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Abstract

MELCOR is a fully integrated, engineering-level computer code that models the
progression of severe accidents in light water reactor nuclear power plants. MELCOR is
being developed at Sandia National Laboratories for the U.S. Nuclear Regulatory
Commission as a second-generation plant risk assessment tool and the successor to the
Source Term Code Package. A broad spectrum of severe accident phenomena in both
boiling and pressurized water reactors is treated in MELCOR in a unified framework.
These include thermal-hydraulic response in the reactor coolant system, reactor cavity,
containment, and confinement buildings; core heatup, degradation, and relocation; core-
concrete attack; hydrogen production, transport, and combustion; fission product release
and transport behavior. Current uses of MELCOR include estimation of severe accident
source terms and their sensitivities and uncertainties in a variety of applications.

This publication of the MELCOR computer code manuals corresponds to MELCOR 2.2.
Volume 1 contains a primer that describes MELCOR’s phenomenological scope,
organization (by package), and documentation. The remainder of Volume 1 contains the
MELCOR User’'s Guides, which provide the input instructions and guidelines for each
package. Volume 2 contains the MELCOR Reference Manuals, which describe the
phenomenological models that have been implemented in each package. Volume 3 of this
publication presents a portfolio of test and sample problems consisting of both analyses of
experiments and of full plant problems.
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Executive Summary

MELCOR is a fully integrated, engineering-level computer code whose primary purpose is
to model the progression of accidents in light water reactor nuclear power plants. A broad
spectrum of severe accident phenomena in both boiling and pressurized water reactors is
treated in MELCOR in a unified framework. Current uses of MELCOR include estimation of
fission product source terms and their sensitivities and uncertainties in a variety of
applications.

The MELCOR code is composed of an executive driver and a number of major modules, or
packages, that together model the major systems of a reactor plant and their generally
coupled interactions. Reactor plant systems and their response to off-normal or accident
conditions include:

e thermal-hydraulic response of the primary reactor coolant system, the reactor
cavity, the containment, and the confinement buildings,

e core uncovering (loss of coolant), fuel heatup, cladding oxidation, fuel
degradation (loss of rod geometry), and core material melting and relocation,

e heatup of reactor vessel lower head from relocated fuel materials and the
thermal and mechanical loading and failure of the vessel lower head, and
transfer of core materials to the reactor vessel cavity,

e core-concrete attack and ensuing aerosol generation,
e in-vessel and ex-vessel hydrogen production, transport, and combustion,
e fission product release (aerosol and vapor), transport, and deposition,

e behavior of radioactive aerosols in the reactor containment building, including
scrubbing in water pools, and aerosol mechanics in the containment
atmosphere such as particle agglomeration and gravitational settling, and,

e impact of engineered safety features on thermal-hydraulic and radionuclide
behavior.

The various code packages have been written using a carefully designed modular structure
with well-defined interfaces between them. This allows the exchange of complete and
consistent information among them so that all phenomena are explicitly coupled at every
step. The structure also facilitates maintenance and upgrading of the code.

Initially, the MELCOR code was envisioned as being predominantly parametric with respect
to modeling complicated physical processes (in the interest of quick code execution time
and a general lack of understanding of reactor accident physics). However, over the years
as phenomenological uncertainties have been reduced and user expectations and
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demands from MELCOR have increased, the models implemented into MELCOR have
become increasingly best estimate in nature. The increased speed (and decreased cost) of
modern computers (including PCs) has eased many of the perceived constraints on
MELCOR code development. Today, most MELCOR models are mechanistic, with
capabilities approaching those of the most detailed codes of a few years ago. The use of
models that are strictly parametric is limited, in general, to areas of high phenomenological
uncertainty where there is no consensus concerning an acceptable mechanistic approach.

Current uses of MELCOR often include uncertainty analyses and sensitivity studies. To
facilitate these uses, many of the mechanistic models have been coded with optional
adjustable parameters. This does not affect the mechanistic nature of the modeling, but it
does allow the analyst to easily address questions of how particular modeling parameters
affect the course of a calculated transient. Parameters of this type, as well as other
numerical parameters such as convergence criteria and iteration limits, are coded in
MELCOR as sensitivity coefficients, which may be modified through optional code input.

MELCOR modeling is general and flexible, making use of a "control volume" approach in
describing the plant system. No specific nodalization of a system is forced on the user,
which allows a choice of the degree of detail appropriate to the task at hand. Reactor-
specific geometry is imposed only in modeling the reactor core. Even here, one basic
model suffices for representing either a boiling water reactor (BWR) or a pressurized water
reactor (PWR) core, and a wide range of levels of modeling detail is possible. For example,
MELCOR has been successfully used to model East European reactor designs such as the
Russian VVER and RMBK-reactor classes.

The MELCOR 2.2 code manuals are contained in three volumes. Volume 1 contains a
primer that describes MELCOR’s phenomenological scope, organization (by package), and
documentation. The remainder of Volume 1 contains the MELCOR User’s Guides, which
provide the input instructions and guidelines for each package. Volume 2 contains the
MELCOR Reference Manuals, which describe the phenomenological models that have
been implemented in each package. Volume 3 contains a portfolio of sample demonstration
problems. These problems are a combination of experiment analyses, which illustrate code
model performance against data, and full plant analyses showing MELCOR’s performance
on larger realistic problems.
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ACCUMULATOR (ACC) Package

The MELCOR ESF package models the physics for the various engineered safety features
(ESFs) in a nuclear power plant. The Accumulator (ACC) package constitutes a
subpackage within the ESF package, and provides a simplified model to calculate liquid
injection from a user specified accumulator. This reference manual gives a description of
the physical models and numerical solutions implemented in the ACC package.

User input for running MELGEN and MELCOR with the ACC package activated is
described separately in the Accumulator section of the Users’ Guide.
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1. Introduction

The MELCOR ESF package models the thermal-hydraulic behavior of various engineered
safety features (ESFs) in nuclear power plants. The accumulator is a passive cooling
system designed to provide water to the reactor coolant system in the event of a sudden
drop in primary pressure, such as from a primary break. These systems are pressurized
with a nitrogen cover gas and are contain borated water. When the pressure in the primary
system is low enough, the nitrogen forces the water out of the tank and into the coolant
system. This can be modeled through control volumes, flow paths, and control functions,
but was recently added as a system object to alleviate possible numerical challenges and
to improve code performance during times of system injection.

2. Model Description

The accumulator is an engineered safety feature for injecting coolant into the RCS in a
depressurization event such as a large pipe break. The tanks contain borated water with a
nitrogen cover gas that provides the force for injecting the contents into the reactor core,
once the reactor pressure falls below a set point. The accumulator and the reactor system
are connected by a surge line which connects to the cold leg volume of the RCS which is
specified on user input.. The systems are separated by two check valves in series that
open at the low pressure.

This simple model for the accumulator initiates a source of water mass and enthalpy to the
cold leg (CV specified by input) when the pressure in the cold leg (PcvH) drops below the
accumulator pressure (Pacc), AP =P, — P, >0. When such a condition is met, the velocity

acc

of the flow through the surge line is calculated:

uo [PAP At 2.1
keﬁp’ o D ( . )

Where

u = the velocity of pool in the surge line;
L = the surge line length
D = the surge line diameter
f = friction coefficient;
k = form loss coefficient,
ket = effective loss coefficient.
The friction coefficient is based on the Colebrook-White equation for turbulent flow:
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i=3.48—4.-|oglo(2.-i 935 } (2.2)

Jf D+Reﬁ

Equation is solved using the Newton method.

If a lag control component is specified by the user, the “lag” velocity is defined as:

Y”(1—2At)+Al(u”+u”+1)2At
Yn+1: AZ X AT AZ (23)
+E

The volume of water ejected is calculated from this velocity, as well as the mass and
enthalpy of the water which is then sourced into the control volume:

AV = A -u-At (2.4)
Am = p-AV (2.5)
AH =H . -AM (2.6)

Where the area, As, is calculated from the area of the surgeline, which is calculated from
the diameter provided by the user.

The calculated mass and enthalpy will be added to the control volume connected to the
accumulator just as any other mass and energy source would be.

Finally, the volume of the water in the accumulator is reduced and the pressure in the
accumulator is recalculated based on either an adiabatic approximation or an isothermal
approximation:

Adiabatic approximation for diatomic gas:

Py, V" =const =Pycc o Vy o (2.7)
v, Y Vyo+av )" v )"
2 Al + A
PN2 = Pacco .(VNNZ,o] = Pacco (N\;TJ = Prcco '(WZDJF]-J (2.8)
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Pacc = PN2 + I:)HZO
v 715 2.9)
A .
Poo << Py, = Pace =B\, = Pacco '(V—+1J
N,,0
Isothermal approximation:
Py, Vi, =const = Pycc o -V, 0 (2.10)
VN2 VNZ,O + AV
Py, = Pacco m = Pacco T (2.11)
Pacc = PN2 + PHZO
AV 2.12
PHZO << PN2 = Puec = PN2 = Pacc o .(V +1J ( )
N,,0
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Burn (BUR) Package

The Burn (BUR) package models the combustion of gases in control volumes. The models
consider the effects of burning on a global basis without modeling the actual reaction
kinetics or tracking the actual flame front propagation. The BUR package models are
based on the deflagration models in the HECTR 1.5 code. The diffusion flame model, also
derived from HECTR 1.5, was added to the BUR package in the MELCOR 1.8.5 release.

This Reference Manual describes the models employed in the BUR package. Detailed

descriptions of the user input requirements can be found in the BUR Package Users’
Guide.
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1. Introduction

The Burn (BUR) package models the combustion of gases in control volumes. These
models consider the effects of burning off premixed gases without modeling the actual
reaction kinetics or tracking the actual flame front propagation. The models in the BUR
package are based on the deflagration models in the HECTR 1.5 code [1]. The only
significant modifications made were to provide more direct user control of the models
through the implementation of sensitivity coefficients and to include optional model
parameters that are used to override the nominal parameters in control volumes in which
direct containment heating (DCH) is occurring.

A diffusion flame model became available in MELCOR 1.8.5, also based on HECTR 1.5.
The diffusion flame model allows more realistic modeling of DCH phenomena without
having to make major adjustments to the nominal bulk burn parameters.

Briefly, a burn is initiated if certain criteria are satisfied in a control volume, causing the
reactants (hydrogen, carbon monoxide and oxygen) to be converted during the burn to
steam and carbon dioxide. The conversion occurs over a time interval called the burn
duration. The reaction may or may not be complete, depending on the conditions in the
control volume. After a burn is initiated in a control volume, it can be propagated to
adjoining control volumes if a second set of criteria is satisfied. These criteria, as well as
the duration and completeness of the burns, are discussed in Section 2. The modeling
follows the recommendations of the MELCOR Assessment on Combustible Gas Treatment
[2]. The default values and correlations used to calculate burn effects are those used in
Reference 1.

For user convenience, the BUR package also prints messages to warn the user when the
detonability criteria are satisfied in a control volume. A detonation is combustion in which
the flame front travels at supersonic speeds, whereas a deflagration travels at subsonic
speeds. In the BUR package, only deflagrations are modeled; detonations are merely
flagged and no other action is taken.

The gases hydrogen (Hz), carbon monoxide (CO), carbon dioxide (COz2), and oxygen (O2)
must be defined in the NonCondensible Gas (NCG) package whenever the BUR package
is active. Steam (H20) is automatically present for all MELCOR calculations, so no special
action need be taken to include it in a calculation.

The BUR package currently has a limited capability to burn deuterium gas (D2). For
purposes of combustion, D2 is treated as equivalent to H2 on a mole-for-mole basis.
Therefore, one mole of D2 will combine with one-half mole of Oz to produce one mole of
H20 (not D20), and mass will not be conserved. Some equivalence must be assumed in
the absence of a D20 equation of state comparable in quality to the equation of state used
in MELCOR for H20. Equivalence on a molar basis was chosen because the equations of
state of D20 and H20 are much more similar on a molar basis than on a mass basis,
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particularly in the gas phase. In addition, the former gives a more accurate value for the
heat of combustion.

The same mole-for-mole equivalence is assumed in ignition, detonation, and completeness
calculations, and input (or default) data for Hz will be applied to D2 and Hz/ D2 mixtures. We
believe that the error is small: for example, the ideal combustion limits for D2 are 5.0 to
95.0 mole percent compared to 4.0 to 94.0 mole percent for Ho.

2. Detailed Models

In the following equations, variables that are defined by user input are referred to by the
same names as described in the Burn Package Users’ Guide. Thus, there is a direct
correspondence between the variables in the Users’ Guide and those in the Reference
Manual.

2.1 Burn Model Logistics

A burn is initiated in a control volume if the ignition criteria discussed in Section 2.2 are
satisfied. As soon as a burnis initiated, calculations (described in Sections 2.3 and 2.4) are
performed to determine the completeness of the burn and its duration. During subsequent
timesteps, the reactants are converted to the products of combustion in that control volume
according to the reactions.

1
H, +EOZ —H,0 (2.1)

CO + %oz —CO, (2.2)

The rate of burning varies during the burn duration to account for change in composition,
e.g., due to inter-compartment flow and gas sources, as described in Section 2.5.

After a burn is initiated in a control volume, it can be propagated to adjoining control
volumes if a second set of criteria is satisfied. These criteria are discussed in Section 2.6.
After a burn propagates into a control volume, the same steps as outlined above for ignition
are followed to calculate the burn effects.
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2.2 Ignition Criteria

A deflagration is initiated in a control volume if the mole fraction composition satisfies the
criteria described in this section. In addition, control volumes that are specified to contain
igniters are tested against different criteria than control volumes without igniters, and a
separate criteria may be specified for use when direct containment heating (DCH) is
occurring in a control volume. For all cases, LeChatelier's formula (for the effective
combustion mole fraction for a mixture containing more than one combustible gas) is used
to determine the threshold of ignition. In particular, ignition occurs when the following
criteria is satisfied:

L ign
,ign

where

Xh2 =hydrogen mole fraction in the control volume;

Xco =carbon monoxide mole fraction in the volume;

Lr2ign  =XH2IGN, if there are no igniters in the volume and DCH is not occurring,
or
XH2IGY, if there are igniters in the volume and DCH is not occurring,
or
XH2DCH, if DCH is occurring in the volume;

Lcojgn  =XCOIGN, if there are no igniters in the volume and DCH is not occurring,
or
XCOIGY, if there are igniters in the volume and DCH is not occurring,
or
XCODCH, if DCH is occurring in the volume;

XH2IGN =hydrogen mole fraction limit for ignition without igniters, when DCH is not
occurring, input on record BUR_IGN (default = 0.10);
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XH2IGY =hydrogen mole fraction limit for ignition with igniters, when DCH is not
occurring, input on record BUR_IGN (default = 0.07);

XH2DCH =hydrogen mole fraction limit for ignition during DCH, input on record
BUR_IGN (default = XH2IGY);

XCOIGN =carbon monoxide mole fraction limit for ignition without igniters, when
DCH is not occurring, input on record BUR_IGN (default = 0.167);

XCOIGY =carbon monoxide mole fraction limit for ignition with igniters, when DCH
is not occurring, input on record BUR_IGN (default = 0.129);

XCODCH =carbon monoxide mole fraction limit for ignition during DCH, input on
record BUR_IGN (default = XCOIGY).

The preceding tests are made only for the presence of sufficient combustible gases. Tests
are also made to determine whether there is sufficient oxygen and to determine whether
the amount of steam and carbon dioxide is below the inerting level. The same values are
used when igniters are present as when there are no igniters, but separate values may be
specified for use during DCH. The ignition and inerting criteria are

Xos = XO2IG (or XO2DCH during DCH) (2.4)
Xizo + Xcor < XMSCIG (or XINDCH during DCH) (2.5)
where
Xo2 =oxygen mole fraction in the control volume;
XH20 =steam mole fraction in the control volume;
Xco2 =carbon dioxide mole fraction in the volume;

XO02IG =minimum oxygen mole fraction for ignition, input on record BUR_IGN
(default = 0.05);

XO2DCH =minimum oxygen mole fraction for ignition during DCH, input on record
BUR_IGN (default = XO2IG);

XMSCIG =maximum diluent mole fraction for ignition, input on record BUR_IGN
(default = 0.55);
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XINDCH =maximum diluent mole fraction for ignition during DCH, input on record
BUR_IGN (default = XMSCIG).

If all three tests are satisfied (Equations (2.3) through (2.5)), i.e., there is enough hydrogen
and/or carbon monoxide, enough oxygen, and not too much steam and/or carbon dioxide, a
burn is initiated. The burn duration and combustion completeness are discussed in
Sections 2.3 and 2.4. If too much steam and carbon dioxide is present, the control volume
is considered to be inert, and is identified as such in the printed edits. A message is printed
to the output file and to the special message file and a plot dump is written (if specified by
the user) when a deflagration begins and ends in any control volume.

2.3 Combustion Completeness

In MELCOR, deflagrations are not required to be complete; that is, all of the combustible
gases present in a control volume at the start of a deflagration are not required to be
burned during the deflagration. The combustion completeness is used to determine the
amounts of combustible gases that should be present in a control volume at the end of an
incomplete burn. In the BUR package, the combustion completeness, CC, is defined as

\'
CC=1- m%max (2.6)

where Y is given by the LeChatelier formula,

Y = X,,, + X0 (YH2CC/YCOCC) 2.7)

and

Y max =value of LeChatelier formula evaluated at the start of the burn (initial
amount of combustibles);

Y min =value of LeChatelier formula that is desired at the end of the burn (final
amount of combustibles);

YH2CC =XH2CC, if DCH is not occurring, or
=XH2CCD, if DCH is occurring;
YCOCC =XCOCC, if DCH is not occurring, or

= XCOCCD, if DCH is occurring;
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XH2CC =hydrogen mole fraction for calculating combustion completeness, input
on record BUR_COM (default = 0.08);

XH2CCD =hydrogen mole fraction for calculating combustion completeness during
DCH, input on record BUR_COM (default = XH2CC);

XCOCC =carbon monoxide mole fraction for calculating combustion completeness,
input on record BUR_COM (default = 0.148);

XCOCCD = carbon monoxide mole fraction for calculating combustion completeness
during DCH, input on record BUR_COM (default = XCOCC).

The combustion completeness is first evaluated by the method described below, then it is
used to determine the value for Ymin for the current deflagration in the control volume. The
burning rate is adjusted as necessary (see Section 2.5) to achieve this value at the end of
the burn.

The combustion completeness can be input as a constant value, calculated from a user-
specified control function, or calculated from a correlation. The default correlation for
combustion completeness, which was obtained from the HECTR 1.5 code [1], and derived
from experimental data, is dependent on the mole fraction of combustible gases present at
the start of the burn, Ymax, and is given by

CC =0.0 forY,,, <0.03746 (2.8)

= 23.4116(Y,, —0.03746) for Y, >0.03746 (2.9)

max

The constants in this correlation have been implemented in sensitivity coefficient array
2202.

2.4 Burn Duration

The burn duration is calculated by dividing a user-specified characteristic dimension by the
flame speed. The flame speed can be input as a constant value, calculated from a user-
specified control function, or calculated from a correlation. Optional input can be specified
to determine the flame speed with a different constant, control function or correlation when
DCH is occurring in the control volume. The default correlation, obtained from the HECTR
1.5 code, was derived from experimental data. However, few data were available regarding
the effect of large amounts of diluents (steam and carbon dioxide) on flame speed, so the
correlation is questionable in mixtures with high diluent concentration. For these mixtures,
sensitivity studies should be conducted to bound the expected pressure rises. The default
correlation for the flame speed, V, is
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V =V,,.XCy (2.10)

where
V.o =59.2Y, +1.792if0.0<Y,_ <0.1, (2.11)
=172.88Y, —9.576 if 0.1<Y,  <0.2, (2.12)
=50Y,, +15. if 0.2<Y . <0.3, (2.13)
=-50Y,, +45. if 0.3<Y_. <0.4, (2.14)
= -75Y,, +55. if 0.4<Y,_ <0.6, (2.15)
=-64.3Y_ +48.58 if0.6<Y__ <1.0 (2.16)
C,, =max(0.05,1.0 - 4.53XD +5.37XD?) if 0.0<Y,  <0.2 (2.17)

= max(0.05,1.0 — 4.53XD) + 5.37XD?)(0.3 - Y

)01
+max(0.0,1.0 — 1.29XD)(Y

2.18
—-0.2)/0.1 if 0.2<Y, ( )

<0.3

max max —

=max(0.01.0 - 1.29XD if 0.3<Y,_ <1.0 (2.19)

XD = diluent concentration (X,,,0 + Xco,)-

The constants in this correlation have been implemented in sensitivity coefficient array
2200. The burn duration time, tcomn, iS calculated by dividing the flame speed into a user-
specified characteristic dimension of the control volume, CDIM (or CDDH when DCH is
occurring), input on record BUR_BRT:
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=CDIM /V if DCHis not occurring or
=CDDH /V if DCHis occurring.

tcomb

(2.20)

2.5 Combustion Rate

The combustion rate (amount of hydrogen, carbon monoxide, and oxygen converted to
steam and carbon dioxide per timestep) is not constant during a burn. Rather, itis adjusted
at each timestep to account for inter-compartment flows and gas sources in an effort to
match the desired final conditions. In other words, the combustion rate is adjusted so that
the mole fractions corresponding to the calculated combustion completeness and the
desired burn duration are simultaneously achieved. At each timestep, the burn rate,
YRATE, is calculated as

YRATE = (Y (t) _Ymin )/(to +tcomb _t) (221)
where
to =time that burn was initiated, and
t =current time in calculation.

Once the rate is calculated, it is used to determine the decrease in the inventory of the
combustible gases for the current MELCOR system timestep:

DT

DELH2=X,,(t)-YRATE - ——
h2 () Y0 (2.22)

DT
DELCO=X, (t)-YRATE 00 (2.23)

where

DELH2 =decrease in hydrogen moles in the control volume during the timestep
from combustion,

DELCO =decrease in carbon monoxide moles in the control volume during the
timestep from combustion, and

DT =MELCOR system timestep (S).
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At the end of the burn, the value Ymin would be reached exactly if there were no flow or
sources. These values are updated on every timestep to reflect the changing conditions.
DELH2 and DELCO are constrained to prevent burning more moles of either gas than are
present in the control volume.

The energies of formation are included in the water and noncondensible gas equations of
state. With this formulation, simply changing the relative masses of the reactants and
products will automatically result in the appropriate pressure and temperature increase.
Thus, it is not necessary to calculate a combustion energy release to a control volume. The
total mass and energy of a control volume are not changed by the BUR package, but the
masses of individual species are changed to reflect the reactions listed in Section 2.1. (That
is, DELH2, DELCO, and 0.5 - DELHZ2 + 0.5 - DELCO moles of hydrogen, carbon monoxide,
and oxygen are subtracted from the control volume while DELH2 and DELCO moles of
steam and carbon dioxide are added to the control volume.) Because the specific enthalpy
of each species properly accounts for the energy of formation, the conversion of the
reactants to the products increases the temperature and pressure of the control volume
with combustion, even though the total energy remains unchanged.

2.6 Propagation Criteria

Propagation of combustion from a control volume to connected control volumes is allowed
after a user-controlled time period has elapsed. This delay is intended to account for the
time it would take for a flame to reach the edge of a control volume if a flame front were
actually being modeled. Different delay periods may be specified depending upon whether
or not DCH is occurring in the control volume. Propagation will then occur if the
propagation criteria are satisfied in the connected control volume. The propagation delay,
tprp, IS calculated to be

top = FRAC -teom, (2.24)

where
FRAC =TFRAC, if DCH is not occurring in the control volume, or
=TFDH, if DCH is occurring in the control volume; and
TFRAC =propagation time fraction input on record BUR_BRT (default = 0)

TFDH  =override value of TFRAC during DCH, input on record BUR_BRT (default
= TFRAC).
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Note that if TFRAC equals zero, propagation is possible as soon as a control volume
begins burning. If TFRAC equals 1.0, propagation is only considered at the end of the
control volume burn.

For propagation, LeChatelier’'s formula is still applicable if appropriate values are used for
the L parameters. Propagation is allowed if the following inequality is satisfied

XH2 + XCO(LHZ,prp /LCO,prp) > LH2,prp

where
Lhzpp  =XH2PUP, for upward propagation, or
= XH2PHO, for horizontal propagation, or
= XH2PDN, for downward propagation;
Lcopp =XCOPUP, for upward propagation, or
= XCOPHO, for horizontal propagation, or
= XCOPDN, for downward propagation;

XH2PUP =hydrogen mole fraction limit for upward propagation, input on record
BUR_COM (default = 0.041).

XH2PHO =hydrogen mole fraction limit for horizontal propagation, input on record
BUR_COM (default = 0.06).

XH2PDN=hydrogen mole fraction limit for downward propagation, input on record
BUR_COM (default = 0.09).

XCOPUP = carbon monoxide mole fraction limit for upward propagation, input on
record BUR_COM (default = 0.125).

XCOPHO = carbon monoxide mole fraction limit for horizontal propagation, input on
record BUR_COM (default = 0.138).

XCOPDN = carbon monoxide mole fraction limit for downward propagation, input on
record BUR_COM (default = 0.15).

The propagation direction is determined directly from the flow path input using the from and
to elevations (see the FL Package Users’ Guide). If a flow path is not open, or if the flow
path is covered by water, propagation is not allowed. Note that the presence of a check
valve is not taken into account when determining whether a flow path is open.
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A message is printed to the output file and to the special message file and a plot dump is
written (if specified by the user) when a deflagration due to propagation begins in any
control volume.

2.7 Detonation
MELCOR does not contain a detonation model. However, tests are performed in each

control volume, and a warning message is written indicating the possibility of a detonation if
all of the following mole fractions limits are satisfied:

X, > XH2DET (2.25)
X, > XO2DET (2.26)
X, 0 < XH20DT (2.27)

where

XH2DET = minimum hydrogen mole fraction for detonable mixture, input on record
BUR_DET (default = 0.14),

XO2DET =minimum oxygen mole fraction for detonable mixture, input on record
BUR_DET (default = 0.09), and

XH20DT=maximum steam mole fraction for detonable mixture, input on record
BUR_DET (default = 0.30).

No detonation calculation is performed when a detonable mixture is detected. The warning
message is written, but the calculation continues under the control of the deflagration
model. The detonation model is mainly intended as a user convenience to flag potentially
dangerous conditions that may require separate analysis.

2.8 Diffusion Flame Model

The diffusion flame model is intended to model the burning of hydrogen entering a control
volume under DCH conditions. Under such conditions, the hydrogen enters accompanied
by hot melt particles which act as igniters, so that the conditions for ignition and burning are
quite different from those for a bulk burn. The diffusion flame implementation is a simple
model that burns combustible gas passing through a flow path and entering a control
volume containing oxygen, subject to ignition criteria. These are defined on the BUR_DIF
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input records (see BUR Users Guide), new in MELCOR 1.8.5. This general approach is
used both in MELCOR and in CONTAIN [3].

As implemented in MELCOR, a combustion completeness criterion is used as specified on
the BUR_CF cards and described in the BUR Users Guide. No flame speed or duration
calculation is performed, and the ignition criteria are the same as for deflagration.
Additionally, the airborne DCH debris temperature must be greater than a lower limit
specified by the C2203 sensitivity coefficient (default = 600K). See BUR Users Guide.

The ignition limits for the diffusion flame model are set to insure virtually complete
combustion with any oxygen present in the receiving volume even if large amounts of
inerting gases are present. This is done to simulate the expected effect of hot DCH debris
in the incoming gas on hydrogen recombination, and is similar to the model used in
calculating DCH with CONTAIN. The diffusion flame implementation assumes burning
occurs whenever the ignition criteria are met. The effects of flashback or blowout are not
considered. (Note: flashback occurs when the flame is swallowed back into the
combustible gas source; blowout occurs when the flame front moves away from the gas
source so rapidly that it is extinguished).

3. Timestep Control

When a burn first occurs, the Burn Package requests a fallback after which the calculation
continues with the timestep value specified by the BUR_TIM record. In addition, as the
burn approaches completion, tests are included to prevent excessive overshoot of the
originally-desired burn completeness values. In particular, a timestep is repeated if the
originally-desired burn completeness values are crossed during that timestep and either (a)
the combustible gas concentration is more than 0.5% different, or (b) the diluent
concentration is more than 1% different from the originally-desired burn completeness
values. These maximum overshoots can be adjusted through sensitivity coefficient C2201.
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Cavity (CAV) Package

The MELCOR Cavity (CAV) package models the attack on the basemat concrete by hot
(often molten) core materials. The effects of heat transfer, concrete ablation, cavity
shape change, and gas generation are included, using models taken from the
CORCON-Mod3 code. The coding of the models is identical to that in CORCON-Mod3,
but interfaces have been modified for integration into the MELCOR framework. This
integration couples the Cavity package models to thermal-hydraulic boundary conditions
in the Control Volume Hydrodynamics (CVH) package, to sources of core debris from
the Core (COR) and/or Fuel Dispersal Interactions (FDI) package, and to the standard
MELCOR input, output, plotting, and restart capabilities. The fission-product release
models in CORCON-Mod3—originally developed as the separate VANESA code—are
included in MELCOR as part of the RadioNuclide (RN) package.

This Reference Manual provides an overview of modeling in the CAV package. User
input for running MELGEN and MELCOR with the CAV package activated is described
in the CAV Package Users’ Guide. The fission-product release models (VANESA) and
available input are described in the RN Reference Manual and Users’ Guide,
respectively.
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1. Introduction

The Cavity (CAV) package in MELCOR models the attack on the basemat concrete by
hot, often molten, core materials. The effects of heat transfer, concrete ablation, cavity
shape change, gas generation, and debris/gas chemistry are included. The package
consists of models taken from the CORCON-Mod3 code [1] together with all necessary
interfaces to the MELCOR database and to other packages in MELCOR.

Before the initial release version of CORCON-Mod3 [2] was incorporated into MELCOR
and into CONTAIN [3], a number of modifications were made to the coding that had no
effect on results calculated by the stand-alone code, but allowed the direct use of all
routines containing phenomenological models and properties data without modification
in the systems codes. These changes involved a restructuring of the internal database
and of the interfaces to input and output routines (including diagnostics and plotting)
and to routines that provide boundary conditions for the CORCON models.

Boundary conditions for temperature and pressure used by the cavity models are
obtained from an associated CVH control volume, rather than from user input as in the
stand-alone CORCON. Any overlying coolant (water) pool is considered part of the
boundary condition rather than part of the cavity model and is modeled by CVH. Heat
and evolved gases are delivered as sources to the associated CVH volume.

Debris from the Core (COR) package, the Fuel Dispersal Interactions (FDI) package, or
the External Data File (EDF) package is ordinarily deposited into the cavity through the
Transfer Process (TP) package. However, initial contents may also be defined in CAV
input and arbitrary addition rates may be prescribed by input to the TP package. When
debris is deposited, no spreading calculation is performed because it is assumed to
spread instantaneously to the maximum area permitted by the cavity geometry.

The CAV packages uses the CORCON-Mod3 properties routines, which are currently
independent of the general Materials Properties (MP) package in MELCOR.

The phenomena modeled by the CAV package may be treated in more than one
location in a MELCOR calculation. Transfer of material between cavities is allowed
based on three tests: axial rupture, radial rupture, or a transfer triggered by a Control
Function. Each of the three types of rupture (axial, radial, and triggered) can overflow to
a separate cavity, but only “one-way” transfers are allowed. That is, if material can
overflow from cavity 1 to cavity 2, it is not permitted to flow from cavity 2 back to cavity
1, either directly or through intermediate cavities. These ruptures can be used to model
such phenomena as failure of the pedestal in a BWR Mk | or of the diaphragm slab in a
BWR Mk II. Triggered transfers may also simulate (in a qualitative way) the effects of
the spreading of debris across a flat floor.

The VANESA model [4] was integrated into CORCON-Mod3 to calculate the release of
fission products and the generation of aerosols from debris in the cavity. The structure
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of MELCOR requires that radionuclides associated with debris in the cavity be treated
by the RadioNuclide (RN) package, which maintains time-dependent inventories for
each RN class in each cavity. The relevant subroutines from CORCON-Mod3 were
therefore made part of the RN package. They are identical to the routines in the latest
stand-alone version of CORCON-Mod3 and in CONTAIN; an interface is provided
through a utility entry in the RN package that duplicates the functionality in the stand-
alone code. See the RN package Reference Manual for more details.

Several options for direct user input of internal heating of the debris by fission products
are allowed, but this heating is ordinarily calculated by the RN and DCH (Decay Heat)
packages, based on RN inventories. Therefore, the effects on internal heating of
relocation of debris into or between cavities, as well as the effects of RN releases within
each cavity, are automatically accounted for.

2. Phenomenology

This section gives a qualitative description of the processes modeled in the CAV
package in MELCOR, and the physical picture on which the models are based. The
information is largely derived from Section 2.1 of the CORCON-Mod3 Manual [1].
Interfaces to other MELCOR packages are noted in the discussion.

The attack of core debris on concrete in a light water reactor is primarily thermal and
may be considered quasi-steady for much of the period of a reactor accident. Decay
heat and heat from chemical reactions is generated in the debris and is transferred
either through its top surface or to the concrete floor. Boundary conditions at the
surface, including temperature and the presence or absence of water, are obtained from
the associated control volume in CVH. Heat lost from the cavity top surface is treated by
CVH as a source into that control volume.

The quasi-steady partition of the heat transfer to the concrete floor and through the
debris top surface is determined by the ratio of the corresponding thermal resistances.
Thus, debris behavior and concrete ablation are dominated by conservation of energy,
with heat transfer relations providing the most important constitutive relations.

Under the conditions visualized by the CORCON developers, the heat flux to the
concrete floor is sufficient to decompose it, releasing water vapor (from both adsorbed
water and hydroxides) and carbon dioxide (from carbonates) and to melt the residual
oxides. The surface of the concrete is typically ablated at several centimeters per hour
and molten oxides and molten steel from reinforcing bars in the concrete are added to
the debris pool. The decomposition gases are strongly oxidizing at debris temperatures
and will be reduced, primarily to hydrogen and carbon monoxide, on contact with metals
in the debris. Ultimately, the reacted and unreacted gases enter the atmosphere above
the debris pool, where they may or may not burn immediately. (Modeling of these
containment phenomena is not included in CORCON.) These gases (with appropriate
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enthalpies) are treated as sources in the associated control volume in CVH. The
possibility that the combustible gases will burn is considered by the BUR package.

The full concrete response is extremely complicated, with elements of ablation, transient
conduction, decomposition of hydroxides and carbonates in advance of the ablation
front, and transport of gases and liquid water through the pores of the concrete.
Further, the length scale of the temperature profile is often comparable to the size of the
coarse aggregate in concrete, making any assumption of homogeneous properties
guestionable.

In CORCON and in CAV, concrete response is modeled as quasi-steady ablation. The
thermal diffusivity of concrete is extremely small, a few times 107 m?/s. Over the time
scale of interest in cavity phenomena (hours), the amount of heat which can be
transferred into concrete (by transient conduction) under nonablative conditions is
usually small compared to the amount of heat which must be removed from core debris
through other mechanisms to maintain its temperature below the ablation temperature.
Therefore, if the debris temperature is below the ablation temperature, the concrete
floor surface is modeled as an adiabatic boundary.

Gas released at the bottom of the debris pool is assumed to rise through it as bubbles.
Gas released at the side of the pool may also form bubbles that rise to the surface. At
sufficiently high gas release rates, a stable gas film may form at either the bottom or
side interfaces. Gas bubbles rising through the debris pool increase its volume. This
“level swell” increases the depth of the pool and area of its radial interface with the
concrete floor.

The rising bubbles also promote the production of aerosols containing fission products
stripped from the fuel debris. The processes involved, reactive vaporization and bubble
bursting, are treated by the VANESA model [4] in the RN package in MELCOR. This
model calculates the removal and relocation of fission products and the resulting
sources of aerosols for the MAEROS aerosol physics model (also part of the RN
package). All necessary data concerning the temperature and bulk composition of the
debris and the gas generation rates are passed by CAV to a utility entry in RN; the
fission product inventories themselves are part of the RN database. The subroutines
that implement VANESA in the RN package are identical to those that implement it in
CORCON-Mod3.

Experimental evidence (cited in Reference 1) shows that the various oxidic species in
the melt are highly miscible, as are the metallic species, but that the two groups are
mutually immiscible. Previous versions of CORCON assumed that the core debris
would stratify into distinct layers based on the relative densities of the phases. The
passage of gas bubbles through the interface between layers can overcome this
separation if the gas flux is high or the density difference is small by entraining droplets
of the lower (denser) material and mixing them into the upper one. If entrainment
occurs, the degree of mixing achieved is determined by a balance between entrainment
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and reseparation as the denser droplets settle out under the influence of gravity. The
debris may therefore be fully stratified, partially mixed, or fully mixed, and the state may
change as the densities and gas fluxes change during a debris-concrete interaction.

There is a possibility that an overlying coolant layer (water) could interact with molten
debris so as to break it up and form a coolable debris bed. In the MAAP code [5], this
breakup and quenching is assumed to occur; it is not considered in CORCON, nor is it
included in the current version of the MELCOR CAV model.

As the core-concrete interaction progresses, the debris pool grows as concrete oxides
are added to it; its surface area increases, and internal heating decreases. Therefore,
debris temperatures and heat fluxes decrease, and the possibility of refreezing arises.
Substantial freezing of the metal phase may occur. However, the large internal heating
and small thermal conductivity of the oxidic phase prevent the formation of steady, solid
crusts thicker than a few centimeters. Therefore, unless the debris is spread over an
extremely large area, the interior of the oxidic phase will remain molten for a long time,
probably for weeks.

3. Models

Documentation of CORCON-Mod3 [1] remains the primary reference for most of the
submodels in the Cavity package. The following subsections briefly summarize the
material contained there, while noting modifications made for incorporation into
MELCOR.

3.1 System Components

The physical system considered by the Cavity package consists of an axisymmetric
concrete cavity, a multilayered debris pool, and a set of boundary conditions (provided
by CVH) at the top surface of the debris, as illustrated in Figure 3.1.

The shape of the concrete cavity is described by a series of so-called body points lying
in a vertical cross-section of the concrete surface. The initial shape is defined by user
input. The concrete itself is described by specifying an average chemical composition;
its thermochemical properties are then obtained from an internal database of properties
for the component species. A number of standard compositions are available by name
as built-in defaults, or the user may define composition and melting temperatures
through input.
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The modeling assumes that all oxidic species in the debris are mutually miscible, as are
all metallic species, but that oxides are not miscible with metals. If the densities of the
phases are different, the debris will tend to separate into distinct oxidic and metallic
phases under the influence of gravity, but this stratification may be partially or
completely overcome by the stirring effect of gas bubbles. If the density difference is
sufficiently small and the gas bubbles sufficiently large, droplets of a lower (denser)
layer can be entrained across the interface to mix with a lighter layer above it.

The debris pool is modeled as a number of layers filling some part of the concrete
cavity. Pure-phase and mixed-phase layers may be included, and the ordering of the
layers is assumed to be determined by their densities, with the densest on the bottom
and the lightest on top. Many configurations are possible, as discussed in Section 3.2.
Layer volumes, including the swelling effects of gas bubbles, determine the elevations
of layer interfaces and of the debris surface.

3.2 Debris Layering and Mixing

Five possible types of debris layers are considered in CORCON; each has a
conventional three-letter designation in the associated documentation. In order of
increasing density they are:

LOX: Pure oxide, less dense than the metallic phase;

LMX: Mixed phases, less dense than the metallic phase;
MET: Pure metal;

HMX: Mixed phases, more dense than the metallic phase; and
HOX: Pure oxide, more dense than the metallic phase.

If only oxides are present, the debris is called LOX by convention. The possibility of
creating mixed-phase layers was introduced as part of the enhanced modeling in
CORCON-Mod3. The major assumptions concerning these mixed layers is very
specific:

The LMX layer is formed by entrainment of metal from MET or HMX into a
previously existing LOX layer, and consists of a suspension of discrete droplets
of metal in a less-dense continuous oxidic phase. The mixing is assumed to be
complete so that the LOX layer is converted to an LMX layer in the process; LMX
and LOX cannot exist simultaneously. The entrainment competes with settling of
the denser metal droplets from LMX back into the lower layer (or to form a new
MET layer if there is no lower metal-containing layer present).

The HMX layer is formed by entrainment of oxides from HOX into a previously
existing MET layer, and consists of a suspension of discrete droplets of oxide in
a less-dense continuous metallic phase. The mixing is assumed to be complete
so that the MET layer is converted to an HMX layer in the process; HMX and
MET cannot exist simultaneously. The entrainment competes with settling of the
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denser oxide droplets from HMX back into HOX (or to form a new HOX layer if
there is none present).

Under these assumptions, there are 15 possible configurations of the debris. These
can be summarized as follows:

20 DEHBARE
LOX X[ XX X X
LMX X[ X | X]|X X | X
MET | X X X X | X X
;'M X X X

HOX | X | X X | X X | X

where “X” denotes the presence of the layer.

Three options are available for the treatment of layering and mixing of debris in
CORCON. They are (1) enforcement of complete mixing, (2) enforcement of complete
stratification, and (3) mechanistic modeling of the entrainment and separation
processes. The first of these (complete mixing) is the default in the CAV package in
MELCOR, but the user may specify any of the options by input of MIXING on the
CAV_U record.

3.2.1 Enforced Mixing

This is the simplest of the options, with the debris always considered to form a single
layer. If both metals and oxides are present, the layer will be HMX or LMX (configuration
3 or 13), depending on the relative densities of the phases. If there is only a single
phase, it will be either MET or LOX (configuration 14 or 15). As noted previously, this is
the default treatment in MELCOR.

3.2.2 Enforced Stratification

This was the only option available in CORCON in versions prior to Mod3, in which the
possible creation of heterogeneous mixtures of metals and oxides was not considered.
It was therefore the only option available in versions of MELCOR prior to 1.8.3.

When this option is specified, the possibility of two oxidic layers, physically separated by
a metallic layer, is allowed for. If the initial oxide phase is sufficiently rich in UOz2 (fuel)
to be more dense than the initial metallic phase, it is assumed to form an oxidic layer
beneath the one containing the metals. An oxide slag, rich in concrete and steel oxides
and less dense than the metals will then accumulate on top of the metal layer. Thus,
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the most general structure of the debris pool is a light oxide layer (LOX), over a metallic
layer (MET), over a heavy oxide layer (HOX).

This three-layer configuration (configuration 4) can persist until dilution by less dense
concrete oxides renders the HOX layer less dense than the MET layer. The
configuration is then (instantaneously) converted to one containing only MET and LOX
(configuration 11), with the latter layer combining the previous contents of HOX and
LOX. Addition of UO2-rich debris to a debris pool in the LOX-over-MET configuration
can result in an oxide mixture that is denser than the contents of MET. When this
occurs, the LOX is eliminated and the configuration is (instantaneously) converted to
one of MET over HOX (configuration 1). These changes in configuration are effected by
checking the relative densities of adjacent layers at every step of the calculation, and
relocating and/or combining the layers as appropriate.

3.2.3 Mechanistic Mixing

The most general option uses mechanistic models for entrainment and separation
developed by Green [6, 7, 8] to predict the occurrence and extent of mixing. One
consequence of this modeling is to eliminate the instantaneous change in debris
configuration (often referred to as “layer flip”) resulting from an insignificant change in
the relative densities of the debris phases. Instead, the phases will become
increasingly strongly mixed whenever their densities approach equality (unless there is
no gas flow to drive the mixing).

The entrainment model assumes that bubbles passing through the interface between
two layers may carry material from the lower layer into the upper one if they are large
enough. The critical diameter depends on density ratios and on the surface tension of
the liquid-liquid interface; above the threshold, a correlation is used to determine the
volume of condensed-phase material entrained by each gas bubble. The separation
model is based on the terminal velocity of falling droplets of a size corresponding to the
critical Weber number for the onset of droplet oscillations.

Competition between these processes defines the net rate of mixing or separation at the
various layer interfaces. The model considers entrainment of oxides from HOX into
HMX or LMX, or into MET to form HMX, and of metal from MET or HMX into LMX or
into LOX to form LMX. It also considers the possibility that a mixed layer is unstable
and will separate to produce a new HOX layer below HMX or a new MET layer below
LMX.

After release of the initial version of CORCON-Mod3 [2], the numerical implementation
of the models into MELCOR was modified to provide numerical stability with reasonable
timesteps. The entrainment rate depends primarily on the gas flux; therefore, over a
finite timestep,
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3.1
i, 1) ~10, 0 o

However, the separation rate is proportional to the mass of the discontinuous phase in
the mixed layer, and has the form

3.2
ms (t)= MD(::_)VsettIe ( )

where vsette IS the settling velocity, Mp is the mass of droplets suspended in the mixed
layer, and Lw is thickness of that layer.

The mass of suspended droplets therefore satisfies

Mo _ s 0)- 1, ), 0) - o) ©9)

where

L, (3.4)

settle

\Y

is the time constant for separation. Equation (3.3) has the analytic solution.

M, (t) =M, (0)+ [, (0)r, — M, (O)JL—e V') (3.5)

Equation (3.5) expresses the fact that entrainment and separation approach a balance
where the mass of suspended droplets M’ is

3.6
ME =z, (3.9

with a characteristic time 7. Independent treatment of the competing processes will be
numerically unstable unless the timestep, At, is less than z_, and the results will be
dependent on timestep unless At is much less than z,. Because the time constant
may be relatively short compared to the rates at which conditions are changing, the
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revised version of CORCON-Mod3 applies the analytic solution given by Equation (3.5)
over a timestep. This requires moving a net mass

AM® = (n‘ngrs - Mg)(l— e*A”’s) (37

from the lower layer to the upper layer during the timestep, where superscript O denotes
evaluation at the start of the step. If the net move is positive, it must be limited to the
contents of the lower layer. If it is negative, it cannot—Dby its very form—exceed the
mass of droplets initially suspended in the upper layer. This change in numerical
implementation has eliminated almost all of the instabilities observed in layer mixing in

the initially released version of CORCON-Mod3.
3.3 Energy Generation and Heat Transfer

The fuel/concrete interaction is driven primarily by decay heat power generated within
the debris pool, with heat from oxidation reactions also contributing. In stand-alone
CORCON, the decay heating is calculated by an internal model based on an initial
fission product inventory and fits to the decay powers for each of the 27 elements in
CORCON. In MELCOR, this heating is calculated by the RN and DCH packages; the
model is conceptually very similar to that in CORCON (see the RadioNuclide (RN) and
Decay Heat (DCH) Package Reference Manuals and Reference 1), but the CAV
database contains no information on the location—or relocation—of the fission
products. (The exact model used in stand-alone CORCON is therefore not available,
even as an option, in MELCOR.) Heat sources based on control functions and/or
tabular functions are also permitted, primarily for simulation of experiments.

For the calculation of energy conservation, each debris layer is treated as a lumped
mass with a single (average) temperature. The heat flux between the interior of each
layer and each of its interfaces (with another layer, with concrete, or with the pool or the
atmosphere in the bounding control volume) is treated separately. Continuity of the
heat flux determines the temperature of each interface.

The possible heat transfer regimes within each debris layer are conduction and natural
convection, based on conventional correlations, and bubble-enhanced convection
based on Kutateladze [9] and surface renewal [10] models. The correlations are
implemented in such a way that they reproduce correlations for convective heat transfer
in internally heated fluid layers (in the absence of gas flows) developed by Kulacki and
co-workers [11, 12, 13] with a maximum error of 30 percent and an average error closer
to 10 percent. An enhancement factor developed by Farmer [14] is applied at the top
surface of the debris (adjacent to the coolant or the atmosphere) to account for the
greater surface area of the unstable surface.
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The modeling includes the possibility that the interior of a layer may be fluid, with heat
transfer by convection, while one or more of its axial and radial surfaces is covered by a
solid crust, with heat transfer by conduction [15]. In all cases, only one-dimensional
effects are considered, and the situation is assumed to be quasi-steady.

Losses from the surface are calculated, based either on radiation and convection in the
absence of overlying water or on a complete pool boiling curve in its presence. The
representation of the boiling curve is the one used in CORCON [1], and includes
convection, nucleate boiling, transition boiling, and film boiling regimes. In the film
boiling regime, the effects of coolant subcooling and of gas barbotage (injection of
noncondensible gas at the coolant interface), both of which can greatly increase both
the film boiling heat flux and the temperature at which the film collapses (the Leidenfrost
point), are also included.

The concrete surface is treated using a quasi-steady ablation model. If concrete is
ablating, it presents a constant temperature boundary condition defined by the ablation
temperature, Ta. This temperature is obtained either from internal data or user input.
Under quasi-steady conditions, changes in the sensible heat content of the preheated
region in advance of the ablation front may be neglected. (As mentioned in Section 2,
the thermal diffusivity of concrete is extremely small. The total heat content of this
region is therefore small, and is neglected.) The rate of ablation (in kg/m2-s) is then
proportional to the heat flux (w/m?) from the debris to the concrete surface. Their
constant of proportionality is simply the inverse of the heat of ablation ha.

If the heat flux to a concrete surface at an assumed temperature of Ta would be
negative, no ablation can be taking place, and heat transfer can affect only the thermal
boundary layer in the concrete. Under these conditions, change in the heat content of
this boundary layer is neglected and the concrete surface is treated as an adiabatic
boundary. Further decomposition of concrete in advance of ablation is also neglected.

An additional thermal resistance is included between the debris and the concrete.
CORCON-Mod3 allows this resistance to be calculated using either a gas film or a slag
film model. In each case, separate models are provided for the bottom and side
surfaces of the debris.

The gas film models are based on the assumption of a gas film between the debris and
the concrete. An analog of Taylor-instability-bubbling film boiling is used on nearly
horizontal surfaces [16], and an analog of attached-flow film boiling is used on strongly
inclined surfaces. A transition from bubbling to flow is made over a range of inclination
angles. Details of the model are presented in Reference 1.

A detailed slag film model was developed by Bradley [17], based on a picture of
transient growth and removal. He found that when the resulting thermal resistance of
the slag film was combined with the resistance within the debris layer, the net heat
transfer coefficient between the interior of the debris and the concrete surface could be
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adequately represented as a constant multiple (0.29) of the latter coefficient over a wide
range of conditions. The heat transfer coefficient for the slag film model is therefore
calculated in CORCON as 0.41 times the heat transfer coefficient between the interior
of the debris and its surface, for either the bottom and side surfaces of the debris, so
that the net heat transfer coefficient is 1.0*0.41/(1.0+0.41) = 0.29 times the internal heat
transfer coefficient.

The model to be used may be selected independently for the bottom and side surfaces
of the debris. The default in MELCOR 1.8.3 and later versions is to use the gas film
model in both places, consistent with previous versions of MELCOR. The user may
specify which model is to be used on the bottom and/or side surfaces by input of
GFILMBOTT or GFILMSIDE on the CAV_U record, as described in the CAV Package
Users’ Guide. (There is no default for the choice of models in stand-alone CORCON-
Mod3, and the Manual [1] provides no recommendation.)

3.4 Concrete Ablation and Cavity Shape Change

In steady-state ablation, the incident heat flux and the ablation rate are directly
proportional; the ratio is simply the volumetric ablation enthalpy. Therefore, the heat
flux to the concrete at each body point in the cavity profile is used to calculate the local
ablation rate. A new position of the body point is then calculated, displaced along the
local normal to the surface. To maintain calculational stability, the cavity profile is then
rezoned, and the body points are interpolated back onto a series of guiding lines called
rays, as illustrated in Figure 3.2. The effect of the rezone is that the body points must
follow the rays, and their spacing along the cavity profile is constrained. As shown in
the figure, all but one of the rays pass through a user-defined origin. The final ray lies
parallel to the axis, through the outermost point on the flat bottom of the cavity, and
serves to ensure that this flat bottom remains flat. The scheme evolved from the
CASCET model [18] written by ACUREX/Aerotherm Corporation under contract to
Sandia.
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Figure 3.2 Position and Motion of Body Points
3.5 Chemistry

The chemistry considered in the Cavity package of MELCOR involves interactions
between concrete decomposition products and metallic species in the debris pool.
Equilibrium chemistry is assumed, without consideration of rate limiting effects. The
calculational method is very general and is based on minimization of the total Gibbs
function for a metallic phase, a gaseous phase, and an oxidic phase. Each of the three
phases is treated as an ideal solution; that is, the entropy of mixing is considered, but
any heat-of-solution effects are ignored.

Two separate reactions are considered. The first involves reactions in the interior of the
debris. For a pure metal layer, it is modeled as mutual equilibrium among the metal
layer and the gas bubbles and concrete decomposition oxides passing through it. For a
mixed-phase layer, the oxidic constituents of the layer are included as reactants. The
primary effect is the oxidation of metals by the H20 and COz in the bubbles. However, if
the metallic phase contains significant amounts of Zr, it can also reduce the concrete
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oxides to produce metallic Al, Ca, and Si. The user may specify that these reactions be
ignored (as in older versions of CORCON) through input of CTOXYREA on record
CAV_U; in this case, only the products of metal oxidation are included in the oxide
phase.

The second reaction involves mutual equilibrium among the metal layer, the gas film at
its radial boundary, and the products of metal oxidation. Concrete decomposition (and
other) oxides are not included in this reaction.

The gaseous reactants are H20 and COz, and the principal gaseous products are Hz
and CO. The full equilibrium calculation in CORCON predicts the formation of small
amounts of additional gaseous species including hydrocarbons and various dissociation
products such as atomic hydrogen. Most, if not all, of these species are predicted to
occur in quantities insufficient to warrant their inclusion in the control volume
inventories. To ignore them would violate mass conservation, and there is insufficient
information to unambiguously convert them to “equivalent” amounts of significant
species. The problem can be avoided by imposing constraints in minimization of the
Gibbs function to eliminate consideration of any gaseous species other than H20, COz,
H2, and CO. This option was added to stand-alone CORCON-Mod 3 after its initial
release, and is used in MELCOR. The results conserve mass and represent a restricted
equilibrium state consistent with the modeling of atmosphere chemistry in MELCOR.
We believe this to be a reasonable approach. If it were desired to include additional
gases such as methane, only a trivial change to coding would be required. This is
because the Gibbs function to be minimized has not been changed, but only the domain
over which it is minimized.

The equilibrium calculation sometimes predicts the “coking” reaction in which COz2 is
fully reduced to condensed carbon (rather than simply to CO), primarily in the presence
of metallic Zr. Because simulant experiments have not provided overwhelming
evidence either for or against the occurrence of coking, the user is permitted to specify
whether this reaction will be permitted in CORCON. The default in MELCOR is to
suppress the production of condensed carbon, but the user may enable this production
by input of the COKE parameter on the CAV_U record.

In stand-alone CORCON, the chemistry includes an extremely simplified consideration
of fission products; in MELCOR, this calculation is entirely replaced by the VANESA
model [4] in the RN package.

3.6 Mass Transfer and Associated Heat Effects

The processes involved include the injection of concrete decomposition products
(condensed and gaseous) into the debris pool, the addition of core and structural
materials from other packages through the use of TP, the addition of debris from rupture
or overflow of another cavity, and the production of condensed-phase materials from
chemical reactions. Also involved is the transport of all these materials to their proper
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locations, whether within a debris layer in CAV or in a CVH volume. These processes
modify both the mass inventories and the energy contents of the various debris layers
and determine the mass source delivered to CVH and its associated enthalpy.

The masses and enthalpies of all debris layers are updated for mass transfer and
associated heat transfer in two passes. These passes follow the paths of gaseous and
condensed-phase concrete decomposition products, and of the products of chemical
reactions involving these materials. The updating procedure is designed to account for
successive interactions of transported materials, from the location where they are born
to the location where they reside at the conclusion of the advancement procedure.

The first pass, upward through the debris pool, follows the rising gases and rising
condensed-phase materials from concrete decomposition or melt/gas reactions. (The
direction of motion of condensed-phase materials is determined by its density relative to
the density of the local layer material.) The materials are thermally equilibrated with any
layers they pass through, and their mass and energy are ultimately added to the layer
where they end up (condensed phases) or to the associated CVH volume (gases). For
condensed-phase materials, this final layer is assumed to be the first layer encountered
that already contains that phase: HMX, MET, or LMX for metals, and any layer but MET
for oxides. A new LOX layer may be formed to accommodate rising oxides from
concrete ablation or metal oxidation or none already exists. Similarly, a new MET layer
may be created to accommodate steel from melting reinforcing bars in concrete if the
pool contains only a dense oxide layer.

Melt/gas chemical reactions are evaluated during this upward pass, following rising
bubbles and flowing films. The composition of the layer involved is modified to reflect
the effects of the reaction and, if the reaction takes place in the pure metal layer (MET),
the condensed phase oxidic products are added to the rising inventory. The gas
composition is modified appropriately, and the heat of reaction is assumed to remain
with the layer in which the reactions occur.

The second pass, downward through the debris pool, is similar; it follows any material
entering from above (from another cavity or from a TP), and any sinking reaction and/or
concrete ablation products. If the mechanistic mixing model is used, mixing calculations
are done during the downward pass. This differs from the initially released version of
CORCON-Mod3 [2]. The change was made because separation of a mixed layer can
create a new pure-phase layer below it, and the revised order of calculations greatly
simplifies the logic in treating this possibility.

3.7 Water Ingress and Melt Eruption Models
3.7.1 Description

Two new models have been added to CAV as a result of observations in the OECD
MACE/MCCI experiments.[19, 20] These are water ingression into the top crust, and
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the possibility of melt eruptions through the top crust into the water, forming an overlying
debris layer.

The water ingression model is based on a model by Epstein[21] following work on water
ingress into molten lava by Lister.[22] The basis of the model is the observation that
water can progress into a crust via a cracking mechanism for a long ways, effectively
limiting the possible thickness of the conduction zone in the crust (see figx).

The melt eruption model is based on the observation that under some circumstances,
melt can erupt through the top crust into the overlying water layer, forming a debris bed
on top of the crust.

3.7.2 General Implementation

The new models are implemented in CAV by adding two new layers to the CORCON
model, a crust layer and a debris layer. These layers sit on top of the existing melt
layers in CORCON. Mass is transferred from the melt to the crust layer by a dynamic
crust model, replacing the present static top crust model in the melt layer. Mass can be
transferred to the debris layer through the crust from the melt layer via a melt ejection
model as detailed below. Equations for the new models generally follow those in
CORQUENCH (CQ).[23]

3.7.3 Water Ingress Model

The water ingression model allows water into the crust layer if the top heat flux is less

than a dryout flux qg,. The test is applied at the top of the conduction zone in the crust

layer. The dryout flux is given as

1/13

5 2402
" (,0 - Py )g Ny Ke Algy 15/13
qdry = Cdry (hlv : VV ] ( CypAecr (aT (Tcr _Tsat )) (38)
where
94, = dryout heat flux (W/m?)
Cary = empirical constant ()
hi = heat of vaporization of water (J/kg)
o = density of water (kg/m?) (960 kg/m?3)
ey = density of steam (kg/m?) (0.59 kg/m?3)
g = gravitational constant = 9.8 m/s?
W = dynamic viscosity of steam (m?/s) (1.29e-5 m?/s)
Nary = numerical constant = 0.1 K-m'/2
Ke = thermal conductivity of crust (W/m)
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Aesar = change in specific enthalpy from melt temperature to saturation temperature
(J/kg)

Co = specific heat capacity of melt (J/kg-K)

Aecr = change in specific enthalpy from crack temperature to saturation temperature
(J/kg)

or = coefficient of thermal expansion for melt (1/K)

Ter = crack temperature (K)

Tsat = Saturation temperature of steam (K)

The crack temperature is estimated from Lister’s formula as

T =T _O_tens (39)

cr S
o E

where

oens = tensile strength of crust (Pa) (6.77e7 Pa)
E = Young’'s modulus for crust (Pa) (1.25el11 Pa)

Some of these quantities are not calculated in CORCON so are set to constant values;
the values are taken from a CQ run of CCI-3.

The thickness of the conduction region is estimated as

T, -Tg,
5cond = kc % (310)

dry
The actual solution given by Epstein is
ap(hfs +Cp(TS _Tsat )) hfs +Cp(TS _Tsat)

5con = " 14 In 14 n 3'11
‘ qdry —0g hfs + (qB /qdry)Cp(TS _Tsat) ( )

3.7.4 Melt Eruption Model

Melt eruption is implemented in CAV as a transfer of mass from the melt layer to the
debris layer. The rate of transfer is proportional to the gas sparging rate:

= Kent jgas (312)

Jmelt

where

jmet = melt ejection rate (m/s)
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Kent = entrainment coefficient

Jgas = gas sparging rate (m/s)

The entrainment coefficient is calculated using the Ricou-Spalding correlation[24] as

p 1/2
Kent = Eent (ﬂ] (313)
pmelt
where
Eent = user input entrainment constant (default = 0.06)

pgas = gas density (kg/m?3)
pmelt = melt density (kg/m?3)

There is also a condition whether or not melt is ejected, based on a minimum gas flow
rate and the crust permeability, given as

i _rlpe=pa)y (3.14)
min /Jg

where

jmn = minimum gas flow rate (m/s)

K = crust permeability (m?)

Pc = crust density (kg/m?3)

g = gas viscosity (Pa-s)

This equation is for a crust that is assumed to be floating on the melt, hence the
difference term with the crust and melt densities.

Permeability is calculated based on the dryout flux above, g, , using an expression
from Jones et al.[25]:

_ 2406 (3.15)
K=
p.hy (o —p,)g

3.8 Debris Spreading

In general, CORCON assumes that debris will spread uniformly and instantaneously
across the full width of any cavity into which it is deposited. CORCON-Mod3 added an
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optional parametric capability to simulate the finite rate of debris spreading by
prescribing a maximum radius of the axially symmetric debris pool as a function of time.
This can be used to confine the debris as a slowly spreading or non-spreading mass on
the floor for some period of time and/or to delay its contact with the side walls of the
cavity for as long as may be desired. One effect will be to reduce the surface area of
the debris, thus reducing the rate at which it can lose heat. This modeling may affect
the timing of the debris-concrete interaction in cases where the initial debris is largely
solidified, and is incapable of ablating concrete at a significant rate until it has become
more fluid as a result of continued heating by internal decay heat.

In stand-alone CORCON, the maximum radius must be specified as a function of time
by an input table. In MELCOR, it may be specified by a tabular function, a control
function, or a channel in an external data file. In most MELCOR calculations, debris will
not appear in the cavity until after the reactor vessel fails, and the time of this event will
not be known in advance. In the initially released version of CORCON-Mod3, the radial
surface of spreading debris was subjected to the same thermal boundary condition as
the top surface. A subsequent revision allows optional treatment of this boundary as
adiabatic. This capability is available in MELCOR.

MELCOR permits the user to model debris spreading with the use of the control function
option to prescribe the radius as a function of time relative to debris deposition. This
control function approach can take into consideration the debris temperature (as an
indicator of its viscosity) in estimating the spreading rate. However, it requires the user
to have some knowledge of the melt progression and melt properties in order to input
the spreading information. An internal model in MELCOR allows a formalized treatment
of debris spreading using the internal MELCOR melt properties, thus modeling a more
realistic spreading of the debris.

Ramacciotti Model for Two-Phase Viscosity

One advantage to using the internal model is in the use of internal models for molten
debris viscosity as a function of the melt solid fraction. There are two models for
calculating the enhancement of viscosity due to solid/liquid phases, the Ramacciotti
model and the Kunitz model. Recent advancements in modeling debris spreading [26-
27] suggest the use of the Ramacciotti model [28]:

n="mny exp(25-C-d) (3.16)

where C is ranging from 4 to 8 which depends on the experiment simulated, 1, is given
the following melt metal and melt oxide layers of the debris, and ¢ is the melt solid
fraction.

For melt metal,

No = 1.076 X 10 3exp3313/T - M qer (3.17)

CAV-RM-23 SAND2017-0876 O



CAV Package Reference Manual

Where T is the temperature of the melt layer, and M, is the user supplied multiplier.
Note that the correlation implemented in the code is representative of steel.

For oxide, n, is calculated with a complicated function as defined using Kendell-Monroe
or Shaw correlations. A maximum value of the two correlations is used in MELCOR.
However, if the viscosity calculated is not greater than zero, the use of Basalt viscosity
formulation is used:

No = 1.94 x 107 2exp?°%5%/T - M \ger (3.18)
Where T is the temperature of melt layer, and M., is the user supplied multiplier.
Kunitz Model for Two-Phase Viscosity

CORCON-MOD3 [1] incorporates the Kunitz model for enhanced viscosity due to solid
suspended in a molten slurry. The predicted viscosity enhancement is a function of the
solid volume fraction and is 1 for when the solid fraction is insignificant and becomes
infinite as the solid fraction approaches 1.0

_ . 14059
N =Mo" ey (3.19)

Also note that ¢ is computed based on the temperatures:

¢ = Max <O,MIN (1, (M) )) (3.20)

Tliq_Tsol

where Ty;q is the liquidus temperature, T, is the solidus temperature and T, is the
average liquid temperature which is given by:

Tz+Tr

Tave = 8 (3.21)

Where T, is the Z average liquid temperature and Ty is the R average liquid
temperature. Z and R are the measures of the thickness and radius of the melt,
respectively. Note that maximum value of ¢ is set in the code as 0.9. Figure 3.3 plots
both the Kunitz and Ramacciotti viscosity multipliers as functions of ¢. For the
Ramacciotti correlation, several values of C are being plotted in this figure.

Another improvement in MELCOR is the development of an analytical melt spreading
model. This analytical model assumes a right circular cylinder of debris with radius, R,
height, H, volume V=m R?H, density, p, and viscosity, u. Assuming that the debris
spreading process will be driven by gravitational forces and opposed by viscous forces,
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and that the flow is laminar, the balance between forces can be expressed in terms of
pressures by

v
MFR x pgH (3.22)
where g and v (dR/dt) are the gravity and characteristic velocity of the flow, respectively.

1.E+08
= o = = Kunitz

1.E407 Ramacciotti C=6
- Ramacciotti C=4

1.E+06 = Ramacciotti C=8

Ramacciotti C=2

1.E+05

1.E+04

1.E+03

Viscosity Multiplier (dimensionless)

1.E+02

1.E+01

1.E+00

Figure 3.3. Viscosity Multiplier Correlations as a Function of ¢

Equation (3.14) can be rewritten as

dR pg H3

Assuming that the volume of debris is approximately constant Equation (3.15) can be
rewritten to eliminate the height, H, by expressing it in terms of the volume, V:

dr _ %(V)ﬂ pg V2
dt—C1u —z) 7O C1ll1T3 ’G (3.24)

where Ci is the integral constant. The solution for Equation (3.16) is given as:
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R(t) = i/R(tO)S +Cy LEVI(E— 1) (3.25)

Huppert [29] has suggested a value for C; = 0.136.

Spreading is computed only when liquid remains in the layers. Therefore, it is
necessary to sum up the liquid portion of each layer in the debris.

The volume of each layer, including both liquid and solid is computed as

Viay = - (3.26)

Play

where V, m and p are the volume, mass and density of the layer. Once the volume is
calculated, the layer height, Hy,, is given as

I_Ilay = Vlay/(T[ ) Rz) (3.27)

where R is calculated previously for the debris radius. The liquid height for each layer,
Hiay ig, IS cOmputed as

I—Ilay,liq = I—Ilay - Slay,bot - SIay,top (3.28)

where § is the crust for the bottom and top of the layer. Similarly, the liquid radius for
each layer, Ry, 1iq is calculated as

Rlay,liq =R - Slay,rad (3.29)

where § is the radial crust. Based on both the radius and height of liquid in each layer,
the volume of the liquid in each layer is calculated, assuming it is a right cylinder. Once
this volume is computed, the liquid volume fraction is computed:

Fllay,liq = Vlay,liq/vlay (3.30)

The total liquid volume is computed by dividing the average density by the total liquid
mass of the debris. Average properties, such as viscosity and density are then
calculated. The total liquid volume, and the average viscosity and density are then used
in Equation (3.16) to estimate the spreading during a time step. Equation (3.16) is then
integrated using the numerical Euler integral method: yn+1=yn+y’n -At.

For now, a stopping logic for melt spread is used. The user may choose to change
these thresholds. This selection is done through the use of SC2303(2). When
SC2303(2)=0, the simple MELCOR immobilization logic is used — 0.5 of radius as crust
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or 0.5 of the melt thickness as crust (default). These two values are done in SC2303(3)
and (4), respectively.

3.9 Energy Conservation

CORCON uses a formulation for the energy equation for debris in the cavity in which
temperature-driven heat transfers between layers are treated semi-implicitly, as
described in Reference 1. Numerical difficulties associated with addition of new debris
were observed during incorporation into MELCOR. The implementation of the equation
was substantially modified to improve stability by including modifications made to
previous versions of CORCON in the CAV package of MELCOR 1.8.2. The revised
numerical treatment is now included in the stand-alone code as well as in MELCOR.

3.10 Material Properties

The material properties in the CAV package are those of the stand-alone CORCON
code. They include internally consistent specific heats, enthalpies, and chemical
potentials for a large number of condensed and gaseous species, based on fits to
JANAF [30] and other data. All enthalpies are based on the JANAF thermochemical
reference point. All heats of reaction are therefore implicitly contained in the enthalpy
data. Also included are data on thermal expansivity and density, thermal conductivity,
viscosity, and surface tension.

The list of materials for which properties are defined is contained in Appendix A. These
data are independent of the MELCOR data contained in the Water (H20),
NonCondensible Gas (NCG), and Material Properties (MP) packages. They are
retained both for consistency with the stand-alone CORCON code and to facilitate
incorporating future upgrades to CORCON modeling into MELCOR. Appropriate
adjustments to enthalpies are made whenever materials are passed into or out of the
Cavity package.

Additional models are included for evaluating the properties of mixtures. Details of the
material properties models, and further references, are contained in Reference 1. Most
are quite conventional, but two deserve further discussion in this Reference Manual.

In determining the enthalpy of a mixture as a function of temperature, a submodel is
used to determine its melting range as defined by solidus and liquidus temperatures.
Below the solidus temperature of the mixture, properties for the solid phase of each
species—extrapolated, if necessary—are used. Similarly, liquid phase properties
(possibly extrapolated) are used above the liquidus temperature. Between solidus and
liquidus, the enthalpy is interpolated as a linear function of temperature (corresponding
to a constant specific heat).

The melting range for the metallic phase is determined from a fit to the ternary phase
diagram for Cr-Fe-Ni; other elements (Zr, C) are simply ignored. If the metal phase
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contains no Cr, Fe, or Ni, however, the melting point of Zr will be used. The melt range
for an oxidic phase is determined by reference to a pseudo-binary phase diagram based
on an ideal solution model for the liquid and solid phases. One component is high
melting and is assumed to consist of fuel (UO2 and ZrOz2); the second component is low
melting and includes everything else. The corresponding melting temperatures and
effective latent heats are taken from internal data for fuel for the first component and
from the properties of the concrete oxides for the second.

Also modeled is the effect of SiO2 content on the viscosity of oxidic mixtures, based on
a modification of a correlation derived by Shaw [31]. The original correlation was fit to a
database containing geologic data for materials with relatively high silica contents; no
consideration was given to application of the correlation outside of the range of
compositions included in the original database. As implemented in CORCON and in
MELCOR, the original correlation has been modified to avoid nonphysical extrapolation
characteristics. It is coupled to a conventional Kendell-Monroe [32] mixture model in
such a way that the viscosity is a continuous function of composition over an
unrestricted range of compositions. Details are given in Reference 33.

4. Comparison to Stand-Alone CORCON

The Cavity (CAV) package in MELCOR consists primarily of the CORCON-Mod3 code
[1]. The calculational routines are identical to those in the stand-alone code, but input,
output, and interfaces to boundary conditions are different. In addition, the MELCOR
implementation includes several sensitivity coefficients to allow user control of
submodels in CORCON. The sensitivity coefficients currently available are:

1. an additive modification to the concrete ablation enthalpy, and
2. coefficients in many heat transfer relations.

In future versions, we expect to expand this list to allow access to more of the so-called
“user flexibility” options available in CORCON-Mod3.

Additional similarities and differences with respect to CORCON-Mod 3 are summarized
in Table 4.1.

Table 4.1 Comparison of Stand-Alone CORCON-Mod3 [1] and MELCOR Cavity
Package

Feature CORCON-Mod3 MELCOR
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Table 4.1 Comparison of Stand-Alone CORCON-Mod3 [1] and MELCOR Cavity

Package

Feature

CORCON-Mod3

MELCOR

Concrete Cauvity,
Layered Debris,
Debris/Concrete
Heat Transfer,
Concrete Ablation

Treatment identical

Ablation Delay

Not permitted

Optional control function

Overlying Water

Simple equilibration of rising
gases

Part of CVH SPARC bubble
model

Atmosphere and
Surroundings

User-input tabular boundary
conditions

Boundary conditions from
CVH Package

Debris/Water or
Debris/Atmosphere
Interface

Models and correlations identical; numerics of solution modified
for MELCOR

Fission Product
(F.P.) Inventories

Six “pseudo-species” (coarse
grouping) included in CORCON;
separate detailed inventory for
VANESA

Treated in detail by RN
package (not part of CAV
package inventory)

Internal Heating

Internal model based on F.P.
inventories or input table

From DCH package, based
on fission product
inventories or input table

Fission Product

Models and correlations identical; numerics of solution modified

Release by location of model in RN package in MELCOR
Debris/Gas General equilibrium gases, Same model, minor gas
Chemistry metals, oxides species suppressed

Cavity Rupture/ Not modeled Mechanistic melt-through or
Debris Overflow “triggered” failure; overflow
to lower cavity
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Table 4.1 Comparison of Stand-Alone CORCON-Mod3 [1] and MELCOR Cavity

Package
Feature CORCON-Mod3 MELCOR
Debris Addition User-input table Through TP package, from

other MELCOR package or
table input, or from other
cavity overflow or rupture

Debris Spreading

Parametric model; requires user-

input table vs. time

Same model, but allows
calculation using control
functions

Associated F.P.
Addition

Based on added UO,, or user-
input table

Calculated by RN for
package providing debris
source, or table input

User Control of

Provided through “user flexibility”

Provided by user input and

Modeling options [2] sensitivity coefficients; not all
“user flexibility” options are
enabled

Restart/Fallback Not available Provided as part of

Capability

MELCOR structure

User Input

Fixed format

MELCOR free-field format

Printed Output

Controlled by CORCON input

Essentially identical;
controlled by MELCOR input

Plotted Output

Latest version allows use of
HISPLTM

Plots available in normal
MELCOR manner

The differences between the MELCOR Cavity package and stand-alone CORCON-
Mod3 listed in Table 4.1 fall into three distinct groups:

1. Coupling of Phenomena

These differences include the use of calculated boundary conditions such as
temperature, pressure, and debris addition rates rather than user-supplied tabular data
which must be generated from some independent source, and the provision to allow
debris to be relocated between two or more locations when cavity boundaries fail. CAV
allows the use of tabular boundary conditions by defining time-specified volumes in
CVH and/or tabular debris addition rates through TP and EDF. Both CORCON-Mod3
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and MELCOR can calculate internal decay heating based on fission product inventories,
with these inventories based on fission product release rates calculated using VANESA.
In MELCOR, the decay heat is based directly on the detailed inventories calculated by
VANESA; in CORCON-Mod3, these inventories must be approximately mapped back
into the coarse group inventories used by the CORCON decay heat model.

2. User Interface, User Convenience

These differences include revised input formats, restart and fallback capabilities, and
plot capabilities, which have no effect on modeling of physical phenomena.

Although the CAV package in MELCOR and the stand-alone CORCON-Mod3 code
contain identical versions of all subroutines incorporating phenomenological models and
materials properties, they should be viewed as distinct entities because of the
differences in treatment of interfaces and calculation of boundary conditions. However,
because the basic modeling is identical, it is possible to run equivalent calculations with
the two codes under appropriate choices of options and restrictions on boundary
conditions.
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APPENDIX A: Species List for CORCON in MELCOR CAV Package

The following lists the species considered by CORCON and available for use in
MELCOR, either as initial contents in the melt or as constituents of concrete (see Table
in the next page):

OXIDES METALS
Sl02 FE
TIO2 CR
FEO NI
MNO ZR
MGO MN
CAO C(C)
SRO NA
BAO AL
LI20 U
NA20 S
K20 UAL3
FE203 UAL2
AL203 CA
uo2

ZRO?2

CR203

NIO

FE304

MN304

PUO2

uo3

U308
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CONCRETE CONSTITUENTS

CO2

H20OCHEM (chemically bound water)

H2OEVAP (evaporative water)

CACO3

CA(OH)2

The observant reader may note that several additional species are included in the
corresponding list, Table 2.1, in [1]. These include the aluminates, fission products, and
element “X”, which are (or were) used in internal models in stand-alone versions of
CORCON and are not relevant to the implementation in MELCOR.

Note that in the concrete table there are five additional species which may be used in
specification of concrete compositions:

These are used only in specification of the concrete composition; in particular, CACO3
and CA(OH)2 are decomposed during initialization into CAO plus CO2 and into CAO
plus H2OCHEM respectively. The difference between H2OCHEM and H2OEVAP is the
binding energy which must be overcome to release the chemically-bound water from the
concrete.

The list of gases in Table 2.1 of Reference 1 is not relevant to MELCOR input, as the
composition of the control volume above the debris pool is determined by the CVH
package. In addition, production of all trace gaseous species has been suppressed in
the chemical reaction routines so that the only gases considered by CORCON in
MELCOR are H2, H20, CO, and CO2.

CAV-RM-33 SAND2017-0876 O



CAV Package Reference Manual

10.

References

D. R. Bradley and D. R. Gardner, CORCON-MOD3: An Integrated Computer Model
for Analysis of Molten Core-Concrete Interactions. Users Manual, NUREG/CR-
5843, SAND92-0167, Sandia National Laboratories, Albuguerque, NM (October
1993).

K. E. Washington, Letter Report to Sudhamay Basu, USNRC, “CORCON-Mod3
Code Integration,” under FIN L1484 (February 1993).

K. K. Murata et al., Code Manual for CONTAIN 2.0: A Computer Code for Nuclear
Reactor Containment Analysis, NUREG/CR-6533, SAND97-1735, Sandia National
Laboratories, Albuguerque, NM (December 1997).

D. A. Powers, J. E. Brockmann, and A. W. Shiver, VANESA: A Mechanistic Model
of Radionuclide Release and Aerosol Generation During Core Debris Interactions
with Concrete, NUREG/CR-4308, SAND85-1370, Sandia National Laboratories,
Albuquergque, NM (July 1986).

MAAP, Modular Accident Analysis Program User's Manual, Volumes 1 and 2,
IDCOR (undated).

G. A. Greene, “Heat, Mass, and Momentum Transfer in a Multi-Fluid Bubbling Pool,”
Advances in Heat Transfer, Vol. 21, pp. 270-345 (1991).

G. A. Greene, J. C. Chen, and M. T. Conklin, “Onset of Entrainment Between
Immiscible Liquid Layers Due to Rising Gas Bubbles,” International Journal of Heat
and Mass Transfer, Vol. 31, p. 1309 (1988).

G. A. Greene, J. C. Chen, and M. T. Conklin, “Bubble-Induced Entrainment
Between Stratified Liquid Layers,” International Journal of Heat and Mass Transfer,
Vol. 34, p. 149 (1990).

S. S. Kutateladze and I. G. Malenkov, “Boiling and Bubbling Heat Transfer Between
a Gas-Liquid System and a Heat Exchange Element,” Zhurnal Prikladnoi Khimii
(Journal of Applied Chemistry of the USSR), Vol. 35, No. 11 (1962).

G. A. Greene and T. F. Irvine, “Heat Transfer Between Stratified Immiscible Liquid
Layers Driven by Gas Bubbling Across the Interface,” in ANS Proceedings of the
1988 National Heat Transfer Conference, Houston, TX, July 24-27 (1988).

SAND2017-0876 O CAV-RM-34



11

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

CAV Package Reference Manual

. F. A. Kulacki and R. J. Goldstein, “Thermal Convection in a Horizontal Fluid Layer
with Uniform Volumetric Energy Source, “Journal of Fluid Mechanics, Vol. 55, No. 2,
p. 271 (1975).

F. A. Kulacki and M. E. Nagle, Journal of Heat Transfer, Vol. 97, p. 204 (1975).

F. A. Kulacki and A. A. Emara, Trans. ANS, Vol. 22, No. 2, p. 447 (1975).

M. T. Farmer, J. J. Sienicki, and B. W. Spencer, “CORQUENCH: A Model for Gas
Sparging-Enhanced Melt Water Film Boiling Heat Transfer,” ANS Special Session
on Thermal Hydraulics of Severe Accidents, November 11-15, 1990.

R. K. Cole, Jr., “A Crust Formation and Refreezing Model for Molten-Fuel/Concrete
Interaction Codes,” Paper 12.5 in Proceedings, International Meeting on Light Water
Reactor Severe Accident Evaluation, Cambridge, MA (1983).

H. Alsmeyer and M. Reimann, “On the Heat and Mass Transport Processes of
Horizontal Melting or Decomposing Layer under a Molten Pool,” Nuclear Reactor
Safety Heat Transfer, Winter Annual Meeting ASME, Atlanta, GA, pp. 47-53 (1977).

D. R. Bradley, “Modeling of Heat Transfer Between Core Debris and Concrete,” in
ANS Proceedings of the 1988 National Heat Transfer Conference, Houston, TX, p.
37-49 (July 1988).

K. C. Kwong, R. A. S. Beck, and T. C. Derbidge, CORCON Program Assistance,
FR-79-10/AS, ACUREX Corporation/Aerotherm Aerospace Division, Mt. View, CA
(July 1979).

M. T. Farmer et al., “Status and Future Direction of the Melt Attack and Coolability
Experiments (MACE) Program at Argonne National Laboratory,” Proceedings 9th
Int. Conf. on Nucl. Eng., Nice, France, April 8-12, (2001).

M. T. Farmer et al., “A Summary of Findings from the Melt Coolability and Concrete
Interaction (MCCI) Program,” Proceedings ICAPP ’'07, Nice, France, May 13-18,
(2007).

M. Epstein, “Dryout Heat Flux During Penetration of Water Into Solidifying Rock,” J.
Heat Trans.r 128, p.847 (2006).

C.R. Lister, “On the Penetration of Water Into Hot Rock”, Geophys. J.R. Astron.
Soc. 39, p.465 (1974).

CAV-RM-35 SAND2017-0876 O



CAV Package Reference Manual

23.

24,

25.

26

27

28

29

30.

31.

32.

33.

1b

M.T. Farmer, “OECD MCCI Project, The CORQUENCH Code for Modeling of Ex-
Vessel Corium Coolability Under Top Flooding Conditions, Code Manual Version
3.03”, OECD/MCCI-2010-TRO03, Argonne National Laboratory, Argonne, IL (2011).

F. B. Ricou and D. B. Spalding, “Measurements of Entrainment of Axisymmetrical
Turbulent Jets,” J. Fluid Mechanics, 11, 21 (1961).

S.W. Jones et al, “Dryout Heat Fluxes in Particulate Beds Heated Through the
Base,” J. Heat Trans. 106, 176 (1984).

K.R. Robb and M.W. Francis, Enhanced Ex-Vessel Analysis for Fukushima Daiichi
Unitl: Melt Spreading and Core-Concrete Interaction Analyses with MELTSPREAD
and CORQUENCH, ORNL/TM-2012/455, Oak Ridge National Laboratory, February
2013.

M.T. Farmer, Melt Spreading Code Assessment, Modification, and Applications to
the EPR Core Catcher Design, ANL-09/10, Argonne National Laboratory, March
2009.

M. Ramacciotti, et.al, “Viscosity Models for Corium Melts, Nuclear Engineering and
Design 204, 377-389, 2001.

H.E. Huppert, “The Propagation of Two-Dimensional and Axisymmetric Viscous
Gravity Currents Over a Rigid Horizontal Surface,” J. Fluid Mech. Volume 121, page
43-58, 1982.

JANAF Thermochemical Tables, DOW Chemical Company, Thermal Research
Laboratory, Midland, Ml (1965).

H. R. Shaw, “Viscosities of Magmatic Silicate Liquids: An Empirical Method of
Prediction,” American Journal of Science, Vol. 272, pp. 870-893 (1972).

J. Kendell and K. P. Monroe, “The Viscosity of Liquids, Il Ideal Solution of Solids in
Liquids,” Journal of the American Chem. Soc., Vol. 39, No. 8, p. 1802 (September
1917).

R. K. Cole, Jr., D. P. Kelly, and M. A. Ellis, “Molten Fuel/Concrete Interactions
Study,” in Light Water Reactor Safety Research Program Semiannual Report, April-
September 1982, NUREG/CR-3407, SAND83-1576, Nuclear Fuel Cycle Program,
Sandia National Laboratories, Albuquerque, NM (October 1983).

M.T. Farmer, Melt Spreading Code Assessment, Modification, and Applications to
the EPR Core Catcher Design, ANL-09/10, Argonne National Laboratory, March
2009.

SAND2017-0876 O CAV-RM-36



CAV Package Reference Manual

1d C. Journeau, et.al,"The VULCANO VE-U7 Corium Spreading Benchmark,” Progress
in Nuclear Energy, 48, page 215-234, 2006.

le C. Journeau, et.al, “Ex-Vessel Corium Spreading: Results from the VULCANO
Spreading Test,” Nuclear Engineering and Design, Volume 223, page 75-102, 2003.

CAV-RM-37 SAND2017-0876 O



Condenser (CND) Package

The purpose of the MELCOR CND Package is to model the effects of the Isolation
Condenser System (ICS) and the Passive Containment Cooling System (PCCS), both of
which use heat exchangers submerged in large water pools. Several older boiling water
reactors (BWRs) and the new proposed simplified boiling water reactor (SBWR) contain
isolation condensers to condense steam created in the core and return it to the primary
system. Only the simplified boiling water reactor, however, contains the passive
containment cooling system to provide steam suppression in the drywell in the event of a
LOCA or when the depressurization valves are used to equalize the pressures of the
reactor vessel and containment. This equalization is required so that water can drain to the
reactor vessel from the gravity-driven cooling system pools located several meters above
the top of the core. The CND Package constitutes a subpackage within the ESF Package.
The removal or transport of fission product vapors and aerosols is not modeled. The
Reference Manual gives a description of the subroutines used in the CND Package.

User input for running MELGEN and MELCOR with the CND Package activated is
described separately in the Condenser Package Users’ Guide.
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1. Introduction

This Package describes the Passive Containment Cooling System (PCCS) and Isolation
Condenser System (ICS) models originally developed at Oak Ridge National Laboratory
(ORNL) for use with MELCOR. This manual is divided into three sections. Section 2
describes the PCCS model, while Section 3 describes the extension of the basic PCCS
model to provide calculational capability for the ICS. Finally, the interface with MELCOR for
both the PCCS and ICS models is described in Section 4.

2. PCCS Model

2.1 Introduction and Concept

The PCCS is a safety-related passive system designed to remove the core decay heat that
would be introduced into the SBWR containment during a loss-of-coolant accident (LOCA).
The PCCS is described in Section 6.2 of the SBWR Standard Safety Analysis Report
(SSAR) [1].

The basic operation of the PCCS derives from the induced flow of some of the drywell
atmosphere to the wetwell airspace via the PCCS whenever the drywell-to-wetwell
pressure differential is sufficient to clear the water from the vent line terminus within the
pressure suppression pool. The venting pathway through the PCCS includes a heat
exchanger in which the gases are cooled and some (or all) of the steam vapor is
condensed; the condensate is drained to the Gravity-Driven Cooling System (GDCS) pool
within the drywell. The noncondensible gases and any steam carryover through the vent
line are released into the pressure suppression pool, where the gas bubbles rise to the pool
surface. The intermittent nature of the venting process causes the thermal-hydraulic
behavior of the PCCS to be much more complex than the normally encountered heat
exchanger-condenser applications for which the flow is continuous.

The PCCS model described here is based upon the concept that the MELCOR code should
adequately represent the effects of the PCCS under the boundary conditions that would be
imposed by accidents. It is not intended that the MELCOR calculation should attempt to
predict the performance of these heat exchanger-condenser systems based upon basic
physical considerations; this is done by more sophisticated thermal-hydraulic codes.
Furthermore, test calculations performed with MELCOR demonstrate that attempts to use
the basic code “building block” approach to connect control volumes, flow paths, and heat
sink structures as necessary to directly simulate the PCCS heat exchanger-condensers will
result in code difficulties; these include oscillations in the predicted flows and energy
exchanges, a demand for extremely small timesteps, and impractically large CPU and wall
clock time consumption.
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2.2 General PCCS Performance

Based upon the available information in the literature concerning the PCCS design and the
results of equipment tests reported by the development consortium to date, it is clear that
any PCCS component model must have the following basic attributes:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

Capacity limited to gravity drainage of steam condensing in the tubes until drywell
pressure exceeds suppression chamber pressure by a margin [about 7.25 kPa (1.05
psid)] sufficient to overcome PCCS vent line submergence. With normal pressure
suppression pool water level, the uppermost vent line exit hole lies at the depth of
0.75m (2.5 ft). The pool water level may vary during the course of an accident and
this must be considered in the model.

For long-term cooling situations of practical interest for BWR accident calculations,
the drywell-to-suppression chamber pressure differential is limited to the
submergence of the drywell-to-pressure suppression pool vents.

Capacity increases as the drywell-to-suppression pool pressure differential (vent line
flow) increases over the small range between PCCS vent line clearance and
clearance of the main horizontal vents.

Capacity decreases with increasing partial pressure of noncondensible gases in the
upper drywell because of the interference of the gas boundary layer within the
PCCS tubes with the steam-to-wall heat transfer.

Whenever the wetwell pressure approaches (or exceeds) the drywell pressure so
that vent line flow is zero, the PCCS heat exchanger-condenser is subject to filling
with noncondensible gases as the condensing steam is continuously replaced with a
mixture of steam and noncondensible gas from the drywell. The PCCS is said to be
“bound” when it contains only cool noncondensible gas so that all heat exchange
and condensing operation is terminated.

The average PCCS capacity over the long term is determined by the heat transfer
from the outer surface of the PCCS heat exchanger tubes to the surrounding
ICS/PCC pool. For the LOCA analysis presented in Section 6.2 of the SSAR, the
General Electric Company has employed a constant heat transfer coefficient of 4500
W/(m2-K) [792.5 Btu/(h-ft2-F)] for the tube outer surface area.

Capacity of the PCCS decreases as the pressure in the drywell falls below its
optimum operational pressure. As the pressure drops in the drywell, the
temperature of the steam and associated condensate drops, thereby lowering the
heat transfer between the condenser wall and the steam. Heat transfer is
determined by the heat transfer coefficient times the surface area times the
difference between the steam temperature and the temperature of the condenser
wall, which is very close to the surrounding pool temperature.
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A general model interacting with MELCOR has been constructed from the available
information and tested satisfactorily. Nevertheless, the most recent detailed information
concerning experimental measurements or the results of sophisticated calculations of
PCCS performance as a function of the ICS/PCC pool temperature, the drywell-to-wetwell
atmosphere pressure differential, atmospheric pressure in the drywell, and the
noncondensible gas fraction in the drywell atmosphere should be used to refine the input
for this model (described in the CND Package Users’ Guide) whenever production
calculations are performed.

2.3 Operation of the PCCS Model

The PCCS model is contained within MELCOR Subroutine CNDRNL. In this section, the
operation of the model is described as a 28-step process. Not all steps are executed each
calculational timestep. One of the steps involves an iterative procedure, which is described
in detail in Section 2.4. Those readers not interested in pursuing the level of understanding
offered by a detailed discussion of model operation are encouraged to skip to Section 2.5,
which provides an overview in the form of an example of calculated results.

It is important to recognize that the PCCS model operates on the assumption that the
pressure within the PCCS remains equal to the drywell pressure and constant during a
calculational timestep. Whenever material is removed, for example, when steam
condenses and the condensate is transferred to the GDCS, a void is considered to be
created within the PCCS. An uptake of mixture from the drywell atmosphere is required to
fill this void at drywell pressure and the subsequent equilibrium conditions within the PCCS
are calculated. This approach is taken to avoid the penalties (described in Section 2.1) of a
mechanistic model for which mass transfers between the drywell and the relatively small
PCCS would be based upon calculated pressure differentials.

The variable names mentioned in the following discussions and in Section 2.4 are the same
as those used within Subroutine CNDRN1. The interested reader is encouraged to
compare the stepwise operations described here with the actual FORTRAN in a listing of
Subroutine CNDRN1; the COMMENT statements that will be obtained with the program
listing will provide additional detailed information.

Before beginning the step-by-step discussion of model operation, it is necessary to define a
few of the variable names that will be encountered (the meaning of the others will be
obvious from the text).

NUMMAT Is the total number of materials considered present (or potentially
present) within a control volume. These include the water pool, fog
droplets, steam, and the noncondensible gases.

| is the index of a particular material within a control volume.

CND-RM-7 SAND2017-0876 O



CND Package Reference Manual

Index Material

1 water pool

2 fog

3 vapor

4 through NUMMAT noncondensible gas

The control volume atmosphere is comprised of materials 2 through
NUMMAT. The control volume total pressure is the sum of the partial
pressures of materials 3 through NUMMAT.

CEFIC represents the running total kept within the model of the remaining
PCCS heat exchanger capacity in Joules. The available capacity is
established at the beginning of each timestep from tabular input
supplied by the MELCOR user. This initial value depends upon the
current ICS/PCC pool temperature, the current drywell-to-wetwell
pressure differential, and the current mole fraction of noncondensible
gas in the drywell atmosphere. It should be noted that the reduction in
PCCS performance due to a buildup of noncondensible gas within the
heat exchanger is not established from the tabular input, but rather is
calculated by the PCCS model.

ENGIC(I) is the array containing the internal energies of the materials within the
PCCS at the beginning of the timestep. During the timestep, the
running values of these internal energies are contained in the array
ETOTIC(l), which is copied to the ENGIC(I) array at the end of each
timestep.

VLICMT Is the volume of the materials (steam, fog, noncondensible gases) that
constitute the atmosphere within the PCCS. Since the PCCS
atmosphere is constrained to remain at a pressure equal to drywell
pressure, this volume can be less than the actual PCCS structural
volume if material is removed from the PCCS atmosphere during the
calculation.

PCCS Model Steps

Steps 1 — 4: Establish Initial Conditions

These initial steps establish the equilibrium conditions within the PCCS with the volume
filled at drywell pressure. Some of the available capacity is utilized to cool any
noncondensible gas carried over from the previous timestep. Mixture is taken up from the
drywell as required to maintain the PCCS at drywell pressure.

(1)  Setthe currently available heat removal capacity CEFIC based upon the drywell-to-
wetwell pressure differential, the pressure in the drywell, and the noncondensible
gas fraction in the drywell atmosphere. The dependence upon the pressure
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differential and the source pressure are obtained from user-input tabular function
IPCDPR and IPSRPR, respectively. The dependence upon the noncondensible gas
mole fraction is obtained by interpolation between the user-input tabular functions
IPLTMP (for 323.16 K) and IPCNCN (for 373.16 K), which correspond to ICS/PCC
pool temperatures of 50° C and 100° C, respectively. (See Users’ Guide for input
record CND_PCCS02.)

(2) Cool any noncondensible gases remaining within the PCCS at the end of the
previous timestep. The gas temperature is reduced to the ICS/PCC pool
temperature TICPL by calling the routine NCGPRO to obtain the internal energy of
the gases at the new temperature.

e Reduce the internal energies ENGIC(I) accordingly.
e Reduce the available capacity CEFIC.

(3)  Take up enough mixture from the drywell atmosphere to make the calculated PCCS
equilibrium pressure equal to the drywell pressure. (Section 2.4 provides a
discussion of the iterative procedure used.)

¢ Reduce the drywell gas, vapor, and fog masses and energies accordingly.
e Output of the equilibration routine includes
ETOTIC(l) total internal energies and
XMSICN(l) masses
of the fog, vapor, and noncondensible gases.
e Set the PCCS material volume VLICMT equal to the internal volume of the
PCCS structure.

4) Determine if there will be vent line flow this timestep.

e If No, continue with Steps 5 — 9.
e If Yes, continue with Steps 10 — 27.

Steps 5 — 9: No Vent Line Flow

The PCCS is now full at drywell pressure with its contents at an equilibrium temperature. If
there was a void remaining at the end of the previous timestep, or if some cooling of the
noncondensible gases occurred, then some steam (and fog) taken up with the mixture from
the drywell atmosphere will be included. CEFIC has already been reduced (Step 2) as
necessary to account for the cooling of noncondensible gas.

5) If no steam exists within the PCCS (No void at the end of the previous timestep and
no noncondensible gas cooling or no steam in drywell atmosphere)

e Energy to ICS/PCC pool limited to that used to cool the noncondensible gases.
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(6)

(7)

(8)

(9)

| Go to Step 28. |

Condense the steam (and cool the fog) within the PCCS.

May be limited because of insufficient capacity CEFIC remaining after the
cooling of the noncondensible gas (Step 2).

Add the masses and energies to the GDCS Pool.

Reduce ETOTIC(I) and XMSICN(I) for steam and fog accordingly.

Set RMVLIC equal to the accumulated void within the PCCS.

Reduce the available capacity CEFIC accordingly.

If CEFIC > 0.0 and RMVLIC > 0.0, take up enough mixture from the drywell

atmosphere to use the available capacity and to partially fill the void (with
noncondensible gas). On the other hand, it is possible that the noncondensible gas
takeup will completely fill the void without using all of the available capacity.

The steam and fog taken up are never actually added to the PCCS volume within
the model but rather are removed from the drywell atmosphere and added
directly to the GDCS Pool as saturated liquid.

Reduce the available capacity CEFIC by the amount of energy used in
condensing the steam and cooling the fog.

For the noncondensible gas takeup: Increase XMSICN(I) and ETOTIC(I) for
these gases and remove the associated masses and energies from the drywell.
Reduce the void RMVLIC according to the takeup of noncondensible gas
(only)—note that RMVLIC will remain greater than zero only if the takeup from
the drywell atmosphere was limited by the available heat exchange and
condensing capacity.

Set VLICMT = VLICMT — RMVLIC. There will be a void within the PCCS at the

beginning of the next timestep if RMVLIC > 0.0 here.

Add the energy used in cooling the noncondensible gases (Step 2) and in

condensing the steam/cooling the fog (Steps 6 and 7) to the ICS/PCC pools.

| Go to Step 28. |

Steps 10 — 27: With Vent Line Flow

At this point, the PCCS is full at drywell pressure with its contents at an equilibrium
temperature. If a void remained at the end of the previous timestep or if some cooling of
the noncondensible gases occurred, then some steam (and fog) taken up with the mixture
from the drywell atmosphere will be included. CEFIC has already been reduced (Step 2) to
account for any cooling of the noncondensible gas.
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Calculate the PCCS vent line mass transfer XMS2FL. The transfer is based upon
the pressure differential between the drywell and the vent line terminus, which is
submerged in the pressure suppression pool.

Move noncondensible gases from PCCS to wetwell and reduce the running total for
XMS2FL accordingly.

e RMVLIC is the associated PCCS void.
¢ Reduce the values of XMSICN(I) masses and
ETOTIC(l) internal energies
for the noncondensible gases.

e At this point, either:
XMS2FL=0.0; some noncondensible gas remains in PCCS
or
XMS2FL>0.0; all noncondensible gas has been removed so that only steam
and fog remain within the PCCS.

Condense the steam within the PCCS up to the limits of the available capacity
CEFIC. Place the liquids in the GDCS pool.

e XMSREM is the mass of steam condensed.
e Reduce CEFIC accordingly.
e Reduce XMSICN(I) and ETOTIC(I) for the steam.

If some steam remains in the PCCS and if some vent line mass transfer remains
(XMS2FL > 0.0) then

e Move the steam (uncondensed) through the vent line to the pressure
suppression pool.

e Reduce XMS2FL accordingly.

e Increase XMSREM so it now represents both the condensed steam drained to
the GDCS and the uncondensed steam moved to the pressure suppression pool.

e Reduce XMSICN(I) and ETOTIC(]) for the steam.

Increase RMVLIC to account for the void created by both the steam condensed and
drained to the GDCS pool and the steam moved to the pressure suppression pool
via the PCCS vent line.

Note: Steps 12 — 14 are actually performed (in sequence) for fog, steam, and any
water pool that has formed within the PCCS volume. The handling of steam
is demonstrated in this discussion; the fog and water pool (if it exists) are
treated in a similar manner.
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(15) Reduce the PCCS material volume VLICMT by subtracting the void RMVLIC.

Set VOLINT =0.0
VINTNC = 0.0
XMNNST =0.0

(16) If both the remaining heat exchanger capacity CEFIC and the remaining vent line
mass transfer XMS2FL have been reduced to zero.

| Go to Step 28. |

Steps 17 — 18: Heat Removal Capacity/Vent Line Mass Transfer Imbalance

It is unlikely that the amount of mixture that must be taken up from the drywell in order to
use the remaining heat removal capacity will provide exactly the amount of noncondensible
gas required to satisfy the remaining mass transfer requirement. These two steps
determine the remaining model logic to be employed, based upon the sign of imbalance.

(17) Set VOLINT = Mixture volume required from drywell to use all remaining
capacity CEFIC in condensing the associated steam and cooling
the associated fog.

XMNNST

Mass of noncondensible gas associated with VOLINT.

VL2FL = 0.0

(18) Will XMNNST satisfy the remaining mass transfer requirement XMS2FL?

If No:
Goto
Steps 19 — 21
If Yes:
Goto
Steps 22 — 25

Steps 19 — 21: Mass Transfer Dominates
XMNNST (based upon use of all of the available heat exchanger-condenser capacity) is
insufficient to satisfy the remaining mass transfer requirement XMS2FL.

(19) Set ADDRVL = mixed volume to be taken up from drywell solely to satisfy the
mass transfer requirement.

(20) Add the steam (uncondensed) and fog associated with ADDRVL directly to the
pressure suppression pool and remove them from the drywell atmosphere.
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Transfer the noncondensible gases from the drywell to the wetwell atmosphere,
while representing the heat transfer to the water that would occur during their bubbly
passage through the pressure suppression pool.

(21) Set VLICMT =0.0 All material originally within
CEFIC =0.0 the PCCS and all new
material taken up from the
drywell has been passed
through the vent line. Also,
all available heat exchanger
capacity has been utilized.

Note that VINTNC is 0.0 here
| Go to Step 26. | while VOLINT is the mixture
volume taken up from the
drywell to satisfy the heat
exchanger capacity.

Steps 22 — 25: Heat Removal Capacity Dominates

XMNNST (based upon satisfying the heat exchanger capacity requirement) exceeds the
remaining mass transfer requirement XMS2FL. VOLINT (set in Step 17) is the mixture
volume associated with XMNNST.

(22) Set VINTNC

noncondensible gas volume associated with VOLINT.

(23) Set VL2FL

noncondensible gas volume associated with XMS2FL. This is the
volume that will flow through the PCCS vent line this timestep
based upon XMS2FL.

(24) If VINTNC > (RMVLIC + VL2FL) Cannot take up all of the

mass XMNNST (associated
with volume VINTNC).

e Reduce the mixed volume to be taken up from the drywell.

VOLINT =VOLINT X
VINTNC

RMVLIC +VL2FLJ

e Reduce the available heat capacity by the amount used
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(25)

CEFIC =CEFIC - CEFIC X (

RMVLIC +VL2FL

VINTNC

)

Reduce VINTNC to a value sufficient to fill the available PCCS void plus provide
the remaining vent line mass transfer.

VINTNC = RMVLIC +VL2FL

Else

CEFOC =0.0

Adjust the material volume within the PCCS

VLICMT = VLICMT + VINTNC - VL2FL

All available energy is utilized
if VINTNC is less than or
equal to (RMVLIC + VL2FL)

Here VINTNC is the
noncondensible gas volume
to be taken up from the
drywell and added to the
PCCS volume.

Steps 26 — 27: Transfer of Steam, Fog, and Gas from the Drywell Atmosphere

(26)

(27)

Step 28: Set PCCS Internal Energies for the Next Timestep

Remove the noncondensible gases associated with VOLINT from the drywell

atmosphere and add them to the PCCS volume and the wetwell airspace.

If VINTNC is greater than zero here, then some of the noncondensible gases taken
up from the drywell to satisfy the available heat removal capacity are not passed

through to the pressure suppression pool, but rather remain within the PCCS.

Increase XMSICN(l) and ETOTIC() for the noncondensible gases accordingly.

For the portion of the noncondensible gases (maybe all) that are passed to the
pressure suppression pool, add the masses to the wetwell atmosphere and
represent the heat transfer from the bubbles to the pool, adding the residual
energies to the wetwell atmosphere.

Remove the steam and fog associated with VOLINT from the drywell atmosphere

and add the condensate to the GDCS pool.

(28)

SAND2017-0876 O

Set ENGIC(I) = ETOTIC(I) for the steam, fog, and noncondensible gases within the

PCCS.
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This is the last step in each calculation of PCCS operation. Any material remaining
within the PCCS is considered to remain at drywell pressure and may or may not fill
the PCCS volume.

2.4 The lterative Procedure

2.4.1 Purpose

The objective of this iterative procedure is to fill the PCCS volume with the mixture of
gases, fog, and vapor from the drywell atmosphere to make the PCCS pressure equal to
the drywell pressure. The iteration constitutes Step 3 of the PCCS operation as described
in Section 2.3 and may be performed at the beginning of each timestep, depending upon
the initial conditions within the PCCS volume.

2.4.2 Initial Conditions

The initial conditions within the PCCS are those established at the end of the previous
timestep, and fall into three categories.

(@) The PCCS may be bound (filled) with noncondensible gases at the
temperature of the ICS/PCC pool and the pressure of the drywell
atmosphere.

(b)  The PCCS may be completely voided, or contain only steam and fog; in
either event, there are no noncondensible gases within the PCCS.

(c) The PCCS may contain a mixture of noncondensible gas and steam. If the
temperature of the mixture exceeds the temperature of the ICS/PCC pool,
then the noncondensible gases are cooled to the pool temperature (as
explained in Section 2.3) before the iteration begins.

Initial filling of the PCCS volume from the drywell atmosphere is necessary only for cases
(b) and (c), and is accomplished by means of the steps described below:

2.4.3 lterative Steps

(2) Call the MELCOR equilibrium routine CVTWGE with input

CVMS(I) initial masses,
CVEM(I) internal energies, and
XNMCLS x VOLIC the total PCCS volume.

The calculated output includes the equilibrium values for
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(2)

3)

XMSICN(I) masses,
ETOTIC(I) internal energies,
PRIC pressure, and
TEMPIC temperature

For the equilibrium calculation, the index | represents fog (I=2), steam (I=3), and
noncondensible gases (I=4, NUMMAT).

The first step is skipped in the first iteration if the PCCS is initially totally voided; in
this case, the pressure PRIC is simply set to zero.

Check to see if the pressure in the PCCS exceeds the pressure in the drywell after
the initial equilibration calculation, which would indicate a current drywell pressure
less than the pressure at the end of the previous timestep.

If the condition is met, then determine the expanded volume of the noncondensible
gases at the new drywell pressure. If the expanded volume is greater than the
volume of the condensers plus the source line volume, allow material to flow back
from the PCCS to the drywell. The fraction of PCCS noncondensible gases to be
removed from the condensers and transferred back to the drywell is:

PCCS VOLUME
VICDRY - PCCS VOLUME - PCCS SOURCE LINE VOLUME

where VICDRY is the expanded volume of the noncondensible gases at the new
drywell pressure:

F2FLBK =1 -

PCCS PRESSURE x PCCS VOLUME
DRYWELL PRESSURE

VICDRY =

FLMULT is then set to zero and the execution sequence is continued with Step 6.

The mass transfer multiplier FLMULT is set depending upon the relative values of
the PCCS pressure PRIC and the upper and lower boundaries of a pressure range
centered on the drywell pressure PRES(IVPCSO) as follows,

................... PRES(IVPCSO) + 100
.................... PRES(IVPCSO)

................... PRES(IVPCSO) - 100.
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As indicated, the total width of the acceptable pressure range is 200 Pa (about 0.03
psi).

If PRIC is less than the lower boundary limit, then FLMULT is set to a positive value.
Conversely, if PRIC is greater than the upper boundary limit, then FLMULT is set to
a negative value. In either case, the absolute value of FLMULT is reduced by a
factor of two each trip through the iterative loop.

When PRIC finally lies within the acceptable boundaries, FLMULT is simply set to
zero.

The volume to be transferred from the drywell to the PCCS during this iterative step
is calculated from

VOL2FL = [PCCS VOLUME - VLICMT] x FLMULT

where VLICMT is the material volume at the end of the previous timestep, reduced
by 10 percent. The value of VLICMT set in the initial iterative pass is used without
change during all subsequent passages through the loop.

Returning to a consideration of the possible initial conditions, it should be recognized
that VLICMT will be zero at the end of the previous timestep if the PCCS is
completely voided, in which case taking away ten percent would have no effect. The
ten percent reduction is intended for cases in which noncondensible gases are
present and are cooled before the iterative procedure is begun; some of the drywell
atmospheric mixture must be brought into the PCCS to maintain a pressure equal to
drywell pressure, and the iterative procedure accomplishes exactly this.

In fact, for the case with the PCCS completely voided at the end of the previous
timestep, there is no need for iteration at all. The PCCS volume is very small in
comparison with the drywell volume. Therefore, it is reasonable to assume that the
PCCS will be filled with a material mass and energy composition identical to that of
the drywell. One pass through the iteration loop is made to confirm that the
calculated PCCS pressure after filling is equal (within limits) to the drywell pressure.

What about the case in which the PCCS is bound (filled with cooled noncondensible
gas) and at drywell pressure? Reducing VLICMT by ten percent here has no effect
since FLMULT is zero and hence VOL2FL is zero regardless of the value of
VLICMT.

The upshot of this rather complicated discussion is that VOL2FL will normally be

positive during the first pass through the iterative loop. An exception occurs if the
PCCS pressure is already equal (within limits) to the drywell pressure. In that case,
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VOLZ2FL will be zero and the iteration will not be extended beyond a single pass
through the loop.

(5)  Atthis point, VOL2FL may be negative if the PCCS volume was overfilled during the
previous pass through the iterative loop. Depending upon the sign of VOL2FL, the
masses ADMS(I) and internal energies ADEM(l) of the steam, fog, and
noncondensible gases within this volume of drywell atmosphere are added to
(subtracted from) the PCCS volume. These masses and associated enthalpies are
subtracted from (added to) the drywell control volume.

In these exchanges, portions of the drywell atmosphere are being transferred.
Internal energy is added to or subtracted from the PCCS because a void is being
either eliminated or created, as is the associated PV work term. For the drywell,
gases entering or leaving do flow work upon (compression) or derive work from
(expansion) the remaining gases. Hence enthalpy transfer is appropriate.

(6) CVEM(I) and CVMS(I) are adjusted depending upon the values of ADEM(I) and
ADMS(I) for all materials within the PCCS atmosphere and the calculation returns to
iterative step 1 unless FLMULT is zero. [FLMULT = O signifies that the PCCS
pressure equals (within limits) the drywell pressure.]

(7) Once convergence is satisfied, VLICMT is set equal to the PCCS structural volume.

2.5 Example Results

This section provides, as an example, a discussion of the calculated PCCS operation for a
MELCOR representation of the SBWR station blackout accident sequence. While reading
this description, it is important to bear in mind that the available PCCS heat exchanger-
condenser capacity (based upon current operation parameters) is assumed to be known
each timestep; the purpose of the model is to determine the associated heat transfers and
fluid flows, with due consideration of the current status of the PCCS with respect to binding.
It is important to note that, for this example, no degradation in performance due to
variations in the drywell pressure is assumed.

For an unmitigated station blackout accident sequence, reactor vessel depressurization
would automatically occur when the vessel level reached a point about 3.6 m (12 ft) above
the top of the core. The SBWR depressurization involves stepped opening of the safety
relief valves, which discharge into the pressure suppression pool, followed by stepped
opening of the six depressurization valves (DPVs), which discharge directly into the drywell
atmosphere. The example results discussed here cover the period from just before the
initial DPV actuation to five minutes thereatfter.
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Figure 2.1 shows the effect of the DPV openings, which begin at time 11161 seconds, upon
the noncondensible gas fraction in the drywell. The actual DPV opening sequence is two
valves at 11161 seconds, two valves at 11206 seconds, and two valves at 11251 seconds.

10 T T T T T T

0.8

0.6

04

0.2

1 1 1 1 1 1

0.0
11100 11150 11200 11250 11300 11350 11400 11450

mole fraction noncondensible gas in drywell
1

time (s)

Figure 2.1 The noncondensible gas mole fraction decreases rapidly when steam is released
directly into the drywell atmosphere during the final stage of an SBWR reactor
vessel depressurization.
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The reactor vessel depressurization also increases the drywell-to-wetwell differential
pressure, as indicated by the response of variable delpre, shown in Figure 2.2. The
variable reqpre, also plotted on this figure, represents the differential pressure required to
induce flow through the PCCS vent line. It increases slightly during the period of the
calculation as the height of the pressure suppression pool surface above the vent line
terminus increases.
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time (s)

Figure 2.2 The drywell-to-wetwell pressure differential delpre and the differential
pressure reqpre at which flow through the PCCS vent line is initiated.

At this point, it is necessary to consider the variation in PCCS performance in accordance
with current conditions. The PCCS heat exchanger capacity is determined at the beginning
of each timestep based (in order of increasing importance) upon (1) the current drywell-to-
wetwell differential pressure, and (2) the current mole fraction of noncondensible gas in the
drywell (considering the current ICS/PCC pool temperature and interpolating between
values for two reference pool temperatures). The tabular input employed for this example
calculation is listed in Tables 2.1 through 2.3. The basic capacity per PCCS unit is 10 MWt
at an ICS/PCC pool temperature (saturation) of 374.15 K (213.8 F), a drywell-to-wetwell
pressure differential of 7239.5 Pa (1.05 psi), and a drywell noncondensible gas fraction of
0.0 (pure saturated steam). As stated above, the performance of the condenser is
assumed to be constant over all source volume pressures.
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Table 2.1 Tabular input example for variation of PCCS performance with drywell-wetwell
differential pressure

Differential Pressure osi Variation Eactor

(Pa)

0.0 0.00 1.000

7239.5 1.05 1.000

8618.5 1.25 1.072

10342.1 1.50 1.153

12065.8 1.75 1.227

13789.5 2.00 1.294

15423.6 2.24 1.353

Table 2.2 Tabular input example for variation of PCCS performance with the drywell
noncondensible gas mole fraction at an ICS/PCC pool temperature of

323.16 K
Nonconden3|b_le Gas Variation Factor
Mole Fraction
1.00 0.00
0.10 0.60
0.05 0.82
0.02 0.90
0.01 0.96
0.00 1.00

Table 2.3 Tabular input example for variation of PCCS performance with the drywell
noncondensible gas mole fraction at an ICS/PCC pool temperature of

373.16 K
Nonconden3|b_le Gas Variation Factor
Mole Fraction
1.00 0.00
0.10 0.60
0.05 0.82
0.02 0.90
0.01 0.96
0.00 1.00

The example calculation represents the operation of all three PCCS units. Changes in the
ICS/PCC pool temperature are assumed to have no effect upon the PCCS system
performance, chiefly because the pool is sufficiently large that its temperature increase is
small during the period of the calculation. It may be noted by comparing the variation
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factors listed in Table 2.2 and Table 2.3 that no credit has been given for an enhancement
of the PCCS heat exchanger capacity for ICS/PCCS pool temperatures below saturation.
At the time that this example calculation was performed, no information concerning this
enhancement was available. Subsequently, it has become apparent that such
enhancement should be represented by providing different values in Table 2.2 and Table
2.3. Similarly, the variation in performance due to source volume pressure changes were
added when the need for such a reduction became apparent. (See input card
CND_PCCSO02 for additional information.)

The drywell-to-wetwell differential pressure affects the heat exchanger performance
because it determines the (forced-convection) velocity within the heat exchanger tubes.
The velocity, in turn, affects the heat transfer coefficient (h) at the inner surface of the
tubes. A conventional expression commonly used has the form

h = (const.) x Re®?,

where Re (the Reynolds number) includes the velocity. As a result, the heat transfer
coefficient for various differential pressures between the drywell and the wetwell can be
represented (assuming all other variables are constant) by

h = (const.) x (differential pressure)®.

Thus, asindicated in Table 2.1, the PCCS capacity is enhanced as the differential pressure
increases.

By far the largest effect upon PCCS capacity derives from changes in the noncondensible
gas fraction of the gas entering the PCCS from the drywell. This large influence can be
observed in Figure 2.3, which compares the current (three-unit) PCCS capacity to the
drywell noncondensible gas mole fraction (also shown in Figure 2.1). Itis obvious that the
increase in available capacity shown in Figure 2.3 is inversely proportional to the decrease
in noncondensible gas mole fraction. This large effect of the noncondensible gas fraction in
reducing the condensation effectiveness is well known. The tabular input reproduced in
Table 2.2 and Table 2.3 is derived from information provided in the paper, Heat Removal of
Isolation Condenser Applied as a Passive Containment Cooling System by H. Nagasaka et
al., of the Nuclear Energy Group, Toshiba Corporation. [2]
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Figure 2.3 The available PCCS heat exchanger capacity (dots) is primarily determined
by the drywell noncondensible gas mole fraction (solid line).

The available (three-unit) PCCS capacity is shown again, as variable pitcef on Figure 2.4.
It should be recognized that three PCCS units operating under base conditions would have
a combined capacity of 30 MW, whereas the maximum value of pitcef shown on Figure
2.4 is about 17 MW:. Again, this reduction is primarily due to the presence of
noncondensible gas in the drywell atmosphere, which will always be the case.

CND-RM-23 SAND2017-0876 O



CND Package Reference Manual

20 T T T T T T

e2adic
= = = pitcet

[uny
a1

o o a" s
Il

1 )
[

.

PRI Y B -
-
-

10

.
b

.

R N T I
TR L LA LA L L -

. g ny B

P I IR R R B RPLIN LI L

heat exchanger capacity (MW)

-5 1 1 1 1 1 1
11100 11150 11200 11250 11300 11350 11400 11450

time (s)

Figure 2.4 The available PCCS (three-unit) heat exchanger capacity pitcet and the
power e2adic actually utilized.

Also shown in Figure 2.4 is the variable e2adic, which is the heat exchanger power actually
being used. As indicated, none of the available capacity is utilized before the reactor
vessel depressurization begins. This is because the PCCS heat exchanger tubes are
“bound,” or filled with noncondensible gas. Once reactor vessel depressurization begins,

however, (1) the available heat exchanger capacity greatly increases, and (2) all of this
capacity is used.

The reason that all of the available capacity is used during the period immediately after
DPV opening is that the vent line flow induced by the increasing drywell pressure now
sweeps the noncondensible gases from the PCCS each timestep, permitting the mixture of
gases and steam within the drywell to enter. The total vent line flow pltifl and the
noncondensible gas vent line flow pltnfl are shown in Figure 2.5. It should be noted that
the vent line flow initially consists entirely of noncondensible gas; all of the steam entering
the PCCS during this initial period is condensed.
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Figure 2.5 The total mass flow pltifl through the PCCS vent line and the associated
flow pltnfl of noncondensible gases.

Steam flow through the vent (the difference between the two plotted variables) does not
begin until about 20 seconds after vent line flow begins. Carryover of steam begins at this
time because the concentration of steam in the drywell atmosphere has reached a level
beyond the available heat exchanger capacity (even though the available capacity is also
increasing; see Figure 2.3).

It is instructive to consider the events illustrated in these figures that occur just prior to time
11300 seconds. As shown on Figure 2.2, the drywell-to-wetwell differential pressure drops
below the value needed to sustain PCCS vent line flow. This is substantiated by Figure
2.5, where the vent line flow is shown to be zero during this period. Figure 2.4 shows that
the portion of available PCCS heat exchanger capacity actually used during this period
decreases toward and ultimately reaches zero. This demonstrates that some time is
required for the PCCS to fill with noncondensible gases and become bound after vent line
flow ceases.

Almost exactly at time 11300 seconds, the drywell-to-wetwell differential pressure becomes
sufficient to restore vent line flow (Figure 2.2), vent line flow (all noncondensible gas) is
restored (Figure 2.5), and all available capacity is used (Figure 2.4) to condense the steam
brought in with the mixed atmosphere from the drywell.
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After time 11300 seconds, the drywell-to-wetwell differential pressure oscillates about the
value required to induce vent line flow (Figure 2.2). During the periods when vent line flow
occurs, this flow consists entirely of noncondensible gas (Figure 2.5). During the periods
when vent line flow does not occur, the portion of the available capacity that is actually
used decreases (Figure 2.4) as the PCCS tends to fill with cooled noncondensible gas.
However, a fully bound condition is never attained.

That a fully bound condition is never attained during this final period of the example
calculation is a testimony to the effectiveness of the PCCS system in controlling the
drywell-to-wetwell differential pressure. Whenever the PCCS performance falters, this
differential pressure increases, clearing the vent line and restoring the PCCS performance.

2.6 Effect of the Drywell Pressure on PCCS Operation

The nominal capacity of each PCCS heat exchanger-condenser is reported in the SSAR
(Section 6.2.2.1) as 10 MW: for conditions where the tubes are filled with pure saturated
steam at 308 kPa (45 psia) and 407 K (273°F), and the ICS/PCC pool temperature is
374 K (214°F). The available capacity under accident conditions is, however, never more
than about sixty percent of this because of the presence of noncondensible gases in the
drywell atmosphere.

To estimate the variation in performance of the PCCS as a result of changes in the drywell
pressure, the heat transfer (q) at the base condition is compared to the heat transfer rates
at different pressures. The performance variation factor is thus calculated by dividing the
heat transfer at the new condition by the heat transfer at the base condition. Ratios greater
than one signify an improvement in performance.

The variation in performance = q (new condition) / g (base condition)
— hnewA (Tsteam (neW) _Twall )
hbaseA (Tsteam (base) - Twall )
where
h = heat transfer coefficient,
A =the surface area,
Tsteam  =temperature of the steam (saturation temperature at the pressure of the
drywell), and
Twall =temperature of the tube wall (assumed to be same as the temperature of
the condenser pool, which is the saturation temperature at atmospheric
conditions).
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The heat transfer coefficient [3] for condensing steam in various geometries is examined
next:

4

. 1
_ P (pf _psteam)kfggsmehfg

h=C
HeL (Tsteam _Twall)
where
o =the density of the liquid film,
Pseam = the density of the steam,
Tstetam  =temperature of the saturated steam,
Twall =temperature of the wall, the temperature of the condenser pool,
sin@ =sine of the angle of the tubes with the horizontal; for vertical tubes, the
value is one,
htg = latent heat of the steam being condensed,
Uy =viscosity of the film,
ks =thermal conductivity of the film,
L =equivalent length,
= gravitational constant, and

C =a constant value that must be calculated depending on the geometry,

being either a vertical plate or a cylindrical tube.

It is important to note that this equation for the heat transfer coefficient is for condensers
with relatively low vapor Reynolds numbers, less than 35,000. This equation will
underestimate the heat transfer coefficient for condensers with a higher value; however,
since the primary purpose of the equation as used here is to determine the variation in
performance (and not the absolute value of the heat transfer) at low pressures, the use of
the equation is appropriate.

The variation in performance becomes:

(neW) _Twall )
(base) - T, )

h new (T
hbase (T

steam

steam
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1/4

P (01 = Pagam KN
[ : f t ) L ( steam(new) Wall)
(new)

—1/4

Hi ( steam waII

(base) — T,

( steam

)
pf (pf psteam )kfshfg
)

i Hi ( steam waII Libase)

The performance variation factors for pressures are shown in Table 2.4. The base
operating condition for the PCCS is at 0.3 MPa as noted in Table 2.4 by a value of unity for
the multiplication factor. Also, as the pressure increases the performance of the PCCS
improves. Thus, itis obvious why the ICS (which operates at a pressure of 7.4 MPa versus
0.3 MPa for the PCCS) has an energy removal capacity that is three times larger than the
PCCS but has a smaller heat transfer surface area.

Table 2.4 Variation in PCCS Performance with Pressure in Drywell.

Pressure (Pa) Multiplication Factors
for PCCS Performance
0.000E + 00 0.0000
6.113E + 02 0.0000
5.000E + 04 0.0000
1.000E + 05 0.0000
1.500E + 05 0.4250
2.000E + 05 0.6660
2.500E + 05 0.8495
3.000E + 05 1.0000
3.500E + 05 1.1289
4.000E + 05 1.2425
4.500E + 05 1.3450
5.000E + 05 1.4386
6.500E + 05 1.6807
7.000E + 05 1.7518

Table 2.4 provides multiplication factors for performance variation for drywell pressures up
to 0.7 MPa; however, it is recognized that the SBWR containment is predicted to fail at
pressures greater than 0.65 MPa.
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3. ICS Model

3.1 Introduction and Concept

The ICS (Isolation Condenser System) is a safety-related passive operating system
designed to remove the core decay heat directly from the reactor vessel following reactor
shutdown and isolation. It is described in Section 5.4.6 of the SBWR Standard Safety
Analysis Report (SSAR) [1]. Unlike the PCCS, the ICS is not continuously in operation. A
motor-operated valve must be opened (or, if power is lost, a nitrogen-operated bypass
valve must open) in order to initiate operation of the ICS.

Flow through the ICS is first induced by the action of condensate draining from the
condenser tubes into the reactor vessel annulus. The drainage draws in steam from the
upper portion of the reactor vessel; this steam is condensed and returned to the vessel
annulus. Inthe event that the ICS becomes “bound” by noncondensible gases, a vent line
is provided to permit release of the gases trapped within the ICS to the pressure
suppression pool.

The flow through the vent line is started and stopped by an active control system that
continuously monitors the reactor vessel pressure. Once the vessel pressure reaches the
vent opening setpoint (implying the ICS is bound), the valves on the vent line open allowing
the accumulated noncondensible gases to escape to the pressure suppression pool,
thereby reinitiating operation of the ICS.

The vent line valves are signaled to close once the vessel pressure has decreased below
the reset (closing) setpoint for the vent. A time delay circuit is integrated into the logic to
protect the vent valves from excessive cycling.

The ICS modeling concept is the same as for the PCCS in that it is recognized that it is not
a purpose of the MELCOR code to predict ICS performance based upon first principles.
Rather, based upon the available experiment evidence, MELCOR should adequately
represent the effects of the ICS heat exchanger-condenser system under the boundary
conditions that would be imposed by accidents.

3.2 Operation of the ICS Model

The same basic algorithms, contained in Subroutine CNDRNZ1, are used to model both the
ICS and the PCCS. There is, however, a block of coding specific to the ICS. This coding
block mimics the operation of the ICS vent line control logic, which has no counterpart
within the PCCS (the flow through the PCCS vent line is limited only by the submergence
depth of the vent line in the pressure suppression pool). The following is a description of
the significant differences between the operating characteristics of the ICS and the PCCS
and the logic enhancements required to represent the ICS.
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The ICS operates at pressures near normal reactor vessel pressure, approximately 7 MPa,
as compared to the PCCS, which operates at post accident drywell pressures of less than
0.50 MPa.

Because of the difference in operating pressures, allowances had to be made in the
calculation of the vent line capacity to limit the flow to sonic velocity (choked flow) at the exit
conditions. This was done by the use of the Modified Darcy Formula taken from the Crane
Technical Paper No. 410.[4] The Darcy Formula estimates a mass flow rate for
compressible flow using a net expansion factor through the pipe and the differential
pressure between the reactor vessel and the choke point at the pipe exit. (The pressure at
the exit condition can be easily determined if the flow is choked.) The determination of the
net expansion factor serves to limit the flow through the pipe to sonic velocity at the pipe
exit conditions.

The mass flow rate is determined in a subroutine CNDICF, which is used for both the
PCCS and the ICS vent line flow calculations. CNDICF first determines the resistance
coefficient for the vent line. Using the resistance coefficient, the maximum net expansion
factor and the maximum AP/P for sonic velocity are found by interpolating between the
values found on page A-22 of the Crane Technical Paper for a k value of 1.4. If the
pressure in the PCCS/ICS minus the wetwell pressure divided by the PCCS/ICS pressure
is greater than the value found for (AP)/P, then the flow is choked. If the flow is not choked,
then a linear interpolation is performed between zero and the calculated differential
pressure to determine the net expansion factor. If the flow is choked, then the maximum
(AP)/P is used to determine the pressure at the exit condition, and the net expansion factor
is simply equal to its maximum value. The mass flow rate can then be estimated.

Because of the higher pressures at which the ICS condensers operate, the condenser tube
walls are significantly thicker than for the PCCS condensers. This greater tube wall
thickness may require a different performance degradation curve to represent system
response to increases in noncondensible gas mole fractions. Provision is made for this
new curve, when available, to be represented in the ICS set of user-input tabular functions,
which are applied in a manner identical to the PCCS tabular functions described in detail in
Section 2.3.

The heat removal capacity of a single ICS unit is at least 30 MW at a reactor pressure of
7.420 MPa (1050 psig) when fed by pure saturated steam. The large (factor of 3) increase
in capacity over the PCCS is a direct result of the increase in steam density at reactor
vessel pressure (where 1 m® of steam contains approximately 8 times the mass of the
same volume at drywell conditions). Therefore, the ICS has a greater amount of stored
energy within the fluid contained in the condenser tubes.

As described in Section 3.1, the vent line for each ICS unit contains a motor-operated
valve, which is actuated upon a high pressure within the reactor vessel such as would
occur whenever the condenser tubes become bound with noncondensible gases.
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Unlike the PCCS, the ICS condensers are not expected to operate after the equalization of
reactor vessel and drywell pressures that would occur under accident conditions as a result
of ADS actuation and DPV sequencing. This conclusion is not stated explicitly in the
SSAR, but follows from information contained in Section 5.4.6 and the control diagrams
provided in Volume 15 of the SSAR. The control diagrams indicate that the controllers for
the vent line valves receive their signals for automatic operation from reactor vessel
pressure sensors exclusively.

After blowdown, these controllers would no longer receive a high pressure signal since the
vessel would be at the same pressure as the drywell. Thus, the ICS would quickly become
bound by noncondensible gases with no provision for venting except by means of operator
intervention. However, no guidance to the operator concerning this action can be found in
the SBWR Emergency Procedure Guidelines (EPGS).

The drain line from the ICS returns condensate directly to the reactor vessel annulus. The
elevation of the ICS condensers provides a sufficient gravity head so that the condensate
will drain to the vessel annulus even though the annulus water level may be several meters
above the condensate return line. A loop seal is provided in the drain line to prevent steam
from entering the condensers via this line should the water level fall below the connection
point to the reactor vessel.

3.3 Example Results

Several test calculations have been performed using the ICS model with two units in
operation for various accident sequences. The accident sequences considered are loss of
offsite power (station blackout), a main steam line LOCA, and a break in the bottom head
drain line. For the station blackout calculation, the ICS was predicted to operate
continuously and to cause depressurization of the reactor vessel without SRV or ADS
actuation, thus preventing loss of reactor coolant inventory and circumventing core
degradation.

For the bottom head LOCA calculation, the ICS was predicted to operate until shortly after
ADS actuation, when drywell atmosphere begins to be pulled into the reactor vessel
(through the open DPVSs) as the water drains from the bottom of the vessel. Subsequently,
the presence of noncondensible gases within the reactor vessel causes rapid binding of the
IC condenser tubes and without vent actuation, ICS operation terminates. The main steam
line LOCA calculation shows a similar behavior with the ICS slowly becoming bound with
the noncondensible gases that arise from hydrogen generation in the core and from the
small amount of drywell atmosphere that mixes with the reactor vessel atmosphere after
vessel depressurization.

To test the logic of the vent line control valve, additional calculations were performed in
which a large amount of nitrogen was arbitrarily placed into the reactor vessel upper head
for the station blackout and for the main steam line LOCA accident sequences. This
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provides an overpressure of noncondensible gas such that the vessel water is initially
subcooled. The large noncondensible gas mole fraction at the isolation condenser inlet
limits the ICS capacity (while operating) to a value insufficient to remove the decay heat.
These test calculations show a very short period of ICS operation prior to binding.

Because of the inability of the ICS to remove any energy while bound, the calculated
pressure in the reactor vessel increases until the vent valve opening setpoint is reached.
The vent valve then opens to remove noncondensible gases from the ICS tubes to the
wetwell and thereby restore ICS operation. While the vent line is open, the pressure in the
reactor vessel decreases slightly, which leads to closing of the vent valve.

This predicted cyclic behavior continues with increasing frequency until the water within the
reactor vessel reaches the saturation temperature and the rate of vessel pressurization
increases markedly. Subsequent ICS vent actuation does not provide sufficient gas
release through the small vent line to prevent the increasing vessel pressure from reaching
the SRV opening setpoint. The action of opening the SRVs forces most of the nitrogen out
of the reactor vessel and reduces the noncondensible gas mole fraction from approximately
fifty percent to less than one percent. This produces a steam-rich environment within the
ICS so that operation can resume.

For the main steam line LOCA, the ICS also becomes quickly bound, but flow through the
break removes most of the imposed nitrogen from the reactor vessel. However, the break
flow also serves to prevent the reactor vessel pressure from ever increasing above the vent
valve opening setpoint; therefore, the ICS remains bound after operating for only a short
time after the accident is initiated. (Possible operator action to remote-manually open the
vent valve was not considered in this calculation.)

Similar to the PCCS, the ICS efficiency will degrade as the pressure in the reactor vessel
decreases. To estimate this degradation, the same methodology described in Section 2.6
is utilized.

The multiplication factors for variation in performance for pressures are shown in Table 3.1.
(Factors greater than unity signify an improvement in performance.) The base operating
condition for the ICS is at 7.4 MPa as noted in Table 3.1 by a value of unity for the
multiplication factor.

Table 3.1 Variation in ICS Performance with Pressure in the Reactor Vessel

Pressure (Pa) Multiplication Factors
for ICS Performance

0.000E + 00 0.0000

6.113E + 02 0.0000

5.000E + 04 0.0000

1.000E + 05 0.0000

1.500E + 05 0.1080

2.000E + 05 0.1692
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Pressure (Pa) Multiplication Factors
for ICS Performance
2.500E + 05 0.2159
3.000E + 05 0.2541
3.500E + 05 0.2869
4.000E + 05 0.3157
4.500E + 05 0.3418
5.000E + 05 0.3655
6.500E + 05 0.4271
7.000E + 05 0.4451
7.500E + 05 0.4624
8.000E + 05 0.4787
8.500E + 05 0.4943
9.000E + 05 0.5092
9.500E + 05 0.5237
1.000E + 06 0.5376
1.100E + 06 0.5643
1.200E + 06 0.6507
1.300E + 06 0.6139
1.400E + 06 0.6368
1.500E + 06 0.6591
1.750E + 06 0.6661
2.000E + 06 0.6980
2.250E + 06 0.7259
2.500E + 06 0.7512
3.000E + 06 0.7956
3.500E + 06 0.8328
4.000E + 06 0.8645
5.000E + 06 0.9159
6.000E + 06 0.9556
7.000E + 06 0.9883
7.200E + 06 0.9942
7.400E + 06 1.0000
7.600E + 06 1.0054
7.800E + 06 1.0106
8.000E + 06 1.0156
8.200E + 06 1.0204
8.400E + 06 1.0252
8.600E + 06 1.0298
8.800E + 06 1.0340
9.000E + 06 1.0381
1.000E + 07 1.0568

4. Interface with MELCOR

The information for the condensers is stored in the ESF Package of the MELCOR database
contiguous to the information for the FCL Package. A special routine to process PCCS/ICS
model input has also been added for use in calculations for which these models are to be
exercised. These modifications to the MELCOR database are bypassed (as are the
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PCCS/ICS model routine CNDRN1) unless the PCCS and/or ICS input cards are included
in the MELGEN input deck.

If the user requests that the PCCS model be invoked for a calculation, then it is necessary
that the control volume numbers representing the drywell, wetwell, ICS/PCC pool, and the
Gravity-Driven Cooling System (GDCS) be provided on a dedicated MELGEN input card. If
the user does not provide this card, the PCCS model will be bypassed. An additional
dedicated card is required to indicate the tabular functions that represent the PCCS
performance adjustments (depending upon operating parameters).

If the ICS model is to be exercised in a calculation, the user must provide the control
volume numbers for the reactor vessel upper head and annulus, ICS/PCC pool(s), and the
wetwell. Similar to the case for the PCCS, if the input card carrying this information is not
provided, the ICS model will be bypassed.

A few simple descriptive input numbers for the PCCS and/or ICS are also required when
these models are to be exercised. This special input consists of the volume of the
condensers, the source line volume, the basic capacity of one unit of the condensers, and
the dimensions of the vent line (minimum diameter and equivalent length) used in
determining the mass flow. The user also inputs the number of units (maximum of three)
that are to be considered to be operating.

For the ICS, the setpoints for the vent valve control logic are also required. The number of
operating condensers may be changed during the course of a calculation. The CND
Package Users’ Guide describes the input to both MELGEN and MELCOR required for
operation of the PCCS and/or ICS models, and the plot variables and associated special
external data files that may be created.

Because the condenser is part of the ESF Package, the condenser energy balance does
not have a separate listing under the GLOBAL energy balance edit, but rather is combined
with the FCL Package so that an overall ESF energy balance is given. Currently, however,
the FCL Package does not have a separate energy balance so the energy balance for the
ESF Package represents the condenser package exclusively. For a typical calculation, a
relative energy error of approximately 1 x 10" percent is produced.
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Core (COR) Package

The MELCOR Core (COR) package calculates the thermal response of the core and lower
plenum internal structures, including the portion of the lower head directly below the core.
The package also models the relocation of core and lower plenum structural materials
during melting, slumping, and formation of molten pool and debris, including failure of the
reactor vessel and ejection of debris into the reactor cavity. Energy transfer to and from the
Control Volume Hydrodynamics (CVH) package and the Heat Structure (HS) package is
calculated. This Reference Manual gives a description of the physical models in the COR
package, including the nodalization scheme and calculational framework of the package,
the heat transfer and oxidation models, the mass relocation models, and the default lower
head model. Since the release of MELCOR 1.8.6 version, many new modeling
enhancements have been added to the COR package to improve the capabilities of the
code to better represent the late-phase behavior of severe accidents. As part of this
development, the Bottom Head (BH) package was eliminated, and features formerly offered
by the BH package that were missing from the COR package representation have been
added to the COR package.

User input for running MELGEN and MELCOR with the COR package activated is
described in the COR Package Users’ Guide.
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1. INTRODUCTION

The MELCOR COR package calculates the thermal response of the core and lower plenum
structures, including the portion of the lower head directly beneath the core, and models the
relocation of core materials during melting, slumping, and formation of molten pool and
debris. Fuel pellets, cladding, grid spacers, canister walls (for boiling water reactors
[BWRs]), core baffles and formers (for pressurized water reactors [PWRs]), other structures
(e.g., control rods or guide tubes), molten pools, and particulate debris are modeled
separately within individual cells, the basic nodalization unit in the COR package. Either
BWR or PWR systems may be modeled, as specified on record COR_RT. (For the
convenience of the user and the sake of clarity, numerous cross-references are made in
this document to specific input records and quantities in the COR Package Users’ Guide.
The user should consult both documents for a more complete understanding of the models
and their implementation.)

Since the release of MELCOR 1.8.6 version, many new modeling enhancements have
been added to the COR package to improve the capabilities of the code to better represent
the late-phase behavior of severe accidents. These new models include hemispherical
lower head geometry, models for simulating the formation of molten pools both in the lower
plenum and the upper core, crust formation, convection in molten pools, stratification of
molten pools into metallic and oxide layers, and partitioning of radionuclides between
stratified molten pools.

All important heat transfer processes are modeled in each COR cell. Thermal radiation
within a cell and between cells in both the axial and radial directions is calculated, as well
as radiation to boundary structures (e.g., the core shroud or upper plenum, which are
modeled by the Heat Structure package) from the outer and upper COR cells. Radiation to
a liquid pool (or to the lower head, if a pool is absent) and to steam is also included. Heat
transfer within fuel pellets and across the fuel cladding gap is evaluated. Axial conduction
between segments of components in adjacent cells is modeled, as is radial conduction
within core plates and within debris beds that are not interrupted by BWR canister walls.
Intracell conduction is calculated between particulate debris and other components with
which it is in intimate contact. An option is available to include radial conduction between
the core and radial boundary heat structures. An analytical model for axial conduction is
applied within structures that are partially covered with a liquid pool. Convection to the
control volume fluids is modeled for a wide range of fluid conditions and structure surface
temperatures, including nucleate and film boiling.

Oxidation of Zircaloy and steel is modeled as limited by both solid-state diffusion of oxygen
through the oxide layer and gaseous diffusion of steam or oxygen through the mixture. The
reaction of B4C with steam is also modeled.

The core degradation model treats eutectic liquefaction and dissolution reactions, candling
of molten core materials (i.e., downward flow and refreezing), local blockages formed from
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refrozen materials, formation and heat transfer from convecting molten pools, and the
formation and relocation of particulate debris. Geometric variables (e.qg., cell surface areas
and volumes) are updated for changing core geometry.

Many of the various physics models can be selectively disabled by setting the flags on
MELCOR input record COR_TST. This action might be appropriate for testing purposes or
to bypass phenomena that are not expected to arise during a particular calculation.

1.1 Nodalization Scheme

1.1.1 Core/Lower Plenum

The core and lower plenum regions of the reactor vessel are divided into concentric radial
rings and axial levels, as shown in Figure 1.1; the numbers of rings and levels are input by
the user on records COR_RP and COR_ZP, respectively. A particular radial ring and a
particular axial level designate a COR cell, whose cell number is specified by a pair of two
integers; the first integer represents the axial level number, and the second represents the
radial ring number. For example, cell (2,1) denotes the second axial level and the first radial
ring. Radial rings are numbered from the center out, and axial levels are numbered from
the bottom head up. This nodalization scheme applies only to structures treated by the
COR package and is independent of the control volume nodalization specified for the CVH
package. The interface between the COR and CVH packages is discussed later in this
section.
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Figure 1.1 Core/lower plenum nodalization

Each cell may contain one or more components, as shown Figure 1.2. A number of distinct
intact components are modeled: (1) fuel; (2) cladding; (3) and (4) BWR canister walls, split
into two parts: one part that is not adjacent to the control blade and another part that is;
(5) supporting structure; (6) PWR core baffle (shroud); (7) PWR core formers between the
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baffle and the core support barrel; (8) nonsupporting structure. The primary difference
between the supporting and nonsupporting structure components is whether they have the
ability to support other core components (core support structures) or not (control rods or
blades). Note that the “Other Structure” component, OS, is not retained in the Fortran 95
based versions of MELCOR (e.g., MELCOR 2.x). This OS component is now treated as
PWR core formers. The structure shown in Figure 1.2 may represent supporting and/or
nonsupporting structures in the new representation.

PARTICULATE DEBRIS

t 4

FUEL CLAD CANISTER OTHER
CHANNEL BYPASS STRUCTURE
VOLUME VOLUME

Figure 1.2 Core cell components

A core cell may also contain particulate debris (rubble) resulting from the collapse of fuel
rods and other core components. It may also contain molten materials, local to the cell or
part of a coherent molten pool that extends through a number of cells. In a BWR, such
components, particulate debris or molten pool, may reside either inside or outside the
channel box, in the channel or bypass region, respectively. As with MELCOR 1.8.6,
MELCOR 2.x also allows definition of a bypass region in a PWR, between the core shroud
(baffle) and the core support barrel in the outermost ring of the active core.

Particulate debris and molten pools in the channel are distinguished from those in the
bypass, with separate components used for each. The distinction exists only for a BWR,
and only for core cells that have distinct channel and bypass regions. For a PWR, a bypass
region has been defined in the outer active core ring to represent the bypass volume
between the shroud and the core support barrel (section 1.1.3). Even then, most of the
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distinction is lost when the channel box or core shroud fails and the fields in the two regions
are assumed to have mixed and equilibrated. However, both sets of materials must
continue to be tracked separately after canister failure because they typically occupy space
in different CVH control volumes. When the canister fails, the transfer of debris between the
channel and the bypass is not instantaneous. It is controlled by a time constant with a
default value of 1 s, adjustable through sensitivity coefficient array C1021.

Conglomerate debris, i.e., core material that has melted and resolidified, is modeled as an
integral part of the component onto which it has frozen, which may be any one of the intact
components listed above except for intact fuel.

The following table identifies each component by its component number and component
identifier, which are often used in the COR package documentation. The duplication of
component numbers for CB, SH, and HR reflects the fact that, because only one of each
pair can occur, the same portion of the database is used for both.

Table 1.1 Components modeled in COR package

1 FU Intact fuel component

2 CL Intact cladding component

3 CN Intact canister component (portion not adjacent to the control blade)
4 CB Intact canister component (portion adjacent to the control blade)
4 SH Intact PWR core shroud (baffle)

4 HR Heavy reflector (HR reactor type)

5 FM Intact PWR core formers

6 PD Particulate debris component (in the channel)

7 SS Supporting-structure component

8 NS Nonsupporting structure component

9 PB Particulate debris component in the bypass (if any)

10 | MP1 Oxidic molten pool (portion in the channel)

11 | MB1 Oxidic molten pool in the bypass (if any)

12 | MP2 Metallic molten pool (portion in the channel)

13 | MB2 Metallic molten pool in the bypass (if any)

7/8 | RK Spent fuel pool rack (SFP-PWR=7,SFP-BWR=8)

- FU-n Multi-rod group, n, of intact fuel component

- CL-n Multi-rod group, n, of intact cladding component

- NS-n | Multi-rod group, n, of intact nonsupporting structure component

Eight materials are currently modeled in the COR package: (1) UOz2, (2) zircaloy, (3) steel,
(4) ZrOz2, (5) steel oxide, (6) control rod poison, which may be either boron carbide (B4C) or
silver-indium-cadmium alloy (Ag-In-Cd) as specified on record COR_RT, (7) Inconel, and
(8) an electric heating element material, also specified on record COR_RT. Each
component may be composed of one or more of these materials. For example, the cladding
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component may be composed of zircaloy, Inconel (to simulate grid spacers), and ZrO2
(either initially present or calculated by the COR package oxidation models). The melting
and candling of materials results in the possibility of any or all materials being found in a
given component. The heating element material is intended for use in analysis of
electrically heated experiments. Its use requires that the user modify subroutine ELHEAT to
provide a calculation of the associated heating power in all cells containing the material.

Zircaloy is considered to be a single material in the COR package, with no distinction made
between zirconium and the zircaloy alloying elements. Steel and steel oxide are also each
modeled as single materials within the COR package, but the user must specify the
fractions of iron, nickel, and chromium in the steel so that oxidation can be properly treated
and the right amounts of each species can be transmitted to the Cavity (CAV) package
during debris ejection. Inconel is treated as a single material, and currently it has the same
properties as steel (and is ejected as steel), but it is not permitted to oxidize. Properties of
the materials are obtained from MELCOR’s Material Properties (MP) package. In MELCOR
versions after 1.8.4, the user was given increased flexibility to use properties other than
those of the default materials.

The user defines several geometric variables to further describe the cells and components.
Representative dimensions for the intact components are specified on record COR_GP,
and elevations and lengths (heights) for each cell are input on record COR_ZP. Equivalent
diameters for each component in each cell for use in various heat transfer correlations also
must be specified on record COR_EDR. Cell boundary areas for intercell radiation (both
axially and radially) are defined by the user on record COR_BFA.. Initial volumes of
components and the empty CVH fluid volume are calculated based on user input for
component masses and cell flow areas (records COR_CCM and COR_BFA) and are then
tracked during core slumping and flow blockage calculations.

Several additional geometric variables are input on record COR_VP to describe the
dimensions of the lower plenum / lower head. The radius of curvature of the lower head
determines the surface areas for the lower head as well as the volumes of cells that
intersect with the lower head. In addition, the inside radius of the pressure vessel is input to
determine those surface areas along the cylindrical part of the vessel included in the lower
head representation (section 1.1.2).

For each intact component in each cell, a surface area is input by the user on record
COR_SA for convection and oxidation calculations. (The single surface area value input for
a canister is multiplied by elements in sensitivity coefficient array C1501 to obtain values for
each side of each canister component to communicate separately with the channel and
bypass control volumes.) For particulate debris, a surface area is calculated from the total
mass and a user-defined particle size input on record COR_EDR. (For oxidation of
particulate debris, separate Zircaloy and steel surface areas are calculated.) The effects of
conglomerate debris on component surface areas are factored into the heat transfer,
oxidation, and candling calculations; this model is described in Section 3.1.5.
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As discussed later in Sections 2.3 and 2.6, CVH package supplies fluid conditions for use
by the COR package in calculating heat transfer and oxidation rates, which are then
multiplied by the timestep and passed back to the CVH package as energy and mass
sources or sinks. The nodalization for the reactor vessel used in the CVH package is
typically much coarser than that used in the COR package, but finer CVH nodalizations can
be used to simulate in-vessel natural circulation. The COR nodalization applies only to
those components in the core and lower plenum treated by the COR package and is
independent of the CVH nodalization, with some restrictions imposed.

Figure 1.3 gives a 2-D representation of the interface between the COR and CVH
packages, but more accurate depiction of the relationship between the two nodalizations
requires a 3-D illustration, shown in Figure 1.4. Each COR cell interfaces with a CVH
control volume (input on record COR_RBYV) representing the primary flow (channel
volume), which provides boundary conditions for most core surfaces. Typically, many core
or lower plenum cells will interface with the same control volume. For BWRSs, a separate
CVH control volume (shown behind the channel volume in Figure 1.4) may also be
specified for COR cells on record COR_RBYV to represent the interstitial space between fuel
assemblies (bypass volume). The outer canister surfaces and the supporting and
nonsupporting structure surfaces, as well as the surface of any particulate debris in the
bypass of a BWR, all communicate with this bypass control volume if it is distinguished
from the channel control volume. In MELCOR 2.x, the total number of control volumes
interfaced to the COR package is no longer a required input quantity. The only restrictions
between CVH and COR nodalizations are that control volumes occupy a rectangular grid of
core cells and have boundaries lying either on cell boundaries or entirely outside the core
nodalization.
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Figure 1.3 Typical COR-CVH nodalization interface (2D)
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Figure 1.4 Typical COR-CVH nodalization interface (3D)

1.1.2 Lower Head

The basic elements of the COR package lower head heat transfer model are the lower
head hemisphere; head penetrations, such as instrumentation tubes or guide tubes; the
layer(s) of debris or molten materials resting on the lower head; and the CVH heat sink
available in the reactor cavity. The lower head modeling in the MELCOR COR package has
been substantially modified in MELCOR 1.8.6, and its application has been extended to
include that portion (if any) of the cylindrical reactor vessel that is below the bottom of the
baffle plate in a BWR or the lower plate in a PWR (HLST). This replaces the previous use
of the HS package to provide a radial boundary condition for that portion of the core model
that is below the bottom of the core barrel. As a result, the input for these lower levels must
not include radial or axial boundary heat structures on the COR_RP or COR_ZP input
records. Instead, a character string, NO, must be specified on the COR_ZP input record for
these axial levels below HLST to indicate the absence of such a structure.

The new modeling allows a more general representation of the lower head for
hemispherical, truncated hemisphere, or cylindrical (Figure 1.5) vessel head geometry. A
truncated hemisphere may be defined by providing a hemispherical radius, RVLH, larger
than the cylindrical vessel radius, RVESS (Figure 1.6). This truncated hemisphere more
closely describes a spheroidal geometry. As in the existing model, the outer surface
communicates with the cavity region(s) while the inside surface communicates with internal
coolant, penetrations, and debris. Both the region below the curved lower head and that
outside the core barrel (essentially the downcomer region in a PWR or BWR) are formally
included in the COR nodalization but are inaccessible to the COR package.
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Figure 1.5 MELCOR 1.8.6 lower plenum geometric representations
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Figure 1.6 Specification of RVLH for a truncated hemisphere

In the hemispherical (or truncated hemispherical) model (Figure 1.7), the active bottom cell
need not be at the lowest elevation for all radial rings as was the case for the version 1.8.5
COR model. Instead, the elevation of the lowest active cell may be greater at positions
radially closer to the outer rings. A consequence of this modification is that material in the
lowest active cell in the outer ring will settle downward into vacant inner cells. Similarly,
MELCOR will not calculate radial spreading of the debris from the inner rings into the
outermost ring until debris has accumulated in the bottom elevation of the outermost ring.
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This effectively reduces the contact area between debris in the lower plenum and in the
lower head.

RCOR
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Figure 1.7 Hemispherical geometry of the lower plenum

The lower head is divided into segments specified by the user, and the local through-wall
thickness is divided into a number (defined by entry NLH on record COR_LH) of finite-
difference temperature nodes for treating conduction. Both the composition and mesh
spacing in the lower head may be defined by the user (by default the lower head is divided
into NLH-1 equal mesh layers of stainless steel, each of thickness DZLH/(NLH-1)). The
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NLH temperature nodes are located at the mesh layer boundaries. Heat transfer from hot
debris to the inner surface of the lower head is modeled parametrically, with a user-
specified constant heat transfer coefficient. Heat transfer from the outer surface of the
lower head to the reactor cavity is treated parametrically if the cavity is dry, using a
constant, user-adjustable heat transfer coefficient with a default value of 10 W/m2-K, or with
a simple downward-facing boiling model if the cavity is flooded.

MELCOR 1.8.6 and 2.1 allow the specifications for multiple segments to interface with a
COR cell to allow a more detailed calculation of the temperature profile in the lower head.
In addition, it calculates the elevation of the upper surface of a molten pool in the lower
plenum, and molten pool heat transfer occurs only for those segments below the upper
surface; i.e., heat transfer areas are dependent on the calculated pool height. Also,
temperatures in the lower head structure (which may include the lower vessel cylinder) are
calculated from a semi-implicit two-dimensional heat transfer calculation. These changes
were implemented to generate a more accurate calculation of the temperature profile in the
vessel with possible peaked temperature profiles.

Because no lower head segment is permitted to interface with more than one core cell,
there must be a segment boundary at each point at which the lower head crosses a
boundary between radial rings or axial levels. In addition, one segment boundary must
correspond to the location of the transition to cylindrical geometry. These requirements
determine the minimum number of required segments in the curved (hemispherical
geometry) or horizontal (cylindrical geometry) section of the lower head. As previously
discussed, the user can specify additional segments in the curved or horizontal portion of
the lower head for a total of NLHTA sections. In addition, if J_p corresponds to the upper
level in the lower plenum (from HLST), and Jwansiton COrresponds to the elevation of the
transition from hemispherical to cylindrical geometry, then the total number of segments for
the lower head is deduced from

NLHT = NLHTA+Jp —Jyansiion + 0  thet transition occurs at an axial elevation
= NLHTA+J.p — Jyangiion +1  Otherwise (1-1)

MELGEN expects to read a COR_LHD input record for NLHT segments, and will issue a
diagnostic message if the deduced number is incorrect. If the bottom of the head is curved,
it is often convenient to begin with input for the NLHTA segments and allow MELGEN to
determine how many more must be added. In order to simplify the task of defining
consistent input, a new input record series has been added to define the radii
corresponding to the ring boundaries. There must be a lower head segment corresponding
to each of these radii.

The thickness of bottom curved lower head (DZLH) may differ from that of the cylindrical
vessel (DZRV), and the transition in thickness may take place at either the radius of the
core (typical of a BWR) or at the radius of the cylindrical vessel (typical of a PWR). The
thicknesses DZLH and DZRV are specified by the user on the COR_VP record.
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In MELCOR 1.8.5, a one-dimensional solution was obtained to determine the temperature
profile through the vessel wall, and lateral conduction along the vessel was ignored. For
MELCOR 1.8.6 and 2.1, a lateral conduction calculation is performed and the heat transfer
to or from each node is used as a heat source in the implicit through-wall heat transfer
calculation. Even though both the lateral and the through-wall calculations are implicit, the
two calculations are essentially independent, resulting in a “semi-implicit” conduction
calculation The two-dimensional conduction calculation within the lower head is discussed
further in Section 6.1.

The calculated temperature profile through the lower head is used in a mechanical
response model that determines stress and strain in the lower head to predict creep-rupture
failure. Creep (plastic strain) is calculated from the Larson-Miller parameter and a life-
fraction rule.

Figure 1.8 illustrates the lower head nodalization for a single segment. For each lower head
segment, the user can define up to three representative types of penetrations (only one is
shown in the figure), specifying the total mass and heat transfer areas associated with each
penetration type and the initial effective diameter of the opening created when a penetration
fails. Each penetration communicates thermally with the top lower head node, the debris,
and the molten pool components. The total number of penetrations in all rings is a required
input quantity on record COR_PEN, if such penetrations exist. There should be no
duplication of mass or surface area between penetrations and structures modeled as
ordinary core components in the first axial level of core cells; the user may divide such
structures between penetrations and supporting or nonsupporting structure arbitrarily, but
the thermal modeling interface is somewhat indirect. The user should also realize that
penetration masses are not currently added to core/lower plenum debris masses and
cannot be ejected from the reactor vessel.

Finally, MELCOR 1.8.6 and 2.1 allows for the possibility that different segments of the lower
head interface with different volumes in the containment nodalization as the through-wall
heat transfer is calculated for each lower head segment. A control volume is specified by
the user for each segment on the COR_LHD record.

COR-RM-19 SAND2017-0876 O



COR Package Reference Manual

PENETRATION PENETRATION
FLUID
FLUID e
MP2
MP1
DEBRIS

LOWER

HEAD

SEGMENT LOWER HEAD SEGMENT
Curved Lower Head Cylindrical Lower Head

Figure 1.8 Lower head nodalization (one segment)

1.1.3 PWR Core Outer Periphery

For a PWR, the capability of MELCOR 1.8.6 for modeling the core shroud, formers, and
bypass region has been greatly improved. Two new components for shroud SH and former
FM (Figure 1.9), have been added to facilitate these models. These new components can
be defined in the outer active ring (the outermost occupied ring above the bottom of the
core support barrel) and are permitted for a PWR only. The shroud component has the
property that it can fail, allowing debris to relocate into the peripheral bypass volume
between the shroud and the core support barrel, as was observed in the TMI-2 accident.
Debris in the bypass volume can then be relocated downward, supported by formers until
the formers fail. A distinct CVH volume may be specified as the bypass volume for such
cells and may provide fluid boundary conditions for FM, the outside of SH, and the inside of
the radial boundary heat structure.
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ControlRods (NS)

Fuel Assemblies (FU+ CL)
Core Baffle or Shroud (SH)
Core Formers (FM)

Core Support Barrel (HS)

Figure 1.9 PWR bypass region

1.1 Calculation Framework

All thermal calculations in the COR package (both in the core/lower plenum components
and in the lower head) are done using internal energies of the materials (i.e., temperature is
a derived variable calculated from the material internal energies; initial temperatures are
defined on record COR_CIT). The mass and internal energy of each material in each
component are tracked separately to conserve total mass and energy to within machine
round-off accuracy.

The COR package uses an explicit numerical scheme for advancing the thermal state of
the core, lower plenum, and lower head through time. To mitigate numerical instabilities, a
subcycling capability has been developed to allow the COR package to take multiple
timesteps across a single Executive (EXE) package timestep. All energy generation, heat
transfer, and oxidation rates are evaluated at the beginning of a COR package subcycle
based on current temperatures, geometric conditions, and an estimate of the local fluid
conditions (calculated by the COR package dT/dz model to reflect the temperature variation
within a control volume containing many individual COR cells). The net energy gain (or
loss) across the subcycle is determined for each component by multiplying these rates by
the COR package timestep.

The temperature change of most components is limited to a user-input maximum; if the
calculated temperature change for a component is greater than this limit, the COR package
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subcycle timestep is reduced accordingly, but not lower than the minimum timestep input by
the user for the COR package. Components with a total mass below a critical minimum are
not subjected to this limit. If the energy input to any fluid volume changes from previous
values in such a way as to possibly result in numeric instability between the COR and
control volume packages, the system timestep may be cut immediately or a reduction may
be requested for the next EXE timestep. The various timestep control parameters may be
specified by the user on record COR_DTC and using sensitivity coefficient arrays C1401
and C1502 (see COR Package Users’ Guide).

At the end of a COR package timestep, after the thermal state of the core has been
updated by the heat transfer and oxidation models described in Section 2, relocation of
core materials and debris formation are calculated by the core degradation models
described in Section 3. Molten portions of intact structures are transferred to the
conglomerate debris associated with the structure. Liquefaction of intact structures caused
by eutectic reactions between materials within the structure and dissolution of intact
structures by existing molten material within the core cell are calculated, if the materials
interactions model has been activated. Molten materials are relocated downward by the
candling model, and molten pool components are formed when local blockages are
detected. In the absence of a local blockage, the molten pool will relocate into the interstitial
volume of particulate debris and be transformed into conglomerate, thereby equilibrating
with the particulate debris. Intact components are converted to debris if various debris
formation criteria are met.

Downward relocation of particulate debris from one cell to a lower one by gravitational
settling is generally modeled as a logical process, and relocation is completed over a single
timestep with consideration given only to constraints imposed by the porosity of the debris,
the availability of free (open) volume to hold it, and support by structures such as the core
plate. (These constraints are not imposed on molten debris, which will always relocate to
lower regions unless the path is locally blocked.) However, numerical limits are imposed to
ensure that the mass relocated goes to zero in the limit of small timesteps, and a rate
limitation is imposed for the falling debris quench heat transfer model. In MELCOR 1.8.5,
debris in the bypass of a BWR is distinguished from that in the channel. In core cells
containing a canister, the downward relocation of particulate or molten debris can be
blocked separately in the channel and in the bypass. After the canister has failed, debris in
the channel and the bypass are mixed and equilibrated. As long as the canister is intact,
the majority of the particulate debris in the bypass of a BWR will be the remnants of control
blades. Most of the space available to it will be in the bladed bypass region, adjacent to
canister component CB. Therefore, the existence of CB is taken as the criterion for the
separation of the particulate debris in the bypass from that in the channel.

Reactor components such as control rods and blades may be supported from above or
below, with parametric models for failure based on the temperature and the remaining
thickness of the structural metal. Either load-based structural models or simpler parametric
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models may be used for the failure of components, such as the core plate and the Control
Rod Guide Tubes (CRGTSs) in a BWR.

Gravitational leveling of molten pools and debris beds across the core rings is calculated
with a user-adjustable time constant. In a BWR, this leveling is blocked by the presence of
intact canisters, so that no leveling is possible until any distinction between the debris in the
channel and that in the bypass has disappeared. Debris beds are completely leveled; the
angle of repose is not considered. Whenever mass is relocated or debris formed, material
energies in the new or changed components are re-evaluated and the temperature updated
to maintain thermal equilibrium, and any relevant geometric variables are recalculated to
reflect the change in geometry.

2. Heat Transfer and Oxidation Models

This section describes the models implemented in the COR package to treat various modes
of heat transfer and oxidation within the core and lower plenum; lower head heat transfer
models are discussed separately in Section 6. Radiation, conduction, and convection are
covered in Sections 2.1, 2.2, and 2.3, respectively, and oxidation is covered in Section 2.5.
Section 2.6 describes the dT/dz model used by the COR package to provide approximate
local (core cell) fluid temperatures and gas compositions within the possibly larger CVH
control volume. Fission power generation in ATWS accident sequences (and in some
experiments) is covered in Section 2.7.

Most of the constants (including exponents) used in the correlations described in this
section have been implemented as sensitivity coefficients, thus allowing the user to change
them from the default values described in this document, if desired. Sensitivity coefficients
are grouped into numbered arrays, Cnnnn(k), where 'nnnn’ is an identifying number that
refers to a set of related coefficients, such as the several constants appearing in a single
correlation (see the MELGEN/MELCOR Users’ Guide). Appendix A gives a table of
sensitivity coefficients used in the COR package and their default values. Unless otherwise
noted, all variables and dimensional constants are in Sl units, in conformance to MELCOR
coding conventions.

2.1 Radiation

Thermal radiation among components within COR cells, across cell boundaries, and from
components to steam is modeled as exchange of radiation between pairs of gray surfaces
with an intervening gray medium; the model is constructed following the description
provided in Kreith [1]. The radiosity, Ji, is defined as the total energy flux leaving the i-th
surface (i = 1 or 2 in this model), both reflected and emitted:
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J,=(1-¢ )G, +¢E, (2-1)
where
& = emissivity of surface i,
Gi= radiation flux incident on surface i, and
Eni= blackbody emissive power of surface i, o T,* .

The net heat transfer rate from the i-th surface is the difference between the radiosity and
the incident radiation, multiplied by the area of surface i, Ai:

ai =A ;i -Gy) (2-2)

Combining Equations (2-1) and (2-2) gives qi in terms of the radiosity and blackbody
emissive power:

i

1- (Eni —J1) (2-3)

q; = A

The net heat transfer rate from surface i to surface j is given in terms of the surface
radiosities by the expression

a; =AF 7 (Ji _‘]j) (2-4)
where
Fi= geometric view factor from surface i to surface j and

; = geometric mean transmittance between surfaces i and j.

Radiation heat transfer also occurs between each of the surfaces and the steam medium,
according to the expression

qi,m:Ai Em (Ji _Eb,m) (2_5)
where

¢m = Steam emissivity/absorptivity = (1-;) and

Ebm= blackbody emissive power of medium, o T} .
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With the additional requirement

q = dim + dj (2-6)

Equations (2-3), (2-4), (2-5), and (2-6) are solved in the COR package to obtain gi and gqim
(i=1, 2) for various pairs of surfaces. The subsections below discuss the calculation of
surface and steam emissivities ¢ and ¢, the geometric view factors Fj, and the
implementation logic (i.e., how pairs of surfaces are chosen for multiple cell components
that may relocate during the course of a calculation).

2.1.1 Emissivities

The emissivities of core materials were hard-coded in MELCOR 1.8.5. In MELCOR 1.8.6
and 2.1, the correlations have been recoded using sensitivity coefficients to allow the user
some flexibility to modify them. The default correlations are essentially unchanged, with one
exception: extrapolation of the original correlation for oxidized Zircaloy to a very large oxide
thickness could return a negative value; in MELCOR 1.8.6 and 2.1, the correlation is cut off
(by default) at an oxide thickness of 1 mm.

The surface and steam emissivities are evaluated by models adapted from MARCON 2.1B
[2], an extended version of MARCH 2 [3]. For cladding and canister components, the
surface emissivity of Zircaloy is used, which is calculated in these models as a function of
temperature and oxide thickness from the equations used in MATPRO [4].

For Zircaloy surfaces whose maximum temperature has never reached 1500 K, the surface
emissivity in MELCOR 1.8.5 was given as a piecewise linear function of the oxide thickness
as

£ =0.325+0.1246 x 10°Arg, |Arg, < 3.88 x 10°¢| (2-7)

& =0.808642 ~50.0 Al [Arg, > 3.88 x107°| (2-8)
where Ar,, is the oxide thickness.

In MELCOR 1.8.6 and 2.1, this has been replaced by linear interpolation in the table

Arox (m) & (')
0.0 0.325
3.8799999E-06 | 0.808448
0.001 0.758642

that is equivalent to Equations (2-7) and (2-8) for oxide thicknesses of less than 1 mm.
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For surfaces that have reached temperatures greater than 1500 K at some time, the
calculated emissivity is then multiplied by the factor

(2-9)

15000 - T,
F=exp 300.0

where Timax IS the maximum temperature the surface has reached. This factor is limited to a
lower bound of 0.325.

Finally, the emissivity is bounded to lie in the range

0.0001< &5, <0.9999 (2-10)

All constants in the table and in Equations (2-9) and (2-10) are coded as sensitivity
coefficients in array 1104.

The surface emissivity of SS and NS components in these models is calculated as

€ 0o =Min{max[0.25617 + 0.0003474(T - 616.4833),0.0001] 0.9999} (2-11)

This matches the correlation used in MELCOR 1.8.5, adapted from the relationship used in
MARCON 2.1B for stainless steel, taken from Reference [5], where it was originally written
for temperature in °F. All constants in Equation (2-11) are coded as sensitivity coefficients
in array 1102.

In MELCOR 1.8.5, the emissivity of particulate debris was taken as a constant. In MELCOR
1.8.6 and 2.1, the form has been generalized to

€0 =Min{max[0.9999 + 0.0(T —1000.0), 0.0001] 0.9999} (2-12)

with all constants in Equation (2-12) coded as sensitivity coefficients in array 1103.

The steam emissivities, ¢, , are evaluated in these models from a table taken from

Reference [6] (see Table 2.1), which specifies the steam emissivity versus steam
temperature and optical depth (steam partial pressure times mean beam length Le) at the
high-pressure limit. Mean beam lengths are supplied for each component type based only
on representative distances for an intact core geometric configuration using these
equations [7]:

Le,cl = 35 (P - 2r.cl) (2-13)
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Lecn = Leey =18 Tycq (2-14)
Lecov™ Leos =18 Tene (2-15)
Lecn = 18 Tonen (2-16)
Lepa = Lepn =0 (2-17)

In these, the second subscripts on the mean beam length represent cladding (cl),canister
(not by blade) inner surface (cn), canister (by blade) inner surface (cb), canister (by blade)
outer surface (cbb), other structure (xs, representing SS or NS), canister (not by blade)
outer surface (cnb), and particulate debris (pd and pb) and P is the fuel rod pitch, r¢ is the
cladding radius, reicn is the distance between the outer fuel rods and the canister wall, rencb
is the distance between the canister and control blade, and rencn IS the distance between
adjacent canister walls. For the particulate debris component, a surface emissivity of unity
is assumed.
Table 2.1 Steam emissivity vs temperature and optical depth [6].

Optical Temperature (K)

Pepth 1 370 600 | 1000 | 1500 | 2000 | 2500 | 3000
(cm-atm)
1.0 012  [009 [004L [002 [00L |0.0063 |0.004
3.2 025 [0195 |04 |006 |003 |0019 [0.011
10.0 037 0315|023 |0145 |0.085 |0053 [0.033
32.0 047 | 0425 [037 [029 |020 [0135 [0.086
100.0 056 | 0533 | 055 | 047 | 0365 |0277 [0.193
320.0 0.65 | 0625 |070 |066 | 0555 |047 035
10000 | 073 |o071 |08 |080 [074 [065 |0.52
32000 079 [078 [092 [090 |08 |078 [065
100000 | 085|085 | 100 092 [092 [085 |0.73

2.1.2 View Factors

The view factors Fj used in Equation (2-4) model the effects of surface orientation and are
implemented as user-specified parameters. The surface areas A used with Fj are the
actual component areas for radiation between components within a cell and are cell
boundary areas for intercell radiation. Values for the view factors are input by the user as
“exchange factors” on record COR_RF. These values should be based on standard
expressions for simple geometries, where possible, or on experimental data or detailed
radiation calculations for complicated geometries involving intervening surfaces, such as for
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radiation between “representative” structures in cells containing a number of similar
structures (e.g., fuel rod bundles). In the absence of any information to aid in selection of
view factors, they should be used as arbitrarily varied parameters to examine the effects of
radiation on the course of a calculation. View factors are not dynamic, that is, they do not
change as the core degrades; however, they may be changed across a MELCOR restart.
Because of reciprocity (i.e., F12A1 = F21A»), the user-input component surface areas,
unmodified by the effects of conglomerate debris, of intact components are always used
with these constant view factors. Only the areas of particulate debris are treated as time
dependent.

Figure 2.1 depicts the conceptual framework for radiative heat transfer in MELCOR. The
framework is geared toward intact BWR cores, but it is general enough to treat PWR cores,
as well as degraded cores and lower plenum radiation. The precise situation represented,
with part of the control blade and part of the fuel rods failed, cannot exist within a single
core cell in MELCOR. The Figure is for illustration only, as an aid to visualizing which
surfaces can radiate to other surfaces under various conditions.

Figure 2.1 Radiative heat transfer framework—BWR cell cross-section

Other structures (SS and/or NS) representing core support structures and control elements
are always treated as the innermost component in a cell; these components can radiate to
adjacent cells only if no other component exists in the cell. The canister component not
adjacent to the control blade (CN) is always treated as the outermost component in a cell;
no other cell components can radiate to adjacent radial cells if the canister component CN
is present. Particulate debris and molten pool components can exist in the channel (PD,
MP1, and MP2) and/or in the bypass region outside the canisters (PB, MB1, and MB2).
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For intracell radiation, the user must input two view factors that control radiation between
the “average” fuel rod (cladding component, or perhaps “bare” fuel) and canister walls
(used for both canister components) and between the canister wall (component CB only)
and other structures (SS and/or NS):

Fene - view factor for radiation between canister (both components CN and
CB) and fuel rods or particulate debris, used with the canister
component inside surface areas

Fsscn - view factor for radiation between any other structure (SS and/or NS)
and canister (component CB only), used with the structure surface
area

In radiation to or from a fuel bundle or a debris bed, the view of interior surfaces will be
partially obstructed by outer rods or particles. Whenever radiation is an important
mechanism for heat transfer, a temperature gradient will be established within the fuel
bundle or debris bed. Therefore, the effective temperature difference for radiative exchange
with another surface will be less than would be predicted from the average temperature of
the bundle or bed. This effect can be important in reducing the radiation to a surrounding
canister and may be captured by assigning the view factor Fen ¢l @ value significantly less
than unity. The value input for Fsscn, On the other hand, should ordinarily be some value
close to unity since the entire control blade surface is directly adjacent to the surface to
which it radiates.

For radiation between any other structure (SS and/or NS) and another component within
the same cell, SS and/or NS surface area and the view factor Fsscn are used in Equation
(2-4). For radiation between either of the two canister components and the cladding, the
canister surface areas and the view factor Fen ¢ are used.

As discussed in Section 1.1, particulate debris in the bypass of a BWR (PB) can exist
separate from that in the channel (PD) only in the presence of intact canister component
CB. Otherwise, it is assumed that the two are mixed and equilibrated. In the following
discussion, PD will therefore be used to mean all particulate debris (including any in the
bypass region of a BWR) in a cell unless intact canister component CB is in that cell.

If PD is present in a cell containing fuel rods, an implicit view factor Fcpq 0f 1.0 is used with
the cladding (or bare fuel) surface area to model radiation from the rods to the debris.
Otherwise, if debris is present in a cell with either canister or other structure components
(SS and/or NS), implicit view factors Fecnpd and Fsspd Of 1.0 are used with the canister or
other structure surface areas to model radiation between these components and the debris.

If a cell contains both components of a BWR canister (CN and CB) but no fuel rods, the
view factor from the inner surface of CN to the inner surface of CB, Fencb, is taken as 2-1/2
(from standard tables, assuming a square canister), used with the area of the inner surface
of CN.
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For intercell radiation, the user must input two view factors that control radiation in the
radial and axial directions:

Feell,r - view factor for radiation radially from one cell to the next outer one,
used with cell outer radial boundary area and

Feella - view factor for radiation axially from one cell to the next higher one,
used with cell axial boundary area.

Intracell radiation is calculated for the outermost (“most visible”) components. Again,
because of temperature gradients, the effective temperature difference for radiative
exchange will be less than would be predicted from cell-average temperatures. This effect,
which is dependent on the coarseness of the nodalization, should be considered in
choosing the values input for these view factors. For radiation from any component to
another cell, the appropriate cell boundary area and Fceir Or Fcel,a are used in Equation
(2-4), although the actual component temperatures are used. For radiation between the
liquid pool or lower head and the first cell containing a component, the lower head surface
area and Fip,up (defined below) are used in Equation (2-4).

If no components exist in the next outer or higher cell, the radial ring or axial level beyond
that is used, until a boundary heat structure is reached. Thus, components in one cell can
communicate to nonadjacent cells all the way across the core if there are no components in
intervening cells. The boundary heat structures, both radially and axially, specified on
records COR_RP and COR_ZP, respectively, receive energy from the outermost cells that
contain a component. An additional view factor controls radiation to the liquid pool, if one
exists, or to the lower head:

Fip.up - view factor for radiation axially from the lowermost uncovered COR cell to the
lower head or liquid pool, used with the lower head surface area.

2.1.3 Intercell Radiation Model (FCELR)

Little guidance is available to aid the user in choosing appropriate values for the intercell
radiation exchange factor. This is, at least in part, because the inter-cell values need to be
problem-dependent—and even cell-dependent—within the current formulation of the model.
Expressed in terms of rod-to-rod radiation between COR cells, the basic difficulty is that
portions of rod surfaces more than a few rod diameters from the cell boundary are “seen”
with greatly reduced (or zero) differential view factors. This has two closely related
consequences:

(1) The appropriate radiation area is the cell boundary area for very large cells and the
rod surface area (axially) or perhaps half of it (radially) for very small cells;
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(2) The appropriate difference in T* for radiation across the boundary is much less
than (T} —Tz“) for large cells.

This is the motivation for providing a simple model for view factors that takes into account
these two effects. Rather than considering the actual geometry of rod arrays, we consider
only a simple model with some qualitative relationship to the “real” world. We will assume
that the combination of distance between differential surfaces (the factor of r 2 in the solid
angle subtended) and the obscuring of line of sight by intervening surfaces may together be
approximated by a simple exponential. That is, we assume that the fraction of unobscured
solid angle remaining visible to a differential surface at depth x is e*. In consequence, the
rate at which solid angle becomes obscured—i.e. is intercepted by other differential
surface—is o e ** dx.

In terms of this simple representation, the view factor between a cell of length
(perpendicular to the cell boundary) of L1 and one of length L2 may be calculated as

0 L
A oGyX ¢ —0OlgXp
AR, = J‘ dX1Acen(_j e 1J.dXZOLze ) (2-18)
-L V 0
1 1
Here (A/V)1 is the surface area per unit volume in cell 1, and we have assumed that the

contents of the two cells may not be identical. In terms of dimensionless variables, Equation
(2-19) becomes

A ; Y1 ‘ Y2 A —oyly —a,l,
A, :Ace”(a_le &[:iyle J[L?yze =Acal o 1<1_e Xl_e ) (2-19)
Similarly,
A —oL -
A2F21=Acell(_j (1_9 llel_e ZLZ) (2-20)
aV ),

and, by reciprocity,

A, =AF, =AF=A_F, = A K(l-e ™ f1-e ) (2-21)

cell 0 cell

where

()

&)
), (2-22)
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This establishes a relationship between a and cell geometry. Because the volume of each

cellis V, = AL, we have
o, = A . al, = A
T KLA ST A (2-23)

i’ Yeell

In various limits, Equation (2-22) becomes

AF > A K for both cells large (2-24)
AF > A for cell 1 small and cell 2 large (2-25)
AF —> AAy for both cells small (2-26)

cell

In consequence of the large-cell limit, it seems that K should have a value of 1.0. However,
for now it will be left general.

Similarly, the “effective” view factor that accounts for the restricted temperature difference
seen is something like

oo fay ave 201+Ys)
(AF)eff =_'A‘ceIIK Idyley J-dyzey m (2'27)

—ouyly —oly

where the fraction in the integrand is the fraction of the average difference in T* between
point 1 and point 2. (We have assumed that T# is linear in ax largely because of the
relatively simple form that results.) Thus,

A K 0 0
_ cell Y1 Y2 _
(AF)y = 2 ol [dy.e” [dy,e=(y,+v,) (2-28)

2 —oyl,y —al,

By virtue of Equation (2-24), this is

(AcaK)

0 0
et [dy.e” [dy.e” (v, +y,) (2-29)
1

2 —oyl, —al,

(AF)eff =-2

which is
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(AF)eff -2 (AcellK)2
Al + A2 (2_30)
{2(1— e b Xl— Y )— a,l,e (1— g tn )— o,L,e (1— e b )}

which has the more convenient form

(AF) -2 (AcellK)2
of A +A, (2-31)
- @+ oL, e Ji-e® )+ (- e fi- 1+ o L, Jo o |
Limits are
2
(AF),, — 4% for both cells large (2-32)
AlAceII
(AF),, - K ATh for cell 1 small and cell 2 large (2-33)
1A +A]
(AF),, — S ATA for both cells small (2-34)

2.1.4 Implementation Logic

As already noted, the radiation model employs a superposition of pairwise surface-to-
surface radiation calculations. The determination of which surfaces “see” which other
surfaces is not exhaustive but is intended to ensure that (1) the most important radiation
exchange paths are included and (2) no surface is isolated, with each being allowed to
radiate to at least one other surface. Assumptions about which terms dominate in a BWR
are based largely on Figure 2.1, as qualitatively described above.

When a dominant radiation path for some surface involves an adjacent radial or axial cell,
only a single selected surface in that cell is considered. In considering other structure
components such as SS or NS, NS takes precedence over SS; For PWR core formers (FM;
this component in MELCOR 2.x substitutes what was available as “Other Structures (OS)”
in MELCOR 1.8.6), this can only occur in a calculation that does not employ SS or NS
components. In the radial case, surfaces in the next cell are considered in the following
order: outside of CN, CL, and FU and then inside of CB, NS, SS, FM, and PD. If none of
these exists, the next radial cell is considered. In the axial case, the order is CL, FU, inside
of CN, inside of CB, NS, SS, FM, and PD. If none of these exists, the next axial cell is
considered. Note that particulate debris in the bypass (PB) does not appear in either of
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these lists. This is because, if it exists independent of particulate in the channel (PD), CB
must also be present, which will define a more important radiation path (in the axial
direction) or shield it from external view (in the radial direction).

View factors are used only in combination with areas, as the product AiF12 = A2F21 = AF,
where the equality is required by reciprocity. In some cases, limits are imposed because
direct use of the view factors and areas cited in Section ¢ would result in an implied
reciprocal view factor greater than unity.

1. For radiation exchange between surfaces 1 and 2 that crosses a cell boundary, the
product actually used is Fce.x MIN(Acelix, A1, A2), where x may be r or a.

2. For radiation exchange involving particulate debris PD, the product actually used is F
MIN(A1, Arp), Where F is the view factor cited in Section 2.1.2.

The following describes the model implementation in MELCOR 1.8.6 and 2.1.
The logic begins by considering the outer surfaces of an intact canister in a BWR.

la. That portion of the outer surface of intact canister CB in a core cell that does not see
other outer CB surface in the same cell must radiate to NS representing the control
blade and/or to PB in the same core cell. Similarly, some portion of the NS surface
may radiate to PB. The fraction of the surface of NS and of the outer surface of CB
that sees PB is proportional to the fraction f of the available space in the bypass that
is occupied by PB. AF = MIN (f Asurt, Apo/2), where surf is ns or cbb.

1b.  The remaining portions of these surfaces, A’surt = MAX(Asurf - AFsurtpb, 0), See each
other with AF = MAX(A’ns Fss,cn , A'cob ). This formulation, rather than simple use of a
factor (1-f), accounts for that fact that porosity may result in large holes through the
debris bed.

2. That portion of the outer surface of intact canister CN in a core cell that does not see
other outer CN surface in the same cell radiates to a component in the next radial
cell: AF = MIN(Acelir, Acnb, As,out) Feel,r

If fuel rods are present in a core cell in a BWR or PWR, their view factors are considered
next. If intact CL is present, only its outer surface is included, with FU-to-CL radiation
treated as part of the gap model. The surface of bare FU, however, can radiate to other
components.

3a. Fuel rods radiate to the inner surface of canister CB in the same cell, if present (AF
= A Fencl); Otherwise they radiate to other structures (SS or NS) present in the
same core cell (AF = Axs Fsscn), with the same precedence as in item 1.

3b.  Fuel rods radiate to PD in the same core cell (AF = MIN(Arod, Apd) 1), if any is
present.
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If intact canister CN is present in the same core cell, fuel rods radiate to its inner
surface (AF = Acn Fen cl); otherwise, they radiate to a selected component in the next
radial cell (AF = MIN(AceII,r, Arod, Asyout) Fcellyr).

Fuel rods also radiate to a selected component in the next axial cell, with
AF = M|N(Acell,a, Arod, As,up) Fcell,a-

If there is canister is intact but there are no fuel rods in a core cell, the view factors for the
inner canister surfaces are considered next.

4.

If there are no fuel rods in a cell, the inner surface of canister CN radiates to the
next axial level (AF = MIN(Acell,a, Acn, As,up) Feell,a) Unless there is PD in the same cell.
This case is covered later.

If there are no fuel rods in a cell, the inner surface of canister CB radiates to the
inner surface of CN in the same cell, if present (AF = A, 27V2), or to a selected
component in the next radial cell (AF = MIN(Acelir, Acb, As.out) Feell.r).

The major view factors for NS or SS in a cell are the outer surface of canister CB or fuel
rods, if either or both exist. Canister CB will block the view of fuel rods. These are covered
by items 1 and 3a. Otherwise, the dominant radiative heat transfer for NS or SS will involve
some other surface.

6a.

6b.

In the absence of fuel rods and canister CB in a cell, NS or SS radiate to the inner
surface of canister CN (AF = Axs Fsscn) unless there is PD in the same cell. This
case is covered later.

In the absence of fuel rods and both canister components (CN and CB) in a cell, NS
or SS partition radiation between any PD in the same cell and selected surfaces in
the next axial and radial cells. The fraction going to other cells is taken to be MAX(O,
1-Apd/Axs), where xS represents NS or SS, with NS taking precedence over SS, as
previously discussed. AF = MIN(Acelly, Axs, As,out) Feelly, , Where y is a or r. Radiation
to PD is covered later.

Itis assumed that fuel rods in the same cell dominate radiative heat transfer for PD . This is
covered by item 3b. If there is no PD in the core cell, other surfaces must be considered.

7a.

7b.

In the absence of fuel rods, PD radiates to the inner surface of canister CB with
AF = MIN(Acb, Apd) Fen,cl ,0r if there is no CB, to some other structures (NS or SS) in
the same cell with AF = MIN(Axs, Apd) Fss.cn. (As with intercell radiation, NS takes
precedence over SS.) The latter case completes items 6a and 6b.

In the absence of fuel rods, PD also radiates to the inner surface of canister CN
(AF = MIN(Acn, Apd) Fenel) or, if there is no CN, to a selected component in the next
radial cell (AF = MIN(Aceli,r, Apd, As,out) Feelly). The former case completes item 4.
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7c.  Inthe absence of fuel rods, PD also radiates to a selected component in the next
axial cell (AF = MIN(AceII,a, Apd, As,up) Fcellya).

If a water pool is present, radiation is considered between its surface in each radial ring and
a selected component in the first nonempty core cell in the same ring above the pool. If
there is no water pool, radiation is considered between the lower head and a selected
component in the first axial level in each ring. MELCOR 2.x (as wellas MELCOR 1.8.5 and
1.8.6 versions) allows additional control of the emissivity and view factor to be used when
this component is a supporting structure, through input on COR_PR record. This can aid in
modeling radiation to the core support plate.

2.2 Conduction

MELCOR models conduction between components in adjacent core cells, both axially, and
radially, and between components in the same cell. Within the portion of a component
within a single cell, axial conduction is generally insignificant, except in cases in which there
is a steep gradient associated with a quench front. Although modeling of this region was
included in previous versions, it has been improved significantly in MELCOR 1.8.6 and 2.1
by the inclusion of a specific reflood quenching model.

The model for axial temperature profiles within components is described in Section 2.2.1,
and the model for axial conduction in a component within a core cell is described in Section
2.2.2. The model for the velocity of the quench front is described in Section 2.2.3. The
treatment of heat transfer between components in axially adjacent cells is described in
Section 2.2.4.

Conduction between particulate debris (PD and/or PB) and other components within the
same cell is treated, as described in Section 2.2.7. Cell-to-cell radial conduction is treated
for SS representing a continuous plate and for PD and/or PB following failure of any intact
canister component in the two cells. In addition, a component in the outermost ring may
optionally be designated to conduct heat directly to the boundary heat structures. (This is
useful in simulating some experiment geometries.)

Fuel pellets (FU) and cladding (CL) within a core cell are strongly coupled, and the cladding
has a relatively small heat capacity. Conduction (and radiation) through the gap between
them is therefore treated as a special case, as described in Section 2.2.8.

In MELCOR 1.8.6 and 2.1, convection in molten debris pools is treated by the new molten
pool model. If this model is disabled in a calculation, the core package attempts to capture
some of the effects of convection within the conduction model, as was done in previous
code versions. This is done by increasing the rate of conduction whenever the larger of the
two component temperatures used to calculate intercomponent conduction exceeded an
assumed “melt* temperature, TKMIN. The enhancement factor for axial, radial, and intracell
conduction is given by
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FAC =max{L0TKFAC (T, —~TKMIN)[ | (2-35)

where Tmax is the larger of the component temperatures and TKFAC and TKMIN are given
by sensitivity coefficients C1250 with the default values of .01 K and 3200 K, respectively.
(The default values give an enhancement factor of 10 when Tmax exceeds the melting point
of UO2 by about 300 K and are primarily intended to eliminate excessive hot spots when
rapid convection/radiation, etc., would clearly preclude their existence.) The enhancement
factor for conduction in the lower head uses a hard-wired value of TKFAC=0.01 and the
melting temperature of the material between adjacent temperature nodes in the lower head
for TKMAX.

Particulate debris, penetrations, and molten pool components resting on the lower head
conduct heat to the lower head structure. The transient heat conduction from the molten
pool to the lower head is calculated by an integral solution to the Stefan model as
discussed in Section 2.4.3. Conduction from other components in the lower plenum is
discussed in Section 6.1.

2.2.1 Axial Temperature Profiles

Starting with Version 1.8.3, the COR package in MELCOR has contained a model to
account for partial coverage of the surface of a core component within a core cell by
dividing that component into two sections, each having different temperatures and different
coupling to the pool and atmosphere in the core cell. These two sections can be thought of
as “cold” and “hot,” or “guenched” and “unquenched.” Convective heat transfer is calculated
separately for them, with the resulting convection terms transferred to the appropriate
portion of the fluid (pool or atmosphere).

A detailed energy equation is solved for the average temperature of each core component
in each cell. This equation considers the total convective heat transfer and many other
effects such as internal heat generation, radiation, conduction to other core components in
the cell, cell-to-cell conduction, and the effects of candling, all cast in a form that is
manifestly conservative.

The model also solves separate approximate energy equations for the two sections. These
include only the internal heat generation, the individual convective heat transfer terms, and
a term for conduction between the uncovered and covered portions. The effect of the terms
omitted from the sectional energy equations is corrected on the next timestep, after the full
energy equation has been solved. This allows a dynamic evaluation of the distinct
temperatures of the covered and uncovered portions of the surface for use in calculating
convection and conduction.

Figure 2.2 illustrates the implementation of the reflood and quenching model within the axial
extent of a MELCOR core cell. Previously, the interface between the quenched and
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unquenched sections of a surface was assumed to coincide with the pool surface. That
assumption has been eliminated in MELCOR 1.8.6 and 2.1, in which the hot section is
permitted to extend below the surface. If the quench front is defined as that location below
which the water fully wets the fuel rod and the temperature gradients are small, then this
figure shows that three possible regions may be defined: the region below the quench front,
the region between the quench front and the surface of the pool, and the region above the
pool surface.

Figure 2.2 Quench front and water level treatment used in the MELCOR reflood model

It would be possible to implement the model in a way that would evaluate independent
surface temperatures for all three regions. However, the full three-region model would have
been markedly more difficult to implement, and preliminary investigations suggested that
the major distinction was between the quenched (wetted) portion of the surface and the
unquenched (unwetted) portion. We therefore chose to implement a slightly simplified
approach that allows for three regions of heat transfer but that combines the two portions of
the core component above the quench front into a single unquenched region. Conceptual
surface temperature profiles for the two models are shown in Figure 2.2. The temperatures
shown are axial averages over the length of each region.

The two parts of Figure 2.2 show the independent movement of the water level and the
guench front over a timestep advancement, At. The water level is determined from the pool
mass, the void fraction, and the pool's presumed axial distribution, as currently treated by
the CVH package. As is described in Section 2.2.3, the quench front velocity is
independently determined within the COR package from a correlation. When reflood is
initiated, the quench front may well advance at a rate slower than the two-phase surface.
Later, after the water level has stabilized, it may advance more rapidly, but it cannot
advance above the surface. Further, if there is sufficient heat generation in (or heat transfer
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to) the unquenched portion of the surface, the quench velocity may be negative and the
guench front may actually recede.

2.2.2 Axial Conduction in a Component within a Core Cell

The model considers two regions, cold and hot, denoted by “c” and “h” in cases where a
guench front exists involving a component within a core cell. However, it is useful in the
derivation of the model to temporarily define a third region, denoted by “*”, that contains the
guench region itself. The phenomena in this region, which is assumed to be of constant but
negligible width, are extremely complex. Ultimately, a correlation will be used to eliminate
the need to represent them in detail.

The rate of change of the average temperature (characteristic of the heat content) of the
section of a component between elevations z1, and zzi may be written as

T = [ T@a e, -2,) (2-36)

(A radial average is assumed in writing this equation.) If the fraction of the component in
the section is defined as

X, = (Zz,i —Zy; )/L (2-37)

where L is the total length (height) of the core cell, then because zi; and/or z2; may be
functions of time it can be written as

d 1| ¢z dT dz,, dz,

—(XT)==— —dz+Tlz,, ) ——-Tlz, )—

dt ( it ) L J.ZM dt ( 2, ) dt ( Li ) dt j| (2-38)
The (radially averaged) conduction equation

CoT Vo T Q A

——=k— +=-h—(T-T -

Lot Loz? L L( ) (2-39)

may be substituted into Equation (2-39), yielding
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d V|oT oT .
E(XiCTi )= kf[g .. _a_zz”} + X [Q - hiA(Ti - T, )]
| | (2-40)
C dz,, dz_ll
+E{T(Zz,i) at T(Zli) at }

In these equations,

C is the total heat capacity of the component (X m;c ),

Vv is its total volume,

A is its lateral surface area,

Q is the total internal heat generation rate in the component,

hi is the heat transfer coefficient,
Tr  isthelocal fluid temperature, and other symbols have their usual interpretations.
Equation (2-39) is applied to the three regions, “c,”,“h,”,and “*”, and (as in previous versions

of the model) the results are simplified based on the assumption that temperature gradients
are negligible at 0 and at L and also within the entire quenched region.

=0
0z |L (2-41)

The simplification process further assumes that temperatures in the region of enhanced
heat transfer are not significantly different from that in the cold (quenched) region itself.
(This assumption differs from that in early versions of the model, and corrects an error in
the original derivation [8].)

To~To ~Te (2-42)

In addition, if x" is small but essentially constant, the velocities of the moving boundaries
may be expressed in terms of the velocity of the quench front, vq, as

d d
E(XZC)_ a

The resulting equations for the three sections are

(Xy )=V, (2-43)
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d : C

E(XCCTC ) =X [(? - hc A(Tc _Tf c )]+ rVch (2-44)
V 8T * * *

0= kr5q+ —Xh A(T —Tf'q) (2_45)

d V oT

: C
a(xhCTh)=—k EE +Xh|:Q_hhA(Th _Tf,h )]—quTC (2_46)

q+

In general, as shown in Figure 2.2, there are two regions of heat transfer involving the “hot”
section of the component. Therefore, the full form of the convective term in Equation (2-47)
is

o AT, =T, )= x, AT, =T, )+ x,.h, AT, -T,) (2-47)

where subscript “u” refers to the submerged,—but—unquenched, portion of the surface;
subscripts “p” and “a” refer to the pool and atmosphere, respectively; and
Xh = Xu + Xa (2-48)

The heat transfer coefficient in the submerged, but—unquenched, region is currently
treated as a constant, and is implemented as part of sensitivity coefficient array C1260,
with a default value of 125 W/m?-K. The other heat transfer coefficients are evaluated as
described in Section 2.3.

Equation (2-46) simply defines the enhanced heat transfer associated with quenching and
with conduction from the hot region to the quench front, and thence to the pool,

g * * * V aT
Q, =x"h AT -T, )=k—Z- (2-49)
4 q L oz|,,

The sum of Equations (2-45)and (2-47)is a simplified total energy equation.
d : :
C E(XCTC + XhTh ) = Q - [Xc hc (Tc _Tf,c )+ Xh (Th _Tf,h )]A _Qq (2-50)

Qq is evaluated based on the temperature gradient, and so the heat transfer coefficient h”
does not appear in the conservation equations. (It does appear in the quench front velocity
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model, described in Section 2.2.3.) This temperature gradient is evaluated from a closed-
form solution of Equation (2-40) in the case of a constant quench front velocity,

T(z,t)=T, +(T. - T, )exp|rlv,t - z)| (2-51)

Under most conditions, the characteristic length » *of the region with a strong temperature
gradient is a few centimeters. The conduction area at the plane z =v t is V/L, and the total
conductive heat flow to that plane can be shown to be

: : V oT
Q=Q| =k Lozl =K(T, -T,) (2-52)
where
vV , [Cv, 272 Cv,
K= kry: Ko + oL + oL (2-53)
and KO is defined by (2-55)
V (hA)?
Ko = kr(wj (2-54)

Using Equation (2-53), Equations (2-45) and (2-51) may be written in implicit finite
difference form as
C nTn nT n C o 0 o0 .
Z(XCTC +X,T, )= Z(xCTC +X.T, )+Q
N [Xshc (Tcn _Tf,c)+ XrThh (Thn =T, )]A—K(Th” —TC“) (2-55)
c., C

=T =—T2+Q-hA(T, -T
At c At c Q c (c f,c) (2-56)

and may be solved for the new sectional temperatures T.' and T,'.

As noted earlier, several terms in the full energy equation are missing from Equation (2-56),
so that the results can only be viewed as estimates. However, the old temperatures appear
in the total energy equation only as the old average temperature,
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TO=xT2 +x°T/° (2-57)

for which a value calculated using all terms is available. Use of this value in Equation (2-56)
helps to couple the two-temperature model to the average temperature. As currently coded,
the old sectional temperatures are individually adjusted to account for processes outside of
this model. The values actually used are

R U S e W (2-58)
where the superscript “n—1" denotes the value calculated on the previous timestep.

There is a complication for cladding in that the heat source includes heat transfer from
tightly coupled fuel pellets. By analogy with the analysis above, the simplified net and cold-
section energy equations for the fuel pellets are simply

Cr
At

( nT nFu + XnThnFU ) Cjtu -ITF(EJ + QFU
- [XS (Tceru ~Tea )+ X (Th Fu ~ Thet )hgap A, (2-59)
~Key (Thn,Fu _Tc,FU )

C n C 0 - n
ﬁTC,FU =ﬁTc,FU +Qpu ~NgapAry (Tc FU _Tc,CL) (2-60)

where hgap is the gap heat transfer coefficient and the same cold and hot fractions are
assumed to apply to fuel and cladding. The simplified net and cold-section energy
equations for the cladding are then

= x

n n C - N
At TC CL +X Th CL) c TC(I)_ + QCL

At
- [XQ hc (Tcr:lCL Tf c,CL )+ Xh nh ( hCL Tf,h,CL )]ACL (2-61)
+[X2 (Tc,Fu _Tc,CL )"‘ Xh (Thr?FU _ThrTCL ) hgap AFU
- K(Thr?CL _TCI?CL)

Copn _C

At oC _ﬁTc?CL +QCL - hcA(Tcr,]CL chL)+ Nyap Ary ( Teru — CCL) (2-62)

For all components, a heat flow given by Equation (2-53), representing processes within the

guench front, must be added to the heat transfer to the liquid. For fuel rods, there is an
analogous term associated with the fuel pellets. As implemented, this heat is deposited
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directly in the liquid interface. As a result, the generated vapor releases directly to the
atmosphere (perhaps first flowing through a vapor boundary layer) rather than forming
bubbles that must escape from the pool. The distinction is that vapor created by the
guenching process does not contribute to level swell in the liquid pool.

For a completely unguenched component (xc = 0) in a core cell that contains water,
immediate quenching is assumed to occur if the excess temperature (Tc—Tsat) is less than
dto.min. The value, corresponding roughly to CHF, is programmed as an element of
sensitivity coefficient array C1260, with a default value of 40 K. Otherwise, the general

equations are solved with T taken as the temperature of the supporting component in the

core cell below (this is usually the same component). This allows a quench front to
propagate across cell boundaries.

MELCOR hydrodynamics accounts for bubble separation during boiling separately in each
control volume. This can lead to the existence of both pool and atmosphere in each of two
or more vertically stacked volumes. Therefore, if several hydrodynamic volumes interface
with the COR package, there may be more than one liquid level within the core. To reduce
the effects of this artifact of the solution scheme, coverage of components is assumed to be
continuous across control volume boundaries if pools occupy more than 0.10 of the lower
volume and more than 0.001 of the upper volume. These thresholds for “pool bridging” are
implemented in sensitivity coefficient array C1270.

2.2.3 Quench Front Velocity Model

The quench velocity correlation of Dua and Tien [9] was implemented, as recommended by
Carbajo and Siegel [10]. The model has been extended, as described in Reference 8, to
allow for the unquenching of surfaces with large internal heat sources and the resulting in
regression of the quench front. The basic correlation takes the form of

Pe = [B(1+0.4B )] (2-63)

where Pe is the dimensionless quench velocity or Peclet number

uo

Pe=u =— -
. (2-64)

B is related to the wetside Biot number

h's

Bi=—— (2-65)

by
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B =Bi(l-0) /6 (2-66)
where
_ Th _Tsat
= TQ max _Tsat (2-67)

is the dimensionless temperature. Equation (2-64) may be thought of as an interpolation
between a result based on one-dimensional conduction in thin surfaces (small Bi) and one
based on two-dimensional conduction in thick surfaces (large Bi).

In these equations,

U = the quench front velocity,

1) = the surface thickness,

o = the thermal diffusivity,

k = the thermal conductivity,

h* = a heat transfer coefficient associated with the quench front itself,
Th = the temperature of the unquenched surface,

Tsat = the saturation temperature, and

To.max= the maximum temperature against which a quench front can progress.

Asimplemented, ¢ is evaluated as the volume of the component divided by its surface area.
For a thin sheet or cylindrical cell, this is essentially the thickness; for a solid cylinder, it is
half the radius; and for spherical debris, it is a third of the radius.

Tomax iS the temperature at which the heat conducted through the steep temperature
gradient to the quench front (at or near Tsat) is the maximum that can be removed by the
enhanced heat transfer processes at that front. The value is dependent on (at least) the
pressure, as currently represented by the relation

TQmax :Tsat + ATQ,max (2-68)

Here, AT, .. IS assumed to be a constant and is coded as a sensitivity coefficient in array

C1260. The initially chosen default value was 300 K, based on preliminary calculations of
REWET Il calculations, as reported in Reference 8. These experiments involved quenching
of nonprototypic heater rods from relatively low temperatures. We have found that the
higher value of 600 K gives better results in simulating the QUENCH experiments; this
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value was used in the calculation of ISP45. Consequently, the default value for MELCOR
1.8.6 and 2.1 has been changed to 600 K.

The heat transfer coefficient h* is also programmed as a sensitivity coefficient in array
C1260. Calculations of QUENCH experiments showed that results are relatively insensitive
to the value used, and the initially chosen default value of 1.5(10%) W/m?-K works as well
for QUENCH as it did for the REWET Il experiments. The default was therefore used in the
calculation of ISP45.

2.2.4 Axial Conduction between Components in Different Core Cells

Axial conduction is computed between like components in adjacent axial cells (e.g.,
cladding-to-cladding). An exception occurs in the case of molten pool components that
constitute a contiguous, convecting molten pool in which the mixing of the convecting pool
dominates (section 2.4.1). However, molten pool material found outside of the contiguous
molten pool does not mix with the convecting molten pools and is treated as are all other
components. Heat transfer is also calculated between any supporting structure modeling a
plate and all components supported by it. In addition, if a given component exists in only
one of the two adjacent cells (because of the specification of intact geometry or the failure
of the component in one of the cells), conduction will be evaluated between the component
and particulate debris in the adjacent cell if it exists and if physical contact between debris
and component is predicted. Such contact is assumed if the debris resides in the overlying
cell where it is presumed to rest on components in the underlying cell, or if the debris
completely fills the available volume in the underlying cell so that it reaches the overlying
cell. The heat transfer rate axially from one cell component to another is given by

ay =K (T -T)) (2-69)

where Kesf is an effective conductance between the two cells, defined in terms of the
individual component conductances by

K - 1
of %(i+ %@ (2-70)

ki'A‘i
= (2-71)
and where
ki = thermal conductivity of component in cell i,
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Ai = axial conduction area of component in cell i,
AX, = axial conduction distance in cell i, and
Ti = temperature of component in cell i.

For axial conduction, the axial conduction area is considered to be the average horizontal
cross section of the component, including the conglomerate,

A = Votcompi (2-72)

! Az,

and the conduction distance considered to be
(2-73)

where Az, is the height of the core cell. If a quench front exists in either cell, the conduction

distance is unchanged, but the component temperature is considered to be the temperature
of the quenched or unquenched portion of the component, as appropriate.

2.2.5 Radial Conduction

Conduction is calculated between elements of supporting structure (SS) modeling
contiguous segments of a plate in radially adjacent core cells. Conduction is also calculated
between particulate debris in radially adjacent core cells unless intact canisters block the
paths. Conduction is based on Equations (2-70)through (2-72); the conduction area and
conduction distance used in Equation (2-72) are

A| _Vtot,comp,i Ar
i ad -
Vtot,cell,i (2 74)
Vo
AX — tot,i
T 2A, (2-75)

where Viotceni IS the total volume of cell i and Arag is the area of the common radial
boundary between cell i and cell j. Equation (2-75) accounts for that fraction of the height
of the cell that is occupied by the component. It also introduces a factor of (1 — porosity)
into the calculation of the conductance for particulate debris.
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2.2.6 Radial Conduction in the HTGR

MELCOR calculates axial heat conduction between core cells for the LWR. For the fuel
rods, this is for cylindrical rods. Radial heat conduction between intact fuel rods is not
modeled for LWRS, since the vertical rods are not touching.

For the HTGR, radial conduction in the core is implemented. The PBR uses an effective
bed conductance for the pebble bed core, and the PMR uses an effective radial
conductivity for conduction through the fuel compacts, graphite blocks, and gaps between
graphite blocks. In MELCOR, this means the conduction between rings and between axial
levels, since fuel in a single core cell is all at one temperature.

2.2.6.1 Pebble Bed Effective Thermal Conductivity

Bed conductance formulations were extensively investigated. For MELCOR, itis desirable
from the generalization standpoint to use a general formulation that includes the important
parameters of the pebble bed.

There are three modes of heat transfer in a pebble bed: conduction through pebbles and
fluid, direct conduction through pebbles (assumes that the pebble-pebble contacts are not
points), and radiation through the fluid. Work has been done on all three modes using the
Zehner-Schlunder-Bauer unit cell approach.[11,12] As shown in[13], the main component
of the bed heat transfer at high temperature is due to radiation.

The model adopted for MELCOR is a general Zehner-Schlunder-Bauer formulation which
depends on COR cell coolant and fuel conductivities, fuel (graphite) emissivity, and
porosity. The formulation from Tsotsas and Martin[14] was used, simplified to remove the
terms for secondary effects not needed for HTGR pebble beds. The conduction and
radiation terms were included. The radiation term was modified as per Breitbach and
Barthels[15].

The Zehner-Schlunder-Bauer formulation without Knudsen regime or contact conduction
effects with the radiation term modified as per Breitbach and Barthels is

ket = (1—1=¢ p40T°D, +(l-I- £ k, +1- ek, (2.2-76)

where

ke = Effective bed conduction [W/m-K]

ke = Fluid (gas) conductivity [W/m-K]

£ = bed porosity

T = Solid temperature [K]

Dp = Particle diameter [m]

c = Stefan-Boltzmann constant [W/m?2-K4]
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= Fluid/solid conductivity ratio = ki/ks
= Shape factor

The shape factor B is determined from the geometry of the Zehner-Schlunder unit cell, and
can be approximated well by the fit[12]

B = C(l__gj
&

where

C
m

=1.25
=10/9

The conduction term kcis given by

(-2
N
and
N=1+ 1
(2 B jAS
gr
where
&r
Ap
Ar
As

B| 1+ ; -4
As[e_j Ao +4 ) B+1| 40T°D B-1
1 In( I J 2B | 2 Y TN
N? = L1
kf gr
(2.2-77)

= solid emissivity

= ks/ks is the ratio of solid to fluid conductivity

= kr/ks is the ratio of radiative to fluid conductivity
= Solid/radiative conductivity ratio,

COR-RM-49 SAND2017-0876 O



COR Package Reference Manual

k

S

" 40T°D,

The first term in keff is the radiation through the open part of the unit cell. This differs from
the Zehner-Schlunder expression in that the cell walls are assumed to be black, not gray.
This is the Breitbach-Bartels modification.

2.2.6.2 Radial Effective Conductivity of Graphite Blocks

The Tanaka and Chisaka expression for a continuous solid system is used for the effective
radial conductivity of the graphite blocks in the PMR, including the effects of the coolant
channels and fuel compacts. The Tanaka-Chisaka expression is

(In(1+2B(k,, /k, ~1))

kg =k A+(1-A 2-
a« =K A+(1-A) 280k /] (2.2-78)
where
Keff = effective conductivity [W/m-K]
A = 2(1-g)/(2+¢)
B = (1-e)/3
Ks = thermal conductivity of solid (continuous) material Wim-K]
Kpor = thermal conductivity of pores (discontinuous) material
[W/m-K]
€ = porosity

For the case of helium gas as the pore material, the pore conductivity should be modified
by adding an effective radiative conductivity in parallel with the helium gas conductivity. The
radiative conductivity can be written as

K., =4c,0T°D

where
Krad = radiative conductivity [W/m-K]
& = emissivity in pores (channels walls)
o = Stefan-Boltzmann constant [W/m?-K4]
D = effective diameter of pores [m]

The effect of the discontinuous material on the continuous material appears in the Tanaka-
Chisaka equation as an effective porosity, and only the volume ratios of discontinuous to
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continuous material are necessary to define an effective porosity. Hence, all that is
required are the volume ratios of features in the block.

If the fuel compacts are assumed to have the same thermal conductivity as the graphite,
then the ratio of the coolant channel volume to the volume of block + fuel channel defines
the effective porosity in the block. The coolant conductivity, the conductivity of graphite,
and the porosity define the effective block conductivity. The thermal resistance of the gaps
between blocks is then added to come up with an effective radial conductivity. The
effective radial block conductivity then can be expressed as

1
ker = 1 1
Lot (2.2-79)
hgap Dblk I(blk
where

Ker = Effective radial block conductivity (W/m-K)
Ngap = Gap heat transfer coefficient (W/m?2-K)
Dbik = Effective radial diameter of a block (m)
Koik = Effective radial block conductivity from the Tanaka-Chisaka model
(W/m-K)

2.2.7 Other Intracell Conduction

As debris accumulates in a core cell and the free volume in the cell vanishes, there will
undoubtedly be intimate contact between the debris and any remaining intact core
components. Therefore, conduction between the debris and core components in the same
cell is calculated from Equations (2-70) through (2-72), using

A=A = Vt°t¢ A
‘ ! Vtot PD +Vfree et (2-80)

Aximam — Vtot,intact (2-81)

2 Aintact
Ay = Vbes (2-82)
2 Abed
where
Aintact = initial component surface area for the intact component,
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Viree = additional volume available to PD,
Vbed = total volume of debris bed (including porosity), and
Abed = surface area of debris bed (boundary with other components, as

opposed to surface area of debris particles),
and a factor of Viot,po/Vied is included in the conductivity of the particulate debris.

An intact canister (specifically, component CB), will separate particulate debris in the
bypass from that in the channel. Under these circumstances, intracell conduction from PD
will be calculated only to fuel rods and both canister components (CN and CB). Conduction
from PB will be calculated to the outer surface of CB and to the other structures: SS or NS.

2.2.8 Fuel Cladding Gap Heat Transfer

Conduction radially across the fuel pellet and the fuel cladding gap is calculated assuming
a parabolic temperature profile across the fuel, negligible cladding thermal resistance, and
a constant user-specified gap thickness (input on record COR_GP). An effective total gap
conductance is calculated by combining in conventional fashion the various serial and
parallel resistances:

1 1
ho o nh 1
A e L (2-83)
o+
hy,  he
where
h, =4 Kk, /r, (2-84)
hg =kg / Ar, (2-85)
406 T3
hrad - 1 1
1.1 (2-86)
& &
and where
o = Stefan-Boltzmann constant,
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It = radius of fuel pellet,

Arg = thickness of fuel cladding gap,

ks = fuel thermal conductivity,

kg = gap gas thermal conductivity,

hce = conductance calculated by control function,

Ts = fuel bulk temperature,

Te = cladding bulk temperature,

Ta = average temperature = (Tr+ T¢) / 2,

& = fuel surface emissivity (default value, 0.8), and

£ = cladding inner surface emissivity (default value, 0.325).

Cc
The term representing the thermal resistance of the fuel pellet, 1/ht, is combined in series
with an effective resistance of the gap. This gap resistance includes radiation across the
gap in parallel with the conductive resistance of the gap gas. Onrecord COR_TP, the user
may specify an additional resistance, 1/hcr, calculated via a control function and added
serially to the conductive resistance of the gap gas. The fuel and cladding emissivities used
to calculate radiation across the gap are stored in sensitivity coefficient array C1101.

The heat transfer rate from the fuel to the cladding is then calculated from the total effective
gap conductance using the equation

qgap = hgap Af (Tfﬁ _Tcﬁ ) (2-87)

where As is the surface area of fuel pellet and the superscript n denotes projected new-
time temperature values. Because of the tight coupling between the fuel and the cladding,
an implicit treatment is necessary to prevent numerical oscillations for reasonable
timesteps. The projected temperatures are found as solutions of the equations

Cf (Tfﬁ _Tfo ): (AEcond + AEconv + AErad + Aonid )f - qgap At (2-88)

Cc (Tcﬁ _Tco) (AE d + AEconv + AErad + Aonid )c + qgap At (2'89)

con

where Csand C. are the total heat capacities of the fuel and cladding, respectively, and the
AE terms on the right-hand sides are other terms in their respective energy equations.
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These terms, which account for conduction, convection, radiation, and oxidation, are
calculated as described in the corresponding sections of this report. The projected
temperatures are used only in evaluating the gap heat transfer.

2.2.9 Treatment of Fuel-Clad Heat Transfer for HTGRs

For the PBR reactor type, the fuel component is the fueled part of the graphite pebble, and
the clad component is the thin unfueled graphite shell on the surface of the pebble. The
fuel-clad heat transfer coefficient is as described above in Egn (2-84), except that the fuel
term ht = 4ki/rr becomes hr = 5ki/ri to account for the spherical geometry.

In the PMR reactor type, the fuel component represents the fuel compact, and “clad”
represents part of the graphite block associated with a fuel compact and coolant channel.
The clad component is not “thin” and is considered to be a thick cylinder, so a radial
temperature profile is also assumed in the clad component. A steady-state profile for a
cylinder without volumetric power source is assumed. This can be expressed as[16]

In(r/R,)
T(r)=T, +(T, - T, )———2% -
(r)=T, +(T, O)In(RllRO) (2.2-90)
where

T(r) = Temperature in cylinder at radius r [K],

To = Temperature at inner radius Ro [K]

T1 = Temperature at outer radius Ri [K]

Ro = Inner radius [m]

R1 = Quter radius [m]

Heat transfer in MELCOR COR components is in terms of the average component
temperature. The average temperature for a cylinder can be derived as

_ 12R?In(R, /Ry)—(RZ —R?)
T =T+ (T, -T,) 2 /A = 5 i
o ) (2291

The factor in brackets in Egn ( 2.2-92) can be interpreted as the weighting factor between
the inner and outer surface temperatures of the cylinder, or alternatively as the fractional
location in the cylinder wall of the average temperature. If we define f as

o _L2R7In(R, /R,)~(R? ~R?)
2 (RZ-RZ)In(R,/R,)

then f can be used as a weighting factor for the conductive resistance in the cylinder wall.
It can be shown that this varies between 0.5 for a thin cylinder (wall thickness small
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compared to the average radius) to 1.0 as the outer radius becomes very large compared
to the inner radius. The value of f for a typical pitch and fuel radius for the PMR is about
2/3. In terms of f, the average temperature is

T=T,+(T,-T,)f .

We can use this equation to express either To or T1 in terms of the other surface
temperature and the average temperature, allowing the equation for T(r) to be written in
terms of the average temperature and one of the two surface temperatures. When the heat
flux at a surface is then equated to the heat flux from the fuel (inner surface) or the heat flux
to the coolant (outer surface), an expression for the heat flux in terms of the average “clad”
(block) temperature may be derived. The only difference between the expression including
the resistance of the cylindrical “clad” and that for thin clad is the inclusion in the effective
fuel-clad heat transfer conductance Eqgn (2-84) of a term

1 k.a
—, ZO =
z, fR,
where a=
In—1t

We thus see that 1/z0 is the effective “clad” thermal resistance for the inner surface of a
cylindrical shell. A similar term can be derived for convective heat transfer from the outer
surface of the clad to the coolant and is included in the effective heat transfer coefficient
from the clad to the coolant:

k.a
(l_ f )Rl .

Z

2.2.10 Consideration of Heat Capacity of Components

The heat transferred between components by conduction is evaluated from a numerically
implicit form of Equation (2-70):

o _ Oip Al o Oip Al
0o 922017 9220

' ’ (2-92)
C,C, ( 0 0

—K T° _T2)At
C,C, +(C, +C, K AL 1 2)
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Here, Ci is again the total heat capacity of component i.

2.2.11 Effective Heat Capacity of Cladding

The formulation of gap heat transfer in Section 2.2.8 implicitly considers the finite heat
capacities of the fuel and the cladding. Equations (2-89) and (2-90) are solved for Tc in the
form of

(AEcond +AE + AErad + Aonid )c

T, = <o + other terms
CCL 4 CFU hgap Af At (2_93)
Cry +hyyp A At
that may be interpreted as defining an effective heat capacity
Cey hyp A At
Cole =CoL +— 22
CLeff SN +hyy A AL (2-94)

for the cladding. This effective heat capacity implicitly accounts for energy transferred to the
fuel pellets through the relatively tight coupling of CL to FU. It is used in estimating the
temperature change of cladding in Equation (2-93) and in several other heat transfer
models.

2.2.12 Conduction to Boundary Heat Structures

Optionally, conduction from a designated component in the outermost radial ring to the
radial boundary heat structures specified on input records COR_ZP may be calculated. The
heat flux is given by

Tc B THS

Qovs == (2-95)

where Tc is the temperature of the core component , Tws is the temperature of the first
node of the heat structure (typically an insulator), and R is the total contact resistance,
defined as

R =R + Ry (2-96)

where
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R... =Ar /k (2_97)

gap gap gap

T At
Ry =.|——— )
dif (KPC, s (2-98)

In the above equations, Ay, is the thickness of a gap between the core component and

the heat structure, kgap is the thermal conductivity of the gap material (calculated from the
Material Properties package), At is the COR package timestep, and k, o, and ¢, are the

thermal conductivity, density, and specific heat, respectively, of the heat structure material.
The thermal diffusive resistance Rgif is used to mitigate temperature oscillations that may
arise from the numerically explicit coupling between the COR and HS packages. The user
may specify on input record COR_BCP which core component is used in this model, what
the gap material and thickness are, and what the value of the thermal diffusion constant

(m/k pcp)” ? is for the heat structure (since these properties are not currently accessed
from the MP package).

2.3 Convection

Convective heat transfer is treated for a wide range of fluid conditions. Emphasis has been
placed on calculating heat transfer to single-phase gases, since this mode is the most
important for degraded core accident sequences. A simple set of standard correlations has
been used for laminar and turbulent gas flow in both forced and free convection; these
correlations give the Nusselt (Nu) number as a function of Reynolds (Re) and Rayleigh (Ra)
numbers. Because the numerical method is only partially implicit, the dependence of heat
transfer coefficients on surface and fluid temperatures can induce numerical oscillations in
calculated temperatures. The calculated heat transfer coefficients for both vapor and liquid
heat transfer are therefore relaxed by averaging each with its previously calculated value to
mitigate the oscillations.

Since the COR cell nodalization is typically much finer than the CVH nodalization,
approximate temperature and mass fraction distributions in the control volumes interfacing
with the core and lower plenum must be calculated in the COR package to properly
determine the convective heat transfer rates for each COR cell. This temperature
distribution is calculated in the COR package in what is termed the dT/dz model, which is
described separately in Section 2.6.

In earlier versions of MELCOR, limitations in several models made it difficult—if not
impossible—to perform calculations using a fine CVH nodalization with one control volume
for each core cell or each small number of core cells. MELCOR 1.8.4 or later versions of
the code include improvements in the dT/dz model and incorporates a core flow blockage
model (in the FL package). These make such calculations more practical, although some
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penalty in terms of increased CPU time requirements should still be expected. It is
recommended that the new default dT/dz modeling be used (COR_TIN record is not
allowed in MELCOR 2.x) and that the flow blockage model be invoked and momentum flux
terms calculated in the core flow paths (see the FL Package Users’ Guide). In the
discussion that follows, all fluid temperatures refer to local temperatures, whether
calculated by the dT/dz model or taken directly from a fine-scale CVH nodalization.

Heat transfer rates are calculated for each component by the equation

q=h, A (T,-T;) (2-99)
where
hax = relaxed heat transfer coefficient,
As = component surface area for heat transfer, accounting for the effects of
conglomerate debris (see Section 3.1.5),
Ts = component surface temperature, and
Tt = local fluid temperature.

MELCOR 1.8.4 and earlier versions used estimated new-time component temperatures in
an effort to prevent numerical oscillations in the component heat transfer rates. This
approach has been replaced by a semi-implicit calculation of the gap term, described in
Section 2.2.8, which has been found to be more effective and reliable.

The unrelaxed heat transfer coefficient, hcorr, is calculated from various correlations for the
Nusselt number (which will be discussed in the following subsections):

Nu=h_, D, /k (2-100)
where
Dn = hydraulic diameter for each component surface, defined by the user on
input record COR_EDR and
k = fluid thermal conductivity .

Relaxed heat transfer coefficients for COR subcycle n are given by

hier = oias Nir + (1_ fora )hcorr,f (2-101)

SAND2017-0876 O COR-RM-58



COR Package Reference Manual

where foid f is the fraction of the old value to be used for fluid f (vapor or liquid), adjustable
through sensitivity coefficient array C1200, with default values of 0.5 and 0.9 for vapor and
liquid heat transfer, respectively.

2.3.1 Laminar Forced Convection
For laminar forced flow in intact geometry, the Nusselt number is given by a constant,

representing the fully developed Nusselt number for constant heat flux, multiplied by a
developing flow factor:

Nu=C(n) g, (2-102)

where the constant C(n) is currently defined for both rod bundle arrays (n = 1) and circular
tubes (n = 2) to be 4.36 and is implemented as sensitivity coefficient array C1212. The
developing flow factor is currently that used in MARCH 2 in connection with gaseous
diffusion-limited oxidation [17], with the Prandtl number used instead of the Schmidt
number:

_,, 000826
Joe = E2) +0.0011 (2-103)

In Equation (2-103), the constants have been implemented in sensitivity coefficient array
C1213, and F(2) is a nondimensional entrance length:

— (Z A )
F(z)= D, Re Pr (2-104)

where (z—zo) is the distance from the flow entrance, Dn is the hydraulic diameter, Re is the
Reynolds number, and Pr is the Prandtl number. In the present version of the code, (z—zo)
is set to 1000 m, effectively eliminating any developing flow effects.

2.3.2 Turbulent Forced Convection

For turbulent flow in channels, the Dittus-Boelter correlation [18] is used:

Nu=0.023 Re®® pr®* (2-105)

The coefficients and exponents in Equation (2-106) are implemented in sensitivity
coefficient array C1214.

COR-RM-59 SAND2017-0876 O



COR Package Reference Manual

Rather than defining a critical Reynolds number that controls whether laminar or turbulent
correlations are used, both correlations are evaluated, and the maximum of the turbulent
and laminar Nusselt numbers is used to calculate the forced convection heat transfer
coefficient.

2.3.3 Laminar and Turbulent Free Convection

For laminar free convection in narrow channels, the following correlation for an enclosed air
space between vertical walls is used [19]:

Nu=0.18 Ra}* (L/D,)™" (2-106)

where L is the channel length. For turbulent free convection a similar correlation is used,
differing only in the default values for the multiplicative constant and the exponent for the
Rayleigh number [10]:

N u=0.065 Rat* (L/D, )" (2-107)

The coefficients and exponents in Equations (2-107) and (2-108) have been implemented
as sensitivity coefficient arrays C1221 and C1222, respectively.

As for forced convection, the maximum of the laminar and turbulent Nusselt numbers is
used to evaluate the free convection heat transfer coefficient. The maximum of the forced
and free convection heat transfer coefficients is then used in Equation (2-100) to calculate
the heat transfer rate for a given component. This treatment alleviates some numerical
difficulties that may occur if ranges are defined for the various flow regimes, with
discontinuities in the Nusselt number at the transition points between regimes.

2.3.4 Convection from Particulate Debris
For particulate debris, correlations for isolated spherical particles are currently used in the
COR package for convection to gases. (Surface areas for particulate debris are normally so

high that practically any correlation will almost completely equilibrate the gas temperature
with the debris temperature.) For forced convection, the following correlation is used [20]:

Nu=2.0+0.6 Re}? pri® (2-108)

For free convection, the Reynolds number is replaced by the square root of the Grashof
number [11]:
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Nu=2.0+0.6 Gri* pri® (2-109)

The coefficients and exponents in Equations (2-109) and (2-110) have been implemented
as sensitivity coefficient arrays C1231 and C1232, respectively. In both equations, the
properties are evaluated at the film temperature (i.e., the average of the debris and dT/dz
model fluid temperatures). The maximum of the free and forced convection Nusselt
numbers is once again used to calculate the heat transfer coefficient.

2.3.5 Convection from Pebble Bed

The convection correlations for the particulate debris are also used for the PBR core.
Presently, the porosity and hydraulic diameter for these correlations are also the same as
for the debris.

2.3.6 Boiling

By default, for liquid-covered components, the COR package uses the correlations from the
HS package to treat boiling (see the HS Reference Manual ). However, if the default value
of sensitivity coefficient C1241(5) is changed, the simplified boiling curves from the MARCH
2.1 code [3] can be used to calculate the heat transfer coefficient:

h=34.5 p* ATY# (AT < 23.4K) (2-110)
h=1.41(10") P"* AT?*® (AT > 23.4K) (2-111)
where
P = pressure and

AT = surface superheat, (Ts - Tsat),

and the constants have been implemented as sensitivity coefficient arrays C1241 and
C1242.

For the film-boiling regime (AT > 23.4 K), a radiation component is added to the convective
heat transfer coefficient:

4 _ 4
h ) =0 ¢ Ts TI 2_112
fa Ts - TI ( )

where ¢ is a hardwired constant emissivity of 0.4.
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2.3.7 Heat Transfer from Horizontal Surfaces of Plates

For most core components—fuel rods, BWR canisters, control elements, and BWR Control
Rod Guide Tubes—convective heat transfer takes place from a lateral (vertical) surface. If
there is a water pool in the associated core cell, the component surface will be
progressively and smoothly covered or uncovered as the pool surface rises or falls.

Plates, however, have horizontal bottom and top surfaces that can be covered or
uncovered with a relatively small change in the pool level. Moreover, different CVH control
volumes are ordinarily used to model the regions above and below the core plate, which
can be associated with (at most) one of these volumes. Thus, (at least) its other horizontal
surface will see fluid in a different control volume than that from which other boundary
conditions for the core cell are derived.

When the SS component is used to represent a plate, an optional model exists to calculate
heat transfer from its horizontal surfaces to water pools above and/or below. The model
may be controlled independently for the two surfaces and is off by default. If the model is
on, the heat transfer coefficient for the top surface is ordinarily evaluated from the built-in
pool boiling correlation (Section 2.3.6) and that for the bottom surface from the built-in
correlation for downward-facing boiling (Section 6.1). Either or both may be overridden by
constant values or by values calculated as control functions. In any case, the temperature
difference is based on the average temperature of the plate in the core cell and that of the
pool.

For either plate surface, the total area is considered to be the total cross-sectional area of
the core cell. However, the surface of a water pool is not an idealized plane. One would
therefore expect some contact with the bottom of the plate while the average pool surface
is some finite distance below it and less-than-complete coverage of the top until the
average surface is some finite distance above it. In order to account for this, the fraction of
the lower horizontal surface involved in heat transfer to a pool is linearly ramped on as the
surface of the pool in the core cell below rises to the bottom surface of the plate. Similarly,
the fraction covered above is ramped off as the surface of the pool in the core cell above
falls to the top surface of the plate. User input is required for both the clearance below the
plate that is needed for no contact and the pool depth over the plate that is needed for
complete coverage.

This model is activated by specifying necessary inputs on COR_PC record, as described in
the COR Package Users’ Guide.
2.3.8 Debris Quenching and Dryout

Heat transfer from debris to liquid water pools may occur in two distinct modes. In the
falling-debris quench mode, failure of the core support plate triggers the relocation of a
large mass of hot debris from the core region to the lower plenum. In this mode, it is
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assumed that transient heat transfer rates may be sufficient to rapidly quench the hot
debris and/or generate large steam pressure excursions. Following the quench mode, itis
assumed that continued decay heat generation in the stationary debris bed in the lower
plenum will either boil off any remaining water in the lower plenum or quickly lead to debris-
bed dryout with an overlying water pool. The heat transfer from the debris bed to the
overlying pool of water following debris-bed dryout is relatively modest and is calculated
with an appropriate dryout heat flux correlation, whose description follows.

The falling-debris quench model is active by default. If deactivated through user input, the
debris is assumed to relocate instantaneously from the core region to an unquenched
debris bed in the lower plenum. The model may be deactivated if a value of 0.0 for the
guench heat transfer coefficient is specified on input record COR_LP. No other parameters
on this record are then necessary. The heat transfer calculated by the model may or may
not be sufficient to fully quench the debris before it reaches the bottom of the lower plenum,
depending on the values chosen for the model parameters that are described in this
section.

Beginning from the time of core support plate failure in each radial ring, the elevation of the
leading edge of the falling debris is determined, assuming a constant user-specified
descent velocity (with a default of 5 m/s). The axial elevation of the leading edge of the
falling debris is given by

Zy = chp -Vy (t - tfail) (2-113)

where zcsp is the initial elevation of the core support plate, vq is the velocity of the falling
debris, t is the current time, and tti is the failure time of the support plate in the particular
ring. Debris from core cells above elevation zq will be relocated downwards, subject to the
availability of free volume and the absence of additional supporting structures.

When the leading edge of the falling debris enters the pool of water in the lower plenum,
guench heat transfer begins. The heat transfer surface area is the value calculated based
on the assumption that the debris particles have an equivalent spherical diameter equal to
the user-specified hydraulic diameter for particulate debris (which is input on record
COR_EDR). The user-specified quench heat transfer coefficient (which is input on record
COR_LP) is assumed to remain constant until the leading edge of the falling debris reaches
the bottom of the lower plenum (i.e., the elevation of the lower head). After that time, a
decay factor initially equal to unity is applied to the user-specified heat transfer coefficient.

The decay factor is intended to simulate the reduction in heat transfer that occurs during
the transition from the quench period to the debris-bed configuration. During this period of
transition, additional hot debris from the core region may relocate to the lower plenum as a
result of radial spreading between the rings in the core region. Therefore, the decay factor
has a time constant equal to the time constant for radial spreading of solid debris (see
Section 3.2.4). The decay factor also includes a term to arrest the decay as long as
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significant amounts of debris continue to migrate into the failed ring from other core
regions. Soon after the bulk of the debris has relocated the decay factor will quickly
decrease. When the value of the decay factor falls below 0.01, it is assumed that the
transition to a stable debris bed geometry is complete, and all subsequent debris-to-pool
heat transfer in that radial ring will be limited by the dryout heat flux correlation discussed
below. The time-dependent heat transfer decay factor, f(t), is given by

f(t+ Aty=min [1,f(t) exp (- At / 7y, )+Vo V] (2-114)

where 7, is the time constant for radial spreading of solid debris described in Section

3.2.4, Vcor is the volume of debris that relocates into the ring from radial spreading in the
core region during the core timestep At, and V.p is the volume of debris in the ring
beneath the level of the core support plate.

During the short period between the failure of the core support plate and the time at which
the leading edge of the falling debris reaches the lower head, the models for candling,
dissolution, and radial spreading of debris in the affected ring are deactivated. This action is
taken because those models implicitly assume a stationary debris configuration. In addition
to the quench heat transfer coefficient, the user may specify a reactor vessel failure
pressure (with a default value of 2.0e7 Pa). When the differential pressure between the
lower plenum CVH volume and the reactor cavity CVH volume reaches the failure pressure,
it is assumed that the lower head in all the core rings contained in the lower plenum CVH
volume fails totally. When this happens, all of the debris in the core cells above the failed
lower head is ejected immediately, and further quench heat transfer in those rings is
suppressed. Currently, users are advised to specify a failure pressure below the critical
pressure of water (22.0 MPa) because the CVH package may encounter problems above
that pressure.

Because of the relatively low default value for the failure pressure (compared to actual
failure pressures that may be much higher) the quench model may have a rather limited
range of usefulness for some PWR calculations. If the PWR relief valves cycle around 16—
17 MPa, then there is very little margin (3—-5 MPa) for steam generation between the relief
pressure and the critical pressure; hence, even modest fuel-coolant interactions following
support plate failure tend to cause “vessel failure.”

For stationary particulate debris beds in liquid water pools, the heat transfer rate will be
limited by hydrodynamic phenomena that limit the amount of liquid that can reach the
debris particles. The conceptual view taken in the COR package is that liquid water will
move downward from above to cool the debris and that vapor will be produced and move
upward to restrict the flow of liquid. At some total bed-heat flux, this vapor prevents further
liquid from reaching the debris. This is the point of incipient dryout.

The COR package uses the Lipinski zero-dimensional correlation [21] to calculate the
dryout heat flux, g4, which is then applied as a limiting maximum heat transfer rate from a
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particulate debris bed (using the cell cross-sectional area rather than the total particulate
surface area), which may occupy one or more axial levels:

1/2

p, (p-p) gde® (1+ 3./L)
(1-¢) [1 + (p, ! p.)1/4]4

In this equation, hy, p,, and p, are the latent heat liquid, and vapor densities of water,

respectively; g is the gravitational acceleration; d is the debris particle diameter; ¢ is the
bed porosity; L is the total bed depth; and ;. is the liquid capillary head in the debris bed,

gy =0.756 h, (2-115)

_6 o cos¥ (1-¢)
¢d(p-p,)9

C

(2-116)

where o is the water surface tension and 6 is wetting angle. The leading constant, the
nominal capillary head for 0.5 mm particles in approximately 0.089 m of water, and the
minimum bed porosity allowed in the correlation are accessible to the user as sensitivity
coefficient array C1244. A default minimum porosity of 0.15 was selected to ensure that
some heat transfer occurs from molten debris pools. The actual capillary head is adjusted
for particle diameter size within the model.

If one or more axial levels give heat transfer rates totaling the dryout maximum, no heat
transfer is calculated for particulate debris or other intact structures below this axial level.
Furthermore, in cells in which debris is undergoing quenching at the rate given by the
dryout heat flux, no convective heat transfer to the pool is calculated for other components
in that cell.

2.4 Molten Pool Heat Transfer

2.4.1 Contiguous Physical Molten Pools

As previously mentioned, contiguous volumes containing molten pool components
constitute coherent molten pools that are assumed to be uniformly mixed by convection so
as to have uniform material composition, radionuclide composition, and temperature. Two
distinct molten pools (oxide and metallic) are allowed in the lower plenum, and potentially
four molten pools can be modeled in the upper core (oxide and metallic in the channel and
oxide and metallic in the bypass volume). A search is made in the core and the lower
plenum to find the largest contiguous molten pools (by volume), which are then modeled as
convecting molten pools. This requirement for contiguity ensures that isolated cells
containing molten materials are not mixed with the convecting pools. These convecting
molten pools will transfer heat to the lower head (or the lower plenum pools); the fluids
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(water or steam); the substrate material; and the structural components, such as the shroud
(PWR). In addition, the transfer of heat and radionuclides will occur between stratified
molten pools. New models have been added to predict the heat transfer coefficients to the
substrate supporting the molten pool, the heat transfer between pools, and the heat
transfer to surroundings. Note that isolated volumes of molten pool material are not part of
these contiguous molten pools and are not included in the convective mix. They will have
distinct temperatures and composition, and will transfer heat, as discussed in previous
sections.

2.4.2 Convection Heat Transfer

In MELCOR 1.8.6 and 2.1, the portion of the vessel that is below the elevation of the BWR
baffle plate or the PWR bottom plate (HLST) is treated by the lower head model. In
addition, this elevation is used to distinguish convecting molten pools in the lower plenum
from those in the upper core (see Figure 2.3). The convective molten pools contain molten
pool material in contiguous COR cells and are therefore free to mix. MELCOR 1.8.6 mixes
these molten pools so that they are uniform in temperature and material and radionuclide
composition. These molten pools may then transfer heat to their surroundings by
convective heat transfer to the supporting substrate; by radiation from the upper surface; by
convection to pool or atmosphere at the upper surface, and, in the case of stratified molten
pools, by heat transfer between pools. Heat balances for two stratified molten pools are
summarized as in equation (2-118) and equation (2-120).

PD|pp

Molten pools in

Molten pool in
lower plenum

upper core

Figure 2.3 Convecting molten pools
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- Z hMPHs As (Tl\::Pl _Ts )_ hMPlaMPZA:LZ (Tl\gPl _TI\EPZ)

_<hMP1—quid A (TMPl ~ Thuia )_ Oei Ayp (TM4P1 _Tai]bient

MCP,MPl At = QMPldecay
seseg
where
o(MP2) = 0 when molten pool
1 otherwise
dTI\;}PZ
MCP,MPZ At =QMP2,decay

Heat transfer

- ZhMPs»sAsﬁl\?Pz _Ts)+ hMPlﬁMPZAIZ(TI\r/?Pl _Tl\r/I1P2)

seseg

(2-117)

>-51

MP2 exists
(2-118)

(2-119)

n 4 4
- hMP2—quid Af ﬁMPZ - Tﬂuid )_ O&eif Aup (TMPZ - Tambient)

coefficients are based on empirical

correlations obtained from

experimentation. These correlations are typically reported in terms of an average Nusselt
number calculated from the internal Rayleigh number, as in

where

A

v

B

Nu=C-Ra'
5
Rai = gﬂQI: Pr
Av

= thermal conductivity, kW/m-K,

= kinematic viscosity, m?/s,

= thermal expansion coefficient, 1/K,
= density, kg/m?3,

= gravity, m/s?,

= volumetric heat generation, kW/ms3,
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H = height of pool, m, and
Pr = Prandtl number.

The average Nusselt number can also be calculated from the external Rayleigh number, as
in

Nu =C-Ra" (2-122)
ATH?®
Ra = gﬂv—zPr (2-123)

Correlations based on the internal Rayleigh number (and the volumetric heat generation
rate) assume a steady state condition for the convecting pool. In particular, the heat
removed at the boundaries of a molten pool is exactly balanced by the heat generated by
decay. The Rayleigh correlation is given in (2-125)

MELCOR, however, must be able to calculate transient convective conditions as molten
pools are formed or grow from relocation events. For example, if molten metallic material
containing little or no radionuclide mass relocated into the lower plenum, the internal heat
generation could be small even though convective heat loss to the boundaries could be
quite large. In other words, the initial situation would be far from steady state. Convective
currents in the molten pool are driven by density gradients that result both from internal
heat generation and from temperature differences across the boundary layers. For transient
conditions, the steady state correlations have been adapted to obtain a correlation for the
internal Rayleigh number given by Equation (2-125) based on the average of the decay
heat and the boundary heat losses.

5 .
Raint,MPl = (gf‘ljzprj Q1

1

seseg
Av?

_ (g/&‘l—l 5 5 J E QMP:Ldecay + thPl—>s A, rTMPl _Ts‘ + Nyp1upaArs ‘TMPl _TMPZ‘ (2-124)
1

2
+ <hMP1—quid A ‘TMPl — Thuia ‘ +oeh, (Tlxjpl ~Ta

ambient

>.5(MP2)

This equation approaches the steady state Equation (2-122) as the decay heat approaches
the boundary heat loss at steady conditions. The following two analogous equations have
been developed for the upper molten pool:
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Steady State Upper Pool:

gpH® -
Raint,MPZZ( W2 Prj - Qmp2,decay
2

(2-125)
g,BHS Z hMPs—>sAs(TMP2 _Ts) + hMP1—>MP2AL2(TMP2 _TMPl)
= p > Pr | -|seseg
v
2 |+ hypofuia A (TMPZ ~ Thuig )+ oeA,(Typz — Thipz)
Transient Upper Pool:
5 .
Ray, vp2 = [gsz Pr]'Qz
_ (2-126)
ﬂHS 1 Qwmp2,decay + Z hMPsasAs‘TMPZ _Ts‘ + hMPHMPZAlszMPl _TMPZ‘
= [g 3 Pr].2 seseg
A
v + Nyp 2 i A ‘TMPZ _Tﬂuid‘ + GgAup(TIVI4P2 —Ta?nbiem)

Note that for the case in which only one molten pool exists, the heat balance for the single
pool would include radiation and convective heat losses to pool/atmosphere but would not
have an interfacial heat transfer term between molten pools. Calculation of the average
bulk heat transfer for a molten pool is further complicated by the possibility of stratified
pools with heat transfer at the interface between the two pools. Heat transfer between
pools might assist the natural convection currents and thereby enhance heat transfer. This
heat transfer term couples the heat balances for the two contacting molten pools, resulting
in an iterative scheme for numeric solution. This scheme, outlined in Figure 2.4, consists of
two inner iterations for the individual pools within an outer iteration for overall convergence
on Rayleigh numbers for both pools.
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Quter [teration

Figure 2.4 Outline of iterative solution for convective heat transfer coefficients

Even though this convergence iteration is based on the average Rayleigh number, which is
used to derive average Nusselt numbers, local heat transfer coefficients are used in the
pool energy balance. The total heat transfer to the underlying substrate (or lower head),
normalized by the average Nusselt number, is calculated before entering the iterative loop.

The average Nusselt number, determined from the Rayleigh number correlation, is then
used to remove the normalization and to calculate the total heat loss at the boundary. An
empirical correlation must be used to evaluate the normalized local heat transfer profile. An
example of such an empirical correlation for relating the local heat transfer to maximum
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heat transfer coefficient as a function of latitude along the lower head is reported by Bonnet
[22] and reproduced in the following equations:

4/3
1] . 1-cos(0) H
o = Sm(‘g)m[k:] for  <arccos(1-k &) (2-127)
% _sin(@)"® for arccos(1- k H)<@ <arccos(1- & (2-128)

max

A family of four curve sets has been generated as a function of the molten pool height,
which is correlated by the parameter k (each curve set corresponds to a distinct value of k).
The parameter k expresses the height of the stable molten pool. The parameter k is
evaluated for each pool, and the distribution is obtained from the interpolation of curve sets.

These correlations are expressed in terms of the peak heat transfer coefficient, making it
necessary to recast the equations in terms of the average heat transfer coefficient. To
accomplish this, the functions were piecewise curve fit with 2" order (upper layer) and 3™
order (lower layer) polynomials that could be readily integrated to obtain an average heat
flux. These polynomials were then reformulated in terms of the ratio of the local Nusselt
number to the average value, as given by Equations (2-130) and (2-131)

Where K = 1-unstable-layer height/total pool height (from tables),

P _c(i)-0+b(i)- 6> +a(i)-6° for 0 <arccos(l—k(i)L) (2-129)

max

LA f(i)-0+e(i) 0> +d(i)-0° for arccos(1- k(i) &) <o <arccos(1- L) (2-130)

max

The correlations, together with the fitted curves employed by MELCOR, are plotted in
Figure 2.5. These distributions have been generalized to allow user modification of the
polynomial curves through sensitivity coefficient 1290. The user can specify up to four
curve sets (each set containing polynomials below and above the inflection point) for four
distinct values of k. The user specifies the value of k for each family of curves together with
coefficients a(i), b(i), c(i), d(i), e(i), and f(i) for the associated polynomial fits.
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Figure 2.5 Ratio of Local heat transfer to peak heat transfer coefficient (with
polynomial curve fits utilized in MELCOR)

Radiative heat losses as well as convective heat losses to fluid (steam or water) are
calculated for the upper surface of the molten pool only. In the case of stratified pools,
these radiative losses are calculated only for the upper pool, and heat losses from the
upper surface of the lower pool are assumed to be only due to the interface heat transfer.
Since the pools are uniformly mixed, the total calculated radiative heat loss is uniformly
removed from throughout the pool volume. In addition, the heat transferred between two
contacting molten pools is similarly removed uniformly throughout the pool volume.

At the interface, the heat transfer from a molten pool is calculated using a heat transfer
coefficient based on the internal Rayleigh number correlation and the temperature
difference between the bulk pool and the interface. Note that the formation of an interface
crust with conductance temperature drop has not been modeled. The interface temperature
is defined implicitly by the assumption that the convective heat loss from one pool is exactly
equivalent to the convective heat gain by the other pool. An effective heat transfer
correlation relating the bulk temperatures of the two pools can be obtained by eliminating
the interface temperature, as in this equation:

_ htc, -htc,

htc, ,, =
2 htc, + htc,. (2-131)
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The corresponding interface temperature satisfies Equation (2-133) and, in most cases, the
value need not be used:

htc, '(TMPl —Tupo ) = htc, '(TMPl _Timerface) (2-132)

However, if the calculated interface temperature is less than the melting temperature of the
residual liquid in the oxide molten pool, the assumption of pure convective heat transfer
between the pools cannot be correct, as we would predict the existence of a solid crust at
the interface. In this case, the heat transfer coefficient is reduced by using the melting
temperature for the interface temperature in the right-hand side of equation (2-133). This
correction accounts for the formation of the interfacial crust, even though the details of that
crust are not modeled. In effect, the net heat transfer is limited by convection from the
interior of the oxidic pool to the surface of the interfacial crust.

In the case of small molten pools, an implicit calculation of the heat transfer is warranted. In
calculating heat transfer between stratified molten pools, the total pool heat capacity, Hwpi,
is used to arrive at a reduced interfacial heat transfer coefficient, as calculated in the
following equation:

Cl.C2
HA frecive = NICy ., - Ar€ypiyp, - [(C1+ 1)' (CZ N 1)_ 1] (2-133)
where
H
Cl= MP1
dt - Areaypye, - htc,,, (2-134)
H
C2= MP2
dt - Areaypqe, - htc, , (2-135)

When both heat transfer coefficients are large, the reduced heat transfer coefficient
approaches the effective heat transfer coefficient, htc, ., , derived above. If the heat

capacity of one molten pool becomes negligibly small, the heat transfer rate is limited by
the heat capacity of that pool.

The calculation of the internal Rayleigh number requires certain material properties
(kinematic viscosity and thermal expansion coefficient) for the molten pools that were not
previously present in the MP database. However, these properties were already evaluated
by the CAV package for ex-vessel molten material in the cavity but were never added to the
MP package. Those correlations used by the CAV package were added to the MP package
and are now accessible to the COR package in evaluating the internal Rayleigh number.
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A Nusselt number correlation, Nu = A(j)-Ra"?" Pr™¥ | is assumed for each molten pool
surface: oxide pool to radial boundary (j = 1), oxide pool to interface (j = 2), oxide pool to
atmosphere (j = 3), metallic pool to lower surface (j = 4), metallic pool to radial surface (j =
5), and metallic pool to upper surface (j = 6). The coefficient A(j) and the exponent n(j) are
accessible to the user as sensitivity coefficient C1280(j,1) and C1280(j,2), respectively. The
default coefficients for the heat transfer correlations assumed at each boundary are
summarized in Table 2.2.

Table 2.2. Assumed convective boundary condition at molten pool surfaces

j  Description Rayleigh Number  A({) N() M() Reference

1 Oxide pool to Internal .3 22 0 ACOPO [23]
radial boundary

2 Oxide pool to Internal 381 234 O Bonnet [22]
interface

3 Oxide pool to Internal 381 234 O Bonnet [22]
atmosphere

4 Metallic pool to External .069 .333 0.074 Globe & Dropkin
lower surface [24]

5 Metallic pool to External .3 22 0 ACOPO [23]

radial surface

6 Metallic pool to External .3 22 0 ACOPO [23]
upper surface

Because of inertia, some period of time is necessary to establish steady convective
currents. The model includes a time constant that can be used to capture this effect, and
the internal Rayleigh number calculated for each pool is modified according to

—dtc
Id Iculated Id i
Ra"™ =Ra’™ +(Ra/**"* —Ra) (1- efmeconsiant) (2-136)

The user can specify a distinct time constant for each pool in sensitivity coefficient C1281.
The default time constant is zero, for which the new Rayleigh number is equal to the
calculated value.
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2.4.3 Heat Transfer to Underlying Substrate from Molten Pool (Integral Solution to
Stefan Problem)

A molten pool that forms in either the lower plenum or in the core region is supported by a
solid substrate material. This substrate may be the lower head or particulate debris,
possibly with a dense, impermeable crust at the interface. In any event, an interface
between solid and liquid phases exists which may develop and move as material is
transported between phases. Thermal properties may vary greatly between the two phases
and temperature gradients can be highly nonlinear over the dimension of a COR cell. For
this class of problem, the position of the interface is generally not fixed but must be
calculated as part of the solution. These ‘moving boundary problems’ are also referred to as
Stefan problems as a result of his work in studying the melting of the polar ice cap in 1890
[25].

An integral model has been developed for calculating transient heat conduction from the
molten pool to the underlying substrate. The integral method was selected because it was
more conducive to adaptation into the existing MELCOR structure than would be finite
difference solutions which would require many nodes to capture temperature gradients and
resolve the position of the interface. The integral model reproduces the overall system heat
balance by integrating the heat conduction equations over the spatial domain while
assuming the shape of the temperature profile in the substrate and applying appropriate
boundary conditions. The temperature profile has been generalized from conventional
guadratic form. The integral model is capable of handling melting, freezing, and transient
heat-up of the substrate. The location of the interface is tracked as it progresses through a
cell and into adjacent cells. This Stefan model is a superposition on existing MELCOR heat
transfer mechanisms.

The variables carried by the code are the molten pool temperature, Tp, a substrate
temperature ahead of the thermal penetration front, To, a solid surface temperature, Ts, a
conductive heat flux into the solid crust/substrate, gs, and a surface position, xs. The
boundary condition is convection from the molten pool to the solid surface

g, =h(T, -T,) (2-137)

The task, given old values for Ts, gs, and Xs, is to find new values. There are two important
cases to consider: heat transfer with stationary interface or heat transfer with a moving
interface such as from ablation or freezing. The equations are first solved assuming
stationary interface. If the resulting surface temperature is less than the melting
temperature of the solid and greater than the freezing temperature of the liquid, the results
are accepted. Otherwise, equations for a moving interface are solved and melting or
freezing is determined (Figure 2.6).
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Solve equations for transient heat-up and
calculate new interface surface temperature, T,
and new molten pool temperature, T,

Ts > Trelt Ts < Ttreeze Otherwise
Solve equations for ablation and Solve equations for freezing Stationary surface:
calculate new surface position and calculate new surface update
and temperature position and temperatures temperatures

Figure 2.6 Logic for determining moving, or stationary boundary

2.4.3.1 Stationary Surface (Heat-up of Substrate)

For a fixed stationary surface, the one-dimensional finite difference equation for constant
heat transfer coefficient is cast in the form of

a; =, = h(T, -1,") (2-138)

The conductive heat flux, gs is the heat flux at the interface that is conducted into the solid.
For the case of the stationary surface the conductive heat flux is equal to the incident
convective heat flux from the molten pool. In general, the conductive heat flux need not
equal the incident heat flux, the difference accounting for the heat removed or added at the
boundary resulting from melting or freezing. The superscripts o and n refer to old and new
(end of timestep) values, respectively. The thermal properties of the substrate are
summarized in the values of k and «, ['which are the thermal conductivity and the thermal
diffusivity, respectively. The parameter y is a parameter that results from the assumed

temperature profile in the substrate and is defined by
_ar FT(x)dx T?
x=x, (2-139)

7_ax

For an exponential profile, y =1, while for a quadratic one, y = 2/3 = 0.6667.

A dimensionless group, Z, is introduced into the equation to simplify the solution. When this
group is substituted (2-141) along with the boundary condition, a quadratic equation for Z"
is obtained (2-142). In the special case in which q? =0, and Z° is formally indeterminate,
the desired result is the one forB = 0;i.e., Z" = \(/15 The calculated Z (2-142) can then be
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used to generate the more physically meaningful variables, such as the conductive heat
flux, gs and the new solid surface temperature, Ts (2-143).

If the new surface temperature that results is less than the melting temperature of the solid
and greater than the freezing temperature of the liquid, the results will be accepted. If not,
the solution for the moving interface will be used.

_ h(Ts _TO)
Z= T a (2-140)
2 T -Ty oo |TO-Ty_, (h) KAt
@f-=—rzz ‘[#Z +[Ej —}0 (2-141)
P 0 p 0 /4

Z"=B+.B(2+B)+D (2-142)

where
B=7° Z(T—‘_Tr) (2-143)
D (EJZ "7“ (2-144)
M) o, -

2.4.3.2 Moving Surface (Ablation or Freezing)

For a moving surface, the one-dimensional finite difference equation for constant heat
transfer coefficient is cast in the form of

7 {(kTM )y (KT, )Z}

1+v , 1
{ y qs—;qm}& (2-146)

K

de e

The solution for melting and freezing are identical and are obtained from the same set of
equations. For this case, the conductive heat flux is no longer equal to the incident
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convective heat flux from the molten pool and the difference determines the movement of
the interface

Qi — e
XQ = Xg +TMsdt (2-147)

If the conductive heat flux, q;, is less than the incident heat flux, gin, the excess heat
incident on the interface goes into the latent heat of ablation and the surfaces advances
into the solid, i.e., x{ will be greater than x; . If the conductive heat flux is greater than the

incident heat flux, gin, the latent heat released by freezing molten material onto the surface
is conducted into the solid and correctly predicts that the surface is regressing such that x;

will be less than x; .

As was done for the stationary interface case, a dimensionless group, Y, is introduced into
the equation to simplify the solution. It is substituted into

k(Ts — TO )
s

Y

(2-148)

along with the boundary condition, and the quadratic equation for Y" is obtained :

Y”Z— YO_KAth(TP—TM) Y"—1+VK—At:O ]
( ) { w k(TM_TO) ( )VY (2-149)

The calculated Y is solved for as
Y'=B++4B?+C (2-150)
where

h(T, - T,,) kAt

2B=Y° -
k(TM - To) vy (2-151)
K At
C=1(1 —_—
L+v) vy (2-152)

and can then be used to generate the more physically meaningful variables such as the
conductive heat flux, gs and the new solid surface temperature, Ts. as in
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k(TM — To)
Yn

2.4.3.3 Assessment of Integral Method

The integral method was tested by running a set of test cases and comparing calculated
results with analytical solutions (where available) or results obtained from a finely noded
finite difference calculation. Though the results of many of these calculations are not
produced in this report, several cases are shown in Figure 2.7 to Figure 2.11. These plots
compare the integral solution to the finite difference solution for a wide range of conditions
for heat transfer coefficient, temperature gradient, and internal heat generation. Thermal
properties for the molten pool and substrate were representative of conditions expected for
a reactor. The capability of the integral method for calculating results identical with
analytical solutions and finely noded finite difference equations is well established.
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Figure 2.7 Ablation with high heat transfer coefficient
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Figure 2.9 Ablation with steep negative temperature gradient
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Figure 2.11 Ablation with internal heat generation
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The Stefan model solution is implemented into MELCOR as depicted in Figure 2.12. A loop
is performed over all physical pools and all substrate nodes in contact with each molten
pool. For each node, thermal properties and variables tracked as part of the solution are
recalled from the previous timestep. Phase transition properties are then evaluated for the
molten pool and the substrate. The transient is then advanced through the solution of the
integral finite difference equations, and ablation, freezing, or heating at the interface is
determined. If the interface moves across a cell boundary, the meshing is modified. Forthe
case of ablation, the boundary mesh is removed and for the case of freezing a boundary
mesh is added while all remaining mesh are shifted. Finally, the sensible heat that is
transferred to the substrate is partitioned among the mesh and the end of timestep
properties are stored in the database.

/" Loop over NMP Physical Pools
‘ Loop over all Boundary Cells

Call CORRET(‘GET’) Gets data for each cell from
CORSUB & last iteration

Call FreezeProp Determine phase transition properties of
both pool and substrate

Call CORCRS Transient advancement (solves integral
equations ,determines ablation or freezing)

If interface moves across cell boundary:

J
CORSTF = Call MoveMesh Remove Mesh 1 for ablation or add new
\ mesh 1 for freezing (shift remaining mesh)

Call CORCLP Partitions sensible heat to substrate
mesh

Call CORRET(‘'SAVE) Saves data for each cell for next
iteration

End Loop
End Loop

Distributes heat conducted to/from pool uniformly over

“~ entire pool

Figure 2.12 Subroutine CORSTF program flow diagram

The molten pool heat transfer is calculated immediately following the calculation of heat
transfer and oxidation from other COR components and just before calculating heat transfer
to the lower head. The sequence of calculation is important, and a discussion of the logical
flow for this model is instructive. First, the molten pools are characterized and thermal
properties are evaluated for all pools that exist in the upper core or in the lower plenum.
The existence of molten pool components is detected for each cell, and contiguous
convecting molten pools are evaluated. Properties such as pool mass, composition,
viscosity, thermal expansion coefficient, thermal conductivity, elevation of pool surfaces,
and characteristic lengths are evaluated for each pool. Then, the solid substrate in contact
with the molten pool is identified and evaluated. Substrate nodes, node thermal properties,
node surface areas, volumes, and thicknesses are evaluated and saved for later use by the
Stefan model solver.
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Next, using molten pool properties previously evaluated, the transient convective heat
transfer coefficients for each pool are evaluated. This is where the nested pool iterations
previously discussed are performed. In addition, other heat losses that take place at pool
surfaces, such as radiation and convection to the atmosphere or heat transfer between
molten pools, are uniformly distributed throughout the pool volumes.

After the molten pools and solid substrate have been characterized and heat transfer
coefficients for the molten pools are evaluated, the integral Stefan problem is solved for
every interface between molten pool and its surroundings. Node dimensions diminish if
material are ablated from the substrate or increase if material freezes. However, material
transfer between molten pool components and particulate debris is postponed until
temperatures are updated. Heat to be transferred between the convecting molten pool and
particulate debris components is calculated. The heat transferred to the lower head
segments is also recorded and is included in the heat transfer calculation for the lower head
(section 6.1).

After updated temperatures are incorporated accounting for heat transfer from the molten
pool to the substrate and surroundings, mass transfer of material between molten pool and
substrate is accomplished, with the mass and energy conserved. Mass and energy added
or removed from a molten pool is added or removed uniformly from the entire pool. Mass
and energy added or removed from the substrate is added or removed locally.

2.5 Oxidation

Oxidation of Zircaloy by both steam (H20) and oxygen (Oz) and of steel by H20 is modeled
in the COR package. Metal oxidation is calculated using standard parabolic kinetics, with
appropriate rate constant expressions for Zircaloy and steel, limited by gaseous diffusion
considerations if necessary. There are two options for modeling the reactions of B4C. The
simple default model developed by ORNL for the MARCON 2.1B code [2] treats only
oxidation by H20. It gave satisfactory results in oxidizing environments. However, in
reducing environments, the simple model tends to seriously underpredict the methane
generation rate, which can lead to underestimation of the risk from the release of volatile
methyl iodide. Hence, use of the optional advanced B4C reaction model is recommended if
reducing atmospheres (high hydrogen concentrations) are expected. It also includes the
effects of Oz2. The advanced model, also developed at ORNL, is used in the BWRSAR
code, which is the successor to MARCON.

Irrespective of the modeling option, the B4C reaction will not begin until the steel control
blade sheaths have failed (B4C is not exposed to steam until failure occurs). Failure is
assumed to occur when the mass of intact steel in the control blade component falls below
a user-specified fraction (adjustable through sensitivity coefficient C1005, this has a default
value of 0.9) of its initial value. The intact steel is consumed by both steel oxidation and
dissolution/melting. Following failure of the steel, the reaction is permitted to begin if steam
or oxygen is available and the B4C component temperature is above a user-adjustable
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threshold (sensitivity coefficient C1005, default value 1500 K). Both the simple and
advanced models can be used either with or without the eutectics model described in
Section 2.8. If the eutectics model is active, then any B4C that is dissolved in the eutectic
mixture is considered to be unavailable for reaction. The user can arbitrarily limit the
fraction of the initial mass of B4C that is permitted to react. The default maximum reaction
consumption fraction of 0.02, specified by sensitivity coefficient C1005, was chosen on the
basis of experimental observations [26].

Zircaloy oxidation is calculated for cladding, for both canister components, and for control
rod guide tubes; steel oxidation is calculated for the other structure (SS or NS)
components. Both Zircaloy and steel oxidation are calculated for particulate debris.
Oxidation of conglomerate debris (i.e., material that has melted and refrozen onto another
existing component) is also modeled but may be selectively deactivated (on MELCOR input
record COR_TST) independent of the oxidation of intact components. The oxidation model
uses surface areas that account for the effects of conglomerate debris refrozen on the
components; calculation of these surface areas is described in detail in Section 3.1.5. For
BWR cores, oxidation of both sides of the canister walls (which may be exposed to differing
environments) is modeled. A control function may be input on record COR_NOX to shut off
oxidation on a cell-by-cell basis to simulate, for example, the effects of flow blockage. In
addition, minimum and maximum oxidation cutoff temperatures have been implemented as
sensitivity coefficient array C1004, with default values of 1100 K and 9900 K, respectively.

The effects of steam (or oxygen) starvation and flow blockage are simulated by explicitly
considering the direction of flow within the CVH control volumes representing the core fluids
(as determined by the dT/dz model setup described in Section 2.6) and by evaluating the
unblocked flow area along the portion of the radial rings located within these CVH volumes.
The allocation of steam and oxygen to the rings is based on the fraction of the total
unblocked flow area of the CVH volume represented by each ring. Furthermore, oxidizers in
each ring are partitioned among the surfaces of each COR cell (see Section 2.5.6) to
remove any dependence of oxidation results on the order of surface processing. The partial
pressures of steam and oxygen and the amounts available in the control volume interfaced
to a COR cell are appropriately decreased, and, in the case of steam, the hydrogen patrtial
pressure and mass are increased. (These local gas concentrations are also used in the
convection model to obtain local properties for the heat transfer correlations.)

MELCOR 1.8.6 and 2.1 also calculates the oxidation of unquenched Zircaloy and steel
surfaces that are below the pool surface. The necessary steam is assumed to come from
the gas film between the hot surface and the pool and is therefore limited only by the pool
mass. (Optional input allows this model to be disabled for comparison purposes.)

2.5.1 Zircaloy and Steel

The reaction equations for Zircaloy are given by
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Zr+2H,0—-2Zr0, +2H, +Q,, (2-154)

Zr+0, > ZrO, +Q,, (2-155)

For the purposes of oxidation, steel is divided into the constituent elements iron (Fe),
chromium (Cr), nickel (Ni), and carbon (C) according to the mass fractions optionally
specified by the user in Material Properties package input (converted to moles using the
atomic weights for each element). The reaction with steam equations for these species are
given by

Fe+H,0 »FeO+H,+Q,, (2-156)
2Cr+3H,0—->Cr,0,+3H, +Q,, (2-157)
Ni+H,0 >NiO+H, +Q,, (2-158)
C+H,0->CO+H,+Q,, (2-159)

The reaction of steel with O2 is not calculated currently in the COR package. The reaction
energies from Equations (2-155) — (2-160) are calculated from the enthalpies of the
reactants and products. Because the equations of state used for the core materials
currently do not have reference points consistent with each other or with the CVH and NCG
equations of state for fluid materials, the following treatment must be used to obtain the
reaction energies for arbitrary temperature T:

Quc(T)=Qu(To )+ Hy (T) - Hy (T, ) (2-160)
Ho(T)=H.(T)-H,(T) (2-161)
where
Qox = reaction energy generated,
Hr = enthalpy of reactants,
Hp = enthalpy of products, and
To = reference temperature.
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The reference temperature used is 298.15 K, and the reaction energies at this temperature
are set to nominal values of 5.797(10°) J/kgz: for the Zircaloy-H20 reaction, 1.2065(107)
J/kgzr for the Zircaloy-O2 reaction, —2.495(10°) J/kgre for the iron-H20 reaction, and
2.442(10% J/kgcr for the chromium-H20 reaction. The reaction energy for steel is
determined by mass weighting the reaction energies for Fe and Cr by the relative masses
of the two components in the steel composition (nickel, carbon, and other components in
the steel are currently ignored irrespective of their relative mass). All actual reaction
energies during a transient are evaluated at the control volume temperature using
Equations (2-161) and (2-162) and, for Zircaloy and steel oxidation, are deposited in the
component being oxidized.

Solid-state diffusion of oxygen through an oxide layer to unoxidized metal is represented by
the parabolic rate equation

d(w?)
dt

=K(T) (2-162)

where W is the mass of metal oxidized per unit surface area and K(T) is a rate constant
expressed as an exponential function of surface temperature T. Equation (2-163) is
integrated analytically over a timestep At, assuming a constant temperature (hence
constant K[T]) for the component

(W™ ) =(W")’ +K(T") At (2-163)

For the Zircaloy-H20 reaction, the rate constant is evaluated using the Urbanic-Heidrich
constants [27], which are implemented (along with the transition temperatures of 1853 K
and 1873 K) in sensitivity coefficient array C1001 as follows:

K(T)=29.6 exp (— 168200}

for T < 1853.0 (2-164)

K(T)=87.9 exp (— 16610'0)

forT > 1873.0 (2-165)

Linear interpolation is used between 1853.0K and 1873.0 K.

For the Zircaloy-Oz2 reaction, the rate constant is evaluated using constants from Reference
[28], which are also implemented in sensitivity coefficient array C1001:
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—14630.0
K(T)=50.4 exp (fj (2-166)

For the steel-H20 reaction, the rate constant is evaluated using constants from White [29],
which are implemented as sensitivity coefficient array C1002:

K(T)=2.42-10° exp [Mj

T (2-167)
For very low oxidant concentrations, gaseous diffusion may limit the reaction rate. A mass
transfer coefficient is calculated via a heat-mass transfer analogy from the heat transfer
correlations in Section 2.3 by substituting the Schmidt number for the Prandtl number and
the Sherwood number for the Nusselt number. The oxidation rate when limited by gaseous
diffusion is given by

dW _MW k, P,
dt  nRT, (2-168)

where

MW = molecular weight of metal being oxidized,

ke = mass transfer coefficient,

Pox = partial pressure of oxidant (H20 or O2),

n = number of moles of oxidant (H20 or O2) consumed per mole of metal,
R = universal gas constant, and

Tt = gas film temperature, (T + Tgas) / 2 .

The gaseous diffusion oxidation rate is used if it is less than the rate calculated by Equation
(2-164). Although the molecular weight MW and the number of moles n of H2O consumed
are defined by the reaction, the quantity (MW/nR) has been implemented for reactions with
H20 as sensitivity coefficient array C1003 to allow the user a measure of separate control
over the gaseous diffusion oxidation rate. That sensitivity coefficient is multiplied by two
internally in the code to obtain an equivalent value for gaseous diffusion of oxygen (nuzo =
2n02).

For the oxidation of Zircaloy in environments containing both H20 and Oz, the maximum
oxidation rate calculated for the two gases is used:
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W ax (dﬂj (dﬂ)
dt dt ), 'Udt Jg (2-169)

There are two options for partitioning the oxidant consumption between the oxygen and
steam. The default option is recommended and does not permit the consumption of steam
until all of the available oxygen has been consumed. This option is equivalent to assuming
that all hydrogen produced by steam oxidation is instantaneously converted back to steam
by combustion with the available oxygen. The default option should prevent timestep
reductions associated with the normal combustion of in-vessel hydrogen by the BUR
package. For the second option, the reactions given by Equations (2-155) and (2-156) are
proportioned by the following relative rates:

aw
dt H,0O

szO = (dv\/j .\ (dVVJ (2-170)
dt H,0 dt ),
and
fo, =1-fyo - (2-171)

2.5.2 Simple Boron Carbide Reaction Model

In the simple default B4C reaction model, the B4C in BWR control blades is reacted with
steam, using the model from MARCON 2.1B [2]. This model uses three reaction equations:

B,C+7H,0—->2B,0, +CO+7H, +Q, (2-172)
B,C +8H,0 - 2B,0, +CO, +8H, +Q, (2-173)
B,C+6H,0—-»2B,0, +CH, +4H, +Q, (2-174)

Chemical equilibrium of reaction products is assumed, and the model uses the steam and
hydrogen partial pressures and B4C temperature to determine the relative extent of each
reaction. The equilibrium CO/CO2 and CO/CHs mole ratios, Yycoicoz and Ycoicha
respectively, are given by the expressions
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Py, - 3605.0
Yeorco, = P Ho exp |:— + 3'427} (2-175)
H2
_ Puo —27350.0
Yeorcn, = (PH )3 exp{ T + 3050} (2-176)
H2

where the steam and hydrogen partial pressures are in atmospheres. The extents of
reactions (2-173) — (2-175), expressed as relative percentages of CO, CO2, and CHas
produced (Xco, Xcoz, and XcH4, respectively), can then be given in terms of the CO/CO2 and
CO/CH4 mole ratios as

1
X =
1+ Yeorco, + 1 Ycosen, (2-177)
X0, = Xco ! Yeoico, (2-178)
Xen, = 1= Xco = Xco, (2-179)

The reaction energies (in J/kg-mole B4C reacted) for reaction Equations (2-173) — (2-175)
are given by the equations

Q,=8.238(10°)-58380.0 T (2-180)
Q,=8.674(10°)-67060.0 T (2-181)
Q,=1.056(10%)-61430.0 T (2-182)

The gaseous reaction products are transferred to the CVH package, while the B20s3
generated is transferred to the Radionuclide (RN) package as an aerosol. All of the energy
generated by the B4C reaction is added to the CVH package. The reaction energies
calculated by Equations (2-181) — (2-183) are inconsistent with reaction energies that would
be calculated using the present equations of state for the noncondensible gases and the
B4C and B20s (i.e., the temperature dependence implied by those equations is not
consistent with the actual temperature dependence of the equations of state used). This
discrepancy is ignored at present, due to the lack of reliable enthalpy data for B4C and
B20s.
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The B4C oxidation rate is given as a fractional change per second in the initial (intact) BaC
mass by

d{Mg,c/Mgc) 9.97310° - 22647.2
.o/ Mie) _0.97300) exp | =5 (2-183)
dt 60. T
The constants in Equation (2-184) are programmed as sensitivity coefficients C1006. Given
the amount of B4C reacted, the amounts of the various products are calculated from
Equations (2-173) — (2-180).

2.5.3 Advanced Boron Carbide Reaction Model

In the optional advanced B4C reaction model, the B4C in BWR control blades is reacted
with vapors in the surrounding atmosphere using the model from BWRSAR and SCDAP
[30]. This model determines the equilibrium composition in each control volume that is
achieved when the Gibbs free energy of the system is minimized. The difference between
the initial composition in the control volume and the equilibrium composition determines the
rate of consumption of the reactants. The algorithm that is used to determine the
composition that minimizes the free energy is based on the Swedish SOLGASMIX
computer code [31]. In this method, the quantity

oh KST ] infa, )} (2-184)

is minimized with respect to the variables n; for constant temperature and pressure values,
where G denotes the total free energy of the system, R the gas constant, T the
thermodynamic temperature, n; the number of moles of the i" species, g° the standard
chemical potential, and a the activity. The values for n; corresponding to the equilibrium
mixture must be non-negative, and the mass balance constraints must be satisfied.
Lagrange's method of undetermined multipliers is used for determining the constrained
minimum, and the logarithmic equations thus obtained are expanded in a Taylor series
about initially estimated ni-values, neglecting terms involving second- and higher-order
derivatives. The linear equations represent approximations of the exact expressions, and
SO a series of iterations is performed to obtain the final solution.

The advanced B4C reaction model assumes that chemical equilibrium is achieved between
the reactants during each timestep. The mass of reactants considered during each
timestep is linearly dependent on the size of the timestep, so that as the timestep size goes
to zero, the rate of reaction goes to zero. The mass of B4C available for reaction during
each timestep is determined by Equation (2-184), as in the simple model. The availability of
all other reactants is limited by the rate of steam diffusion to the reaction surface during the
given timestep. For example, if only 5% of the steam in the control volume can diffuse to
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the surface during the timestep, then only 5% of all the other reactants in the control
volume (except B4C) are considered to be available for equilibration with the steam (5% of
control volume total) and B4C (given by Equations (2-173) — (2-180)). The model considers
18 species that contain one or more of the five elements: argon, oxygen, hydrogen, boron
and carbon (argon occurs only in elemental form and is included for simulation of fuel
damage experiments that employ this inert gas). The 18 species are as follows:

H2 (9) CO2 (9) B (s) H3B30s (Q)
H20 (g) CHa (9) B4C (s) HBO:2 (g9)
C (s) O (9) B203 (P,s) BHs (9)
CO () 02 (9) B20s3 (g) B2Hs (Q)
Ar (9) BOH (g)

The quantity g°/RT is determined from the thermodynamic relationship g = h — Ts. The
enthalpy h and entropy s are calculated as integrals of the specific heat capacity,

N
h = j Cp dT'+ hdgs

298

(2-185)

.

c

s = I *p,dT'+Sggs
298 T

and the specific heat capacity for each species is expressed as a function of temperature

over various temperature ranges:

c, = atbT+cT?+d/ T*+e/ T® (2-186)

Deviations from ideality are not modeled, so that the activities of all gaseous species are
equal to their respective mole fractions in the gas mixture. The condensed species are
treated as a mechanical mixture only; their activities are set to unity, and they have no
effect on the minimization of the Gibbs free energy in Equation (2-185).

Because a thermochemical reference is used, the heat of reaction is simply the difference
between the total enthalpy of the products and that of the reactants.

The reaction products are passed to either the CVH or RN package for tracking and
subsequent use as input to the chemical equilibrium routine. Steam, oxygen, hydrogen,
carbon monoxide, carbon dioxide, methane and argon are tracked by the CVH package,
while elemental boron and carbon and all the boron compounds are tracked by the RN
package.
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2.5.4 New B4C Control Rod Oxidation Model

The improved rod oxidation model is intended to represent the release and oxidation of BsC
from control rods in a more mechanistic manner than the existing B4C oxidation model. The
release and oxidation scenario reflected in the improved boron carbide oxidation model was
taken from observations noted in several experimental reports on B4C oxidation. [32,33,34]
These reports describe a quite different scenario than the existing MELCOR model.

2.5.4.1 Description of Control Rods and Failure Scenario

The B4C control rod is constructed something like a fuel rod, with boron carbide pellets clad
in a stainless steel sheath filled with helium. The control rod is inserted in a guide tube
made of stainless steel or Zircaloy.

When the control rod heats up to about 1500 K, the boron carbide starts to form a eutectic
with the stainless steel (SS) clad. This generally causes the control rod clad to fail at
around 1500 K instead of 1700 K, the SS melting point. The eutectic then drains down the
outside and inside of the control rod sheath, stopping the oxidation as the eutectic drains to
cooler parts of the core. There is typically enough SS to liquefy most of the boron carbide at
a given axial location.

2.5.4.2 Model Implementation in MELCOR

The revised boron carbide oxidation model represents the formation of the SS-B4C eutectic
by modifying the material properties tables for B4C; specifically, the pure B4C melting point
of 2600 K is reduced to an effective eutectic liquefaction temperature of 1700 K to
represent the temperature at which eutectic interaction between the SS-cladding and the
B4C pellet produces gross slumping and relocation of the control material. Upon reaching
this temperature, the oxidizing control material relocates by candling to lower regions where
temperatures are lower, effectively terminating further oxidation. Before this, the boron
carbide is allowed to oxidize when temperatures exceed 1500 K, the temperature at which
the boron carbide pellet is assumed to be exposed to steam upon first liquefactions induced
by the eutectic reaction. In other words, boron carbide oxidation is allowed to commence
when temperatures exceed 1500 K, and the material is allowed to fully liquefy and relocate
when the temperature exceeds 1700 K. This treatment more mechanistically represents the
physical processes affecting boron carbide oxidation than does the simple fractional
oxidation treatment in the previous model.

2.5.5 Comparison to Experiment

2.5.5.1 Testdemo Comparison

The new B4C model was tested using the MELCOR testdemo input deck. Comparison of
results was made with (a) the original model, (b) the original model with the maximum
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oxidation fraction set via SC1031 to 0.9999, and (c) the new model. Because this test was
done using the testdemo deck, the CO/CO: production, which would normally be a good
diagnostic, is dominated by release from core-concrete interactions. Therefore, Class 13,
B203, was used as the comparison reaction product.

The original model produces a total of 50 kg of B2Os, which is released over the period from
the beginning of rod failure at 1200 s until failure of the core support plate at 4200 s. Using
SC1005(2) to set the maximum oxidation fraction up to 0.9999 from 0.02 increases the total
B203 producedto 662 kg, or 20% oxidation of the B4C on a boron mole basis. This is again
released in the period from1200 to 4200 s. The new model releases a total of 610 kg of
B20s3, or 18%, but the timing is different—most of the release occurs from when the rod
temperature reaches the lower oxidation point of 1500 K at around 1000 s until control rod
sheath failure occurs at 2000 s. While the results obtained by the revised model applied to
the simple “testdemo” problem are not too different from that obtained by allowing 99.99%
oxidation of the boron carbide locally, the revised model is believed to arrive at this result
from a more mechanistic standpoint. This observation may not apply to all problems. Some
timing differences are also noted.

2.5.5.2 QUENCH-07 Comparison

A second test of the new model was performed using a comparison to the QUENCH-07
experiment. QUENCH-07 was a bundle test carried out in the QUENCH facility, using a
bundle with 20 heated fuel rods and a single boron carbide control rod. A MELCOR input
deck was assembled based on the QUENCH-06 input deck used for ISP45. [35] In
QUENCH-07, the gaseous reaction products were measured directly, so the amount of CO,
COz2, and CH4 produced was used as the basis of the comparison.

In general, the overall calculated temperature histories and failure times for the various
components matched the experiment with one notable exception: the amount of hydrogen
produced after the beginning of the cooldown phase. In the experiment, 182 g of hydrogen
(corrected) were produced, 120 g of which were in the cooldown phase. Although the 62 g
of hydrogen produced in the pre-cooldown period is matched by MELCOR, the large
amount produced during cooldown is unaccounted for. It should be mentioned that all code
calculations performed so far on this experiment have failed to account for the hydrogen, so
this is not just a MELCOR problem. It has been suggested that some change in the
morphology of the protective cladding oxide layer occurred during the quench period,
resulting in the exposure of new Zircaloy surface during cooldown. If valid, this phenomena
is not currently modeled by MELCOR, nor by other severe accident codes.

2.5.6 Steam/Oxygen Allocation

As mentioned earlier, steam (and oxygen) from the core region CVH volumes is supplied to
the COR Package component surfaces for oxidation purposes in a manner that takes into
account the effects of both steam (and oxygen) starvation and flow blockage. To account
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for the effect of flow blockage within each core CVH volume, the minimum unblocked flow
area for each of the rings interfaced to the volume is evaluated and then summed across all
constituent rings. The CVH volume steam allocated to each constituent ring is the fraction
of total unblocked flow area of the CVH volume represented by the ring. If the user desires,
the calculation of unblocked flow areas may be bypassed (input record COR_RAF). The
mass of steam within each ring is decremented as oxidation consumes the steam and no
sharing of steam among the constituent rings is permitted during a COR subcycle. Thus,
the components of some rings may completely consume the ring inventory of steam while
other rings may remain steam rich.

To account for the effect of steam starvation on a ring-by-ring basis, the processing of
oxidation effects is conducted for each radial ring of the CVH volume in the direction of
flow. The direction of flow is determined from CVH results or from the evaluation of a user-
prescribed control function (see input record COR_RP). Therefore, if the flow direction is
upward, the progression of oxidation processing in the axial direction is from bottom to top.
For the up-flow condition, the entire ring inventory of steam is initially allocated to the
surfaces of the lowermost axial cell in the ring adjacent to the CVH volume, the inventory is
adjusted to account for oxidation, and the remaining steam is supplied to the components in
the overlying cell in the ring. This axial marching is repeated until the uppermost axial
segment of the ring within the CVH volume has been processed. All rings associated with
the CVH volume are processed in this manner for each COR subcycle.

A second level of oxidant partitioning is performed at the cell level (axial segment-IA, ring-
IR) within the CVH volume during the axial marching process. The object is to make results
independent of the order in which the various oxidation reactions are evaluated. A fraction
of the total available oxidant (steam or oxygen) available in this level of this ring is allocated
to each possible oxidation reaction on each surface in proportion to the area available for
that reaction. The reactions may include oxidation of zirconium, steel, and/or B4C (Sections
2.5.1,2.5.2,and 2.5.3). The portion of each intact component surface that is not blocked by
candled materials (conglomerate debris) and the surface of the conglomerate debris on that
component are each considered separately.

Because oxidation is calculated using rate equations subject to availability of steam, it is
possible that all of the oxidant allocated to some surfaces may be consumed while only
some of the oxidant allocated to other surfaces is consumed. In this situation, the oxidant
that was not consumed is reallocated (using the same algorithm) among the starved
surfaces, and the oxidation calculations for these surfaces are repeated. This process is
repeated (a maximum of 10 times) until either

(1) the ring oxidant inventory is exhausted, or

(2) for each surface, either the metal content of each surface is consumed or the limit
established by rate considerations is reached.
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If the ring oxidant inventory is not exhausted, the calculation proceeds to the next cell in the
direction of flow.

Because COR package calculations may result in total blockage (and thus steam/oxygen
deprivation) of rings, the effect upon oxidation results and upon accident progression may
be significant. Due to this dependence, sensitivity coefficient C1007 has been defined to
provide a lower limit on the unblocked area fractions to be used in the partitioning of CVH
volume oxidant inventories among the associated rings.

If the calculated unblocked area fraction for a ring falls below the corresponding limit
specified for that ring by sensitivity coefficient C1007, then the fraction of CVH volume
oxidant inventory allocated to the ring is held at the limit, and the remainder of the oxidant is
divided among the remaining unblocked rings. If all rings are blocked, then the oxidant is
divided among the rings according to the limits prescribed by sensitivity coefficient C1007,
and any remaining oxidant is unavailable for oxidation. A check is made during input
processing to ensure that the sum of the ring fractions prescribed by sensitivity coefficient
C1007 does not exceed unity.

2.6 Control Volume Temperature Distribution (dT/dz) Model

To accurately model the heat transfer to the gas from multiple COR cells interfaced to a
single control volume, an estimate of the temperature distribution in the control volume
atmosphere must be made in the COR package. Approximate local fluid temperatures are
calculated for cells above the uppermost liquid level in the core; the remaining cells use
control volume pool and atmosphere temperatures.

The dT/dz model used for this approximation assumes steady gas flow through the channel
or bypass with known or specified inlet gas temperature and no cross-flow between core
rings within any single CVH control volume. The model uses time-smoothed (“relaxed*)
CVH steam and/or oxygen outflow at the top of the core to determine whether the flow
direction is upwards or downwards during each COR package subcycle. The flow relaxation
time constant is adjustable through sensitivity coefficient C1030(2), which has a default
value of 0.1s. (The user can prohibit the consideration of downward flow, in imitation of
earlier versions of MELCOR, by changing the default value of sensitivity coefficient
C1030(1), but this will degrade the calculation.) Because fluid temperatures are defined in
the CVH package only as volume-averaged quantities and are not defined at particular flow
path locations, various methods have been implemented to obtain a suitable inlet
temperature for a control volume.

The default treatment is to take the inlet temperature as the temperature of the atmosphere
flow actually entering the control volume, as calculated by CVH. If the CVH nodalization
permits more than one such flow, a heat-capacity-weighted average temperature of the
actual inflows is used. If water is boiling in the CVH control volume, the steam generation is
treated as an “inflow” at the saturation temperature.
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The default treatment will include the effects of cross flows between control volumes
representing different radial portions of the core when a detailed CVH nodalization is used.
It also minimizes the discrepancies between the calculated dT/dz temperatures and the
CVH temperatures. (Note that donor differencing is used in the hydrodynamic equations, so
that fluid is advected out of a control volume with enthalpy corresponding to the CVH
temperature. For a core volume, this temperature should therefore correspond to the exit
temperature for the portion of the core contained in that volume.) Because CVH and COR
equations are not solved simultaneously, imperfections in the coupling may result in
apparent discontinuities in the profile of dT/dz temperatures between core cells in different
CVH volumes. We have found the consequences to be relatively minor, particularly in
comparison to the consequences of major discrepancies between dT/dz and CVH
temperatures, which cause termination of an execution if a temperature becomes
nonphysical.

MELCOR 1.8.3 and earlier versions required the user to specify the definition of inlet
temperature. This model has been extended slightly to allow consideration of downflow and
is still available (input of IDTDZ =1 on input record COR_MS is required), but its use is now
strongly discouraged. (Consideration of downflow may also be disabled, allowing the 1.8.3
model, using sensitivity coefficient array C1030(1).) In this older model, the inlet
temperature to the control volume atmosphere is taken as the saturation temperature if a
pool is present and flow is upwards. Otherwise, there are several options available to the
user (via the COR_TIN input record) to control how the inlet temperature to a control
volume is determined:

1. As a first option, the user may specify that the inlet temperature for any control
volume be taken as the exit temperature from the control volume directly upstream
of it, in the direction of assumed axial flow, as calculated with the dT/dz model
described below. This option is the default except for the bottommost and topmost
control volumes in the reactor vessel that contain core cells, for which it is not
applicable.

2. Alternatively, the user may specify that the inlet temperature for a control volume be
taken as the CVH atmosphere temperature of some other control volume (or itself),
as defined by the user. This option could be used for the lower head volume, for
example, where the downcomer atmosphere temperature might be appropriate.

3. As a third alternative, the user may specify that the value of a control function be
used as the inlet temperature for a control volume. This option allows the user great
flexibility in defining the inlet temperature and may be appropriate for complex flows
or geometries, such as flows from more than one control volume entering the
channel or bypass.

4. The model may also be disabled, or the current default treatment selected, for
specified volumes.
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Once the inlet temperature for a control volume is determined, the temperature at each
successive COR cell axial location, moving through the core or lower plenum in the
direction of flow, is obtained by performing a simple energy and mass balance. The basic
energy balance relates the change in energy in a cell, AEq..q, during a timestep to the

enthalpy flow through the cell, Hrow, and any energy sources, q:

AE +H

fow AL=Q At (2-187)

stored

The terms in Equation (2-188) are expressed in terms of masses, mass flow rates, and
temperatures at the entrance and exit to the cell (note the canceling quantities):

AEstored =m" h"-m°® h°=m° Cp (Tn - T0)+(min - rhout) h" At (2-188)
Hflow :mout hn_rhin h|?1 :min Cp (Tn - TI: )_(min - rhout) hn (2-189)

q= (h* A)e (Ts,e - ToTjt ) * Qsou (2-190)
where

At =timestep,

m =fluid mass in cell,
m =mass flow rate,
Cp =gas specific heat,
h =enthalpy,

T =cell temperature,

(h*A)e =effective average heat transfer coefficient times surface area for the various
cell components in contact with the current CVH control volume,

Tse  =effective surface temperature for cell components, and

Osou =source heat rate, from fission product decay heat and B4C reaction energy
deposited in the atmosphere and from heat transfer from heat structures,

and superscripts “n* and “0* represent new and old time values, respectively.

In the interest of stability, mass flows calculated by CVH are relaxed (smoothed) before use
in Equations (2-189) — (2-191)
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n

Mgt 1, = Meyy + min[eXp(_ dt/ 7z )’ Frnaold ](mgT/dz — Meyy ) (2-191)

where trixz iS a relaxation time, coded as sensitivity coefficient C1030(2) with a default
value of 0.1 s, and fmax,old IS the maximum permitted weight for the old dT/dz flow, coded as
sensitivity coefficient C1030(5) with a default value of 0.6. The use of fmaxold IS Nnew in
MELCOR 1.8.6 and is intended to deal with difficulties encountered when the time scale for
flow changes is much less than the relaxation time defined by trixz.

The dT/dz model in MELCOR 1.8.6 has also been modified to improve coupling between
calculations in COR and those in CVH under conditions of little or no flow. The modification
involved the assumption that there is a characteristic time for recirculation of fluid within
each CVH volume, independent of flows through the volume, given by sensitivity coefficient
C1030(4) with a default value of 10 s. The effect is to add a fraction dt/C1030(4) of the
mass in the atmosphere to m,; ., -

The model solves for the value of T, which is then used as T,, for the next higher cell.

Control volume average values for mass and mass flow rates are currently used at the inlet
to the control volume and are updated for the effects of oxidation for each cell. For multiple
core rings within the same control volume, the inlet mass flow rate is multiplied by the
fraction of the total flow area for each ring, thus partitioning the flow across all rings.

For the dT/dz model to function correctly and model the phenomena appropriately, it is
important that the heat structures representing the radial core boundary (e.g., core shroud)
communicate with the fluid temperatures calculated by this model. The outer ring core cells
must be specified as the fluid temperature boundary on input record HS _LBF/HS_RBF (see
the HS Package Users’ Guide) unless the IHSDT option switch provided on input record
COR_MS has been set to 1.

The heat transfer rates obtained by using the dT/dz temperatures in conjunction with the
core component surface areas and temperatures in all of the core cells associated with
each CVH control volume within the core are summed and compared to the value which
would be obtained if the CVH vapor temperature in that volume had been used instead of
the dT/dz temperatures. If the heat transfer rates thus obtained are of opposite sign, then it
is assumed that the dT/dz model is malfunctioning (probably because prevailing conditions
are outside the scope of its intended application) and the dT/dz temperatures are
overwritten by relaxing their beginning-of-step values with the value of the CVH vapor
temperature in the corresponding CVH volume. Hence, if the model is malfunctioning, then
relaxed CVH vapor temperatures are used instead, and the relaxation time constant for the
CVH temperatures is adjustable through sensitivity coefficient C1030(3). Also, if the dT/dz
model is deactivated by user input, then relaxed CVH temperatures are always used in
place of results from the deactivated model.
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2.7 Power Generation

2.7.1 Fission Power Generation

For ATWS accident sequences (or for fission-powered experiments), fission power will be
generated in addition to the decay heat. The COR package contains a simple model that
calculates the fission power as a function of downcomer liquid level using the Chexal-
Layman correlation [36]:

q, =0.037 (C,H, )" (P/PJ** (H/H, )’ (2-192)

In this model, H is defined in terms of the downcomer liquid level L, relative to the top of
active fuel and the distance Lt below the top of active fuel, where fission power drops to
zero:

H=max [0.0,(L +L,)] (2-193)
L, =2.4384 (P /P, )* (2-194)
and
g =fraction of full operating power, which is defined by the Decay Heat package
on input record DCH_FPW,
Cu =dimensional constant = 3.28084 m-,
Hr =arbitrary reference height, selected as 1 m,
P =system pressure,
Py =reference pressure, with default value 7.65318 MPa, and
L =height of downcomer water relative to the top of active fuel.

The Chexal-Layman correlation is based largely on work presented in Reference 17, in
which steady state power levels were calculated using coupled, 3-D neutronic and thermal-
hydraulic models of the reactor power and fluid flow. The correlation assumes that the core
inlet enthalpy is always at saturation. The constants in this correlation are implemented in
sensitivity coefficient array C1301.

The downcomer liquid level must be calculated by a control function specified on record
COR_TP. Alternatively, this control function may directly calculate the fission power without
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use of the Chexal-Layman correlation, as discussed in the input description for record
COR_TP.

The energy generated in the fission power model (as well as the decay heat if the RN
Package is inactive) is distributed over the core cells using the radial and axial relative
power densities input on records COR_RP and COR_ZP. The user has the option (as
described in the input description for record COR_TP) for the fission energy to be deposited
in the intact fuel components of all core cells (not lower plenum cells) or only in the intact
fuel component of cells that are fully or partially liquid covered. In the latter case, the radial
and axial relative power densities for these cells are renormalized to achieve this
distribution.

Further, because this energy is not all deposited at the point of the fission (some of it is
carried by energetic particles and radiation, e.g., gamma rays), the user has the option of
specifying the distribution of the total fission power in a core cell over the components and
materials within that cell, using sensitivity coefficients arrays C1311 and C1312. (Direct
transport of fission power to adjacent core cells is not modeled.) These coefficients specify
relative absorbing efficiencies for the core materials and core components for a fraction,
fesc, Of the fission power that is specified to “escape” the fuel. A single absorption efficiency
is used for steel and steel oxide, and a single coefficient for Zircaloy, ZrOz2, and Inconel in
grid spacers. The default values of these coefficients were modified in MELCOR 1.8.4 to
model generation of fission power in components other than intact fuel to simulate gamma
and neutron heating in nonfuel components. Thus,

I\/Ii,j,k,UOZ

Pk = PrFe (1_ fesc )m + feecFijk (2-195)
=

is the fission power deposited in component k in cell i,j (radial ring i, axial level ), where

fifj zl\/li,j,k,UO2
I:ce = X _
"USEEDY Mo, (2-196)
i K

is the fraction of the total fission power, P; , bornin cell i,j. Note that it is assumed that the

fraction of that power born in component k is proportional to the UO2 mass in component k,
and that the term involving
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zmei,j,k,m

Fi’j‘k ) szmMi,j,k’,m
k' m

represents the absorption by materials in that component of fission power not initially
deposited in UO». For these equations,

(2-197)

fi =radial relative power density (input record COR_RP),
fi =axial relative power density (input record COR_ZP),
Mijkm =mass of material m in component k in cell i,j,

fm =relative material absorbing efficiency for escaping fission energy (sensitivity
coefficient array C1311), and

fesc  =fraction of fission energy escaping UO2z (1 - C1312(1) from sensitivity
coefficient array C1312).

The sum on k” in Equation (2-198) extends only over active components, as specified by
the remainder of sensitivity coefficient array C1312. The sum over cells in Equation (2-197)
extends only over the core region, that is, only over axial levels j>number of axial levels in
the lower plenum, and it is to be understood that Pijx is non-zero only for active
components (as specified by sensitivity coefficient array C1312) in the core region.
Therefore, no fission power will be associated with components in the lower plenum. Note
that the sum of Fijkxm over all materials and components is unity, as is the sum over
components of UO2 mass fractions, so that the sum of Pj;x over all components is simply
Pt Fcen,, the total fission power generated in that cell.

2.7.2 Decay Power Distribution

A model for distribution of decay power was added to MELCOR 1.8.4 to account for the
distribution of gamma ray energy from fission product decay to components other than
intact fuel. This model resembles the fission power distribution model described in the
preceding subsection with two important exceptions: the calculation of average specific
power (W/kg-UO2) in the cell differs and decay power is distributed among components
within cells throughout the entire lower plenum and core region. In addition, separate
sensitivity coefficient arrays, analogous to C1311 and C1312, are used in the calculation.
Implementation of the model, including determination of default values of the model
parameters for BWRs and PWRs, is described in detail in Reference 16.

Decay heat generated in the core is produced by unreleased fission products, which are
assumed to remain with the UO2 material when it is relocated from intact fuel pellets to

COR-RM-101 SAND2017-0876 O



COR Package Reference Manual

other components. As with the model for fission power, a fraction of the decay power is
assumed to remain with the component containing the fission products, with the remainder
absorbed by various materials in that and other components in the same cell. The net
decay power deposited in component k in cell i,j is calculated as

— ’ 0 ' 0 i
DH; j y net _(1 - f ) DH; « +fec DHi; Fix (2-198)

esc

where DH;{x is the decay heat born of fission products associated with component k in cell
i

0 _ _0_
DH? _;DHH_,( (2-199)
and
Zfr;lMi,j,k,m
F-'< — m
i,j,k,m szn’in,j'k/,m (2'200)
k" m

represents the absorption by materials in component k of decay power escaping the UOzin
which it was born.

Here,

Mi,km = mass of material m in component k in cell ij as in Section 2.7.1,f, =

relative material absorbing efficiency for escaping decay gammas (sensitivity
coefficient array C1321) and

f.. = fraction of decay energy escaping UOz2 (1 — C1322(1) from sensitivity
coefficient array C1322),

and the sum on k' extends only over active components, as specified by the remainder of
sensitivity coefficient array C1322.

When the RN package is active, the decay power DH;;x° is calculated from the fission
product inventories tracked for each component in each cell, using the specific power
attributed to each radionuclide class as a function of time by the Decay Heat (DCH)
package. As a result, the decay heat per unit mass of UO2 is not the same for all
components. In particular, the decay power in intact fuel pellets in various core cells will
reflect differences in initial fission product inventories corresponding to the power densities
in those cells, while the decay power in particulate and conglomerate debris will reflect the
initial inventories in the fuel pellets that originally contained the UO.. In addition, all decay
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power densities will reflect differences in release resulting from the differing temperature
histories of the UO2 carrying the fission products.

If the RN package is not active, information on the distribution of fission products is not
available. In this case, the total decay heat can only be approximately distributed over the
UO:2 content of the active core components and debris in the cavity. The radial and axial
power densities are considered for the UO2 remaining in intact fuel pellets, but because of
the absence of tracking information, the average specific power must be assigned to UO2in
all other locations. This average specific decay power (W/kg-UQ2) is calculated from the
whole core decay power provided by the DCH package as

DHr (1)
IVIUOZ,(:or (0) + IVIUOZ,(:&W (0)

DH(t)= (RN package not active) (2-201)

where
DHr = whole core decay power (Watts),
Muo2,cor = total UO2 mass in the core (kg), and
Muoz,cav = total UO2 mass in the cavity (kg).

The decay heat attributed to UOz2 in the various components in cell i,j is then calculated as

f. f. M,
DHi(,)j,FU =DH(t) : LR ZZMM’,FU,UOZ
7

ZZfi'fj' M iruvo, G (2-202)
[
DH?,, =DH(t) M\ 10, (k=FU) (2-203)
where
fi =radial relative power density (input record COR_RP) and
fi =axial relative power density (input record COR_ZP),
as in Section 2.7.1. Note that
o =DH(t cor (T
Z]Z;DHLW ( ) MUOz, ( ) (2_204)

so that the average decay power density in UO2 in the core and lower plenum is simply the
average power density DH(t) from the DCH package.
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2.8 Material Interactions (Eutectics)

The material interactions model is invoked by entering integer 1 on input record COR_MS.
When the model is active, the conglomerate debris materials associated with any
component are treated as part of a coherent mixture. In the formulation of the model, some
of the materials are treated as mutually miscible while all the others are considered
mutually immiscible and treated as they are when the model is inactive (i.e. they melt and
relocate independently of one another). As currently implemented, when the model is active
all the materials are part of the miscible mixture. The material interactions model can only
be activated during MELGEN execution and cannot be deactivated on a restart.

2.8.1 Mixture Formation

Molten material can enter the conglomerate debris mixture in one of three ways: (1) as a
normal liquid formed when an intact solid reaches its melting point, (2) as a eutectic
reaction product formed when two intact solids in mechanical contact within a core
component reach their eutectic temperature, or (3) through the dissolution of an intact solid
by an existing liquid mixture in the same core cell (e.g., the dissolution of UO2 fuel by the
liquid mixture associated with the cladding in the same core cell as the fuel). Currently,
three eutectic reactions are considered that lead to early failure of fuel and control rods: (1)
the eutectic reaction between Zircaloy cladding and Inconel grid spacers can lead to early
failure of fuel rods, (2) the eutectic reaction between Zircaloy guide tubes and steel
cladding can lead to early failure of PWR control rods and (3) the eutectic reaction between
B4C powder and steel cladding can lead to early failure of BWR control rods. The threshold
for the first two reactions is taken at 1400 K, and that for the B4C-steel reaction at 1520 K,
based on References [37] and [38], but these temperatures may be modified independently
with sensitivity coefficients C1011. The molten material is placed in the conglomerate
debris array associated with the component.

2.8.2 Mixture Properties

The properties of the mixture are mass-weighted averages of the constituent properties.
The solidus and liquidus temperatures of the mixture depend upon the composition of the
mixture and are currently calculated as a mole-weighted combination of the solidus
temperatures determined by considering every binary combination of material pairs in the
mixture. That is, the mixture solidus temperature is given by

ZZfi fi TSij

— 1 7

TSmix -
ZZfi fi

1 i#j

(2-205)
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where the f's are mole fractions and TS; is the solidus temperature for a mixture of
materials i and j with the same relative proportions as in the total mixture. TS; can be
obtained from pseudo-binary phase diagrams or simple mole weighting of the individual
solidus temperatures. Presently, TS;j is given by the mole-weighted average of the two
solidus temperatures for all material pairs except for those listed in Table 2.3. For the pairs
listed in the table, the solidus temperature is given by the mole-weighted average of the
eutectic temperature and solidus temperature of the component present in excess of the
eutectic molar composition. (The molar ratios and eutectic temperatures in Table 2.3 are
currently hardwired and not implemented as sensitivity coefficients.) Equation (2-206)
correctly reduces to TSj when only materials i and j are present in the mixture.

Table 2.3 Core eutectic reactions [37, 38]

Material Pairs Molar Ratio Eutectic Temperature
Zr Inconel 0.76/0.24 1210
Zr steel 0.76 /0.24 1210
ZrO2 UO:> 0.50/0.50 2800
Zr B4C 0.43/0.57 1900
Steel B4C 0.69/0.31 1420
Zr Ag-In-Cd 0.67/0.33 1470

The liquidus temperature is set equal to the solidus temperature plus 0.01 K (an artificially
small melting range is used to avoid the separation of a two-phase mixture into a solid and
liquid of vastly different temperatures, which may occur under the assumption of congruent
melting that requires the solid and liquid to have the same composition).

The specific enthalpy is calculated in three temperature ranges as follows (refer to Figure
2.13) [39]:

1. For temperatures less than the calculated solidus, the mass-weighted individual
enthalpies are summed with the exception that extrapolated solid enthalpies are
used for any material that would ordinarily be liquid.

2. For temperatures greater than the calculated liquidus, the mass-weighted individual
enthalpies are summed with the exception that extrapolated liquid enthalpies are
used for any material that would ordinarily be solid.

3. Otherwise, linear interpolation in enthalpy is used between the solidus and liquidus.
The difference in enthalpy is the latent heat of fusion.
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Figure 2.13 Two-phase construction for material mixture [39]

The Zircaloy and steel included in the mixture will oxidize unless disabled by user input on
record COR_TST. The oxidation will reduce the metallic content of the mixture and
increase the oxidic content.

2.8.3 Chemical Dissolution of Solids

If the enthalpy of the molten mixture exceeds its liquidus enthalpy, then the mixture will
begin to dissolve certain solids if they are present in the same core cell. The dissolution of
solids proceeds sequentially, and at most two distinct solids may be attacked by the mixture
associated with a component on any given timestep. Table 2.4 lists the hierarchy used in
determining which solids are dissolved by the mixtures associated with each core
component (intact fuel does not have a mixture associated with it). Note that certain solids
are attacked only if the oxide shell surrounding the component has been breached, while
others are attacked only if the shell is intact. Holdup by oxide shells is described in detail in
Section 3.1.3. The hierarchy listed is based upon the assumed arrangement of materials in
intact core components. For example, it is assumed that a eutectic mixture that escapes
from a PWR control rod must dissolve the ZrO: oxide shell that surrounds fuel rods before it
can dissolve the UO2 pellets within. Similarly, mixtures originating from BWR control blades
encounter canisters. It should be noted that most intact components are eventually
converted into particulate debris, so that even though the eutectic associated with BWR
control blades is not assumed to reach intact fuel, after the blade becomes particulate
debris the eutectic may have access to UOx.
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Table 2.4 Solid dissolution hierarchy

Component Solids Dissolved by Mixture
Cladding UO2 from intact fuel

ZrO2 from intact cladding
Canister ZrO2 from intact canister

ZrO2 from intact cladding (A)

UO2 from intact fuel

Other structure SS
or NS (steel only)

steel oxide from the same other structure

Other structure NS
(BWR control rod)

steel oxide from the same other structure

ZrO2 from intact canister (A)

Zr from intact canister (A)

Other structure NS
(PWR control rod)

steel oxide from the same other structure (B)

Zr from the same other structure

ZrO2 from intact cladding (A)

UO2 from intact fuel (A)

Particulate debris

UO2 from particulate debris

ZrO2 from particulate debris

ZrO2 from intact cladding

UO2 from intact fuel

(A) indicates solid is attacked only if there is no holdup of the mixture
in the component.
(B) indicates solid is attacked only if the mixture is being held up by

the component

Dissolution will proceed until the addition of solid lowers the updated gross mixture enthalpy
to the liquidus enthalpy associated with the updated mixture composition or until the
parabolic rate limitation associated with the dissolution reaction has been exceeded for the
given timestep. The solution is iterative, and the parabolic rate limitations are given by [37]

(x) =(x) +K, At (2-206)
K;=A exp(B /T) (2-207)
where
Xif = final mass fraction of material j,
Xjt = initial mass fraction of material j,
At =timestep (s), and
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T = component temperature (K),

and the constants A; and Bj may be adjusted through sensitivity coefficient array C1010.
Default values for ZrO2 and UO:2 are taken from Reference [18]:

Azro2 = 1.47 x 1014 Auoz = 1.02 x 10%°
Bzo2 = 8.01 x 104 Buoz2 = 8.14 x 104

These constants are based upon experiments using molten Zircaloy to dissolve UO2 and
ZrOz2, but the limits are applied to the dissolution of those solids by any mixture, irrespective
of its composition. Consequently, as the fraction of Zircaloy in the mixture becomes small,
the results from the model become suspect, and users are urged to conduct sensitivity
studies to determine the effect of variations in the values of the constants in Equation
(2-208). For the remaining materials, parabolic rate correlations have not been identified
and no limitation is applied, although a limitation could be activated by supplying
appropriate values for the sensitivity coefficients in Equation (2-208).

3. Corel/ln-Vessel Mass Relocation Models

This section describes the mass relocation models in the COR package. Candling of molten
core materials, the transport of additional unmolten materials with the molten material, the
radial relocation of molten pools, and the formation of flow blockages and molten pools are
described in Section 3.1. The models for the radial relocation of molten pools and
particulate debris are described in Section 3.1.5. Formation of particulate debris by various
means from intact component, radial spreading of this debris, and its axial relocation by
gravitational settling and collapse of supporting components are described in Section 3.2.
The model that limits volumes available to accept the relocation of particulate debris (new
in MELCOR 1.8.5) is described in Section 3.2.3.

3.1 Candling

The term candling is used here to refer to the downward flow of molten core materials and
the subsequent refreezing of these materials as they transfer latent heat to cooler
structures below. The COR package candling model is semimechanistic, based on
fundamental thermal/hydraulic principles, but with incorporation of user-specified refreezing
heat transfer coefficients defined for each material on record COR_CHT. The model is
adaptable to steady flow of either films or rivulets (with smaller contact area than a film) by
appropriate adjustment of these refreezing coefficients.

The model does not solve a momentum equation for a flow velocity. Instead, it assumes
steady generation and flow of molten material, with all material generated within a timestep
reaching its final destination within that step. For a steady melt generation rate, the amount
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of material entering into the candling model is proportional to the timestep, and, for small
timesteps, the amount of material that refreezes at a particular location is also
approximately proportional to the timestep. In other words, if for a given timestep, a certain
amount of molten material is calculated with varying amounts refreezing at different axial
locations, the assumption is that for a timestep twice as large, twice as much molten
material would be generated and approximately twice as much would refreeze at each
location. Thus, the cumulative behavior of the model should be relatively independent of
timestep history. For situations involving release of a larger amount of molten material built
up over several timesteps, alternative assumptions are used regarding the flow of that
material and its contact time with structural surfaces to avoid timestep dependencies, as
described in Section 3.1.3.

3.1.1 Steady Flow

Following the heat transfer and oxidation calculations, molten material may exist on the
surfaces of components in various locations in core. It is assumed that this molten mass
has been generated at a constant rate over the timestep, At. The candling model follows it
as it flows down (because of gravity) through a column of cells. (A model to hold up molten
material by an oxide shell until it is breached is described below.)

The amount of mass that refreezes on each lower cell component is determined by
integrating the heat transfer rate between the molten film and the component:

q=h, P, Az (T, -T;) (3-1)
over the timestep At, where
hm = user-specified refreezing heat transfer coefficient,

Az = cell height,

Pw = film or rivulet width (area of contact divided by Az),
Tm = temperature of the molten film, and
Ts = temperature of the component.

As energy is transferred between the melt and the component, their temperatures change.
To account for this, implicitly projected new temperatures are used in Equation (3-1)

o . QAL
T, =Ty +— (3-2)

ps
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_ o__gAt
T, = max[Tm M.C.. ,Tmp] (3-3)
where
T, = temperature of the component before candling,
Cps = total heat capacity of the component,
Mm = molten mass that enters the cell on surface s
Cpm = molten film specific heat capacity,
T, = temperature of molten film entering the cell, and
Tmp = melting point of film material,

and Equation (3-3) reflects the fact that although the molten film may carry a superheat, it
will not be cooled below its melting point.

Qsh =|vlm Cp,m (Tm - Tmp ) (3-4)

Equations (3-1)to (3-3) may be solved in the form

Q=qAt=h,, P, Azmax(AT,, AT, )At (3-5)
C.M,C, ., o o
AT, = : > (re-12) (3-6)
Coe M Cpm +(Cps +MyCom )P Py AZ A

ps

AT, = C (Tm _Tso) 3-7
C.+C,.h, P, AZAL' ™ (3-7)

If Q is less than Qsh, sensible heat is transferred but no mass is refrozen. If Q is greater
than Qsh, @ mass

Q'Qsh

AM, = ") (3-8)

is refrozen as conglomerate debris on the component surface, and then thermally
equilibrated with the component.
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If the underlying component is cladding, its effective heat capacity from Equation (2-95) is
used for Cps. This includes the effects of coupling to underlying fuel pellets. However, the
candling calculation is performed after other heat transfer has been evaluated, so that the
results are not included in the implicit fuel cladding gap heat transfer calculation described
in Section 2.2.8. Therefore, only the appropriate fraction of the candling heat transfer to
cladding from Equation (3-5) is transferred to the cladding, with the remainder going directly
to the underlying fuel, as shown by

Ca
Qe = Ceer ° (3-9)
Qry =Q —-QcL (3-10)

Molten mass is relocated downward in stepwise fashion according to Equation (3-8), until it
has all refrozen on components in one or more lower cells 3.1.3). Figure 3.1 illustrates
several steps in this process. The material refrozen on a component is termed
conglomerate debris (as opposed to particulate debris) and becomes an integral part of that
component.

MOLTEN

REFROZEN

STEP 1 STEP 2 STEP 3 STEP 4

Figure 3.1 Candling process steps
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If the material interactions (eutectics) model is not active, materials candle independently
whenever their melting point is reached; otherwise, the molten portion of the conglomerate
debris mixture candles as a congruently freezing mixture (i.e., when it freezes, the solid
formed has the same composition as the liquid remaining).

Molten material originating in one type of component refreezes on the same component
type in lower cells unless that component does not exist in those cells. If the originating
component type does not exist in a cell, the molten material refreezes on an alternate
component that depends on the originating component type and whether the cell is in the
core or lower plenum. The definition of alternate refreezing components is summarized in
Table 3.1. As indicated there, in the core the alternate refreezing component for material
originating in all components, except particulate debris, is particulate debris, in either the
channel or the bypass, as appropriate to the originating component. The alternate
component for material originating in particulate debris in the channel is cladding, and for
particulate debris in the bypass it is NS (presumably representing a control blade). In the
lower plenum, a second alternate refreezing component is taken as SS (presumably
representing CRGTS), if present. If neither the originating component nor an alternate
refreezing component is found in a cell, the molten material falls through to the next lower
cell.

Table 3.1 Alternate refreezing components

Cell Originating Component Type
Location CL CN/CB XS (A) PD PB
Core PD PD PB/PD (B) CL NS
fallthrough | fallthrough | fallthrough | fallthrough | fallthrough
Lower Plenum PD PD PB/PD (B) CL NS
SS SS SS SS SS
fallthrough | fallthrough | fallthrough | fallthrough | fallthrough

(A) XS denotes any of SS or NS

(B) PB/PD denotes PB if there is a distinct bypass, otherwise PD

The volume occupied by molten and refrozen material during candling is tracked, and any
related changes in component volumes are communicated to the CVH package as virtual
volume changes. (The term virtual volume refers to space occupied by relocatable non-
CVH materials in a control volume. Changes in virtual volume affect such things as liquid
levels and pressure calculations. For a detailed discussion of virtual volume concepts, see
the CVH Package Reference Manual.)

3.1.2 Flow Blockages

Important changes were made to the candling model in version 1.8.6 to improve the ability
to predict the formation of flow blockages. As shown in Figure 3.2, for MELCOR 1.8.5, flow
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blockages can only occur when refrozen material completely fills the available volume in a
COR cell. This, of course, can lead to node size dependence because large COR cells
would be more difficult to fill than smaller cells. In MELCOR 1.8.6, the vertical distribution of
material refrozen on components within a core cell is tracked so that a local blockage can
form. (The number of sub nodes in this distribution function is accessible to the user via a
sensitivity coefficient.) By default, ten sub nodes are assumed for each COR cell. When a
local blockage is detected, any remaining unfrozen candling material becomes molten pool
material. Molten pool material is created from unfrozen candling material.

1.8.5 V 1.8.6

Intact
Conglomerate

Figure 3.2 Flow blockage for a cell, as predicted by the COR candling model
(Comparison of MELCOR version 1.8.5 and 1.8.6)

As molten material candles it transfers heat to the underlying component. Eventually it
loses its latent heat and refreezes onto the surface, or it is blocked and forms a molten
pool. Generally, in MELCOR 1.8.6, refrozen material is distributed non-uniformly over the
surface of the underlying component where before it was assumed to be uniformly
distributed over an intact surface. This distribution modifies every time candled material
refreezes on components and whenever refrozen material melts or relocates.

The formation of a local blockage in the upper core obstructs downward-relocating molten
materials, even though there may otherwise be available volume for relocation. It also
obstructs the downward relocation of solid materials. When solid particulate debris
relocates into a suspended molten pool, it is retained above the blockage. The distinction
between particulate debris above and below the blockage is maintained by adding the
former to the “intact” (as distinct from “conglomerate”) portion of the molten pool
component. As a consequence, the relocating particulate debris is thermally equilibrated
with the existing molten pool.

Molten material is transferred between radial rings to achieve a uniform surface level
across the pool as discussed in Section 3.2.1. Candling of molten pools accumulated above
a blockage after failure of that blockage is discussed in Section 3.1.3.

Relocation of core materials may result in a reduction of area and an increase of flow
resistance, or even a total blocking of flow, within various parts of the core. The effects on
hydrodynamic flows may be modeled by using the core flow blockage model in the
hydrodynamics package, which requires input of FL_BLK records for the associated flow
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paths. In addition to modeling the change in flow area, this model calculates the change in
flow resistance. The resistance is based on a model for flow through porous media when
particulate debris is present; otherwise, the input flow resistance for intact geometry is
simply modified to account for any change in flow area. This model, described in Section
6.7 of the CVH/FL Reference Manual, uses a porosity based on the ratio of available
hydrodynamic volume to total volume (see Section 3.2.3); a minimum porosity is imposed
by sensitivity coefficient C1505(1), with a default value of 1073

MELCOR 1.8.5 also includes a model for the opening of a flow path between the channel
and bypass regions of the core upon failure of the canister in a BWR.

Activation of these models is not automatic. Input on FL_BLK records is required to specify
which core cells are associated with each flow path involving the core. Furthermore,
because only CVH and FL model the flow of water and gases, the effects of blockages on
circulation can be modeled only to the extent that the CVH/FL nodalization can resolve that
circulation. For more details, see discussion in Section 1.5.10 of the COR Package Users’
Guide and input instructions in the FL Users’ Guide.

3.1.3 Holdup by Oxide Shells

A model has been implemented in the COR package for an oxide shell to hold up molten
material until the shell is breached. Molten material is held up within a component if the
oxide thickness is greater than a critical value Ar, ,, if the component temperature is less

than a critical value Toreach, and if no candling from the component in that cell has yet taken
place. The parameters Ar, ,, and Toreach May be setindependently for steel and for Zircaloy

in cladding and in canisters via sensitivity coefficient array C1131. The default values for
these sensitivity coefficients are currently set so that there is holdup by Zircaloy oxide but
not by steel oxide.

When an oxide shell is first breached, or when a flow blockage or crust first fails, the
assumption built into the candling model of constant generation of melt over the timestep is
no longer valid. Behavior of the model related to the amounts of mass refrozen in lower
core cells, as described in Section 3.1, would thus be highly dependent on the size of the
current timestep. Therefore, for those situations involving the sudden release of a large
mass of molten material, Mm, built up over perhaps several previous timesteps, application
of the candling model is modified slightly. For breach of an oxide shell, a constant timestep

Aty 1S used in Equation (3-3) to avoid timestep dependencies. For failure of a flow
blockage holding up a molten pool, a timestep, At ..., IS used in Equation (3-3). This
timestep is calculated as a function of a parameter , T, , that represents a maximum flow

rate (per unit surface width) of the molten pool after breakthrough:
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M, Az
A'tcontact =max |: At’ﬁ:| (3-11)

max S

In other words, a large molten pool is allowed to discharge at a maximum rate of I, _, , and
the amount refreezing onto structures below will be a linear function of the total mass of the
pool. Both At,,... and T, are accessible in sensitivity coefficient array C1141; their
default values of 1 s and 1 kg/m—s have been set so that this model is only active for large

molten pools breaching a crust.

3.1.4 Solid Material Transport

A simple model has been implemented to allow transport of unmolten secondary materials
(currently ZrO2, UOz2, steel oxide, and control poison) via the candling process. This model
could be used to treat the breaking off of pieces of thin oxide shells that are carried with the
molten material or to simulate the dissolution of UO2 by molten Zr. On input record
COR_CMT, the user may specify relocation of a secondary material, AM,, as either an

input fraction F1 of the molten mass AM,, deposited on a component:

AMS = Fl AMm (3_12)

or in fractional proportion to its existing fraction within a component:

— M Jtotal
AM, =F, —=98 AM (3-13)

m total

where F2 is an input parameter specifying the fraction of direct proportional relocation,
Ms total iS the total secondary material mass in the component in the cell of origin, Mm total IS
the total material mass (molten and solid) in the cell of origin, and AM, is the secondary

material mass deposited with refrozen material AM, .

This model is inactive if the COR materials interactions (eutectics) model, which is
described in Section 2.8 and treats dissolution mechanistically, is active.

3.1.5 Radial Relocation of Molten Materials

There are two radial relocation models: the first relocates molten core material that still
exists following the candling/refreezing algorithm just described. The second, which
relocates particulate debris, is essentially similar. Both models are intended to simulate the
gravitational leveling between adjacent core rings that tends to equalize the hydrostatic
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head in a fluid medium. Either of the two radial relocation models can be deactivated by
user input on MELCOR input record COR_TST, but they are both active by default.

The molten material radial relocation model considers each axial level of the core
independently, and is invoked after the axial relocation (candling) model. A simple algorithm
loops over all adjacent pairs of radial rings between which relocation is possible and
compares the calculated liquid levels in the two. If the levels are unequal, then a calculation
is performed to determine the volume of molten material, Veq, that must be moved between
the rings to balance the levels. Furthermore, when the stratified molten pool model is
active, molten material may reside in both the oxide molten pool component and the
metallic molten pool component. Leveling is performed for each component and
displacement of metallic molten pool material by assumed heavier oxide molten materials is
considered. Furthermore, the nonuniform axial variation of the cell volume for core cells
adjacent to the curved lower head is used in determining pool heights. Itis assumed that
the radial relocation is blocked by the presence of an intact BWR canister structure in either
ring. In addition, radial relocation is not allowed within a core plate. The actual
implementation prevents such relocation to or from a core cell containing supporting
structure modeled as a plate.

The relocation rate has a time constant of r__, which may be adjusted by user input, so

spr !

that the actual volume relocated, Ve, during the core timestep, At_, is given by

Vi =Veq [L- exp -t /7, )] (3-14)

The default value of 60 s for 7, was chosen as an order-of-magnitude value based on

engineering judgment and recommendations of code users. It is accessible as sensitivity
coefficient C1020(2).

If the volume of the material that must be relocated is trivial (specifically, less than
0.01 m%kg times the mass below which any component will be eliminated, C1502(1), which
has a default value of 1.0 x 10°® kg), then no relocation is performed during that timestep;
otherwise, the fraction of the molten material that must be transferred from the “deep* ring
to the “shallow" ring is determined by dividing the mass of melt that must be relocated by
the total mass of melt in the deep ring. That fraction of molten mass is then transferred from
each core component in the deep ring to the conglomerate debris associated with the
particulate debris component in the shallow ring, and the component volumes in each ring
are adjusted accordingly. Any fission product transfers or virtual volume adjustments
resulting from the relocation are performed by calls to interface routines with the RN
package and CVH package, respectively.

Radial relocations are directed inward preferentially; that is, at each axial level the algorithm
begins at the innermost ring, marches radially outward and transfers molten material from
ring i to ring i-1 if the liquid level in ring i exceeds that in ring i-1. Following the march from
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ring 1 outward, a reverse march is made inward from the outermost ring to perform any
outward relocations from ring i to ring i+1 still required to achieve a uniform liquid level
across the axial level.

3.1.6 Surface Area Effects of Conglomerate Debris

The addition of conglomerate debris refrozen on component structures affects the surface
area exposed to fluid convection, oxidation, and further refreezing during candling. For fuel
rods and patrticulate debris, conglomerate debris can fill interstitial spaces, thus occluding
some or all of the surface of the underlying component. The following paragraphs describe
in detail a model specifically developed for fuel bundles. The general form of this model is
incorporated into the COR package for all core components, but with different coefficients
for each. With the default values of these coefficients, it is actually used only for fuel rods
and particulate debris.

Consider the candling process idealized for a fuel rod unit cell, as shown in Figure 3.3.
Molten debris refreezing on the rod is assumed to begin forming a half-cylinder on the rod
at the point directly adjacent to the next rod [Figure 3.3 (a,b)]. As this half-cylinder of
conglomerate continues to grow, its surface area expands, and the intact area shielded
also grows, albeit at a lesser rate. Eventually it meets the conglomerate on the adjacent rod
and forms a bridge between the two rods [Figure 3.3 (c)]. As additional material is added,
more of the intact rod is covered by the conglomerate, until a cylindrical void region
centered in the interstitial region among a set of four rods is created [Figure 3.3 (d)]. This
central void then shrinks to nothing as the interstitial area is completely plugged up [Figure
3.3 (e)].

For purposes of calculation, the above-described process is divided into three stages. The
first stage lasts until the conglomerate debris half-cylinders bridge the gap between rods, as
shown in Figure 3.3 (b). The second stage lasts until that bridge has widened to cover the
entire surface area of the fuel rods, forming a central cylindrical void, as shown in Figure
3.3 (c). The third stage continues until the central void is completely plugged up as shown
in Figure 3.3 (e). The surface area of the conglomerate debris in the unit cell is calculated in
approximate fashion from the fraction of the interstitial volume that it occupies.
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(a)

(b)

(c)

(d)

(e)

Figure 3.3 Conglomerate debris geometry in fuel rod bundles

It is convenient to define areas and volumes relative to the unit cell rod surface area A; and
initial interstitial volume Vi. The latter is related to the volume of the rods by

V p? - ”Rz_ Ebundle
Vrod 7 R2 1- Ehundle (3-15)

where P is the rod pitch and R is the rod radius, as defined by the COR_GP input record,
and &,,.4. IS an effective porosity of the rod bundle.

During the first stage, the surface area of the conglomerate debris Acq grows as the square
root of its volume Vcq up to some critical volume V1 with surface area Ac:.
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With the definition of Equation (3-15), it may be shown that

1/2
Au) (Va IV
=A c ! _
Ag =A ( A V.V (3-16)
E:F :M
Ai Almax R (3_17)
vV, _z (P-2RY
Vi — ' Vimax _E Pz j 7Z'R2 (3-18)

During the third stage, beyond some critical volume V2 with surface area Acz, the surface
area of the conglomerate debris decreases as the square root of the empty volume (Vi —
Vcd). In terms of area and volume fractions,

2 1- Vcd /VI N
A=A & ) [1 Vel /vi] (49)
L _P/J2 - R
ACTi_ FAZ,max _\/_T (3'20)
V,

!P/\/ - R%
c2 — —
Vi - I:V2,max =l-z Pz _ ﬂ_RZ (3'21)

A minimum area fraction Famin may be imposed for the third stage to prevent the surface
area of central void from being completely reduced to zero. In any case, the surface area of
conglomerate debris will not be reduced below a minimum surface-to-volume ratio as
described below.

During the second stage, the surface area of the conglomerate debris is interpolated
linearly with volume between Ac: and Aco.

The area of the intact rods wetted by the conglomerate, and thus blocked from further
oxidation and convection, is treated in two stages. For volumes greater than Vc, the
fraction of intact surface area A blocked is set to a maximum value:

I:b = I:b,malx (3'22)
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For volumes less than V2, the fraction blocked is linearly interpolated:

I:b = Fb,max \/_2 (3'23)

The same form is applied for all components. For particulate debris, the user-input porosity
of the debris bed is used to replace &4, in Equation (3-15); for all other components, the
interstitial volume, V;, is taken as zero. The parameters Faimax, Fvimax, FA2max, Fv2,max,
Famin, and Fp max are accessible for each component as sensitivity coefficient array C1151.
Currently, all components have default values based on typical BWR rod geometries with
pitch 16 mm and rod radius 6.26 mm. However, they will be used only for fuel rods and
particulate debris.

For conglomerate debris that does not occupy interstitial volume (either the component
does not have interstitial volume via the porosity input or the debris overflows what is
available), a simple surface area-to-volume ratio is applied to the excess conglomerate
debris volume Vcd,excess:

Acd ,excess :Vcd ,excess RSV (3-24)

The parameter Rsy is also accessible in sensitivity coefficient array C1151, with a default
value of 100. The surface area of the excess debris is added to the area calculated from
Equations (3-16) to (3-23). The total surface area of conglomerate debris (excess plus
interstitial) cannot fall below the value obtained by multiplying the debris volume V¢4 by Rsy.

Furthermore, to avoid overheating a vanishing CVH fluid, the sum of the surface areas of
the intact component and its associated conglomerate debris, which constitutes the total
effective surface area for heat transfer to CVH, cannot exceed

Atot,max = rT]ax(vCVH RSVf ’gminVCOR ) (3'25)

where Rsyr is a limiting surface-to-volume ratio, accessible as sensitivity coefficient
C1152(1) with a default value of 1000 m™, emin is @ minimum porosity in the core, accessible
as sensitivity coefficient C1505(2) with a default value of 103, and Vcvh and Vcor are the
total volumes of fluids and COR materials, respectively.
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3.2 Particulate Debris

After core components collapse, the materials that composed them are treated as
particulate debris. After it has been formed, this debris can spread radially and/or settle
vertically, subject to the availability of free volume and the presence or absence of support.

3.2.1 Formation of Particulate Debris

The COR package contains several simple models that consider the structural integrity and
support of intact components and convert them to particulate debris when either is lost.
Most are logical models rather than structural models; no stress calculations are performed
for any component other than supporting structure (SS). Even for SS, such a calculation is
optional. Complex debris formation mechanisms, such as quench-induced shattering, have
not been implemented into the COR package at this time.

All components other than fuel rods (FU and CL) will be immediately converted to
particulate debris whenever the unoxidized metal thickness is reduced below a user-
defined minimum value. The thickness criterion is also used for cladding (CL), which is
assumed to support fuel pellets (FU), but other criteria are also considered for fuel rods. On
record COR_CCT, the user may define one minimum thickness parameter, Ar, .., with a

default of 0.1 mm, that is used for Zircaloy in the cladding (CL) and the two canister
components (CN and CB).

For the nonsupporting structure component (NS), the structural metal may be taken either
as steel (the default) or as Zircaloy. The default minimum thickness is also 0.1 mm. Both
the structural metal to which it will be applied and the minimum thickness may be specified
independently for each core cell containing NS.

Setting any Ar,,, to zero will prevent collapse of the associated components by this

mechanism, although MELCOR may still predict their collapse using one of the other
criteria described below. If the user has specified electric heating element material in the
fuel rods, formation of particulate debris is suppressed, and the minimum thickness
parameter Ar, .. must be set to zero.

Unoxidized metal thickness is reduced both by oxidation and by melting and candling of
metal. It is expected to increase, except for the case of cladding, by refreezing of metal
candled from above. If candling of molten material is not possible because of a flow
blockage or holdup by an oxide shell (Sections 3.1.3 and 3.1.4), the retained metal is
considered as part of the unoxidized thickness. In effect, the component is considered to be
supported by the oxide shell that contains the held-up melt or by the surrounding pool of
molten material. Particulate debris will be formed from CN or CB whenever the temperature
of the component reaches the melting temperature of the associated oxide (ZrO2z for CN
and CB). The temperature at which NS will be converted to particulate debris, independent
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of metal thickness, may be independently specified for each core cell containing NS, with a
default value of the melting point of the structural metal identified for NS in that cell.

Fuel rods, composed of cladding and fuel pellets (the CL and FU components), are treated
somewhat differently. Oxidized rods are assumed to retain their identity until the cladding
reaches 2500 K and to collapse unconditionally if the fuel temperature reaches 3100 K (the
approximate melting temperature of UO2). In MELCOR 1.8.4, the former temperature was
taken as 2800 K, the approximate melting temperature of the UO2/ZrO2 eutectic, but
experience with Phebus has shown that the lower temperature is more appropriate for
irradiated fuels. Both temperatures are accessible to the user through sensitivity coefficient
array C1132. It is possible for a fuel rod to be hot but unoxidized, either as a result of
heating in an inert environment or following total loss of ZrO2 through candling involving
secondary transport (Section 3.1.4) or eutectics (Section 2.8). As currently coded, such a
rod will be converted to particulate debris when the remaining metal thickness falls below

A I cl,min -

Finally, an intact component will be converted to particulate debris whenever that
component 's support is lost. This support may be provided by either the same component
or the unfailed supporting structure (SS) component in the cell below; the portion of a fuel
rod in level n supports the portion in level n+1, and the core support plate is considered to
support all components above it.

When a component of the core of a BWR collapses to form particulate debris within the
core region, this debris can occupy space either inside or outside the channel boxes. In
earlier versions of MELCOR, only a single particulate field was available, and all
components collapsed to form particulate in the channel. In MELCOR 1.8.5, particulate
debris in the bypass (PB) is distinguished from that in the channel (PD). In any core cell
with a distinct bypass, the structural components SS and NS are modeled as collapsing to
form PB, while all others collapse to form PD. As this debris is later relocated, it may—
depending on geometry—occupy the channel or bypass region of other cells or be split
between them.

Particulate debris is characterized by user-specified particle diameters, Dpq, and Dpp,
entered as hydraulic diameters on input record COR_EDR. The two diameters are equal by
default, but this is not required. However, there is no provision at this point for considering
more than a single representative diameter for either. The surface area of the particulate
portion of each type of debris is calculated from Dy, and the total volume of the particulate,
Vpx, as

BV,
Asps = D (3-26)

pXx
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where x can be d or b. The fraction of this area used for oxidizing the Zircaloy portion of the
particulate debris is the fraction of the particulate debris volume that is Zircaloy plus ZrOs-.
The fraction of this area used for oxidizing the steel portion of the particulate is the fraction
of the particulate volume that is steel plus steel oxide. ZrO2 and steel oxide in particulate
debris are modeled to exist as layers covering the Zr and steel, respectively. The
particulate areas of the debris are further modified by the addition of conglomerate debris,
according to the model described in Section 3.1.5 to obtain actual areas for oxidation and
heat transfer.

Note that when intact components are converted to particulate debris, the distribution of
refrozen conglomerate associated with the intact component (Section 3.1.3) is redistributed
uniformly throughout the newly created particulate debris.

3.2.2 Debris Addition from Heat Structure Melting

During degraded core conditions, many reactor vessel structures that are modeled by the
HS package in MELCOR are subjected to intense radiative and convective heating, and
may be expected to melt. These structures are often designated on input records COR_RP
and COR_ZP as the radial and axial boundary heat structures for heat transfer from the
core. An example of such a structure is the BWR core shroud, a relatively thin (5 cm)
structure that surrounds the entire core and extends into the upper plenum.

Although the HS package does not model melting in general, the melting of these
structures may be calculated by special application of the HS package degassing model,
using material type SS (see the HS_ DG input records), and the resulting molten steel
passed to the COR package. The melting model tracks the mass and volume changes
associated with the molten steel added to the core. The model requires that any melting
steel HS structure lie either along the core, corresponding directly with one of the axial
segments represented in the COR package, or above the core.

The molten steel produced from the degassing model is passed to the outermost radial ring
(NRAD) in the axial segment corresponding to the origin of the melt. It is entered as
particulate debris with energy corresponding to fully molten steel with no superheat. The
model is flexible to the extent that additional HS package structures above the core can
also be identified to melt via the degassing model, with material passed to the uppermost
axial segment (NAXL) in the outer ring. The candling model described in Section 3.1 and
the particulate debris relocation logic discussed below performs any subsequent relocation
of the molten steel from its initial core position.

3.2.3 Exclusion of Particulate Debris

Core cells need not be completely filled to block entry of particulate debris; debris can enter
a core cell only if there is “free” volume in that cell. The free volume can be less than the
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fluid volume, because a component is allowed to exclude particulate (but not fluid or molten
materials) from a volume greater than its physical volume. This can represent the natural
porosity of a rubble bed, which does not allow other rubble to enter the pores. It can also
represent an assumption that other interstitial spaces, such as those within fuel rod
bundles, are too small to allow rubble to enter.

All intact components automatically exclude debris from the physical volume that they
occupy. In a BWR, all initial components except the control blades are considered to
occupy space in the channel region, with the blades occupying space in the bypass. (To be
strictly precise, the core support plate is sometimes viewed as occupying space in the
bypass, but only in a region where channel and bypass are not distinguished.) Particulate
debris can occupy space in the channel (as PD), in the bypass (as PB), or in both.

Particulate debris is treated as forming a porous debris bed, which excludes other
particulate debris from an effective bed volume, Vied.

\Y/

Vbed = max(vmaterial ’Ti—eléed) (3-27)

Here, Vmaterial IS the total volume of material in the particulate, Vunmelted IS the volume of that
portion of the material that has never been melted, and ¢ is a user-defined porosity. The
physical picture is that the unmelted particulate forms a debris bed with porosity ¢, but that
molten, or once-molten, materials may fill some or all of the pores. For a BWR, this
treatment is applied separately to particulate in the bypass and in the channel.

MELCOR 1.8.5 includes a flexible and relatively straightforward capability to model the
exclusion of particulate debris from other interstitial spaces. The model allows all
components to exclude particulate debris from some minimum fraction of an associated
total volume (channel or bypass) by their simple presence. (In cases where the associated
volume is the one actually occupied by the component, particulate debris will continue to be
excluded from the total physical volume, if it is greater.)

The free volume in a core cell (or in the channel or bypass region of a core cell) represents
the volume available for additional particulate debris to relocate into that cell. Such debris
may relocate either from the cell above or from an adjacent cell on the same axial level.
The free volume is defined as

Vfree = max |:\/total - Zmax wmaterial,k !Vexcluded,k )' O} (3-28)
k

where the sum is over all components. For particulate debris, Vexciuded x is the bed volume
given by Equation (3-27). For all other components, it is a user-defined fraction of the total
volume of the cell, if the component exists in the cell.
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Based on examination of the geometry of typical US reactors, we would expect that no
particulate debris could enter fuel bundles while there are intact fuel rods present. In BWRS,
we would expect that particulate could not enter the unbladed bypass while there is intact
CN, nor enter the bladed bypass while there is intact NS representing control blades. After
the control blades have failed, this debris is free to enter the bladed bypass but not the
unbladed bypass (assuming that CN is still intact).

The default exclusion fractions, selected in accordance with this picture, are shown in Table
3.2. In the table, RD means fuel rod; the exclusion is associated with the presence of FU,
CL, or both. By default, the presence of intact fuel rods in a core cell excludes particulate
debris from the entire channel region but has no effect on the bypass. The presence of
intact CN excludes particulate from 30% of the bypass, representing the unbladed portion,
and intact NS representing control blades exclude it from the remaining 70%. NS
representing PWR control rods and SS have no effect.
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Table 3.2 Exclusion of particulate debris by core components

Excluded fraction Channel Bypass
RD (FU, CN) 1.0 0.02
CN 0.3°
CB 0.02
NS¢ BWR: 0.7° PWR: 0.0¢
SS°¢ 0.0¢

[y

The default values for RD and CB will allow failed control blades to slump without melting. A value of 1.0 for CB
would exclude particulate from the bypass region while CB survives. A value of 1.0 for RD would exclude it from
the original bypass region—even after the canisters have failed—while there are intact fuel rods. Such values
could be used to prevent the slumping of unmelted rubble from control blades until the canisters, fuel rods, or both
have failed.

o

By default, CN excludes PB from the unbladed portion of the bypass while NS representing control blades
excludes it from the bladed portion. These numbers are intended to represent a typical partition between unbladed
and bladed bypass volumes in a BWR, taken here as 30%/70%.

o

If there is a separate bypass region, SS and NS occupy that bypass and the exclusion fraction is applied to its
volume. If there is none, as for NS representing PWR control rods and most cases of SS representing plates or
control rod guide tubes, the fraction is applied to the total (i.e., channel) volume.

a

Ina PWR, NS is used to represent control rods. In Western designs, these rods have little ability to exclude debris
in the absence of fuel rods. For a VVER (Russian PWR design), there are control assemblies that take the place
of certain fuel assemblies when the reactor is shut down. If the exclusion fraction for NS is set to 1.0, particulate
debris will be prevented from entering these control assemblies until the control elements fail.

¢ SSis used to model core plates and BWR control rod guide tubes. This value will allow particulate to enter core
plates and be supported there and to fill around BWR control rod guide tubes without restriction.

Other analysts might want to examine the consequences of other assumptions when
applying MELCOR to different reactor designs. For example, when VVER reactors are shut
down, some of the fuel bundles are lowered out of the main core, with their place taken by
control elements. Under the assumptions appropriate to US designs, these control
elements would have no capability to exclude debris and, when the upper core starts to
collapse, the resulting debris would immediately spread into the rings containing these
elements and fall to the lower plenum. Therefore, the default exclusion fractions can be
modified globally, level by level, ring by ring, or cell by cell through user input.
Consequences of default and alternate values are indicated in footnotes to the table.

These constraints on availability of space are considered in the models for radial and axial
relocation of debris described in the following subsections. The absence of free volume is
not allowed to prevent particulate debris from being formed in a core cell. For example,
whenever a control rod or blade disintegrates, it is converted to particulate debris in place.
The debris must be allowed to occupy the space previously occupied by the blade, even if
geometric restrictions might have prevented any rubble from falling into that space. In
addition, if a support plate has failed and lost the ability to support particulate debris, the
absence of free volume within the plate is not allowed to prevent the passage of particulate
debris through it. This allows such particulate to continue to relocate downward to space
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available below the plate. Note that free volume, in the sense discussed here, is not
relevant to the relocation of molten materials, which can fill all volume not physically
occupied by materials; rather, it is the volume available to fluids.

3.2.4 Radial Relocation of Particulate Debris

The particulate debris leveling model is very similar to the molten material leveling model
described in Section 3.1.5 except that, in the former, material is moved only from the
particulate debris component in the deep ring to the particulate debris component in the
shallow ring. Particulate debris is permitted to displace molten pool material in adjacent
rings, and molten material will backfill volume previously occupied by slumping solid
particulate debris. The time constant for particulate debris relocation has an ad hoc default
value of 360s and is accessible as sensitivity coefficient C1020(1). There is no
consideration of an angle of repose; debris is completely leveled across the core.
Particulate debris relocation is subject to the same constraints concerning BWR canisters
and core support plates as is molten material relocation. Component volumes and
associated fission products are adjusted following relocations.

When particulate debris spreads radially, the distribution of refrozen conglomerate for
particulate debris in both the donor and receiver cell is modified (Section 3.1.3).
Conglomerate is moved from the top of the axial distribution in the donor cell to the top of
the distribution in the receiver cell.

In the lower head, the particulate conglomerate volume that can spread radially inward is
limited in order to retain a minimum volume in the cell to represent the volume of crust
material refrozen on the vessel surface. This crust volume is calculated from
component/vessel contact area, derived from component volume and cell geometry (curved
lower head), and from the crust thickness obtained from the Stefan model. As material in
the molten pool is frozen, itis transferred to particulate debris, and this minimum volume for
retention increases. Similarly, as the crust freezes, this minimum volume decreases.

3.2.5 Gravitational Settling

The downward relocation of particulate debris by gravitational settling is modeled in
MELCOR as a constant-velocity process whose velocity is given by VFALL from the
COR_LP input record. Each ring in the COR nodalization is treated independently. For a
given ring, each core cell containing particulate debris is considered in turn as a potential
source of falling debris, working from the bottom up. The model first determines how far
particulate from that cell can fall during the timestep, subject to limitations of available
volume and support. Falling debris can be stopped by the absence of available space due
to a blockage or by encountering a structure that can support it, typically, a support plate
with the capability to support particulate. Note that, because of the debris exclusion model
discussed in Section 3.2.3, core cells can be blocked without being completely filled.
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After the lowest core cell that particulate can reach has been determined, the algorithm fills
the available space from that level until the debris in the source cell has been exhausted or
all available volume has been filled. It then moves on to consider the next higher cell in the
ring as a possible source of slumping debris, subject to the updated availability of space.

The model accounts for the distinction between particulate in the channel (or what was
originally the channel), PD, and that in the bypass (or what was originally the bypass), PB.
It allows particulate debris to slump from the channel or bypass of one cell into the channel
and/or bypass of the cell below, depending on the conditions in those cells. The situation is
complicated by the fact that the distinction between channel and bypass does not exist
everywhere in the core. For example, cells such as those in the lower plenum that never
contained canisters—and therefore can have no “bypass” region—are permitted to contain
only PD. Thus, any debris that slumps into such a cell as PB must be considered there as
PD. In addition, the distinction is almost entirely lost for cells that originally contained
canisters once those canisters fail, and all particulate debris in such a cell is considered to
be well-mixed and equilibrated. (However, separate volumes in the channel and the bypass
must be calculated for such cells in order to define the volumes displaced in the associated
CVH control volumes, which do remain distinct.)

The details of the algorithm implemented are as follows; it is to be understood that intact
canister means component CB present in the cell:

1. The split between channel and bypass regions is preserved when particulate debris
slumps from a core cell with an intact canister into another core cell with an intact
canister. That is, debris in the channel passes into the channel while debris in the
bypass passes into the bypass;

2. All particulate debris that originates in, or enters, a core cell where there is no intact
canister to separate channel and bypass is treated as mixed, and any distinction
between origin as PD or PB is lost;

3. Particulate debris that slumps from a core cell without an intact canister into one
with an intact canister is split between channel and bypass in proportion to the
available cross-sectional areas of the two regions;

4, If the fall of particulate is blocked in the channel or the bypass in a core cell that
contains an intact canister, it will fill that region from the blocked level up. If both are
blocked, it will fill each independently, based on debris entering the corresponding
region. If there is sufficient debris to fill all available volume in the channel or bypass
to a point above which there is no intact canister, any remaining debris will be used
to fill from that cell upwards;

5. If the fall of particulate is blocked in a core cell that does not contain an intact
canister, it will fill from that level up. If channel and bypass are distinguished in that
cell because it originally contained a canister, the particulate debris will be divided
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between PD and PB in proportion to the available cross-sectional areas of the two
regions. If there is sufficient debris to fill all available volume to a point above which
there is an intact canister, the two regions will be filled independently, based on the
split of debris between them at the point where falling particulate entered the region
containing a canister.

When particulate debris slumps into the adjacent cell beneath it, the distributions of
refrozen conglomerate for particulate debris in both the donor and receiver cells are
modified (Section 3.1.3). To represent the movement of particulate debris and
conglomerate slumping from the bottom of the donor cell, the axial distribution in the donor
cell is shifted downwards, and the distribution of the moved conglomerate is appended at
the top of the conglomerate distribution in the receiving cell.

3.3 Molten Pool

In MELCOR 1.8.5, molten material was included as part of the particulate debris
component, requiring that molten material be in thermal equilibrium with solid particulate. In
addition, although a distinct composition was maintained for never-melted particulate
debris, molten and refrozen debris were required to have the same composition. It was
therefore impossible to distinguish adequately between molten and solid relocated material
within a COR cell. Consequently, in MELCOR 1.8.6, two new components have been
added to the COR package to represent oxide (MP1) and metallic (MP2) molten pool
materials. In addition, there are corresponding components (MB1 and MB2) to track molten
pool material in the bypass regions of a BWR (see Figure 3.4).
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Figure 3.4 New molten pool components

Molten pool is formed as candling molten material is blocked due to support material or as
a local blockage is formed from previously frozen conglomerate. Models were developed
for these new components to define the characteristics of heat transfer and relocation.
Unsupported molten pools slump in a manner analogous to particulate debris. However,
now it is important to allow for displacement of molten pool materials by particulate debris.
In addition, molten pool material is to be supported by a substrate (particulate debris) when
the presence of a crust is detected. A crust is formed as a local blockage due to refrozen
material. If a crust is not present, then molten pool material is free to relocate downward or
is allowed to fill any available interstitial particulate debris volume where it is equilibrated
and moved to the particulate debris component.

Contiguous volumes containing these components comprise physical molten pools that are
assumed to be uniformly mixed by convection and will have uniform composition and
temperature.

3.3.1 Slumping and Displacement

Several assumptions have been made regarding stratification and displacement of
materials in the degraded core. It is assumed that particulate debris will sink into a molten
pool, displacing the molten pool volume. If the molten pool volume is part of a contiguous
convecting pool retained behind a local blockage, it will not relocate below the local
blockage and will be moved from particulate debris to the intact component of the molten
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pool component. Furthermore, if the pool stratification model is enabled, itis also assumed
that the oxide and metallic materials are immiscible and separate into distinct molten pool
components. The oxides (MP1) are assumed to be denser than the metallic materials
(MP2) and therefore to displace the metallic molten pool material. In a BWR, this
displacement is complicated by the existence of canister walls separating channel and
bypass volumes. No material can flow through the canister walls or through an intact crust.
However, as the canister is degraded, flow paths may open up and relocating material may
be partitioned (by available area) between channel and bypass volumes.

The algorithm to account for the displacement of components is illustrated by the simple
case of MP1 displacing MP2 in cells (see Figure 3.5). For each cell containing MP1, the
volume presently occupied by MP2 in cells is made available for further downward
relocation of MP1. The net transfer is accomplished first by relocating MP2 upwards into
the volume to be vacated by MPL1. In the next step, MP1 is transferred downward into the
volume vacated by MP1. Checks are made for small volumes to prevent numerical
problems, and special logic is applied to split flow through canister openings based on
areas. The detailed procedure is as follows:

1. Check for small volumes (less than roundoff) to prevent subsequent numerical
problems

2. Consider separate flow paths for channel and bypass volumes (allow mixing at
openings)

3. Determine volume available for MP1 relocation (fluid volume occupied by MP2)

4, Split flow at canister openings based on area

5. Find lowest elevation for relocation

6. Relocate MP2 upward into volume to be vacated by downwardly relocating MP1

7. Increase MP2 masses, volumes, and enthalpies in ‘To’ cells

8. Check for small (less than roundoff) volumes left behind

9. Set up all RN moves and make them

10. Remove MP2 masses, volumes, and enthalpies in ‘From’ cells
11. Relocate MP1 downward into volume just vacated by MP2
12. Increase MP1 masses, volumes, and enthalpies in ‘To’ cells

13.  Check for small (less than roundoff) volumes left behind
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14.  Set up all RN moves and make them

15. Remove MP1 masses, volumes, and enthalpies in ‘From’ cells

Channel Bypass Channel Bypass Channel Bypass
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Figure 3.5 Algorithm for displacement of MP1 and MP2 components

Note that these models do not take into account heat transfer or interactions as material
sinks into a molten pool and material relocation is limited by a blockage or by the distance it
can travel in a timestep, assuming that it is falling at velocity VFALL as provided on the
COR_LP input record.

3.3.2 Contiguous Molten Pools

As already discussed, contiguous volumes containing molten pool components constitute
coherent molten pools that are assumed to be uniformly mixed by convection, so as to
have uniform material composition, radionuclide composition, and temperature. Two distinct
molten pools are allowed in the lower plenum (oxide and metallic), and potentially four
molten pools can be modeled in the upper core (oxide and metallic in channel, and oxide
and metallic in bypass volume). A search is made in the core and lower plenum to find the
largest contiguous molten pools (by volume), which are then modeled as convecting molten
pools. This requirement for contiguity ensures that isolated cells containing molten
materials are not mixed with the convecting pools. These convecting molten pools will
transfer heat to the lower head (lower plenum pools), fluids (water or steam), and substrate
material. In addition, there will be a transfer of heat and radionuclides that occurs between
stratified molten pools. New models have been added to predict heat transfer coefficients to
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the substrate supporting the molten pool, heat transfer between pools, and heat transfer to
surroundings. Note that isolated volumes of molten pool material are not part of these
contiguous molten pools and are not included in the convective mix. They will have distinct
temperatures and composition and will transfer heat as discussed in previous sections.

3.3.3 Partitioning of radionuclides

In MELCOR 1.8.5 all fission products are hosted on and relocate with UO2 material. The
capability to transfer RN masses to other materials, perhaps in the metallic phase (Zr, Fe,
and AG-IN-CD control rod poison), was added to MELCOR 1.8.6 where partitioning factors
are implemented as control functions. The partitioning factors are defined as the ratio of the
mass concentration of the radionuclide class in the metallic pool to the mass concentration
of the radionuclide class in the oxide pool; in other words,

Mass of RNjin poolo
f _ Mass of poolp

partition,i — Mass of RNjin pooly (3-29)
Mass of poolq

A partition factor is defined for each RN class so that RN classes can be treated
independently. The default is to retain all RN masses in the oxide phase. Logic has also
been added to redistribute fission products between metallic materials as materials may be
depleted (oxidation, etc). Physical models for partitioning fission products between
condensed phases [40] can be modeled and tested in MELCOR via these user-defined
control functions.

3.4 Displacement of Fluids in CVH

When core materials relocate from one core cell to another by any of the mechanisms
discussed in the previous sections, they cease displacing fluid in the old location and
commence displacing it in the new one. Candled material (conglomerate debris) is treated
as occupying space in the same region, channel, or bypass, as the component that
supports it. As already implied, each core component (fuel rods, control elements,
canisters, and particulate debris) is treated as occupying space in an associated CVH
control volume. However, the spatial nodalizations used in COR and CVH are largely
independent, and may be quite different. The two representations are maintained
independently throughout a MELCOR calculation.

In order to treat the displacement of fluid in CVH, each control volume is considered to
have virtual volume in addition to the current fluid volume. The virtual volume includes the
total volume of all core components within the volume. Part or all of it will become available
to CVH fluids when these core components relocate. The COR package handles relocation
by directing CVH to free virtual volume in the original location and occupying it in the new
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location. The vertical distribution of the virtual volume is defined only within the resolution
provided by the Volume/Altitude (V/A) table for the CVH volume. (See the CVH/FL
Packages Reference Manual for more details about V/A tables and virtual volume.) The
most detailed agreement will be obtained if the elevations in the CVH V/A table match
those in the core nodalization. Checks included as part of MELGEN input processing will
generate warning messages if the CVH V/A tables in CVH input do not correspond to all
axial limits of core cells in COR input.

Further checks are included as part of MELGEN input processing to ensure that the CVH
and COR representations of the distribution of fluid volume are compatible. If there is an
initial inconsistency, an error message will be generated and processing terminated without
generation of a restart file. (An option is available to override these checks if the user is
determined to continue with inconsistent data.) Specifically, the tests require that no fluid
volume in COR may exceed those in CVH, thus ensuring that core debris cannot overfill the
CVH volume. The requirement actually enforced is on the total fluid volume in all core cells
(or fractions of core cells) associated with each range of elevations in the V/A tables for
each CVH control volume. Separate checks are performed for channel and bypass regions.

One subtle point must be dealt with to maintain consistency between the representations as
a simulation progresses. Although each component is assumed to displace fluid in either
the channel or the bypass but not in both, canisters have two sides that interface with
different volumes and that may oxidize independently. By convention, canisters are
assumed to occupy the channel (there would be no essential difference if they were
assumed to occupy the bypass). If the interior of a canister is completely filled, any further
oxidation of its inner surface will be precluded, but steam and/or oxygen present outside (in
the bypass volume) can continue to oxidize its outer surface. Because the volume of oxide
produced is greater than the volume of metal consumed, this produces a volume of oxide
that cannot be accommodated in the channel but that must be put somewhere.

The solution devised for this conundrum involves borrowing the necessary volume from the
bypass. Thus, if there is more material associated with channel components than can be
accommodated there, the excess will be treated as reducing the fluid volume in the bypass.
In a sense, canisters are allowed to occupy bypass volume when necessary. Borrowing of
channel volume by bypass components is also allowed, in the interest of symmetry, but
should be necessary only in cases involving round-off. The borrowing is, of course, limited
to the actual fluid volume available.

A single call at the completion of the advancement in the COR package communicates the
net changes in occupied volumes as calculated within the COR package to the CVH
package. They are converted to the nodalization used by CVH, for later use in advancing
the hydrodynamic equations. For each portion (channel or bypass) of each core cell, the
guantity actually communicated is the negative of the change in fluid volume, rather than
the sum of changes in occupied volumes. This insulates CVH from the details of volume
borrowed within the core representation.
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As a simulation advances in time, the COR package repeatedly rechecks the internal
consistency of its representation of volumes and warns of any discrepancies that may
develop. The treatment of errors is controlled by elements of sensitivity coefficient array,
1504. If the borrowed volume in any core cell exceeds a limit set by C1504(2), a warning
message will be issued. (Issuance of the message is terminated after 100 such messages
in any execution.) Checking of total volume occupied in a core cell is really only a test on
the logical consistency of the coding. If the total occupied volume exceeds that available by
more than a limit set by C1504(1), an error message will be issued (also terminated after
100 such messages). If it exceeds that limit by a factor of 100 times, the calculation will be
terminated.

If the representations of volumes within CVH and COR are initially consistent, the one in
CVH should remain consistent while that in COR does. However, even if they are initially
consistent, the CVH and COR representations remain independent. Therefore, it is still
possible that they will diverge as a result of accumulated round-off. If the divergence is
great enough, the COR package may attempt to relocate debris to regions where there is
no volume in CVH to accommodate it. If this occurs, a warning message is issued, but the
calculation is allowed to continue.

4. Control Rod Silver Release Model

The silver release model describes release and drainage from control rods containing silver
indium cadmium alloy following failure of the stainless steel cladding on the control rod.
Released control alloy is allowed to candle via the COR candling models and can transfer
material to RN classes via a vaporization model. Reheated conglomerate containing control
alloy can also release to RN by vaporization. Once in RN, the alloy is treated by the RN
vapor/aerosol transport and deposition models and by the RN model for
vaporization/condensation on heat structures.

4.1 Description of Control Rods and Failure Scenarios

Control rods containing silver-indium-cadmium alloy are generally used in PWRs. The alloy
composition initially consists of 80% silver, 15% indium, and 5% cadmium, by weight. The
control rod is constructed something like a fuel rod, with the control alloy clad with a
stainless steel sheath filled with helium. The control rod is inserted in a guide tube made of
stainless steel or Zircaloy.

There are two somewhat different failure scenarios for control rods that depend on system
pressure versus the internal pressure of the control rod. The internal pressure of the control
rod is due mostly to the high vapor pressure of the cadmium together with contributions
from the other components and the helium fill gas.
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At low system pressure, the control rod can bulge as the stainless steel sheath approaches
its melting point and loses strength. If the guide tube is stainless steel, the control rod will
fail at around 1720 K. If the guide tube is Zircaloy, the bulged sheath can contact it and
form a eutectic, resulting in failure at the somewhat lower temperature of 1470 K. On failure
at low system pressure, the molten alloy is ejected under pressure, resulting in some initial
aerosol formation.

At high system pressure, the control rod fails when the stainless steel sheath loses strength
at 1720 K. The molten alloy is not under a high-pressure differential and flows down the
control rod.

4.2 Model Implementation in MELCOR

The silver release model is based on the VAPOR model [41, 42]. The VAPOR model
describes the release, drainage, and vaporization of control rod alloy under high system
pressure conditions. Consideration of low-pressure phenomena in MELCOR was not
attempted for this first model due to lack of data and internal MELCOR architecture
constraints. This is further discussed in 4.3. The model consists of several main functions:
control rod failure, internal drainage of the control rod to the break, flow down the control
rod, and vaporization from the flowing film. These parts correspond roughly to the VAPOR
model. Vaporization from reheated conglomerate is also allowed.

Control rod failure occurs at the stainless steel melting temperature, using the present
MELCOR failure criterion. Upon failure, as much as the total silver-indium-cadmium mass
in the failed COR node is available to be transferred to conglomerate in that timestep. The
transfer rate through the failure is calculated using a quasi-steady solution to Bernoulli’s
eqguation, using the available head of molten alloy inside the control rod [41]. The release
velocity is given as

2ah 1/2
g
V. = ;
L‘"’ Kc - (Az /Al)Z:I (4 1)

where
r = Release velocity (m/s),
g = gravitational constant (m?/s),
h = head of molten alloy (m),
A = total area of break in ring (m?),

A; = cross-sectional area inside control rods in a ring (m?), and
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K¢ = form loss coefficient at break.

The equation for the head can be solved analytically as

()
h(t)—(ho 2) (4-2)

where
ho = initial head att = 0 (m) and
t = time since initial break (s)

and

_{ 29(A, I A Y )ZTZ

1K (A A (4-3)
The form loss coefficient is
0.321-A,/A) if A <04712A
K, = . (4-4)
A A i A >04712A

This approach is valid because, for small breaks where A, << A1, the gravitational head is
fairly constant, whereas for large breaks where A> ~ A1, release is so rapid (seconds) that a
more detailed analysis is not necessary. Given the release velocity, the mass release rate
for a COR node is

M, = PacAV, (4-5)
where
m, = mass release rate for node (kg/s)
paic = density of alloy (kg/m3)

Release of more material than is in the failed COR node during one timestep is not allowed.
Possible drainage of alloy from nodes above is calculated at the beginning of each timestep
by moving molten alloy down, filling each node starting from the break successively. The
head for each node is also calculated at the beginning of each timestep by summing the
amount of molten alloy above each node in each ring.
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Once released to the conglomerate field, the molten alloy is allowed to drain using the
existing COR candling model. While it is draining, alloy can vaporize and be released to the
RN classes via a vaporization model.

4.2.1 Vaporization Model

The vaporization model is a simplification of the actual vaporization, which would in
principal allow the individual alloy components to vaporize at rates according to their
individual vapor pressures as modified by Raoult's law (actually, the vaporization is
nonideal). The simplification is necessary because MELCOR only considers one control
poison mass, not a mass with three components. Accordingly, vaporization of alloy mass is
assumed to occur at the rate for the component with the lowest vapor pressure (silver), and
the composition of the remaining unvaporized alloy is not changed. In reality, cadmium
would vaporize quickest, followed by indium, and then silver, and the composition of the
molten alloy would change.

The vaporization rate from a flowing film or from conglomerate into the gas field is
calculated using a mass transfer analogy to heat transfer as

P,(T.) Pu (T )j

m,, =h_AM
vap m’c Ag[ RTC RTb

(4-6)

where
hm = mass transfer coefficient (m/s),
Ac = molten alloy surface area (m?),
Mag = molecular weight of silver (kg),
R = gas constant,
Tc = temperature of molten alloy (K),
Tob = bulk gas temperature (K),
Pv = vapor pressure of silver (Pa),
Pag = partial pressure of silver vapor in the bulk gas (Pa), and

m,,, = vaporization rate of molten alloy (kg/s).

This model assumes that vaporization is controlled by mass diffusion in the bulk gas. The
effect of the heat of vaporization on cooling the molten alloy is ignored. Condensation of
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vapor on the molten alloy is not allowed; once the vapor is transferred to the RN classes,
the usual RN vaporization/condensation models for heat structures apply. The total mass
transfer rate is apportioned among the three control rod component classes in RN
according to their original mass fractions in the control rod alloy.

4.3 Model Limitations

There are several model limitations, as implemented in MELCOR. The limitation on the
realism possible in the vaporization rate has already been noted, as well as not being able
to change the composition of the molten alloy. Another limitation is that a pressure
differential is not calculated for use in calculating the break velocity—only the gravitational
head is used. This is because of the lack of geometry information in MELCOR—the internal
control rod pressure and the rate at which it decreases following a break depend on the
internal free volume of the control rod. The internal volume is not input to MELCOR—in
fact, only the alloy mass, node heights, and total cross-sectional area of rods per ring are
available. It was therefore decided not to include the effect of internal rod pressure in the
release model.

Another limitation is that only the total cross-sectional area of rods per ring is input, which is
the cross-sectional area including the guide tubes. The internal cross-sectional area of the
control rod and number of rods per ring are not available. Looking back at the release
eqguations, only the area ratio is necessary for calculating the release velocity; this ratio is
input to the model. The break area per ring, appearing in the equation for mass release
rate, can be gotten from the cross-sectional area using this ratio. Because the cross-
sectional area in the code is the total area including the guide tubes, the release rate will be
somewhat in error unless the input area ratio is corrected to account for the difference
between the inside flow area of the control rods and the total area.

5. Structure Support Model

5.1 Model for SH and FM components

In MELCOR 2.x, what was available as other structure component (OS) in previous
versions is now treated as FM (only permitted for a PWR). There are no mechanical
models for the SH and FM components. Therefore, only simple parametric models are
available for failures. The SH component has the property that it can fail, allowing debris to
relocate into the peripheral bypass volume between the shroud and the core support barrel.
Debris in the bypass volume can then be relocated downward, supported by the FM
component until the FM component itself fails. The FM component fails when the
temperature of the FM reaches the failure temperature defined for that axial level by
TSFAIL on input record COR_SS. Failure also occurs if an optional logical control function
defined on input record COR_CFF becomes TRUE. Upon failure, all components supported
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by the FM are converted to particulate debris (PD), which, with any PD previously
supported by the FM, are allowed to fall through to lower cells. The FM component itself
remains in place until it melts.

5.2 Models for SS

The supporting structure component, SS, in any core cell may be treated as representing
an edge-supported plate, a grid-supported plate, a BWR core plate, or BWR control rod
guide tubes. The model used is determined by user input on records COR_SS where these
four models are associated with the keywords “PLATE,” “PLATEG,” “PLATEB,” and
“COLUMN,” respectively

There are differences in the ability of each form of SS to support other intact components
and particulate debris, and in the resulting loads on and stresses in the structure. Failure of
the structure may be based on the calculated stresses. Parametric models equivalent to
those for SS are also available. The consequences of failure (in terms of which components
collapse) also differ for the various models. Subsections 5.2.1-5.2.4 describe the four
models, while Subsection 5.2.5 describes further flexibility available to the user. Subsection
5.2.6 describes the failure models.

5.2.1 The PLATEG Model

The PLATEG model represents a plate that is supported by an underlying array or grid of
beams, which may be formed as an integral part of the plate. In general, the beams have
sufficient strength that their failure is not an issue, and the interest is in failure of the web
between them. PLATEG is not dependent on support from SS in any other core cell. After
failure, the plate element will remain in place until it melts.

Until it fails, PLATEG in each cell supports itself, intact components, and debris above it
and is loaded by that total weight. When failure occurs in any ring, only the capability to
support PD and intact components in cells above is removed. Thus, everything resting on
the plate will fall, but the plate will remain in place until it melts.

For small deflections of solid plates, the stress is related to the bending moment per unit
length, M, by

M
O, = 6— (5_1)

h2
where h is the thickness of the plate.

Only numerical solutions are available for most cases involving uniform loading of plates
with underlying supports. If the support involves a rectangular grid of stiff beams of
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negligible width, the maximum bending moment for use in Equation (5-1) occurs at the
point of support at the midpoint of the longer edge, and is given by [43]

M=Kqx* (5-2)

where g is the load per unit area, x is the short dimension of the supporting grid, and K is a
function of the aspect ratio of the supporting grid.

The stress in the plate in any ring is calculated as

K q x? x> 1
Oesingpiatec =0 ——> —=6K — Wi, 5-3
g h2 Anng h2 g (5-3)

Here Wiing is the load carried in that ring and Aving is the ring area. By default, the PLATEG
model uses a value of K corresponding to a square supporting grid of beams (or an
eggcrate plate) and Poisson’s ratio v =0.3 appropriate to stainless steel, for which

K uare = 0.0513 (5-2)

square

The value forK may be changed through user input record, COR_SS.

square

5.2.2 The PLATE Model

The PLATE model represents a simple edge-supported plate that may span more than one
ring of the core. Itinitially supports itself and intact components above i and is loaded (as a
whole) by its own weight and that of the other supported components, including particulate
debris. Inner rings of the plate are allowed to fail before the outer ones, leaving the outer
portion of the core still supported by the annular remains of the plate. If the failure
mechanism is stress based, the local stress is calculated as a function of the total load, the
position in the plate, and the fraction of the plate that has not yet failed.

When failure occurs in any ring, support is removed for the SS representing the portion of
the PLATE in that ring and any surviving inner rings, as is support for intact components
and PD in cells above these. Thus, a failed section of the plate and everything resting on it
will be converted to PD and be allowed to fall, taking with it any as-yet-unfailed inner rings
of the plate together with everything resting on them. The outermost ring of the plate is
treated as self-supporting until it fails.

As with the PLATEG model, the stress is related to the bending moment per unit length
through Equation (5-1). For uniform loading of a round plate of constant thickness, the
bending moments vary radially, and the tangential moment is always greater than the radial
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moment. The value of the tangential bending moment per unit length, denoted as Mo(r ), is
[44]

Mo(r):KM,o(r)q a’ (5-5)

KMo(r)=3+V{1— 1+3V(LJ }EK{l_K{Lj } (5-6)
' 16 3+via a

where q is the load per unit area, a is the radius of the plate, and v is Poisson’s ratio.

Any variation in loading across the plate is neglected, and g is considered to be the total
load on the plate divided by its total area. Equations (5-5) and (5-6) capture the variation of
the bending moment, and therefore, the stress from the center to the outside of an intact
plate.

If an inner ring of the plate fails before the outer ones, it leaves the outer portion of the core
still supported by the annular remains of the plate. Although the resulting configuration will
surely be messy, one can expect certain qualitative changes in the stress pattern. The
decrease in the total load on the plate will tend to decrease stresses, while the loss of the
stiffness of the central portion will tend to increase them. The dominant effect of the
formation of a central hole in the plate by failure of inner rings is a stress concentration that
will tend to accelerate the failure of the innermost surviving ring. The magnitude of the
effect decreases as the hole grows to include a substantial fraction of the original plate.

The model implemented in the MELCOR COR package uses a very simple expression to
capture these effects, in the form of

Mo(r;ro):Kl\/l(r;ro)qa2 (5-7)

Ky (riro) = KM,o(r){l—(%"ﬂ {1+ (%"ﬂ (5-8)

Here ro is the size of the hole, the first factor in Equation (5-8) reflects the reduction in load,
while the second factor reflects the stress-concentrating effects of the hole. Note that this
equation can be considered to be the general form. It is exact in the absence of a hole
(ro=0), where

K (r;O)Z KM,O (r) (5-9)

and Equations (5-7) and (5-8) become equivalent to Equation (5-5).
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The approximation given by Equation (5-8) has been compared [45] to the exact solution
for a uniformly loaded annular plate with a free inner boundary and simple edge support at
the outer boundary [46]. The simplified form agrees quite well with the exact solution—
rather better, in fact, than the exact model—corresponding to the expected geometry of a
degraded core.

Under the assumption of continued uniform loading of the surviving portion of the plate, the
total load on the plate may be written as

Wi =7 (az - roz)q (5-10)

Wiotal IS evaluated as the total load on the entire plate or annulus, summed over all core
rings in which an unfailed portion of the plate is present. For a given ring, the stress will be
greatest at its inner edge; for the innermost ring, at the center of the plate. Therefore,

11

o 6Ko— 17 Woo (5-11)

ering 1 =

11 ) o)
Oeringi>1 = 6K, ; h_z{l_ Kl(?j } {14— (r_oj }Wmta (5-12)
i-1

Here ri is the outer radius of ring i, and the coefficients Ko and K1 are defined by Equation
(5-6). The values used by default correspond to a Poisson’s ratio, v = 0.3, for which Ko =
0.206 and K1 = 0.576. These coefficients can be changed through user input record,
COR_SS.

5.2.3 The PLATEB Model

For a BWR, the primary support of the core is the control rod guide tubes (CRGTS),
functioning as columns. The core plate is supported by beams and is loaded only by its own
weight and that of debris on it. Although it does not bear the weight of the fuel and
canisters, the presence of the plate is required for the CRGTSs to support them.

SS, representing PLATEB, is not dependent on support from SS in adjacent radial rings, or
in any other core cell. When the plate fails in any ring, it loses the ability to support PD,
which will then fall, but the plate remains in place until it melts.

Stresses in the plate for the PLATEB model are calculated using Equation (5-3) in the case
of beam support without cross beams, neglecting the fact that supporting beams span more
than one ring of the core. The value of x in this equation is the spacing between the beams.
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The differences from the PLATEG model are that the loading is limited to the weight of the
plate and any PD resting on it and that the default value of K is taken as

Kyeam = 0.0833 (5-13)
This corresponds to the limit of the grid result cited above for an infinite aspect ratio of the
grid and a Poisson’s ratio of v =0.3. The default may be changed by user input record,
COR_SS.

5.2.4 The COLUMN Model

SS, representing an unfailed COLUMN in a core cell, directly supports SS modeled as
COLUMN in the level immediately above. Failure of SS, representing COLUMN in one core
cell, implies failure of contiguous COLUMN elements higher in the same radial ring,
resulting in their collapse to PD.

In MELCOR 1.8.5, the lowest element of a COLUMN was always treated as being self-
supporting; it would not collapse until it itself failed. MELCOR 1.8.6 and 2.1 allows transfer
of loads from the lower end of a column to a plate (PLATE or PLATEG) below it. Only the
lowest element of a column not resting on a plate (including an element in the lowest axial
level of the core) is treated as self-supporting. As part of the change, a distinct SS-type
name, ENDCOL, is now assigned to those elements of COLUMN that are self-supporting.
The change is performed automatically as part of input processing for those elements that
are self-supporting under the interpretation above. The name is also accepted as input on
COR_SS input records and can be used to define self-support for interior elements of what
would otherwise be considered to be a continuous column.

If there is SS modeled as PLATEB in the level above an unfailed COLUMN, the COLUMN
indirectly supports (and is further loaded by) intact fuel assemblies, canisters, and control
blades in and above that level, but not the plate or any PD. The internal coding logic treats
the PLATEB as if it supported the intact components in the levels above (without being
loaded by them) by transferring the load to the COLUMN in the cell below. This support is
dependent on the existence of the COLUMN. If it fails (or is initially absent), the fuel
assemblies and control blades supported by PLATEB will immediately collapse to PD.

For thick columns in compression, the relationship between stress and load is simply

% T A (5-14)

where W is the load (including the column itself and the indirectly supported fuel
assemblies, canisters, and control blades) and A is the cross-sectional area. If there are N
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identical circular columns in a ring of the core nodalization, each with inner radius r; and
outer radius ro, the stress is evaluated as

o _ 1 Mcolumn,o W
e,ring,COLUMN sz(r 2 riz) M

fing (5-15)

o column

The factor of the ratio of the original column mass to its current mass is included to account
for any reduction in the load-bearing area of the column by oxidation or melting.

5.2.5 User Flexibility in Modeling

As noted in preceding subsections, the coefficients in the equations that relate stress to
load for the various models can be modified through user input. This capability can be used
to model variations in the form of the structure. For example, if a plate is supported on a
square grid of columns of radius ¢ and spacing x, the maximum bending moment per unit
length is at the support. The value is given by Equation (5-2) with a modulus [47]

_ (@+v)[in(x/c)-0.811]

K support A (5'16)

A value can be computed from this equation (for example, for v=0.3 and (x/c) = 5,
Ksupport = 0.0826) and used in the PLATEG model to represent a column-supported plate.

MELPROG [48] used this expression for a column-supported plate and accounted for the
effects of holes in the plate by dividing K by a ligament efficiency, &. In the case of four
holes per cell of radius b and spacing d, this is given by

¢=1-b/d (5-17)

In fact, the results of a full structural analysis (outside of MELCOR) of a more complicated
structure could be used to calculate an effective K for use in one of the plate models. Thus,
the relatively simple models could be used to represent quite complicated support
structures, should a user so desire.

5.2.6 User Defined SS Types
MELCOR 1.8.6 includes a new, limited capability for the user to define additional types of

SS with properties specified by input. Although only parametric failure models are allowed,
a LOGICAL control function can be written to represent a stress based failure mechanism.
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This feature is also available in MELCOR 2. For more details, see the COR Package Users’
Guide.

5.3 SS Failure Models

Several mechanisms for failure of structures are included in the modeling of supporting
structures using the SS core component. These include equivalences to the failure
temperature and control function models used for the PWR FM component. There are also
mechanical models that consider the stresses in SS, as calculated from the models in the
preceding subsections.

The stress-based failure models include the failure of plates and columns by yielding and
the failure of columns by buckling. These are both catastrophic failure models. In addition,
structures can fail over time by creep at stresses below the yield stress. This possibility is
represented using a Larson-Miller creep-rupture model, which is closely related to the
(default) zero-dimensional form of the model for failure of the lower head described in
Section 6.2.

5.3.1 Failure by Yielding

Unless a parametric model has been specified, failure will occur if the stress in a structural
element exceeds the yield stress. For this analysis, the stress is calculated using equations
in Section 5.2 for the loading model specified on the relevant COR_SS input record. The

temperature-dependent yield stress is represented by the following equation, which has a
form similar to that used for the lower head:

i E 1700\ |
o, (T )= 260. x 10 {1{@] ] _[“(Wj } (5-18)

The constants 260. x 10°, 1700., 800., and 3., which were chosen to approximate the data
for 304 stainless steel in the Nuclear Systems Materials Handbook [49], have been
implemented as sensitivity coefficient array, C1606.

5.3.2 Failure by Buckling

Columns will buckle if the load exceeds the value given by [50]

Wiy =7°E a (5-19)
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where | is the moment of inertia, E is the elastic modulus, and 7 is the length of the column.
For a circular column with outer and inner radii ro and r;, respectively, the moment of inertia

=20 =) =20 =)+ ) (5-20)

Comparison with Equation (5-15) shows that for N identical columns in a ring, buckling will
occur if the stress exceeds

2 2
Z(ro +ri)

O-buckling <z 4Nf2

(5-21)

The elastic modulus is represented by the fo