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Recent efforts in MELCOR development to address previously
identified deficiencies have resulted in release of MELCOR 1.8.2,
a much-improved version of the code. Major new models have
been implemented for direct containment heating, ice condensers,
debris quenching, lower plenum debris behavior, core materials
interactions, and radial relocation of debris.
Significant
improvements have also been made in the modeling of interfacial
momentum exchange and in the modeling of fission product
release, condensation/evaporation, and aerosol behavior. Efforts are
underway to address two-phase hydrodynamics difficulties, to
improve modeling of water condensation on structures and finescale natural circulation within the reactor vessel, and to implement
CORCON-Mod3.
Improvements are also being made to
MELCOR's capability to handle new features of the advanced light
water reactor designs, including drainage of water films on
connected heat structures, heat transfer from the external surface of
the reactor vessel to a flooded cavity, and creep rupture failure of
the lower head. Additional development needs in other areas are
discussed.

1. INTRODUCTION
Several activities over the last three years have identified various MELCOR code and model
deficiencies; recent development efforts have focused on addressing these. In September 1990
a letter report titled "MELCOR Improvement Needs Assessment" [1] (referred to hereafter as
MINA-I) was completed and sent to the US Nuclear Regulatory Commission (USNRC). That
report was written to document and assess those needs for improvement in MELCOR that had
been identified by MELCOR code developers and users up to that time. MINA-I evaluated the
adequacy of the models within the code at that time and assessed the benefits of increased model
fidelity and predictability, reduced uncertainty, and user flexibility and convenience.
f This work is supportedby the U.S. NuclearRegulatoryCommissionand is being performedat SandiaNational
Laboratories,whichis operatedfor the U.S. Deparm_entof EnergyunderContractNumberDE-AC04-94AL85000.
DISTRIBUTION OF THIS DoCuMENT IS UNLIMITED
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Beginning in the fall of 1990, the USNRC also chartered the MELCOR Peer Review Committee
(1) to provide an independent assessment of the MELCOR code through a peer review process,
(2) to determine the technical adequacy of MELCOR for the complex analyses it is expected to
perform, and (3) to issue a final report describing the technical findings of the committee. That
peer review, completed in the fall of 1991, was based on MELCOR version 1.8.1, which was
released to users in July 1991; the report [2] (hereafter referred to as MPR) was formally issued
in March 1992.
In addition, the ongoing MELCOR assessment program at Sandia has greatly assisted in
confirming many of these deficiencies, identifying new ones, determining their overall impact_
and verifying their resolution following code revisions. Furthermore, as new models have been
incorporated into the code, concurrent developmental assessment (e.g., for the new direct
containment heating model) has proved invaluable in finding and eliminating modeling
deficiencies before the model was released for general use. Several assessment reports have been
generated documenting these efforts [3, 4, 5, 6, 7, 8, 9, 10, 11].
Excellent progress has been made by the MELCOR code development team since the MINA-I
and MPR reports were completed in addressing the deficiencies they identified. These efforts
resulted in the completion of MELCOR version 1.8.2 in February 1993 and its release to users
at the end of March. MELCOR 1.8.2 received substantial testing on a suite of plant and
experiment calculations and has demonstrated much improved robustness and reliability, with
significantly reduced numerical sensitivities to time step, computer system, and minor user input
changes that would not be expected to alter results.
Major new models implemented in MELCOR 1.8.2 include (1) a parametric model for direct
containment heating (DCH) following high pressure melt ejection; (2) ice condenser modeling
by adaptation of the Heat Structures package degassing model; (3) quenching of debris relocating
from the core region to the lower plenum; (4) a new package of models for lower plenum debris
behavior in Boiling Water Reactors (BWRs) developed at Oak Ridge National Laboratory
(ORNL); (5) core materials interactions modeling for solid dissolution and eutectics formation;
and (6) radial relocation of debris within the reactor vessel. Significant improvements were made
in aerosol modeling, particularly with regard to condensation and evaporation of water aerosols,
and in the condensation and evaporation of fission product vapors. An updated version of the
CORSOR correlations developed at Battelle's Columbus Laboratories that incorporates
improvements in the release formulation and coefficients, consideration of mass transport
limitations, and use of the Booth diffusion model, was implemented. Improvements were also
made in the modeling of interfacial momentum exchange in the hydrodynamics package.
Concurrent with release of MELCOR 1.8.2, an updated assessment of MELCOR improvement
needs was conducted and described in another letter report (MINA-II) to the USNRC. MINA-II
documented the resolution of many of the deficiencies identified previously.
I': described
additional improvements needed to respond to the findings of the MELCOR Peer Review and
other deficiencies that had since been identified.
Hydrodynamics difficulties associated with

bubble separation from boiling pools, identified in MINA-II, have been resolved. Condensation
modeling needs to be upgraded to explicitly treat the thermal resistance of the water films and
to include correlations applicable to high mass transfer rates. Techniques for modeling fine-scale
natural circulation within the reactor vessel need to be investigated and implemented, improved
modeling of core-concrete interactions in CORCON-Mod3 [12] needs to be implemented in
MELCOR. Improvements in modeling core degradation behavior, especially failures of core
structures, debris crusts and the reactor vessel, are highly desirable. Modeling of coolable debris
beds in the reactor cavity is needed, and several areas of fission product behavior need to be
addressed, including resolution of pool scrubbing concerns, modeling of chemical reactions on
surfaces and in water pools, and inclusion of turbulent flow and inertial impaction deposition
mechanisms in the Reactor Coolant System (RCS). Further reduction of numerical sensitivities
and an improved user interface, especially better user guidance and enhanced graphics capabilities
are also desired. Efforts are already underway to address several of these.
Furthermore, while MELCOR possesses flexibility in the modeling of existing light water reactor
plant systems, some new features of the advanced light water reactor designs, e.g., AP600 and
the Simplified Boiling Water Reactor (SBWR), require improvements to MELCOR's capability
to handle calculations of transient phenomena expected in these cases.
SBWR-specific
modifications are being carded out by ORNL, while modifications for the AP600 are being made
at Sandia. Treatment of the drainage of a water film from one heat structure to another is
necessary to model the behavior of the AP600 containment shell and cooling system with a
vertical stack of heat structures. Modeling of heat transfer from the exterior surface of the lower
head to the liquid pool surrounding the lower vessel isneeded. Modeling the failure of the lower
head by creep rupture is necessary, since the AP600 has no lower head penetrations.
In the next section a summary is given of previously identified deficiencies that have been
resolved in the current version of MELCOR. This includes improvement needs identified in both
the MINA-I and the MPR; some of the former were actually addressed in MELCOR 1.8.1, and
thus were not mentioned in the MELCOR Peer Review. Development beyond MELCOR 1.8.2
that has been completed or is in progress is described in Section 3, and specific improvements
being made for advanced reactors are discussed in Section 4. Section 5 discusses remaining
improvement needs, most of which have been identified in the MINA-I and the MPR (with a
high degree of overlap), but with several additions arising out of continued use of the code over
the last couple of years.

2. MELCOR

1.8.2 RESOLUTION

OF DEFICIENCIES

2.1 Numerical Sensitivities
Both the MINA-I and the MPR identified numerical sensitivities as a deficiency in MELCOR,
with the Peer Review placing the highest priority on its resolution. As documented in a letter
report to the USNRC on December 19, 1991 [13] and in a presentation at the 20th Water Reactor
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Safety Information Meeting in October 1992 [14], significant progress has been made in
identifying sources of unwanted numerical sensitivity in MELCOR calculations. Through the
work done the past two years, we have achieved a more thorough understanding of these sources,
and nany have been successfully resolved. Systematic studies in our code assessment efforts to
exa_nine the effects of different computer systems, maximum allowed time steps, finer
nodalizations, and variations of key input parameters have been very fruitful. MELCOR 1.8.2
exhibits far fewer of the types of numerical sensitivities previously observed, but we believe there
exist other sources that should be resolved through additional effort, as discussed in Section 5.
2.2 CVH Interfaciai Momentum Exchange
Both the MINA-I and the MPR identified the need for improvements in the interfacial momentum
exchange model in the MELCOR Control Volume Hydrodynamics (CVH) package. Of particular
concern, as expressed in the MPR, was the prediction of pressurizer drainage under PWR severe
accident conditions. As documented in a letter report to the USNRC on November 11, 1992
[15], we have found no indication that the basic formulation of momentum exchange in
MELCOR is inadequate for the intended applications of the code. Several details of the model
have been changed, however, to address calculational difficulties, including a problem in
conversion from the continuum representation (in which it was developed) to the control volume
representation in MELCOR. A new method for calculation of the flow path void fraction during
countercurrent flo_v has been implemented to reduce nonphysical "levitation" of water, a longstanding problem which was identified in our LOFT assessment [6] as a particular deficiency in
code predictions for the beginning of core uncovery. A new optional input record has been
added to allow more user control over momentum exchange processes. Additional problems
involving the interaction of the momentum exchange with other submodels in MELCOR, which
contributed to perceived problems in predicting pressurizer drainage in Surry and Three Mile
Island, Unit 2 (TMI-2), have been identified and corrected.
2.3 CVH/RN Advection Interface
One deficiency identified in the MINA-I was the need to extend the interface for advection of
radionuclides to the CVH package subcycle level and thus eliminate potential inconsistencies in
the transport of CVH bulk fluids and Radionuclide (RN) package fission product species. This
was addressed in MELCOR 1.8.1 by calling this portion of the RN package for every CVH
subcycle, and so was not identified in the MPR as a modeling concern.
2.4 Time-specified

Control

Volumes

Another need identified in the MINA-I was a more general means of specifying conditions in
boundary control volumes. The capability to specify such conditions as arbitrary functions of
time using tabular functions, control functions, and external data files was added for MELCOR
1.8.1.

2.5 Condensation

at Pool/Atmosphere

Interface

The MPR identified MELCOR's treatment of condensation and evaporation at the surface of a
liquid pool as a deficient model for which correction was important. The stated concern was that
the treatment of the pool-side boundary layer in the specific case of a hot steam atmosphere over
a cool quiescent pool, with consequently a stable temperature gradient, could significantly
overpredict condensation rates. After exercising the code on a few simple test cases and
investigating the corresponding modeling in a number of other codes, we have concluded that
there is no clearly accepted model, and that treatments in other codes should not be adopted
because they suffer from limitations no less significant than those in MELCOR. Furthermore,
wall effects are probably sufficiently important and dependent upon geometric details that no
general correlation could be constructed or adequately tested using available data. Therefore, we
believe that it is not within the scope of the MELCOR project to expend further resources in
development of a new model at this time. Details of our analyses and conclusions were
documented in a letter report sent to the USNRC on August 19, 1992 [16].
2.6 Heat Transfer from Partially Submerged Core Components
The MINA-I identified the need for a better model for heat transfer from core cell components
partially covered by liquid. The old model made a discontinuous switch from pool heat transfer
to atmosphere and caused several problems involving quasi-steady inflow of liquid as well as
introducing some significant numerical sensitivities.
These difficulties were resolved in
MELCOR 1.8.2 by an improved model based on an analytical formulation.
2.7 Core Materials Interactions (Eutectics)
Both the MINA-I and the MPR identified the need for more sophisticated treatment of core
materials interactions, though the MPR did not place this deficiency on the highest priority list
for PRA applications. Nevertheless, significant work had already been completed by the time
the MPR was concluded, and has now been finished with version 1.8.2 and was documented in
a letter report sent to the USNRC on November 11, 1992 [17]. The new model treats melting,
candling, and freezing of material mixtures as a coherent process, with properties determined as
a function of the mixture composition, and provides models for material dissolution and eutectic
reaction liquefaction. The model incorporates results from the latest international research into
degraded core behavior and allows users to perform investigations into the effects of large
uncertainties in the eutectic formation temperatures and dissolution rate limitations. This model
has recently received some assessment in calculations performed for one of the Damaged Fuel
experiments, DF-4 [9].
2.8 Lower Plenum Debris Behavior
The MINA-I identified a variety of phenomena associated with lower plenum debris behavior as
needing improved modeling treatment. Included in this area are models for component failure,

debris formation, support and relocation (including radial spreading), debris quenching and bed
dryout heat transfer, and lower head heat transfer and failure (including head curvature effects).
Predominantly parametric in nature, many of these models have also experienced little assessment
or benchmarking. The MPR also identified a number of these same models in this area as being
in need of improvement.
Several things have been accomplished in MELCOR 1.8.2 that address many of these concerns,
while others must still be resolved, as described later in Section 5. Simple models for leveling
debris among rings to eliminate nonphysical "stacking" of debris in one ring have been
implemented.
Several logic changes have been made in the treatment of component failure
(specifically the core plate), and rod geometry maintained by oxide shells and "bare" fuel pellets
welded together can now be treated in the core at the user's option. Debris relocating to the
lower plenum following core plate failure now undergoes quenching heat transfer during the
transition to a debris bed resting on the bottom head, as documented by the letter report on this
model sent to the USNRC on February 10, 1993 [18]. Debris bed dryout heat transfer limits had
already been added to MELCOR 1.8.1, but until the falling-debris quenching heat transfer model
was implemented, there existed no satisfactory mechanism to cool the debris sufficiently to
prevent rapid bottom head penetration failure. The debris dryout model (the Lipinski zero-order
correlation) can thus now be initialized with already quenched debris.
2.9 High Pressure Melt Ejection with Direct Containment Heating
Both the MINA-I and the MPR identified direct containment heating (DCH) following high
pressure melt ejection to be a very. important missing model that required implementation before
MELCOR could satisfy its design objectives. Such a model has been implemented in the Fuel
Dispersal Interactions (FDI) package in MELCOR 1.8.2. This model is parametric in nature and
requires user input to control its performance. However, relatively few parameters are required
(initial debris distribution fractions plus time constants governing debris heat transfer, oxidation,
and settling), and their physical meanings can be easily understood by code users. This model
was documented in the letter report sent to the USNRC on April 15, 1992 [19]. A substantial
amount of preliminary assessment has been performed on this model during the course of its
development and after its initial implementation, helping to identify and correct a number of
modeling problems. Work has been completed to assess the model against several Integral
Effects Test (IET) experiments [10], and Pressurized Water Reactor (PWR) demonstration
calculations for a TMLB' (long term station blackout) sequence with DCH are being done for
the Surry plant.
2.10 Ice Condenser
Both the MINA-I and the MPR noted the lack of an ice condenser model as a very important
omission. A model for thermal/hydraulic and fission product removal phenomena associated with
ice condensers has been implemented, as documented in the letter report sent to the USNRC on
September 25, 1991 [20]. This model makes use of modifications to the Heat Structures (HS)

package degassing model to treat the melting of ice and minor modifications to the RN package
fission product deposition models for heat structure surfaces to treat the removal of radionuclide
species from the atmosphere. Several code errors were corrected and a number of user guidelines
were developed as part of the assessment calculations done for the Pacific Northwest Laboratory
(PNL) ice condenser tests 11-6 and 16-11 [8].
2.11 Material Properties
The MINA-I identified some lower priority deficiencies in MELCOR material properties; the
MPR also mentioned these but also did not assign them high priority. Some of these were
addressed in MELCOR 1.8.1 and others have been addressed in MELCOR 1.8.2 during the
course of normal code maintenance. The calculation of viscosity and thermal conductivity for
arbitrary mixtures of gases using established semi-theoretical relationships was added in
MELCOR 1.8.1, and similar calculation of mass diffusivity was added for MELCOR 1.8.2. The
library of gases has been expanded, and a number of tables and values for individual material
properties for solids have been updated. Additional upgrading of this nature is still needed, but
not deemed high priority.
2.12 Fission Product Release (CORSOR-Booth)
Both the MINA-I and the MPR identified the CORSOR models in MELCOR as being outdated
and in need of improvement. An uodated version of CORSOR, termed CORSOR-Booth and
developed at Battelle Columbus Laboratory specifically for MELCOR, was implemented in the
code, as documented in the letter report sent to the USNRC on April 15, 1992 [21]. This model
incorporated improvements in the CORSOR release formulation and release coefficients,
including consideration of mass transport limitations and the use of the Booth model for diffusion
of fission product species. The new model has been assessed in Comparison with the other
CORSOR models in the Annular Core Research Reactor (ACRR) ST-1 and ST-2 and Loss-ofFluid Test (LOFT) LP-FP-2 assessment calculations [5,6].
2.13 Aerosol Modeling with Water Condensation/Evaporation
A number of actual and potential problems with the modeling of aerosol behavior were identified
by both the MINA-I and the MPR. These include the normalization and mapping schemes in the
original MELCOR implel;lentation of MAEROS and the numerical scheme for condensation and
evaporation on aerosol surfaces, including the coupling with water condensation and evaporation
in the CVH package. Studies by the United Kingdom Atomic Energy Authority (UKAEA) [22]
also identified similar problems with treatment of "wet" aerosols. Several sections of code in the
RN package have been rewritten to correct these problems, and we believe MELCOR 1.8.2 to
be largely free of problems associated with aerosol behavior. Results of assessment calculations
for LACE and Marviken have demonstrated satisfactory performance of MELCOR models in
simulating aerosol behavior [3,7]. Calculations performed in Reference 22 should be repeated
to verify that observed problems in calculated behavior have been eliminated.
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2.14 Output Improvements
The MINA-I described the need for improvement in input and output capabilities. A number of
improvements to MELCOR output have been accomplished under normal code maintenance,
including revamping the Message package and addition of a number of new control function
arguments and plot variables for various packages. Additional improvements are needed to make
the code easier to use, as discussed later in Section 5.
2.15 Expanded MELCOR Assessment
The MPR very heavily emphasized the need for expanded MELCOR assessment. Significant
progress in this area has been made, with a number of assessment studies completed at Sandia
over the last two years [3, 4, 5, 6, 7, 8, 9, 10, 11] and assessment studies in progress or planned
for the ACRR MP-1 [23] and MP-2 [24] late-time melt progression experiments and the SURC-2
core-concrete interactions experiment [25]. However, a great deal more remains to be done; the
MELCOR Cooperative Assessment Program (MCAP) is intended to carry a large portion of the
assessment load.

3. POST-1.8.2 DEVELOPMENT
3.1 Implicit Bubble Separation from Boiling Pools
Significant work has been accomplished since MELCOR 1.8.2 was released to improve the
current implicit hydrodynamic flow algorithm. The object of the change was to reduce the
observed large fluctuations in calculated pool void fractions and surface elevations that we had
found to cause serious problems in a number of models both within and without the CVH and
Flow path (FL) packages. In particular, problems connected with two-phase natural circulation
in loops [26] were identified as an extremely serious deficiency in the FLECHT SEASET
assessment calculations [4]. Key among the algorithm improvements was the implicit treatment
of bubble separation as pool-to-atmosphere transfers within the general implicit flow solution.
This (1) eliminated inconsistencies in treatment of boiling, flashing, and bubble rise, (2) avoided
problems arising from excessive vapor formation in hard systems, (3) eliminated time step
dependencies in pool void fractions and swollen levels, and (4) permitted the calculation of stable
natural circulation flows in systems undergoing boiling or flashing.
3.2 Water Condensation/Evaporation

on Heat Structures

The MPR identified the neglect of condensate film thermal resistance in the model for film
condensation on heat structures in the presence of noncondensibles as an important deficiency.
Also, the MPR pointed out that the exclusive use of expressions based on a low mass transfer
limit will give inaccurate results under high mass transfer conditions. Results from CONTAIN
calculations have confirmed the need for modeling these effects in some shorter term transients.

Model development efforts have been initiated to address these deficiencies in the HS package
condensation model. Equations have been formulated for the interfacial temperature between the
film and the atmosphere, which are solved simultaneously with the equations for the temperature
through the heat structure. Correlations for the film thickness and the heat transfer coefficient
through the film are being provided for several geometries and flow conditions. The mass
transfer coefficient is obtained by analogy from the heat transfer coefficient, and the condensation
mass flux is based on the difference between the steam partial pressure for the bulk gas and the
saturation pressure for steam at the film surface temperature.
3.3 Fine-Scale In.Vessel Natural Circulation
A very important deficiency identified by both the MINA-I and the MPR is the need to simulate
buoyancy-induced recirculation within the core and the upper plenum of PWRs. Work has been
conducted the past year to remedy this deficiency. Although the MELCOR hydrodynamics
models were not originally designed to model flow processes on a fine scale such as in the
TRAC code, we concluded on the basis of recent investigations [27] that consistent and stable
treatment of fine-scale natural circulation flows would best be done within the CVH package
using individual control volumes for (usually) each core cell and momentum flux terms defined
by optional CVH input. Our rationale was that there was not a significant amount of additional
calculational overhead in using the full-blown CVH solution techniques (compared to a simpler
approach), and that the problems of interfacing the solution in the Core (COR) package with that
in the CVH package (which had occupied virtually all our attention in initial work on the model)
would be eliminated. Furthermore, tighter coupling of the flows to blockages that form in the
core could be much more easily accomplished in a straightforward, believable manner.
New input options are being implemented in the Flow Path package to calculate momentum flux
(VdV, where V is velocity) terms to treat directional effects in multidimensional flows. These
options have had preliminary testing on our Surry TMLB' calculations. One serious concern is
the increase in computational time required due to the much expanded CVH nodalization and the
reduced Courant time step limit. Test calculations on representative problems indicated an
increase in CPU time by a factor of three to five simply due to the increaser2Lsize of the flow
matrix alone, but after investigating the use of improved matrix solution methods for larger size
matrices, particularly sparse matrix solvers, we found this could be improved to roughly a factor
of 2. On top of this, the smaller time steps required because of Courant limitations also increase
the total calculational effort. In order to confine this run-time penalty to only that portion of a
calculation that required the detailed nodalization, a rezone capability may need to be developed.
Until the natural circulation model is fully functional, the current one-dimensional core flow (i.e.,
dT/dz) model needs to be upgraded to treat reverse (downward) flow in channels.

3.4 CORCON-Mod3

Implementation

Both the MINA-I and the MPR identified deficiencies in the modeling of core-concrete
interactions (and the concomitant release of fission products) with CORCON-Mod2 [28] in
MELCOR. Both reviews recommended the implementation of CORCON-Mod3 in MELCOR
when it became available, because a number of these deficiencies were being addressed in
continuing CORCON development. CORCON-Mod3 has just recently been released in standalone form, and efforts have commenced to implement it in MELCOR (and CONTAIN). This
version of CORCON includes improvements in several phenomenological areas and it integrates
the VANESA fission product release modeling into a more consistent framework. A few basic
structural changes have also been made to make subsequent improvements in CORCON modeling
much easier to transfer to the respective implementations in the systems codes.
A number of deficiencies have been identified with CORCON-Mod3, however, and need to be
remedied. There are problems with the new models for interlayer mixing and nonideal solution
chemistry that need to be rectified.
Continued improvements are needed in the oxidic and
metallic phase diagrams. The new parametric model for time-dependent melt radius needs to be
examined to determine how well it meets requirements for debris spreading, or whether more
mechanistic modeling is needed. Finally, CORCON-Mod3 does not yet include modeling for
transient conduction in concrete, which may be important when debris temperatures are below
the concrete ablation temperature (nonablative attack). Successfully modeling this phenomenon,
however, has proven to be quite difficult thus far, and its omission was not judged to be critical
by the MPR.

4. AP600 DEVELOPMENT
While MELCOR possesses flexibility in the modeling of existing light water reactor plant
systems, some new features of the advanced light water reactor designs, e.g., AP600 and SBWR,
require improvements to MELCOR's capability to handle calculations of transient phenomena
expected in these cases. SBWR-specific modifications are being carried out by ORNL, while
modifications for the AP600 are being made at Sandia.
4.1 Liquid Film Tracking
Work is in progress to allow coupling of film flow between adjacent heat structures in the HS
package. MELCOR currently allows films to drain to a control volume pool but does not permit
them to drain to a lower heat structure. Treatment of the latter is necessary to model the
behavior of the AP600 containment shell and its cooling system with a vertical stack of heat
structures. Other applications, such as modeling of film flow in steam generators, are also
possible.

We plan to use the methodology developed for CONTAIN [30] with minor modifications to
provide compatibility with the existing MELCOR modeling. The model will use transfer
matrices for a network of heat structures to specify how drainage from each structure is to be
directed. The total drainage from a structure surface will be partitioned among three possible
destinations: (1) the surface of one or more other structures in the network, (2) "rain" to an
associated atmosphere via the MELCOR Containment Sprays (SPR) package, and (3) the pool
of the CVH control volume associated with the structure surface. Unlike CONTAIN, however,
a top-down solution algorithm will be used that does not permit flow back onto a heat structure
higher in the network. Correlations for film thickness,as a function of film flow will be used to
determine consistent values of film thickness and total drainage from each surface in the network.
Sources to each structure surface will include drainage from other surfaces in the network,
condensation from the atmosphere, and a user-specified external source of water (as would be
appropriate for the top surface of a passively cooled containment dome.)
4.2 Lower Head External Heat Transfer
In the event of a severe accident, the accident management strategy for the AP600 involves
flooding the reactor cavity with water to submerge and cool the lower portion of the reactor
vessel in order to prevent melt-through by debris that may accumulate in the lower plenum.
MELCOR currently lacks the capability to treat this heat transfer. Work has been initiated to
address this deficiency.
The existing COR package lower head model currently treats the outer surface of the lower head
as adiabatic. The modeling of boiling heat transfer from a downward-facing heat structure is also
complicated by the fact that the gravitational force tends to promote vapor blanketing of the
surface. In the proposed model, external heat transfer will be calculated using a heat transfer
coefficient obtained from one of three options provided to the user: (1) default correlations for
critical heat flux and minimum film boiling heat flux as a function of angle obtained from E1Genk and Guo [31] and Chu [32]; (2) a tabular function of time supplied by the user; or (3) a
user-specified control function.
4.3 Larson-Miller

Failure Criterion for Lower Head Failure

Because the AP600 vessel has no lower head penetrations subject to early mechanical/thermal
failure, the most likely mode of failure of the lower head is creep rupture due to the weight of
core debris and wide temperature variations resulting from a central hot spot and external liquid
cooling. The existing lower head model treats the thermal attack of a head with penetrations, and
the failure modeling is based on a simple temperature failure criterion of a penetration. Work
has been initiated to enhance the failure model to include cases with no penetrations.
The proposed enhancement is the inclusion of a simple mechanics model that employs the
Larson-Miller correlation [33] and a life fraction rule to determine the failure time. This model
is similar to models employed by several investigators to obtain reasonable results.
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5. ADDITIONAL

DEVELOPMENT

5.1 Thermal-Hydraulic
5.1.1

NEEDS

Phenomena

Coupling Flow Blockages to Natural Circulation Flow

The flow area of a flow path is constant and defined through user inl: ut, but the fraction open,
currently used to simulate valves and breaks, may be modified through an interface to the Control
Function (CF) package. The Core package provides control function arguments tied to the degree
of blockage in a stack of core cells that can be used within the CF package to set up a control
function to control a valve for the flow paths h_ the CVH package at the core inlet or outlet.
While blockage may be modeled in this manner, it places a significant burden on the user to
foresee the need to set up the necessary input (and to do it right), and other effects beside flow
area (form and friction loss) are currently ignored. The lack of specific blockage modeling was
identified as _ major deficiency in the LOFT assessment [6].
The partial treatment through input of the effects of blockage formation within the core region
follow._ng core degradation on hydrodynamic calculations was identified by the MPR as a serious
deficiency because of the strong impact on in-vessel flow circulation, hydrogen generation, and
core melt progression. There is a strong need to automatically couple blockages caused oy core
debris relocation or ballooning to the hydrodynamic calculations in the CVH package to properly
set flow path area fractions and appropriately adjust form loss coefficients.
5.1.2

Structure Support/Crust

Failure

In the area of lower plenum debris modeling, the MINA-I identified the treatment of component
failure and debris support and relocation as needing improvement. Because of the dominant
impact on subsequent in-vessel behavior, a less parametric and more predictive capability may
be needed for failure of bottom or side crusts of molten pools and supporting structures such as
the core plate, instead of merely a parametric model in which the user can vary simple failure
criteria. We also believe that the current parametric modeling may be a significant source of
numerical sensitivities and that improvements in this area may eliminate significant branching
behavior into dissimilar calculations.
Several serious deficiencies connected with vessel failure have also been documented in the MPR
and the MINA-I. Current modeling in MELCOR is highly parametric, though some deficiencies
have been addressed with addition of the new Bottom Head (BH) package. The existing model
does not include consideration of natural circulation of a molten debris pool in the lower head.
Such pools can form if the debris temperature and relocation rate are such as to prevent early
failure of bottom head penetrations or if the plant (like some PWRs) has no such penetrations.

5.1.3

BH Package Integration and Standards Conformance

A number of concerns related to the full integration of the BH package and its conformance to
MELCOR design philosophy and coding standards remain to be resolved. The BH models were
developed as part of the Boiling Water Reactor Severe Accident Technology (BWRSAT) program
at ORNL and had different requirements and objectives than models developed or adapted for
MELCOR. As released in MELCOR 1.8.2, the BH models treat only parts of some transients
and does so for BWRs only, whereas MELCOR was designed to be much more general and
flexible.
Over the long term, the interface between the BH and Core packages needs to be restructured to
fully address these differences. Either the BH models should be much more completely and
tightly coupled into existing Core models, or the domain for each package should be carefully
redefined with overlap minimized and interfaces between them and between other MELCOR
packages rigorously specified. Either way, the new lower plenum models should be made more
flexible for more complete treatment of different accident scenarios (e.g., debris heat transfer
before complete pool boiloff) and plant geometries (including PWRs) and to allow greater user
control (e.g., with sensitivity coefficients).
One of the most serious problems with the BH package is the lack of proper energy and mass
conservation accounting, both for core materials and for fission products. Some of the mass and
energy errors observed in testing the package are probably real and not merely flaws in
implementing the accounting scheme. Furthermore, even accounting discrepancies make it much
more difficult to detect and correct coding and modeling errors, which normally show up as
excessive mass or energy errors.
ORNL is working to address other integration issues that have been identified. Work is in
progress to use MELCOR material properties instead of internal BH material properties and to
incorporate hydrodynamic flow calculations from the CVH package instead of using an internal
gas flow calculation in the BH package.
Other modeling interface issues are also being
addressed, such as radiative exchange with the Core and Heat Structures packages.
Another area of deficiency is the interface to the RN package fission product release and
relocation modeling. Currently, fission products are not released from the lower plenum debris
by BH package calculations, but rather are carded along into the drywell with debris pours and
released there. Furthermore, the loss of all spatial information about radionuclide concentrations
in the lower plenum core debris may lead to significant inaccuracies in temperatures and heat
transfer within the debris. Although ORNL is addressing fission product release for decay heat
reduction purposes, a more thorough treatment of release by species as function of time and
temperature coupled with tracking of fission products during debris relocation (as done now in
the Core package) is necessary for adequate source term calculations.
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5.1.4

Radiative and Convective Heat Transfer Improvements

MELCOR represents radiation between structures and fluids but does not account for direct
structure-to-structure
radiation exchange except in the Core package.
At high structural
temperatures, radiation exchange between heat structures can be very important in determining
the heatup rate of the RCS. For example, radiation from shroud to vessel wall after dryout in
BWRs will significantly affect core temperatures and therefore core melt progression. The MPR
identified the lack of modeling for structure-to-structure radiative heat exchange to be of
importance in some sequences likely to be considered .in accident management studies in which
the period of core overheating is greatly prolonged and the temperatures of the hot leg and other
structures is of importance.
To some extent, inter-structure radiation can be treated with control functions coupled with
special boundary condition options available within the HS package. However, this places more
burden upon users than most wish to accept to define these control functions. Calculating interstructure radiation directly within the code would be fairly straightforward to accomplish with
a minor amount of optional user input to define pairs of structures undergoing such radiative
exchange and the view factors between them. However, the HS package ,cannot now treat
melting structures; provisions to accommodate this possibility may also be needed.
The MPR identified several correlations in the HS package, particularly for convective heat
transfer and boiling, as outdated, and indicated the possibility of improper use of steady-state
fully-developed flow correlations for transient and developing flows. The correlation set was
further reviewed in Reference 27, which identified potential replacements or modifications for
MELCOR.
The impact of use of updated correlations needs to be determined, and new
correlations need to be added for some flow regimes not now treated, such as flow boiling.
Studies are being conducted to examine the sensitivity of MELCOR results to the changes
suggested in Reference 34.
As previously identified in the MINA-I, radiation view factors in the Core package may now be
controlled only on a global basis. Since correct characterization of many of these view factors
is dependent on local geometry and nodalization, they should be controllable on a local cell basis.
The MPR agreed with this assessment. This upgrade is desired to give the user more freedom
to satisfactorily model radiative heat transfer within the core, a dominant heat transfer mechanism
in severe reactor accidents.
5.1.5

Cladding Ballooning

Ballooning of the fuel rod cladding was identified by the MPR as a critical phenomenon, since
it significantly affects early phase melt progression in low pressure experiments (such as LOFT
LP-FP-2, PBF SFD 1.4 [35], and CORA-15 [36]) and in the TMI-2 accident sequence. The
LOFT assessment study [6] also identified the lack of a ballooning model as a major deficiency
in MELCOR. Ballooning may substantially decrease the flow of gases through the affected core

region and may expose the inner cladding surface to oxidation in the vicinity of rupture sites.
MELCOR currently makes no provision for treating ballooning; this should be rectified to
account for possible flow diversion and oxidation enhancement.
5.1.6

Coolable Debris Beds

MELCOR currently has no provision for treating coolable debris beds in the cavity. In
connection with this, the MPR found that the modeling of thermal and hydrodynamic interactions
with the overlying water pool in CORCON is deficient. Models are needed to treat the potential
for crust breakup, water penetration, fragmentation, quench, debris dryout, and remelt. There is
a need to assess the importance of these phenomena and to determine how such modeling should
interface with existing treatment of molten debris interactions in CORCON.

5.2 Fission Product Behavior
5.2.1

Mass Accounting and Conservation

Checking

Most major phenomenological packages in MELCOR contain explicit checking for mass and
energy conservation; the RN package does not. This was noted as a serious problem in both the
MINA-I and the MPR, and in the past has resulted in modeling errors going undetected for long
periods of time. Indeed, it is only through diligent efforts on the part of some users to check
mass conservation by constructing control functions to add up fission product species masses
throughout the system that some errors have been found. There is a very strong need to automate
this in the code, thereby lifting an onerous burden on the user (who otherwise was required
simply to trust that mass conservation problems were not significant) and providing another
means for code developers to verify that conservation is maintained when new models are added
or old ones revised.
In the process of implementing mass conservation checking, the analysis of fission product
transport by the user can be greatly simplified by expanding the existing accounting scheme for
the location of fission products to include heat structures as well. Currently, the user can specify
the type for each control volume so that radionuclides can easily be summed over particular
regions of interest (e.g., the reactor coolant system). A parallel setup for heat structures would
drastically reduce the number of control functions now required to perform this accounting.
5.2.2 Pool Scrubbing
The MPR expressed a major concern about the implementation of the aerosol pool scrubbing
model, which is based on the physics in the SPARC code. This concern was based on
observations that calculated Decontamination Factors (DFs) were much lower (by several orders
of magnitude) in some calculations than DFs calculated by the implementation of the SPARC
code in the Source Term Code Package. This has not yet been addressed, partly due to the

difficulty in obtaining direct comparisons for DFs for the same hydrodynamic conditions and
partly because of the anecdotal nature of the observations. Nevertheless, this must be pursued
because of the very high impact pool scrubbing has on the source term. To do this, the current
version of SPARC should be obtained and exercised over a range of conditions encountered in
MELCOR, and any significant differences should be understood and explained.
The MINA-I and the MPR also noted the absence of modeling for removal of fission product
vapors that may condense as they pass through the pool. This missing model was placed by the
MPR on the list of the most important missing models jn MELCOR. As discussed in that report,
examples of sequences where this process would be important would include low pressure BWR
sequences with discharge of vapor through the safety relief valve (SRV) lines to the suppression
pool or low pressure PWR containment bypass sequences with discharge to a water pool in the
auxiliary building. In such sequences, this phenomenon could be of utmost importance for the
calculation of the source term, especially when other fission product removal mechanisms are
weak.
5.2.3

RCS Deposition

The MPR also placed the omission of some aerosol deposition processes, principally inertial
impaction and turbulent deposition, on the list of the most important missing models in
MELCOR.
These processes, which are not generally important in containment and which
therefore are not included in MAEROS, may assume primary importance in the reactor coolant
system. As discussed in the MPR, experimental data and calculations using more comprehensive
aerosol deposition models indicate that the neglect of these processes may result in a significant
understatement of the retention of aerosols in the primary system, especially for low pressure
sequences in which gas velocities are high. However, Marviken assessment calculations [7]
showed good agreement with primary system retention data for both aerosols and fission product
vapors, indicating possible compensating processes.
5.2.4 Chemical Reactions with Surfaces
The MPR also identified the lack of explicit modeling in MELCOR for chemical reactions
between deposited fission products and structures in the primary system as one of the most
important missing models. Such reactions can greatly affect deposition (chemisorption) and
revaporization rates. Although a framework exists in the RN package for allowing user
specification of chemical reactions, it is largely untested and unused. As discussed in the MINAI, because user input is basically unconstrained, the generation of errors through unexpected
reactions is quite possible. The MPR notes that the lack of explicit modeling applies to all
accident sequences and is particularly serious for cesium hydroxide and tellurium compounds.

5.2.5

Aqueous Chemistry

The MPR separately identified fission product chemistry in water pools as a less critical but still
important modeling omission. The chief concern expressed in the MPR was that release of
iodine to the environment may be understated because MELCOR neglects processes that can
occur in water pools to transform cesium iodide into more volatile forms of iodine (e.g., reaction
with methane to form methyl iodide). As stated above, the RN package includes provision for
user specification of such chemical reactions, but it is unwieldy at best and should be replaced
by in-code models for the more important chemical reactions that can be expected to occur.
5.2.6

Removal

by ESFs

As noted in the MINA-I, there is no model in MELCOR for the removal of fission products by
fan coolers, and aside from aerosols, only 12vapor is considered in removal of fission products
by containment sprays. Both of these deficiencies should be evaluated for their overall impact
and addressed accordingly.

5.3 User Interface
5.3.1 Numerical Sensitivities
Although very substantial progress has been made in eliminating unwanted numerical sensitivities
in MELCOR, evidence of additional sources still exists. Of concern is the behavior associated
with key MELCOR events, including valve opening or closing, blockage formation, component
failure (e.g., fuel rods, core plate, penetrations), deflagration initiation, and ESF actuation.
Because such events, by definition, alter the course of the transient, and because the state of the
system leading up to the event may be significantly affected by the size of the time step on
which the event is triggered and the degree to which the event triggering criteria are exceeded,
time step selection may drastically influence system behavior after the event occurs. For
example, if a deflagration will be triggered at a hydrogen mole fraction of 10% and if the
hydrogen mole fraction is increasing at a rate of 0.1% per second, the actual mole fraction used
at bum initiation may be as high as 11% or as little as 10% for time steps of 10 seconds.
(Indeed, sensitivity coefficients were incorporated long ago in the Bum package to automatically
reduce the time step and limit these overshoots.)
Similarly, the amount of water remaining in
the core region after safety relief valve operation may depend on the length of time that the SRV
is open; whether or not the core plate uncovers may be determined by how much the valve
closing pressure setpoint is overshot. Valve control at the subcycle level in the CVH package
was identified as an improvement need in the MINA-I in order to mitigate such valve setpoint
overshooting.
On the other hand, if threshold criteria for an event are approached very slowly, small differences
between calculations (representing perhaps real uncertainties in the threshold variables) may

produce large timing differences in the event. Large delays in the occurrence of such an event
may provide opportunity for other phenomena or events to intervene, or the accelerated timing
of the event may prewmt other phenomena or events from mitigating the effects of the event.
Such interactions among events may result in two calculations branching into totally dissimilar
paths. If the events and the way they interact are physically based, these sensitivities may reflect
real chaotic behavior. Sensitivities of this kind cannot be eliminated but should be explored
through sensitivity studies on event threshold criteria.
One key to reducing the sensitivities resulting frorq event interactions is to ensure that the
numerical implementation does not distort the effect of the event (e.g., the implementation
prevents significant overshooting of events). Under development is general modeling to detect
the possibility of imminent occurrence of the event and then to control the time step so that the
occurrence will be more finely resolved in time. We have tested a prototype time step controller
specifically designed for hysteresis type relief valves on LOFT and Surry assessment calculations
and have observed significant reduction of numerical sensitivities.
This controller can be
implemented directly in the CVH package (in lieu of operating valves on a subcycle basis, as had
been recommended in the MINA-I), but the approach should be generalized to be applicable to
a wider range of events so that the user can, through input, control the time step as other events
(e.g., core plate failure) are approached as well.
Another key to reducing sensitivities is to control the time step so as to limit the change that may
occur during one step in certain key variables. Many such limits have been present in the code
since early development, including control volume pressure and temperature. However, we have
discovered some variables that significantly impact the behavior of other models that do not have
any control on them at all. One example is the liquid level in a control volume, especially in
locations of high heat transfer such as the reactor core or the steam generator. If the liquid level
changes by a large amount during a time step, heat transfer, oxidation, and molten material
relocation behavior can be affected greatly, whereas a smaller time step would permit feedback
mechanisms to occur. A prototype time step controller based on liquid level was tested in our
recently completed LOFT assessment calculations [6] with dramatic improvement in calculated
behavior and reproducibility of results. That time step controller requires continued development
and testing before general implementation in MELCOR.
5.3.2

Enhanced Input/Output

Processing

Although input checking in MELCOR on the whole is fairly good, it should be improved in
several places with additional checks for valid ranges and consistency with other input. A
systematic and thorough identification and resolution of such input processing deficiencies would
greatly benefit users in the long run, and would also be paid back many times by reducing the
number of unnecessarily repeated calculations caused by undiagnosed input errors or
inconsistencies.

In one area in particular, redundant input requirements substantially increase the likelihood of
error. Changing the default material properties for core materials currently requires input of
values for melting temperature and latent heat of fusion as well as new, independent tables for
specific heat capacity as a function of temperature, enthalpy as a function of temperature, and
temperature as a function of enthalpy. The code will not function properly if this input is not
self-consistent, but the responsibility is currently placed on the user to ensure that this is true.
The code needs to be changed to simply require specific heat capacity, melting temperature, and
latent heat of fusion, and to build the corresponding enthalpy tables from this user input.
One complaint from users that we have increasingly heard recently is the lack of enough control
function numbers to make full use of the code's capabilities, stemming from input record
processing constraints. (A 3-digit control function number must be embedded in the CF input
record identifier.) Eliminating this constraint by allowing CF numbers with more digits would
allow users to specify more control functions than they are ever likely to need. Of more
importance, control function numbers of up to 8 digits would also permit more systematic
assignment of CF numbers and thereby simplify coupling to other MELCOR models and postprocessors (e g., video animation) by allowing greater flexibility in user numbering conventions
for such control functions. (Similar conventions are frequently used in assigning 5-digit heat
structure numbers by embedding the associated control volume: HS 30102 is structure 2 in
control volume 301.)
Although some work has been accomplished in this area, additional reworking of the MELCOR
output routines to make printed output more compact and readable, as well as providing more
information, is desirable in several packages, particularly the Heat Structures (HS), Radionuclide
(RN), and Control Function (CF) packages. Several users have also requested switches to be able
to selectively enable or disable portions of the output that may or may not be of interest.
MELCOR can produce quite large files that may total well over 100 megabytes for integrated
plant calculations, and this may present a very difficult situation for some users. Improving the
ability for users to obtain desired information from the printed output and providing ways to
reduce the output file space requirements can significantly improve the usability of MELCOR
for many users.
5.3.3

Graphics

The average MELCOR user spends a large fraction of time viewing graphical output because the
printed information generated by the code is too massive to absorb in reasonable periods of time.
More effort is needed in this area to reduce the costs of code applications. Additional plotting
capabilities for HISPLTM, the graphics processing code currently supported for MELCOR, are
desired, such as computed functions of one or more plot variables. Other types of graphics
would also greatly aid code users. The MELCOR assessment staff has constructed several
prototype graphics displays which have been used in assessment reports. These include both
black and white graphs (designed for reports) and color animation. For example, a number of
bar graphs showing aerosol size distributions were extremely valuable in analyzing the LACE

LA-4 and LOFT LP-FP-2 experiments [3, 6]. Also, the distribution of core materials as a
function of elevation have been effectively illustrated using such graphs in the LOFT analyses
and in ongoing ACRR DF-4 calculations.
The video animations can greatly aid users in
visualizing the progress and absorbing the results of a calculation, and have also been quite
valuable in detecting code modeling and input errors by revealing anomalous behavior. These
capabilities are not yet available to the general MELCOR user, but we believe that effort spent
developing these capabilities for general use would be repaid many times over in reduced
analysis costs.
5.3.4

Documentation

The MPR determined that MELCOR documentation in some cases fell short of the level of detail
needed by the user community. In particular, the modeling descriptions generally provide basic
information on how phenomena were modeled, but in many cases more detailed information on
model pedigree, applicability, and benchmarking is inadequate or missing. Furthermore, the MPR
expressed concern over the dispersed nature of documentation for some portions of MELCOR
(e.g., CORCON) that have been imported. The MPR recommended that consideration be given
to producing a "Correlations and Models" document similar to that done for TRAC [37], but that
at a minimum all new model development be accompanied by detailed documentation of model
pedigree, applicability, and benchmarking, and that references to parent code documentation be
accompanied by clear and specific discussions of how and why the imported models were
selected and implemented in the code. The MPR also found that the development and
dissemination of practical user input modeling guidelines was not occurring, and recommended
that a structured and ongoing process for doing so be developed and executed.
Because MELCOR is still undergoing significant development, improvement, and assessment, we
believe it is premature to produce a Correlations and Models document; such an effort would
perhaps be appropriate following release of MELCOR 2.0.0, in which all major deficiencies
identified in the MPR will have been fully addressed. At that time the scope of such a document
would have to be carefully defined and the magnitude of the effort determined accordingly. We
believe such an undertaking would be rather large because of the breadth of coverage of
phenomena in MELCOR.
We concur with the need for better user guidance and have been developing and collecting
guidelines to help meet this need. In many cases, however, such guidelines should be included
in the existing package Users' Guides, rather than a separate guidelines document. We also do
not think that guidelines related to work-around techniques for MELCOR problems or errors
should be formally included in the documentation set as general practice; usually it will be more
efficient to just fix the code. A special section in the MELCOR newsletter or an advanced users
workshop may also provide good vehicles for conveying user guidelines.
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