are not available for the

fixed-grid method. The first effect is related to a reduction of vapor pressure of an aqueous solution
of soluble material in the airborne particle. A particle with soluble material is hygroscopic and will
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Table 7-1

Comparison Between Fixed- and Moving-Grid Models

Quantity Fixed-Grid Moving-Grid
Solute Effect Not Modeled Modeled
Kelvin Effect Not Modeled Modeled
Speed Faster Slower
Numerical Diffusion May Be Significant Reduced Relative to Fixed-Grid
Robustness High Low

grow faster than a particle with insoluble material. It may absorb water from the atmosphere even
if the atmosphere is superheated. Particle growth will continue until the water vapor pressure above
the particle surface is equal to that of the atmosphere.

The Kelvin effect considers the effect of the surface tension, which increases the water vapor
pressure in the particle over that for a flat surface. The smaller the particle, the greater the surface
area to volume ratio of the particle and hence the greater the effect of surface tension. For particles
of pure water or with water and insoluble material, the increase in water vapor pressure because of
the Kelvin effect will result in water evaporating from small particles in saturated environments. For
particles with soluble material, the Kelvin effect increases the water vapor pressure in solution over
that for a flat surface of solution. Thus, if a flat surface of a solution is in equilibrium with the
atmosphere, the Kelvin effect would result in water vaporizing from a particle of the same
composition as that of the solution.

The moving-grid method has the computational advantage of reducing numerical diffusion compared
to the fixed-grid method. Numerical diffusion tends to smear discontinuous changes in the particle
size distribution function. For example, because of numerical diffusion, spurious particles may
remain in small particle size classes that have actually been swept clear of aerosols by condensational
growth. Similarly, numerical diffusion may cause spurious particles to remain in large particle size
classes that have been swept clear of aerosols by evaporation. However, reducing numerical
diffusion by using the moving-grid method may require an order-of-magnitude larger amount of
computer time than the fixed-grid method if the Kelvin effect is modeled.

With respect to selecting the appropriate method, if the solute effect or the Kelvin effect is to be
modeled, then the moving-grid method is the only choice. However, if these effects are not to be
modeled, the user may choose either method. Because the moving grid method is more accurate,
it should be used whenever numerical diffusion needs to be assessed. However, if the computer time
requirements are prohibitive, the fixed-grid method may be the only practical alternative.

To implement either method, the user must specify H20L as the last aerosol component in the
"mapaer” input under the global AEROSOL keyword. This is discussed in Section 14.2,5, Aerosol
Options. Within the fixed-grid method, one has either condensation or evaporation, but not a
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combination of the two within a given cell, since hygroscopic and Kelvin effects are not modeled.
In this case, the user may employ the keywords NOCOND in the global AEROSOL input block to
suppress only aerosol condensation and NOEVAP to suppress only evaporation for all cells. Within
the moving grid method, the user should not employ either keyword by itself, but employing both
keywords will disable both condensation and evaporation in all cells. In addition, for either method,
the keyword NOCONEV A may be specified in the global AEROSOL block to disable both aerosol
condensation and evaporation in all cells or only selected cells (see Section 14.2.5).

The fixed-grid and moving-grid methods also differ with regard to nucleation assumptions. The
fixed-grid method attempts to simulate nucleation in a situation that would result in more rapid
condensation if nucleation sites were present. The moving grid method by default does not simulate
nucleation. Therefore, with the latter, in situations in which the aerosol concentration would
otherwise be identically zero, the user may wish to supply a small nominal aerosol mass to allow
condensation to proceed, or to select a nucleation option through the IFCOND keyword.

7.2.2.1 Fixed-Grid Model. The fixed-grid acrosol model models the condensation of water vapor
onto aerosols and the evaporation of water from them. This model is the default model in
CONTAIN. Considerable development work has gone into this model to ensure that CONTAIN
runs efficiently for the maximum aerosol loadings that can result from condensation.

The rate equation for diffusion of water vapor to and from an aerosol is not the equation used in the
MAEROS stand-alone code[Gel82] but is taken from Reference Bye65:

G = 2nd| P 1
P

where G is the vapor mass condensation rate on a particle of diameter d,, p, is the steam density, M,,
is the molecular weight of water, h,, is the latent heat of vaporization, k, is the gas thermal
conductivity (taken to be that of air), R is the universal gas constant, T, is the gas temperature, p,
is the saturated steam density, and D, is the steam diffusivity (in air). This equation accounts for
both the diffusivity of water vapor in air and the conduction of the heat of condensation away from
the aerosol.

-1
) Iwhﬂi 1
+

: (7-12)
kRT, Py

The rate of condensation on an aerosol particle is based on a fully dense spherical particle.
Condensation is assumed to begin on existing particles, which are assumed to have a spherical core
composed of either liquid or solid materials, as shown in Figure 7-3. Condensation is taken into
account within the Runge-Kutta integration used for Equation (7-3).

Two solution methods are used for evaporation. For high superheat, when aerosol water evaporation
is insufficient to keep the atmosphere saturated, a method of characteristics is employed. For
evaporation under nearly saturated conditions, the Runge-Kutta method is used. However, use of
Equation (7-12) poses problems at particle dryout, because the discontinuous change in rate at dryout
causes the Runge-Kutta integrator to become inefficient. Therefore, when the Runge-Kutta method
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Figure 7-3. Model for Water Condensation on Aerosols
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is used during evaporation, the solid materials are assumed to inhibit evaporation when the water
mass and the solid mass are comparable. The evaporation rate is under such conditions is assumed
to be

G, = 1.037G tanh2m/m, ) (7-13)

where G is the evaporation rate from a spherical aerosol given by Equation (7-12) and m, and m, are
the liquid water mass and total mass of the aerosol particle, respectively. The amount of water
present on aerosols when the rate is strongly inhibited is typically not significant.

Nucleation centers can alter the condensation rate on aerosols considerably. Even if a large number
of aerosol particles are available to serve as nucleation centers, the condensation rate can decrease
once the particles have grown. In the CONTAIN fixed-grid method, an attempt is made to simulate
nucleation centers. A small amount of water aerosol is provided in the smallest diameter section
under condensing conditions when the mass concentration in that section is zero. This is intended
to promote condensation when it would not otherwise occur, or occur but at a significantly impeded
rate. The mass concentration added corresponds to

Quue =max(10°%, 0.001 "abstol” Q) (7-14)

where Q; is the total suspended mass concentration, and "abstol" is the scale factor for the Runge-
Kutta absolute integration error(see Section 14.2.5). By default, "abstol" = 10™. The added mass
concentration is typically a few orders of magnitude smaller than the integration error in the mass
concentration in a section.

7.2,2.2 Moving-Grid Model. This moving grid model is only used if the keyword SOLAER is
included in the global AEROSOL block input. Otherwise the fixed grid model is invoked by default.
The algorithm used is based on the method of characteristics. However, after the effects of
condensation are calculated over a system timestep, the aerosol is remapped onto the fixed grid in
order to incorporate the effects of the agglomeration and deposition calculations. The theoretical
development of the moving-grid model is discussed in detail in Reference Gel90.

In the moving-grid method, particle sections are followed as they grow or shrink from water
condensing on or vaporizing from the particles. Particles in a section are approximated as initially
having the same chemical composition, but different sections may have different chemical
compositions. There is essentially no constraint on the particle size or composition range covered
by a time-evolved section, and two or more sections of particles may overlap the same particle size
range.

For each timestep the growth or evaporization of a particle section is calculated based on an assumed
end-of-timestep steam concentration. The water mass balance is determined from the amount of
water condensed or vaporized and the assumed steam concentration. The code iterates on the end-of-
timestep steam concentration until the water mass balance is satisfied.
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The condensation rate is calculated from a simplified version of the Mason equation presented in
Reference Pru78:

ond P, 40M_,
n — - aex
Py byp, (B M, ]
p.D, KT, |RT,

where d, is the particle diameter, p, is the density of water, a, is the activity of water, and o is the
surface tension specified by the keyword SURTEN. The remaining terms in Equation (7-15) are
previously defined in Equation (7-14). Note that Equation (7-15) includes solute and Kelvin effects,
whereas Equation (7-14) does not. Simplifications have been made in Equation (7-15) with respect
to the vapor diffusivity and gas conductivity: these are not corrected for finite gas mean free path
effects, as they are in the original expression in Reference Pru78.

The activity can be expressed as

vSmSMW
a, =exp[ —E M ] (7-16)

where v is the solubility factor of the salt, given by the SOLUBLE keyword discussed in Section
14.2.5, m, is the mass of salt s on the particle, and M; is the molecular weight of the salt.

After the particle growth calculation is completed the aerosol is remapped from this moving grid
formulation to the fixed-grid for calculation of aerosol agglomeration and deposition effects. The
remapping is performed by approximating the particle mass distribution as being constant with
respect to the logarithm of particle diameter.

7.2.3 Deposition

Containment aerosols can deposit or settle onto the surfaces of heat transfer structures and onto the
coolant pool in the lower cell. Deposition on such surfaces occurs through four processes:
gravitational settling, diffusion to surfaces, thermophoresis, and diffusiophoresis, Of these natural
depletion processes, gravitational settling is often the dominant mechanism, although phoretic effects
may be significant in some cases. In general, particle diffusion is considered to be a relatively
unimportant deposition process. The velocities for each of these deposition processes are defined
below. Note that deposition with respect to engineered systems is modeled somewhat differently
from that for structures and pools and is discussed in Sections 7.4 through 7.6.

Gravitational Settling. The gravitational deposition removal mechanism is governed by the
following particle settling velocity:
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(7-17)
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where v, is the downward settling terminal velocity; p, is the particle density; g is the acceleration
of gravity (9.8 m/s); d, is the particle diameter; p, is bulk gas viscosity (taken to be that of dry air)
at the atmosphere temperature; and y is the dynamic shape factor. C is the Cunningham slip
correction factor.

C=1 + N [1257 + Odexp (-L.UN,]

where Ny is the Knudsen number 23/d, and X is the mean-free path of the gas.

One basic restriction of this model is that the aerosol particle Reynolds number N, , must be much
less than 1. This is generally acceptable since Ng,, = 1 corresponds to a diameter of 70 um for a
particle with the density of water, which is fairly large.

Diffusion. Another aerosol deposition mechanism results from diffusion of aerosols in a
concentration gradient, that is, from a higher to a lower concentration region. The diffusional
deposition velocity is given by

Ve = Dp/A

where kT C (7-18)
g
P 3au dpx

is the particle diffusivity; « is the Boltzmann constant (1.38 x 1072 J/K); T, is the atmosphere
temperature; and A is the user-specified diffusion boundary layer thickness, "deldif," which has a
default value of 10°m and is specified in the global AEROSOL input block.

Thermophoresis. This aerosol deposition mechanism results from the force exerted on aerosol
particles by temperature gradients in containment. The thermophoretic deposition velocity Vyem, 1S
that given in Reference Tal80

i 2.294p,C(C,N, +k /K )q.
Viherm = " png(l +3CmNKn) (1 +2C N, +2kg/kp)kBL

(7-19)

where k/k, is the user-specified ratio of the thermal conductivity of the gas to that for the aerosol
particle; q. is the surface convective heat flux (W. /m?); p, is the gas density (taken to be that of air)
at the atmosphere conditions; C,, = 1.146 is a slip coefficient; C, = 2.20 is a thermal accommodation
coefficient [Tal80] and kg, is the actual gas boundary layer thermal conductivity.
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Diffusiophoresis. When water condenses on (evaporates from) a structure surface, composition
gradients will exist in the adjacent gas which will affect aerosol deposition on the surface due to two
related effects. The first is that there will be a net molar flux of gas toward (away from) the
condensing (evaporating) surface, and this net flux, commonly called the Stefan flow, [Hin82] will
tend to move aerosol particles with it. The second effect is that differences in the momentum
transferred by molecular impacts on opposite sides of the particle will tend to drive the particle in
the direction of decreasing concentration of the heavier constituent. In a strict sense, only this
second component constitutes diffusiophoresis; however, in the present discussion, the term
"diffusiophoresis" will be used to refer to the net result of both effects. Note that when the
noncondensable gas is heavier than steam, as in air-steam mixtures, the differential molecular impact
effect opposes the Stefan flow (which dominates the net result); the effects are in the same direction
if the noncondensable gas is lighter than steam.

The treatment in CONTAIN is equivalent to that given in Reference Wal66 for particle sizes that are
large compared with molecular mean free paths, a condition which will generally apply for
containment analyses. A diffusiophoretic deposition velocity (including the Stefan flow) v, for
a surface is calculated from

_ Xv,BLV Mw Wcond
Vaiph = ~ (7-20)
XV,BL Mw + ch,BLV Mnc pV'BL s

where X g is the boundary layer mole fraction of water vapor, M,, is the molecular weight of water,
W_..q s the mass rate of water condensing onto a surface, X, .5 = 1 - X, 5, M, is the molecular
weight of noncondensable gases in the boundary layer, p, 5 is the density of water vapor in the
boundary layer, and A, is the area of the surface. Here, the boundary layer properties are taken to
be the average of the values in the bulk gas and the values at the interface between the gas and the
water film on the surface. (In contrast to the other deposition velocities calculated in this section,
Vaipn 18 calculated for actual boundary layer properties because it does not rely on the aerosol
coefficients.)

CONTALIN uses the four deposition velocities defined above for settling, diffusion, thermophoresis,
and diffusiophoresis to calculate the aerosol removal rate term R, which is represented on a sectional
basis in Equation (7-3). The contribution to & from these processes is defined as

< A -
% - max 3 L (V, B, * Var * Voem * Vapn ~ Vpe)0 (7-21)
j=1 g

where N; is the total number of heat structure surfaces and/or pool surfaces for aerosol deposition
in the cell, A A" . is the unsubmerged surface area to cell free volume ratio, 1, is the mean value of
the vertical component of the unit normal vector of the surface, and v,, is the convective velocity of
gases normal to the surface. The last velocity is non-zero only for the pool and accounts for all gases
evolving from the pool surface, except for the surface condensation/evaporation flux already
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included in vy, The definition of v, is discussed in Section 4.4.8. Other contributions to & from
engineered systems operation are discussed in Sections 7.4 through 7.6.

In CONTAIN, the user should note that acrosols will not deposit onto the submerged portion of an
inner surface of a heat transfer structure or on an outer surface if the outer face of the structure is not
specified to be in the cell in which the structure is defined, even if aerosols are present in the cell in
which the outer face resides. The outer surface of a ceiling structure is considered a floor deposition
area and the outer surface of a floor structure is considered a ceiling deposition area. If surfaces
with deposited aerosols and fission products are subsequently submerged, the deposited aerosols and
fission products are transferred to the pool in proportion to the previously unsubmerged area that is
subsequently submerged.

The user should also note that a lower cell coolant pool must be defined for deposition onto the
lower cell, discussed in Chapter 5, to occur. The reason for this restriction is that the aerosol
deposition arrays are associated with the lower cell coolant pool and not the lower cell system. If
a pool is present, the deposition will occur on a pool area equal to the cell cross-sectional area at the
pool height, as defined in Sections 4.1 and 14.3.1.1. X such a pool is logically defined but has zero
mass, deposition will occur on the pool substrate. This substrate may consist either of lower cell
layers or the basemat, with an area equal to the lower cell substrate area, or of the CORCON upper
melt surface, if CORCON is active. The user should also note that if a pool is defined, the SETTLE
keyword is no longer necessary to enable such deposition. The lower cell substrate area does not
have to correspond to the entire bottom cross-sectional area of the cell, since the cell bottom may
be partially or completely spanned by a floor heat transfer structure or by a flow path opening. In
the latter case, aerosols may be transported through gas flow paths by settling if the VCOSN
keyword is used in the ENGVENT input block to define a flow path inclination angle. (See Sections
7.8 and 14.2.4.2)

7.3 Aerosol Sources

Aerosol sources, which contribute to the S term in Equation (7-3), may consist of two types, internal
and external. As discussed in Chapter 5, aerosols may be produced internally through the effects of
CClI, as modeled within the CORCON Mod3 module. The size distribution of such aerosols are
calculated within the VANESA routines within CORCON. Sources may also be explicitly specified
by the user. Such user-supplied sources may be introduced directly into the atmosphere or in
conjunction with gas sources under the surface of the coolant pool through the safety relief valve
(SRV) model. When introduced through the SRV model, the aerosols will be scrubbed as described
in Section 7.7 before being added to the atmosphere.

The size distribution of aerosols initially present or introduced into a cell from an external source
is assumed to be lognormal as described in Section 7.1. The distribution is normally given by the
constant "amean" and "avar" parameters specified in the global AEROSOL block (see Section
14.2.5). These parameters correspond to the spherical-equivalent mass median diameter and the
natural logarithm of the geometric standard deviation with respect to diameter, respectively. Each
aerosol component or species may have a different distribution. However, by using the AERTIM
option, also described in Section 14.2.5, or the SRV model, discussed in Sections 11.2 and 14.3 4,
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the user may specify these parameters as time-dependent for aerosol sources. Aerosol dynamics will
in general alter the lognormal distributions as time progresses.

At the global level, the keyword AEROSOL is used to specify the global aerosol characteristics,
which are the same for all cells. The same keyword is used at the cell level to specify initial
suspended masses and atmosphere sources of aerosols. For the latter, the general format for source
tables is used; however, because aerosol materials are assumed to have negligible specific heat, one
should not specify a temperature or enthalpy for an aerosol material. (For purposes of mass and
energy accounting, aerosols are assumed to be injected at the repository temperature and pressure.)
The specific format to be followed for aerosols is discussed in Section 14.3.1.8.

7.4 Fan ler Aerosol D ition Model

Aerosol deposition driven by diffusiophoresis may be significant for a fan cooler engineered system
described in Sections 12.1 and 14.3.3.2. Deposition by this process is calculated when the
mechanistic fan cooler model is active as described below. Any deposited aerosols, fission products
hosted by these aerosols, and the fan cooler condensate are routed to the pool in the "iclout" cell
indicated by the user in the ENGINEER input block. If a pool is not defined in that cell, the
condensed vapor and any removed aerosols and fission products will be accounted for in the
WASTE repository of that cell.

The diffusiophoretic deposition is based upon applying Equation (7-20) to an approximate estimate
of average conditions existing inside the fan cooler. The contribution to the aerosol fractional
removal rate & (s™') from the fan cooler is given by

X ‘/M ]W
m - v,av w cond (7_22)

Xv.av\/]‘\Tw +(1- Xv.av) MJP v.av Vg

where the subscript "av" refers to average properties as discussed below, M,, is the molecular weight
of water, W__, is the mass condensation rate within the fan cooler calculated as described in Section
12.1, M, is the actual molecular weight of the noncondensable gas present, and V, is the free volume
of the cell within which the fan cooler is located. The average properties are obtained by first
defining an average temperature, T,,, given by

Tav = (2Tg + Tc.i + Tc,o)/ 4

where T, is the gas temperature and T; and T, , are, respectively, the temperature of coolant entering
the fan cooler (specified by the user) and the temperature of water exiting the fan cooler (see Section
12.1). Then the vapor mole fraction X, ,, is assumed to be equal to P, /P,, where P,,, is the
saturation pressure evaluated at T,,, P, is the total gas pressure, and p, ,, is the density of water vapor
evaluated at P_,, and T,,.

s.av
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7.5 Ice Condenser Aerosol Deposition Model

The ice condenser provides conditions under which significant deposition of suspended aerosols
from the atmosphere can occur. The aerosol deposition model for the ice condenser treats settling,
impaction/interception, Brownian diffusion, diffusiophoresis, and thermophoresis. The model is
based on the ICEDF model of Winegardner, Postma, and Jankowski, [Win83] with minor
modifications to make it consistent with other CONTAIN models. (Also see Reference Owc85b.)
In contrast to the aerosol dynamic modeling presented in Section 7.2, the ice condenser thermal-
hydraulic and aerosol deposition models use boundary layer values of physical quantities where
appropriate and also treat noncondensable gas media other than air, using the approximations
discussed in Sections 10.1 and 10.2,

The deposition modeling discussed below includes only effects attributable to the ice and ice basket
structures. Note that aerosol decontamination is calculated even in the absence of ice, because the
large surface areas represented by the ice baskets could be effective in removing particulates. The
walls, floors, and ceiling of the ice compartment should be modeled separately as heat transfer
structures. The deposition modeling for such structures is discussed in Section 7.2.3.

The aerosols and associated fission products that are removed from the atmosphere through ice and
ice basket interactions are placed in the pool, if present, in the cell "iclout" specified by the user for
the ice condenser. This treatment assumes that there is no holdup of aerosols and fission products
in the ice compartment. One consequence is that fission product decay heating does not contribute
to the melting of the ice. The "iclout" destination is also that used for the melt/condensate resulting
from ice condenser operation. If a pool is not present in the designated cell, the aerosols and fission
products will be placed in the waste repository of the designated cell.

The ice and ice basket contribution to the aerosol fractional removal rate & (s™') from the five
mechanisms described above may be expressed as

R= gts + mdiff + gttherm + mdiph + mi (7-23)

where the terms on the right represent the effects of gravitational settling, Brownian diffusion,
thermophoresis, diffusiophoresis, and interception/impaction, in that order. Turbulent deposition
is not modeled because it can be shown to have a negligible effect. [Win83]

Settling. The removal rate constant for gravitational settling . is simply the product of the settling
velocity and the surface area:

R, =vA, (7-24)

where v, is defined as in Equation (7-17), except that actual ice boundary layer values are used for
gas properties, and A, is defined as
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The settling area A is the sum of all upward-facing areas related to the ice and ice baskets and would
normally include the ice basket wires and support structures and the ice sedimentation area. In the
above equation, A, is the total basket sedimentation area "areased." This may be specified by the
user and is by default equal to 1535 m?. Also, f,, is the fraction "fracsed" of the ice heat transfer area
A, subject to sedimentation. f_, may also be specified by the user and is by default equal to ¥2. A,,
is obtained by scaling "arhtin," the user-specified initial ice heat transfer area by the fraction of the
initial ice inventory left in the ice chest. Note that A, should not include the areas of heat transfer
structures or the coolant pool, if any, in an ice condenser cell, since these are taken into account
separately.

Diffusional Deposition. Particles exhibit a diffusivity as a result of momentum exchange with
surrounding gas molecules. For the case where the gas is isothermal and has no molecular weight
gradients, the particle mobility arises from Brownian diffusion. Particles experience a net flux
toward surfaces because of concentration gradients; particle capture by the surface is assumed to
reduce the gas phase concentration of the particles to zero on the surface.

The efficiency of deposition depends both on the diffusivity and the fluid flow pattern past a surface.
The diffusional deposition processes are modeled separately for the ice baskets and ice surfaces.
Note that the flow around the ice baskets is modeled in terms of the individual horizontal strips used
to hold the ice, as in Figure 7-4. The diffusional deposition with respect to the ice surfaces is
modeled in terms of a heat and mass transfer analogy similar to that employed to model steam
condensation mass transfer, as discussed in Section 10.2.3.

The Brownian diffusion removal rate constant R . is the sum of the contributions resulting from the
flow around the ice basket wires and the flow parallel to the ice heat transfer surfaces

R e = Vg AairBaigr ¥ Ape (7-25)

where v, is the forced convective gas velocity approaching the strip, as defined in Equation (12-7),
Ay s the effective cylindrical area for diffusional deposition (m?), and the capture efficiency E g«
for diffusion is defined as

N
E . =_L 41797 Rec (7-26)
Pe NPe

where N, is the Peclet number, which may be expressed as d.4v,/D,; d. 4 is the effective cylindrical
diameter for diffusion; D, is the particle diffusivity, as defined in Equation (7-18); and N, is the
strip Reynolds number, which may be expressed as p,d. 4v,/l,. All gas quantities, for simplicity, are
defined for the ice boundary layer; and it has been assumed that the strips can be treated as cylinders.
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Figure 7-4.

Steel Strip
(6.35mm x 1.91mm)

Impaction Area

Mlustration of Impaction on a Horizontal Strip of a Typical Ice Condenser Ice Basket

(Based on Reference Win83)
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The effective cylindrical diameter d_, for the strip for diffusion is computed by equating the cylinder
perimeter to that of the rectangular strip; the equivalent diameter is 5.26 mm. A cylinder of this
diameter will exhibit the same surface area and exposure time (assuming similar velocity profiles
for rectangle and cylinder) and therefore is a reasonable simulation of the strip. For this diameter,
the effective cylindrical area A, for the case of 1,944 baskets is predicted to be 3.43-10° m>.

The second term in Equation (7-25) accounts for diffusional deposition on the ice heat transfer
surfaces from flow parallel to the ice surfaces, which have an effective heat transfer area A,,. This
is modeled in terms of the larger of a natural convective particle mass transfer coefficient x, . (in m/s)
or a forced convective coefficient x,

K, = max(lcp.c,lcp’f) (7-27)

For unstable turbulent natural convection, the heat and mass transfer analogy defines the mass
transfer coefficient as

x. L
e _ 1/3 _
b = 0.14 (I\IGTNSQP) (7-28)

where L is the length of the ice column (m), N, is the Grashof number (defined below), and N,
is the particle Schmidt number, which may be expressed as p/pD,.

The Grashof number used to characterize natural convection flow is

_L’g4p,

Gr (7-29)

VZ
gpg

where g is the acceleration due to gravity (m/s?), Ap, is the density difference between the bulk gas
and the gas at the ice surface, v, is the kinematic viscosity of gas (m*s), and p,, is the bulk gas
density (kg/m?). The density difference Ap,, is the total value that would result from differences in
both temperature and molecular weight. Again, the gas properties are defined in the ice boundary

layer.

Note that in combining Equations (7-28) and (7-29), the length scale L cancels, making x,.
independent of L. This lack of dependence on L applies to turbulent flow; for the large distances
applicable to ice compartments, turbulent flow is expected to occur over a large fraction of the
surface area.

The forced convective mass transfer coefficient is defined by analogy with forced convective heat
transfer to a flat plate
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x_ L
gf =0.037Ngay Ngro (7-30)
Y

The symbols in Equation (7-30) are as previously defined except that Ng,; uses the ice column
height as the characteristic length.

Thermophoresis. The removal rate constant from thermophetic effects is given by

gttherm = vthermp‘s (7-3 1)
where v, is defined as in Equation (7-19), except that the gas properties are all defined in the ice
boundary layer, and A is the total heat transfer area of the ice and effluent, and g, in Equation (7-19)
is defined as the total convective heat transfer rate (J/s) to the ice and effluent.

Diffusiophoresis. The removal rate constant from diffusiophoretic effects is given by
R iph = Vaiph As (7-32)

where v, is defined as in Equation (7-20), A, is the total heat transfer area of the ice and effluent,
and W, in Equation (7-20) is defined as the total condensation rate on the ice and effluent.

Impaction/Interception Deposition. The perforated steel baskets contain a large number of horizontal
strips which promote impaction and interception of particles. The individual web segments are 1.91
mm thick, 6.35 mm long (in the direction of flow), and 2.54 cm wide. Impaction and interception
on the end of a strip are pictured schematically in Figure 7-3.

The impaction and interception efficiencies E,, and E,,, respectively, are defined as the fraction of
approaching particles that the body captures by the two processes. The removal rate constant can
be expressed as

mi =VgAi(Eimp +Eint) (7'33)

where A, is the effective area for impaction (m?). The effective area A; for impaction is the same as
that for sedimentation on the basket wires and amounts to 1,240 m? for a typical plant. [Win83]

The impaction efficiency is defined in terms of a correlation developed for cylinders. An empirical
fit of impaction efficiency data presented in Reference Win83 can be expressed as:

St?
(St +0.5)?

imp

E._= max( -0.04 ,O) (7-34)
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where St is the Stokes number, the ratio of the particle's stopping distance to the characteristic
dimension of the collector surface. This is defined by

2
_ vgppdp C

(7-35)
9”’ g dc.i X

where C is the Cunningham slip correction factor for finite gas mean free path effects, given with
respect to Equation (7-17), x is the dynamic shape factor, and the collector diameter for impaction
d.; should be set equal to the metal thickness, 1.91 mm. The interception efficiency of particles by
the strips is related to particle size through a formula adapted from Fuchs [Win83]:

d
E =21% (7-36)

int d
c,i

where v is the agglomeration shape factor.

7.6 Containment Spray Aerosol Removal Model

The depletion rate for airborne aerosols is defined as the product of a collection efficiency and the
fraction of the cell volume swept out by spray per unit time. The collection efficiency is integrated
over the falling time of a droplet, taking into account the droplet size and temperature as well as the
aerosol size, and the containment conditions such as pressure. Collection mechanisms considered
in deriving the efficiency are Brownian diffusion, thermophoresis, diffusiophoresis, interception, and
impaction. No additional input parameters, beyond the ones specified in the global AEROSOL
block, are necessary for control of aerosol washout.

It should be noted that in the following, gas properties are evaluated for boundary layer conditions
between the drop and atmosphere. Since the drop is assumed to be well-mixed, the interface
temperature is simply the drop temperature T,. Thus, for example, the boundary layer temperature
Ty = (T4 + T,)/2, the average of the drop temperature and the gas temperature, T,.

The aerosols and fission products removed by sprays, including the fission products attached to the
aerosols, are all deposited into the pool, if present, of cell "iclout," specified in the ENGINEER input
block (see Section 14.3.3). If a pool is not defined in that cell, the condensed vapor and any removed
aerosols and fission products will be accounted for in WASTE repository of that cell.

The five collection mechanisms used in the modeling of the aerosol removal by spray droplets are
as follows:

1. Interception, which occurs because the finite size of the particle permits its surface to contact

that of the drop, even when the particle center of mass is on a trajectory that does not intersect
the drop.
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2. Inertial impaction, which occurs because the particle has a finite inertia, leading the trajectory
of the particle center of mass to cross the flow streamlines around the drop and thus intersect
the surface of the drop.

3. Brownian diffusion, which results from molecular bombardment of the particles causing them
to flow across the flow boundary layer around the drop.

4. Diffusiophoresis, which results as a response of the particle to concentration gradients and to
vapor flow toward (or from) the drop surface when condensation on (or evaporation from) the
drop is occurring.

5. Thermophoresis, which results from the migration of a particle down a temperature gradient
because of the effect of differential molecular impacts.

Although these effects interact to some degree, they are treated as being additive. The first three
effects are primarily a function of drop and particle size, while the phoretic effects are primarily a
function of temperature and humidity of the atmosphere and of the drop’s temperature. The latter
changes rapidly at the start of the drop’s fall through the atmosphere, and particle collection is
therefore integrated over the drop’s fall history. Under evaporating conditions, the diffusiophoretic
effect becomes negative. The thermophoretic effect would also be negative in the unlikely
circumstance that the drop were hotter than the atmosphere. In such cases, the total collection
efficiency is still constrained to be non-negative. Under extreme conditions (such as those resulting
from hydrogen burns), the drop may evaporate to aerosol size (the minimum of 100 pm or the
maximum aerosol diameter) during its fall. When this occurs, the drop and collected aerosols are
added to the appropriate section of the aerosol distribution if water aerosols are defined. If water
aerosols are not defined, then the collected aerosols are added to the appropriate section, and the
water is treated as evaporated. Figure 7-5, taken from Reference Ber85a, presents collection
efficiencies calculated for a typical accident scenario in which continuous spray operation brings the
containment atmosphere to an approximate steady state.

The deposition rate equations below describe the five aerosol removal mechanisms. Note that the
collection efficiency E is defined by

AN
E = P (7-37)
(zD2/4)AH n,

where AN, is the number of aerosol particles actually collected by a drop of diameter D as it falls a
height AH through an atmosphere containing n, particles per unit volume.

The following expressions for interception and impaction are based on Reference Fuc64. In the
original expressions, there is no allowance for nonspherical aerosol particles. Therefore, an
allowance for the agglomeration and dynamic shape factors (y and , respectively ) has been made.
However, it should be noted that the sprays keep the degree of superheat in the containment
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atmosphere very small during most of the accident sequence. Under these conditions, water uptake
is expected to lead to approximately spherical aerosol particles, with shape factors close to unity.
Hence, the user should use the default values of unity for the shape factors in conjunction with spray
modeling, except in those instances in which they are required to correct for the porosity of a
particle.

Interception

Viscous flow:

E, =15 (ydp/D)z (7-38)

1,
Potential flow:

E,, = 3yd,/D (7-39)

where Ey, is the interception collection efficiency for viscous flow, d, is the particle diameter, D is
the spray drop diameter, and E; is the interception collection efficiency for potential flow. Viscous
flow efficiencies apply in the limit of Stokes flow around the spray drop, with a drop Reynolds
number N,.<1, while potential flow applies for N, >>1. An interpolation formula is provided for
intermediate regimes as described later in this section.

Inertial Impaction

Viscous Flow:

Eg, =0, for N, < 1214
and (7-40)

e 0.75 In (2Ng,)
(N, - 1.214)

ILv +

, for N, > 1.214

where Ey, is the inertial impaction collection efficiency for viscous flow; N, is the Stokes number
defined as

2
v.C
N, = ML’L (7-41)
Su, Dy

where p, is the particle density, v, is the drop fall velocity, C is the Cunningham slip correction
factor defined with respect to Equation (7-17), and p, is the gas viscosity, evaluated for boundary
layer conditions.

Rev.0 7-33 6/30/97



Potential Flow:

Ep, = 00, for N, < /12 (7-42)

and
2

N
St , for Ng 2 0.2

E = —53 _
NSt+O.5

ILp

where Ey, is the inertial impaction collection efficiency for potential flow. Linear interpolation is
used to obtain Ey, for 1/12 <Ng< 0.2.

For spray drop sizes in the range of interest, the Reynolds number based on spray drop diameter N,
ranges from about 15 to almost 1000. Hence, N, is expected always to be too large for the viscous
flow relations to hold. However, it is not clear that N, is large enough for the potential flow
relations to provide a good approximation either, except perhaps for the larger drop sizes. In this
intermediate regime, no simple expression is expected to be rigorously defendable. In early work,
Reference Lan48 suggested a simple interpolation formula as an approximation to the impaction
efficiency.

E.. + N, E /60
EH - v Re ~ILp (7_43)
I + Ny /60

where Ej is the interpolated impaction efficiency.

Equation (7-43) is used in CONTAIN. In addition, an equivalent interpolation formula is used for
the interception efficiency. Little justification can be given for the latter, except to note that the
interception efficiency is governed by the same flow patterns about the drop that govern the
impaction efficiency; hence, the transition from the viscous flow limit to the potential flow limit
might reasonably be expected to show a qualitatively similar dependence upon drop Reynolds
number in both cases. Reference Wil87b includes sensitivity studies evaluating some implications
of these and other uncertainties in the spray drop collection efficiencies.

Brownian Diffusion

4 DP(Z + 06 NR;’ZNSCPIB)

~ 7-44
diff VdD ( )

where Eg is the Brownian diffusion collection efficiency; D ,is the diffusivity of the particle as
given in Equation (7-17), but evaluated for boundary layer conditions; Ns., = W, /p,D, is the particle
Schmidt number; and D is the drop diameter. This expression is equivalent to assuming that the
Sherwood number for particles is the same as that for vapor and that the mass transfer coefficient
for particles can be defined analogously to the vapor mass transfer coefficient with the vapor
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diffusivity being replaced by the particle diffusivity. Details of the treatment for the vapor are given
in Section 12.3.

Thermophoresis
4C,.(2 + 0.6N_ 2N 173 -T
Et_herm = t-h( M I:j D Pr )(’rg d) (7_45)
d
where
c, 2.294p C[CNy, + kJk)

" % P Tl + 3CN )T + 2CNy, + 2kJK,)

Here, Ny, is the Prandtl number, C is the Cunningham slip correction given in Equation (7-17),
N, = 2M/d, is the Knudsen number, where A is the molecular mean free path, y is the dynamic shape
factor, and k/k, is the user-specifiable ratio of the gas thermal conductivity to the particle
conductivity. The constants C_ and C, are related to slip and thermal accommodation, respectively
(see Equation (7-19)).

Diffusiophoresis

MW1/2 n[ P; - 1Z;,,d]
Egpn = 4B, (2+0.6N V2N ) g v

| 7-46)
diph / 12 12 (
kM, + X, M,"2)v,D

In Equation (7-46), D, is the boundary layer vapor diffusivity, Ng = u/p D, is the Schmidt number;
P, is the atmosphere pressure; P, , is the vapor pressure at the drop surface, P, is the bulk vapor
pressure; X, is the boundary layer vapor mole fraction; M,, is the molecular weight of water; X is
the boundary layer noncondensable gas mole fraction; and M, is the molecular weight of the
noncondensable gas.

The expression given in Equation (7-45) for the thermophoretic collection efficiency is based upon
the expression given in Equation (7-19) for thermophoretic deposition upon structures together with
the temperature gradients at the drop surface implied by the heat transfer and Nusselt number
relations given for the drop in Section 12.3. Likewise, the diffusiophoresis expression is given by
combining the treatment of diffusiophoretic deposition on structures given in Equation (7-20) with
the condensation/evaporation rate calculated for the drop as described in Section 12.3. The phoretic
effects can be negative under certain conditions; for example, the diffusiophoretic effect is negative
when the drop is evaporating. In such cases, the phoretic effects are still evaluated from Equations
(7-45) and (7-46) and added algebraically to the other collection efficiencies. The total collection
efficiency is constrained to be non-negative, however.
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The efficiency E of a spray drop changes during the fall. Therefore, the contribution of sprays to the
aerosol removal rate coefficient R is obtained by integrating over the drop fall height H under the
assumption that the effect of any one spray drop over its fall is instantaneous:

H
® =21, f A, EdH (7-47)
0

In the above equation, 1, is the number density rate (per unit volume of atmosphere) at which spray
drops are introduced to the atmosphere, A, is the drop spherical surface area, and E is given by
E=E +Ej+Eyy +E

+ E (7-48)

therm diph

7.7 Aer crubbing Mod

The process of venting gas/aerosol mixtures under the surface of a coolant pool, as in SRV
operation, gives rise to scrubbing, or removal from the gas phase, of some of the aerosols in the gas
bubbles rising in the pool. In CONTAIN two models are available for aerosol scrubbing; one is a
model taken from the VANESA code, [Pow86] which is referred to in CONTAIN as SCRUB, and
the other is an adaptation of the SPARC code. [Owc85a] These models are used for the SPVENT
dedicated suppression pool vent flow model described in Section 11.1.2 and the SRVSOR SRV
model described in Section 11.2. The SCRUB model is also used in conjunction with the modeling
of gas/aerosol releases within the CORCON/VANESA model for CClIs, as discussed in Chapter 5,
when the core debris surface is submerged below the coolant pool surface. Both the SCRUB and
SPARC models have been modified slightly for integration into CONTAIN. A different approach
is used for gas/aerosol mixtures exiting the downstream end of a gas flow path when it is under the
pool surface. In this case the aerosols are assumed to be completely removed from gas phase. This
assumption of complete removal is made only for convenience. It is expected that models similar
to those for the dedicated suppression pool vent model will at some point be made available for gas
flow path venting, The aerosols that are scrubbed out are deposited in the pool, with the remainder
passing to the atmosphere. Fission products hosted by the aerosol materials that are scrubbed out
are also deposited in the pool.

It should be noted that fission products associated with the atmosphere gas (as opposed to an aerosol
component) are subject to complete removal by the coolant pool whenever the gas is vented under
the pool surface. In contrast to the treatment of aerosol scrubbing, this applies both to the gas flow
paths and to the dedicated suppression pool vent model. The targeted release and acceptance
formalism may be useful in simulating fission product equilibrium concentrations (such as for
iodine) over the pool surface in this case. (See Section 8.4.)

Both the SCRUB and SPARC models determine an overall decontamination factor DF, (i.e, the ratio
of incoming mass to outgoing mass) for each of the CONTAIN aerosol size classes i on the basis of
gas bubble dynamics. The decontamination factors returned from these models are taken to lie in
the range between 1 and 10°. The upper limit is an attempt to account for effects not modeled, such
as resuspension because of bubble breaking at the pool surface. Coolant vapor evolution from the
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bubble wall during bubble rise can affect the decontamination factor. Note that these models make
their own approximations for vapor equilibration in rising bubbles; in particular, the gas-pool
equilibration modeling discussed in Sections 4.4.7 and 11.2.1, for the purposes of calculating
thermal-hydraulic transfer rates, does not necessarily apply.

The SCRUB modeling, with default parameters, is used by default within the SPVENT and
SRVSOR models, as discussed in Sections 14.2.4.3 and 14.3.4, respectively. The SPARC model
is an alternative choice within these two models. In contrast, to activate the SCRUB model for use
by the CORCON model, the SCRUB input block must appear explicitly in the CORCON input. If
SCRUB is not specified in the CORCON input block, all of the vented aerosols will be placed
directly in the atmosphere. The SPARC model is not available for use by the CORCON model.

7.7.1 The SCRUB Model

The SCRUB model was originally developed for the VANESA code, which has now been fully
integrated in the CORCON Mod3 code. [Bra93] This integrated code has in turn been incorporated
as a module of CONTAIN, as discussed in Chapter 5. The SCRUB model is a direct application of
Fuchs’ treatment [Fuc64] of the processes of sedimentation, impaction, and diffusion in spherical
bubbles. It is assumed that the bubble is filled with an ideal gas, which expands as the bubble rises.
The effects of coolant vapor evaporating from the bubble wall during the rise are not taken into
account. The submergence of the vent is used as the scrubbing depth in the SPVENT and SRVSOR
options, whereas the full pool depth is used as the scrubbing depth for the CORCON module. If the
submergence or pool depth is zero, no scrubbing will occur. Differences in the CONTAIN
implementation and the documentation of the scrubbing model for CORCON Mod3 are discussed
below. For further details of the model, the reader is referred to Reference Bra93.

The SCRUB model has been modified for CONTAIN through the addition of a size-independent
decontamination factor DF, that takes into account steam condensation in bubbles at the inlet. This
calculation is identical to that used in the SPARC code. DF, has the form

-P)M, W
DF, = Py PIM, W, (7-49)
M,P,W_

where Py, is the pressure at the injection elevation H within the pool, P, is the pool saturation pres-
sure, M, is the average molecular weight of the noncondensable gas, W, is the total gas and vapor
mass inflow rate, M, is the average molecular weight of the gas inflow, and W, is the
noncondensable gas inflow rate.

In the SCRUB input block (see Section 14.2.4.3 or 14.3.4), the user may specify the initial bubble
diameter "bsizi," which is defaulted to 1 cm, and the input parameter, "vrovr," the ratio of the gas
circulation velocity to bubble rise velocity. The latter parameter controls the scrubbing efficiency
arising from impaction. The default value of "vrovr” of 1 corresponds to the value for a spherical
bubble. If desired, the user may specify a larger value (for example, to simulate elliptical bubbles
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with enhanced scrubbing) or a smaller value (for example, to simulate the effect of surface impurities
which inhibit circulation).

7.1.2 The SPARC Model

The SPARC code, [Owc85a] developed at Pacific Northwest Laboratories, is a detailed scrubbing
model that attempts to mechanistically treat a number of processes. As implemented, that code
extends Fuchs’ model explicitly to elliptic bubbles, treats deposition caused by initial steam
condensation, and includes sedimentation, diffusion, and inertial deposition in rising bubbles. It
mechanistically accounts for bubble growth and the deposition limiting effects of vapor evolution
during bubble rise. Details of the model can be found in Reference Owc85a. Several options in the
original code are not implemented as they are either not recommended by the developers or not
compatible with CONTAIN models. Particle growth because of condensation, bubble interior heat
transfer, and particle solubility effects are examples of models which are either incompatible or not
recommended. The pool equilibrium temperature calculation is also not implemented as it conflicts
with the CONTAIN pool calculation.

This model is activated by including the SPARC block in the SPVENT or SRVSOR input block.
The initial bubble diameter, "bsiz," and the ratio of the major axis to minor axis of a spheroid bubble,
"ratio," may be specified as described in Section 14.2.4.3 or 14.3.4.

7.8 Intercell Flow of Aerosols

This section describes the transport of airborne aerosols in gas flow paths and in the dedicated
suppression pool vent flow path. It also implicitly describes the flow of fission products associated
with aerosol component hosts, since such fission products are assumed to flow between cells in
proportion to the aerosol component. The intercell flow of aerosols is in general size-dependent.
For unsubmerged gas flow paths, it is often sufficient to characterize aerosol flow as occurring
without slip, in proportion to the gas flow in the flow path. However, if the user has specified
through the VCOSN keyword that aerosol settling be treated in an unsubmerged flow path, the
aerosol flow will no longer be simply proportional to the gas flow and will depend on size.

As discussed in Section 7.7, aerosol scrubbing is modeled for submerged gas flow paths and a
submerged suppression pool vent flow path. For gas flow paths an infinite decontamination factor,
or DF, is used, For the suppression pool vent path, the detailed SPARC or SCRUB aerosol
scrubbing models may be used to define the DF. However, such models, as well as the VCOSN
option for modeling aerosol settling through flow paths, should be used judiciously with CONTAIN
1.2 and later versions because the modeling of size-dependent flow processes introduces the
necessity of tracking aerosols by size class within the implicit flow solver and adds considerably to
the overhead of the solver.

Within the implicit flow option, the user may specify, through the VCOSN keyword, the cosine of
angle with respect to vertical of flow paths for the purpose of calculating gravitational settling effects
in flow paths. If VCOSN is specified, aerosols are considered to flow at the sum of the gas velocity
and the component of the aerosol gravitational settling velocity along the flow path axis. Note that

Dast N 7 20 L1nninTg



the effects of the perpendicular component of the settling velocity, leading in some flow geometries
to deposition within the path, are not modeled. In the explicit flow option, aerosol slip or
decontamination effects are not considered.

The time-dependent evolution of aerosol masses is calculated in two steps. First, the effects of
aerosol agglomeration, deposition, and condensation are calculated within a cell, neglecting the
effects of flow. Second, the effects of flow on the airborne aerosol mass m, ,;, of component k in
section i and cell n are then calculated from

A ! ma,ll,i.k
a,jn.i jn Vll

-¥

flow jn

v (7-50)

jn|i

where the sum extends over all gas flow paths connecting cell j to n and the suppression pool vent
path, if present; A;, is the effective flow path area as defined in Table 4-2; u denotes the upstream
or donor cell; V, is the cell free volume of donor cell u; and F,;, is the attenuation factor for the jn
path, which depends on flow direction. The aerosol velocity v, ;,; = Vgjn - Vsjn; 1S €qual to the gas
velocity v, ;, minus the aerosol gravitational settling terminal velocity V;,; = v,;cos 6;,. In the latter
expression, v; is the settling velocity as defined in Equation (7-17), but logarithmically averaged
over the particle diameters in size class i, and cos@y, is the cosine of the angle of the flow path with
respect to vertical. This cosine is set through the VCOSN keyword for a gas flow path within the
implicit flow option and is zero for a gas flow path by default or for the suppression pool vent path
or within the explicit flow option. The attenuation factor F,,; is set to 1 for outflows or for inflows
from gas flow paths or the suppression pool vent flow path, if they are not submerged; is set to
infinity for inflows through a submerged gas flow path; and is determined by the DFs calculated in
the SPARC or SCRUB scrubbing model for inflows through a submerged suppression pool vent
flow path (F = 1/DF). The aerosols removed from the gas flow for an smaller than unity are placed,
along with any associated fission products, in the coolant pool in the downstream cell.

The user should be aware that problems may arise with respect to the problem splitting that is used
to handle aerosol agglomeration, deposition, and condensation on the one hand and the intercell flow
of aerosols on the other. To account for the effects of aerosol agglomeration, deposition, and
condensation (in the case of the fixed-grid option), a Runge-Kutta method, with automatic timestep
control, is used. This calculation disregards flow. To account for the effects of flow, aerosols are
redistributed with the atmosphere gases every flow timestep. During the redistribution process, the
aerosol distribution is assumed not to evolve except through the flow process. The flow of the
atmosphere gases is calculated with automatic timestep control. The aerosol distributions from each
of these separate calculations are updated every system timestep. However, the timestep controls
for each calculation individually may not ensure that the coupled problem is described adequately.
The user is warned that no check is made on the adequacy of the update interval. In general, the user
should check the sensitivity of the calculation with respect to the system timestep whenever both
aerosol processes within a cell and intercell flow result in large effects on the aerosols within a cell
during a timestep.
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As an example of difficulties that may be encountered in a calculation with too large a system
timestep, the code may predict that the aerosols agglomerate and settle rapidly in a cell with a large ~
source of aerosols before they have a chance to flow out of the cell. A more accurate calculation

may predict that the aerosols may flow out of that cell before significant agglomeration occurs.
Because of dilution effects in the other cells, agglomeration and settling may not be as rapid in those

cells, and the total aerosol deposition may be significantly less.
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8.0 FISSION PRODUCT BEHAVIOR MODELS

8.1 Introduction

In a reactor accident, a principal concern is the risk associated with potential release of radionuclides
from the containment system to the outside environment. This section describes the fission product
behavior models used in CONTAIN to estimate this potential source term. The term "fission
product” is used to represent all radionuclides, including actinides and other neutron activation
products.

The fission product behavior modeled in CONTAIN includes radionuclide decay, decay heating,
atmosphere transport processes, transport in liquid pathways, iodine scrubbing, release of fission
products from hosts, and the release of fission products during core-concrete interactions. All of
these processes, except for some aspects of decay heating and the last process, are discussed in the
present chapter. With respect to decay heating, the heating associated with explicitly specified
fission products is discussed here. However, an ANSI-standard model to describe the decay heat of
fission products implicitly assumed to be present in lower cell layers is also available and is
discussed in detail in Section 5.6.1. The modeling of the release of fission products (and other types
of nongaseous materials) during core-concrete interactions is done within the VANESA model,
which is fully integrated into the CORCON-Mod3 package for modeling such interactions. The
VANESA model is therefore discussed in Chapter 5 along with the other CORCON Mod3 modeling.
Key elements of fission product behavior models are illustrated in Figure 8-1.

In CONTAIN, a fission product can be either an individual radionuclide with a specific role within
some decay process or a class of radionuclides. A class may be defined as an arbitrary group of
radionuclides, provided each radionuclide in the class is distinct from any individually specified
radionuclide and not part of any other class. Classes are defined in the input like individual
radionuclides, but the effects of decay of the radionuclides in the class may be modeled only through
a time-dependent specific decay power. It should be noted that a class is what was called a group
in prior code versions. However, to avoid confusion the word group will be reserved for the
predefined volatility groups defined in Table 8-1. A group, in contrast with a class, consists of
radionuclides that are also defined individually or as part of a class. Each predefined group must
consist of the radionuclides listed for each group in Table 8-1, to the extent that the listed
radionuclides are included as individual radionuclides within a calculation, but may also contain any
additional user-specified fission products the user explicitly assigns to the group. Such groups may
be referenced in the host release model (i.e., the parametric targeted release and acceptance model
discussed in Section 8.4). The user has the option to specify the release and acceptance parameters
on the basis of groups, rather than individual fission products. Since the number of fission products
in a calculation could be quite large, the use of groups could streamline the release and acceptance
input considerably. The user also has the option to request the output of fission product inventories
on the basis of groups, through the PRFPGRP keyword.

CONTAIN depends on input from the user for the initial inventory and location of fission products.

If external sources of fission products are present, the fission products involved, the source rates at
the point of introduction to the calculation, and the source locations must also be specified by the
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Table 8-1
Makeup of Volatility Groups

Group 1: Noble Gases (GROUP1) HE3", KR83M, KR83", KR85M, KR85,
KR87, KR88, KR89, KR90, XE131M,
XE1317, XE132", XE133M, XE133, XE134",
XE135M, XE135, XE137, XE138, XE140

Group 2: Halogens (GROUP2) BR83, BR85, BR87, 1127, 11297, 1131,
1132M, 1132, 1133M, 1133, 1134M, 1134, 1135

Group 3: Alkali Metals (GROUP3) RB86, RB87", RB88, RB89, RB90M, RB90,
CS133°, CS134M, CS134, CS1357, CS136,
CS137, CS138M, CS138, CS140

Group 4: Tellurium Group (GROUP4) SB125, SB127, SB129, SB131, TE125M,
TE125", TE127M, TE127, TE129M, TE129,
TE131M, TE131, TE132, TE133M, TE133,

TE134
Group 5: Strontium Group (GROUP5) SR86", SR88", SR89, SR90, SR91, SR92
Group 6: Noble Metals (GROUP6) TES8", CO58, CO60M, CO60, NI60",

MO095", MO97", MO99, TC99M, TC99,
RU99", RU103, RU105, RU106, RH103M,
RH103", RH105M, RH105, PD105", RH106,
PD106’

Group 7: Rare Earth Metals (GROUP7) Y89", Y90, Y91M, Y91, Y92, Y93,ZR90",
ZR91%, ZR92", ZR93", ZR95, ZR97, NBI5M,
NB95, NB97M, NB97, LA139", LA 140,
LA141, LA142, PR1417, PR143, PR144M,
PR144, PR147,ND143", ND144", ND147,
PM147, SM147°

Group 8: Rare Earth Metals (Actinides) CE140", CE141, CE142, CE143, CE144,

(GROUPSB) PU239", PU241, NP239, AM241”

Group 9: Barium Group (GROUPY) BA134", BA136°, BA137M, BA137’,
BA138’, BA139, BA140, BA141

Group 10: Reactor Specific (GROUP10) H3

*End-product of decay chain.
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user. From this information, the code tracks the birth and decay rates of each individually specified
radionuclide, and also accounts for the decay heating associated with the fission products. It should
be noted that only beta and gamma decay processes should in general be explicitly included, because
CONTAIN assumes that a decay results in no change in atomic weight. Alpha decay processes in
the containment environment are sufficiently slow that they (but not the parent inventories) can be
neglected during the period of a typical containment calculation. For calculations in which such
processes cannot be neglected, the user may wish to include them and adjust the reported inventories
for the included alpha masses.

For some studies of reactor accident scenarios, identifying and specifying the large number of decay
processes and the radionuclides involved could be tedious. To alleviate this problem, a number of
decay processes and radionuclides may be defined by invoking an extensive fission product data
library, which provides decay information for 140 radionuclides. The decay processes considered
are given in Figure 8-2, and the radionuclides involved are given in Table 8-1. The decay
information available from the library is discussed in Section 8.2.

In order to model the decay process efficiently, CONTAIN uses a linear chain decomposition of the
decay processes involved, as discussed in detail in Section 8.3. If the user invokes the fission
product library with respect to one or more of the decay processes in Figure 8-2, the necessary
information to characterize the selected decay processes is automatically loaded. For those decay
processes not taken from the library, the user must input the linear chain parent-daughter
relationships, inventory factors, specific powers, and half-lives of the fission products involved. It
should be noted that fission product classes are treated in the input like individual radionuclides,
except that the decay chains should be of length one, the half-lives set very large, and the inventory
factors equal to one. The time-dependent specific decay power the user may specify for a class is
typically obtained as the best curve fit through the total decay power of all radionuclides associated
with the class. As discussed in Section 8.3, inventory, or distribution, factors may be required when
a given radionuclide appears more than once in the linear chain decomposition. It should be noted
that the use of inventory factors is new to the present code version. In prior versions, the user was
required to specify directly the initial masses and source rates associated with each radionuclide
occurrence within the linear chain decomposition. Each such occurrence constitutes a different
"fission chain element," even though the same radionuclide is involved. For example, if all decay
processes stored in the library were invoked, one would be dealing with 257 fission chain elements,
taken from a set of 140 radionuclides. Consequently, the input of the chain element masses could
be considerably more cumbersome than input of the radionuclide masses.

As discussed in Section 8.4, fission products in CONTAIN are associated with various "hosts," or
repositories. A host can be the atmosphere gas, an aerosol component, the surface of a heat
structure, or a lower cell layer or pool. Some hosts, such as the upper cell atmosphere gas or aerosols
are mobile, while others, such as the wall surfaces, are fixed. In general, the location of fission
products is specified by the user according to the host. Fission products are transported according
to the movement of the mobile hosts. Fission product masses, as treated by CONTAIN, do not
influence the dynamics of the mobile hosts, except through possible heating effects. In effect, fission
products are treated as having no dynamic mass. For some hosts, such as a minor aerosol
component, the fission product mass may constitute an important fraction of the mass associated
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with the host. In such cases, the fission product mass should be specified redundantly if possible,
once in the fission product input and also as a contribution to the host material mass. Means of
accounting for fission product mass effects are discussed in more detail in Section 13.3.4.1.

In addition to transport with mobile hosts, fission products should transfer from one host to another
on the basis of physical or chemical compatibility. For instance, when a fission product decays, the
daughter may have different chemical and physical characteristics, and therefore the subsequent host
may be different from that of the parent. As an example, a solid fission product trapped in fuel
material may decay to a noble gas, which then escapes. Such a process may be captured by the
targeted release and acceptance model, discussed in Section 8.4. This model is also useful for other
processes, such as revaporization and equilibration problems. In this model, the user-prescribed
transfer rates can depend on the host temperatures; the temperature dependence is introduced through
user-specified coefficients and thresholds.

The modeling of decay heating from the explicitly specified fission products is discussed in Section
8.5. Despite the increased flexibility provided by the library in defining individual radionuclides,
it is usually difficult to specify in detail all of the fission products that would contribute to decay
heating, as this would require a large amount of additional input. Normally, only a mobile subset
of fission products is of interest for health physics or transport reasons, and it is these fission
products that the user may want to specify explicitly. As mentioned above, the decay heat from
fission products implicitly considered present in core materials fixed within the containment can be
handled in a more generic way through the DECAY-HT option discussed in Section 5.6.1: an ANSI-
standard decay power curve based on reactor operating history and fuel burnup [Ame79] is used to
calculate the total decay power as a function of time since shutdown. The power associated with any
fission products explicitly present in a calculation is subtracted from this total power, and the
remaining power is then deposited in a number of locations, such as coolant pools or core-debris
layers, as specified by the user.

Section 8.6 covers the transport of fission products within the atmosphere, Section 8.7 covers the
transport of fission products within liquid pathways, and Section 8.8 presents the iodine removal
models. User-specified fission product sources are covered in Section 8.9.

8.2 Fission Product Library

The fission product library currently includes the decay information for 140 radionuclides in the 40
coupled decay processes shown in Figure 8-2. Table 8-1 lists the radionuclides in the library,
organized according to the 10 indicated volatility groups. The radionuclide name is derived by
concatenating the element symbol, the mass number, and the state of the radionuclide. For example,
'®Te is named TE129, and ' Rh is named RH105M. The volatility groups are used in the input
for the targeted release and acceptance model and as an optional way of organizing fission product
masses in the code output.

The information stored in the library consists of:

- nuclide name
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- group number for the radionuclide

- half-life

- atomic weight

- total specific decay power (W/kg)

- gamma specific decay power (W/kg)

- most probable gamma energy (MeV)

- inventory factors for initializing mass distributions of a given radionuclide in the set of
linear chains

The half-life, atomic weight, total specific decay power, gamma-specific decay power, and most
probable gamma energy are self-explanatory. It should be noted that the latter two quantities are
stored in the code but presently not used in models. The definitions of inventory factors and linear
chains are discussed in Section 8.3.

Because the CONTAIN fission product decay model assumes that the atomic weight of a
radionuclide remains unchanged, only radionuclides with beta and gamma decay are modeled. The
available decay processes, which are shown in Figure 8-2, are selected by the user by number from
the library for inclusion in a calculation. When a particular decay process is requested, CONTAIN
will include all of the radionuclides in that process. The end products of the decay process are also
included, and modeled with infinite half-life and zero decay power. Note that some of the end
products may in reality decay over time by alpha decay, but the alpha decay is not explicitly
modeled.

8.3 Linear Decay Chains

Fission product transmutation is modeled using the technique of linear chain resolution. [Eng68]
This technique applies to the decay of explicitly specified fission products. In the technique of linear
chain resolution, the differential equations for decay are decoupled by breaking a coupled decay
process into a system of decoupled linear chains. The resulting chains can be treated independently
so only the masses in a chain are needed to solve for the effects of decay for that chain.

To characterize decay processes not defined in the fission product library, the user must be familiar
with the concepts of a fission chain element, branching ratio, and inventory factor. Linear chain
decomposition replaces a coupled decay process with a set of linear chains, each representing a
possible decay path, beginning with the leading radionuclide(s) of the coupled process. For example,
decay process number 17 from Figure 8-2 can be broken down into two linear chains: (1) '*Ru ->
13mRh > 1%Rh, and (2) "Ru ->'®Rh. A given radionuclide, such as '®Rh, may appear more than
once as an element in the set of linear chains. Each occurrence of a radionuclide constitutes a
"fission chain element." In the above two chains, there are a total of 5 fission chain elements and
3 radionuclides.

The branching ratio is the probability that a radionuclide will take a particular branch (i.e., decay to
a particular daughter) in the decay process. Therefore, the sum of all branching ratios for a
radionuclide must add to unity. The branching ratios given in Figure 8-2 indicate that '®Ru will take
the '®™Rh branch as in the first linear chain above with a probability of 99.75%, and will take the
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'®Rh branch as in the second chain with a probability of 0.25%. Branching ratios and decay
constants are tabulated in most core inventory code libraries, and are based on data provided in
ENDEF/IV or /V listings. [Koc81] It should be noted that the half-life to be supplied for a given
radionuclide in the fission product input should be the net half-life from all decay branches, even
though only one branch is taken in any given linear chain.

In the technique of linear chain resolution, the initial radionuclide inventory, and any new inventory
added from an external source during the course of a calculation, must be distributed among the
multiple occurrences, if present, of a given radionuclide in the linear chains. Once this initial
distribution is made, any mass resulting from decay of an existing parent radionuclide will be
determined from the decay rate and inventory of the parent. The initial distribution is made
according to inventory factors. The inventory factor, Fy , is defined as the appropriate fraction of
the initial mass of a given radionuclide R to assign to each occurrence i of the radionuclide in the set
of linear chains. When merging decay paths are not present, the inventory factor for a radionuclide
occurrence in a given chain is simply the probability that the radionuclide will decay to all of its
daughters and granddaughters in the sequence given by the linear chain. In contrast to branching
ratios, which are the probabilities of forming a particular daughter, inventory factors are essentially
the probabilities of taking a particular decay path to forming the stable end product of the decay.
Clearly, the sum of the inventory factors for all occurrences of a given radionuclide in the set of
linear chains must be equal to one. The method for calculating inventory factors is discussed in more
detail below.

In the simple example above, '®Ru has two inventory factors of 0.9975 and 0.0025, respectively,
'%mRh has an inventory factor of 1, and '®Rh has inventory factors which in CONTAIN are taken
to be 1 and O, respectively, for the first and second chains given above. Note that a certain
arbitrariness occurs in the inventory factors of radionuclides, like those of '®Rh, since merging paths
create identical, or redundant, terminating chain segments in different linear chains. Clearly, the
physical outcome of the calculation is not affected by how the mass of a radionuclide located on such
a segment is distributed among the chains with the same segment.

The coupled decay process shown in Figure 8-3 will be used to illustrate how to calculate the
inventory factors. In the linear chain decomposition, the decay is formulated in terms of the three
chains shown at the bottom of the figure. The labels A, A,, and so forth, denote different fission
chain elements, in this case, derived from radionuclide A. For a decay process that is a tree, with
branching but no merging paths, the inventory factor Fy, for radionuclide R in the chain in which
it appears for the ith time, is determined by multiplying the branching ratio fy ,, for the mth branch
taken by R in that chain, by the appropriate branching ratios of all radionuclides to the right of it in
the chain. For the last radionuclide of each chain from a tree-like process, the radionuclide
occurrence is unique. Therefore, its inventory factor must be unity, from the sum rule, and so must
its branching ratio.

The decay process in Figure 8-3 contains merging paths and therefore must first be converted to a
tree structure, before applying the above prescription. The merging paths in this case create identical
terminating chain segments involving B and C in chains 1 and 3. The conversion to a tree structure
is accomplished in this case by assuming that B, and B, correspond to distinct radionuclide types B1
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and B2, respectively, differing only with respect to their labeling and identical with respect to their
physical properties, and by assuming that C,, C,, and C, correspond to distinct types C1, C2, and C3,
respectively. With this assumption, the inventory factor for A in the first chain, for example, would
then be f, , (for the decay of A to B¥), multiplied by fg., (for the decay of B* to B), multiplied by
the branch ratio from B1 to C1. Note that the last branching ratio is taken to be unity since B1 can
only decay to C1. It should be noted that only the minimum set of distinct types required to generate
a tree structure should be considered.

The inventory factors for the three linear chain elements of A, according to Figure 8-2, are:

FA,I= fA,l fB*,l
FA,2= fA.I fB*,Z
Fps= fA,2‘

Also, one obtains

FB*,I= fB*,l

FB*,2= fB*.2.

When B1 and B2 are considered to be distinct radionuclide types, each appears only once in the
linear chains and therefore the sum rule requires that

FBI.I=1
F32,|=1-

In addition, according to the above discussion

FC|,|= 1
FC2,1= 1
FC3_,= 1.

The procedure for obtaining the physical inventory factors Fy; and F; from the above is discussed
in next paragraph.

The inventory factors defined either in the library or by the user are used to distribute initial or new
mass from an external source among the possible decay chain locations. When arbitrarily distinct
radionuclide types, such as B1 and B2, are involved, the manner of distribution of initial or new mass
among such types is itself arbitrary, in the sense that it should not change the physical outcome of
the calculation. For example, one could consider a given initial mass my of B to be composed of B1
and B2, my = mg, + mg,, with an arbitrary distribution. In CONTAIN, the approach taken for
simplicity and reasons of upward compatibility is to assume that one always considers new mass to
correspond to only the first of each set of arbitrarily distinct types (e.g., to B1 but not B2) in the
decay chains. This procedure is equivalent to taking the physical inventory factors to be those of the
first type of each set, and setting those corresponding to the other types of each set to zero. For
example, this approach is equivalent to setting Fy, = Fy, |, Fg, =0, F., =F, ;, F;», =0, and F.5 = 0.
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Note that the above example is relatively simple, in the sense that each of the arbitrarily distinct
types appears only once in the linear chain decomposition. In general the arbitrarily distinct types,
present because of merging paths, could themselves branch in their decays. This situation would
result in more than one occurrence of each type. This occurs, for example, in decay processes 23 and
25 in Figure 8-2. These cases generate inventory factors of the form Fy_; for an arbitrarily distinct
radionuclide R,n, where both the occurrence index i and the type label n can have values greater than
one. In such cases, the physical inventory factors for R as a function of the physical occurrence i are
taken to be those of the first type (n = 1) and the corresponding i, and the inventory factors
corresponding to other types are zeroed out. Note that in such cases it is incorrect to simply divide
the inventory uniformly across all occurrences of R in the linear chains.

Tables 8-2 and 8-3 illustrate the results of the above procedure when applied to coupled decay
processes 3 and 25 from Figure 8-2,

Table 8-2
Fission Product Library -- Decay Process 3
Linear Decay Chain Chain Elements Inventory Factor
Co60m --> Co60 --> Ni60 Co60m 0.9976
Co60 1.0000
Ni60 1.0000
Co60m --> Ni60 Co60m 0.0024
Ni60 0.0
Table 8-3

Fission Product Library -- Decay Process 25

Linear Decay Chain Chain Elements Inventory Factor
Tel33m --> 1133 --> Xe133m --> Xel33 --> Cs133 Tel33m 0.0251
1133 0.0288
Xel33m 1.0000
Xel33 1.0000
Cs133 1.0000
Tel33m --> 1133 --> Xel133 --> Cs133 Tel33m 0.8449
1133 0.9712
Xel33 0.0
Cs133 0.0
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Table 8-3
Fission Product Library -- Decay Process 25 (Concluded)

Linear Decay Chain Chain Elements Inventory Factor
Tel33m > Tel33 -->1133 --> Xel133m --> Xel33 Tel33m 0.0037
—>Csl33 Te133 0.0288
1133 0.0
Xel33m 0.0
Xel33 0.0
Cs133 0.0
Tel33m --> Tel33 -->1133 --> Xe133 --> Cs133 Tel33m 0.1263
Tel33 0.9712
1133 0.0
Xel33 0.0
Cs133 0.0
I133m —>1133 --> Xel133m --> Xel33 --> Cs133 1133m 0.0288
1133 0.0
Xel33m 0.0
Xel33 0.0
Csl133 0.0
I133m --> 1133 --> Xe133 --> Cs133 I133m 0.9712
1133 0.0
Xel33 0.0
Cs133 0.0

When the technique of linear chain resolution is used, the mathematical description of radioactive
decay can be expressed as the following linear differential equations [Eng68]:

ml"m2"rn3...mj"...mn
AN, A
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Where m; equals my(t), which is the mass of fission chain element j present at time t; A; is the total
decay constant for the radionuclide corresponding to my; dmy/dt is the mass rate of change; and S; is
the external mass source rate of chain element j (e.g., from intercell flow and/or external sources).
It should be noted that S; is related to the mass source rate of the corresponding radionuclide through
inventory factors.

This set of equations is solved analytically in CONTAIN to give

n n n -MAt
mt+a = Y m@) [] A Y ©
k=1 k j=k i=k n ()\‘ _ )\‘)
H 'm i
m=
m#i

where At is the computational timestep. This analytic solution can be readily derived using the
method of Laplace transform.

Equation (8-1) is used to calculate the mass of each fission chain element present after decay over
a timestep for use by other models, such as the fission product heating model. It is important to
remember that the total inventory of a radionuclide is given by the sum of the masses of all
occurrences of the radionuclide among the fission chain elements.

8.4 Fission Product Hosts and Targeted Release and Acceptance

Fission products are typically initially assigned to a host based on the chemical affinity and physical
characteristics of the fission product. These assignments may be made for the initial fission product
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inventory and for time-dependent sources of fission products. The atmosphere in each cell and each
component of the suspended aerosols in each cell are always individual hosts. Each of the inner and
outer surfaces of a heat transfer structure and each lower cell layer are also taken to be individual
hosts. If a lower cell has been defined, then a fixed atmosphere interface host is present in addition
to those for each layer. Finally, a DUMMY host and a WASTE host are provided in each cell. The
former is provided as a possible release repository; the latter contains mass lost from the problem,
for example, from mass transfers directed to a pool that does not exist. It should be noted that hosts
may be referred to collectively. For example, a FLOOR host designation refers collectively to the
FLOOR heat transfer structure surfaces present. If a distribution of fission product mass is required,
it is allocated in this case according to surface area.

The transport of CONTAIN host materials may cause the fission product to change hosts; for
example, aerosol deposition causes a fission product attached to the aerosols to become attached to
the deposition surface (see Section 8.6). A semi-mechanistic model for the washdown of fission
products from structure surfaces to a pool and transport of fission products between pools is
available (see Section 8.7). In addition, host changes may be specified by the user through the
targeted release and acceptance formalism described below.

The transfer of fission products from their specific locations (such as structure, aerosol, and/or lower
cell layer) to other user-specified targets or hosts (such as the upper cell atmosphere gas) can be
simulated in CONTAIN using user-specified transfer rates. This formalism is known as the targeted
release and acceptance model.

In this formalism, the user can specify transfer rates for individual fission products between any
number of host pairs. For a given host pair i,j, the fractional transfer rates per second, r,_;, for a
particular fission product may depend on the host temperature T; or T; according to the following
expressions:

a exp(—b/T i) for T, 2 Ty g
L. = ifa>0 (8-2)
! 0 fOI' Ti < Tthreshold
|a| exp(—b/T j) for T, > Tyoopo
L = ifa<O
0 for Tj < Tyreshord

where a and b are user-specified parameters and Ty, iS @ user-specified threshold temperature that
defines the temperature below which the release rate is set to zero, i is the host specified after the
FROM keyword in the TARGET input block, and j is the host specified after the TO keyword (see
Section 14.3.1.10). Fission products are assumed to transfer at mass rates proportional to the amount
of fission product mass present. For example, the simple case of the transfer between one pair of
hosts at the fractional rate, r,_; per second is represented by the coupled equations:



=r_. m (8-3)

1-j i

dm. dmj
Tdt

where m, represents the fission product mass of the ith host, and m; represents the fission product
mass of the jth host.

For simple coupled equations like those given in Equation (8-3), fission product mass redistributions
are calculated using an analytic solution. The trivial solution, where each host is involved in only
one targeting equation, is given by

—ri_jAts

m,(t+At) = m,(t) e

m(t+A) = m@® + mOfl - e ™)

where At, is the CONTAIN system timestep.

In addition to this trivial case, other cases involving fission product release from one host to more
than one other host can be solved in this direct fashion. Likewise, this solution is applicable to the
case where multiple hosts are releasing the same fission product to a common host. The only
requirement is that no one host is releasing and accepting the same fission product. If the sets I and
J are defined as

I = family of all releasing hosts for a fission product and
J = family of all accepting hosts for a fission product,

then mathematically, I N J = 0 is the requirement for the following decoupled solution to be valid:
s, = E I (sum of all release rates from host i
] to all receiving hosts j)

mft+At) = m(t) e % (foriel)

r,_mi(t) [1 —e's‘Ats]
mit +At) = my(t) + El ] y

(forjeJ)

where j € J means j is a member of (or is contained in) the set J, and the same is true forie L

Certain targeting scenarios are not so simple. They lead to equations that are more highly coupled.
More complex coupled equations are solved by a highly accurate exponential operator method.
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[Lee80] Note that array space for the targeted release model must be provided through the "ntgt"
parameter in the global CONTROL block. The general target problem is written in matrix form as

=Am (8-4)

(=N
&|1

where m is a vector of all fission products on hosts, and A is a matrix of release rates from one host
to another.

The Ash exponential operator method [Lee80, Was83] is used to transmute the A matrix forward
in time (analogous to scalar exponentiation) to give the solution

mt +At) = [eAA‘S] m(t)

This method was chosen over implicit finite difference methods because of its ability to solve the
highly coupled, large system timestep case reliably and within a reasonable computer time. [Was83]
If the equations are decoupled, the direct solution method is used. Otherwise, the coupled matrix
is solved using the operator method.

Targeted release rates are associated either exclusively with fission products or exclusively with the
volatility groups of Table 8-1. The latter are used if the G-TARGET input option is invoked. All
components of the fission product or group (i.e., the fission chain elements and/or individual fission
products) will be transferred at the same specified rate. For example, when a release rate is defined
for radionuclide C in Figure 8-3, the masses of the fission chain elements corresponding to C in
chains 1, 2, and 3 will all be transferred at the same rate. To illustrate the flexibility of the targeted
release formalism when coupled with fission product decay and mechanistic transport models in the
code, consider how iodine and iodine decay products are affected by the release rates given in Table
8-4, which help simulate some of the processes illustrated in Figure 8-4. The decay process involved
is a simplified version of decay process 30 in Figure 8-2: *'I - ¥"Xe - "'Cs.

The hosts involved in this illustrative problem are called GAS (for the upper cell atmosphere),
AEROSOL 1 (for aerosol component 1), INNER STRUC (for the inner surface of a structure), and
LAYER 1 (for a lower cell layer representing core debris), and POOL for an overlying coolant pool.

Figure 8-4 illustrates how the targeted release processes fit into the overall fission product transport
picture. In the example, all the initial mass is assumed to be iodine and hosted to the first lower cell
layer representing core debris, and it is further assumed that a water pool exists above the core debris
layer. Decay processes govern the formation of xenon and, eventually, cesium. Targeted release
processes affect the mass distribution among host materials. Intercell flows transport fission
products hosted to the gas and aerosols to and from other cells in multicell calculations (see Section



Table 8-4
Ilustrative Fission Product Targeted Release Rates

Process | Nuclide From To Rates (s')| Process Represented

1. 1371 LAYER 1 POOL 107! Dissolution
(scrubbing)

2. 18717 LAYER 1 GAS 1073 Vaporization

3. 137 LAYER 1 AEROSOL 1 107! Aerosolization

4. 1371 POOL GAS 10°° Partitioning

5. 1877 POOL AEROSOL 1 10°° Aerosolization

6. B7Xe LAYER 1 GAS 10  |Outgassing

7. BXe AEROSOL 1 GAS 5.0  |Rapid gas escape

8. BXe WALL GAS 5.0 |Rapid gas escape

9. BXe POOL GAS 1.0  |Rapid gas escape

10. BCs LAYER 1 POOL 10" |Dissolution
(scrubbing)

11. BCs LAYER 1 GAS 10  |Vaporization

12. BCs LAYER 1 AEROSOL 1 107! Aerosolization

13. BCs POOL GAS 107 Partitioning

14. BCs POOL AEROSOL 1 1073 Aerosolization

15. BCs GAS AEROSOL 1 107! Adsorption

8.6). Finally, deposition mechanisms cause fission products in aerosol form to deposit on the heat
structures (such as walls).

In the CONTAIN input description, the hosts involved in this illustrative example are called GAS
(for the upper cell atmosphere), AEROSOL 1 (for aerosol component 1), WALL (for the collective
heat structure wall area), LAYER 1 (for a lower cell layer representing core debris), and POOL (for
the overlying water pool).

The processes simulated in this example are listed in Table 8-4. The gaseous iodine and xenon are
assumed to transfer from the core debris to the atmosphere (processes 2 and 6) at the rate of 0.1%
per second. The transfer rate of cesium vapor (process 11) is assumed to be two orders of magnitude
lower at 0.001% per second. The rapid release of iodine and cesium from core debris in the form
of aerosols (processes 3 and 12) is assumed to occur at the rate of 10% per second. Iodine and
cesium can be trapped in the pool (processes 1 and 10) and xenon generated in the pool by decay
processes can be released to the upper cell atmosphere (process 9). Any xenon hosted to the
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Figure 8-4.  Example of Fission Product Redistribution by the Targeted Release and Acceptance
Model for Fission Products Initially in the Lower Cell Fuel Layer. The numbers
correspond to the process numbers in Table 8-4.
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aerosols or to the wall of the structure (as a result of iodine decay) is assumed to be transferred to
the gas at an essentially instantaneous rate of 500% per second (processes 7 and 8). Some iodine and
cesium is assumed to be aerosolized from the pool to the upper cell atmosphere (processes 5 and 14)
at a slow rate of 0.001% per second. Partitioning of iodine and cesium from the pool to the upper
cell atmosphere (processes 4 and 13) is modeled at a rate of 0.001% per second. Finally, cesium
hosted to the gas (as a result of release from the core debris or decay of xenon in the gas) is assumed
to adsorb on the aerosols at the rate of 10% per second (process 15). Because no default values are
provided, the user must specify the fission products, release rates, and hosts involved in this model.

8.5 Fission Product Decay Heating

Fission product heating from the explicit fission product inventories associated with various fission
product hosts is discussed in this section. The types of fission product hosts considered by
CONTAIN are discussed in Section 8.4. In addition to the decay heating associated with the explicit
fission product inventory, an ANSI-standard model to describe the decay power of fission products
implicitly assumed to be present in lower cell layers is also available and discussed in Section 5.7.1.

The fission product heating model calculates the amount of energy deposited in various hosts from
the absorption of beta and gamma radiation and the recoil energy of the decaying radionuclide. A
simplifying assumption is that the energy of the radioactive decay is deposited locally within the host
for the decaying nucleus. Long-range heating effects, such as heating of the atmosphere by gamma
rays originating at a structure surface, are not modeled. The energy associated with the decay of
fission products hosted to the gas and to aerosols is assumed to be deposited in the atmosphere. The
energy associated with the decay of fission products on a heat transfer structure surface is assumed
to heat the first node at the structure surface. The decay energy of the explicitly specified fission
products in a lower cell layer is assumed to be distributed uniformly throughout the layer, with the
following exceptions: in the case of null layers (containing no thermodynamic materials), the decay
heat is assumed to heat the first node below with a finite thermodynamic material mass, including
the CORCON layer; when CORCON is active, the decay heat from explicit fission products assigned
to the CORCON layer is ignored unless the CONTAIN ANSI-standard decay power model is
invoked for that layer; and when CORCON is active, the decay heat from fission products assigned
to the underlying concrete layer is lost from the calculation, since that layer is under the control of
CORCON (see Section 5.7.1).

For fission products representing individual radionuclides, a constant specific decay power in watts
per kilogram may be used in conjunction with the radionuclide inventory to compute the decay
power for a given host. To accommodate the representation of fission product classes, a time-
dependent decay power option is available through the FGPPWR keyword (see Section 14,2.6.1).
Up to four coefficients (a, through a,) may be specified for each fission product class, where the
specific power p’ for that class is taken to be

H

p' = ae Tt ae “a,t (8-5)
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where t is the problem time in seconds and a, and a, are in units of inverse seconds. This functional
form is designed so that the power will match the power of both short-lived radionuclides and long-
lived ones in the class. A coefficient not specified defaults to zero; for example, if only three
coefficients (a,, a,, and a,) are given, a, will be zero. Note that p’ calculated by Equation (8-5)
represents the decay power as a function of the problem time, which is not necessarily the same as
the time after shutdown.

8.6 Iodine Removal Models

This section describes the models used to determine elemental iodine (I,) and methyl iodide (CH,I)
removal by the containment sprays. The initial removal of I, by the containment sprays is
experimentally observed to be a relatively rapid process that slows down abruptly as equilibrium is
approached between competing absorption and desorption mechanisms. [Hil71] No attempt is made
to model the observed late time desorption of iodine with the spray model because the
experimentally observed desorption probably occurs from reservoirs (such as walls) that should be
modeled outside of the spray model itself. Note that additives have been adopted in the spray
systems of pressurized water reactors to enhance the rate and extent of iodine removal. The most
common spray additive is sodium hydroxide.

The depletion rate for the iodine species is defined as the product of an absorption efficiency (that
is, the fractional saturation attained by the drop) and the fraction of the compartment volume swept
by spray per unit time. The efficiency is calculated from the diffusion rate of the iodine species
through both a gas-side and a liquid-side boundary layer at the surface of a droplet. It is assumed
that the drop interior is well mixed and that the drop starts its fall with zero iodine concentration.
The liquid-side boundary layer is based on a stagnant film model, which provides a simple yet
effective way to treat the problem. The user can input a partition coefficient PC; to characterize the
solubility of the iodine species Iin the spray water. This partition coefficient is used to simulate the
effects of spray additives. A value of 5000 is the default for elemental iodine. A good source of
recommended values for this parameter for a wide variety of spray additives is provided in Reference
Gri82. Depletion rates for the organic compound methyl iodide (CH,I) have not been well
established. A partition coefficient for this organic iodide "sppcmi" allows the user to model the
removal rate for such relatively inert species. A value of zero is the default.

The fission products removed by sprays are deposited into the pool of the outflow cell designated
by the user for the SPRAY engineered system. The waste location in that cell will be used in case
a pool location is not available.

The equations used to determine the removal of I, and CH,I have the same form. The differences
are only in the diffusivities of I, and CH,I in steam, air, and liquid water and the partition
coefficients. The diffusivities are defined at the end of this section. Therefore, the equations that
follow will simultaneously refer to either iodine species through use of the subscript I to stand for
either I, or CH;1. To obtain the specific equation for either I, or CH;I will only require the use of the
appropriate (I, or CH,I) parameters.



CONTAIN models iodine removal from the atmosphere by falling spray drops as a first-order rate
process expressed as

dm,

& = -mN, IC, (8-6)

where m, is the mass of iodine in the atmosphere; Ny, is the number of drops per second introduced
into the cell atmosphere and is equal to W/my;,, where W, is the spray mass flow rate, and my, s the
drop mass; and ICj,, is the final iodine mass in one drop divided by the total jodine mass in the
atmosphere.

Note that the iodine removal could be excessive if explicitly calculated and if the cell timesteps were
large. Therefore, the removal is limited as follows. Equation (8-6) is integrated over the cell
timestep At, to produce the following expression for F;, the ratio of iodine mass removed to the total
mass of iodine in the atmosphere:

Am
F, = m‘ =1 - exp (~m, Np, ICq, At (8-7)
1

The IC,,,, used above is the final value for the iodine mass in the drop per unit mass in the
atmosphere after the drop has fallen through the atmosphere, provided the drops are assumed to
initiate their fall with zero iodine mass. The final value for IC is determined by numerical
integration over N fall-time increments At. The values for At are initially taken to be 1/10th of the
spray fall time H/v,, where H is the fall height and v, is the terminal velocity.

At the end of the ith increment in the cell, the iodine mass ratio in the drop to that in the atmosphere
is defined to be IC,, and the IC; are determined from the balance of the mass transfer from the gas
phase to the drop surface and the mass transfer from the drop surface to the spray drop interior.
Within an implicit method, the balance gives

PCI ICi+1
IC,,, = IC, + S, At| —! - (8-8)
A% \ZS
which is solved to give
) IC, VoV + S, PC, V At 89)

i+l
V,V + SAtV
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where Vj, is the drop volume, which can change because of condensation or evaporation of water
as the drop falls; V is the atmosphere volume; and S, is obtained from the mass balance equations
and is expressed as

7D 2%k, k
= 0,1g,1 (8-10)
PC k,; + kg.l

where k,; is the mass transfer coefficient in the spray drop for either I, or CH,I as given below; and
k,, is the mass transfer coefficient in the gas phase for either I, or CH,I as given below.

The gas-phase mass transfer coefficients, based on mass density difference, are obtained from

DI. 172 173
k= =2 (2 + 06 N NP (8-11)

where Dy, is the diffusivity of the iodine species I in a steam-air mixture, which is defined below;
D is the drop diameter; Ngg = v, D p,/u,, where v, is the terminal velocity and p, is the atmosphere
viscosity; and Ngc = p/(paD,,), here p, is the atmosphere density.

The diffusivity of iodine in a steam-air mixture used in Equation (8-11) is

Yy, (1-Y)|"
D D

+
ILa

Sa

(8-12)

Ls

where Y, equals P,/P, (P, is the partial pressure of the water vapor in the atmosphere, and P, is the
atmosphere pressure); D, is the diffusivity in a steam atmosphere at temperature T and pressure P
for either I, or CH,I; and Dy, is the diffusivity in air at temperature T and pressure P for either I, or
CH,l. These diffusivities (in SI units) are given by

b . _ 32801 x 107" (8-13)
R.s
P(O.7075 N 454-72)
5 43306 x 10T (8-14)

MLs
P( 0.7075 + i‘7—51)
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2.064 x 1074113 (8-15)

141.73)

P( 0.7075 +

2.6731 x 1074T 1S (8-16)

148.27

D

Mla
P( 0.7075 +

N

where 12 stands for I, and MI stands for CH,1L.

The liquid phase mass transfer coefficients, based on mass density difference, are now given. For
iodine,

c 6.9757Dy, , 8.17)
2,0 D (8-
where the diffusivity of I, in liquid is given by
3.906 x 1071'T,
Do = (8-18)

H,

Here, T}, is the drop temperature, and p, is the water viscosity at T,. For CH,l, the mass transfer
coefficient is defined as

k

wpe = 1.0801 kyy , ' (8-19)

8.7 User-Specified Fission Product Sources

Fission product mass sources are specified at the cell level under the FISSION keyword, which must
be immediately followed by the keyword SOURCE. For sources of fission products, the general
format for source tables is used. However, because fission products are assumed to have negligible
specific heat, a temperature or enthalpy should not be specified for fission products. The specific
format of fission product source tables is discussed in Section 14.3.1.9.

The linear chain decomposition of decay processes, as discussed in Section 8.3, may result in more
than one occurrence of the same radionuclide within the set of linear chains. The distribution of
source table mass for a given fission product among the occurrences is determined by the inventory
factors associated with that fission product, unless a specific chain is requested.  Note that the
inventory factors for any radionuclide loaded from the fission product library are automatically
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supplied by the library. Such inventory factors should in general be specified, along with any user-
specified linear chains, when a radionuclide appears more than once in the set of user-specified
chains. For upward compatibility, the source table mass may also be directed to a specific chain.
In a table with a specified chain number, all of the mass in placed in the specified chain.

Fission product mass specified through a source table is placed on the host specified through the
HOST keyword. This keyword must be followed by a valid host number. Host number 1 is the
atmosphere gas, and hosts number 2 to 1 + "nac" represent the "nac" aerosol component hosts. After
1 + "nac," there are two hosts for each cell structure (the inner surface host followed by outer surface
host for each structure). These are followed by one host for each lower cell layer (beginning at the
bottom), then the stationary atmosphere interface host, if a lower cell is specified. Finally, the last
two hosts are the DUMMY host and the WASTE host (as discussed in Section 8.4). Since large host
numbers are not uncommon in cells with multiple structures, extreme care should be taken in
specifying host numbers for fission product sources on nonairborne hosts. Input files with
nonairborne fission product sources written for versions prior to CONTAIN 1.1 should also be
closely checked since host numbers greater than 1 + "nac" have different meanings prior to and after
CONTAIN 1.1. If a host is not specified, the host by default will be the atmosphere gas (the first
host).

Note that the effects of decay, if any, on the masses specified in a source table are not modeled until
the mass is introduced into the cell. It is the user’s responsibility to provide source tables that reflect
the radionuclide distribution at the time of introduction into the cell.

8.8 Fission Product Transport

This section discusses fission product transport processes that occur in conjunction with gas
convection, aerosol deposition, or flow of liquid coolant. With the exceptions of the targeted release
and acceptance model, discussed in Section 8.4, and the iodine depletion model for water sprays,
discussed in Section 8.6, fission product transport models are based on the movement of the hosts
to which the fission products are attached. Fission products attached to the gas host in a given cell
are transferred with zero slip with intercell gas flow, as discussed in Section 8.8.1. Also, fission
products hosted to an aerosol component are transferred according to the transport of that component
in deposition or depletion processes, as discussed in Section 7.8. The transport of fission products
with liquid coolant is discussed in Section 8.8.2.

8.8.1 Gas Phase Transport of Fission Products

The fission products attached to the gas host in a cell are transported with the gas without slip or
depletion. The governing equation for the change in mass m;, of the kth fission product species
attached to the gas host in cell i as a result of gas flow is therefore

dm

fik
dt

m u.
=) [Wﬁ £ *] (8-20)

flow Ji mu



where the sum extends over all gas flow paths connected from cell j to i and includes the suppression
pool vent path, if connected; u denotes the upstream or donor cell; Wji denotes the gas flow rate; and
m, denotes the gas mass in the upstream cell. Note that this equation does not allow for the presence
of debris fields. As discussed in Chapter 6, when debris fields are present, the definition of W;; must
be generalized.

8.8.2 Liquid Transport of Fission Products

The transport of fission products in the runoff of coolant films from structures or in pool-to-pool
coolant flow may be modeled parametrically through transport efficiency factors, as discussed below.
The materials transported in liquid pathways between repositories of coolant liquid are restricted to
the coolant and to fission products carried by the coolant. Although materials such as deposited
noncoolant aerosols are not transported, the fission products attached to deposited aerosols are
reassigned to the repository to which the deposited aerosols are assigned. These fission products
may then be transported. The transport of fission products previously associated with the deposited
aerosols allows the user to assess the radiological inventories and the decay heating resulting from
such transport. In situations in which the destination for such transport is not defined, such as in
condensate film runoff directed to a cell (by the OVERFLOW keyword) without a pool, the fission
products are assigned to the WASTE host of the destination cell. (The coolant, in addition, is
tracked in the WASTE mass and energy accounting location in that cell.)

The transport of fission products in liquid pathways occurs in two instances. Fission products
present on structure surfaces as the result of aerosol deposition and other mechanisms may be
transported with the condensate film draining between and from the surfaces. Note that the
formation of such a film, transfers between surfaces, and its runoff is controlled by the heat transfer
structures input, discussed in Section 14.3.1.3, and the cell-level CONDENSE input, as discussed
in Section 14.3.1.4. Fission products deposited in coolant pools may also be transported along with
the coolant in the flow between pools, provided the flow is modeled through an engineered system
liquid transport component, such as a PIPE, or through a pool flow path. Note that fission products
on structure surfaces may also enter a pool when structures with previously deposited fission
products are flooded by the pool. In such cases, the fission products allocated to the flooded surface
area are transferred to the pool.

The optional FPLIQUID input block is used (see Section 14.2.6.2) to specify the "fpliq" transport
efficiency factors that determine the transfer rate of fission products relative to the transfer rate of
coolant. Only those fission products assigned a non-zero value of "fpliq" in the FPLIQUID input
will be transferred with the film runoff and the coolant flow between pools. The transport efficiency
factor for a fission product is defined as the ratio of the fraction of the fission product transferred
from a repository, to the fraction of liquid transferred from that repository. Thus an efficiency factor
of 1 will transport a fission product as if it is well-mixed with the coolant. The "fpliq" transport
efficiency factors are assigned by fission product name and apply to all liquid pathway transfers of
that fission product, except those resulting from flooding of structures, in which case all of the
fission products associated with the flooded surface area are transferred.
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The governing equation for the change in mass my;, of the kth fission product species attached to
the pool host in cell i as a result of pool flow is

dm

pfik

dt

f

lig.k (8-21)

flow i mpu

-y [w.. DBtk

n
where the sum extends over pool flow paths connected between cells j and i, u denotes the upstream
pool, m,,, denotes the upstream pool mass, and f;,, 0 < fl,;, < 1, denotes the value of "fpliq"
assigned to the fission product in the FPLIQUID input. A similar relation holds for fission products
transported with condensate film runoff.
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9.0 COMBUSTION MODELS

The CONTAIN code contains three combustion models: a deflagration model, a diffusion flame
burning (DFB) model, and a bulk spontaneous recombination (BSR) model. Except for the BSR
model, combustion models were imported from the HECTR code [Din86] and modified to
accommodate the structural differences between the two codes. The deflagration model is activated
by specifying the H-BURN input block; the DFB and BSR models are activated through the
CONTBURN input subblock. Although default values for the parameters controlling each of the
models are given for convenience, the user must ensure that these are appropriate values for the
particular analysis or must supply different values. The deflagration model includes default values
for ignition thresholds, inerting thresholds, flame speed, combustion completeness, and
intercompartment burn propagation. The DFB model has default values for the ignition criteria for
the diffusion flame. The BSR model has default values giving zero recombination rate for this form
of combustion. Ignition criteria for the various types of burns are given in Table 14-1.

The assumptions that apply to the CONTAIN burn models include the following:

»  Deflagration burns are assumed to occur with premixed conditions in a single confined
volume like those for the tests used in Reference Won88 to obtain the correlations for
flame speed and burn completeness; see also Reference Pon90. Note that the burn
completeness equations given in Section 9.1.3 have been revised to avoid a problem with
the expressions in Reference Won88 related to the fact that an increase in steam
concentration (by replacing air with steam) results in an increase in the bum
completeness, which is contrary to what would be expected.

e Deflagration bumns are assumed to occur as they did for the temperature and pressure
conditions that existed for the deflagration tests used in Reference Won88 to obtain the
correlations for flame speed and burn completeness. Although the range of validity of
the observed behavior was not specifically given in Reference Won88, the data typically
were obtained at 1 atm pressure and between 20°C and 100°C temperature. There are
no internal checks in CONTAIN on the conditions to see whether they are within the
range of applicability.

e CONTAIN is limited to modeling only low-speed combustion: it does not model
accelerated flames and detonation. It has been shown experimentally that mixtures that
normally would burn relatively benignly in a single volume can accelerate in a
multicompartment geometry. For example in the Battelle-Frankfurt Model Containment,
hydrogen-air mixtures with approximately 10% hydrogen burned in the first volume with
a flame velocity of 10 to 20 m/s but accelerated to over 300 m/s in subsequent volumes
because of the turbulence generated at the junctions. These modes of combustion can
generate impulsive type loads. Under these circumstances, CONTAIN’s prediction of
the loads, to which the containment will be subjected, may be nonconservative.
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« DFB is assumed to occur whenever ignition criteria are satisfied without the possibility
of the burning flame being extinguished because of flashback or blowout. Flashback
occurs when a flame is swallowed into the combustible gas source. Blowout is the
opposite occurrence, when the flame front moves away so rapidly that it is extinguished.
Burning is assumed to stop whenever ignition criteria are not satisfied.

e The cell gas volume for deflagration burning is assumed to be well mixed with no
accounting for variation of concentrations such as may be present ahead of and behind
the flame front.

e  The incoming flow for DFB is assumed to come from a source that is well mixed. The
single source may be the sum of several smaller sources.

e The condition for applicability of the low turbulence model given in Reference Won88
1s the absence of fans or sprays. This criterion may not always be sufficient, because
there could be other sources of turbulence, such as blowdown jets and natural
circulation. Consideration should be given to the performance of a sensitivity study to
investigate the importance of the turbulence level. Note that in CONTAIN the low
turbulence model is always used except when containment sprays are active. In contrast
to the recommendation in Reference Won88, the effect of fan coolers on turbulence is
not taken into account.

Section 9.1 describes the deflagration model. Specifically, Section 9.1.1 describes the correlations
used to determine whether a deflagration will occur by ignition or propagation from another burning
region. Section 9.1.2 gives the equations used to calculate the hydrogen and carbon monoxide
deflagration flame speed and corresponding total burn time, Aty given the initial molar
concentrations. Section 9.1.3 gives the equations to calculate the combustion completeness of a
burn. Section 9.1.4 describes the burn rate equations and the explicit cell mass changes, m,,
resulting from the burn. Sections 9.2 and 9.3 describe the DFB model and the BSR model,
respectively. Key elements of combustion models are illustrated in Figure 9-1.

9.1 Deflagrations

The treatment of hydrogen and carbon monoxide deflagration is derived from correlations developed
by Wong [Won88] for Version 1.8 of the HECTR code. [Din86, Pon90] The deflagration model,
activated with the H-BURN keyword as described in Section 14.3.1.7, initiates a deflagration when
threshold conditions are satisfied and either the time is within the burn window, during which
igniters or an equivalent ignition source are assumed present, or DFBs are modeled and the
temperature condition for autoignition of a DFB is satisfied. The user may define the burn window
by specifying "tactiv" and "tdeact" in the H-BURN input block. The bumn continues for a time
("burnt") that is based on either an internally calculated or a user-specified flame speed ("flam"), and
the burn can propagate to adjacent cells if conditions are favorable.
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The chemical reactions that occur during a deflagration are
2H, + O, - 2H,0 + qy,

2CO + O, = 2CO, + q¢,

9.1.1 Deflagration Ignition and Propagation Criteria

The ignition and propagation criteria used in CONTAIN are described in this subsection. The flame
speed correlation is described in Section 9.1.2.

The molar concentrations required for igniting a mixture containing more than one combustible gas
are related to the concentration required for a mixture with a single combustible gas through
Le Chatelier’s formula. That formula gives an effective combustible gas mole fraction X, defined
in terms of the mole fractions of hydrogen (X;,) and of carbon monoxide (Xc):

X, = Xy, + FXgo 2 X 9-1)

where F is an empirical parameter that accounts for the presence of both hydrogen and carbon
monoxide and X™ is the threshold (or critical) mole fraction for ignition. Values for F in Equation
(9-2) are derived from empirical values of the threshold for the two limiting cases in which only H,
or only CO is present. Values of X.™ and the associated values of F for ignition, and for downward,

upward, and horizontal propagation are given in Table 9-1.

The molar concentration X, of oxygen and effective molar concentration X, of diluents must also
satisfy
crit

X0z 2 Xo2

Xy = Xppo + Xeop + 0.79AX

(9-2)
e < Xg B
where' AX,, is equal to max(Xy, - 3.774 X,,, 0). Table 9-1 also gives the threshold mole fraction
of oxygen Xg, for ignition and the threshold X ™ for inerting.

For the default values in Table 9-1, a burn is initiated if the effective combustible mole fraction is
2 7%, the oxygen mole fraction is > 5%, and the diluent mole fraction is < 55%, The basis for the
combustible gas concentration to be above 7% by volume is the data in Reference Low82. The
default values for the diluent and oxygen are consistent with the data of Tamm, McFarlane, and Liu
[Tam85] and Tamm, Ungurian, and Kumar. [Tam87] Ignition was observed in hydrogen-air-steam

'M. P. Sherman, Sandia National Laboratories, Albuquerque, NM, letter to R. F. Beyer, Bettis Atomic Power
Laboratory with subject, "Improved Inerting Criteria for Vitiated Air," September 7, 1990.
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Table 9-1
Default Ignition and Propagation Limits

Limits F X Xo | X
Ignition 0.541 2 0.07 > 0.05 <0.55
Upward propagation 0.328 2 0.041 > 0.05 < 0.55
Horizontal propagation 0.435 > 0.06 2 0.05 < 0.55
Downward propaigation 0.600 > 0.09 > 0.05 < 0.55

mixtures with up to 55% steam [Tam85] and as little as 5% oxygen [Tam87] using hot-surface
ignition devices. The propagation default values were obtained from Coward and Jones, [Cow52]
who listed 4.1%, 6.0%, and 9.0% hydrogen for the upward, horizontal, and downward propagation
limits, respectively. Coward and Jones also listed the upward, horizontal, and downward
propagation limits for carbon monoxide as 12.5%, 13.5%, and 15.0%, respectively, Using these
values for carbon monoxide limits, values of F of 0.328, 0.435, and 0.600 are obtained, respectively,
when LeChatelier’s formula for mixture limits is used. Dingman et al. [Din86] state that the
predicted upward propagation lower flammability limit for hydrogen-carbon-monoxide-air mixtures
agrees with experimental results to within 0.4%. The oxygen threshold criteria for propagation is
consistent with the data in References Kum85 and Her83. Kumar’s data [Kum85] show that
hydrogen-rich mixtures are flammable as long as the oxygen concentration is greater than 5% while
Hertzberg and Cashdollar’s data [Her83] indicate the value should be around 4.6%. The inerting
diluent concentration of 55% is approximately in the middle of a range of experimentally obtained
values that will be discussed later.

Note that the default burn parameters are based on experiments performed with ignition sources. As
a result, the user must employ judgment regarding a burn without continuous ignition sources
because, for example, higher concentrations might exist before accidental ignition. For example, the
7% threshold cannot be applied universally to all circumstances involving the ignition of hydrogen
mixtures. It appears reasonable to assume that when igniters are present combustion occurs near the
igniter when a concentration of approximately 5% hydrogen is reached. For instance, a value
between 4.5% and 5.5% hydrogen was obtained for hydrogen-air-steam premixtures in the presence
of igniters [Tam85] and in continuous injection tests in which ignition [She87] or re-ignition
[Tam88] occurred when background hydrogen concentrations exceeded approximately 4.5%. The
same limits should also be appropriate for pilot ignition (for example, from a diffusion flame) of a
premixture. Even though the igniters initiate a deflagration at approximately 5% hydrogen
concentration near the igniter, this local concentration may differ considerably from the uniform
concentration of combustible gas used by CONTAIN to compare to the ignition threshold.
Therefore, the appropriate ignition threshold value to use may be sensitive to igniter location, the
location and rate of gas release, and the time in the accident sequence. Similar points can be made
when no deliberate ignition source exists. For example, in the TMI-2 event, it was estimated that
the hydrogen concentration was 7.9% before ignition occurred. [Hen87] Because accidental ignition
is a stochastic process, it seems reasonable that even larger concentrations of hydrogen could build

Rev 0 9-5 6/30/97



up before ignition occurs. For example, the energy and power of the ignition source can determine
what mixture compositions can be ignited. If the accidental ignition sources are weak, then higher
concentrations of hydrogen may be required before ignition occurs. To provide an adequate
assessment, a parametric study of the ignition criteria should be performed.

For sensitivity studies, the various concentration thresholds can be changed through input to the
code, as described in Section 14.3.1.7. Note that the concentration thresholds specified for
propagation apply to the adjacent cells, not the cell in which the burn originates. A range of values
has been obtained for the concentrations of combustible gas and oxygen at the flammability limits
although the range does not appear to be very large. A range between 4.1% [Cow52] and 5%
[Hus88] hydrogen for the upward propagation lower flammability limit and between 8% [Her83] and
9.4% [Sha57] hydrogen for the downward propagation direction has been reported. Carbon
monoxide values range from 12.5% [Cow52] to 15% [Hus88] for the downward propagation lower
flammability limits. As mentioned earlier, the range is between 4.6% [Her83] and 5% [Kum85] for
oxygen concentration thresholds. Relative to the range of combustible gas and oxygen
concentrations at the flammability limit, the inerting value of the diluent can have a significant
spread. For example, at approximately the same initial thermodynamic state the inerting
concentration of steam in a hydrogen-air mixture varies from approximately 49% [Sha57] to 63%.
[Kum85] This compares to the 55% value that is used in the CONTAIN default values. Kumar
[Kum85] and Yeaw and Shnidman [Yea38] report that approximately 71% excess nitrogen inerts
a hydrogen-air mixture while DeSoete [DeS75] and Coward and Jones [Cow52] report
approximately 72% and 74% excess nitrogen, respectively. According to Equation (9-2), if no steam
or carbon dioxide is present, approximately 70% excess nitrogen is required to inert a hydrogen-air
mixture. This value is obtained from the equation AXy, = 0.55/0.79 and is in reasonable agreement
with the experimentally obtained values. Coward and Jones [Cow52] report an inerting
concentration of carbon dioxide between 56% and 60% while the results of Benedick et al. [Ben84]
indicate the inerting value to be between 52% and 54% carbon dioxide in hydrogen-air mixtures.
Yeaw and Shnidman [Yea38] report a value of 56.5% carbon dioxide. Inerting concentrations of
carbon dioxide in fuel-air mixtures were obtained at ambient temperatures in contrast to steam-
inerting concentrations, which were generally obtained at 100°C. Inerting concentrations of 52%
[Cow52] and 41% [Yea38] carbon dioxide in carbon monoxide-air mixtures were reported. Yeaw
and Shnidman [Yea38] also reported that carbon monoxide-air mixtures were inerted with 57.5%
nitrogen and 53.1% steam. The practice of using a common default value in CONTAIN for the
inerting concentration of steam, carbon dioxide, and nitrogen assumes that one diluent is a good
simulant for another. This practice is acceptable if the uncertainty in the inerting concentration of
each diluent is not significant relative to a specific calculation.

The H-BURN input block must be specified for a cell in which hydrogen and carbon monoxide burns
are to be considered (see Section 14.3.1.7). Besides the parameters specified in Table 9-1, a number
of other parameters controlling the burn can be specified by the user in the H-BURN input. The cell
burn time "burnt” can be specified by the user or, alternatively, is internally calculated; in the latter
calculation, a cell characteristic length "chrl” is divided by the flame speed. The default for "chrl"
is calculated by taking the cube root of the initial gas volume. The flame speed "flam" can be
specified by the user or, alternatively, is internally calculated; that calculation uses an experimentally
derived correlation that depends on initial combustible gas, oxygen, and steam concentrations. The



fraction of initial combustible "cfrmng" left following a burn can be specified by the user or,
alternatively, is internally calculated from a correlation based on the initial concentration as
described in Section 9.1.3. The final combustible concentration may never be reached if the burn
is oxygen-limited. By default, a burn is considered to be oxygen-limited when the oxygen mole
fraction falls below a value "mormng," which by default is 0.0005 in CONTAIN 2.0 and 0.005 in
prior code versions. The amount of hydrogen and carbon monoxide burned in each timestep is based
on the remaining concentrations, the final combustible gas concentration desired, and the remaining
burn time.

In most situations, the user should allow the code to calculate the values of "burnt," "flam," and
"cfrmng." The user should have a knowledge of the correlations used and reasons for overriding
them before specifying alternative values. When these values are calculated, they are calculated for
each burn based on the conditions existing at the start of the burn. When specified, they are held
constant throughout the run. Note that the lack of alteration to the flame speed or burn time during
the course of a burn could result in errors if significant amounts of gases, including combustible
gases, are introduced during a burn.

Note that by default the oxygen and diluent limits are the same for ignition and propagation from any
of the directions listed. The code does allow each of these default limits to be overridden by user-
specified values. A fixed burn time can also be specified by the user to override the burn time that
is normally calculated from the flame speed as described in Section 9.1.2.

It is possible for a burn to propagate from one cell to an adjacent cell if (1) a connecting gas flow
path is present, (2) either the gas flow is into the adjacent cell or the flame velocity exceeds the
absolute value of the gas flow velocity, and (3) the combustible gas, oxygen, and water vapor
concentrations in the adjacent cell allow propagation. However, propagation through a submerged
boiling water reactor suppression pool vent or any submerged gas flow path is not allowed. The
interconnections between the cells should be defined in the ENGVENT input block as described in
Section 14.2.4.2. The criteria in Table 9-1 for the propagation of a burn to another cell depend on
whether that cell is located above, alongside, or below the originating cell. The relative locations
of the cells are specified through the cell elevation variable "elev," which has a default value of zero.
These elevations, given in the H-BURN input block, should not be confused with other cell
evaluations that govern flows. For horizontal propagation to occur between two cells, their
elevations must be identical. If the elevation of cell i is greater than that of cell j, propagation from
cell j to cell i is upward, and propagation from cell i to cell j is downward. The time delay factor
"kprop," which must have a value between zero and one, delays the propagation of a burn to an
adjoining cell by a fraction of the total burn time in the cell from which the burn propagates. The
default time delay factor is 0.5. Because the propagation criteria have not been thoroughly verified,
the performance of sensitivity studies to determine the importance of the propagation should be
considered. The ability to propagate a burn into an adjacent compartment, and the total time for a
burn sequence in a containment are sensitive to this parameter. Because CONTAIN is a lumped
parameter code, burned and unburned gases are mixed uniformly at each timestep in the
compartment where the burn takes place. These gases flow into the adjacent compartments. If the
time delay factor is too large, mixtures in the adjacent compartments may be rendered nonflammable
because of the nonphysical introduction of burned gases and the burn may not propagate. If the time
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delay factor is too small, the total burn time may be too short and the peak containment pressure and
temperature may be over-predicted.

Figure 9-2 illustrates the burn propagation model. A flame that starts in cell 1 can propagate to cell
2 if the proper conditions exist in cell 2. The characteristic length of the cell "chrl" in the flame
direction in this illustration is X. As the cells are drawn, it will take half the total burn time in cell
1 for the flame to reach the passageway to cell 2, which corresponds to the default time delay factor
"kprop" value of 0.5. In the event of a relatively long passageway, the passage length could also be
taken into account by increasing the value of "kprop." If there is more than one downstream cell,
an average value of "kprop" should be used. When different cell geometries or elevations are
specified, the time for propagation to adjacent cells may be greater or less than half the burn time.
This fact is not accounted for in the modeling, although the default delay factor may be overridden
by a user-specified value.

When conditions for a burn are satisfied, the burn does not start immediately but is delayed until the
start of the next system timestep. (This could cause larger burns than warranted if the system
timestep is very large.) That system timestep and those that follow are set to the minimum of all of
the timesteps calculated internally for cells in which burns are in progress or have just finished. The
internal timestep for a cell by default is set to one-tenth of the burn time for a period corresponding
to twice the burn time. Burns within a given cell cannot be reinitiated until twice the burn time has
elapsed following ignition in that cell. The user may adjust the timestep during the burn through the
TSFRAC keyword and set the edit frequency through the EDMULT keyword in the TIMES input
block (see Section 14.2.8). A message indicating that a burn has started is written to the event
summary file TAPE21 at the time a burn starts.

9.1.2 Flame Speed and Burn Time

The CONTAIN default treatment of deflagration flame speeds is to use flame speed correlations
derived from hydrogen-air-steam experimental data. These correlations are given in Reference
Won88. The basis for these correlations comes from VGES, [Ben84] FITS, [Mar86] and NTS
[Rat85, Tho88a, Tho88b] data. No equations are given for DFB or BSR because these are simple
recombination equations.

All deflagrations are assumed to occur over a discrete period of time, denoted here as the burn time
Aty > following ignition or propagation into a cell. The duration of each newly ignited deflagration
is based by default on an experimentally derived flame speed correlation that depends on initial
concentrations of combustible gas, oxygen, and inerting gases. The flame speed may also be
specified by the user as "flam" in the H-BURN input block to override the calculated value. The user
may also override the burn time modeling altogether by providing a user-specified discrete burn time
("burnt"). If the burn parameters are calculated by the code, they are calculated for each burn based
on the conditions existing at the start of the burn. Note that the flame speed and burn time are not
allowed to vary over the course of any one burn. When the burn parameters are user-specified, they
are held constant throughout the calculation and apply to each deflagration that occurs. The
remainder of this section describes the correlations that are used by default to calculate the flame
speed and total burn time.

Dav N n o V- ieTaY 2% ]



Planar Flame Front

[

Possible
Additional
Flame Front

v

>

s
A
J Flame A
L
> X/2
X Y
Y
Cell 1

Figure 9-2. Flame Propagation Diagram

Cell 2

£rnnion



The deflagration model assumes that the flame travels a characteristic distance in the compartment
along a plane wave front at speed v;. The total burn time At,, ., for a given compartment is therefore
calculated by dividing the characteristic burn length L by the flame speed

A =L (9-3)
Vv

bn,tot
f

Normally the model assumes that the characteristic burn length is equal to the characteristic cell
length, which by default is taken to be the cube root of the initial gas volume. The user is allowed
to override this default value and specify a characteristic burn length ("chrl") that is more appropriate
for the specific geometry of the cell. For example, if a cell is much taller than it is wide, a longer
burn length than the cube root of the volume may be appropriate. Note that in the following,
containment sprays are assumed to affect the turbulence level and thus the flame speed, whereas
Reference Won88 assumes that fans along with sprays have this effect.

The flame speed correlations discussed in this section and the combustion completeness correlations
discussed in the next section were developed from hydrogen-air-steam data. In some scenarios,
carbon monoxide may also be produced. To compensate for the lack of flame speed and combustion
correlations for carbon monoxide equivalent to those for hydrogen, an approximate method to
account for the carbon monoxide is used. This method uses an effective combustible mole fraction
X, as defined in Equation (9-1), where an F equal to 0.541, the ignition value, is used for the flame
speed and combustion completeness correlations. Note that this value of F is only based on an
analogy with the ignition criteria for mixtures including carbon monoxide, not on actual
experimental data for flame speed and combustion completeness for such mixtures. If large
concentrations of carbon monoxide are present, user-specified values may be more appropriate.

The steam correction factor developed in Wong’s NTS report [Won88] for the flame speed and
combustion completeness correlations has been modified to include the dilution effects of nitrogen
and carbon dioxide. The diluent mole fraction X, is given by Equation (9-2).

The correlations for flame speed consist of two factors. The first factor is a function of the
combustible concentration in dry air, X_ 4, Which is the concentration one would have if all diluent
were to be removed:

X

X = c (9-4)
ey - X0 “Xeoz ~AXy

The second factor is a diluent correction factor that takes into account the retarding effect of the
diluent gases. The equations controlling flame speed are

(1) For 0% < X, 4y < 10%:

™o, N N 1N Pl o ¥a¥/ ot



With sprays on,
v = L1%(59.65 X, - 1.248) exp[X fa+b X,
where a=-4.877 and b = -3.008.
With sprays off,
vp = L3(23.70 X, - 0.862) exp[Xfa+b X,
(2) For 10% < X, 4y < 18%:
With sprays on,
vp = L1A(2074 X2, - 34723 X, + 18.700) expX fa+b X,
where a=-4.877 and b = -3.008.
With sprays off,
v, = L13(1724 X2, - 26728 X, + 10.996) expX a+b X ]
(3) For 18% < X_ 4y < 25%:
Use linear interpolation between (2) and (4) with sprays on or off.
(4) For 25% < X, 4y < 35%:
With sprays on or off,
v, = L13(289.73 X, - 33.769) exp[X fa+b X,
where a=-0.641 and b=-18.38.
(5) For 35% < X, 4y < 45%:
Use linear interpolation between (4) and (6) with sprays on or off.

(6) For 45% < X, 4y < 72%:

cdry =
With sprays on or off,
v = L13(145.07 - 199.62 X 4) exp[Xfa+b X,

where a=-17.279 and b = 18.07.

PDoee N 0.11

(9-5)

(9-6)

-7

(9-8)

(9-9)
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The above correlations assume only two levels of turbulence. It is reasonable to expect, however,
that the flame speed will increase with increasing turbulence up to the flame-quenching level,
Turbulence can be generated not only by sprays, but also through forced convection. Gido and
Koestel [Gid84] discuss how turbulence can be estimated and show how the turbulence affects the
flame speed.

There is significant scatter in some of the data used to generate the correlations. In addition to the
scatter, data are often sparse, especially at high steam concentrations, contributing to uncertainty in
the results of the correlations. This can be particularly important in scenarios in which inert mixtures
are rendered flammable as a result of steam condensation on heat sinks. Other cases occur when
large quantities of steam are released into the containment prior to the release of hydrogen. Wong
[Won88] recommends a parametric study be performed when using the flame speed correlations.

9.1.3 Combustion Completeness

The CONTAIN default values for combustion completeness were obtained from correlations derived
from experimental data. The basis for these correlations comes from VGES, [Ben84] FITS, [Mar86]
NTS, [Rat85, Tho88a, Tho88b] Whiteshell, [Kum84] and ACUREX [Tor83] data.

The completeness correlation used in CONTAIN 2.0 is
Combustion Completeness = max (min(C,X, - C,, 1), 0) (9-10)

where
C, =24.91, C, = 1.070 with sprays off, and
C, =25.42, C, = 0.925 with sprays on.

The values of the constants were derived by fitting to the data given in Figures 2.3 through 2.6 of
Reference Won88. This correlation gives a combustion completeness independent of steam mole
fraction provided the hydrogen mole fraction is held constant, which is consistent with the data used
to derive the correlation. However, the maximum steam mole fraction in these data was 40%. It
would be expected that the burn completeness would be reduced at still higher steam concentrations.
However, the CONTAIN correlation does not capture this effect. Note also that in CONTAIN 1.2
and some previous versions a different correlation, which is given on page 19 of Reference Won88,
was used. However, that correlation was found to predict that burn completeness can increase with
increasing steam mole fraction under some conditions. This is considered to be unrealistic; hence
that correlation has been abandoned.

Reference Won88 points out that (a) the size of the test volume had minimal effect on the
deflagration burn completeness, (b) the size of the test volume had somewhat more of an effect on
the deflagration flame speed, and (c) more data are needed to understand these effects. Also,
Reference Pon90 notes that the correlations in this section are applicable to a complete enclosure that
is modeled with one cell. The enclosure should not be divided into multiple cells without checking
on the possible artifacts introduced by such a nodalization. Such artifacts include spurious dilution
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of the gas ahead of the flame front by burned gases, as a result of the well-mixed assumption used
by the intercell flow model.

9.1.4 Burn Rate

This subsection describes how the deflagration burn time is applied to determine the burn rate and
the masses consumed. The total burn time is defined in Equation (9-3).

The basic approach taken to determine the burn rate is to estimate the number of moles of
combustibles and oxygen available to burn over the remainder of the burn time. The number of
moles available to participate in the burn is determined from the number of moles present at a given
point during the burn and by the mole fraction of combustibles or oxygen that must remain at the end
of the burn. The burning rate is then set assuming a steady depletion rate of the most limiting
constituent over the remaining burning time.

The actual processing of the deflagration always begins at the start of a system timestep. Thus, if
one of the ignition criteria described in Section 9.1.1 is met, the cell mixture will begin to burn at
the start of the next system timestep. At the start of the deflagration, the model determines the
minimum mole fraction of combustibles that can remain at the end of the burn. This minimum
unburned mole fraction is defined as Xy, ¢, for hydrogen and X 5,y fOr carbon monoxide. They
satisfy the relations:

Xitp final = X¢ X, initial (9-11)

Xco.fmat = Xt Xco.initia (9-12)
where

X, = 1.0 - min(max (Combustion Completeness, 0), 0.995) (9-13)

Note X, is the fraction of the combustible gas initially present that does not burn,

The Xy iniva parameter is the mole fraction of hydrogen at the start of the burn. The X mia
parameter is the mole fraction of carbon monoxide gas at the start of the burn. Note that these values
may give a combustible concentration differing from the ignition threshold value because of the
delay in initiating the burn.

The chemical reaction rate is adjusted each burn timestep to account for intercompartment flows and
source injection, so that the burn finishes at the predetermined time with the predicted final mole
fraction of combustible gases. Consumption or production of combustible gases and oxygen by other
phenomenological processes are also accounted for in this adjustment. Note that intercompartment
flow adjustments are only made at the end of the system timestep; however, the burn model
automatically reduces the system timestep to force problem stability and to force flow adjustments
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to occur in the burn model at a reasonable frequency. This interaction between the intercell flow
model and the burn model should not be confused with the capability to represent long continuous
burns over periods of changing conditions within the containment. The CONTAIN model treats
each deflagration as a discrete event, and the burn time of that event is fixed once the deflagration
is calculated to occur.

The burn rate of combustible gas is calculated by estimating the number of moles of combustible gas
that will remain at the end of the burn, and adjusting the burn rate such that all combustible gas in
excess of this amount will be consumed at the end of the prescribed burn time. The amount of
combustible gas remaining at the end of the burn is tentatively set equal to the final mole fractions
of combustible gas given by Equations (9-12) and (9-13) multiplied by the total number of gas moles
present at the end of the burn. The total number of gas moles at the end of the burn, N, is
estimated by taking into account the anticipated reduction in total moles resulting from combustion.
This value is updated each timestep as the time progresses toward the end of the deflagration total
bumn time, At,, ., using the following balance equation:

N - 05N (X, + Xqo)
Ny = (9-14)
el [1 - 05 (XHZ,ﬁnal + XCO.ﬁnal)]

where N is the total moles of gas and X, and Xy, are the molar fractions present at a given time into
the burn, The unburmed mole fractions of hydrogen Xy, 5., and carbon monoxide X g, are defined

in Equations (9-12) and (9-13), respectively.

An estimate of the number of moles of hydrogen remaining at the end of the burn F;, readily follows
from Equation (9-14).

Fy, = Np o, X (9-15)

H2 H2, final

The number of moles ANy, available to burn for the remainder of the burn time is tentatively given

by the present number of moles of hydrogen, minus the number of moles that must remain after the
burmn:

(9-16)

An analogous approach is used to calculate the moles of carbon monoxide and oxygen tentatively
available to participate in the burn for the remainder of the burn time.

= N:. - X 9-17)

I:CO final “*CO.final
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ANgo = Ngg ~ Feg (9-18)

= N. .X (9-19)

FOZ final “ ™02, final

ANy, = N, - Fg, (9-20)

02

Note that X, g, i an input parameter equal to 0.0005 by default in CONTAIN 2.0 and equal to
0.005 in previous code versions. The value can be changed by the user as described in Section
14.3.1.7.

Finally, the total moles of combustible gas tentatively available for burning over the remainder of
the burn time is

AN_ = AN, + AN, (9-21)

If AN, is greater than 2AN,,, then the burn will be oxygen-limited. In this case, the moles of
hydrogen to burn will be reduced according to

2AN

AN H2 AN

= AN

02 (9-22)

[

H2,bum
and the carbon monoxide moles to burn will also be reduced by the same factor:

= AN, —2 (9-23)

Otherwise, AN, and AN, are used directly for the amounts to burn.

The molar burn rate for hydrogen is

N
= A Hzbum (9-24)

... N n 1&g L£1inia7



where At,, is the remaining burn time and the molar burn rate of carbon monoxide Nco is

: AN
Neo = — (9-25)

These rates are used in Equation (9-27) below to calculate the deflagration energy release. They also
are used to determine the explicit mass source or removal rates resulting from deflagrations in the
mass conservation equation, shown in Table 4-3. The molar rates given in Equations (9-24) and
(9-25) are converted to mass rates of hydrogen, carbon monoxide, oxygen, steam, and carbon
dioxide, as follows:

w co Mg (9-26)

an.so.HZO =

A\ =N

bn.so.CO2 CcO CO2

where M represents the molecular weight. These reactions are exothermic, and the energy released
is deposited into the atmosphere, The following expression gives the energy release rate in a burn
as a function of the rate at which moles of combustibles are consumed:

Gonso = 2.86x10° N, + 2.83x10% N, J/s) (9-27)

Note that q,, ., in Equation (9-27) corresponds to the explicit deflagration burn energy release rate
defined in Table 4-4. The W, explicit mass source rate defined in Table 4-3 accounts for changes
of the H,0, CO,, CO, O,, and H, constituents.

9.2 Diffusion Flame Burning (DFB)
A DFB model developed for HECTR Version 1.8 [Won88] was incorporated into CONTAIN. This
model allows the continuous burning of combustible gas in incoming flows providing certain

conditions are met:

1. An ignition source is present. This condition is assumed satisfied if either DFB ignition
criteria or the BSR existence criteria are met (see below).
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2, Sufficient oxygen is available in the receiving cell. The default value is 5% oxygen by
volume. Shepherd [She87] noted that the NTS diffusion flames extinguished when oxygen
concentration in the vessel dropped below 5-8% by volume. Tamanini et al. [Tam88]
reported that the flame at the pool surface extinguished when the oxygen concentration
dropped below 8% by volume in the HCOG 1/4-scale model tests.

3. The receiving cell diluent mole fraction must be below a threshold value. The default value
is 55% by volume.

4. The fraction of incoming combustible gas burned is greater than zero. The default value for
the fraction of incoming gas that burns is 1.

5. The mass inflow of combustible gas is above a threshold value (default = 0 kg/s).

6. The diluent to combustible mole fraction must be below a threshold value for the incoming
flow. The default value is 9.0 moles diluent per mole of fuel. This value is consistent with
Shepherd’s calculations [She85] for the stability of a hydrogen-steam jet. This stability value,
however, was calculated for a hydrogen-steam jet at 200°C in a 5-cm diameter nozzle. This
default value describes the stability of a diffusion flame for a specific case and cannot be
applied in any general way. Diffusion flame stability depends on many factors, such as the
jet diameter, velocity, temperature, and composition, and cannot be represented by a single
CONTAIN default value as is currently done. The stability of a diffusion flame can determine
whether a single burn or multiple burns can occur in an accident sequence and the
containment loads can be quite different between the two cases. Relatively simple semi-
empirical relationships for the stability of a diffusion flame have been proposed, for examples
see References Bro84, Kal81, and Pit89. It may be possible to estimate stability values from
these relationships. While these relations have not been assessed against data for jets at
elevated temperatures or jets containing large diluent concentrations, they do contain
dimensionless parameters which, in principle, should allow these effects to be predicted. The
conditions of the atmosphere into which the jet issues, such as the atmospheric composition
and temperature, may also affect the stability of the diffusion flame. Limited data exist for
these conditions, however, and include the NTS data [She87, Tho88a, Tho88b] and HCOG
1/4-scale data. [Tam88]

Two modifications have been made to the HECTR Version 1.8 DFB model. The first provides for
an auto ignition temperature for the burning of incoming combustible gas. The second provides a
simple bounding model for the entrainment of pre-existing combustible gases in a cell into the
diffusion flame.

The DFB model is activated by specifying the keyword CONTBURN in the H-BURN input block
as described in Section 14.3.1.7. In the DFB model, combustible gases flowing into a cell are
assumed to burn as soon as they enter, given that the various user-specifiable concentration criteria
and an ignition criterion are satisfied.
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Specifically, for DFB to occur, the incoming diluent to combustible mole fraction must be below
“shratio," the receiving cell oxygen mole fraction must be above "mfocb," the receiving cell diluent
mole fraction must be below "mfscb," and the combustible mass inflow rate (kg/s) must be above
"h2flow." In addition, a user-specifiable fraction "cfracb" of the inflowing combustible gases is
burned if these conditions are met, subject, of course, to there being sufficient oxygen. The ignition
criteria are based on temperature thresholds such that the combustion will occur only if the entering
gas temperature exceeds the threshold. Two such thresholds are provided. The first can be set by
specifying the keyword DFTEMP, and applies during the burn window defined by the values of
TACTIV and TDEACT (see Section 14.3.1.7). The default value of DFTEMP is O K and hence this
threshold has no effect unless the user provides a value. Outside the burn window, the threshold is
controlled by DFAUTO and the default value is effectively infinite (10*° K). Hence the user must
specify a value of DFAUTO in order for DFB combustion to occur outside the burn window, except
that combustion will still occur when the receiving cell is sufficiently hot or contains sufficient hot
debris that ignition is assumed to occur on the basis of BSR existence criteria, as discussed in
Section 9.3. DFTEMP and DFAUTO may be used to simulate autoignition of hot incoming jets in
the absence of a nearby ignition source. Note, however, that combustion in this model will terminate
as soon as the jet temperature drops below the relevant threshold temperature. In reality, once the
jet is ignited, combustion could continue even if the incoming gas temperature falls to lower values,
provided the conditions for a stable flame are met. The CONTAIN model does not take this
possibility into account.

The DFB temperature thresholds are applied independently to each unsubmerged gas flow path, and
the dedicated suppression pool vent if not submerged. Therefore, hot combustible gases entering
a cell through one path may burn via the DFB model, while cooler combustible gases entering the
same cell through other paths may not burn. This will occur if the temperatures of some upstream
cells are above the threshold, while the temperatures of other upstream cells are below the threshold.

Combustion of user-specified sources or of gas flows evolving from the surface of the coolant pool
in the DFB model is modeled but is not subject to the temperature criteria defined by DFTEMP and
DFAUTO. These flows always behave as if DFTEMP = 0 were specified within the burn window
and as if DFAUTO = « were specified outside the burn window. In applying the DFB composition
criteria, all user-specified sources within a given cell are combined and treated assuming that they
represent a single stream of incoming mixed gas. The same is true of gas flows evolving from the
pool surface.

The DFB model is based on the nominal amounts N, 3, and N, oo, of H, and CO, respectively, over
the flow timestep At, that are burned in diffusion flames

£ W6 (9-28)
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where the sum includes all flows entering cell i that satisfy the above ignition criteria, including
external sources and gas flows evolving from the surface of the pool; f,, is the user-specifiable
fraction of inflowing combustible gas that is burned in the diffusion flame; Ny, is defined as the
moles of H, initially present in the cell plus the net moles of H, flowing into cell i over Atg; N¢g is
similarly defined for CO; and the other quantities are either defined above or in Tables 4-3 and 4-4.
For sources and flows from the pool, W;; refers to the total mass rate of all sources or flows into the
cell but in Equation (9-28) only positive (incoming) mass fractions m;,/m; and m; oo/m; of H, and
CO, respectively, are taken into account.

The entrainment of pre-existing combustible gases into the diffusion flames is determined assuming
that the atmosphere is well-mixed in the cell, and that enough gases from the cell atmosphere are
entrained into the diffusion flames to burn all of the incoming combustible gas plus the combustible
gas entrained along with the oxygen. Under the well-mixed atmosphere assumption, this approach
will provide a first order estimate of the amount of combustible gases entrained into jets. This model
only considers entrainment, and thus does not account for burning rate limitations imposed by effects
such as diffusion and mixing. The entrainment into the diffusion flames is represented by the
balance equation

N

jet.cg

+ X1N + XN, = 2X'%,N, (9-29)

where X” is the mole fraction of the indicated gases in the downstream cell atmosphere, adjusted
for flows during the timestep but excluding the moles represented by N, 1, and N, o, and N, is the
moles of atmosphere entrained into the jet. Ny, is the moles of combustible gas entering the cell

during the flow timestep that burn in the diffusion flame.

+ N

N jet,CO]
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jet,H2

(9-30)

The balance equation provided above is solved for N, and the mole fractions of hydrogen and carbon
monoxide in the downstream cell are used to obtain the combustible gas moles to entrain into the
jet and include in the DFB model. This solution only applies when mixtures are far from
stoichiometric. If 2X¢, < Xjy,+X ¢o, Equation (9-29) would imply that all of the combustible gas
in the cell is assumed to be available for entrainment. Under such conditions this may produce
unrealistic results; therefore, the entrained gas is limited to the amount of reactant gases in the cell
and entrained amounts burned to the incoming amounts burned in the jet.
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where N,y = Nip, + Ngo + N, is the total moles of reactant gas adjusted for flows but excluding the
moles represented by N, ;;, and N;,, ¢, and 8 is a small number. N,,, is the moles of hydrogen to
entrain into the jet from the cell atmosphere, and N, ¢ is the moles of carbon monoxide to entrain
into the jet from the cell atmosphere. The user can disable entrainment of pre-existing combustible
gases in the DFB model by specifying the keyword NOBURNEN in the CONTBURN input block.
If that keyword is not specified, any hydrogen or carbon monoxide pre-existing in cells will be
subject to inclusion in the burning jet as described above.

As noted previously, the DFB threshold and ignition criteria are applied independently to each inflow
from another cell. However, the sources (input tables) into a cell are combined into only one inflow,
which is then evaluated relative to the DFB criteria to determine if this inflow will experience a
DFB. The same is true of gas flows evolving from the surface of the coolant pool. Thus, a very high
source of steam could preclude the DFB of a combustible-gas source (into the same cell). Note that
the amount of combustible gas that is burned is not affected by flame speed or burn time, since the
DFB model simply recombines the combustible gas with oxygen in the receiving cell, if the
appropriate criteria are met.

The average molar rates of burning in diffusion flames for the entire cell and flow timestep are given
by

. (9-32)
Ny, = (Njet,ﬂz +Ne.H2)/ Aty

Nco = (Njet,CO +Ne.C0)/ Aty

provided the burning is not oxygen-limited. In the oxygen-limited case, these molar rates are
reduced to correspond to the oxygen available for burning. The contributions to W, and q,, in
Tables 4-3 and 4-4 from diffusion flames are identical to Equations (9-26) and (9-27) for the case
of deflagrations, and the equations will not be repeated here.

9.3 Bulk Spontaneous Recombination (BSR)

In a direct containment heating (DCH) event, large increases in the containment gas temperatures
are predicted to occur as well as the possibility of hot debris particles being dispersed throughout the
containment. It is possible that these conditions may cause the hydrogen to burn in the absence of
any deliberate ignition system or accidental ignition, even if the gas composition lies outside the
normal flammability limits. The BSR model was developed to treat this mode of combustion in a
parametric (as opposed to mechanistic) way. Typically, the BSR model has been used in DCH
calculations although, in principle, it could be applied to other accident scenarios in which high-
temperature combustible mixtures exist. Thus, the BSR model allows combustible gas and oxygen
to recombine volumetrically if one of the following spontaneous recombination conditions is
satisfied:

L. The bulk gas temperature exceeds a minimum spontaneous recombination temperature
"srtemp."
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2. The debris temperature and mass concentration are sufficiently large.
The input for the BSR model is specified in the CONTBURN input subblock of the H-BURN block.

The default value for the minimum spontaneous recombination temperature "srtemp" in condition
1 is 773 K. The default value of 773 K is in the range of reported minimum recombination
temperatures [Con88, DeS75, Zab56] between 769 K and 805 K for stoichiometric hydrogen-air
mixtures. The data also show that the recombination temperature decreases with increasing vessel
size so that the minimum value may be even lower at containment scales. On the other hand, large
departures from stoichiometric conditions and/or high steam concentrations are likely to increase the
minimum temperature for recombination. Condition 2 requires that the debris temperature be greater
than ""debtemp" and the mass concentration of debris that exceeds "debtemp" be greater than
"debconc." The defaults for "debtemp" and "debconc" are 773 K and 1 kg/m?, respectively.

The minimum recombination temperature has been shown experimentally to be a function of the
stoichiometry of the mixture and diluent concentrations. [Con88, DeS75, Zab56] The user has the
option to supply different recombination temperatures for each computational cell. However, there
is no single well-defined temperature at which recombination occurs. The use of a temperature
threshold is an engineering approximation. For the BSR model to physically represent the
recombination that can occur in the DCH and other severe accident scenarios, the model would have
to predict a recombination rate as a function of temperature, pressure, and mixture composition.

In lieu of such a model, the user must specify the fractional rate "srrate” at which the combustible
gas recombines, provided one of the BSR conditions is satisfied. The default value is 0. The
SENKIN code [Lut91] (which is a driver for the CHEMKIN code [Kee92a, Kee92b]) can provide
a basis for the rate of recombination for a given mixture temperature, pressure, and composition.

The molar rates of recombination are based on whether the oxygen or the combustible gas is present
in excess of the stoichiometric amounts:

; . (9-33)
NHZ:—erHZ if NH2+NC0 < 2N02
=M£ otherwise
Nu2*Neo
Neo=-5:Neo if Ny, +Ngo < 2N,
= ~ 25, NeoNos otherwise
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= —ero2 otherwise
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where s, is the user-specified spontaneous recombination rate "srrate." The contributions to W,, and
Qo in Tables 4-3 and 4-4 from spontaneous recombination are identical to Equations (9-26) and -
(9-27) for the case of deflagrations, and the equations will not be repeated here.

Note that BSR can occur during DFB, but BSR is not allowed to occur during a deflagration, to
prevent a spurious transition to BSR.
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10.0 HEAT AND MASS TRANSFER MODELS

Heat and mass transfer processes are modeled at a number of interfaces in the CONTAIN code. The
present chapter gives a general discussion of the heat and mass transfer modeling at such interfaces,
in addition to a discussion of heat sink modeling and associated topics. Exceptions to this general
treatment are noted in the discussion. Two types of heat sinks, heat transfer structures and lower cell
layers, are discussed. The topics associated with heat sink modeling include heat sink characteristics
and boundary conditions, heat conduction modeling, and the treatment of concrete outgassing. A
discussion of the modeling available with respect to lower cell layers outside of these areas is given
in Chapter 5.

The present chapter is organized by process type. Natural convection and forced convection heat
transfer are discussed in Section 10.1, along with boundary layer properties and other quantities
entering the expressions for convective heat transfer, Mass transfer processes are discussed in
Section 10.2, along with quantities entering the expressions for mass transfer. Processes discussed
in that section include condensate film flow on surfaces and condensation mass transfer. Radiative
heat transfer is discussed in Section 10.3; boiling heat transfer is discussed in Section 10.4. The
modeling of heat sinks and the associated topics mentioned above are discussed in Section 10.5. Key
elements of the heat and mass transfer models are illustrated in Figure 10-1.

Table 10-1 indicates the various code interfaces addressed by the present chapter, as well as the
processes considered at each interface. The pool-structure interface listed in this table was
implemented in CONTAIN 1.2, in conjunction with the pool tracking modifications, which allow
the pool to be treated as a bulk fluid on the same footing as the gas. One consequence of these
modifications is that heat transfer structures can now be submerged in the pool, as discussed in more
detail in Section 10.1.1.4. Note that the distinction made in this table with regard to whether a
process is simply modeled or modeled and coupled to the interface temperature calculation refers
to the role of the process in determining the interface conditions. This distinction is explained in
more detail in Section 10.6, in which the coupling between the heat and mass transfer processes is
discussed.

Table 10-1
Heat and Mass Transfer Processes
Considered at Various CONTAIN Interfaces ™

Interface Conv. | Cond. Rad. | Boiling | Aerosol | Film
HT MT HT HT MT Inflow
Gas-Structure C C C - C C
Gas-Pool C C C - M M
Gas-Lower Cell C C C - M -
Pool-Structure C - - - - -
Pool-Lower Cell C - - M - -
Gas-Engineered System C C - - M -

*HT = heat transfer; MT = mass transfer; C = modeled and coupled to interface temperature calculation; M = modeled
but not coupled
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It should be noted that steam condensation and evaporation are not modeled with regard to any
surface interface in a cell unless the CONDENSE keyword has been specified for that cell. If
CONDENSE has not been specified, convective heat transfer is still modeled in the same manner
as if CONDENSE were specified. Note this is a change from code versions prior to CONTAIN 1.2,
in which convective heat transfer for heat transfer structures is modeled by default with a fixed heat
transfer coefficient of h = 6.08 W/m>-K when CONDENSE has not been specified.

10.1 Convective Heat Transfer

The convective heat transfer flux between the atmosphere or pool and a surface is in general given
by

q. = h, (Tb - Tif) (10-1)

where q, is the convective heat transfer flux (W/m?); T, is the bulk fluid temperature (K); h, is the
convective heat transfer coefficient (W/m?-K); and T is the interface temperature at the gas-liquid
interface, the gas-solid interface (for dry surfaces), or the pool-surface interface, whichever is
applicable. (Note that the symbol q in this chapter is reserved for heat or enthalpy flux, in W/m?.)

The convective heat transfer coefficient h, is related to the Nusselt number Ny, by

h. =N

k
BL
— 10-2
C Nu L ( )

where k is the thermal conductivity of the bulk fluid evaluated in general in the boundary layer, and
L is the characteristic length for the surface.

In Section 10.1.1, the evaluation of fluid properties for the boundary layer is described, along with
various dimensioned and nondimensional quantities required to evaluate the heat transfer
correlations. Characteristics lengths are discussed in this subsection, as well as the effects of
structure submergence. Note that there is some loss of upward compatibility with versions prior to
CONTAIN 1.2, as there have been significant changes in the way these quantities are calculated and
options for restoring the old treatment are not available. In Section 10.1.2, basic heat transfer
correlations and tabular options for specifying forced convection Nusselt numbers for heat transfer
structures are described. In Section 10.1.3, generalized heat transfer correlations for structures are
described. These provide much greater flexibility in specifying heat transfer correlations than is
available in prior code versions.

10.1.1 Boundary Layer Properties and Nondimensional Numbers for Heat Transfer
In CONTAIN, heat and mass transfer between the atmosphere or pool and various heat transfer
surfaces present are normally evaluated with the aid of correlations involving various dimensionless

numbers: the Grashof (Ng), Reynolds (Ng.), Sherwood (Ng,), Prandtl (Np,), and Schmidt (Ng.)
numbers. These numbers, in turn, depend upon the physical properties of the fluid. In code versions
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prior to CONTAIN 1.2, there is considerable inconsistency in the way these quantities are evaluated.
In some instances, properties are evaluated at the bulk fluid temperature while in other instances,
properties are evaluated at an average temperature, T,, = 0.5(T,, + T,), where T,, is the temperature
of the first node beneath the surface and T, is the bulk fluid temperature. In no case in those prior
versions is any difference between the composition of the boundary layer (in the case of a gas) and
that of the bulk fluid taken into account.

In CONTAIN 1.2 and higher versions, all boundary layer properties are evaluated in a manner
consistent with the recommendations of Reference Bir60, except those used for the engineered
systems fan cooler model, which is a special case and discussed in Section 12.1. In Reference Bir60
it is recommended that properties be evaluated at a temperature equal to the mean of the surface or
interface temperature and the bulk fluid temperature, and at a composition equal to the mean of the
surface composition and the bulk composition (in the case of a gas). The details of the general
treatment are described in the remainder of this section. The use of boundary layer properties
defined in this way is a useful empirical procedure, not a rigorous physical law. Hence some
simplifying approximations are used when the errors introduced by the approximations are judged
to be less than the uncertainty associated with the underlying physical model.

10.1.1.1 Evaluation of th Boundary Layer ition. When condensation from a gaseous
bulk fluid or evaporation into a gaseous fluid is occurring at a surface, the composition of the gas
boundary layer will generally be different from the bulk composition. In the past, this difference was
not taken into account in CONTAIN. It is taken into account in CONTAIN 1.2 and higher versions
to the extent that the vapor mole fraction is corrected for the effect of the ongoing
condensation/evaporation. The composition of the noncondensable gases in the boundary layer,
however, is still assumed to be that of the bulk gas.

The vapor mole fraction for the boundary layer, X, 5, is assumed to be equal to (X, ;+X,,)/2, where
the subscripts v, if, and b refer to coolant vapor, the gas-surface interface, and the bulk gas,
respectively. The vapor mole fraction at the interface X, ; is assumed to be

Xv,if = fwet()(v,if,wet - Xv.b) + Xv,b (10'3 )

where

and f,,, is the fraction of the cell timestep that the surface is considered to be wet, P(T;) is the
saturated vapor pressure of the coolant at the interface temperature T, and P, is the partial pressure
of vapor in the bulk gas.
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When condensation is occurring, f,., = 1. Under other conditions, the situation can be more
complicated. If the surface is solid and dry and there are no liquid water sources to wet the surface,
f.e 1 zero and X, g is equal to X, ;. It may happen, however, that a water film present at the start
of a timestep dries out during that timestep. In addition, there can be sources of liquid water to the
surface from water aerosol deposition, water films draining from other heat transfer structures,
and/or user-specified film source tables, even though conditions are such that evaporation is
occurring. If the evaporation rate exceeds the liquid source rate, it may be a poor approximation to
treat the surface as being either completely dry or completely wet. Furthermore, such a treatment
would run the risk of causing a frequent flipping back and forth between the dry and the wet

condition, possibly resulting in an undesirable chattering effect.

Hence, when conditions are such that evaporation can occur at the structure surface, f,, is calculated
from

0
1 Pam ¥ Maep (10-4)
wet ? 0
m

(24

Here m®,_ is the mass of water film on the surface at the start of the cell timestep, m,,, is the liquid
water from all sources deposited or flowing onto the surface during the timestep, and m,, is the mass
of water that would be evaporated from the surface during the timestep if the surface were wet
throughout the timestep. For an ice surface in an ice condenser, the mass of ice melted during the
timestep is also included in m,,. If both the numerator and the denominator in Equation (10-4) are
equal to zero, then f,,, is taken to be zero. In order to avoid the need for an iterative implicit

wet
treatment, the value of f,,, from the previous cell timestep is used in Equation (10-3).

wet

After X, ; and X, 5 have been calculated, a density corrected for composition is calculated for both
the interface and the boundary layer conditions:

X, M, +X_.M
p(Tb’Xv,if) = = M et e p b
X M. +X.. M (10-5)
+
p (’rb’XV'BL) - v,BL VM nc,BL" "nc pb

b

where M is the molecular weight, the subscript nc refers to the noncondensable gas mixture, and X,
= 1 - X,. Note that, at this stage, the interface and boundary layer values of the density have been
corrected for composition differences but not for temperature differences.

In Equations (10-3) and (10-5), the interface and boundary layer values are evaluated by applying
corrections to the bulk properties, rather than by evaluating them directly from the compositions and
the equation of state (EOS). The reason is that, if the non-ideal EOS for steam is being used, the
bulk quantities will reflect this and hence the corrected properties will reflect the non-ideal EOS
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except for the error introduced by the fact that the correction is itself based upon the ideal gas law.
For containment conditions, this error should be no more than a small fraction of the correction, even
when the correction is itself small. If the properties were evaluated directly using the ideal EOS, the
error in the boundary layer and interface properties could equal or exceed the correction when the
latter is small. On the other hand, use of the non-ideal EOS for this purpose could be
computationally expensive, since the non-ideal EOS would have to be evaluated for each structure.

The gas specific heat at constant pressure in the boundary layer, ¢ g, is evaluated at the temperature
T, from

C =W, o.C A (10-6)

p,BL v.BL"p,v + nc.BLCp.nc

where w refers to mass fractions. Mass fractions are used because heat capacities in CONTAIN are
evaluated per unit mass, not per mole. As discussed in the next section, no correction for
temperature is made with respect to this specific heat.

10.1.1.2 Evaluation of Properties at the Boundary Layer Temperatures. All properties used in the
heat and mass transfer calculations, with the exception of the engineered systems fan cooler model

discussed in Section 12.1, are now evaluated at a boundary layer temperature Ty, = (T;+T,)/2, where
T, is the bulk fluid temperature and T is the interface temperature at the gas-liquid interface, the
gas-solid interface (for dry surfaces), or the pool-surface interface, whichever is applicable. Note
that T} is not the temperature of the first node beneath the surface, T,, that is used in code versions
prior to CONTAIN 1.2. These temperatures differ due to the temperature gradients that generally
exist across the first half of the first node, the paint layer assumed to be present on the surface of heat
transfer structures, and any liquid film adhering to a solid surface. The difference between T;; and
T,, can be substantial during rapid heat and mass transfer.

For the case of heat and mass transfer from a gaseous bulk fluid, the interface temperature is
calculated through an iterative process as described in Section 10.6. For the case of heat transfer
from a pool to a solid surface, the interface temperature can be calculated in a considerably more
straightforward fashion. Thus, the discussion below will be restricted to the more complicated case
of heat transfer from a gas. The statements about fluid composition effects and the references to the
Sherwood number for mass transfer should be ignored in the case of pool heat transfer.

The interface temperature calculation requires the current values of the Nusselt and Sherwood
numbers and other information dependent upon the boundary layer properties. Solving for these
properties in a fully implicit fashion would involve considerable computational complexity. Hence,
the interface temperature calculated for the previous timestep is employed in evaluating the boundary
layer properties. Developmental testing performed to date has revealed no problems resulting from
this explicit treatment.

In CONTAIN, the properties of a gaseous bulk fluid at the temperature T, are obtained from the

properties of the individual gases by using the simple mixing rules given in Section 3.3. This
evaluation is only required once for each cell during a system timestep. However, each surface in
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a cell will, in general, have a different value of T, and therefore a different value of Ty, for each cell
timestep. Since there can be many surfaces in a cell, a complete re-evaluation of all the gas
properties at Ty, for each surface could add considerable computational overhead.

In the procedure adopted, a gaseous bulk fluid is treated as a two-component system consisting of
coolant vapor as one component and the noncondensable gas mixture present as the other. At the
time the bulk atmosphere properties are evaluated, the mixing rules are also applied to calculate
properties for the noncondensable gas mixture at the bulk gas temperature. When the boundary layer
properties are evaluated, only the vapor viscosity and conductivity are evaluated at the temperature
Ty, by calling the appropriate property routines. For the noncondensable gas mixture, a simple
power-law temperature dependence is used to correct the noncondensable properties calculated for
the bulk temperature to the boundary layer temperature:

0.75
_ Tp
l""nc, BL ~ l""nc,b T

b

0.67
= kn h
nc,BL c,b T

b

(10-7)

s
|

where u and k are, respectively, the viscosity and the thermal conductivity, and the subscript nc
refers to the noncondensable gas mixture present.

In Equation (10-7), the values of the exponents were chosen to provide a reasonable fit to the
CONTAIN property functions. Since the latter are not simple power laws, and since the power law
giving the best fit is somewhat different for different noncondensable gases, some degree of
approximation is involved. The adequacy of Equation (10-7) was tested by evaluating the viscosity
and thermal conductivity functions for N,, O,, CO, CO,, Ar, H,, and He as a function of temperature.
Values of p,. 5 and k.5 were calculated from Equation (10-7), with T;; =400 K and T, varying over
the range 300 to 2800 K, and compared with the "correct" value obtained by evaluating the property
functions at Ty,

For the viscosity, errors were less than or equal to 1.2% for all values of T, and all gases except CO,,
for which errors of up to 2% could arise. For the thermal conductivity, the fractional error could be
somewhat larger; it is plotted as a function of T, in Figure 10-2. For design basis accident
conditions, in which N, or air is the dominant noncondensable gas and T, < 500 K, it is evident that
any error in this approximation will be totally trivial. For severe accidents, in which a much wider
range of T, values and bulk gas compositions could arise, errors could range up to several percent
in extreme cases, but will be limited to 2% at any temperature so long as N, or air is the dominant
noncondensable gas.
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After corrections are made for temperature as shown in Equation (10-7), the boundary layer
properties are evaluated for the boundary layer mixture of vapor and noncondensable gases by using
the same CONTAIN mixing rules as in Equations (3-15) and (3-16):

kg = XoepiKnenr + vk L
10-8
_ ch,BLp’nc,BL\/Mnc + Xv,BL“v,BL\/Mv ( )

u
- ch.BL\/M_nc + Xv.BL\/l\Tv

where X is the mole fraction, M is the molecular weight, and the subscript v refers to the vapor; X,
= 1-X,. The composition-corrected densities given by Equation (10-5) are also corrected for the
temperature using the ideal gas law:

PL = p(Tb’Xv,BL)Tb/ TgL (10-9)
Pir = p(Tb’Xv,if)Tb/rif

No temperature correction is applied for ¢, The temperature dependence of ¢, is relatively weak
compared with the temperature dependence of the gas transport properties, and simple
approximations for this temperature dependence that would be guaranteed to do less harm than good
under all conditions were not found. Since c, appears in the Nusselt number correlations only
through the quantity Pr?, where d = 1/3 in most cases, this approximation introduces little error.

10.1.1.3 Evaluation of the Nondimensional Heat Transfer Numbers. This section discusses the
evaluation of the Reynolds, Grashof, and Prandtl numbers that enter the Nusselt number correlations
discussed in Sections 10.1.2 and 10.1.3. The Reynolds and Grashof numbers required in the forced
and natural convection correlations, respectively, are evaluated as

N, - PeLL v, (10-10)
MpL
3 -7
N, - L-°g max(|Ap|,10 )(pBL/lJ'BL)Z (10-11)
PsL

where L is the characteristic length for the surface, as discussed in Section 10.1.1.5, v, is the
convective gas velocity across the surface, g is the acceleration of gravity, and Ap = p;; — p,. Note
that in contrast to code versions prior to CONTAIN 1.2, this density difference for a gaseous bulk
fluid reflects both temperature and composition effects, as discussed in Sections 10.1.1.1 and
10.1.1.2 above, and not just temperature effects. The Prandtl number used to evaluate the Nusselt
number correlations and the heat transfer coefficient h are given by
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10.1.1.4 Submergence of Heat Transfer Structures. The pool tracking modifications made in
CONTAIN 1.2 introduce a number of changes to allow the pool in a cell to be treated on the same

footing as the gas. One change is related to the volumes considered to be occupied by the gas and
pool. In prior code versions, the pool cross-sectional area is assumed to be contained within that of
the gas. Thus, the submergence of heat transfer structures and flow paths is not considered. In
CONTAIN 1.2 and higher versions, however, the pool is considered to occupy the same cross-
sectional area as the gas; i.e., the pool is assumed to displace the gas completely below the pool
surface elevation. Thus, it is necessary to consider the submergence of heat transfer structures.

CONTAIN 1.2 and higher versions allow the modeling of the submergence of a limited subset of the
structure shapes and orientations. This subset includes only SLAB structures of orientation WALL,
FLOOR, and CEILING; and CLYINDER structures of orientation WALL. Note that such cylindrical
wall structures are assumed to have a vertical axis. In order for a structure to be submersible, it must
be a member of this subset, and in addition the user must have specified its elevation. Structures that
are not submersible are assumed to be in contact only with the atmosphere.

Additional restrictions for a submersible structure include the fact that only the inner face of the
structure is allowed to be in contact with the pool. Thus, a structure with an outer surface in the
same cell is not allowed to be submerged. Another restriction is that the submerged surface is not
allowed to undergo concrete outgassing, although this is still allowed for the unsubmerged part of
a partially submerged structure, according to the average conditions and outgassing inventory
remaining in the unsubmerged part.

The limited submersible subset was selected on the basis that submergence does not change the basic
slab or cylindrical geometry of the submerged and unsubmerged parts of the structure. For
simplicity, the heat conduction within each of the submerged and unsubmerged parts of a partially
submerged structure is assumed to be governed by one-dimensional behavior. Four one-dimensional
conduction regions are shown, for example, in Figure 10-3, for the case of two partially submerged
structures in two different cells connected by a conduction boundary condition. (This connected
structure boundary condition is discussed in more detail in Section 10.5.2.)

Although the basic geometry of the submerged and unsubmerged parts of a partially submerged
structure is preserved for the limited submersible subset, it should be noted that the submergence of
structures in general creates a two-dimensional heat conduction problem even in structures that
would be treated accurately as one-dimensional when not submerged. The implementation of a
general two-dimensional conduction solver for structures is outside the scope of the present code.
A submersible structure is therefore treated in terms of two one-dimensional conduction regions, as
discussed above.

Upon submergence of a structure, the structure surface areas and node masses for the unsubmerged
and submerged regions are remapped vertically between the regions as the pool level and the
boundary between the regions change. The masses that are remapped with pool level changes
include not only the structure node masses but the liquid film, aerosols, and fission products on the
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unsubmerged surface of the structure. The latter masses are considered uniformly distributed over
the unsubmerged surface. With rising pool level, the masses that are present on the unsubmerged
surface as it is submerged are transferred to the pool in proportion to the surface covered, without
regard to any possible holdup on the structure. Also, with decreasing level, pool masses are not
transferred to the unsubmerged surface from the pool but are considered entirely retained by the pool.
Upon submergence, the structure node enthalpies for the unsubmerged and submerged regions are
also remapped, and new structure node temperatures are calculated under the assumption that the
temperature profiles within each region remain one-dimensional.

The partial submergence of a structure is considered to alter the destination of liquid film and fission
products washing down from the structure. Normally the destination is controlled by the
FILMFLOW input and the OVERFLOW cell designation. For partially submerged structures, this
destination is reassigned to the pool of the cell containing the structure.

The degree of submergence of a SLAB or CYLINDER structure is calculated from the absolute
elevation of the center of volume of the structure, which is specified through the SLELEV or
CYLELEYV keyword, respectively. I such a keyword is not specified, the structures will be assumed
to be in contact with the atmosphere only. For connected structures, an elevation should be specified
for each structure considered submersible and should refer to the center of volume of the individual
structure, not the combined structure. Because of potential inconsistencies arising from structures
extending below cell bottom, the code will check for such a condition and give a diagnostic if it
exists.

The user should be aware of a new feature implemented specifically to accommodate submersible
structures. The new feature is that the CYLINDER structure is in general no longer a half cylinder,
but a partial cylinder with an azimuthal angle specified by CYLTHETA, which by default is 180°.
This change was made to accommodate the fact that the vertical extent of cylindrical walls is given
as less than full height in some input files to accommodate openings. For a submersible cylinder this
practice could result in a considerable distortion in the submerged area. The CYLTHETA keyword
allows more flexibility in modeling both the effective area and submergence.

10.1.1.5 Heat Transfer Characteristic Lengths. The characteristic lengths L used in heat transfer

calculations involving both heat transfer structures and lower cell layers, including the pool, are
discussed here. The characteristic lengths for engineered systems heat transfer are defined with
respect to each specific system in Chapter 12.

For a heat transfer structure, the characteristic length is taken by default to the value "chrlen"
specified by the user. However, if the ADJUSTCL keyword is specified, the code will use a
characteristic length L that includes the effects of submergence. For example, the characteristic
length for an unsubmerged ceiling should change as the pool level rises toward the ceiling. In this
case the characteristic length should be reduced from “chrlen” to the distance between the pool and
ceiling when that distance becomes the smaller of the two. In order for this type of modeling to give
continuous, or at least unambiguous, behavior in the limit that the pool level goes to zero, the
distance between the ceiling and the bottom of the cell must be greater than the specified “chrlen.”
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This requirement of continuous behavior gives rise to constraints on the values of “chrlen” that are
allowed for each structure orientation and condition when ADJUSTCL is specified.

When ADJUSTCL is specified, the characteristic lengths used in each case have the form

L = max(min("chrlen",Lo), 0.001) (10-13)

where the definition of L, and the constraint on “chrlen” in each case is given by

Ly, =H, - Hy; (unsubmerged ceiling with "chrlen" < Hy - Hy;)
=Hy - Hy; (submerged ceiling with "chrlen" <Hgy - H, ;)
=H, - H,; (unsubmerged wall with "chrlen" < Hg - H)
=H,; - Hg, (submerged wall with "chrlen" < H - Hg)
=H,; - Hy (unsubmerged floor with "chrlen" < H,; - H)
=H,; - H (submerged floor with "chrlen" < H,; - Hy)

where Hy, is the elevation at the bottom edge of the structure, H,; is the pool surface elevation, H
is the elevation at the top of the structure, H,; is the cell bottom elevation, and H,; is the cell top
elevation. Note that if "chrlen" does not satisfy the appropriate inequality in the above equations,
the code will not accept the ADJUSTCL keyword until "chrlen" is changed.

The characteristic lengths used at the gas-pool and gas-lower-cell interfaces depend on whether the
atmosphere or pool of a cell is considered coupled to the cell above or below, respectively. The
presence or absence of coupling is determined by whether the user has invoked the CELLOVER or
CELLUNDR keywords in the cell GEOMETRY block discussed in Section 14.3.1.1. If
CELLOVER is used to define the overlying cell "icello" and the pool is empty or absent in "icello,"
then the atmosphere is considered coupled to that of "icello." Similarly, if the CELLUNDR keyword
is used to define an underlying cell "icellu," then the pool is considered coupled to that of icellu."
Otherwise the atmosphere and pool are considered decoupled. The characteristic length for gas-pool
or gas-lower-cell interfaces, with respect to determining decoupled gas boundary layer properties,
is taken to be

. 4A,
L=min H;-Hy;.\| —
i Hp, n

(10-14)

where A, is the area of the pool surface or lower cell layer. The characteristic length for gas-pool
interfaces, with respect to determining decoupled pool boundary layer properties, or for pool-lower-
cell interfaces is taken to be
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_ (10-15)

L =min| pi Hp;i»

where A, is the area of the interface. For coupled atmospheres or pools, the characteristic length is
simply taken to be ‘/m on the respective side of the gas-pool interface.

10.1.1.6 Forced Convection Velocities for Heat Transfer Structures. Forced convection heat transfer
is modeled at the interface between a gaseous bulk fluid and a heat transfer structure. This modeling
is discussed in detail in Sections 10.1.2 and 10.1.3.3. The purpose of the present section is to discuss
the gas velocities that are used in conjunction with the forced convection Nusselt number
correlations, provided the user does not invoke one of the tabular input options for specifying forced
convection conditions.

In the absence of such tabular input, the gas velocity for a structure surface is calculated on the basis
of the gas flows into and out of a cell. It is defined as the average of the inlet and outlet velocities
for a cell:

y = in_ ‘out (10-16)

The expression for v, is

C .0 |W.|RT
Vin - E in,ji 11| 11| in

ji MuAthg

(10-17)

where C,, ;; is the coefficient "valin" that may be specified by the user for each flow path and each
inner and outer surface of a structure exposed within a cell, 8 is the conditional function that selects
flows only into i, W;; is the mass flow rate of the gas and homogeneously dispersed coolant, if any,
in the flow path, R is the universal gas constant, T, is the average temperature of the inflowing gas,
M, is the molecular weight of the gas in the upstream cell, A, is the hydraulic area that may be
specified for each structure, and P, is the pressure of the downstream cell. The sum in Equation (10-
17) and Equation (10-18) below includes gas flows into cell i from unsubmerged gas flow paths,
from the dedicated suppression pool vent flow path, if connected and not submerged, and from the
surface of the pool. In the latter case W is defined to be the total mass flow rate of condensable
vapor and noncondensable gas evolving from the coolant pool surface, as discussed in Section 4.4.8.
By default, C;,; = 1 and Ay, = V2, where V, is the cell gas volume.

T,, is calculated by assuming that the flow is isothermal and that all of the incoming gas streams mix

with each other before they mix with the existing cell inventory. The temperature after the streams
mix in cell i is given by
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where for unsubmerged flow paths T, is the upstream cell temperature and c,,, is the upstream cell
gas specific heat at constant pressure. For gas evolving from the pool surface, these are defined as
the temperature and specific heat, respectively, of the evolving gas. The expression for v, is

01 Wl
(10-19)

_ out,lj
Vour = E

jj ApgPy

where C, ; is the coefficient "valout," which may be specified for each flow path and each structure
surface, and C,,; = 1 by default; and p, is the density of the gas in the cell. The sum in this case
includes all gas outflows through flow paths.

When the C,, ; and C,, ; parameters are left at their default values of unity, the forced flow velocity
will be equal to the mean volumetric flow rate through the cell (in m%s) divided by the cross-
sectional area available for flow, A,;. The mean vol