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FOREWORD

This report describes the results of the work performed during my assignment
at the Netherlands Energy Research Foundation (ECN). The assignment was
fulfilled within the framework of my graduation project at the Faculty of
Mechanical Engineering of the Delft University of Technology (TUD). This
research project has been supported by Mr. D. Boersma and took place under the
supervision of Prof. K.R.G. Hein of the Laboratory of Thermal Power
Engineering of TUD.

During my stay at ECN, I have performed analyses, with the SCDAP/RELAP5
MOD 3.1 code, on the feasibility and phenomenology of the External Flooding
(EF) concept as a severe accident management strategy for the SBWR
(Simplified Boiling Water Reactor) lower head. In order to make the code
suitable for these analyses several modifications had to be implemented in
SCDAP/RELAP5. I am indebted to Mr. H. Koning for the essential support I
received during this difficult part of the assignment.
The pre- and post processing of data was facilitated very much with the help I
received from Mr. M.A.C. van Kranenburg.

In order to limit the reporting effort, the description of the models presented in
this report, focusses on the constitutive correlations for the heat transfer
processes, as resident in the SCDAP/RELAP5 code. Furthermore, discussions on
the structure of the SCDAP/RELAP5 code are also limited to the range of
processes that is relevant to External Flooding analyses.

I have greatly appreciated the help of Dr. J. Hart, Mr. E.M J. Komen and Mr.
J.P.A. van den Bogaard for helping me in analyzing the results of the various
simulations. I want to thank also Dr. J. Hart and Mr. S. Spoelstra for reviewing
the manuscript and I am grateful to anybody who contributed to the realization
of this report.

This report is also available at Delft University of Technology under number
EV-1824.

1995 September, ECN - TUD ECN-R--95-023/EV-1824



SCDAPIRELAP5 Analyses of External Flooding

ECN-R--95-023/EV-1824 ECN - TUD, September 1995



ABSTRACT

In this report the results are discussed from various analyses on the feasibility
and phenomenology of the External Flooding (EF) concept for an SBWR lower
head, filled with a large heat generating corium mass. In applying External
Flooding as an accident management strategy after or during core melt down,
the lower dry well is filled with water up to a level where a large portion of the
Reactor Pressure Vessel (RPV) is flooded. The purpose of this method is to
establish cooling of the vessel wall, that is challenged by the heat load resulting
from the corium, in such a way that its structural integrity is not endangered.

The analyses discussed in this report focus on the thermal response of the vessel
wall and the ex-vessel boiling processes under the conditions described above.
For these analyses the SCDAP/RELAP5 MOD 3.1 code was used.

The major outcome of the calculations is, that a major part of the vessel wall
remains well below the melting temperature of carbon steel, as long as flooding
of the external surface of the lower head is established.

The SCDAP/RELAP5 analyses indicated that low-quality Critical Heat Flux
(CHF) was not exceeded, under all the conditions that had been tested. However,
a comparison of the heat fluxes, as calculated in RELAP5, with the CHF values
obtained from the Zuber correlation and the Vishnev correction factor (for
boiling at inclined surfaces) proved that CHF values, based on these criteria,
were exceeded in several surface points of the lower head mesh.
The correlations, as resident in the current version of RELAP5 MOD 3.1, might
lead to over-estimation of CHF for the EF analyses discussed in this report. The
use of the more conservative Zuber correlation with the Vishnev correction
factor is recommended for EF analyses.
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1 INTRODUCTION

Since the meltdown accident in 1979 at unit 2 of the Three Mile Island (TMI)
plant, large research programmes concerning severe accident analysis have been
developed and executed or are still in progress. The main topics of these severe
accident research programmes include experiments concerning core melt
progression, lower head failure, fission products behaviour and a variety of other
phenomena. The results from these experiments are used in the development of
computer codes with the ability to predict the progression and phenomenology
of such an accident. This knowledge is, on its turn, used in the development of
innovative reactors - like the Simplified Boiling Water Reactor (SBWR)
developed by General Electric (GE) - with a very small probability of
occurrence of such an accident.
Although the probability of occurrence of a meltdown in these innovative
reactors is considered to be extremely small, the feasibility of various accident
management stategies is also investigated for these reactors. Moreover,
innovative reactors are designed in such a way that the realisation of various
accident management strategies is facilitated, whereas in most existing plants it
is very difficult - if not impossible - to implement them.

During the accident at TMI-2 the core melt was arrested successfully by
quenching it with water inside the vessel. However, in-vessel cooling of a
superheated debris mass introduces the risk of severe vessel damage due to
thermal shock. Therefore, recently large research efforts have been established
in order to investigate the feasibility of vessel wall cooling by submerging a
large part of the vessel at the outside (see Fig. 1.1). Likewise the thermal load
on the vessel wall imposed by the core melt might be reduced to a level where
vessel failure does not occur. This method is referred to shortly as External
Flooding (EF). Vessel submergence is obtained by depleting water into the
containment cavity (lower drywell) that surrounds the Reactor Pressure Vessel
(RPV). The necessary amount of water may be withdrawn from emergency
cooling systems and additional water reservoirs built into the containment or
reactor building. The heat is removed from the vessel wall at large rates by the
boiling water, as long as nucleate boiling is the governing boiling mode.
However, if at the vessel outside the Critical Heat Flux (CHF) is exceeded,
Departure from Nucleate Boiling (DNB) occurs, leading to a film boiling mode.
As soon as this happens the ex-vessel heat transfer deteriorates significantly,
thereby raising the temperatures in the vessel wall to a level where failure may
occur.

In the recent past various large scale experiments have been performed in order
to simulate the processes and the effects of an externally flooded vessel
submitted to prototypic heat loads occurring after a large meltdown. An
overview and description of the main experiments that have been executed or are
being developed is presented in [1].

The development of various computer codes with the capability to simulate
severe accident sequences also has been stimulated since the TMI-2 accident.

1995 September, ECN - TUD ECN-R--95-023/EV-1824 11
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The results from specific experiments are used to benchmark and update the
models used in these codes.
The results from code simulations of an externally flooded SBWR lower head
submitted to a heat load resulting from a large mass of core melt are described
in this report. The code used for this purpose was SCDAP/RELAP5 MOD 3.1.
The analyses discussed in this report - and code simulations in general - have
four goals:
- improve the insight in processes and phenomena involved in applying EF

under severe accident conditions,
- obtain a first impression of the feasibility of this accident management

measure,
- tracing of code errors and improvement of the code,
- prepare a basis for benchmarking with other codes and/or experiments.

Prior to the code simulations discussed in this report an assessment of the
SBWR plant has been made, with respect to the transient and accident
management facilities that are resident in the current SBWR design. These
facilities and their feasibility to be inserted in the EF concept are discussed in
Chapter 2.
In Chapter 3 a description of two codes available at ECN with the ability to
model the relevant processes and phenomena involved in external flooding will
be discussed. Furthermore, the arguments for the selection of SCDAP/RELAP5
for the EF analyses described in this report are treated in this chapter.
The models in SCDAP/RELAP5 that describe the heat transfer from the corium
to the vessel inside as well as the heat conduction through the vessel wall are
given in Chapter 4.
The models for the heat transfer from the outside of the vessel wall towards the
water surrounding the vessel are treated in Chapter 5.
A discussion on the nodalization schemes and input requirements can be found
in Chapter 6.
The results of the computer calculations and a comparison with the results from
various experiments on external flooding is presented in Chapter 7.
Finally in Chapter 8 the conclusions and recommendations are given.

In writing this report it is assumed that the reader is familiar with the basic
background information with regard to reactor and containment design in general
and the external flooding concept in particular, as described in [1],

12 ECN-R--95-023/EV-1824 ECN - TUD, September 1995
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2 SBWR TECHNICAL DESCRIPTION

In the EF analyses discussed in this report a detailed mesh was used of the
SBWR (Simplified Boiling Water Reactor) lower head. The SBWR is an
innovative reactor still being developed by General Electric (GE). Executing EF
analyses for existing reactor configurations usually is not realistic because
generally these containments are not equiped with the necessary facilities.
However, if in an existing plant it would be possible to establish direct vessel-
water contact in the containment over a prolonged period - during which the
vessel lower head is exposed to the large heat fluxes generated by the core melt
-, many of the results from the simulations discussed further on in this report
could be extended easily to this situation, provided that the shape of the lower
head does not deviate significantly from the SBWR lower head and similar in-
and ex-vessel conditions are assumed.

The current design of the SBWR is provided with facilities that, in principle,
enable the realization of EF in the case of a severe melt-down accident.
However, it is emphasized that the EF concept will not be an option in the
severe accident management strategy developed by GE until its feasibility is
indisputably proven and the reliability, with regard to maintaining the structural
integrity of the vessel lower head, is demonstrated to be extremely high. The
transient and accident systems incorporated in the SBWR containment are
designed to be used for in-vessel cooling techniques. They will be discussed in
paragraph 2.1. The feasibility for application of the external flooding concept in
the SBWR, will be discussed in paragraph 2.2.

2.1 SBWR Plant

The SBWR with a nominal power of 600 MWe utilizes the BWR direct cycle
approach, which means that steam from the reactor is admitted directly to the
turbine. This direct cycle BWR configuration is advantageous with respect to an
indirect cycle approach in the absence of complicated and expensive
intermediate heat exchange equipment. Apart from this major plant simplification
that is inherent to the BWR approach the main design perspective of the SBWR
is to eliminate complex active systems even further and replace them by simpler,
passive ones. In this context, passive systems rely on naturally occurring
phenomena such as coolant flow driven by gravity or by density (temperature)
gradients in the reactor vessel, condensing/convective heat transfer processes,
actuation of valves by pressure differences etc. The aim of the use of passive
systems is to exclude operator actions and to minimize the consequences of any
accidents.

A characteristic feature of the SBWR is the use of gravity-induced natural
circulation to drive coolant through the core. This natural circulation flow is
maintained by density differences between steam/water inside the core and water
outside the core in the downcomer. The consequence of the use of natural
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circulation flow is that electrically powered pumping systems and additional
complex equipment to drive cooling water through the core are no longer
necessary. To accomplish the natural circulation flow, the SBWR Reactor
Pressure Vessel (Fig. 2.1) is over 24 m long. The chimney on top of the core
provides a thorough mixing of the steam/water flow. The removable steam
separator assembly is mounted on top of the chimney. The steam from the
steam/water separators leaves the vessel passing steam dryers while the water
returns into the downcomer. This water mixes with the water out of the
feedwater sparger and falls downward to the lower plenum.

To remove decay heat after an emergency shutdown three Isolation Condensers
(ICs) are available in the SBWR reactor building (Fig. 2.2). They consist of
shell-and-tube heat exchangers located in the IC pools above the drywell and
operate in natural circulation mode. The capacity of the IC pools provides at
least 72 h of reactor decay heat removal under station blackout conditions.
A second passive system to accomplish cooling of the reactor core is the Gravity
Driven Cooling System (GDCS), which may come into operation after the RPV
has been depressurized through automatically or manually operated Safety Relief
Valves (SRVs) and/or Depressurization Valves (DPVs). Automatic opening of
these valves will occur after the collapsed water level in the RPV downcomer
has dropped below a certain level.

The RPV and its related cooling and servicing systems are enclosed by the
primary containment vessel, a reinforced concrete structure with a leaktight steel
liner. Short-term decay heat removal from the containment can be achieved by
condensing the initial release of LOCA blowdown energy in a suppression pool.
Long-term safety grade decay heat removal from the containment after a LOCA
can be accomplished by the Passive Containment Cooling System PCCS,
consisting of three units which are located in the IC pool and operating by the
pressure difference between the drywell and the wetwell.
A provision is made to flood the lower drywell with water to cool core debris
material in the event of a severe accident (L/D flooder). Deluge valves open
when the lower drywell floor temperature exceeds 1500 K and permit water
from the GDCS pool to flood the lower drywell cavity.

The SBWR reactor building is a reinforced concrete structure surrounding the
containment and therefore provides a secondary containment function.

2.2 Feasibility for External Flooding

In principle the transient and accident systems as described in this chapter are
fit for the realization of EF. The amount of water available in the GDCS and
suppression pools is enough to fill the lower drywell up to a level of 1.0 m
exceeding the top position of the original core. However, few modifications in
the design are necessary.
In the existing designs, the vessel wall is covered by non-permeable isolation,
precluding coolant flow and therefore flooding at the vessel outside. A gap for
coolant flow should be available.

16 ECN-R-95-023/EV-1824 ECN - TUD, September 1995
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Applying EF means that the progression of a severe accident should not proceed
in a manner that leads to lower head failure. In the shortest amount of time
possible after core relocation, significant vessel submergence should be realized
in order to enlarge the possibilities for successfull cooling of the lower head.
Instead of actuating deluge valves in the lower dry well by the heat produced by
a corium pool contained in the lower drywell (i.e. after vessel break-through)
these valves should be actuated by heat sensors placed in the RPV. Likewise,
valve actuation occurs whenever a molten corium pool is formed in the lower
head.
Gravity-induced depletion flows should be large enough to establish the fast
formation of a water pool in the lower drywell (see also [1]). The configuration
of the pool should be such that circulation is induced by density gradients. This
is not possible in a homogeneous well-mixed pool.
The condensing capacity of the ICs should be such that the rate at which steam
is formed equalizes the rate of condensation.

Currently EF is not an option in the severe accident management strategy
developed by GE, as has already been stated in the introduction of this chapter.
The main reason why this concept has not been adopted in the designs of the
transient and accident management systems, is the possibility of energetic steam
explosions if vessel failure should occur, despite the application of EF. In this
case the entire mass of superheated corium flows almost instantaneously into the
waterpool in the lower drywell. During this event the possibility of steam
explosions (also referred to as energetic Fuel Coolant Interactions (FCI))
becomes very real. The uncertainty in the conditions and parameters that might
provoke the triggering of steam explosions and the phenomenology involved,
complicate the possibilities for a more exact prediction on the likelihood of
occurrence of FCIs.
However, also in the case of quenching an already relocated corium pool in the
lower drywell, one should take seriously into account the possibility of
occurrence of steam explosions. The external flooding concept was designed to
avoid the danger of in-vessel steam explosions, that are related to the cooling of
debris inside the vessel (as was the strategy at TMI-2). At the same time EF, if
successfull, avoids several phenomenological concerns related to containment
integrity, like core melt attacks against containment penetrations and structures
and slow basemat melt-through due to a possibly non-coolable debris bed.
The feasibility of both methods and risks involved in either accident
management strategy should be thoroughly investigated. With regard to EF,
studies for a number of plants are encouraging. However, as feasibility proves
to be very plant dependent, the capacity to implement this as an accident
management procedure for the SBWR, requires further investigation.
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Fig. 2.1 Isometric view of the SBWR RPV
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3 COMPUTER CODES

As mentioned already in Chapter 1, various computer codes which possess the
capability to model severe accident sequences have been developed and are
widely used by industry and research institutes all over the world. These codes
are continuously updated and benchmarked by comparing the produced results
with the results from experiments and other, similar codes. Also the results from
specific experiments are used for benchmarking. In [1] an overview and short
description is presented of the main computer codes that are used or developed
nowadays.
Two main categories of computer codes can be distinguished:
- integrated codes: these computer codes contain relatively simple engineering

models for all phenomena involved in a severe reactor accident sequence,
from the onset of the accident to the release of fission products outside the
containment. Because of their relative simplicity, integrated codes are
supposed to be fast-running.

- detailed mechanistic code: these codes contain sophisticated models for the
evaluation of only separate phenomena occurring in an accident sequence,
such as melt progression and fission product release. Due to their complexity,
detailed mechanistic codes are often time-consuming. However, the results
as calculated with these codes have a higher degree of reliability than those
from integrated codes.

With respect to the capability for external flooding analyses currently at ECN
only the MELCOR code and the SCDAP/RELAP5 code are available. MELCOR
is an integrated code, whereas SCDAP/RELAP5 is a detailed mechanistic code.
In this chapter a short description of both codes will be presented. Since external
flooding analyses consist essentially of thermal hydraulic processes emphasis is
given to the modeling of these phenomena by the code and the effect of these
processes on the lower head.

For the external flooding analyses presented in this report the SCDAP/RELAP5
code was used. The arguments for this choice are presented in paragraph 3.3.

In preparing an input deck for both codes, the user first defines a nodalization
scheme of the system he intends to simulate. The nodalization scheme is the
configuration of control volumes and the connections between these control
volumes (referred to as 'flow paths' or 'junctions') that describe the considered
system. The nodalization scheme and initial conditions (i.e. pressure,
temperatures, masses etc.) for each control volume are defined in the input deck.
The structure of the various developed nodalization schemes for the analyses
performed in this report is discussed in Chapter 6.

1995 September, ECN - TUD ECN-R--95-023/EV-1824 21
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3.1 MELCOR

MELCOR is a fully integrated, engineering-level computer code that models the
progression of severe accidents in Light Water Reactor (LWR) nuclear power
plants. MELCOR is being developed at Sandia National Laboratories for the
U.S. Nuclear Regulatory Commission (US-NRC). The spectrum of severe
accident phenomena, including reactor coolant system and containment thermal
hydraulic response, core heatup, degradation and relocation, and fission product
release and transport, is treated in MELCOR in a unified framework for both
boiling water reactors and pressurized water reactors. MELCOR has especially
been designed to facilitate sensitivity and uncertainty analyses. The targeted
applications envisioned by the US-NRC for MELCOR are BWR and PWR
Probabilistic Risk Assessment (PRA) studies, audit reviews of the Individual
Plant Examination (IPE), submittals for American power plants, studies to
develop insights into phenomena and hardware performance, and accident
management studies.

MELCOR has been under development since 1982. The latest version was
released in August 1994.

MELCOR is composed of a number of different packages, each of which models
a different portion of the accident phenomenology or program control. Most of
these packages may be either active or inactive during a calculation, depending
on user input.

3.1.1 Thermal Hydraulic Modeling

The MELCOR thermal hydraulic models solve the conservation equations for
each phase separately within a control volume. This results in six equations for
the two-phase system (conservation of mass, momentum and energy). The
equations use time and one space dimension as independent variables and time
and volume-average dependent variables. Each control volume is characterized
by one single pressure and two temperatures, one for the liquid phase and one
for the gas phase.
The control volumes are connected by flow paths through which the
hydrodynamic materials may move. Appropriate hydrostatic head terms are
included in the momentum equation for the flow paths, allowing calculation of
natural circulation. In order to be solved the constitutive relations describing
interphase mass and heat transfer require values for several parameters to be
defined by the user. For example, MELCOR requires the length of the interphase
area, allowing for momentum exchange, in each flow path to be set by the user
(fixed value during the entire calculation). As such the produced results are
largely influenced by user input and detailed modeling of two-phase flows
therefore is virtually impossible.

22 ECN-R--95-023/EV-1824 ECN - TUD, September 1995
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3.1.2 Thermal Response of the Vessel - The BH Package

Recently the BWR lower plenum debris bed package (Bottom Head or BH
package) has been added to the MELCOR code. Unlike all other packages BH
is not developed at SNL but at Oak Ridge National Laboratory (ORNL). The
BH package calculates the thermal response of the lower plenum debris, the
heatup of the reactor vessel bottom head and the release of core and structural
materials from the reactor vessel to the drywell in case of vessel failure. The
nodalization for debris bed and vessel wall are fixed, which means that code
solutions cannot be checked for grid dependency (see Fig. 3.1).

In the lower plenum debris bed the energy balances consist of heat transfer by
the mechanism of 2D conduction between the debris bed control volumes and
from the outer bed control volumes to the vessel wall. Natural convection heat
transfer in liquefied debris is simulated by setting the element conductivity to
a large number in those elements that possess a liquid mass exceeding two-thirds
of the total control volume mass. Likewise a well mixed, highly turbulent pool
is simulated. For the purpose of calculating the bottom head wall temperatures,
each wall node is divided into three equal-volume segments as shown in
Fig. 3.1. Heat is transferred from the adjacent debris bed control volumes into
the inner segment of each wall node by conduction. The heat transfer coefficient
at the corium-vessel interface is set by user-input and does not permit a spatial
distribution.
Heat transport along and across the wall by conduction from segment-to-segment
is also calculated. Exposed inner wall segments above the elevation of the upper
debris bed surface receive heat transfer by radiation and convection from the
lower plenum atmosphere and by radiation from the upper surfaces of the bed
control volumes.
Heat transfer from the outer segment of each wall node to the drywell
atmosphere is calculated by the application of convective heat transfer
coefficients determined within the Heat Structures (HS) package of MELCOR.

3.2 SCDAP/RELAP5

The SCDAP/RELAP5 code is a detailed mechanistic code, which was developed
at the Idaho National Engineering Laboratory (INEL) under the primary
sponsorship of the Office of Nuclear Regulatory Research of the US-NRC. As
the code name already reveals, SCDAP/RELAP5 originated from the merging
of the SCDAP and the RELAP5 code, each of them focussing on a specific part
of severe accident phenomenology. The various models available in
SCDAP/RELAP5 can be activated or deactivated during a calculation, depending
on user input.

The RELAP5 computer program is a transient analyses code that can be used for
a wide variety of transients in Light Water Reactors. All the major components
of the reactor system can be simulated. The code models have been designed to
permit simulation of postulated accidents ranging from large break LOCAs (Loss
of Coolant Accident) to accidents involving the plant controls and fuel system.
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The basic design for the RELAP5 code was to analyze system transients in
Pressurized Water Reactors (PWRs). The limitation to PWRs does not concern
the general physical models since the system behavior with respect to single-
phase and two-phase flow, heat transfer etc. is identical for Pressurized Water
Reactors and Boiling Water Reactors.

The RELAP5 models calculate the thermal hydraulics, control system interac-
tions, reactor kinetics, and the transport of non-condensable gases in the reactor
coolant system during severe accidents.

The SCDAP code models the core behaviour during a severe accident. As the
calculation of a complete core meltdown is a time consuming process, recently
options have been added to the code which allow the user either to define the
progression of the meltdown as a function of time or to assume the presence of
a debris bed in the vessel lower head at the start of a calculation. These options
are referred to as 'user-defined slumping' and 'no-slumping' respectively. The
COUPLE models in SCDAP are capable of calculating the heatup of the debris
and surrounding structures. Activation of the COUPLE models, using the 'no-
slumping' option allows the user to perform external flooding analyses, thereby
avoiding the necessity to calculate the entire sequence of the preceding accident.

3.2.1 Thermal Hydraulic Modeling

In SCDAP/RELAP5 the thermal hydraulic models for the hydrodynamic systems
are incorporated in the RELAP5 part of this code. Like the MELCOR code
RELAP5 solves the conservation equations for each phase within a control
volume. The variables in these equations are also time and volume averaged and
time and one space dimension are the independent variables. Similar to
MELCOR a control volume is characterized by one single pressure and two
temperatures for the liquid and gas phase.
Control volumes are connected by junctions through which transport of
hydrodynamic materials takes place. Some specific RELAP5 components also
contain internal junctions which allow mass transport between subvolumes.
Hydrostatic head terms enable the calculation of natural circulation.
The constitutive relations however are formulated using empirical correlations.
The values necessary for substitution in these correlations are calculated by
RELAP5 from control volume and junction dimensions and the actual flow
conditions. The constitutive relations, needed to solve the two-fluid equations,
include models for defining flow regimes and flow regime related models for
interphase drag, wall friction, heat transfer and interphase heat and mass transfer.
The applied two-phase flow regime maps are defined by a simplified mapping
technique which controls the use of the constitutive relations. The heat transfer
model in RELAP5 is based on the boiling curve which is used to govern the
selection of the heat transfer correlation.
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3.2.2 Thermal Response of the Vessel - The COUPLE Models

To calculate the heatup of the debris and surrounding structures the user has to
activate the COUPLE models. A 2D finite element mesh (see Fig. 3.2) is
generated by COUPLE based on the coordinates input of a selected number of
nodes. When using the 'no-slumping' option, the elements of the mesh are filled
by the code user with debris material and carbon steel on the locations he
desires. Likewise a debris bed bounded by the wall of a vessel lower head can
be defined. The rate of heat generation per unit volume has to be defined for the
debris material. This imposes the heat load towards the vessel lower head.
Convection and radiation heat transfer take place from the upper boundary of the
debris bed towards other connected volumes. At the nodes defining the outside
of the vessel wall also connections to other hydrodynamic volumes can be made
which can be used in order to define convection heat transfer from the vessel
lower head to surrounding volumes. As such it is possible to create a detailed
mesh representing the vessel lower head filled with debris, connected to volumes
at the inside of the mesh which represent the vessel internals and volumes at the
outside of the mesh representing the contents of the lower drywell or
containment cavity. The nodalization of mesh, vessel internals and externals is
entirely defined by user-input and can be as detailed as desired. This enables the
code user to find grid independent solutions.

Similar to the MELCOR code the energy balances in the lower plenum debris
bed consist of heat transfer by 2D conduction between the bed control volumes
and from the outer bed control volumes to the vessel wall. A different value for
the heat transfer coefficient can be assigned to each element that is part of the
corium-vessel interface. Likewise, a spatial distribution of the heat transfer
coefficient between the debris and the inside of the vessel wall can be defined.
Natural convection in liquefied debris is simulated by setting the element
conductivity to a large number in those elements that are entirely filled with
debris.

In Table 3.1 a comparison of the main features of the MELCOR and
SCDAP/RELAP5 computer codes is presented.

3.3 Code Assessment

The purpose of the research project described in this report was to analyze the
feasibility and phenomenology of the external flooding concept for a vessel
lower head containing heat generating debris. From the code descriptions in the
former paragraphs it becomes clear that for these specific thermal hydraulic
analayses SCDAP/RELAP5 has the following advantages compared to
MELCOR:
- a flexible nodalization which is defined by the user in the COUPLE input

allows for a detailed geometrical description of vessel lower head and debris
bed. At the corium-vessel interface different heat transfer coefficients can be
defined for each element on this interface. The heat transfer coefficients are
fixed during the entire calculation.
The nodalization of the debris bed and vessel lower head in MELCOR is
fixed. It is not possible to define a spatial distribution of the heat transfer
coefficient on the corium-vessel interface.
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- sophisticated models for interphase mass and energy transfer are resident
within the SCDAP/RELAP5 code, whereas in MELCOR these models are not
capable of a detailed calculation of two-phase flows. In MELCOR the
simulation results with regard to this important aspect of the defined problem
are largely influenced by user input.

As the results from various experiments discussed in [1] revealed an in-vessel
heat transfer coefficient that varies considerably with the location and the ex-
vessel heat transfer processes are largely determined by two-phase flow
phenomena, the SCDAP/RELAP5 code appears to possess the best features for
external flooding analyses. The flexibility in nodalization of the vessel wall and
debris bed (finite element mesh) that is available in the SCDAP/RELAP5 code
also largely contributed to this choice.
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Table 3.1 Comparison of main features of the MELCOR and SCDAPIRELAP5
computer codes with regard to external flooding analyses

Main Features

Code Type

Ranee of Applications

MELCOR

Integrated

LWR

SCDAP/RELAP5

Detailed Mechanistic

LWR

Physical Models
• Thermal Hydraulics

Heat Transfer

Control volumes and
flow paths connecting
them

Two-phase
steam/water (with non-
cond. gas)

Conservation of mass,
momentum and energy

Limited modeling
capabilities of
interphase mass and
heat transfer

Conduction/convection

Radiation from debris
bed to upper structures

Control volumes and
junctions connecting
them, subvolumes and
internal junctions

Two-phase
steam/water (with non-
cond. gas)

Conservation of mass,
momentum and energy

Detailed modeling of
interphase mass and
heat transfer

Conduction/convection

Radiation from debris
bed to upper structures

Decay Heat
Generation

Debris Bed
Behaviour/ Thermal
Response of Vessel
Wall

User-defined or fission
products decay heat
withdrawn from tables
incorporated in the
code

2D Heat conduction
model

Effective thermal
conductivity is
increased for elements
containing liquefied
debris

User-defined or fission
products decay heat
withdrawn from tables
incorporated in the
code

2D Heat conduction
model

Effective thermal
conductivity is
increased for elements
containing liquefied
debris

Coarse and fixed
nodalization

Spatial distribution of
heat transfer
coefficients is not
possible

Flexible nodalization
defined by user input

Spatial distribution of
heat transfer
coefficients can be
defined

Documentation

Development Status

Code description, user
guidelines

Further development
foreseen

Code description, user
guidelines

Further development
foreseen
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ORNL-DWG 91M-2955B ETD

OUTER
DRYWELL

Fig. 3.1 Nodalization of debris bed and vessel wall in the BH package

28 ECN-R--95-023/EV-1824 ECN - TUD, September 1995



305J wwwwv •336-? ,304-, ySTS-, 7240, 208-, 426-, 444-,—MA777 /? rrni
80

•18 32 16

\ \ \ \ \ \ \ \ \ /7/ / / /
289

Fig. 3.2 COUPLE finite element mesh (the numbers refer to the nodes)



SCDAPIRELAP5 Analyses of External Flooding

30 ECN-R--95-023/EV-1824 ECN - TUD, September 1995



4 MODELS FOR IN-VESSEL HEAT
TRANSFER (COUPLE)

In SCDAP/RELAP5 the heatup of the debris and surrounding structures (in-
vessel heat transfer) is calculated by activating the COUPLE models.
Originally COUPLE was developed as an independent code for two-dimensional
finite-element analyses of steady-state and transient heat conduction. The code
was developed to solve both plane and axisymmetric type heat conduction
problems. In the early eighties COUPLE has been merged with the
SCDAP/RELAP5 code.
In this chapter the COUPLE models resident in the SCDAP/RELAP5 M0D3.1
code, which have been activated in order to simulate the in-vessel phenomena
involved in external flooding, will be discussed.

4.1 Decay Heat Generation

After shutdown the core continues to produce a considerable amount of heat
resulting from fissions from delayed neutrons or photoneutron emissions and
radioactive decay processes. Within minutes from shutdown fissions from
delayed neutron emission are reduced to a negligible amount. Therefore, in the
case of a heat load imposed by a molten pool towards a vessel wall only the
decay heat generation is to be considered. Usually this decay heat is expressed
as a fraction of the reactor thermal power (normalized decay heat).
The nuclear decay heat is completely determined by the power history of the
reactor core and the kind of nuclide undergoing fission. The reactor power
history usually is expressed in terms of operating time prior to shutdown. During
reactor operation the amount of radioactive fission products in the core gradually
increases, which explains the influence of operating time on the decay heat
power after shutdown.
Based on the results performed in the sixties and seventies, the American
Nuclear Society (ANS) developed a standard for reactor shutdown cooling
requirements (ANSI/ANS-5.1-1979) [2]. This standard contains detailed tables
of decay heat for different nuclides.
The 1979-standard presents values for decay heat power from fission products
following shutdown of light water reactors with fuel containing uranium-235,
uranium-238 and plutonium-239. The contributions from 235U, 238U and 239Pu are
treated explicitly, whereas account is made for other fissionable nuclides by
treating them as 235U. In Fig. 4.1 the normalized decay heat power from fission
products resulting from the fission of these three nuclides based on an operating
period of one year is shown.
Table 4.1 (source: [3]) is based on this standard and depicts the normalized
decay heat power at various times after shutdown. The influence of the operating
time prior to shutdown can also be seen clearly in this table. From the course
of the normalized decay heat power it can be seen that 1 second after shutdown
the decay heat of the fission products is approximately 6 percent of the reactor
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thermal power during operation. The 1 % level is reached shortly after one hour
from full scram.
The formation of a molten debris pool involves at least several hours from
scram.
For our analyses throughout the entire interval a normalized decay heat power
of 1% was chosen as a base case. Sensitivity runs were performed assuming a
normalized decay heat power of 1.6%. In case of the SBWR these values
represent a decay heat power generated by the entire debris bed of 20 MW and
32 MW respectively1. From Table 4.1 it can be seen that these values are
conservative estimates.

4.2 Heat Transfer in the COUPLE Mesh and at the Mesh
Boundaries

An important part of the nodalization scheme defined in the input deck is the
detailed finite element mesh describing the vessel lower head and the debris bed
within (Fig. 4.2). The elements2 that are filled with debris can be defined by the
user. As the debris generates heat, the entire mesh starts to heat up. The heat
generation per unit volume in the debris is also set by user input.
By means of 2D conduction the decay heat is transferred to neighbour elements
in the debris bed and eventually is transferred via the corium-vessel interface to
the vessel wall of the lower head. In other words, COUPLE solves the following
two-dimensional energy equation:

371 d(jdT) d(,dT
p c — = —\k— + — \k—y pdt dx{ dx) 8y( dy

where: p
cp

k

4
T
t

density [kg/m3]
specific heat at constant pressure [J/kg • K]
thermal conductivity [W/m • K]
volumetric heat generation [W/m3]
temperature [K]
time [s]

Depending on the node considered the heat diffusion equation is solved in a
discretized form with values for the various parameters corresponding to the
material that resides within the node. The corium vessel interface is treated as
a material with zero thickness, but with a certain heat transfer coefficient defined
by the user, which is fixed during the entire calculation but may differ with the
location.

1 The design value of the SBWR thermal power is 2000 MW.

It is important to make a distinction between elements and nodes.
The nodes are the intersection points of the lines and curves that make up the mesh. Although
depicted as singular points, a volume is assigned to each COUPLE node.
The elements are the control volumes bounded by the lines and curves in the mesh. Each element
consists of four nodes and is bounded by four lines/arcs.
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The radiation and convection heat transfer to the in-vessel atmosphere at the
upper surface of the debris bed, as well as the heat transfer from the external
surface of the lower head to the water in the lower drywell, are calculated by the
RELAP5 part of the code, which will be treated in the following chapter.

Debris may heat up and liquefy as a consequence of the decay processes. At the
phase interface heat is transferred by the mechanism of convection. Since
COUPLE is strictly a heat conduction code, an effective conductivity is used to
simulate the convective heat flux at the phase change interface. The effective
conductivity keff in the liquid portion of the phase change element is calculated
by requiring that the conduction heat flux in the liquid portion of the element
be the same as the imposed convective heat flux. Hence, the effective
conductivity of the liquid portion becomes:

h(Tm-TM)
keff ^ r - (4-3)

where: h : convection heat transfer coefficient [W/m2 • K]
!„ : molten pool temperature [K]
Ts : interface temperature (material melting temperature) [K]
n : coordinate in direction normal to the solid-liquid interface

[m]

For fully liquid debris elements, the element conductivity is set to a large
number (factor of 100 greater than that before melting) to simulate a well mixed,
highly turbulent pool.
To determine the heat transfer coefficients used in Eq. (4-3), knowledge is
required of the heat flux at the phase change interface. In COUPLE the
correlations of the group of Mayinger et al. [4] are used in order to calculate
the required convection heat transfer coefficient. These correlations yield a mean
upward («) and downward (d) heat transfer coefficient (upward and downward
signify directing from/towards the solid surface along the normal to the solid-
liquid interface):

Reff

(4-4)

h = Ao.542to0-18 (4-5)
d Reff

where: kc : thermal conductivity of the corium melt in the boundary
layer adjacent to the phase change interface [W/m • K]

Reff : effective radius of the molten region [m]
Ra' : modified Rayleigh number for the molten pool

The effective radius is calculated by summing the volume of the elements that
are melted and by assuming a hemispherical geometry.
The modified Rayleigh number is defined as:
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Ra- = w^ff (4-6)
<tvkc

where: g : gravity constant [m/s2]
3 : thermal expansion coefficient [1/K]
a : thermal diffusivity [m2/s]
v : kinematic viscosity [m2/s]

Experimental results published in [5] indicate that the local downward heat
transfer coefficient is a function of the angular position from the centerline of
the pool (9). Their results show that the ratio of the local to average heat transfer
coefficient varies from approximately 0.2 at 9 = 0° to about 2.0 at 0 = 90°,
where 6 is determined as shown in Fig. 4.3. Although these results did not
exhibit a linear course between these two values, in COUPLE a linear
characteristic is chosen as depicted in Fig. 4.4 (the local to mean Nusselt number
ratio equals the local to mean heat transfer coefficient ratio). The elements which
are determined to be in the process of phase change are identified by the code3

and the appropriate upward and downward heat transfer coefficients (as
determined by using Eqs. (4-4) and (4-5) and an analytical representation of the
graph presented in Fig. 4.4) are applied to these elements.

Phase change identification is checked by comparing the actual temperatures in the element
(each element consists of four nodes, hence an element is characterized by four temperatures) with
the debris melting temperature.
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Table 4.1 Normalized decay heat power PJP after shutdown

Time after shutdown

1 s

1 min

1 hr

1 day

30 days

Operating

30 days

0.056

0.031

0.011

3.4-10"3

4.9-10"4

time prior to

1 year

0.058

0.033

0.012

4.7.10"3

1.4-10"3

shutdown

4 years

0.059

0.034

0.012

5.0-10"3

1.6-10-3
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Fig. 4.1 Decay heat power of fission products from U, Pu and U
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Fig. 4.3 Schematic defining the location of a typical phase change element
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Fig. 4.4 Nusselt number ratio as a function of the angle from core
centerline
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5 MODELS FOR EX-VESSEL HEAT
TRANSFER (RELAP5)

In applying the EF concept, the heat that is generated in the corium is conducted
through the vessel wall and is eventually removed from the lower head by the
water/steam mixture surrounding the vessel.
The heat transfer from the external surface of the lower head to the water in the
lower drywell is calculated by the RELAP5 part of the code.

The RELAP5 volumes connected to the COUPLE nodes, that represent the
external surface of the lower head, are submitted to large heat fluxes. The heat
that is transferred to these volumes causes heatup of the contents (i.e. water) and
eventually might give rise to boiling. The type of boiling mode and the
accompanying flow regime in a specific CV depends on the conditions (i.e.
temperature, pressure, flow velocity etc.) in the volume and its geometry.

In this chapter the RELAP5 models describing ex-vessel heat transfer will be
discussed. Special attention wil be given to the following aspects:

- the specific conditions that give rise to a certain boiling mode and the
accompanying flow regime;

- the influence of a certain boiling mode and flow regime on the ex-vessel heat
transfer.

5.1 Wall Heat Transfer

In RELAP5 a boiling curve is used to select the wall heat transfer correlations.
There are many factors to consider when deciding which convective heat transfer
coefficient correlations to use. Questions that are addressed by the MOD 3.1
logic are:
- is the pressure above the critical pressure?
- is the wall temperature above the saturation temperature?
- is a noncondensable gas present?
- is the vapor void fraction near zero or one?
- is the heat flux above the CHF?
The decision logic leads to the evaluation of a heat transfer coefficient
correlation needed to find the heat flux.

The total wall heat flux is the heat flux to vapor plus the heat flux to liquid:

where: q" : total wall heat flux [W/m2]
hg : heat transfer coefficient to gas [W/m2 . K]
h: : heat transfer coefficient to liquid [W/m2 . K]
Tw : surface wall temperature [K]
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Tg : local gas temperature [K]
Tlt ref : liquid reference temperature [K]

The liquid reference temperature can be the local liquid temperature or the
saturation temperature, depending on the correlation considered.

For each COUPLE node connected to a RELAP5 CV the wall heat transfer
subroutines return three heat transfer coefficients:

- the heat transfer coefficient to gas, hg

- the heat transfer coefficient to liquid, ht

- the total heat transfer coefficient, h

Similarly three values of the heat flux are determined:

- the heat flux to gas, q"g

- the heat flux to liquid, q'\
- the total wall heat flux, q"

In Fig. 5.1 the RELAP5 logic chart for wall heat transfer regime selection is
depicted. This figure shows the possible logic paths selected by the code and the
criteria used by RELAP5 for selection of a certain heat transfer regime. Twelve
heat transfer modes - indicated by the numbers 0-11 - are possible, as can be
seen in this figure. If a noncondensable gas is present in the CV connected to
the heated surface, 20 is added to the mode number. If the heated surface is
reflooded - after uncovery due to complete evaporization of the coolant or dry-
out - 40 is added to the mode number.
The heat transfer coefficients are determined in one of the five subroutines:
CONDEN, TPAWHT, DITTOS, PREDNB and PSTDNB. In these subroutines
the following calculations are executed:

CONDEN : calculates the coefficients when the wall temperature is below
the saturation temperature at the partial pressure of steam.

TPAWHT : the correlations in this subroutine are called when the wall
temperature is below the saturation temperature based on the
total pressure and above the saturation temperature based on the
partial pressure of steam.

DITTOS : is called to calculate the coefficients for single-phase liquid or
vapor conditions.

PREDNB : performs the calculations for the nucleate boiling mode.

PSTDNB : performs the calculations for the transition and film boiling
mode.

Finally, the subroutine CHFCAL determines the CHF using a table lookup
method.

The symbols in Fig. 5.1 represent the following variables:

40 ECN-R-95-023/EV-1824 ECN - TOD, September 1995



Ex-Vessel Heat Transfer (RELAP)

h78

T.sat

P

CHF
q"Fs

r . "

<TTB

saturated enthalpy difference between liquid and gas [J/kg]
noncondensable quality
wall surface temperature [K]
saturation temperature [K]
liquid temperature [K]
partial pressure of vapor [N/m2]
total pressure [N/m2]P
vapor void fraction
critical heat flux [W/m2]
wall heat flux from film boiling correlations [W/m2]
wall heat flux from transition boiling correlations [W/m2]

The heat transfer mode number is a code output parameter in the case the heated
structures are described by RELAP5 Heat Structures (HS)4. For each structure
treated as a HS, RELAP5 returns the corresponding mode number in the output.
Likewise, the user is informed of the logic path selected by the code.
The heat transfer processes in the interface between the RELAP5 CVs and the
COUPLE mesh also obey the logic represented in Fig. 5.1. However, in the
SCDAP/RELAP5 version currently available, the heat transfer mode numbers
corresponding to COUPLE meshes are not returned in the code output. However,
it is possible to deduce these heat transfer modes from the values of the heat
transfer coefficients appearing in the output.
The numbers and the corresponding heat transfer modes are presented in
Table 5.1.

For the purpose of the research project discussed in this report the heat transfer
modes corresponding to the numbers 2, 3, 4 and 9 (i.e. single-phase liquid
convection at subcritical pressure, subcooled and saturated nucleate boiling and
single-phase vapor convection) are of major interest. The heat transfer mode
corresponding to the latter mode number describes the convection heat transfer
between the debris bed and the in-vessel atmosphere.
In Appendix A the empirical correlations describing these heat transfer modes
are presented.

5.2 Calculation of Critical Heat Flux

The SCDAP/RELAP5 MOD 3.1 program uses a Critical Heat Flux lookup table
method based on data obtained from measurements performed by Dr.
Groeneveld and co-workers at AECL (Atomic Energy of Canada Limited) [6]
(Table 5.3). The table is made from tube data normalized to a tube inside
diameter of 0.008 m but is multiplied by a factor that allows the use of these
data in other sized tubes. However, multiplying factors for downward facing
boiling are not provided and the data neither have been validated for channels
with a large hydraulic diameter, as defined in the nodalization schemes discussed

RELAP5 Heat Structure(s) (HS) are the models that permit calculation of the heat transferred
across solid boundaries of hydrodynamic volumes (P, SV etc.) by the mechanism of ID conduction.
The geometrical mesh generation capabilities of HS are limited compared to the mesh generation
capabilities in COUPLE. The term HS is also used to denote the physical structure (for example:
lower head wall) that is subjected to a heat load and described by the HS models.
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further on in this report (RELAP5 volumes that model the ex-vessel boiling
phenomena).

The lookup table was formulated from the 15000 data points to make a three-
dimensional table with the pressure, the mass flux and the quality as independent
variables. The pressures cover the range from 0.1 to 20.0 MPa, whereas the
mass flux, G, varies between 0.0 and 7500 kg/m2 • s and the quality, x, from -
0.15 to 1.0 (negative quality corresponds to subcooled flow conditions). The
value obtained from the table is multiplied by 0.80 [13] to correct for hydraulic
diameters that are large compared to the coolant flow channels in a reactor core,
hence:

CHF = 0.80 CHF,table
(5-2)

The decrease is caused by the fact that for a given mass flux, G, an increase in
hydraulic diameter leads to a decrease in the flow velocity through the channel.
Increasing flow velocities prevent the accumulation of vapor on a certain
location.

Several experiments have been executed to determine the CHF of an inclined
surface compared to the value for pool boiling. These were mainly experiments
with small surfaces (characteristic dimensions of a few centimetres).
Usually the Zuber correlation (Eq. (5-3)) with an inclination correction given by
the Vishnev correlation (Eq. (5-4)) results in conservative (i.e. low values)
predictions of CHF:

CHF = 0 .149^p, (5-3)

where: hfg : latent heat of vaporization [J/kg]
pv : density of saturated vapor [kg/m3]
p ; : density of saturated liquid [kg/m3]
a : surface tension [N/m]
g : gravity constant [m/s2]

CHF = CHFoi
190

(5-4)

where: CHF0 : critical heat flux for upward facing boiling as calculated
with the Zuber correlation [W/m2]

<j) : angle of inclination of heated surface [°]

For downward facing boiling (180°) CHF from the Zuber correlation is
multiplied by a factor 0.23.
The heat fluxes occurring in the surface nodes of the lower head as calculated
by RELAP5, have also been compared with CHF predictions from the
correlations (5-3) and (5-4).
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5.3 Flow Regimes

The selection of a certain flow regime by the RELAP5 code is based on a
simplified mapping technique, for both horizontal and vertical flow. The
horizontal flow map is used for volumes with an inclination angle <j) in the range
0° < !<j>! < 45°, whereas the vertical flow map is used for volumes with an
inclination angle in the range 45° < k|>l < 90°. These maps are used in the
calculation of interphase heat and mass transfer, wall friction and wall heat
transfer. The flow regime maps are based on the work of Taitel and Dukler
[7] and Ishii and Mishima [8].

Taitel and Dukler have simplified flow regime classification and developed
semi-empirical correlations to describe flow regime transitions. However, some
of their transition criteria are quite complex, and further simplification has been
carried out in order to efficiently apply these criteria in RELAP5. In addition,
post-CHF regimes, as suggested by Ishii, are included for the vertical flow
regimes.

In the RELAP5 output, the flow regime is characterized by a number, varying
from 1 to 13. Each number corresponds to a certain flow regime. The numbers
and the corresponding flow regimes are gathered in Table 5.2.

In Appendix B the RELAP5 flow regime maps are discussed in more detail.

5.4 Basic Modeling of the Transfer Terms

The transfer laws describe the transport of mass, momentum and energy at the
phase interfaces and at the wall.
At present the transport processes at the phase interfaces are still poorly
understood. For this reason, thermal hydraulic computer codes which are based
on the general two-fluid model - such as RELAP5 - rely on empirical
correlations to describe the interphase transports of mass, momentum and
energy.
It is noted that the interphase transport processes depend profoundly on the flow
regime of the two-phase flow under consideration. It will appear that the
prediction of the flow regime therefore plays an essential role in the modelling
of the interphase transport processes.
Usually the interphase transport quantities are expressed in terms of transfer per
unit area. Hence, in order to determine these quantities, one needs to know the
length of the phase interface per unit area and the fluxes of mass, momentum
and energy at the phase interface. In RELAP5 the length of the phase interface
per unit area is determined using the flow regime maps discussed in Appendix
B. The fluxes at the phase interface are expressed in terms of a transfer
coefficient and a driving force. Empirical correlations depending on the flow
regime are then used to determine the transfer coefficient.
Hence, the importance of the prediction of the flow regime is twofold, namely:
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- the approximation of the length of the phase interface per unit area;

- the choice of the empirical correlation corresponding to the flow regime
under consideration for the determination of the transfer coefficient.

Once the flow regime is predicted, the length of the phase interface per unit area
is calculated using approximations for the bubble or droplet diameter (dispersed
flows), entrainment correlations for annular flow or interpolation formulae for
transitional flows.

An extensive overview of all the transfer correlations implemented in the
RELAP5 code is presented in [13].
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Table 5.1 Heat transfer mode numbers in RELAP5 and the corresponding
heat transfer modes

Mode Number Heat Transfer Mode

0 Convection to noncondensable-water mixture

1 Single-phase liquid convection at critical and
supercritical pressure

2 Single-phase liquid convection at subcritical
pressure

3 Subcooled nucleate boiling

4 Saturated nucleate boiling

5 Subcooled transition film boiling

6 Saturated transition film boiling

7 Subcooled film boiling

8 Saturated film boiling

9 Single-phase vapor convection

10 Condensation when vapor void fraction equals one

11 Condensation when vapor void fraction is less than
one

mode nr = mode nr + 20 if a noncondensable gas is present
mode nr = mode nr + 40 if reflooding of the heated surface occurs
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Table 5.2 Flow regimes and the corresponding output numbers in RELAP5

Number Flow Regime

1 High mixing bubbly

2 High mixing bubbly/mist transition

3 High mixing mist

4 Bubbly

5 Slug

6 Annular-mist

7 Mist-pre-CHF

8 Inverted annular

9 Inverted slug

10 Mist

11 Mist/post-CHF

12 Horizontal stratified

13 Vertical stratified
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Fig. 5.1 RELAP5 logic chart for wall heat transfer regime selection
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6 NODALIZATION AND INPUT DECK

Prior to the preparation of an input deck the user defines a nodalization scheme
of the system he intends to simulate. The nodalization scheme is the
configuration of control volumes and the connections between these control
volumes that describe the considered system. Initial conditions of the control
volumes and the configuration of the nodalization scheme are translated into the
input format that is required to run the code faultlessly. This is the actual
preparation of the input deck.
For the EF analyses described in this report the RELAP5 and COUPLE parts of
the SCDAP/RELAP5 code are activated. Version 3.1 (MOD 3.1) of this code is
used.
As mentioned in section 3.2.1, the RELAP5 models are used for transient
analyses of hydrodynamic systems (i.e. systems that allow the flow of
steam/water and noncondensable gases), whereas the COUPLE models are used
to calculate the heatup of the debris and the thermal response of the vessel.

In this chapter the nodalization of the COUPLE and RELAP5 parts of the code
will be discussed. Although merged into one input deck, the nodalization of both
parts is quite distinct and therefore will be treated separately. The connection
between both parts is defined at the boundaries of the COUPLE finite element
mesh.

The results from various simulations are discussed in Chapter 7.

6.1 RELAP5

In RELAP5 the user can choose out of a variety of Control Volume (CV) types
in order to set up an input deck. The various CVs are connected by Single
Junctions (SJ), allowing transfer of mass and energy between them. In the
RELAP5 code, CVs and SJs usually are referred to as hydrodynamic
components. The RELAP5 hydrodynamic components used to define the
various CVs in the input decks discussed in this report are:
- Single Volume (SV): as the term reflects this hydrodynamic component is

characterized by one average value for each quantity or property describing
the contents of the SV. However, like in all RELAP5 hydrodynamic
components, a distinction is made in the gas and liquid phase. This means
that apart from the average value of a certain property (for example: density)
for the contents of the entire CV, RELAP5 also calculates the property values
of the liquid phase (density of water) and the gas phase (density of steam/air)
that reside within the considered CV. In RELAP5 the property values for all
hydrodynamic components are calculated as a function of time.

- Pipe (P): this hydrodynamic component can be divided into several
subvolumes and internal junctions connecting them. This enables the user to
reveal a one-dimensional distribution over the Pipe of each property or
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quantity considered. Similar to the SV the subvolumes are characterized by
an average property value for the liquid phase and the gas phase.
The term 'Pipe' is slightly misleading in the sense that it suggests the
application of these components for the description of piping systems. In
RELAP5 however, Pipes are used for a variety of hydrodynamical systems
that require an analysis of geometrical property distribution.

- Time Dependent Volume (TDV): the TDV is the hydrodynamic component
that serves either as a heat/mass source or as a sink. It is used, for example,
to define the conditions of the immediate environment of the system
considered. Mass transfer from a CV to a TDV occurs generally if values of
certain parameters characterizing the condition in the CV are exceeded (for
example: if the pressure in the CV connected directly to a TDV exceeds the
pressure in the TDV, mass will flow from this CV to the TDV until the
pressure in this volume drops again below the TDV pressure). The TDV has
no limits on mass/energy deliverance or absorption. Unlike the term suggests,
the conditions (i.e. temperature, pressure etc.) for the TDVs in the analyses
discussed in this report were constant during the entire problem time.
However, time dependent conditions in tabulated or functional form can be
defined for each TDV.

The RELAP5 nodalizations for the EF analyses discussed in this report consist
of the four hydrodynamic component types (SJ, SV, P, TDV) mentioned above.
In Fig. 6.1 a possible nodalization for external flooding analyses with the
SCDAP/RELAP5 code is depicted. Both the COUPLE and RELAP5 parts are
evident in the presented nodalization. The RELAP5 hydrodynamic system
consists of two loops:
- the first loop receives heat from the debris bed and consists of P 070,

representing the vessel internals, and the sink TDV 002. Both CVs are
connected to each other by SJ 005. We will refer to this hydrodynamic
system as the internal loop.

- the second loop receives heat from the outside of the vessel lower head and
consists of the SVs 008, 009 and 011, which are connected to each other by
the SJs 015 and 016 respectively. SV 011 is connected to the sink TDV 012
via SJ 017. SVs 008 and 009 represent the lower drywell, whereas SV 011
represents the upper drywell. This loop is referred to as the external loop. As
SV 008 is connected to the COUPLE nodes that represent the external
surface of the vessel wall, this CV is completely filled with water in order
to guarantee flooding of the vessel lower head. For the initial conditions to
be accepted by RELAP5, the code requires that the phase boundary does not
coincide with the system boundary of a CV. Therefore SV 009, which is
partly filled with water, has been added to this loop. The major part of SV
009 and SV 011 consists of a steam/air mixture.

Although the SJs in Fig. 6.1 are represented as arrows with a certain height, the
RELAP5 code considers the junction merely as an opening between two CVs,
possessing only dimensions in the direction perpendicular to the direction of
flow (i.e. a SJ is defined with a certain flow area, but possesses no volume).
Through a junction mass flow can occur from one CV to the other. No
hydrodynamic material resides within a junction.

The nodalization presented in Fig. 6.1 is used as a base case for the EF analyses
presented in this report. A more detailed nodalization scheme, that is also used
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during our analyses, is presented in Fig. 6.2. Compared to the nodalization
depicted in Fig. 6.1, modifications in the RELAP5 CVs and SJs representing the
lower drywell have been introduced. The lower drywell in the refined
nodalization consists of SV 009, SV 200 and P 100 and the junctions 400, 500
and 600 between these components. It is important to note that, in contrast with
the hydrodynamic system as shown in Fig. 6.1, these modifications allow the
development of water circulation induced by density gradients in the external
loop.
The detailed nodalization of the narrow zone bordering the vessel lower head at
the outside (P 100 containing 15 subvolumes, each one connected to an outer
COUPLE element) allows the user to obtain information on specific quantities
and properties in each of the subvolumes. Likewise it is possible to study the ex-
vessel boiling phenomenology on a local scale.

6.2 COUPLE

The COUPLE models are used to simulate the heatup of debris and surrounding
structures, i.e. in this case the lower head wall. A 2D finite element mesh is
generated automatically based on the coordinates input of a selected number of
nodes. The coordinates of the required nodes for the input deck were determined
by using the ANSYS structural finite element code and placed into the correct
format using a spreadsheet program.
The COUPLE mesh is axisymmetric and is presented in Fig. 6.3.

The connections between the COUPLE mesh and the RELAP5 loops are defined
by the user in the input deck. These connections permit the transfer of heat from
the corium to the vessel internals (convection/radiation towards the contents of
P 070) and from the outside of the vessel lower head to the water in the lower
drywell (convection to the contents of SV 008 (Fig. 6.1) or P 100 (Fig. 6.2)).
Adiabatic conditions are assumed at the vessel cut.

In the analyses presented in this chapter the 'no-slumping' option is activated,
which means that the elements of the mesh are filled by the code user with
structural materials as well as debris. The following materials are included in the
mesh:
- debris (corium), in the COUPLE input deck referred to as mixture 1. Mixture

1 consists of UO2, Zircaloy, stainless steel (SS) and B4C.
- carbon steel for the lower head vessel wall,
- null material, this is a virtual material defined to be present in the elements

defining the corium-vessel interface. These interface elements do not possess
a 'height', but by filling them with null material it is possible to assign a
convective heat transfer coefficient to each of these elements and as such
enable heat transfer between the corium and the vessel wall.

The difference in lengths in the azimuthal direction of the elements in the vessel
wall of the COUPLE mesh, is a consequence of the method of mesh generation
applied by this code. Based on the coordinates input of a limited number of
nodes, COUPLE generates the entire mesh.
To get a basic idea of how this generation process is realized, we first consider
the part of the mesh that contains the debris (i.e. above the curved lower head
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wall). In the horizontal direction the boundaries of the elements form lines,
which are defined by the user, by giving the coordinates input of the nodes on
the vertical axis of symmetry, the nodes on the corium-vessel interface and the
midpoint of these two nodes, which divides the line into two parts with equal
lengths (for example: node 132 lies in the middle of the line bounded by the
nodes 129 and 68, see Fig. 6.3). The vessel wall nodes, are generated by the
code in the radial direction through lines proceeding in a direction perpendicular
to the tangent of the curve that describes the vessel inner surface. These radial
node lines also intersect this curve on the same location as the horizontal lines
from the debris part of the COUPLE mesh (for example: if the user defines the
horizontal boundaries of debris elements to be on the line passing through the
nodes 209 and 73, COUPLE only allows radial nodes in a direction
perpendicular to the tangent of the curve passing through node 73, as is the case
with the nodes 57, 41, 25 and 9, depicted in Fig. 3.2). If the increments in the
vertical direction of the debris part of the mesh are maintained constant, this
procedure inevitably leads to different lengths of the elements in the azimuthal
direction of the vessel wall. On the other hand, equidistant increments in the
azimuthal direction of the vessel wall, will lead to a very coarse nodalization in
the vertical direction of the debris part, especially in the upper regions of the
mesh. For this reason analyses have been performed with the nodalization as
shown in Fig. 6.3.
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Fig. 6.1 Possible nodalization for external flooding analyses in
SCDAPIRELAP5
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005

P100

Fig. 6.2 Modified nodalization scheme which allows the development of
water circulation and the study of ex-vessel boiling phenomena on
a local scale
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Fig. 6.3 COUPLE 2D finite element mesh for the SBWR lower head
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7 RESULTS AND DISCUSSION

In this chapter the results of the EF simulations for the SBWR LH using the
SCDAP/RELAP5 code will be discussed. The code was run on an IBM RS6000
320 H workstation with operating system AIX 3.2.
A survey of the executed analyses and their main characteristics can be found
in paragraph 7.1. The model assumptions are provided in paragraph 7.2 and an
analysis of the results can be found in paragraph 7.3.

7.1 Executed Analyses

An overview of the executed analyses is presented in Table 7.1. A total number
of 5 calculations are performed, referred to as Case I till Case V. The main
characteristics of the simulations found in this table are:

- height of the debris bed in the vessel lower head, Hdebris [m]. This is defined
as the distance in vertical direction, measured along the vessel cut, between
the upper surface of the debris bed and the inside of the vessel lower head
bottom. Hdebris equals 0.99 m (corresponding to 60% of core mass) for case
I and 1.386 m (corresponding to fully molten core) for the other cases. These
debris bed heights are also depicted in Fig. 7.1 and Fig. 7.2 respectively.

- heat generation rate per unit volume in the debris, q [MW/m3]. Two values
were chosen: 1.274 MW/m3 and 0.815 MW/m3 representing 1.6 %5 and 1.0
% of SBWR thermal power respectively.

- RELAP5 nodalizations of the model. These are being referred to as 'coarse'
and 'fine'. The coarse RELAP5 nodalization is as depicted in Fig. 6.1,
whereas the fine RELAP5 nodalization is shown in Fig. 6.2.

- the COUPLE nodalizations that were investigated. These are also being
referred to as 'coarse' and 'fine'. The coarse nodalization is shown in
Fig. 6.3. The fine nodalization is a refinement of this nodal network, obtained
by reducing the spatial increments in both directions by a factor of 2 (hence,
the number of nodes and finite-difference equations is multiplied by a factor
4). By varying the nodalization, the heat conduction solutions were tested for
grid dependency.

- the debris-to-vessel heat transfer coefficient or gap heat transfer coefficient,
hgap. The default value equals 500 W/m2 • K. This value is mentioned in
[9] and recommended as being representative for the reduced thermal

The volumetric heat generation rate of 1.274 MW/m3 for case I is obtained assuming a
normalized decay heat power of 1.0% (as the volume of the relocated core mass is smaller, the
product of volumetric heat generation rate and corium volume equals 20.0 MW, which is
approximately 1.0% of SBWR thermal power).
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contact between the debris and the in-vessel surface, caused by surface
roughness and gas trapped between the debris and lower head wall.
Case V was executed, assuming a spatial distribution of the heat transfer
coefficient, with an average downward heat transfer coefficient based on the
Mayinger correlation:

Nud = 0.54Ra-0AS(E.T6 (7-1)
[Rj

where: R : radius of curvature of the inner surface of the vessel lower
head [m]

The local Nusselt number can be expressed in terms of this average Nusselt
using the following experimental correlation [10]

n\") - r " \ j-r (1 ?̂
— _ _ = C. +C- \i~L)

K 'UJ 2

with:

C, = -1.76cos())+2.75, C2 = 0.7 cos(|)-0.45 for 0.6 < - < 1

C, = 0.83, C2 = 0.28 for 0 < 1 < 0.6 (7-4)

where: hd : average downward heat transfer coefficient obtained from Eq.
(7-1) [W/m2 • K]

9 : angular position measured from the lower stagnation point
<j) : pool angle (angle between the intersection point of debris

free surface with the axisymmetric vessel cut and the
intersection point of debris free surface and the inner surface
of the lower head wall, as measured from the centre of the
imaginary circle describing the curvature of the lower head)

This relationship is represented graphically in Fig. 7.3 for a pool angle 0 = 31.1°
(corresponding to the corium pool configuration depicted in Fig. 7.1). The local
values for the gap heat transfer coefficients, determined by Eqs. (7-1) - (7-4) are
gathered in Table 7.2. The height of the debris mass, as depicted in Fig. 7.1 and
Fig. 7.2, is substituted for the characteristic length in both the Nusselt number
and modified Rayleigh number.

- in contrast to the fine RELAP5 nodalization shown in Fig. 6.2, coolant
circulation is not possible in the coarse RELAP5 nodalization depicted in
Fig. 6.1. By blocking one of the SJs 400, 500 or 600 coolant circulation can
be prevented in the nodalization as shown in Fig. 6.2, as was done in the
cases III and V, respectively.

- the executed problem time is found in the last column of Table 7.1.

60 ECN-R--95-023/EV-1824 ECN - TUD, September 1995



Results

7.2 Model Assumptions

The assumptions utilized within the thermal calculation are summarized below:

- material thermal properties: corium thermal properties, such as specific heat,
density, thermal conductivity, latent heat of fusion, fusion temperature and
viscosity of the corium are calculated by the SCDAP/RELAP5 code based
upon the debris composition. Thermal properties of structural materials are
also calculated by SCDAP/RELAP5 using temperature dependent functions.
It should be noted that the thermal properties of carbon steel are extrapolated
for temperatures above 900 K.

- initial conditions of the debris: for the entire COUPLE mesh one initial
temperature has to be defined. In order to avoid the occurrence of transition
or film boiling at the start of the run in the RELAP5 CVs connected to the
external surface nodes of the COUPLE mesh, this temperature To has to be
chosen in the range: To < Tsat + 75, where Tsat is the saturation temperature
at the governing pressures for the RELAP5 volumes involved. If To is
chosen outside this range a call to the subroutine PSTDNB is made, which
leads to either transition or film boiling modes (see Fig. 5.1).
The consequence of this limitation is that the initial temperature of the debris
has to be defined far below a representative value for molten corium
(approximately 2500 K). In the analyses presented in this report, which are
performed at 2.0 bar (containment pressure in the external loop), 373.0 K is
chosen as initial temperature (Tsa! atp = 2.0 bar is 393.0 K).
This low initial temperature may be representative for a quenched debris bed
in the lower plenum. For an unquenched debris bed the chosen temperature
is far too low and results in an incorrect simulation of the transient
behaviour. For the steady-state situation however, which is our primary
concern, the initial temperature only influences the execution time.
Also at t = 0.0 s the complete debris mass is assumed to be in the lower head
(instantaneous core relocation has occurred just before t = 0.0 s). The decay
heat power of the debris is constant during the entire analysis and was set to
the conservative values of 1.0 % and 1.6 % of SBWR thermal power. The
high value of 1.6% for the normalized decay heat power was chosen, because
it results in a volumetric heat generation rate exceeding 1 MW/ra3. In
[11] this was mentioned as a critical value, above which the efficiency
of external flooding becomes questionable. Thus, by simulating in this range
of high volumetric heat generation rates the margins to vessel failure can be
explored further.

- debris to vessel thermal contact, the contact between the debris and the
structural material is represented by the heat transfer coefficients defined for
the virtual null material. These heat transfer coefficients are constant during
the entire analysis but a different value can be assigned to each element that
is part of the corium vessel interface, allowing for spatial distributions (see
Table 7.2).
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radiation is emitted from the upper surface of the debris bed and this is
accounted for in the energy balance. However, radiation exchange between
the upper surface of the debris bed and the vessel wall and upper structures
has not been modeled. Instead the radiative heat flux emitted from the upper
surface of the debris bed is assumed to be completely absorbed by the
RELAP5 volume connected to the debris nodes of the COUPLE mesh (070-
01).

the vessel wall to coolant heat transfer is based on the RELAP5 correlations
presented in Appendix A. Furthermore, the immediate surroundings of the
lower head are considered to be free of obstacles that could hinder direct
vessel wall water contact or the development of coolant flow (such as vessel
thermal insulation structures).

the vessel lower head is modeled without penetrations, hence only the global
thermal response of the vessel lower head is investigated.

containment condensers have not been modeled for reasons of simplicity.
This means that the evaporated water is not condensed and returned to the
lower dry well. Instead the produced steam will escape from the system into
the sink TDV 012. As a result, the external surface of the lower head will
uncover eventually. Therefore, a restart of the calculation is made regularly.
The restarts incorporate a replenishment of SV 009 and the CVs below. For
the purpose of this research project, which focusses on the in-vessel and ex-
vessel phenomena of the EF concept, the presence or absence of the
containment condensers is of minor interest as long as flooding of the lower
head is guaranteed by the method described above.

the only failure mechanism of the lower head, that is considered in the
analyses, is melting of the vessel wall. Possible failure due to high-
temperature creep phenomena has not been investigated. However, the
temperature data obtained by the analyses described in this report can be used
for detailed structural analyses.

the modeling capabilities of COUPLE do not allow for mixing of liquefied
debris with structural melt. The regular heat conduction solution is proceeded
for the structural material, also if steel melt temperatures are exceeded. The
heat transfer in a well mixed liquid pool is larger than the heat transferred
through conduction. As a consequence, the temperatures in the outer layers
of the vessel wall (i.e. with a temperature that remains below the melting
temperature) exhibit a mitigated response, compared to the thermal response
that would be obtained with an increased heat transfer, if the molten steel
participates in the corium pool.
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13 Discussion of the Analyses

In performing EF analyses one is primarily interested in the thermal response of
the vessel wall. The characteristics of the dynamical temperature response can
be explained by processes or process changes occurring either in-vessel or ex-
vessel. For instance, vessel wall temperatures are affected by in-vessel
phenomena, such as liquefaction of the debris, and ex-vessel processes like
transitions in heat transfer modes or flow regimes.
In the following sections the results of the analyses will be discussed, thereby
giving attention to the in-vessel and ex-vessel phenomena and the thermal
response of the vessel wall, as discussed above.

7.3.1 General Considerations

As a result of the heat generation in the debris, the temperatures of the debris
and the vessel wall start to rise from the low initial temperature. As the decay
heat power is maintained at a constant level throughout the entire analysis,
eventually a steady-state is reached at substantially higher temperature levels.
Especially the vessel wall nodes that are in thermal contact with the debris,
finally reach temperatures exceeding the melting temperature of carbon steel
(1630 K).
Passing through the vessel wall in outward direction, the equilibrium
temperatures decrease. The nodes on the external surface of the vessel wall,
which are in direct contact with the coolant, in most cases exhibit a modest rise
from the initial temperature (373.0 K) to the saturation temperature at the local
pressure (-393.0 K).
The vessel wall temperatures exhibit a temperature jump, occurring
approximately 2-5 hours after time zero. This is the point where a large part of
the debris mass exceeds the melting temperature. As a result, the effective
conductivity is increased according to Eq. (4-3) and multiplied by a factor of
100 for fully liquid elements, in order to simulate a well mixed, highly turbulent
pool. The temperature jump is less pronounced in the outer layers of the vessel
wall and is almost not experienced in the nodes on the external surface. As
debris temperatures decrease in radial outward direction, in the plane
perpendicular to the axisymmetric vessel cut, the impact of debris liquefaction
is also smaller if the distance to the vessel cut increases.

7.3.2

* Hdebris

• 4
' KP
• coarse
• coarse

Case I

= 0.99 m
= 1.274 MW/m3

= 500.0 W/m2 • K
RELAP nodalization
COUPLE nodalization

• no coolant circulation
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Vessel Wall Thermal Response

In Fig. 7.4 the temperature distribution for case I after 24.0 hours is depicted.
From this figure it becomes clear that the majority of the temperatures through
the thickness of the vessel wall remains below the melting temperature of steel.
After 24 hours problem time the run was terminated.
In a significant part of the lower head wall the temperatures remain under the
melting temperature of carbon steel (1630 K). In [10] a minimum required wall
thickness of 1 cm was derived - under 100% safety margin - as being capable
of bearing 150 tons, assuming a yield stress of 250 MPa and a vessel radius of
2.0 m 6. In our analyses the relocated core mass was less and the larger
dimensions of the vessel lower head result in a more favourable stress
redistribution. This means that - based on this criterium - after 24.0 hours the
structural integrity of the vessel wall is not threatened due to melt progression.

The nodes 10-74 traversing the vessel wall are outside the direct sphere of
influence of the debris (i.e. node 74 is not in contact with debris but exposed to
the in-vessel atmosphere above the debris surface, as shown in Fig. 7.1).
Temperatures over here rise entirely due to heat conducted through the vessel
wall in tangential direction from the hot part below. In the following we will
refer to this part of the vessel wall as the low temperature zone, whereas the part
of the vessel wall below the corium pool surface is referred to as high
temperature zone. The temperatures after 24.0 hours in the low temperature zone
of the lower head are well below the melting temperature of carbon steel.
The steady-state in the high-temperature zone of the vessel wall, was reached
after approximately 6.0 hours as can be seen in Fig. 7.5.
The temperature in the nodes 10-58 (see Fig. 7.6) drops initially, caused by the
fact that the water flooding the external surface of the lower head (SV 008) is
set to an initial temperature of 350.0 K, whereas the initial temperature of the
COUPLE mesh was set at 373.0 K.

In-Vessel Phenomena

In Fig. 7.4 the decrease in radial direction of the debris temperatures is clearly
visible. It can be seen that only in the right upper part of the debris bed,
temperatures are below the corium melting temperature (approximately 2600.0
K). Apparently the heat power level is too high to allow for solidifiaction at the
pool boundaries. After 24.0 hours 5.5 MW of the generated heat is radiated and
convected in the upward direction to the RELAP sink volume 070-01 (see
Fig. 7.7). This is 27.5% of the total heat power generated by the debris. As after
8 hours virtually no heatup of the debris takes place (see Fig. 7.8), this means
that 14.5 MW is transferred downward through the lower head wall.

Ex-Vessel Phenomena

In the RELAP5 nodalization depicted in Fig. 6.1 the development of natural
circulation is not possible. The heat convected into SV 008 causes the contents
to rise in temperature gradually from 350.0 K to the saturation temperature

In this analysis the development of thermal stress was accounted for, but no inquiry was

made regarding the possible failure due to high-temperature creep.
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(393.0 K at p = 2.0 bar), as can be seen in Fig. 7.9. The pressure in SV 008
(defined at mid-height) is above the atmospheric pressure of 2.0 bar due to the
static head of the water column above the midpoint. Due to evaporization the
liquid level in the external loop and the accompanying static head drops, which
causes the pressure to decrease slowly in time (see Fig. 7.10).
Due to the steady decrease in saturation temperature of SV 008 (which possesses
a course similar to the pressure in volume 008) vapor generation is stimulated,
which causes the vapor void fraction in SV 008 to rise, as shown in Fig. 7.11.
As the liquid void fraction in SV 009 was reduced to 0.0 after 22.2 hours, the
course of the vapor void fraction in the last 1.8 hours also represents the liquid
level drop in SV 008, as the phase boundary is shifted from volume 009 to SV
008.

7.3.3 Case II

• Hdebris= 1.39 m
• q = 1.274 MW/m3

• hgap = 500.0 W/m2 • K
• fine RELAP nodalization
• coarse COUPLE nodalization
• coolant circulation

In case II the RELAP5 nodalization was refined as shown in Fig. 6.2.
Furthermore, the amount of debris was increased (i.e. the debris bed height was
raised from 0.99 (corresponding to -60% of core mass) m to 1.39 m (full core
mass), see Fig. 7.2. Coolant circulation induced by density gradients is enabled
by adding three SJs (400, 500 and 600) connecting P 100, SV 009 and SV 200.

Vessel Wall Thermal Responselln-Vessel Phenomena

In comparison with the results from case I, the maximum temperatures are
higher (see Fig. 7.12), which is caused by the fact that the generated power by
the debris mass is greater (the volumetric heat generation rate is equal, but the
debris mass is increased significantly).
The run was terminated after 10.1 hours problem time. The temperatures in a
large part of the lower head have reached their steady-state values by this time
(see Fig. 7.13). The total heat generation by the debris equals 32 MW, which
corresponds to 1.6% of reactor thermal power. From Fig. 7.14 we can see that
after 10.1 hours -11.5 MW (36.0% of the total heat power generated by the
debris) is radiated and convected in the upward direction and 20.5 MW is
imposed on the lower head wall, which is significantly more than in case I.
Because the debris level is increased to 1.39 m (see Fig. 7.1), the vessel wall
nodes in the upper part of the lower head are also directly affected by the heat
loads resulting from the debris. Also the temperatures in the area traversing from
15 to 79 (Fig. 7.15), exhibit a temperature rise. The nodes 63 and 79 in the inner
layer of the vessel wall, rise above 600 K.
Although the temperatures in the lower head wall are essentially higher than in
case I, also here over a significant part of the thickness of the vessel wall, the
temperatures remain below the melting temperature. Based on these results and
the criterium mentioned under case I, lower head failure induced by melt
progression does not occur after 10.1 hours of exposure to these heat fluxes.
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However, the margin to failure has been decreased.

Ex-Vessel Phenomena

From Fig. 7.16 it becomes clear that the circulation mass flow induced by the
density gradients (see Fig. 7.17) is very small, up to approximately 4.2 hours,
after which the flow fluctuates strongly during ~2 hours. These fluctuations are
caused by the fact that, from this moment, void is being formed in the volumes
100-12 through 100-15 (Fig. 7.18). Void formation is initiated in the upper pipe
volumes, because the smaller static head causes the saturation temperature in
these volumes to be smaller.
In Fig. 7.16 the mass flow through SJ 400 is shown, but similar courses are
obtained for the mass flows through SJ 500 and SJ 600.
The void formation is a process with a fluctuating nature initially: the void that
is being formed leads to a displacement through SJ 400 of the liquid mass that
occupied the region originally. The void also rises to the upper volumes, under
the influence of buoyancy forces and these regions are subsequently occupied
by the slightly subcooled liquid from the volumes below (see Fig. 7.19), thereby
causing a temporary drop in the volume temperature just below the saturation
temperature. As soon as the fluid temperature again exceeds the volume
saturation temperature the entire process starts all over again. Eventually the
liquid temperature in all the subvolumes of P 100 converges to the saturation
temperature of these upper pipe volumes (i.e. subcooling reduces to zero). As
soon as this happens the temperature fluctuations and the accompanying flow
and void fraction oscillations are eliminated. From this point the flow through
the junctions exhibits a steady course.

As the void fraction increases, the difference in densities between the 'hot leg'
and the 'cold leg' of the external loop increases, which adds to the driving force
for the coolant flow, as can be seen in Fig. 7.17. However, the increasing gas
void fractions in the subvolumes of P 100, also create an increase in flow
resistance (wall drag), which is in excess over the rise in draft. This causes the
gradual decline in circulation flow, as depicted in Fig. 7.16.

7.3.4 Case III

• Hdebris= 1.39 m
. q = 1.274 MW/m3

• hm = 500.0 W/m2-K
• fine RELAP nodalization
• coarse COUPLE nodalization
• no coolant circulation

The conditions in case III are equal to the conditions in case II, except for the
coolant circulation which is prevented by blocking SJ 600. In contrast to the
other cases, at the end of this run no replenishment of the evaporated contents
of the external loop was enforced in order to study the effects of uncovery of the
external surface of the lower head on the thermal response of the vessel wall.
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Vessel Wall Thermal Response

The temperature distribution at t = 13.5 hr as shown in Fig. 7.21 clearly
demonstrates the devastating consequences of lower head uncovery to the vessel
wall thermal response. As soon as uncovery occurs the ex-vessel heat transfer
deteriorates significantly. A huge temperature rise occurs, first starting in the
upper part (Fig. 7.22) and gradually proceeding to the lower parts as the liquid
level drops further. Finally, this condition leads to complete vessel melting (the
vessel wall temperatures exceed the melting temperature of steel in almost all
locations, as shown in Fig. 7.21). This event would lead to the release of corium
into the lower drywell, which is still filled with water. The likelihood of
triggering a steam explosion as the superheated corium relocates into the lower
drywell is large. In case this would happen, the consequences would be
disastrous. It therefore demonstrates the vital importance of a good ex-vessel
heat transfer - as enabled by flooding the vessel outside - for maintaining the
structural integrity of the lower head.

In-Vessel Phenomena

The temperature distribution in the corium after 13.5 hours is quite
homogeneous, as shown in Fig. 7.21. At this moment 12.5 MW (38.5% of total
heat power generated by the debris) is radiated and convected in the upward
direction into volume 070-01 (see Fig. 7.23). This is a bit more than in case II.
The difference is caused by the slightly higher average pool surface temperature
in case III (radiated heat in the upward direction increases with the surface
temperature to the fourth power).

Ex-Vessel Phenomena

Preventing coolant circulation stimulates the development of large vapor void
fractions, as can be seen clearly by comparing the liquid void fraction in volume
100-15 for case II (with circulation, Fig. 7.20) and case III (without circulation,
Fig. 7.24). Fluid motion causes the release of the generated bubbles from the
heated surface in an early stage of the bubble formation process. As a
consequence, large vapor void fractions within a certain volume are considerably
more difficult to achieve.
By comparing the temperatures of the PIPE subvolumes along the external
surface of the lower head from case II (Fig. 7.19) with case III (Fig. 7.25), it
becomes clear that under stagnant cooling conditions the temperature response
is faster. The maximum liquid temperatures under stagnant cooling conditions
(case II) are reached after approximately 3.0 hours, whereas the maximum liquid
temperatures under natural circulation conditions, are achieved after 4.5 hours.
As soon as void is formed in a control volume, the liquid temperature in the
volume considered, exhibits a sharp temperature rise. As vapor is formed inside
a certain CV, the vapor volume takes in the place of the liquid that occupied the
region before. Hence, almost instantaneously the liquid mass in this CV
decreases. This means that the amount of energy absorbed per unit liquid mass
increases and therefore the liquid temperature in the volume considered rises.
This phenomenon causes the sharp peaks in the temperature courses of the
volumes 100-10 and 100-15 depicted in Fig. 7.25. This figure also shows clearly
that vapor void formation is started first in the upper PIPE volumes, which is
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caused by the fact that the pressure at these upper volumes is smaller (smaller
static head).
The initiation of lower head uncovery is clearly shown in Fig. 7.24. As soon as
the liquid void fraction in P 100-15 is reduced to 0.0, after 10.6 hours (see
Fig. 7.24), the deteriorated heat transfer causes the temperatures in these nodes
to rise (Fig. 7.22).

7.3.5 Case IV

• Hdebris= 1.39 m
. q = 1.274 MW/m3

• hgap = 500.0 W/m2-K
• fine RELAP nodalization
• fine COUPLE nodalization
• coolant circulation

The conditions in case IV were identical to the conditions in case II, only the
nodalization of the COUPLE mesh was refined by reducing the spatial
increments in both directions by a factor of 2. This case was run in order to test
the numerical heat conduction solution for grid dependency.

Vessel Wall Thermal Responselln-Vessel Phenomena

In Fig. 7.26 the temperature distribution for case IV is shown for t = 9.6 hr. In
comparison with Fig. 7.12 the difference in temperature levels on various
locations is striking. Although the plots do not show temperature distributions
at identical times, a comparison is possible because the temperatures in case IV
have reached a steady state by then, as can be seen in for example Fig. 7.27,
Fig. 7.28 and Fig. 7.29. The heat conduction solution for the fine mesh results
in lower temperatures on virtually all locations.
The differences in the heat conduction solutions for both cases are a
consequence of the difference in finite spacings between nodes and of finite-
difference approximations to the energy equation used in COUPLE (Eq. (4-1)).
The finite difference approximations become more accurate as the nodal network
is refined. If accurate solutions are desired, further grid refinements should be
made until the computed temperatures no longer depend on the choice of the
spatial increments between the nodes. This puts serious demands on computing
effort, however. Therefore no further refinement of the mesh belonging to case
IV was tested.

Although the heat conduction solution is less accurate if a coarse mesh is used,
at least the obtained solution can be considered conservative.
The run from case IV was terminated after 20.7 hours problem time. During this
entire period, the external surface of the vessel wall was maintained under
flooding conditions. Heat fluxes did not exceed CHF and the major part of the
vessel wall remained well below melting temperature.
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7.3.6 Case V

. HdeMs= 1.39 m
• q = 0.815 MW/m3

• hgap : local/Mayinger correlations
• fine RELAP nodalization
• coarse COUPLE nodalization
• no coolant circulation

In case V the heat generation rate per unit volume debris, was reduced to 0.815
MW/m3, which corresponds to a normalized decay heat of 1.0%. In addition, the
gap heat transfer coefficient (corium-vessel interface) was calculated using Eqs.
(7-1) - (7-2). The gap heat transfer coefficients resulting from these equations
are gathered in Table 7.2.

Vessel Wall Thermal Responselln-Vessel Phenomena

The variation of the gap heat transfer coefficient affects the vessel wall thermal
response, as can be seen clearly from Fig. 7.30. The average temperatures in the
inner layers of the vessel wall rise from the lower stagnation point in azimuthal
direction, as the gap heat transfer coefficient increases.
As can be seen a major part of the temperatures in the vessel wall remains well
below the melting temperature of steel.
After 15.7 hours the heat convected and radiated from the corium pool surface
in the upward direction is 6.75 MW (Fig. 7.31), which is approximately 33.8%
of the total heat power generated by the corium pool. By then corium
temperatures have reached a steady-state, implying that 13.25 MW is imposed
downward on the lower head wall. Compared to the other cases this is a
relatively small value for the downward heat transfer rate, resulting in lower
vessel wall temperatures. After 15.7 hours problem time the vessel temperatures
exhibit a steady state, as can be seen in Fig. 7.32, Fig. 7.33 and Fig. 7.34.

Ex-Vessel Phenomena

The liquid temperatures in several subvolumes of P 100 are shown in Fig. 7.35
and exhibit a similar course as the liquid temperatures depicted in Fig. 7.25
(case III), up to approximately 9.5 hours. Here a restart incorporating a
replenishment of SV 009 and the volumes below with water of a slightly higher
temperature was made, which explains the small temperature jump visible at that
time.
By comparing the course of the liquid void fraction as displayed in Fig. 7.36
with the liquid void fraction for case III in Fig. 7.24, the conclusion can be
drawn that the combination of a lower normalized decay heat power and the
lower gap heat transfer coefficients in a large part of the corium-vessel interface
results in higher liquid void fractions (i.e lower vapor void fractions). This is
caused by the decrease in vapor generation as a result of the lower surface heat
fluxes.
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7.4 Critical Heat Flux

The Critical Heat Flux, is calculated in RELAP5 according to the lookup table
method described in paragraph 5.2. At the locations where CHF is exceeded,
transition to film boiling occurs and a huge temperature jump is experienced in
the vessel wall, which is caused by the deteriorated heat transfer through the
steam film. This phenomenon can also occur at low qualities and therefore
differs essentially from the dry-out in the end of run III.

Case III

T

P

Pv

Pi

K
a

8

[K]

[Pa]

[kg/m3]

[kg/m3]

[J/kg]

[N/m]

[m/s2]

396.2

2.2 • 105

1.236

940.36

2194.6 • 10'

54.4 • 10 '

9.81

Case V

T

P

Pv

Pi

K
a

8

[K]

[Pa]

[kg/m3]

[kg/m3]

[J/kg]

[N/m]

[m/s2]

401.2

2.5 • 105

1.373

939.07

2177.3 • 10'

53.2 • 10"'

9.81

Traversing the vessel wall in inward direction the CHF temperature jump
decreases. Excessive temperature rises in vessel wall nodes, with the
characteristics as described, did not occur under low quality conditions during
the various analyses.
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However, it is emphasized that the CHF correlations, as resident in RELAP5
MOD 3.1, have not been assessed for EF analyses - featuring downward facing
boiling and boiling at inclined surfaces - as described in this report. Experiments
for determination of CHF under these prototypic conditions and at reactor scale
have not been executed yet.
Currently no data on CHF for downward facing lower head geometries, exposed
to the heat loads resulting from a relocated core melt, are availabe. Therefore the
use of a more conservative correlation is advisable.
The graph in Fig. 7.37 allows for comparison between CHF calculated by Eq.
(5-3) and Eq. (5-4) and the heat fluxes as calculated in RELAP5 for case III at
t = 26000 s. This particular point in time was chosen because large surface heat
fluxes appeared in the output. CHF from the Zuber correlation (Eq. (5-3)) was
calculated using actual values from the code output and using Table A.6 from
[12]. These values are gathered in the tables on the former page.
In Fig. 7.38 a similar graph is shown for case V at t = 41520.0 s. Here also, the
largest heat fluxes of the run were observed.
In these graphs, the node numbers 2-15 on the abscissa appear twice, because
each of these nodes is connected to two RELAP5 volumes (for example:
COUPLE node 2 is connected to RELAP5 volume 100-01 and 100-02, hence
heat is transferred to both RELAP5 volumes, through node 2).
The graph presented in Fig. 7.37, referring to case III (heat generation rate per
unit volume: 1.274 MW/m3), shows that the heat fluxes in the nodes 2 to 7, as
calculated in RELAP5, are in excess over the CHF values calculated with the
Vishnev correction factor. However, heat fluxes do not exceed the CHF value
calculated in RELAP5, as obtained by the table lookup method. Apparently the
CHF values as calculated with the Zuber/Vishnev correlations (Eq. (5-3) and Eq.
(5-4)) lead to considerably lower values in predicting CHF.
The call to the subroutine PSTDNB (see Fig. 5.1) is made when in a certain
node the heat flux exceeds CHF. The transient would proceed in an entirely
different manner, if the Zuber/Vishnev correlation was used instead of the
Groeneveld table lookup method as a criterium for CHF. Eventually this could
lead to an essentially deviant outcome of the calculation, or even prediction of
Lower Head Failure (LHF), which is not the case with the current CHF criterium
implemented in RELAP5 code. This demonstrates that the correlations for CHF
should be selected with the utmost caution. For the EF analyses discussed in this
report, the more conservative Zuber/Vishnev correlation is recommended.
In case V (heat generation rate per unit volume: 0.815 MW/m3) the heat fluxes
in the COUPLE nodes remain below CHF values, obtained with the
Zuber/Vishnev correlations.

The Vishnev correction factor only applies to stagnant boiling conditions. It has
been experimentally verified, that fluid motion strongly increases the value of
CHF, hence, the margin is enlarged significantly if the mass flux is raised.
Therefore, for moving fluids, the use of the correlations as discussed above,
might result in too low estimations of CHF.
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Table 7.1 Overview of the executed analyses and their main characteristics

Number run

I

II

III

IV

V

0.99

1.39

1.39

1.39

1.39

q [MW/m3]

1.274

1.274

1.274

1.274

0.815

VP
[W/m2 • K]

500.0

500.0

500.0

500.0

local/
Mayinger
correlations

Nodalization

RELAP5 COUPLE

coarse

fine

fine

fine

fine

coarse

coarse

coarse

fine

coarse

coolant
circulation

no

yes

no

yes

no

executed
problem time
interval [hr]

0.0 - 24.0

0.0 - 10.1

0.0 - 13.1

0.0 - 20.7

0.0 - 15.7
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Table 7.2 Gap heat transfer coefficients of the nodes at the corium-vessel
interface for case V

Bounding nodes of the gap Gap heat transfer coefficient
element [W/m2 • K]

65 and 66 157.7

66 and 67 195.7

67 and 68 255.5

68 and 69 309.9

69 and 70 396.9

70 and 71 478.5

71 and 72 554.6

72 and 73 614.4

73 and 74 657.9

74 and 75 695.9

75 and 76 728.6

76 and 77 750.3

77 and 78 750.3

78 and 79 750.3

79 and 80 750.3
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Fig. 7.1 COUPLE 2D finite element mesh for the SBWR lower head with debris configuration for case I
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Fig. 7.2 COUPLE 2D finite element mesh for the SBWR lower head with debris configuration for the cases II-V
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Fig. 7.3 Multiplication factor as a function of the angular position, 8, for the
average gap heat transfer coefficient obtained from Eq. (7-1) assuming
a pool angle of 31.1°
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Fig. 7.4 Temperature distribution in the corium and vessel wall for case I at t = 24.0 hr (temperatures are in K)
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Fig. 7.5 Vessel wall thermal response in the nodes 5, 21, 37, 53 and 69 for
case I (Table 7.1)
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Fig. 7.6 Vessel wall thermal response in the nodes 10, 26, 42, 58 and 74 for
case I (Table 7.1)
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Fig. 7.7 Heat transferred from the debris in the upward direction (volume 070-

01) for case 1 (Table 7.1)
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Fig. 7.8 Temperatures in the debris nodes 145, 147, 149, 117 and 69 for case
I (Table 7.1)
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Fig. 7.9 Liquid temperature in SV 008 (Fig. 6.1) for case I (Table 7.1)
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Fig. 7.10 Pressure in SV 008 (Fig. 6.1) for case I (Table 7.1)
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Fig. 7.11 Vapor void fraction in SV 008 (Fig. 6.1) for case I (Table 7.1)

1995 September, ECN - TUD ECN-R-95-O23/EV-1824 81



4000
3900
3800
3700
3600
3500
3400
3300
3200
3100
3000
2900
2800
2700
2600
2500
2400
2300
2200
2100
2000
1900
1800
1700
1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400

Undef

1
1

iSBl

BHJ
HHJ

Fig. 7.12 Temperature distribution in the corium and vessel wall for case II at t = 10.1 hr (temperatures are in K)
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Fig. 7.13 Vessel wall thermal response in the nodes 10, 26, 42, 58 and 74
for case II (Table 7.1)
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Fig. 7.14 Heat transferred from the debris in the upward direction (volume
070-01) for case II (Table 7.1)
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Fig. 7.15 Vessel wall thermal response in the nodes 15, 31, 47, 63 and 79
for case II
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Fig. 7.16 Mass flow through SJ 400 (Fig. 6.2) for case II (Table 7.1)
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Fig. 7.17 Comparison between the density ofSV 200 and the average density
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Fig. 7.18 Void fractions (steam) in the pipe subvolumes 100-12,100-13,100-
14 and 100-15 (Fig. 6.2) for case II (Table 7.1)
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Fig. 7.19 Liquid temperatures for the pipe subvolumes 100-01, 100-05, 100-
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Fig. 7.20 Liquid void fraction in the upper PIPE volume 100-15 (Fig. 6.2)
for case II (Table 7.1)
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Fig. 7.22 Vessel wall thermal response in the nodes 15,31,47, 63 and 79 for
case III
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Fig. 7.23 Heat transferred from the debris in the upward direction (volume
070-01) for case III (Table 7.1).
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Results
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Fig. 7.24 Due to evaporization in the external loop, uncovery of the vessel
lower head in P 100-15, sets in after 10.6 hours
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Fig. 7.25 Liquid temperatures in the pipe subvolumes 100-01,100-05,100-10

and 100-15 for case III
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Fig. 7.27 Thermal response for case IV in the nodes 3, 65, 127,189 and 251
(the nodes 2, 18, 34, 50 and 66 in the coarse mesh have identical
coordinates)
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Fig. 7.28 Thermal response for case IV in the nodes 9, 71,133,195 and 257
(the nodes 5, 21, 37, 53 and 69 in the coarse mesh have identical
coordinates).
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Fig. 7.29 Thermal response for case IV in the nodes 29, 91, 153, 215 and

277 (the nodes 15, 31, 47, 63 and 79 in the coarse mesh have
identical coordinates)
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Fig. 7.30 Temperature distribution in the corium and vessel wall for case V at t = 15.7 hr (temperatures are in K)
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Fig. 7.31 Heat transferred from the debris in the upward direction (volume

070-01) for case V (Table 7.1)
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Fig. 7.32 Vessel wall thermal response in the nodes 5, 21, 37,53 and 69 for
case V (Table 7.1)

94 ECN-R--95-O23/EV-1824 ECN - TUD, September 1995



Results

2500.0

2000.0

^ 1500.0

I
1000.0 -

0.0

T10
• T26

T42
T58
T74

j
/

500.0 h / " ' ' '

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
Time (hr)

Fig. 7.33 Vessel wall thermal response in the nodes 10,26,42, 58 and 74 for
case V (Table 7.1)
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Fig. 7.35 Liquid temperatures in the pipe subvolumes 100-01,100-05,100-10

and 100-15 for case V (Table 7.1)
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Fig. 7.36 Liquid void fraction in pipe subvolume 100-15 for case V
(Table 7.1)
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8 C O N C L U S I O N S A N D
R E C O M M E N D A T I O N S

Ex-vessel flooding is an alternative approach that has been proposed recently in
order to cool down the lower head wall of an RPV containing a large amount
of debris in the lower plenum. In principle, ex-vessel flooding of the SBWR
lower head, can be established with the transient and accident systems as
resident in the current SBWR design.

A comparison between the MELCOR code and the SCDAP/RELAP5 code leads
to the conclusion that the latter one is more suitable for EF analyses due to the
flexibility available in defining the degree of nodalization for finite element
meshes and the better modelling capabilities with regard to two-phase flow
phenomena.

In this report, the results have been reported from various analyses concerning
the feasibility and phenomenology involved in applying the EF concept to an
SBWR lower head, exposed to the prototypic heat fluxes that result from a large
mass of corium.
The feasibility and phenomenology studies, described in this report, were
executed with the SCDAP/RELAP5 code (MOD 3.1). In the executed runs the
following parameters have been varied:

- the amount of debris,
- volumetric heat generation rate,
- nodalization degree,
- heat transfer coefficient between the debris and the vessel wall,
- activation or de-activation of coolant circulation.

The following major conclusions can be drawn from these runs:

• As long as flooding of the external surface of the lower head is established,
the temperatures in the major part of the vessel wall remain well below the
melting temperature of carbon steel under all the conditions tested.

• If the coolant level drops and uncovery of the vessel lower head occurs, a
huge temperature rise is introduced and eventually the entire lower head
melts.

• Although the prevention of coolant circulation stimulates the process of void
formation, a significant effect on the vessel thermal response was not
observed, provided that the flooding condition is maintained.

• The nodalization of the vessel lower head and debris mass has a visible effect
on the vessel thermal response. A course nodalization leads to higher
temperatures and the steady-state is reached at a later point in time.

• The volumetric heat generation rate of the debris has a significant effect on
the temperatures in the lower head mesh, especially in the inner layers.

• The heat transfer coefficient between the debris and the vessel wall proved
to have an effect on the thermal response of the vessel wall. As the local gap
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heat transfer increases higher temperatures are established in this part of the
vessel wall.

The heat fluxes at the vessel-coolant interface did not exceed the low-quality
CHF criteria resident in the RELAP5 MOD 3.1 code. A comparison of the heat
fluxes, as calculated in RELAP5, with the CHF values obtained from the Zuber
correlation and the Vishnev correction factor (for boiling at inclined surfaces)
proved that these CHF values were exceeded during a scenario with a high
normalized decay heat power of the debris mass. The heat fluxes were in excess
over CHF in the nodes surrounding the lower stagnation point of the vessel wall
(downward facing boiling).
The correlations, as resident in the current version of the RELAP5 MOD 3.1,
might lead to over-estimation of CHF for the EF analyses discussed in this
report.

The following recommendations are given:
• Use the more conservative Zuber correlation with the Vishnev correction

factor for EF analyses.
• Incorporate radiation exchange with the in-vessel side walls and upper

structures, as well as the modelling of penetrations in the vessel wall and
structural failure analyses based on the temperature history in the various
nodes of the COUPLE mesh.

• Modify the COUPLE code in such a way, that it allows the definition of
different initial temperatures for the various materials (i.e debris, carbon
steel) that make up the mesh.
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Conclusions & Recommendations
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APPENDIX A: H E A T T R A N S F E R
CORRELATIONS IN RELAP5

The selection of a specific heat transfer mode by the RELAP5 code has been
discussed in Chapter 5. At each crossroad in the possible paths in the logic chart
depicted in Fig. 5.1, the decisions with regard to the selection of a specific heat
transfer mode, are made by checking if the value of the variable considered
exceeds a certain limit. After one or several of these decisions, a call to one of
the six subroutines displayed in this flow chart is made. In these subroutines the
heat transfer coefficients corresponding to the selected heat transfer mode are
calculated.
In this appendix the heat transfer correlations that are used in these subroutines
will be discussed for the following heat transfer modes:

- single-phase liquid convection (nr. 2),
- single-phase vapor convection (nr. 9),
- subcooled and saturated nucleate boiling (nrs. 3 and 4).

A.I Single-Phase Liquid Convection

For this specific heat transfer mode a distinction can be made in free convection
(flow is induced by buoyancy forces which arise from density differences caused
by temperature differences in the fluid) and forced convection (flow is caused
by external means, such as a pump etc.). Whether a certain heat transfer mode
in a single-phase liquid flow can be classified as being free or forced convection
can be derived also from the value of GrIRe2. A large value of GrIRe1 implies
that free convection is dominant, whereas a small value occurs under forced
convection conditions. In RELAP5 this evaluation is performed by assuming
forced convection when GrIRe2 < 1 and assuming free convection when GrIRe2

> 1, or:

Gr > Re2 —> free convection

Gr < Re2 —> forced convection

Here Gr and Re are defined as:

Gr =
v2

where: P : thermal expansion coefficient [1/K]
g : gravity constant [m/s2]
AT : the maximum temperature difference in the liquid [K]
Dc : heated equivalent diameter [m]
v : kinematic viscosity [m2/s] (v = u/p)
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and:

Re = - ^ * (A-2)

where: p : density [kg/m3]
v : average velocity [mis]

The maximum temperature difference in the Grashof number, Gr, is determined
by taking the absolute value of the difference between the vessel wall
temperature and the liquid temperature in a CV:

AT = |rw-r,| (A-3)

The correlations for the single-phase liquid convection heat transfer mode are
present in the subroutine DITTUS (see Fig. 5.1).
The forced convection correlations are discussed in section A. 1.1 and the free
convection correlations in section A. 1.2.

A. 1.1 Correlations for Forced Convection Heat Transfer

The correlations presented in this section are used when Gr < Re2.

The subroutine DITTUS calculates the heat transfer coefficient for this case by
evaluating the values obtained from a correlation for laminar flow (Eq. (A-4))
and turbulent flow (Eq. (A-5)) [13]:

Kays correlation for laminar flow:

h = 4.36— (A-4)

where: k : thermal conductivity of the liquid [W/m • K]
Dh : hydraulic diameter [m]

Dittus-Boelter correlation for turbulent convection:

h = 0.023—Pr0ARe0S (A-5)

where: Pr : Prandtl number
Re : Reynolds number

The Prandtl number is defined as follows:

Pr = M (A-6)
k

where: u : dynamic viscosity [kg/s • m]
c : specific heat [J/kg . K]
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The correlation that corresponds to the maximum obtained value for the heat
transfer coefficient is used eventually.

In a fully developed flow, the critical Reynolds number corresponding to the
onset of turbulence is approximately 2300.
The procedure described above leads to the application of the Dittus-Boelter
correlation at Reynolds numbers far below 2300. As can be seen from Fig. A.I,
the Dittus-Boelter correlation is applied for Re > 581 for the case of water
flowing in a circular tube with Dh = 0.05 m (T = 390.0 K, p = psal = 1.794 bar).
The application of the Dittus-Boelter correlation in this laminar flow region
results in overestimated heat transfer coefficients. However, this procedure is
utilised because it simplifies the calculational process by forcing continuity in
the calculated value of h over the transition.

A. 1.2 Correlations for Free Convection Heat Transfer

The correlations described in this section are used whenever Gr > Re2.

Three correlations are resident in DITTUS in order to calculate the heat transfer
coefficient for this case. Depending on the value of Gr - which is also a measure
for determining whether a certain flow regime is laminar or turbulent - the
following correlations are used:

Gr < 109 ; Me Adams correlation for laminar natural convection:

h = 0.59—(PrGr)025 (A-7)

109 < Gr < 1013 ; the following turbulent natural convection correlation is
used:

h = 0.021— (PrGr)04 (A-8)

Gr > 10 ; Bayley turbulent convection correlation:

h = 0.10— (PrGr)033 (A-9)
Dh

A discontinuity exists at the switch point (Gr = 1013) between Eqs. (A-8) and
(A-9).

A.2 Single-Phase Vapor Convection

In the case of forced convection heat transfer the correlations from the DITTUS
subroutine, discussed in the former paragraph, are used substituting gas property
values for the variables involved.
The correlations for free convection heat transfer are simplified by replacing the
thermal expansion coefficient, (5, by \IT%, where Tg is the gas temperature. This

1995 September, ECN - TUD ECN-R-95-023/EV-1824 105



SCDAPIRELAP5 Analyses of External Flooding

is exact for an ideal gas. However at high pressure conditions, the deviation
becomes significant. A comparison of 3 for saturated steam at 150 atmospheres
pressure with \ITg shows that p = 13-10"3, while \ITg = 1.6-10"3, a factor of 8
difference. This means that at high pressures the modified free convection
correlations for vapor result in underestimated values of the heat transfer
coefficient.

A.3 Nucleate Boiling

In evaluating the heat transfer coefficient in the nucleate boiling mode RELAP5
first determines whether the heated wall connected to the RELAP5 CV is fully
or partly wetted (the latter case is referred to as vertical stratified flow and is
characterized by a clear separation of the two phases in the same CV). The
correlations for saturated nucleate boiling for a fully wetted surface are presented
in section A.3.1, whereas the corrections for a partly wetted surface can be
found in section A.3.2.
If the vapor void fraction reaches the value of 0.999, the heat transfer coefficient
to liquid is ramped to zero and the heat transfer coefficient to vapor is ramped
up to the value obtained from the DITTOS subroutine.
The model basis as presented in section A.3.1 has been modified also for
subcooled nucleate boiling. These modifications will be discussed in section
A.3.3.

A.3.1 Model Basis for Saturated Nucleate Boiling

In RELAP5 the model of Chen [14] is used as a basis for the coding of the
correlations. In this model the nucleate boiling heat transfer coefficient consists
of two parts:

h ' h^h^ (A-10)

where: hmic : microscopic boiling term of the heat transfer coefficient
[W/m2 • K]

hmac : macroscopic convection term of the heat transfer coefficient
[W/m2 • K]

The Dittus-Boelter correlation (Eq. (A-5)), multiplied by a factor F, is assumed
to express the convective heat transfer coefficient, ft^. F accounts for increased
convective heat transfer because of the influence of the void generated in the
boundary layer by boiling. Thus:

^ (A-ll)

with:

Re, - ^ ^ (A-12)
I*/

where: a : void fraction
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The index / refers to the liquid phase.

Measurements revealed a curve of the Reynolds number factor F as shown in
Fig. A.2. The variable on the abscissa, Xtt~

l, is the Martinelli flow parameter,
which is defined as:

Note that a, + cĉ  = 1.

F has also been expressed analytically as follows [15]:

F = 1 . 0 X^sO.lO ( A 1 4 )

F = 2.35 (Xf;
! +0.213)0736 Xj^O.10

F is defined over the range 0.1 < X,,'1 < 100 (see also Fig. A.2)

The correlation of Forster and Zuber [16], multiplied by a factor Sf, is
assumed to represent the microscopic boiling term, hmic:

£.0.79 0.45 0.49

h. = 0.00122 P ATj
mic ,,0.5,, 0.29u 0.24 _ 0.24 sat

h . = 0.00122
mic

.0.79 0.45 0.49
' p'1 Pl ATjMAp^Sf (A-15)

0 02 sat r j9u

where: a : surface tension [N/m]

and ATsat = Tw - Tsat; Ap = piTJ - p(TJ

The suppression factor Sf is depicted in Fig. A.3 and represented analytically by
the following equations [17]:

Sf = [1 +0.12(ite'2p)1-14r1 Re-jj, < 32.5

Sf= [1+OA2(Re-TP)onr1 32. ( A 1 6 >

Sf = 0.1 Re'jp

where:

(A"17)

The Sf factor accounts for decreased boiling heat transfer because the effective
superheat across the boundary layer is less than the superheat based on a wall
temperature.

A.3.2 Corrections for Vertical Stratified Flow

The model is coded as discussed in the former section, subject to the
modifications as explained below.
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hmac is set to the maximum of the laminar forced convection Equation (A-4) and
Equation (A-ll). Thus, when the liquid Reynolds number is zero, hmac will be
nonzero.

Where the code flow regime model indicates that vertical stratified flow exists,
the Taylor bubble rise velocity vTB is calculated to obtain an area fraction
multiplier, Mt, to apply to hmac and hmk. The Taylor bubble rise velocity or slug
rise velocity is described by the following correlation [181:

= 0.35

The functional relationship is as follows:

1 1

(A-18)

r,..,^i-.l)f-5-|)M. = a. + 3( l -a , ) (—--1 - <
1 < ' V 3 3

Pvra 3 (A-19)

3 pvra

where: G : mass flux [kg/m2 • s]

The average density, p, is calculated as follows:

p = afit + VgPg (A"2°)

The function is shown graphically in Fig. A.4. The function values for abscissa
values greater than 2/3 provide smoothing to prevent a discontinuity from
occurring when the value on the abscissa reaches unity.

Heat transfer to the vapor above the phase interface in the CV is calculated by
the larger of the h values computed for turbulent forced convection from Eq.
(A-5), or turbulent free convection from Eq. (A-9), assuming again P = l/Tg. A
multiplier, Mg = 1 - M,, is applied to these equations.

Between a wall superheat value of 0 and 1 K, the F factor is ramped from 1.0
to its full value. It is set to 1.0 at zero degrees superheat so that the hmac term
will match the heat transfer coefficients from the condensation correlations as
calculated in the subroutine CONDEN, which is called when the wall
temperature crosses the saturation value. For a discussion on the condensation
correlations reference is made to [13]

A.3.3 Corrections for Subcooled Nucleate Boiling

The model basis is described by the saturated nucleate boiling correlations as
presented in section 8. The F factor in Eq. (A-ll) is modified as follows:
where: F' : modified Reynolds number factor

The functional relationship is shown in Fig. A.5.
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F^ = F-02(Tsat-T[KF-l)

F- = 1

This procedure provides smoothing of F for the liquid forced convection heat
transfer coefficient if the fluid temperature falls between Tsa, (at zero subcooling,
F from Eq. (A-14) is applied) and Tsat - 5, if the Martinelli parameter, X,,'1, is
greater than 0.1.
The procedure does not change F if X,;' < 0.1, where F already equals unity.
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Water flowing in a circular tube
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Fig. A.I Comparison of the convection heat transfer coefficient calculated
in RELAP5 by Eq. (A-4) and Eq. (AS)
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APPENDIX B: FLOW REGIME MAPS IN
RELAP 5

In this appendix the horizontal and vertical flow regime maps that are resident
in SCDAP/RELAP5 MOD 3.1 are discussed. The vertical flow regime map is
treated in paragraph B.I, whereas the horizontal flow regime map is treated in
paragraph B.2

B.I Vertical Flow Regime Map

The vertical flow regime map is valid for CVs with an inclination angle, <{>, in
the range: 45° < |<j)| < 90°. This map contains nine regimes, four for pre-CHF
heat transfer, four for post-CHF heat transfer and one for vertical stratification.
For pre-CHF heat transfer, the regimes modeled are the bubbly, slug, annular
mist and mist-pre-CHF regimes. For post-CHF heat transfer, the bubbly, slug
and annular mist regimes are transformed to the inverted annular, inverted slug
and mist regimes, respectively. A schematic representing the pre-CHF, post-CHF
and transition regimes of the vertical flow regime map is shown in Fig. B.I.
Heat and mass transfer and drag correlations for the transition boiling region
between pre-CHF and dryout are found by interpolating the correlations on
either side in Fig. B.I. The exact nature of these correlations can be found in
[13].
The schematic is three-dimensional, to illustrate flow regime transitions as
functions of void fraction ag, average mixture velocity G/p and boiling regime
(pre-CHF, transition and post-dryout). The mass flux, G, and the average
density, p, are defined as:

G = agP8\
v
8\

+aifsi\vi\ ^ ' ^

p = a g p g + ajp, (B-2)

B. 1.1 Vertically Stratified Flow

The vertically stratified flow regime is designed to apply to situations where the
flow in a vertical conduit is so slow that an identifiable gas/liquid interface is
present. If we consider a stack of volumes, as shown in Fig. B.2, the volume K
in the middle would be classified as vertically stratified by RELAP5 on basis of
the following five citeria criteria:

I. a, ,L>0.7

II. agiL - agiK> 0.2 or a g r K - agl> 0.2

III. a , , - a , * > 0.2

IV. a^a^a^
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V G/p < vTB

where vTB is the Taylor bubble rise velocity, defined as:

1

v r a = 0.35 gD P/-P. (B-3)

If these five requirements are satisfied, the middle volume is considered to be
vertically stratified. Requirements I-IV effectively preclude an essentially single-
phase flow from inappropriately being labeled stratified when its average
mixture velocity falls below the Taylor bubble rise velocity.
Fixed numbers for the mass flux limits on the vertical stratification axis are not
shown in Fig. B.I, because these depend on vTB.

B.I.2 Bubbly-to-Slug Transition

For the bubbly-to-slug transition, Taitel and Dukler [19] suggested that
bubbly flow may not exist in tubes of small diameter where the rise velocity of
small bubbles exceeds that of Taylor bubbles, since the small bubbles will
approach the trailing edges of Taylor bubbles and coalesce. The small bubble
rise velocity, vSB is given by:

vSfl = 1.53 4 _= 1.53
D1

(B-4)

and the Taylor bubble rise velocity, vTB, by:

v r a = 0.35 gD- 2 _= O.352T (B-5)

Accordingly, the limiting tube diameter allowing the presence of bubbly flow is:

D' ± 19 (B-6>

where: D* : dimensionless tube diameter, defined as:

D* = D g-
(B-7)

For tubes with diameters satisfying the condition of Eq. (B-6), the bubble-slug
transition occurs at a void fraction ct^ = 0.25 for low mass fluxes of G < 2000
kg/m2 • s. If Z>* < 19 then the transition occurs at smaller gas void fractions,
according to the following equation [13]:
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ayiBi = 0.25 mm 1 « • " • ( f i- 8 )

Hence, if the local void fraction, cĉ , exceeds the criterion of Eq. (B-8), then
bubbly flow cannot exist, since the rise velocity of small bubbles exceeds that
of Taylor bubbles. The exponential power of 8 is used to provide a smooth
variation of aL as D* decreases.

At high mass fluxes of G > 3000 kg/m2 • s, bubbly flow with finely dispersed
bubbles can exist up to a void fraction, ag, of 0.5. Then if the criterion is
linearly interpolated between the upper and lower void limits, the bubbly-slug
transition criterion can be written as:

aAn = aAB (B-9)

for mass fluxes of G < 2000 kg/m2 • s,

aAB = a ^+0 .001 (G-2000)(0.5-o i lB i) (B-10)

for mass fluxes of 2000 < G < 3000 kg/m2 • s, and

a^ = 0.5 (B-ll)

for mass fluxes of G > 3000 kg/m2 • s (see Fig. B.3).

The flow regime can therefore be said to be in the bubbly regime if ctg < a ^
and in the slug regime if o^ > a,^.

B.I.3 Slug-to-Annular Mist Transition

The RELAP5/MOD 3.1 vertical flow regime map combines slug and churn flow
regimes into a single regime called slug flow. Also, the annular flow is
combined with the annular mist regime. The transition is based on the postulate
that annular flow will occur in a vertical pipe when the upward drag forces are
sufficient to overcome gravity and can lift the liquid droplets in the core flow
region as well as those which may be created by shattering wave crests on the
wall-adjacent liquid film. In the analyses performed by Mishima et al. [8] the
following criteria for annular flow transition, based on the dimensionless Wallis
number, / , and the Kutateladze number, Ku, are suggested:

•* •* ( B - 1 2 )
Jg ^ Jg,crit

Kug * KugiCrU (B-13)

The Wallis number and Kutateladze number for the gas phase are defined as:
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h = (B-14)

Kus =
(B-15)

Equation (B-12) defines the transition that is induced by flow reversal and is the
governing criterion for tubes with a small diameter.
Equation (B-13) defines the transition that is induced by droplet entrainment and
is the dominant criterion for tubes with a large diameter.
McQuillan and Whalley [20] determined by means of a large experimental
program - covering pipe diameters from 1 to 10.5 cm and a wide range of fluid
conditions - the following values for fg crit and Kug crit:

'* -
Jg.crit ~

(B-16)

• w -3-2 (B-17)

On basis of these values the following criterion for the transition void fraction,
aAC, has been implemented in the code:

aAC

where a?crjt is the transition void fraction based on the Wallis criterion:

"crit = —
(B-19)

for upflow, and:

<ru = 0-75 (B-20)

for downflow and countercurrent flow.

ae
cri, is the transition void fraction based on the Kutateladze criterion:

a
3.2

crit
rp ) (B-21)

The difference in afcrit between upflow and down and countercurrent flows is
unavoidable because the film instability/flow reversal mechanism that can cause
a breakdown of annular flow in upflow is not appropriate when the liquid flows
downwards. The absence of this mechanism leads to the constant void fraction
of 0.75 for downward and countercurrent flow. It is emphasized that this value
has not been verified experimentally.
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A possible weakness in the criteria discussed above is that, at low vapor
velocities, transition to annular flow may not occur until an unphysically high
void fraction is attained, or not at all. Likewise, at high vapor velocities, the
transition could occur at an unphysically low void fraction. To guard against
these situations, the additional requirement has been made that the annular flow
transition can occur only in the void fraction range:

f/min < n < a™* (B-22)
aAM s ag s aBS

where cc"1"1^ is the minimum void fraction at which annular flow can sensibly
exist, and <Xmax

BS is the maximum void fraction at which bubbly-slug flow can
exist. The final transition criterion is then:

i'^,min[af
crtt,a'rit,a^']] (B"23)

The code uses amin
m = 0.5 and a"*"^ = 0.9.

The size of the transition region between slug and annular mist regimes (ccAC -
aDE in Fig. B.I) is set to 0.05.

From a gas void fraction 1 - a ^ , with a ^ set to 10"7, the flow is being treated
as single-phase gas flow.

B.I.4 Post-Dry out Flow Regimes

The post-dryout flow regimes cover the inverted annular, inverted slug and
dispersed droplet or post-CHF mist flow regimes. These regimes occur when
surface temperatures and wall heat fluxes in confined boiling heat transfer
situations are too high to allow surface wetting. Inverted regimes are
characterized by some form of liquid core surrounded by an annular vapor
blanket. According to [21], upon reaching CHF, bubbly flow transitions to
inverted annular, slug flow becomes inverted slug and annular/annular mist flow
loses its annular liquid film and becomes dispersed droplet flow, as shown in
Fig. B.4. They observed a correspondence between pre- and post-CHF
transitions, as shown in Fig. B.I.
However, it is emphasized that inverted flow regimes are very complex and
unstable and that, due to these facts, the post dry-out transitions are not well
understood and cannot be predicted very well with a large degree of reliability.
On basis of the experimental data described in [21], the values for the transition
void fractions in the post-dryout flow regimes are chosen to be the same as the
transition void fractions in the pre-CHF flow regimes.

B.2 Horizontal Flow Regime Map

The horizontal flow regime map is valid for CVs with an inclination angle, (|>,
in the range : 0° < |<j)| < 45° and is similar to the vertical flow regime map
except that the post-CHF regimes are not included and a horizontal stratification
regime is modeled that replaces the vertical stratification rgeime.
A schematic of the horizontal flow regime map as coded in RELAP5/MOD3 is
illustrated in Fig. B.5. The map consists of bubbly, slug, annular mist, dispersed
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(droplets or mist) and horizontally stratified regimes. Transition regions used in
the code are indicated by the hatchings. Such transitions are included in the map
primarily to preclude discontinuities when going from one correlation to another
in interhase drag and heat and mass transfer. The interpolation functions in these
zones enable a smooth transition between the flow regimes on either side. A
detailed description of these interpolation functions can be found in [13].

As can be seen from Fig. B.5, the occurrence of a certain flow regime is
determined by the actual void fraction, ag, and the absolute value of the relative
velocity between the two phases, \vg - v,|. Transition from horizontally
stratified flow to either bubbly, slug, annular mist or mist-pre-CHF regimes
occurs if the absolute value of the phasic velocity difference exceeds a certain
critical value, vcrit, which according to [7] is defined as follows:

VcrU 2 (l-cosQ)

where: A : cross-sectional area of the volume [m2]
D : pipe diameter [m]
9 : angle between the vertical plane and the phase boundary, in the

case of horizontally stratified flow, as shown in Fig. B.6

The criteria for the bubbly-to-slug and the slug-to-annular mist regimes are also
similar to those for the vertical map except that the bubbly to slug transition
criterion is a constant:

- 0 ^ = 0.25,

For the transition region between slug flow and annular flow-mist flow again Ace
= 0.05 is chosen. Hence:

- ccD£ = 0.75,

From a gas void fraction 1 - cc^, with ct^ set to 10"7, the flow is being treated
as single-phase gas flow.
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Fig. B.I Vertical flow regime map as coded in RELAP5IM0D 3.1

Fig. B.2 Three vertical volumes with the middle volume being vertically
stratified
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Fig. B.3 Relationship between the mass flux, G, and the bubbly-to-slug
transition for vertical flow, as coded in RELAP5IMOD 3.1
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D

1
Fig. B.6 Relation between the angle, 0, defining the phase boundary in a

horizontally stratified flow regime and the void fractions
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ADS : Automatic Depressurization System
AECL : Atomic Energy of Canada Limited
AIChE : American Institute of Chemical Engineering
ANS : American Nuclear Society
BDL : Bottom Drain Line
BDLB : Bottom Drain Line Break
BH : Bottom Head
CHF : Critical Heat Flux
CV : Control Volume
DNB : Departure from Nucleate Boiling
DPV : Depressurization Valve
ECCS : Emergency Core Cooling System (gravity driven)
ECN : Netherlands Energy Research Foundation
EF : External Flooding
FCI : Fuel Coolant Interactions
FLB : Feedwater Line Break
GDCS : Gravity-Driven Cooling System
GE : General Electric
HS : RELAP5 Heat Structure
IC : Isolation Condenser
INEL : Idaho National Engineering Laboratory
IPE : Individual Plant Examination
LHF : Lower Head Failure
LOCA : Loss of Coolant Accident
LWR : Light Water Reactor
MSIV : Main Steamline Isolation Valve
MSLB : Main Steam Line Break
NRC : Nuclear Regulatory Commission
ORNL : Oak Ridge National Laboratory
P : Pipe (RELAP5 Hydrodynamic Component)
PCCS : Passive Containment Cooling System
PRA : Probabilistic Risk Assessment
RCS : Reactor Coolant System
RELAP : Reactor Excursion and Leak Analysis Program
RPV : Reactor Pressure Vessel
SBWR : Simplified Boiling Water Reactor
SCDAP : Severe Core Damage Analysis Program
SJ : Single Junction (RELAP5 Hydrodynamic Component)
SS : Stainless Steel
SV : Single Volume (RELAP5 Hydrodynamic Component)
TDV : Time Dependent Volume (RELAP5 Hydrodynamic Component)
TMI : Three Mile Island
TUD : Delft University of Technology
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Roman Symbols:

c

g
G
h

*
J
k
Ku
P
Pr

<i
q"
R
Ra'
Re
t
T
X

y -1

V

Greek

a
P
u
V

p
a

: specific heat
: hydraulic diameter
: gravity constant
: mass flux
: convection heat transfer coefficient
: latent heat of vaporization
: Wallis number
: thermal conductivity
: Kutateladze number
: pressure
: Prandtl number
: rate of heat generation per unit volume
: heat flux
: radius

modified Rayleigh number
Reynolds number
time
temperature
quality
Martinelli flow parameter
velocity

Symbols:

void fraction
volumetric thennal expansion coefficient
viscosity
kinematic viscosity
density
surface tension

Subscripts:

d
g
I
s
sat
u
w
0
oo

downward direction
gas phase or gas properties
liquid phase or liquid properties
interface conditions
saturated conditions
upward direction
surface wall conditions
initial conditions
conditions in the fluid bulk

[J/kg • K]
[m]

[m/s2]
[kg/m2 • s]

[W/m2 • K]
[J/kg]

[-]
[W/m • K]

[-]
[N/m2]

[-]
[W/m3]
[W/m2]

[m]
[-]
[-]
[s]

[K]
[-]
[-]

[m/s]

[-]
[1/K]

[kg/s • m]
[m2/s]

[kg/m3]
[N/m]
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Superscript:

* : dimensionless quantity
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