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In the field of severe accidents simulation one of the most challenging issues is nodalization. This paper
explores the effect of the wet well modeling on significant variables describing the sequence evolution.
The code used for the study has been MELCOR 2.1 and the scenario chosen has been a prolonged SBO
occurring in @ BWR3 Mark 1. The results indicate that some significant magnitudes show a moderate
scatter depending on WW nodalization (i.e., core uncovery, RPV failure, hydrogen production), whereas
the SP thermal state might display outstanding deviations, which sometimes affect significantly key
variables like containment pressure. The difficulties and uncertainties around defining a suitable WW
nodalization have been highlighted and the need to properly balance the entire plant meshing has been
stressed.

Even though a number of noding schemes has been explored, the results discussion underlines the
importance of having a deep understanding of the potential phenomena governing the scenario and of
mastering the code facilities to better model it. Some insights into WW nodalization in MELCOR 2.1 have
been gained for the specific scenario (i.e., a prolonged SBO in a BWR3 Mark I) explored: a single node
assumption might underestimate PCV pressurization; a loose coupling of water and gas exchanges in the
WW nodalization would be preferred if the drift flux model is chosen for momentum exchange in the flow
pathways between WW nodes; the potential of some axial thermal stratification in the pool should be
taken into account when noding the WW; sensitivity analyses on physically supported WW nodalization
schemes should be conducted and focused on key magnitudes describing containment evolution (i.e.,
pressure). Finally, it is stated that some uncertainties in WW nodalization might be reduced and/or
moved if a properly scaled-down experimental project was launched on potential stratification in BWR3
Mark I SP during SBO accidents.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The Fukushima accident revived the interest worldwide for
severe accidents and fostered assessments of NPPs (nuclear power
plant) capability to withstand threats resulting from accidents
beyond those used as a basis for NPP design (BDBA, beyond
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design-basis accidents). In Japan, where all the NPPs where shut
down right after the March 11, 2011, NPP safety has been under
evaluation according to new and even more stringent regulations;
at present 17 out of 48 nuclear reactors have submitted their appli-
cations for restart. In the European Union, the 132 NPP underwent
stress tests and peer reviews in 2011 and 2012 (many other coun-
tries, like Switzerland, Ukraine, Russia and others, followed the
European path and adopted similar methodologies). The generic
conclusion was that there were not technical reasons requiring the
shutdown of any NPP in Europe (EC, 2012). Nonetheless, practically
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all NPPs have been required to implement technical upgrades that
should enhance safety even further. Examples of them are instal-
lation of FCVs (filtered containment venting) and/or PARs (passive
autocatalytic recombiner), in many of those NPPs that did not have
it yet.

Severe accident research has been also heavily affected by the
Fukushima accident. In addition to domestic Japanese projects
dealing with numerous issues raised by the accidents, like pool
scrubbing (Mizokami et al., 2014), a number of international
projects have been launched, the flagship of which is likely
OECD/NEA BSAF; its main purpose is to achieve a thorough under-
standing of the severe accidents evolutions in Units 1 through 3
and to contribute to improvement of methods and models of the
severe accident codes and to their validation (NEA, 2012). Under the
7th European Framework Program, projects like PASSAM (Herranz
etal.,2014)and CESAM (Van Dorsselaere et al., 2015) are intimately
linked to specific aspects that were relevant during the Fukushima
accident. The former is investigating potential enhancement of fil-
tration efficiency under containment venting conditions; the latter
is extending the ASTEC code application domain and this includes
the SFP (spent fuel pool) accident scenarios.

The CESAM project is just an example of the many activities
ongoing aimed at enhancing predictability of severe accident codes.
Benchmarking codes against data from experiments address-
ing scenarios that had relevance or raised concerns during the
Fukushima accident (NEA, 2013) and developing new models for
phenomena potentially involved in reactor and SFP accident sce-
narios (Birchley and Fernandez-Moguel, 2012), are two of the main
tracks in which analytical efforts are being conducted. All of these
activities have a common goal: to reduce uncertainties in code pre-
dictions as much as feasible and, no less important, being aware of
the range of such uncertainties. However, no matter how complete
and sophisticate codes and models become, there will always be an
intrinsic uncertainty associated to users, the so called “user effect”,
which so many times have been discussed (Jones et al., 2003;
Clément and Haste, 2004). This user effect is articulated through
the codes input decks and there are three major areas on which
it may take place: the physical models (i.e., choice among several
models; selection of model parameters; activation/deactivation of
models, etc.); the working systems (i.e., settings for safety systems
performance); and the plant and/or facility nodalization (i.e., spa-
tial discretization of the plant). The latter is the main focus of this
article.

The nodalization has been demonstrated to affect modeling of
key phenomena in the containment of a NPP undergoing a severe
accident. An example is hydrogen distribution and the potential
development of dissolution of atmosphere stratifications, which
requires nodalizations with sufficient detail in the vertical direction
and definition of nodes and flow paths (FP) capable of capturing gas
plumes moving upward (Schwarz et al., 2011). Another one is the
gaseous iodine-steel interactions, which has been shown to be a
function of the isotope local concentration and, as a consequence,
affected by the way the vessel is meshed and the in-between nodes
junctions defined (Weber et al., 2013). And, finally, a no less signif-
icant example is the wet well pool stratification, which has been
recently the focus of experimental (Laine et al., 2011) and theoreti-
cal studies (Zhaoetal.,2014), given its relevance during accidents in
BWR (boiling water reactor) as a major thermal energy sink within
the containment and a key source of cooling water for the reactor
core. This significance was the trigger to investigate the effect of
wet well (WW) nodalization in severe accident progression in the
present paper.

An accurate prediction of the thermal state of BWR suppres-
sion pools (SP) is important because, in the course of an accident, it
affects the peak containment pressure and, if existing (depending
on BWR designs) and available, the performance of safety systems,

like the RCIC (Reactor Core Isolation System) and HPCI (high pres-
sure coolant injection). A number of previous analyses assumed a
simple containment nodalization when analyzing accidents in BWR
Mark I NPPs (Lee and Lee, 1992; Carbajo, 1994) and even some
recent works (Park and Ahn, 2012) seem to follow that path. How-
ever, this is a strong hypothesis that was already questioned in the
70s and 80s of last century. At the time, the major concern was the
vibratory loads on containment structures that potential instabil-
ity of steam condensation might cause when extensive steam was
blowdown during transients from the RPV (reactor pressure vessel)
through SRVs (safety-relief valve) (Su, 1981). An extensive experi-
mental and analytical research was conducted. Experimental data
were taken in nuclear power plants, like Monticello NPP, to find
out effective designs of quenchers and discharge systems of RHR
(Residual Heat Removal) to enhance thermal mixing in the suppres-
sion pool during transients (Patterson, 1979). These experiments
were the bases to validate sophisticated pool models other than
the traditionally assumed single, well-mixed model, which was
stated not to be suitable under severe SBO (Station Blackout) acci-
dents (Cook, 1984). Those models required the suppression pool
splitting into a good number of nodes (even more than 70) and con-
sisted in sub-models that applied to different regions of the water
pond: convection cells vs. thermal stratification for the discharge
bay, depending on the initial momentum of injected steam; bulk
circumferential circulation in the entire pool for the fluid far field
motion; and a uniform whole pool mixing, when steam injection
occurred energetically at different locations of the pool.

This work has been focused on studying the effect of the wet well
modeling with a modern lumped parameter code (i.e., discretiza-
tion and flow path definition) on primary containment variables,
like pressure. The code used for the study has been MELCOR 2.1 and
the scenario chosen has been a prolonged SBO occurring in a BWR3
Mark I, which has turned out to be one of the most challenging
scenarios to model for a lumped parameter code.

2. Description of the scenario

There are a number of mid-size boiling water reactors of a GE
design similar to Unit 1 at the Fukushima Daiichi site (BWR3 Mark ,
1380 MWy, ) around the world. This type of plant has been chosen
for the present study. The accident scenario to be investigated is
an SBO (i.e., a total loss of on-site and off-site alternate current
power). The interest of SBOs is beyond any doubt: SBOs dominate
contribution to CDF (core damage frequency) in BWRs (U.S. NRC,
2005); but, more importantly, it was the loss of electric power to
normal and emergency core cooling systems and the subsequent
failure of back-up decay heat removal systems what compromised
water injection in the cores of the Units 1-3 at the Fukushima-
Daiichi NPP (NAIIC, 2012).

In the WASH-1400 report (U.S. NRC, 1975), SBOs were high-
lighted as important contributors to the total risk from NPP
accidents. As a consequence, they were largely explored in the
late 80s to 90s (Carbajo, 1994; Hanson et al., 1988; Lee and Lee,
1992; Ott, 1989) and most of that research got encapsulated in
NUREG-1150 (U.S. NRC, 1990). More recently, further work with
more capable analytical tools, like the last versions of the MEL-
COR code, has updated the insights earlier gained (Leonard et al.,
2007; Gaunttetal.,2012; Herranzetal.,2012a,2012b). The SOARCA
report might be seen as a good compilation of such progress (Bixler
et al, 2013).

In the case of a STSBO (Short Term Station Blackout) accident,
both AC and DC power are lost, so that all turbine-driven systems
become unavailable in the short run. With reactor control blades,
MSIVs (main steam isolation valve), and containment isolation
valves at their fail-safe positions (inserted and closed), the only
systems available for decay heat removal from the core are ICs
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Table 1

Key events and timing in the RPV (8-node 1 flow path).
Key event Time (h)
IC working period 0-1.2
SRV working period 1.6-14.9
Core uncovery 3.2-53
Fuel slump to lower plenum 6.3
Dry RPV 10.7
Vessel breach 149

(isolation condenser) and SRVs. The first ones are safety-related
systems that allow core cooling when reactor is isolated from
turbine and condenser. They condense the steam being produced
in the RPV and return the resulting condensate to the vessel. The
second ones are installed on the main steam lines and protect the
RCS (Reactor Coolant System) against over-pressure transients and
allow water injection at low pressure when operated as the ADS
(automatic depressurization system). The SRS (safety relief system)
consists of SRVs discharging into the SP and SVs (Safety Valve)
discharging into the DW (dry well). Its design (i.e., number of
valves and setpoints) is plant specific and usually entails staggered
setpoints of individual valves that make them open sequentially.
In this study a generic system has been modeled, with 4 SRVs and 3
SVs, which setpoints have been defined accordingly with pressure
levels prototypical of BWR3 Mark I NPPs. Valves are modeled to
open when the pressure reaches the setpoint values. Both systems,
IC and SRVs, are assumed to come into play at pressures above
7.3 MPa in the RPV, the IC being the first one brought into operation
(SVs have the highest pressure setpoints).

The ICs (2 units) have been operating during the first 1.2 h of the
sequence (according to the modeling described in next section). No
water has been injected in the reactor, assuming no power is avail-
able at the time. Once the ICs stop, the water in the vessel heats
up till reaching saturation conditions; water evaporation increases
RCS pressure. As a result, the SRV with the lowest setpoint opens
to keep pressure under control; the steam released is driven to the
WW, where most of it condenses. Other SRVs do not open since
pressure is kept always below their setpoints. Core uncovery starts
a little later than 3 h after the scram and it lasts more than 2 h. As a
consequence, the core degrades and a substantial amount of hydro-
gen is released (more than 600 kg until RPV failure) together with
fission products and aerosols. Core temperatures peak at nearly
2800K.

Oxidation of cladding, metal and control rod materials began
at around 4 h, although it speeded up later on, when a good frac-
tion of the core got exposed to steam. The highest oxidation period
lasts until more than 6 h when most of the fuel slumped into the
lower plenum (around 70%). Despite most H, generated came from
Zircaloy oxidation (69%), other materials oxidation contributed sig-
nificantly too (more than 200 kg).

In order to give an overall view of the accident progression,
Table 1 shows the timing of key events corresponding to a spe-
cific case, the one characterized by 8 WW nodes with just a single
flow path connecting adjacent nodes (8 node 1 flow path), as it will
be described below.

3. Plant modeling

The sequence has been simulated with the MELCOR 2.1 code
(Gaunttetal.,2011). MELCOR is a fully integrated, engineering-level
computer code that models the progression of severe accidents in
light water reactors. It includes a broad spectrum of phenomena,
from core degradation to source term to the environment; just to
mention a few: 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, transport and behavior. Given the nature of the present
investigation, this article focuses on two major aspects of sequence
modeling: nodalization and associated thermal-hydraulic phenom-
ena.

Particularly relevant for this study are the MELCOR 2.1 approx-
imations to steam injection in the discharge control volume and
to the fluid flow through flow paths. There is not a sparger model
in MELCOR so that mass and energy discharged are assumed to be
uniformly distributed in the receiving control volume. This entails
two major deviations from reality: a lower water temperature in
the receiving node due to overestimation of water heat capacity
because all the mass in the node is considered, and an instanta-
neous temperature increase in the water volume. Concerning mass
and energy advected through flow paths (no mass or energy is asso-
ciated with a flow path), whenever water and gas are transported
through, MELCOR uses a version of the so called “drift flux” model
(Wallis, 1969). It considers a single momentum equation defining
an average mixture velocity for the two fields and modeling the
relative velocity between them as a constitutive relation.

In next sections a thorough description of plant meshing, partic-
ularly WW modeling, is given. Note that no RPV-to-PCV potential
leakages have been assumed. The time span explored in the present
study extends from the reactor scram until the RPV failure.

3.1. Plant nodalization

The entire NPP has been modeled. Large components and build-
ings, like RPV, DW, WW and RB (reactor building), have been split
into nodes; ad-hoc models for safety related systems (i.e., IC and
SRVs) have been built according to their performance specifica-
tions. A total number of 73 nodes have been used for the plant
description. Even though RB has been described through 10 vol-
umes, in the present study connections between DW/WW and RB
(i.e., leaks) and between DW/WW and environment (i.e., venting),
have been kept closed. The specific pressure levels of venting and
PCV (primary containment vessel) failure will be noted in the pre-
sentation of results to emphasize the potential consequences of
different nodalizations.

The RPV has been split into 38 thermal-hydraulic control vol-
umes. Individual control volumes have been used for steam dome,
dryers, separators, shroud dome, annulus and lower plenum. Unlike
them, the core active region has been meshed in 32 volumes: 4
radial regions, in each of which there are a bypass region (simulat-
ing in-between canister spacing and in-assembly water rods) and
a channel region; the latter has been split, in turn, in 7 axial nodes.
This meshing is more detailed than the classical approach of using
one single node for all the channels (Carbajo, 1994; Herranz et al.,
2012b), so that a closer approximation to the in-core fluid thermal
map might be achieved. As for the specific nodalization to track
core degradation, a similar scheme has been used except in the
lower plenum: an additional radial zone (the region right under the
annulus) has been added and 4 axial regions have been considered
from the RPV bottom to the lower core support plate. This meshing
should be sufficient for a detailed description of major phenomena
affecting fuel (oxidation, melting, relocation, etc.). Fig. 1 displays
the nodalizations for both the thermal-hydraulic and the core
degradation analyses.

The DW (~3000m?3) is 9-node network (Fig. 2a). Axially 3
regions have been considered: lower, mid and upper zones. The
lower region is the one located from the DW floor to the RPV bottom
height. It consists of 3 nodes: the inner cavity region, right below
the RPV, is connected to the “outer” lower DW space through a
single slit; and two azimuthally symmetric regions that divide the
outer lower DW region to account for the potential impact of the slit
facing the cavity (note that this feature is unimportant in this study
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Fig. 1. RPV nodalization schemes. (a) Thermal-hydraulic meshing. (b) Core meshing.

since the analysis extends until RPV breach). The mid-section of the
DW has been divided in 4 nodes: 2 symmetrical azimuthal nodes
(asinthe lower region) that, in turn, break down into 2 radial nodes,
one of which faces the RPV external surface and the other does the
PCV inner surface. The upper region is the one surrounding the RPV
head and, as the others, it has been split in two azimuthal nodes.
This arrangement and the appropriate junctions between volumes,
allow natural convection cooling of the external RPV walls.

Vents and VBs (Vacuum Breakers) between DW and WW have
also been considered. Vents have been modeled as 8 nodes with
flow paths linking with both DW and WW; the flow paths have
been directed ad-hoc DW-vent and vent-WW (in-pool injection
with an initial submergence of ~1.5m). Vacuum breakers have
been defined as 8 WW to DW valve-controlled flow paths (valves
open when pressure difference is over 3.5 kPa roughly). It is worth
noting that VB performance is linked to the WW modeling. The

Fig. 2. PCV nodalization schemes. (a) DW. (b) 8-node WW.

local pressure difference between WW and DW is dependent on the
nodalization scheme, as the latter (along with the way of connect-
ing neighbor WW nodes through flow paths) affects the distribution
of gases between adjacent nodes and, consequently, the pressure
accumulation in each individual node. Namely, if the node-to-node
connection in a specific WW nodalization scheme results in a
fast gas mass transfer, WW pressure will become uniform almost
instantaneously and in case of WW-DW pressure differences over
the VB threshold, all the VBs in the individual nodes will open at
the same time. Contrarily, if gas transfer between adjacent nodes
is slow compared to mass flow rate coming into the receiving node
atmosphere, it will be the VB in this receiving node the one which
will be mostly responsible for the WW-DW pressure equalization.

Given the specific goal of this paper, WW modeling is individu-
ally described next.

3.2. Wet well modeling

Two specific features of wet well modeling are of significance
in this study: WW meshing and flow paths definition in between
nodes.

Three fundamental WW nodalization schemes have been tested
(some more will be added as parametric studies):

e Single node. The entire WW volume (~4500 m3) has been con-
sidered one node, with the suppression pool (~40% of the total
volume) as the liquid phase and the gas over the pool surface as
the gas phase. Each of these phases is assumed to be well-mixed.
Eight circumferential nodes. The WW has been split according to
DW/WW vents arrangement; that is, the whole WW volume has
been divided in 8 identical nodes, among which the only differ-
ences are their azimuthal location and the fact that SRV discharge
in some of them. Fig. 2b displays this WW configuration.
Sixteen (8 x 2) nodes. Based on the 8-node arrangement, volumes
have been vertically broken in an upper node, whose composition
is gas, and a lower node, mostly consisting of water and a thin
layer of gas over the interface.
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Fig. 3. Flow path schematics. (a) Single flow path. (b) Double flow path. (c) 8 x 2-
node flow path.

By comparing the first two configurations the potential for cir-
cumferential stratification has been explored. An instantaneous
uniform distribution of heat and mass loads in the SP (1-node con-
figuration), might result in a pool thermal state drastically different
from a local discharge (8-node configuration). In the latter arrange-
ment, a uniform thermal state might not happen and/or might take
long. Nonetheless, splitting “open volumes” requires defining how
individual meshes relate with each other; as a consequence, model-
ing uncertainties come up regarding the way such interconnection
is defined. In other words, flow paths become an essential ingredi-
ent of the modeling.

Two types of node-to-node connection have been defined in the
8-node configuration: a “single flow path” (Fig. 3a), which covers
the entire torus cross section and allows both phases move at dif-
ferent velocities and exchange momentum (Gauntt et al., 2011);
a “double flow path” (Fig. 3b), in which the upper one transfers
just gas between adjacent compartments and the lower one car-
ries mainly water and a thin (<30 cm) gas layer. The latter has been
tried to avoid a potential overestimate of gas-water momentum
exchange between both phase bulks due to their different density.
Main geometric characteristics of the flow path in each configura-
tion are given in Table 2. The third configuration given above (8 x 2
nodes) would stress this phase separation even further.

Table 2
Main characteristics of flow paths.

Approach Length (m) Cross section (m?)
Single flow path 11.5 50

Double flow 115 20 (lower)

path 30(upper)

In all the cases, flow paths have been defined through the default
values recommended by Gauntt et al. (2011): coefficients for form
loss pressure (1.0) and laminar flow (16.0); and surface roughness
of 5 x 10~ m. The flow path lengths have been approximated as the
center-to-center distance. It is worth noting that this same value
has been assumed for the pool/atmosphere momentum exchange
length (default option), although it is known that such a choice
tends to overpredict the coupling between gas and liquid phases
(Gauntt et al., 2011).

Each WW node includes two heat structures (HS) with a “pipe-
like HS element”: one simulates the lower part of WW torus and it
is completely submerged; the other accounts for the dry section of
the torus plus the internal structures and it is partially submerged
(around 20% of the total surface area). Note that the latter entails
a “heat bridge” between gas and water phases in the node. This
configuration is generic and it has been used in all the nodalization
schemes except for the 8 x 2 nodes one. In this specificarrangement
heat structures are split into wet and dry ones, so that there is nota
“structure heat bridge” between phases. In other words, whenever
a partially immersed HS exists ina WW node heat transfer between
gas and water is enhanced with respect to the alternative used in
the 8 x 2 nodalization scheme, where such gas-water heat transfer
cannot occur through any shared HS.

3.3. Safety systems

The two safety systems of relevance in the sequence are the SRVs
and the ICs.

The SRVs performance through a pressure hysteresis cycle has
been modeled by valve flow paths between the RPV and the SP (with
~2.0 m submergence). Four SRVs have been modeled and their set-
points given through control functions, so that they would open
sequentially if, once the lowest setpoint is reached, pressure keeps
on rising and attaining the other ones. However, in the present
study only the lowest setpoint is reached and just one SRV is pre-
dicted to open. Each SRV pipe connecting RPV and WW, discharges
steam and non-condensibles in a different azimuthal location of
the suppression pool (8 and 8 x 2 node configurations); mass and
energy exchange between gas and pool is calculated based on the
pool scrubbing module in MELCOR 2.1 (i.e., SPARC90).

Asingle IC unit has been modeled with the total capacity of the 2
existing units (about 85 MW) in the generic NPP. As IC performance
preserves the total water inventory in the RPV, the IC model has
been based on an enthalpy withdrawal from the vessel: once the IC
starts, steam latent heat is removed from the RPV according to an
IC efficiency that is a function of the RPV pressure (Gauntt et al.,
2012). The IC comes into operation when RPV pressure reaches
7.3 MPa and it stops under any of the following conditions: in-dome
steam mass fraction lower than 0.5, steam temperature higher than
20K over saturation (i.e., superheated steam) or water level in the
secondary side of heat exchanger below 0.8 m from the bottom
of the component. No water is supplied to the IC cask during the
sequence, so that after some time working, the IC stops and is no
longer available.

4. Major insights

As described in Section 3.2, this study has been based on a
number of analyses whose comparison sheds light on the WW
modeling effect on an SBO analysis in BWR3 Mark I reactors.
Particularly, the potential impact of nodalization and definition of
node-to-node connections have been explored. Fig. 4 displays a
conceptual flowchart of the studies conducted. As noticed, a total
of five scenarios (those highlighted in blue) have been explored.
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Fig. 4. Flowchart of the study rationale.

The two flow path configuration allows two arrangements: Lv+V, !
one flow path through which fluid consists mostly of water but
with a layer of gas over the liquid phase and the upper flow path
that transports 100% gas; and L+£V,! which is just the reverse
(the lower flow path as a pure liquid pipe and the upper one
through which most cross section is full of gas with a minor, but
mass-significant, film of water). The 8 x 2 node case has been run
with the Lv+V flow path arrangement.

It is worth emphasizing that the present work has been focused
on circumferential WW splitting since it is illustrative enough of the
significance of WW nodalization when modeling an SBO accident.
This does not mean that axial thermal stratification cannot be set in
the scenario, particularly in the steam discharging bay. However,
meshing axially the water region would entail an even stronger
user effect. Definition of flowpaths and resistance flow coefficients
to attempt to capture the highly complex fluid motion that might
be set up (i.e., convection cells and buoyancy driven flows in the
discharge bay, and distribution of the ascending hot water to the
upper layer of adjacent locations), would pose a heavy modeling
burden on the user. However, some parametric cases have been
conducted to explore the potential impact of a “perfect axial strat-
ification” (i.e., no involvement of the water layer under the SRV
injection level).

4.1. Results

Given the nature of the present study, the major focus has been
placed on containment variables, although some other comple-
mentary ones have been included to better illustrate the effects
on the overall SBO analysis.

4.1.1. Pool thermal status

The variable that is more directly affected by wet well modeling
is the suppression pool temperature. As noted in Fig. 5, the five
cases explored show rather different evolutions. To begin with,
when WW is modeled as a single node temperature (Fig. 5a) a pro-
gressive temperature increase (1 node legend) is estimated with
the highest values around 60 K below the saturation temperature;
in other words, pool water behaves as an efficient steam (and
fission products) trap all over the sequence (i.e., until RPV failure).

1 L and V stand for a large volume of water and gas, respectively, whereas £ and
v stand for small volumes of each phase (i.e., thin layers).

As a matter of fact, the temperature slope changes describe phases
of the accident. The first 1.7 h from scram, the IC works as designed
and suppression pool remains at the initial conditions. After 1.7 han
SRV opens and a fraction of the steam being produced in the reactor
as a consequence of decay heat, reaches the water bulk, condenses
and the released latent heat is absorbed by water. This remains
so for hours. However, at 4h the temperature increase slows
down because the amount of steam entering the pool decreases (a
fraction of H,Oy turns into H, within the reactor due mainly to Zr-
H, 0, oxidation). At about 6.2 h H; fraction in the gas coming from
the RPV practically vanishes and pool temperature experiences a
moderate jump, again due to H,Oy condensation. From that time
on, pool heat up slows down progressively as the water inventory
in the reactor and, consequently, the amount of steam generated,
decreases to nearly zero at the time of vessel failure (~15.8 h).
When WW is broken down in 8 identical regions linked to
each other by 1 flow path (Fig. 5a), the water in the node where
the open SRV discharges (hereafter named WW1), heats up much
faster than the others. In less than 3 h, it reaches the saturation
level (dashed black line) for nearly a couple of hours (note that
until reaching saturation other nodes hardly change their temper-
ature). During that period, temperature at the other nodes group
in couples and they grow according to their proximity to WW1
(i.e., WW2 and WWS8 temperatures are similar and higher than
WW3 and WW?7). Then, when H, enters the containment it accu-
mulatesin the receiving WW1 space, slightly increasing its pressure
until it gets transferred to its two neighbors (WW2 and WW8) and,
occasionally, opens the WW1 vacuum breakers. Then, liquid mass
exchange between nodes is noticeably enhanced, because of the
combined gas/water flow which mixes the water pool as calcu-
lated (default momentum exchange terms are used). Thus, water
from adjacent compartments (much colder than WW1’s) gets into
the WW1 and cools it down sharply, until temperature becomes
uniform in the whole suppression pool. Such uniform temperature
persists as long as H, keeps on flowing from RPV to containment.
Once H; injection stops, the homogenous thermal state of the pool
islostand some differences raise again between different azimuthal
locations. Nonetheless, the only relevant one is that of the WW1
with respect to others, since WW1 temperature increases again
due to absorption of phase change enthalpy until reaching a pseudo
steady state 10 K below saturation, while the others stay more than
50K below at all times. The increase of WW1 water vanishes a lit-
tle later than 11.5 h, as the steam flow rate into the pool is so small
that water coming from adjacent nodes compensates any sort of
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paths.

heating up. At nearly 15 h, the RPV breaches (~1 h before the single
node case).

Fig. 5b (8 nodes with the Lv+V flow path arrangement) shows
some apparent similarities with the case with a single flow path
(for example, the rapid heat up of WW1 water up to saturation,
or the grouping of other nodes’ temperatures according to prox-
imity to WW1), but they fade out as soon as H injection starts.
Despite similarity in the initial temperature evolution, there are
also some significant differences, as the perfect match of satura-
tion temperature, the slower heating up of nodes other than WW1,
the high temperature that WW1 holds and even increases from
5h to nearly 7 h, or the softer temperature drop when liquid flows
become more meaningful (t~7h in the Lv+V case and t~4.5h in
the single flow path case). These discrepancies are a consequence
of the change that this configuration means in terms of in flow-
path fluid exchanges: whereas the case shown in Fig. 5a entails a
strong gas—water interaction, in this case (Fig. 5b) gas and water
are decoupled, which is a scenario closer to reality than the “joint
exchange” assumed in the single flow path case. As a result, in the
Lv+V case the effect of H, on pool water temperature is notably
smaller.

In Fig. 5c¢ the results from the 8 nodes with the L+£V flow path
arrangement has been displayed. This configuration enhances lig-
uid mass exchanges from the early stages of the accident. Water
displacement to other nodes makes WW1 temperature never reach
saturation and other nodes start their temperature increase earlier
than in the previous 8 node arrangements analyzed.

Finally, Fig. 5d shows the 8 x 2 nodes scenario (two flow paths,
Lv+V). Until 4 h pool temperature evolves as in the 8 nodes Lv+V
case. However, from the time that water in WW1 gets sub-cooled
(t~4h), liquid exchanges between adjacent nodes become more
intense than in the 8 node Lv+V case (the winding shape of WW2
and WW8 water temperature is a measure of the liquid exchange);
this makes WW1 water to cool down due to water flows from other
locations in the suppression pool. Once the H; injection stops, water
heats up in a similar way as in the single flow path case, except that

here WW1 temperature becomes saturated and that the gradient
among other nodes is of nearly 40 K, compared to the hardly 15K in
the one single flow path case. As in that case, once steam conden-
sation keeps on heating WW1 water, no mass exchange between
nodes is enough to break down the thermal circumferential gradi-
ent set and pool temperature differences are higher than 100K at
the time RPV fails. This is exacerbated by the fact that, differently to
other cases, separate HS definition in the upper and lower node of
each azimuthal location, prevents from any gas—water heat transfer
through HS. The straight consequence is that hot gas moving to the
adjacent nodes takes a higher thermal energy load than in other
configurations. In short, thermal-hydraulic differences between
8 nodes Lv+V and 8 x 2 nodes are not just affected by the nod-
ing scheme but also by the way HS have been modeled in those
schemes. An example of such differences is the tendency of water
temperature equalization in the long run observed in Fig. 5b and
inexistent in Fig. 5d.

Experimental measurements taken in suppression pools of
actual NPPs (Su, 1981) seemed to generally indicate no major cir-
cumferential thermal gradients in water volumes, except for the
only Mark I containment tested (Monticello), in which noticeable
temperature differences were found along the azimuth (>20K).
These findings might suggest the consistency of the 8-node L+{V
flow paths configuration above. However, those observations can-
not be directly applied to the scenario under investigation for
several reasons: first, they correspond to transients, not to severe
accident conditions; second, some key information is missing in
many scenarios, like steam mass flux being discharged into the
pool and duration of steam discharge; and, third, most containment
types were not Mark I type. Therefore, from those measurements,
no qualification of the different approaches analyzed can be made.

4.1.2. Containment pressure

The variable of highest interest in containment is pressure. Fig. 6
includes pressure evolution of the 5 cases explored in this study.
As noted, despite the different behavior of water pool temperature
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Fig. 6. Pressure evolution.

discussed above, pressure develops in a practically identical way
in the 1-node, 8-node 1 flow path, and 8-node 2 L+¢V flow path
cases. Pressure hardly rises until H, arrives the containment (at
around 4.7 h); Hy causes a 0.18 MPa increase in around 1.5h and,
then, a gentle increase occurs until RPV breaches. It is worth noting,
though, that RPV fails at different times (within 1 h span, approx-
imately) in each of those cases, but the resulting pressure spike is
about 0.2 MPa (except in the 8-node single flow path case, that is
around 0.3 MPa).

The 8-node Lv+V case behaved similarly, except that a first pres-
sure step (0.04 MPa) happened before H, arrival; it was due to
steam injection during the period in which water in the receiver
WW node (WW1) was saturated. Then, Hj is responsible for a sig-
nificant pressure increase until 6 h. Later on, at a little earlier than
7h (6.8 h), a pressure spike (pool gets back to saturation for a short
time window) results from an additional gas injection from the
RPV (H; and steam). From 7.3 h containment temperature increase
drives a smooth pressure increase. The net pressure difference
between this case and all of those with a common behavior is less
than 0.1 MPa at the RPV failure time.

The 16 node case looks the most challenging as pressure esca-
lates over 0.6 MPa at the RPV breach (15.4 h). The initial behavior of
pressure is quite similar to the one of the 8-node 2 Lv+V flow paths
case up to 6 h. Then pressure rise is driven by temperature increase
in the containment except in between 8.3 h and 11.5 h. In this time
period pool saturation makes steam from the RPV contribute to
pressure raise at a higher rate than temperature does.

In order to complement what said above on pressure evolution,
Fig. 7 shows DW temperature evolution. All the cases develop ther-
mally in a similar way and end up at similar temperatures at any
time before RPV breach. Therefore, as indicated above, pressure dis-
crepancies come from differences concerning in-containment gas
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Fig. 7. DW temperature evolution.
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Fig. 8. Pressure evolution of “perfect axial stratification” cases.

inventory. Generically, temperature unfolding may be described as
follows: after a fast initial heat-up phase, DW temperature rises
smoothly mainly due to natural convection from the RPV walls;
the temperature slope changes when core is in an advanced degra-
dation state and the RPV walls get hotter. As expected, RPV failure
results in a DW temperature peak.

Finally, as said above, a set of parametric cases were run to assess
the effect of preventing the water layer beneath the quenchers from
any kind of exchange with the rest of water (i.e., a “perfect axial
stratification”). The three cases correspond to those of 8 nodes and
a single flow path, 8 nodes and two flow paths (Lv+V) and 8 x 2
nodes. Even though there are some slight differences in the ther-
mal evolution of suppression pool, like faster temperature increases
up to saturation in the discharge node, the major features of the
water temperature history follow the same pattern as shown above,
particularly those observations concerning circumferential stratifi-
cation. Fig. 8 shows that in case of reaching a “perfect” axial thermal
stratification, pressure levels would be substantially higher, partic-
ularly in those cases with two flow paths (less exchange between
phases). In fact, maximum pressures before RPV breach might be
more than 0.2 MPa higher than in the reference cases.

4.1.3. Overall discussion

Table 3 gives the in-RPV key event timing of the scenarios. As
noted there, although there are some discrepancies, none of them
make the scenarios explored become too different from the fuel
degradation perspective as to hinder the comparisons set in terms
of pool temperature and containment pressure and temperature.

As Hj arrival at containment is a significant ingredient for pool
behavior and containment pressure, Fig. 9 shows the H; injection
history in the WW for the cases explored.
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Table 3
Key events timing (h).
Key event 1 node 8 nodes 8 nodes 8 nodes 8 x 2 nodes
1 flow path Lv+V flow paths L+¢V flow paths Lv+V flow paths
Core uncovery 3.1-4.8 3.1-4.7 3.0-4.8 3.1-4.8 3.1-4.9
Dry RPV 10.7 9.8 111 10.39 11.0
Fuel slump to lower plenum 6.2-17.3 6.2-15.6 5.2-16.9 5.5-15.7 5.4-16.3
Vessel breach 15.8 14.9 15.5 141 154

In summary, when different WW nodalizations are used in a
MELCOR 2.1 simulation of an SBO sequence in a BWR3 Mark I reac-
tor, some significant magnitudes of the accident progression show
amoderate scatter. This is the case, for instance, of in-core accident
evolution, which timing remains similar, with onset of core uncov-
ery at around 3 h and final vessel breach occurring between 14 h
and 16 h. The same might be said concerning in-vessel H, genera-
tion, which has been estimated to be in the range of 600-700 kg
in all the cases at the time of RPV failure. Differences become
much more noticeable in the SP thermal state: some nodalization
schemes indicate a large subcooling all over the sequence (i.e., 1-
node approach), whereas in others substantial azimuthal thermal
stratification is foreseen (some locations near or at saturation for
long periods of time and others hardly ten degrees over the ini-
tial temperature). Fortunately, these large discrepancies fade away
to a good extent when key containment variables, like pressure,
are considered; those nodalizations using a specific Lv+V arrange-
ment for the node-to-node exchanges show higher pressure values,
and only when two vertical nodes in each circumferential sec-
tor are included (8 x 2 node configuration), discrepancies become
outstanding.

It should be highlighted that all what said in the previous para-
graph is applicable just to BWR3 Mark I designs whenever the
severe accident results in a single injection location in the WW
water. Whenever multiple injection locations become operative
due to activation of systems like RHR, HPCI and/or RCIC (BWR4),
the likelihood for stratification should be smaller and the feedback
between PCV and RPV might be strongly affected, so that accident
progression might change significantly. Therefore, extrapolation of
the above results and discussions, other than the interest of con-
ducting sensitivity analyses on the WW nodalizations effect, should
not be made.

5. Final remarks

The deep effect that a code user may have when simulating a
severe accident scenario is well known. One of the most challenging
aspects of NPP modeling is, beyond any doubt, nodalization. It is
worth noting that even if focused on a specific WW phenomenon
at a given location (i.e., stratification in the suppression pool), the
detailed nodalization of WW has been consistently balanced by a
detailed plant meshing.

The above section has illustrated how key containment vari-
ables, like pressure, might behave depending on suppression pool
thermal state, which is in turn a strong function of wet well nodal-
ization. Given the relevance of the Fukushima accident, the scenario
addressed has been an SBO in a BWR3 Mark 1. Nonetheless, the
presence of multi-hole spargers in advanced NPP is drawing atten-
tion to phenomena closely related to the present study (Park et al.,
2007). It should be underlined that despite the present study is
focused on thermal-hydraulic variables; other magnitudes such as
SP decontamination efficiency might also be heavily impacted.

The analysis conducted allows discussing advantages and dis-
advantages of the essentially two approaches tested (i.e., single vs.
multiple nodes):

¢ A single node approach is the simplest way to proceed, so that
code users are not challenged with options and/or assumptions to
be made. On the other side, it implicitly involves an instantaneous
uniform distribution of the enthalpy injected in the water bulk of
the pool; as a consequence, water temperature is the lowest pos-
sible at the injection point or, in other words, a non-conservative
approximation to the pool thermal state.

A multiple mesh approach provides the model with some flex-
ibility that there might result in capturing scenario features
impossible to catch with a single node. In exchange, the user faces
the tough task of deciding on arbitrary options, as the number of
nodes, their azimuthal and vertical distribution, or the character-
istics of flow paths through which adjacent nodes exchange mass
and energy. No less important, the user has to set some values in
the input deck for physical model parameters that very often are
uncertain.

Adopting any of these approaches should be done carefully and
based on a deep understanding of the phenomena expected and the
ways offered by the code to deal with them. The analyst should be
aware of drawbacks of the approach taken and cautiously examine
code estimates to make it sure that no unphysical behavior has been
caused by the different user options set or parameters defined.

A number of insights into WW nodalization of BWR3 Mark I
containments undergoing an SBO severe accident has been gained
and is summarized as follows:

¢ Asingle node assumption for the whole WW would prevent some
key phenomena from being predicted (as thermal stratifications)
and, as a consequence, result in a wrong estimate of PCV pressur-
ization.

Given the drift model used for the momentum exchange between
phases along flow paths in MELCOR 2.1, a strong coupling of both
phases seems not to be desirable, so that either a separate trans-
port of the main body of both phases (8 node Lv+V or 8 x 2 nodes
Lv+V) and/or a shorter momentum exchange length are recom-
mended.

The axial potential stratification should be accounted for as
a potential phenomenon to be captured by any nodalization
to be intended. Otherwise, if it eventually happened, a non-
conservative pool temperature would be estimated.

Given the sensitivity of results to the nodalization schemes, a sort
of uncertainty and/or sensitivity analysis focused on key mag-
nitudes describing containment evolution, like pressure, should
be conducted with those more uncertain and highly influencing
parameters.

Finally, consistently with some experimental programs aimed
at studying vertical stratification in SP (i.e., POOLEX - Laine et al.,
2011), an experimental project to explore potential circumferential
stratification in SP during SBO accidents might be timely as well,
particularly for the scenario investigated in this work. Based on
the measurements there made, approaches like those tested in this
study and/or others might be qualified, refined or neglected.
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Acronyms

AC alternating current

ADS automatic depressurization system

BDBA  beyond design-basis accident

BSAF benchmark study of the accident at the Fukushima Daiichi
Nuclear Power Station

BWR boiling water reactor

CDF core damage frequency

DC direct current

DW dry well

FCV filtered containment venting

FP flow path

HPCI high pressure coolant injection

HS heat structure

IC isolation condenser

MSIV main steam isolation valve

NPP nuclear power plant

PAR passive autocatalytic recombiner

PCV primary containment vessel

RB reactor building

RCIC reactor core isolation cooling

RCS reactor cooling system

RHR reactor heat removal

RPV reactor pressure vessel

SBO station blackout
SFP spent fuel pool

SP suppression pool
SRS safety relief system
SRV safety-relief valve
STSBO  short term SBO

SV safety valve

VB vacuum breaker

WW wet well
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