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a b s t r a c t

The objective of this paper is to discuss the modeling principles of phenomena governing core degra-
dation/melting and in-vessel melt relocation during severe accidents in light water reactors. The pro-
posed modeling approach has been applied in the development of a new accident simulation package,
COMPASS (COre Meltdown Progression Accident Simulation Software). COMPASS can be used either as a
stand-alone tool to simulate in-vessel meltdown progression up to and including RPV failure, or as a
component of an integrated simulation package being developed in Korea for the APR1400 reactor.
Interestingly, since the emphasis in the development of COMPASS modeling framework has been on
capturing generic mechanistic aspects of accident progression in light water reactors, several parts of the
overall model should be useful for future accident studies of other reactor designs, both PWRs and BWRs.

The issues discussed in the paper include the overall structure of the model, the rationale behind the
formulation of the governing equations and the associated simplifying assumptions, as well as the
methodology used to verify both the physical and numerical consistencies of the overall solver.
Furthermore, the results of COMPASS validation against two experimental data sets (CORA and PHEBUS)
are shown, as well as of the predicted accident progression at TMI-2 reactor.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The accident at the Fukushima Daiichi nuclear power plant has
once again demonstrated that whereas the likelihood of a core
meltdown accident is very low, it is imperative that the physical
phenomena governing such an accident be well understood.
Whereas several severe accident codes have already been devel-
oped and used, their predictions are often significantly different
from one another. This is mainly due to the complexity of the
phenomena modeled and the necessity of making a large number
of assumptions regarding both the specific models and the postu-
lated options for accident progression. Whereas such assumptions
will still be necessary in any new models, reducing both their
number and the degree of built-in empiricism will be one of the
measures of future progress.

Needless to say, the experience gained from the analysis of past
accidents should be used both to improve the predictive
).

by Elsevier Korea LLC. This is an
capabilities of the existing computer codes, and to develop new
models and codes. The needs for new advanced severe accident
simulation tools are augmented by the challenges imposed by
novel design features of next-generation reactors. One such tool is
the COMPASS (COre Meltdown Progression Accident Simulation
Software) computer code. The format of the COMPASS code is two-
fold: it can either be used as a stand-alone tool to simulate in-vessel
meltdown progression up to and including RPV failure, or as a
component of an integrated simulation package, CINEMA, being
developed in Korea for the APR1400 reactor [1]. CINEMA is multiple
code platform, which includes several component codes such as:
the primary system thermal-hydraulics (TH) and core degradation
code, CSPACE, the fission product transport code, SIRIUS, and the
containment severe accident progression (including steam explo-
sion) analysis code (SACAP). The CSPACE code has been coupled
with COMPASS for the simulation of core and in-vessel heatup and
degradation, and with SPACE for system TH.

The modeling scope of COMPASS consists of several modules.
The major modules deal with core heatup, degradation, and mul-
tiple materials melting and melt relocation. Other important
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modules include the models of core upper and surrounding
structures, corium/lower-core-support-plate heatup and failure,
melt relocation into the lower plenum of the reactor pressure
vessel (RPV), and lower plenum wall failure. Due to the space
limitations and the emphasis on demonstrating the results of
COMPASS validation and/or verification against available experi-
mental and other data, the issues discussed in this paper are limited
to the in-core models. The remaining models and their application
will be the subject of a separate paper.

The specific objective of the current paper is to discuss the
rationale behind, and major physical and computational charac-
teristics of, a novel approach to themodeling and simulation of core
degradation/melting and in-vessel melt relocation phenomena,
which have been implemented in the stand-alone COMPASS code.

Important unique aspects of the new theoretical model include:

➢ Model formulation is based on first-principle physics rather
than on postulated accident scenarios.

➢ Discretization concept of the core and surrounding structures
models is not limited to axial symmetry; instead, it has been
formulated in a way which allows for capturing local three-
dimensional phenomena governing material heatup, melting
and melt relocation/refreezing.

➢ Model structure reflects different temporal scales of accident
progression.

➢ The time-dependent nodalization scheme allows tracking the
phase change and lateral/axial relocation of degraded core
materials according to precisely monitored local mass and en-
ergy balances of each component material.

Some of the main innovative numerical characteristics are as
follows:

➢ High-level numerical accuracy, assured by automatic error
control provided by the solver of differential equations used in
the simulations.

➢ Modular model structure, which allows for updating and/or
replacing individual sub-models without affecting the numeri-
cal solution algorithm.
Fig. 1. Core nodalization in COMPASS: (a) RPV nodes in
➢ Efficiency of numerical solution method; the CPU time in most
simulations has been faster than the physical time of accident
progression.

A special feature of the overall computational model is that it
has been formulated in away that facilitates performing parametric
studies and uncertainty analyses, which are necessary components
of model quality assessment. Interestingly, the importance of un-
certainty analysis has been demonstrated before in BWR and PWR
severe accidents studies performed both at RPI and KAERI and
documented in Refs. [2e5].
2. Overview of COMPASS modeling framework

2.1. In-vessel model structure

The COMPASS modeling framework is based on the design
characteristics of PWRs in general, and of the geometrical config-
uration of APR1400 in particular. As shown in Fig. 1(a), the in-vessel
structures include: the reactor core, the surrounding shroud, the
reactor pressure vessel (RPV) wall, the downcomer between the
shroud and the RPV wall, the upper plenum and the upper head,
the lower plenum and the RPV lower head.

The core volume is represented by multiple lateral zones, each
containing a prescribed number of parallel channels. The zonal
partitioning, schematically shown in Fig. 1(b), can be either used to
account for the radial power distribution, or extended to an arbi-
trary azimuthally-nonuniform distribution of power, flow and/or
boundary conditions. As it is also shown in Fig. 1(a), each zone is
divided into a user-specified number of axial nodes.

A general form of the nodal mass and energy conservation
equations for the individual core materials can respectively be
written as

dmX
m;n

dt
¼wX;in

m;n �wX;out
m;n þ _mX;ch�r

m;n (1)
cluding the core, (b) top view of core radial zones.
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dðmhÞXm;n

dt
¼
X
Y

qXYm;n þ qX;intm;n þ qs;Xm;n þ ðwhÞX;inm;n � ðwhÞX;outm;n

þ _E
X;ch�r
m;n (2)

where:
- X and Y indicate one of the following core materials: fuel (UO2),
metallic Zircaloy (cladding), Zirc Oxide (cladding), neutron
absorber (such as born carbide) and control rod structural ma-
terial (such as Inconel or stainless steel in general),

- mX
m;n and hXm;n, respectively, are themass and specific enthalpy of

material-X in node-(m,n),
- wX;in

m;nand wX;out
m;n are the mass transfer rates of material-X, into

and out of node-(m,n), respectively,
- hX;inm;nand hX;outm;n , are the specific enthalpies of material-X, into and
out of node-(m,n), respectively,

- _mX;ch�r
m;n is the internal mass change rate due to chemical reaction

(Zirc oxidation, in particular) in node-(m,n),
- qXYm;n is the heat transfer rate between materials X and Y in node-
(m,n),

- qX;intm;n is internal energy generation rate due to decay heat (only in
the fuel material) in node-(m,n),

- qs;Xm;n is the convective heat transfer between the external surface
of material-X and the coolant,

- _E
X;ch�r
m;n is heat generation rate due to exothermic oxidation re-

action (in cladding and, possibly, control rod materials).

Depending on the interpretation of the mass transfer between
neighboring nodes, the impact of gradual core degradation and
material relocation on the reactor nodalization concept can be
considered in one of two different ways, one based on a stationary
(Eulerian) frame of reference, the other on a dynamic (or
Lagrangian) frame of reference.

The stationary core nodalization scheme is illustrated in Fig. 2
using as a reference a single lateral (or radial) zone-m, with
Fig. 2. Modeling of core slumping based on
node-(m,N) representing the top most node. In this case, the mass
transfer rates of material-X into or from node-(m,n) during the
combined core slumping and melting are respectively given by

wX;in
m;n ¼

�
wX;in

m;n

�
melt

þ
mX

m;nþ1

Lm;nþ1

dLslump
m;n

dt
(3)

wX;out
m;n ¼

�
wX;out

m;n

�
melt

þmX
m;n

Lm;n

dLslump
m;n�1

dt
(4)

where:

slump
- dLm;n

dt >0 is the rate of node compaction due to core slumping,
- Lm;n ¼ constant is the fixed vertical length of node-(m,n),
- ðwX;in

m;n Þmelt and ðwX;out
m;n Þmelt are the mass flowrates of liquefied

material-X into or away from node-(m,n).

The underlying assumption behind this modeling concept is
that any solid material discharged into an arbitrary node from the
node above mixes immediately with the same material already in
the reference node. Since slumping is a slow process, theoretically
speaking such an assumption is quite appropriate for the analysis of
core degradation phenomena. However, it turns out that in the
situations when a relatively cold material from an upper node is
discharged into a higher temperature central node where the same
material is already melting, the mixture temperature may fall
below the material melting temperature, leading to a sudden
stoppage of the melting process. Since, as it shown later, the
mathematical form of the equations governing multimaterial core
heatup and melting is very complicated and changes when
switching from the stage of increasing temperature of all solid
materials to conditions when one of the materials is melting at a
constant temperature, an intermittent transition from one stage to
the other leads to discontinuities in selected variables and may
result in diverging solutions of any predictor-corrector numerical
solver of differential equations. Thus, whereas the approach based
a fixed (Eulerian) nodalization scheme.
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on Eqs. (3) and (4), used in the COMPASS version which has been
coupled with the SPACE system code [6], is applicable to solution
schemes based on user-specified integration time steps, a different
mathematical concept, which assures numerical convergence and
accuracy for any higher order numerical scheme, is based on using
time-dependent material control volumes. As shown in Fig. 3,
material compaction due to slumping does not affect the total mass
inside any given node and only changes its volume.

The vertical length (or height) of a node, Lm;n, which is occupied
by the original materials, will first start changing due to core
degradation/slumping and rubble bed formation. The major factor
affecting the compaction of solid materials is the loss of metallic
cladding integrity at elevated temperatures. The slumping starts
when the metallic cladding is unable to withstand the load due to
the weight of the materials in the upper parts of the core. At below-
cladding-melting-temperatures, it can be assumed that the rate of
material compaction, dLm;n =dt, is proportional to the rate of clad-
ding enthalpy increase, starting at a temperature at which the yield
stress falls below the critical value, Tc�ys

Zr , and continuing until the
Zr melting temperature is reached. The slumping process will
continue as a result of fuel melting and relocation to lower nodes.
Here, the rate of material shrinkage can be assumed to be propor-
tional to the remaining nodal mass of fuel. However, according to
the Lagrangean frame of reference, the mass of any material in each
control volume can only change due to melt inflow and/or outflow
of the same material or as a result of material conversion due to
internal chemical reactions. Consequently, Eqs. (3) and (4) are
reduced to

wX;in
m;n ¼

�
wX;in

m;n

�
melt

(5)

wX;out
m;n ¼

�
wX;out

m;n

�
melt

(6)

As a result of slumping in a given node, the nodes above relocate
downward according to the compaction rate, so that the total
height of the corresponding lateral zone gradually shrinks. This is
schematically illustrated in Fig. 3.
Fig. 3. Modeling of core degradation (slumping, melting and melt relocation
It is shown in the following sections of this paper that whereas
the approach based on the Lagrangian control volume concept has
several analytical and numerical advantages, its implementation
must take into account the complexity of the phenomena govern-
ing the degradation, liquefaction, relocation and resolidification of
multiple core materials, each melting at a different temperature.
The phenomena of primary importance include:

➢ Variation of volumetric decay heat generationwith fuel material
relocation.

➢ Effect of steam starvation on metal oxidation.
➢ Candling of molten materials and their gradual refreezing in

lower core regions.
➢ Formation of a multimaterial solid crust and the resultant

channel blockage.
➢ Formation of a molten corium pool.
➢ Lateral spreading of the molten pool.
➢ Crust re-melting and failure in contact with the molten pool.
➢ Melt discharge at a fast rate onto the core support plate and into

the lower plenum after crust failure in the central core region.
➢ Molten pool expansion on the top of solid crust into the core/

shroud gap, leading to a fast local melt discharge directly into
the lower plenum.

Thus, given the fact that the overall modeling framework is
deterministic, it is important that the focus of model formulation be
on capturing the dominant phenomena listed above while elimi-
nating less important details which are strongly affected by the
randomness inherently built into the core degradation process.
Since the physical uncertainties grow with accident progression,
decreasing the level of modeling detail should be adjusted
accordingly. A transition from a more detailed formulation of the
set of differential equations used during the initial core heatup
stage to a reduced-order formulation applicable to the advanced
long-term core degradation and melting stage is discussed next.
) based on a material control volume (Lagrangian) nodalization scheme.
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2.2. Formulation of conservation equations governing core heatup
and material melting and relocation

The modeling of the progression of core heatup and degrada-
tion, including material melting and melt relocation, is mainly
governed by the mass and energy conservation principles for the
individual materials. In the COMPASS code two formulations are
used: one for the pre-melting conditions and the other for the
conditions when one or more materials undergo melting.

As long as no material melting occurs in a node, the energy
conservation equations for cladding (cl), fuel (f) and control rods
(cr) are respectively given by

dðmhÞclm;n

dt
¼qf�cl

m;n þqOXm;n�qcl�cr
m;n �qs;clm;n�

�
qcl;axm;n þqcl;latm;n

�

þðwhÞZrO2;inm;n þðwhÞZr;inm;n þ
h
ð1þε

oxÞcZrO2p �cZrp
id

�
mZr;ox

m;n Tclm;n

�

dt
(7)

dðmhÞfm;n

dt
¼ qdhm;n � qf�cl

m;n � qf�cr
m;n � qs;fm;n �

�
qf ;axm;n þ qf ;latm;n

�

þ ðwhÞf ;inm;n (8)

dðmhÞcrm;n

dt
¼ qcrm;n � qs;crm;n �

�
qcr;axm;n þ qcr;latm;n

�
þ ðwhÞInc;inm;n

þ ðwhÞB4C;inm;n (9)
where:
- qf�cl
m;n , qcl�cr

m;n and qf�cr
m;n are the heat transfer rates between fuel and

cladding, cladding and control rods and fuel and control rods,

respectively (qf�cr
m;n ¼ 0for intact cladding geometry),

- qs;clm;n, q
s;f
m;nand qs;crm;n are the heat transfer rates between each

cladding, fuel and control rods, respectively, and the coolant

(qs;fm;n ¼ 0 for intact cladding geometry),
- qcrm;n ¼ � ðqcl�cr

m;n þ qf�cr
m;n Þ

- qdhm;n is the nodal decay heat generation rate,
- qOXm;n is the nodal oxidation heat rate,
- ε

oxis the ZrO2-to-Zircaloy molar mass ratio,
- Tclm;nis the nodal cladding temperature,
- mZr;ox

m;n is the nodal mass of oxidized Zircaloy,
- the superscripts ‘ax’ and ‘lat’ refer to the axial and lateral heat
transfer, respectively, and the superscripts indicating the indi-
vidual materials, as well as the remaining notation, are self-
explanatory.

Eqs. (7)e(9) are accompanied by the mass conservation equa-
tions for the individual materials, including the following

ðmhÞclm;n ¼ðmhÞZrm;n þ ðmhÞZrO2m;n ¼
�
mZr

m;nc
Zr
p þmZrO2

m;n cZrO2p

�
Tclm;n

(10)

dmZr
m;n

dt
¼ � dmZr;ox

m;n

dt
þwZr;in

m;n (11)

dmZrO2
m;n

dt
¼ð1þ ε

oxÞdm
Zr;ox
m;n

dt
þwZrO2;in

m;n (12)

ðmhÞfm;n ¼ mf
m;nc

UO2
p Tfm;n (13)
dmf
m;n

dt
¼ wf ;in

m;n (14)

ðmhÞcrm;n ¼ðmhÞIncm;n þ ðmhÞB4Cm;n ¼
�
mInc

m;nc
Inc
p þmB4C

m;nc
B4C
p

�
Tcrm;n

(15)

dmInc
m;n

dt
¼ wInc;in

m;n (16)

dmB4C
m;n

dt
¼ wB4C;in

m;n (17)

Needless to say, to achieve the closure of the overall core heatup
model, several additional models of specific phenomena are still
needed, such as those for the ‘solid surface’-to-coolant heat con-
vection and metal oxidation.

In the case of high-power high-velocity two-phase flows during
the initial phase of intact-geometry core heatup, a complete model
of two-phase flow and heat transfer has been used to determine
flow distribution among individual channels [7e9]. An interesting
novel aspect of the analysis is associated with the fact that several
available closure laws (such as the dryout, or CHF, correlations) are
not applicable at the extremely low (decay heat) power levels.
However, as soon as the coolant inlet mass flowrate to the core gets
dramatically reduced, the incoming coolant starts evaporating, so
that all coolant channels get gradually filled with steam, first wet
saturated and then superheated. Since the corresponding heated
wall temperature excursion is much slower ccompared to that at
high heat flux conditions, the flow quality can be used as a
weighting factor to model the wet-to-dry transition of fluid prop-
erties at the heated wall. Since the time-scale of such a transition is
still relatively short compared to the overall accident progression,
the distribution of mass flowrates between the individual lateral
zones of the core prior to significant core degradation becomes
nearly uniform. Later, the flowrate in blocked channels practically
goes to zero, and the steam flow gets redistributed toward the
peripheral region of the reactor.

A detailed examination of the flow and heat transfer for low
steam flowrates and low power generation rates indicates that the
coolant heating rate (qs;clm;n, q

s;f
m;n, q

s;cr
m;n in Eqs. (7)e(9)) becomes very

small compared to the heatup rates of the structural core materials.
The major chemical reactionwhich occurs in a degraded reactor

core at elevated temperatures is the Zircaloy oxidation. The impact
of oxidation reaction on severe accident progression is mainly due
to two factors: hydrogen production and heat generation. Both are
directly proportional to the reaction rate. The current oxidation
model is based on the well-established “parabolic law” governing
the relationship between the oxidation reaction rate and temper-
ature. A detailed formulation of the current model combines the
Baker-Just [10] and Urbanic-Heidrick [11] expressions, each used
over a specified temperature range, and it extends all theway to the
Zircaloy melting temperature.

A separate issue is associated with possible steam starvation
during oxidation, but this is normally a short-lasting phenomenon
which affects steam oxidation rate but has no meaningful impact
on coolant heatup. This is confirmed by the results in Section 4.2
below.

It should be noted that whereas Eqs. (7)e(9) are applicable as
long as the temperatures of the individual materials are below their
corresponding melting temperatures, they can still be used when
any molten material is discharged from above and refreezes in the
node under consideration. However, it is also important to realize
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that whereas at the rated reactor power the difference between the
average fuel and cladding temperatures can be of the order of
hundreds of degrees, when the thermal reactor power after shut-
down quickly falls into the decay heat level of one percent or less of
the original power, the fuel and cladding temperatures are within
10 K from each other, which is well below the uncertainties asso-
ciated with the material properties, spatial distribution of decay
heat power and the nodal modeling framework. Another related
factor is the Zirc oxidation heat which is quickly distributed across
the narrow fuel pins. Thus, even for the initial phase of an accident,
Eq. (7) and Eq. (8) can actually be combined into a single fuel-
element nodal energy equation with a reference to a common
fuel/cladding temperature.

As a result of the progressing core degradation/deformation,
melting and melt relocation, our ability to model details of heat
transfer between not only fuel and cladding, but also between fuel
elements and control rods, dramatically diminishes. Fortunately, as
the temperatures of all materials in highly unstructured geometries
increase, heat radiation gets intensified. This factor, combined with
the effect, and random nature, of the direct contact between the
liquefied/solidifying materials, dramatically reduce the differences
between the fluctuating temperatures of individual materials at
different lateral locations across multiple fuel assemblies at any
axial level, and make them impossible to quantify in a consistent
manner. This observation has been confirmed by the results of
measurements at the CORA-13 facility [12], where the individual
temperatures are difficult to distinguish from one another. An
illustration of typical measured temperature clusters at multiple
positions across the CORA-13 test section are shown in Fig. 4. Thus,
a modeling approach which is both practical and rational, is to
combine together the energy conservation equations of the indi-
vidual materials, and refer to their common (or average) temper-
ature. The resultant equation can be written as

dðmhÞtotm;n

dt
¼ qdhm;n þ qOXm;n � qsm;n � qaxm;n � qlatm;n þ

h
ðwhÞf ;inm;n

þ ðwhÞZrO2;inm;n þ ðwhÞZr;inm;n þ ðwhÞB4C;inm;n þ ðwhÞInc;inm;n

i
�
h
ðwhÞf ;outm;n

þ ðwhÞZrO2;outm;n þ ðwhÞZr;outm;n þ ðwhÞB4C;outm;n þ ðwhÞInc;outm;n

i

(18)
Fig. 4. Temperature measurements in the upper sections of various elements of the CORA-13
from the bottom of the heated section: 550 mm, 750 mm and 950 mm, (b) temperatures at
750 mm and 950 mm.
where qaxm;n and qlatm;nare the net axial and radial heat transfer rates,
respectively, all pertaining to node (m,n).

Since in the case of channel blockage andmolten pool formation
anywhere inside the reactor core, the liquefied materials may
spread in both axial and lateral directions, themelt mass flowrate of
each material in Eq. (18) is expressed as

wX;in
m;n ¼wX;ax;in

m;n þwX;lat;in
m;n (19)

wX;out
m;n ¼wX;ax;out

m;n þwX;lat;out
m;n (20)

where the lateral inflow term in Eq. (19) may include melt delivery
frommore than one adjacent node in the neighboring lateral zones,
and the lateral outflow term in Eq. (20) is the sum of all partial melt
flows from node-(m,n) to the surrounding zones.

One of the major modeling challenges is associated with keep-
ing track of both the energy and mass conservation during the
intermittent process of heatup and melting of individual materials
as the core heatup and damage progress. As indicated before, the
current model accounts for five different materials, each associated
with a different melting temperature. Thus, it is critical to be able to
deduce the time-dependent nodal temperature from the total
accumulated material energy at any stage of the accident, starting
when all materials are in solid states and all the way up to the
conditions when the nodal temperature increases beyond the fuel
melting temperature.

What complicates the problem even further is that it is neces-
sary to distinguish between the situations when any melting ma-
terial in a given node is allowed to relocate to the node(s) below via
the remaining open space between the individual fuel elements,
and those after channel blockage and solid crust formation, when
all molten materials stay in place and their temperature continues
to increase. Each situation requires a multiple step approach to the
determination of the temperature of the multi-material mixture as
a function of the total energy and the instantaneous material
composition.

To demonstrate the underlying modeling complexity, a series of
ten different conditions corresponding to the case prior to channel
blockage, which have been accounted in the COMPASS model, are
given in Appendix A. It is important to notice that the solid/liquid
phase-change temperatures shown there represent either the
test section [12]: (a) temperatures of four different heated rods at three axial distances
eleven lateral locations between the fuel bundle and the shroud at two axial distances:
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actual melting points of the individual materials or the corre-
sponding eutectics formed by the core structures in direct contact
(such as fuel/cladding or fuel/control rods). Since the actual
amounts of the individual materials forming eutectics in a
degraded core could not be predicted with a sufficient accuracy, an
assessment of the effect of UO2/metal eutectic formation on acci-
dent progression has been conducted in a parametric fashion by
using different fuel phase-change temperatures between the actual
UO2 melting eutectics reference temperature.

Another reason why the corium temperature must be properly
deduced from the mass of individual component materials in a
given node and the mixture enthalpy, is the fact that they are
used in the evaluation of the node-to-node heat transfer in both
the axial and lateral directions. Since the axial positions and
volumes of the individual nodes change with material relocation
due to melting, each node may experience heat transfer with
more than one node in the neighboring lateral zones. This is
shown in Fig. 5.

Since prior to channel blockage and molten pool formation, the
lateral heat transfer between adjacent nodes in the neighboring
lateral zones is mainly due to heat radiation between the outermost
and innermost fuel assemblies in the respective zones, it is
important to distinguish between the average temperature in a
given zone and the temperatures at its boundaries. The current
approach, based on linearizing the nodal temperature profiles be-
tween the interacting nodes, is illustrated in Fig. 6.

The accumulation of refreezing cladding, control rod, and fuel
materials in any node leads to solid crust formation and channel
blockage. This, in turn, leads to a gradual accumulation of molten
materials in the nodes above the blocked one. A common factor in
the series of conditions applicable after solid crust formation is the
fact that there is no material discharge to the lower nodes, i.e.

wfuel;ax;out
m;n ¼wZrO2;ax;out

m;n ¼ wZr;ax;out
m;n ¼ wB4C;ax;out

m;n ¼ wInc;ax;out
m;n ¼ 0

(21)

However, themolted poolmaterials may still be spreading in the
lateral (or radial) direction between the individual zones, as well as
from the outermost zone(s) into the lower plenum.

To demonstrate the complex sequence of events and of the
modeling issues associated with evaluating the solid crust and/or
molten pool temperature and the liquid masses of individual
Fig. 5. A schematic illustrating the zone-to-
components, the conditions that have to be satisfied at various (a
total of 11) stages of core heatup andmelting are given in Appendix
B. They cover a full range of situations, from a solid crust at a
temperature below the melting temperature of Inconel to a mul-
timaterial molten pool at a temperature above the melting tem-
perature of UO2.
3. Numerical implementation of COMPASS model

The stand-alone COMPASS model has been numerically imple-
mented using the Python 3 programming language (www.python.
org). Advantages of using Python include the following:

➢ Availability of built-in generic numerical solvers of both alge-
braic and ordinary differential equations (ODEs).

➢ Cross-platform compatibility allowing for code development,
testing and deployment on any hardware and operating system
with a Python 3 installation.

➢ Rapid development and testing speed.
➢ Availability of plotting library (matplotlib) for automatic gen-

eration of a report with transient plots.

Model testing and validation have been performed using the
ODE solver scipy.integrate.odeint from the SciPy package (www.
scipy.org). This function uses the lsoda solver from the FORTRAN
library Odepack. The major solver parameters which control the
accuracy of solutions include: hmax to set the maximum time step,
atol and rtol to determine and control the error of solver's results.,

Some of the major features of the COMPASS solver, as imple-
mented in Python, include:

➢ Usage design (requires well-defined selection of state variables).
➢ Scenario restart capability: each transient run can be started

from a previously saved snapshot, and generates a restart
snapshot at the end of the run to enable continuation. This is
useful in exploring various scenarios (based on changing spe-
cific models and assumptions) far into a long transient scenario.

➢ Non-integrated parameters: the ODE solver tracks all the vari-
ables being integrated, whereas any additional parameters that
are calculated at each time step can be tracked explicitly.

➢ Model transition switches: material and scenario switches or
state flags are kept to track the state of various materials and
zone heat transfer in a degraded core.

http://www.python.org
http://www.python.org
http://www.scipy.org
http://www.scipy.org


Fig. 6. A schematic illustrating the interfacial nodal temperatures between adjacent zones in a degraded core.
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events in different physical locations of the core model. These
include melting state of different solid materials (solid, melting,
molten), coolant saturation (subcooled, two-phase, steam),
structural integrity of supporting structures including core
support plate and lower plenum (solid, melting, collapsed), and
crust formation and failure in the core. These switches are used
to turn specific models on and off during the simulation.

➢ Solver backup implications: in the event that the solver fails to
converge at a given calculation time point, it will step back to the
previous time point and decrease the time step before
attempting to calculate a solution at a new time point. Only the
variables being integrated and any time-dependent lookup pa-
rameters will be reset to the previous time point values. Any
additional parameters are tracked independently by keeping a
memory of former values in order to reset them during a solver
backup scenario.

It is also important to notice that several steps can be taken by
the user to accelerate the running time. They include:

➢ Adjusting solver convergence criteria (rtol and xtol) to decrease
the number of iterations required to calculate an acceptable
solution at a given time point.

➢ Increasing the solver maximum time step, thus automatically
reducing the number of calculations during periods of steady
conditions or relatively constant rates of change.

➢ Smoothing the onset and termination of sudden events, thus
preventing sudden discontinuities.

➢ Monitoring the physical conditions of core degradation and
melting, to prevent conflicting conditions that lead to solver
oscillations between different system states.

An important feature of the solver is that it allows the user to
directly test the effect of numerical tolerance on the problem
running time. For instance, it has been shown that increasing the
tolerance from the default value of 1.5e-8 to 1.0e-6, reduces the
transient time by over 30% without changing the results in any
visible way.

The ability to control the numerical accuracy of COMPASS
solutions over extended periods of time allows for preserving the
conservation of mass and energy principles at different spatial
levels (the former principle also for individual materials), from
local/nodal to coreewide and in-vessel-integrated models. This, in
turn is a critical criterion of physical consistency of the simulations
of accident progression.

4. COMPASS model validation

4.1. CORA-13 experiment

The CORA-13 experiment, which is also known as OECD Inter-
national Standard Problem 31 [12] was one of a large series of ex-
periments performed at Kernforschungzentrum Karlsrue (KfK)
research institute in Karlsruhe, Germany. The CORA experiments
used electrically heated rod bundles to simulate a variety of situ-
ations and conditions occurring during core heatup and degrada-
tion in both PWRs and BWRs.

The cross-sectional view of the CORA-13 test section is shown in
Fig. 4. The test section consisted of three groups of rods: 16 elec-
trically heated rods, 7 unheated rods, geometrically similar to the
heated ones, but without the tungsten heaters, and two rods in the
form of Zircaloy (Zr) tubes filled with absorber materials (Ag, In and
Cd). The rod bundle was located inside a square box made of ZrO2
fiber with a Zr liner on the inner surface. The major controlled
parameters during the experiment were: the electric power sup-
plied to the heated rods, and the flow rates of argon gas (initially)
and steam/argon mixture during the main heatup phase. It is very
important for a proper interpretation of the experimental results to
realize that practically all fresh surfaces exposed to steam flow
were made of metallic Zircaloy.

Typical measured temperature history of the upper parts of
various elements of the CORA-13 test section are shown in Fig. 4.
Based on a thorough analysis of the experimental data, a single
zone model has been formulated, consisting of ten axial nodes of
equal length.

The results of COMPASS-predicted temperatures have been
compared against the results of measurements at six different axial
locations, from 0.15 m to 0.95 m. To reflect the effect of dominant
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uncertainties, an extensive parametric study has been performed to
account for factors such as: heat losses to lower and upper sections
of the test section, heat transfer to the ZrO2 insulation surrounding
the test section, material properties such as thermal emissivity of
radiation and electric resistivity of the heater material, and Zr
oxidation model. Fig. 7 presents the results of calculations at two
axial locations along the heated section: at 0.35 m and 0.75 m, for
six different runs.

Runs 1, 2 and 3 were performed using the published data for the
temperature-dependent electric resistivity of tungsten. In Runs 4, 5
and 6, the original values were reduced by a factor 1/1.2, whereas all
other parameters were the same as in Runs 1, 2 and 3, respectively.
As can be seen, the resultant reduction in the electrical output had a
proportional impact on the rates of cladding temperature increases
prior to reaching the oxidation threshold. However an earlier onset
Fig. 7. Sample parametric results of COMPASS validation against CORA-13 experiment: (a)
cladding surface temperature at; (a) 0.35 m and, (b) 0.75 m along the heated section. The
ductivity of the heater material (tungsten) and of the inertia of the bundle insulation system.
to the Web version of this article.)
of oxidation reaction contributed to a higher heat generation rate
and to a faster temperature increase for the higher tungsten
resistance cases. Another source of the modeling uncertainties was
associated with the heat losses outside the ZrO2 shroud. Whereas
the experiments indicated that the oxidation-enhanced heat gen-
eration led to a nearly uniform heatup of all test section materials
(including the inside of the ZrO2 insulation wall, which accounted
for nearly 90% of the combined Zircaloy/Zirc-Oxide mass), the
temperature outside the shroud was significantly lower. To para-
metrically account for effect of the unknown heat loss, the effective
“heated” insulation mass as a fraction of its total mass was varied,
respectively, from about 0.9 (Runs 1 and 4) to 0.82 (Runs 2 and 5)
and to 0.7 (Runs 3 and 6). The results shown in Fig. 7 indicate that
the effect of reduced effective thermal inertia of the test sectionwas
relatively small as long as the heating rate was low, but then got
the calculated (solid lines) and measured (red asterisks) values corresponding to the
individual curves reflect the effect of uncertainties associated with the thermal con-
(For interpretation of the references to color in this figure legend, the reader is referred



Fig. 9. Solid material configuration at the end of experiment (at 4700 s) in the
COMPASS simulations. The dashed line represents the intact geometry of the heater.
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dramatically augmented when the oxidation heat became a
dominant factor. However, it is interesting to notice in Fig. 7(a) that
the calculated temperature range for all six cases was still
compatible with the experimental uncertainties reflected by two
different measured values of the cladding temperature at different
time instants, especially at 4000 s and 4500 s.

The predicted hydrogen production is shown in Fig. 8. Whereas
the time-dependent mass of gradually accumulated hydrogen was
not tracked down in the experiment, the total measured mass of
about 0.07 kg produced at 4700 s into the transient, shown in
Fig. 8(b), agrees very well with the calculated value. The directly
calculated hydrogen production rate (shown by the blue line in
Fig. 8(a)) represent the combined effects of underlying physics and
model structure. The former effect reflects a strong feedback be-
tween the local temperature and energy-generation/hydrogen-
production rates, corresponding to exponential relationship be-
tween the oxidation rate and temperature. It has been confirmed by
the evidence collected in other experiments, such as PHEBUS (see
Section 4.2). The latter effect is due to a discrete nodal structure of
the COMPASS model and the fact that the temperature/heat rate
coupling strongly augments the nodal oxidation rates as long as any
metallic Zircaloy is still left in a given node. Then, the oxidation rate
in the corresponding node suddenly drops to zero and a similar
sequence of events repeats in the node above. Interestingly,
whereas the magnitude of the spikes would decrease with the
increasing number of axial nodes, the mass of hydrogenwould only
be slightly affected, since Zircaloy in nodes the temperature of
which has reached the oxidation threshold gets nearly completely
oxidized. This is shown in Fig. 8 by comparing the time-dependent
mass of hydrogen corresponding to the original nodal oxidation
rate curve (with spikes) against a least-squares averaged smooth
curve (which represent an idealization of the actual process). As can
be seen in Fig. 8(b), the integrated masses for both cases are very
similar, and the only difference is in curve smoothness.

Finally, the effect of molten material relocation is shown in
Fig. 9. Whereas the qualitative agreement between the predicted
and measured channel blockage is quite reasonable, the problem is
much more complicated. Specifically, the results of calculations
correspond to the flow and refreezing of liquefied materials,
whereas the measured blockages refer to the post examination
following a sudden test section cooling via cold water injection at
4700 s, so the final experimental configuration apparently also
reflects the relocation of loose solid pieces of damaged fuel ele-
ments from the upper (around 0.9 m) to lower (0.2 m) parts of the
quenched test section.
Fig. 8. Predicted hydrogen production for the CORA-13 experiment: (a) hydrogen productio
mass at the end of the calculations (4700 s) was practically the same as the predicted valu
4.2. PHEBUS-FPT3 experiment

The same model as discussed above has also been used to pre-
dict the results of PHEBUS-FPT3 experiment [13]. This experiment
was a part of five in-pile experiments performed using the PHEBUS
facility under the sponsorship of the French Institut de Radiopro-
tection et de Sûret�e Nucl�eaire” (IRSN) in Cadarache, France. Since
the PHEBUS experiments were performed as integral parts of the
operating reactor, their complex nature and setup have left room
for different interpretations of selected experimental details and
boundary conditions needed inmodel formulation. This, it turn, has
been reflected in the differences between the results of various
codes’ simulations, including those performed using the version of
n rate, (b) total mass of hydrogen as a function of time. Note: the measured hydrogen
e of about 0.07 kg.
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COMPASS which is a part of the SPACE code [6].
The objective of the current simulation has been to: (a) evaluate

the temperature history of the experimental test section and, (b)
test the effect of uncertainties of predictions associated with the
necessary modeling assumptions imposed by the lack of informa-
tion concerning specific details of the experimental conditions.
Since the experimentally measured fuel rod temperatures at
various axial locations were distributed nearly uniformly across the
20 element bundle (similar as in the CORA-13 experiment), the
COMPASS model used a single lateral zone. The total length of the
heated section was divided into 11 axial nodes in such a way that
Fig. 10. Sample parametric results of COMPASS validation against PHEBUS-FPT3 experime
material emissivity, both at a distance of 300 mm from the bottom. The results of calculati
the node centers corresponded to the positions of thermocouples
used to measure the temperature at various locations inside and
around the fuel rods, and the surrounding Zirconia shroud. Since
the formulation of the boundary conditions consistent with the
model structurewas a rather complex issue due to the nature of the
in-pile experiment, in order to avoid making any additional as-
sumptions, the measured temperatures outside the shroud were
used for this purpose. The COMPASS-predicted temperatures
included the fuel rod temperature and the temperature recorded
inside the shroud, both at various axial locations along the heated
section. The calculated temperatures have been compared against
nt: (a) the effect of the effective thermal conductance of the shroud, (b) the effect of
ons are shown as solid lines and the measured values as dashed lines.
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the corresponding measured values. Typical results are shown in
Fig. 10. The COMPASS results, which correspond to the center of
node-4 (located at 300 mm from the bottom of the heated section),
are directly compared against the readings of two thermocouples at
the same axial location: inside the shroud - TCB29, and inside one
of the fuel elements - TCW2. One of the main objectives of model
validation was to quantify the effect of uncertainties associated
with two factors: (a) thermal conductance of the shroud, and (b)
material emissivity for radiative heat transfer. As can be seen in
Fig. 10(a)e(b), using different values of either the effective shroud
thermal conductance or the emissivity for heat radiation had a
small effect on the predictions. This result confirms the robustness
of the overall model.

A comparison between the hydrogen production predicted by
COMPASS and the corresponding results of measurements is shown
in Fig. 11 and Fig. 12. Also presented there are the already published
results of earlier calculations performed using other existing severe
accident codes [14]. The experimental hydrogen production rate
shown in Fig. 11(a) corresponds to the measurement by a hydrogen
Fig. 11. Comparison between hydrogen flowrate predicted by: (a)
sensor located in the cold leg of the experimental loop [13]. The
flow path from the in-core test section to the sensor location
included vertical and horizontal segments of the hot leg, inverted
U-shaped tubes of the steam generator, and a horizontal section of
the cold leg between the steam generator and the containment
vessel. As a result of the combined flow- and cooling-induced
mixing, the measured time-dependent hydrogen concentration
was expected to be much more uniform and smooth than that in-
side the core. Nevertheless, sharp fluctuations of high magnitude
(around/above 20% within a time period of a few minutes) can still
be clearly seen in Fig. 11(a). As it was mentioned in Section 4.1, such
a behavior can be explained by a strong feedback between the local
temperature and volumetric heat generation rate during
exothermal oxidation reaction. This is evidenced by the thermo-
couple readings at various axial locations along the reactor fuel
elements [13], which show sharp temperature jumps occurring at
about 200e300 s intervals, first in the mid-section (between
400mmad 600mm), next in the lower section (200e300mm), and
then in the upper section (700e800mm). Details of the jump at the
COMPASS, (b) different versions of the ATHLET-CD code [14].



Fig. 12. Comparison between total hydrogen mass predicted by: (a) COMPSASS, (b) and four other existing severe accident codes [14].

Fig. 13. The effect of the COMPASS-calculated steam starvation and oxygen consumption on the predicted steam flowrate.

M.Z. Podowski et al. / Nuclear Engineering and Technology 51 (2019) 1916e19381928
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elevation of 300 mm, including both the measurements and cal-
culations, are shown in Fig. 10. As can be seen in Fig. 11(a), the
calculated hydrogen spikes also occurred at similar time intervals.
Since the COMPASS results reflect the effect of various modeling
assumptions, in particular, of the axial nodalization, it is not sur-
prising that the resultant magnitude of in-core oscillations is about
twice the maximummeasured magnitude in the cold leg, and their
timing is also slightly different. As it can be seen in Fig. 11(b), the
presence of such oscillations is a generic issue which has also been
observed in the results obtained using practically all other existing
codes, although the reasons why 50% higher oscillations were
calculated by selected codes at relatively low temperatures (and
thus hydrogen production rates), or why sudden and very high
spikes were predicted during the maximum oxidation period, must
have been associated with numerical issues.

As discussed above, since the instantaneous in-core hydrogen
production rate was not measured in the PHEBUS experiment, no
direct comparisons can be made against the results of COMPASS
calculations. Fortunately, a consistent and meaningful model
Fig. 14. The system pressure and core inlet flow rate
validation can be still performed based on the integrated mass of
hydrogen as a function of time. This is shown in Fig. 12(a), where
the measure mass represents the amount injected into the
containment vessel [13]. As can be seen, the original (i.e., w/o the
effect of steam starvation) calculated mass of hydrogen stays close
(mostly within 5%e10%) to the experimental curve, i.e., around the
range of the estimated experimental uncertainties. The higher-
than-experimental fluctuations in the production rate are re-
flected in the form of several cross-over points between the two
curves. Interestingly, whereas the results in Fig. 12(b) of predictions
by other existing severe accident codes, as compared to the
experimental data, show differences up to 20% or higher, the
smoothness of all curves does not reflect the corresponding oscil-
lations seen in Fig. 11(b).

To account for the effect of hydrogen starvation along the flow,
another series of COMPASS calculations has been performed with
the inclusion of oxygen consumption model. The calculated flow
rates at the exit of individual axial nodes are presented in Fig. 13.
The observed differences for each node correspond to the
during the progression of accident at TMI2 [15].
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difference between the nodal amount of oxygen consumed and
hydrogen produced per unit time. The calculated hydrogen pro-
ductionwhich accounts for steam starvation is shown as blue-color
curve in Fig. 12(a). It is interesting to notice that whereas the
oxidation-induced steam starvation initially reduces the hydrogen
production, later into the transient the corresponding calculated
mass of hydrogen may temporarily exceed that without steam flow
reduction. Such an outcome can be explained by the effect of
coupling between the surface temperature and oxidation rate.
Namely, whereas a temporary reduction in steam flow rate slightly
reduces hydrogen production, it also leaves more unoxidized Zr
which becomes available for full-scale oxidation at higher surface
temperatures.

A comparison between the two results of COMPASS calculations
in Fig. 12(a) against the measured mass shows the smoothing effect
of progressing steam starvation and oxygen consumption along the
flow. Interestingly, since a 100% oxidation occurs before the end of
the run, the final mass of hydrogen is practically the same for each
Fig. 15. COMPASS-predicted fuel temperatures in the central radial zone of the core and th
TMI2.
case, and it is only slightly (2%e3%) higher then, but well within the
experimental error bounds of, the measured amount. Overall, the
results shown in Figs. 11 and 12 demonstrate both the consistency
of the COMPASS model and its numerical accuracy.

5. COMPASS simulation of accident progression at TMI2

To demonstrate the applicability of COMPASS to the analysis of
core meltdown accidents in pressurized water reactors (PWRs),
simulations have been performed for the TMI2 accident conditions.
The available plant data for system pressure and reactor flow rate,
shown in Fig. 14, have been used as the boundary conditions. It is
important to mention that, according to Fig. 14(b), the core flow
rate was reduced to, and kept at, a numerical zero shortly after
6000 s. According to the post-accident analysis, high pressure in-
jection was activated around 12,000s. Since details in this regard
are apparently unavailable, the results of the current simulations
after 12,000s represent the worst-case scenario of a complete loss
e time-dependent core heights in three radial zone during the accident progression at
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of heat sink over an extended time period, and do not correspond to
the actual events.

The core model used three radial zones and five axial nodes in
each zone. Sample results of the predicted progression of core
heatup and degradation are shown in Fig. 15. Fig. 15(a) presents the
calculated nodal fuel temperatures in the central zone (zone-1),
and Fig. 15(b) presents the impact of core degradation, slumping
and melting on the remaining height in all three radial zones. The
temperature curves in Fig. 15(a) explicitly reflect the consecutive
stages of heatup and melting of individual materials. Due to the
gradual discharge of molten Inconel, Zircaloy, and Boron Carbide
from the upper nodes, the bottom-most node-1 gets blocked
around 8,200s. The heatup and melting of Boron Carbide and Zirc
Oxide continues in node-2 node-3 and node-4, and the metallic
Zircaloy in node-5 melts completely in about 200s. The melt is
gradually discharged to, and stays in, node-2 above the blocked
node-1. At about 8,700s fuel starts melting in node-3 and the melt
is discharged into node-2, thus accelerating the temperature in-
crease there. Soon after 9,000s, fuel also starts melting in node-4,
Fig. 16. Illustration of the preservation of mass and energy conserv
and then in node-2. The melt accumulates in/above node-2 and
eventually starts spreading into the intermediate zone (zone-2),
where it stays for some time due to the barrier formed by
completely solidified adjacent nodes in the outermost zone (zone-
3). When fuel melting occurs in zone-3, the melt gets discharged
outside the core and into the lower plenum. This, in turn, results in
gradual molten corium spreading from zone-1 through zone-2 into
zone-3. At the same time, enhanced heat transfer between themelt
in node-2 and the solid crust in node-1 of zone-1 accelerates the
heatup of the latter node, so that crust failure is expected to occur
before 14,000s.

A very important issue for the consistency and numerical ac-
curacy of severe accident simulations deals with providing evi-
dence that both mass are energy of reactor materials are conserved
during the overall process of complex material phase change and
relocation throughout and outside the various core regions.
Whereas such evidence is important for model validation against
experimental data, it becomes critical in the situations where the
objective of the simulations is to explain, or predict, accident
ation principles in the COMPASS simulations of TMI2 accident.
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progression in both existing and next-generation reactors. The
COMPASS code has built-in capabilities to check the conservation of
mass and energy at different levels, including individual materials
at a local nodal level and at a zone level, as well as for the entire
core. Selected results for the TMI2 simulations are shown in Fig. 16.
Fig. 16(a) presents a comparison between the calculated time-
dependent masses of fuel: inside the core, discharged onto core
support plate (CSP) and into the lower plenum (LP), and the total
mass inside RPV. As can be seen, the mass balance has been accu-
rately preserved over the entire duration time of the simulation.
Furthermore, the overall mass of the multiple materials moving
both axially and radially as a result of melting, is also firmly pre-
served, both before and after corium release from the core.

Fig.16(b) presents a comparison between the summed-up nodal
energies (relative to the initial state) of all solid/molten core ma-

terials,
P
m

P
n

P
k
ðmhÞkm;n, compared against the net time-integrated

energy production (decay heat, Zr oxidation heat, heat losses to
the surrounding structures). Again, prior to the release from the
core of low melting temperature materials at about 9500s, the two
independently calculated parameters are in excellent agreement.
Later, the difference between the two curves becomes a measure of
the total energy of the molten corium discharged from the reactor
core.

6. Conclusions

A new modeling approach has been presented for the analysis
and computer simulation of core meltdown accidents in pressur-
ized water reactors. The overall model has been numerically
implemented as the COMPASS computer code. The results of
COMPASS model validation have been shown for two different
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experiments: CORA-13 and PHEBUS-FP3. A good agreement be-
tween the predictions and the experimental data has been
demonstrated. The new model has also been used to perform cal-
culations for the accident conditions at TMI2. The main emphasis of
the simulations was to confirm both the physical and numerical
consistency of the solver when applied to evaluate extremely
complex phenomena governing heatup, melting and melt reloca-
tion of multiple core materials during an accident in the actual
nuclear power plant.
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APPENDIX A

Evaluation of multimaterial corium temperature prior to chan-
nel blockage based on the state variables of the overall model, i.e.:
total instantaneous corium nodal thermal energy, ðmhÞtotm;n, and the
corresponding masses of individual component materials. The in-
dividual cases are as follows:
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APPENDIX B

Evaluation of multimaterial corium temperature and liquefied
masses after channel blockage based on the state variables of the
overall model, i.e.: total instantaneous corium nodal thermal en-
ergy, ðmhÞtotm;n, and the corresponding masses of individual
component materials. The individual cases are as follows:
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