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Abstract

Two sets of MELCOR calculations have been completed studying the effects of air in-
gression on the consequences of various severe accident scenarios. One set of calculations
analyzed a station blackout with surge line failure prior to vessel breach, starting from
nominal operating conditions; the other set of calculations analyzed a station blackout
occurring during shutdown (refueling) conditions. Both sets of analyses were for the
Surry plant, a three-loop Westinghouse PWR. For both accident scenarios, a basecase
calculation was done, and then repeated with air ingression from containment into the
core region following core degradation and vessel failure.

In addition to the two sets of analyses done for this program, a similar air-ingression
sensitivity study was done as part of a low-power/shutdown PRA, with results summa-
rized here; that PRA study also analyzed a station blackout occurring during shutdown
(refueling) conditions, but for the Grand Gulf plant, a BWR/6 with Mark 111 contain-

ment.

These studies help quantify the amount of air that would have to enter the core
region to have a significant impact on the severe accident scenario, and demonstrate
that one effect of air ingression is substantial enhancement of ruthenium release. These
calculations also show that, while the core clad temperatures rise more quickly due to
oxidation with air rather than steam, the core also degrades and relocates more quickly,
so that no sustained, enhanced core heatup is predicted to occur with air ingression.
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1 Introduction

Most modelling of core degradation during severe nuclear reactor accidents has con-
sidered only steam oxidation of metals (Zircaloy, stainless steel and Inconel) in the core.
There are, however, opportunities for air also to enter the core and oxidize metals. Air
oxidation is quite clearly possible in accidents under shutdown conditions when the reac-
tor coolant system is open to the containment atmosphere. Air ingression into the reactor
vessel also may occur during operational accidents once some portion of the degrading
core penetrates the reactor vessel. A natural circulation of air through the reactor core
can develop if there are breaks in the reactor coolant system as well as the vessel. [1]

The effects of air on the course of core degradation have not been extensively studied.
It is known that the air oxidation of zirconium cladding on the fuel obeys different kinetics
than does steam oxidation [2]. The reaction of oxygen with zirconium yields about 85%
more heat than does steam oxidation. Given the important role chemically-generated
heat plays in the progression of core damage in an accident, the ingression of air might
be expected to profoundly accelerate core degradation.

Canadian researchers (3, 4] and others [5] have shown thal air can greatly enhance
the release of radioactive ruthenium from fuel. In the absence of strong oxidants like
air, ruthenium is usually predicted to be released to a very small («1%) extent in
reactor accidents [6, 7]. Experimental studies have shown that in air there is essentially
quantitative, significant. release of ruthenium from hot fiicl. These experimental studies,
however, have not considered competitive processes. Clad oxidation might consume
oxygen from the air before it could react with the fuel. Or, clad oxidation could cause
such rapid heating of the core that there would be little time for ruthenium release to
take place before the core slumped into the lower plenum of the reactor vessel.

To explore the system-wide implications of air ingression during severe reactor acci-
dents, two series of reactor accident calculations have been conducted using the MELCOR
computer code [8]. These calculations have been of limited scope, to assess the magni-
tude of air ingression that would be necessary to produce any significant alteration of core
degradation or radionuclide release. These calculations constitute initial steps toward the
definition of experimental conditions that might be employed in the planned fifth test
of the Phebus-FP program [9] which is to involve air ingression [10]. Because so little is
known about air oxidation during severe reactor accidents, only limited modifications to
the MELCOR code could be made to treat the effects of air ingression. The changes in
reaction kinetics of air and Zircaloy, and the enhanced heat of Zircaloy-air reaction, were
available in the standard MELCOR 1.8.2 code version. Modifications made for these
calculations treated only the enhanced release of ruthenium from fuel in air; effects air
could have on the release and transport characteristics of other radionuclides were not
modelled for these initial calculations,



Section 2 briefly describes the models in the MELCOR code of particular application
for these air-ingression analyses.

Section 3 presents results from a set of calculations studying the effect of various
amounts of air ingression into the core region during core degradation, beginning im-
mediately after vessel breach, in the Surry PWR for a station blackout accident under
mid-loop operation (z.c., plant operational states in which the reactor coolant system
level is lowered to the mid-plane of the hot leg) during refueling outages at low-power
and shutdown conditions. Section 4 gives results from a set of MELCOR calculations
examining the impact from interaction of air with residual fuel {ollowing vessel rupture
in the Surry PWR for a station blackout at full power in which a surge line rupture has
occurred during the in-core damage phase of the accident.

Section 5 describes results from calculations done to address concerns about air ox-
idation and the associated enhanced release of ruthenium expected to occur when ir-
radiated reactor fuel is healed in air; those calculations were done as part of a sep-
arate, ongoing program providing MELCOR. support calculations for the Grand Gulf
low-power/shutdown PRA [11]. While these Grand Gulf MELCOR calculations were
not done as part of the air ingression analysis eflort reported on in this report, thev
investigated the same issues and evaluated the same accident consequences, and came to
the same basic conclusions. Because those calculations will not be formally documented
until the completion of that PRA program, the NRC contract monitor for that program
has graciously agreed to allow us to include a brief summary of those calculations and
results in this report.

Section 6 summarizes the conclusions of these various air-ingression studies.




2 MELCOR Code and Models

MELCOR [8] is a fully integrated, engineering-level computer code which is being
developed at Sandia National Laboratories for the U. S. Nuclear Regulatory Commission
(USNRC). The progression of severe accidents in light water reactor (LWR) nuclear power
plants, including reactor coolant system and containment thermal/hydraulic response,
core heatup, degradation and relocation, and fission product release and transport, is
treated in MELCOR in a unified framework for both boiling water reactors (BWRs) and
pressurized water reactors (PWRs), The MELCOR computer code has been developed Lo
the point that it is now being successfully applied in severe accident analyses, particularly
in probabilistic risk assessment (PRA) studies (e.g.. [6]).

The MELCOR code does not currently include all the phenomenological models that
would be needed to calculate the potential for, and magnitude of, air ingression into the
vessel and core region during various accident scenarios. A model for in-vessel natural
circulation would be needed to model air ingression during refueling or other shutdown
accidents, to calculate hot steam upflow from the core to the upper plenum, probably
in the center of the core, and simultancous downflow of air from the upper plenum into
the core region, probably around the periphery of the core region. Such a model is
currently under development, but is not yet ready for use. A similar model is needed
to predict air ingression in accidents such as the station blackout with surge line break;
while MELCOR can calculate the inflow of gases from the cavity up though the core and
out the surge line break in such a situation, it predicts little or no oxygen present in the
cavity source region during this period as the original cavity atmosphere is all displaced
by steam and noncondensables generated in core-conerete interactions. Bither a specific
code model for single-phase countercurrent flow or a noding with multiple subdivided
flow paths with different elevation differences, flow arcas and loss coceflicients would be
needed to caleulate hot cavity gases flowing up into the dome (or out into the basement)
simultancously with colder containment atmosphere flowing down into the cavity; that
noding modification was not tried for the calculations in this study.

However, MELCOR does include those models needed to caleulate the consequences of
various amounts of air ingression, if the air ingression is assumed and specified explicitly.
In particular, these air-ingression calculations require models for the oxidation of Zircaloy
by air, and for the enhanced release of ruthenium from heated fuel in an air environment.,

The MELCOR code currently includes models for oxidation of Zircaloy by hoth 1,0
and Oy, and of steel by steam only, calculated using parabolic kinetics, with appropriate
rate constant expressions and limited by gascous diffusion considerations if necessary [12].
In gereral, solid-state diffusion of oxygen through an oxide layer to unoxidized metal is
represented by the parabolic rate equation

d(W4)

dl
where W ois the mass of metal oxidized per unit surface arca and K (1') is a rate con-
stant expressed as an exponential function of surface temperature T for the Zircaloy-0,

= K(T) (2.1)



reaction, the rate constant is evaluated using constants from 2] to yield

. —14630.0

K(T) = 50.4exp <————7—> (2.2)

For oxidation of Zircaloy in environments containing both H,O and O,, the maximum

oxidation rate calculated for the two gases is used. There are two options for partitioning

the oxidant consumption hetween the oxygen and the steam. The default option (used

in all these air-ingression calculations) does not permit any consumption of steam until

all of the available oxygen has been consumed. This model i; available in the released
version of MELCOR 1.8.2.

Three options are currently available in MELCOR [13] for modelling the release of
fission products from core materials: the CORSOR, CORSOR-M [14] or CORSOR-Booth
[15] models may be specified. For these air-ingression analyses, the fission product release
model in MELCOR was recently expanded to include an enhanced ruthenium (Class 6)
release rate explicitly dependent on the oxygen potential, using as the rate expression

ar = T956 P(Oy)  Peap {:—17(—?9—9] (1-F)s! (2.3)
dt 1

where P(0,) is the oxygen partial pressure in atmospheres [16]. This modification will
enhance ruthenium release when air is present, and was used for all the MELCOR anal-
yses done in this air-ingression study. (Note that, if Oz in equilibrium with a mixture
of Hy and H,0 were used in this expression, the release predicted would be similar to
that calculated using the standard CORSOR-M expression.) This enhanced ruthenium
relcase model was implemented in the production code with version 1.8NX, and is there-
fore not available in the released version of MELCOR 1.8.2 (MELCOR 1.8NM). Releases
of all other classes were calculated using the standard CORSOR-M coeflicients available
in the code for in-vessel release, and ex-vessel releases were calculated using the standard
VANESA expressions for all radionuclide classes.

Note that one of the sensitivity study calculations described in Section 5 used an
alternate form of the Class 6 ruthenium release rate expression (also given in [16]), which
is not explicitly dependent on the oxygen potential:

dF o 1=17400 - f
—(le“ = v)[b(',l]) [-——‘—,F-—} (1 - I )5 (24)




3 MELCOR Surry Midloop Calculations with Air
Ingression

A set of calculations has been completed studying the effect of various amounts of
air ingression into the core region during core degradation, beginning immediately after
vessel breach, in the Surry PWR for a station blackout accident under mid-loop operation
during low-power and shutdown conditions. The intent of the calculation effort is to scope
the effects air intrusion might have on the core degradation and radionuclide release under
shutdown conditions.

A mid-loop configuration Surry deck used was obtained from Brian Holmes, BNL
[17]. That deck was based upon our Surry TMLB’ high-pressure short-terin station
blackout deck [18], but modified by BNL for mid-loop conditions in plant operating state
6 (POS6) as part of a low-power/shutdown PRA study underway at Brookhaven. POS6
is a condition occurring during the early portion of the refueling mode of operation, in
which the reactor coolant system level is lowered to the mid-plane of the hot leg during
refueling. This state is the PWR analoguc of the POS6 configuration modelled for the
Grand Gulf low-power and shutdown air ingression analyses discussed in Section 5. The
plant configuration during the low-power/shutdown period can vary widely depending
on the purpose of the outage. It was assumed that all the loops were isolated and
that the safety valves were removed for maintenance, which provides a vent path from
the reactor coolant system to the containment. Containment spray availability was one
of the uncertainty parameters in the PRA study, with no sprays available in the base
case. Containment, while “closed” during mid-loop operation at Surry, was assumed
to leak during POS6, because a temporary restraining plug in the escape tunnel in the
containment equipment hatch has no overpressure capability. [19, 20, 21]

We made two changes to the Surry mid-loop configuration deck as received from BNL:
the decay heat was set to 24 hours after shutdown (the earliest the plant could possibly
be in POS6), and gravity feed from the refueling water storage tank (RWST) to the cold
legs (being evaluated as a long-term cooling mechanism) was set to zero. These changes
were made to get to core damage as quickly as possible.

A reference calculation was done with no air ingression forced. A seties of additional
calculations was done, with various amounts of air ingression. A flow path was defined
going from the cortainment dome to the core, and a constant velocity flow was specified
to start immediately at vessel failure. The containment dome was used as the air source
volume instead of the cavity because the cavity air was quickly displaced by steam and /or
hydrogen, while the containment dome atmosphere remained mostly ~80%-N,/~20%-
O, with less dilution by steam, hydrogen and other noncondensables generated by core-
concrete interaction. The velocity needed to obtain desired molar flows was estimated
based upon STP conditions, nt adjusted for containment pressurization; since the air
ingression considered covered many orders of magnitude, the ~20% increase between the
actual flow obtained using a velocity estimated based on STP conditions and the desired
air flow was considered negligible.




The MELCOR Surry core model! [18] consists of 39 core cells divided into 3 radial
rings and 13 axial levels; Figure 3.1 illustrates the reactor core nodalization used. Axial
levels 4 through 13 make up the active core region, while levels 1 through 3 model the
lower plenum, including the core support plate in level 3. Equal-height axial levels were
used in the active fuel region, above the core support plate. The three radial rings
were not equally subdivided in either radius or area; the innermost, high-powered ring
includes ~15% ol the core, the middle ring contains ~60% of the core, and the outermost,
low-power ring includes the remaining ~25% of the core.

Table 3.1 summarizes the state of the various materials in the core active fuel region,
core plate and lower plenum at the time a lower head penetration first fails (i.e., at
vessel breach); this state is common to all the air ingression sensitivity study calculations
done, because the air ingression is specified to start at vessel breach. Masses of intact
components and of debris components are given for each region, together with average
temperatures for the debris in the lower plenum, and fractions of Zircaloy and steel
oxidized by the time of vessel breach. The fraction of debris molten in each region is
estimated from the average debris temperature, which in this case resulted in assuming
that Zircaloy, steel, steel oxide and control rod poison in the active fuel region and lower
plenum debris are molten and that UO, and ZrO; in the debris are solid (z.e., neglecting
cutectics mixtures; this assumption is forced by the MELCOR output available to the
analyst). Also given is the fraction of material relocated. This is generally larger than the
fraction molten because material can melt and relocate, and then subsequently refreeze

or quench; also, UO, fuel usually relocates as a solid, after clad collapse but before fuel
melt.

The various materials in the MELCOR “fuel/clad” component just prior to vessel
failure, both any intact materials remaining in their original position and candled, re-
frozen conglomerate debris materials, are shown in Figures 3.2 through 3.4 for the three
radial rings in the MELCOR Surry core model. Figures 3.5 through 3.7 show the ma-
terials calculated to be in the “particulate debris” component in the three core rings at
the same time, while the various materials in the MELCOR. “other-structure” compo-
nent just prior to vessel failure, both any intact materials remaining in their original
position and candled, refrozen conglomerate debris materials, are shown in Figures 3.8
through 3.10 for the three core rings in the MELCOR Surry core model. (Refer to [8] for
an explanation of these MELCOR components, if necessary.) The “elevation” used as
the ordinate in Figures 3.2 through 3.10 is the same as the core level elevations shown in
Figure 3.1, with the core support plate at >3m, the lower plenum between 0 and ~3m,
and the active fuel region from >3m to ~6.722m. The fraction of each core cell occupied
by any given material is shown. However, recall that the core cells are not equal in the
three rings; the innermost, high-powered ring includes ~15% of the core, the middle ring

contains ~60% of the core, and the outermost, low-power ring includes the remaining
~25% of the core.

The innermost ring has no intact structure in the active fuel region at all at the time of
vessel failure (Figure 3.2), but there is a substantial debris bed both in the lower plenum
and in the active fuel region above the core support plate in that first ring (Figure 3.5).
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Table 3.1. Core State at Vessel Failure in MELCOR Surry Midloop Calculations
with Air Ingression

Intact Debris
Active I'uel Region Masses (kg)

U0, 14,347 34,615
Zircaloy 6,559 1,947
Zire Oxide 3,096 835
Steel 178 21
Steel Oxide 112 8
CRP 808 1,084
Total 25,100 38,510
Jore Plate Masses (kg)
U0, 94
Zircaloy 37
Zirc Oxide 13
Steel 225 54
Steel Oxide 9
CRP 15
Total 225 222
Lower Plenum Masses (kg)
U0, 31,656
Zircaloy 3,334
Zire Oxide 1,721
Steel 0 87
Steel Oxide 0 51
CRP 92
Total 0 36,941
Average Debris Temperature (K)
Active Fuel Region ~2300
Core Plate ~1000
Lower Plenum ~2350

Fraction Debris Molten

Active Fuel Region ~8%
Core Plate ~0%
Lower Plenum ~10%
Fraction Material Relocated ~T75%
Fraction Oxidized Zircaloy Steel

~35.25% ~25.67%
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Somie intact material remains in the lower core levels in the active fuel region in both the
second and third rings (Figures 3.3 and 3.4), with those intact materials together with
the core plate supporting one or more levels of particulate debris held in the active fuel
region in both the second and third rings (Figures 3.6 and 3.7). The core plate itself is
clearly visible in Figures 3.8 through 3.10 as the very thin structure at >3m elevation; in
Figures 3.9 and 3.10 the core plate is seen to be supporting some candled, refrozen other
structure, such as control rod poison and the control rod guide tube material. Note that
only ~35% of the Zircaloy (and 25-30% of the steel) has been oxidized up to this time,
cither in the intact clad or in the debris bed: most of the Zircaloy remains unoxidized in
hoth the remaining intact clad and in the debris bed at the time of vessel failure and at
the specified start of the assumed air ingression.

Figure 3.11 through 3.11 present the steam, nitrogen, oxygen and hydrogen mole
fractions in the core active fuel region control volume. respectively. resulting from var-
ious amount of air ingression. In all cases. prior 1o vessel breach, the core atmosphere
oscillates between mostly steam and mostly hyvdrogen. After vessel breach, the results
with ~lmole/s air ingression are generally similar to the results with no prescribed air
ingression: the core atmosphere is mostly steam. with some small amount of N, and O,
vappvm'ing some time after vessel breach. The results with higher air ingression rates
(~10mole/s and up) are all similar after vessel failure, and qualitatively different from
the results with ~lmole/s air ingression and with no preseribed air ingression: the core
atmosphere is mostly air. as soon as air ingression is specified to begin, with some simall
amount (<20%) of steam. In all cases. very little (<5% ) hvdrogen is present after vessel
rupture,

Mass-weighted average core clad temperatures in these calculations with various air
ingression rates are presented in Figure 315, In all cases with any amount of air ingres-
ston. the average clad temperatures after oxidation runaway are similar and are visibly
higher than the basecase analysis with no air ingression: however, in all cases with any
amount of airv ingression. the clad subsequently fails sooner (indicated by the tempera-
ture going to zero) than predicted in the basecase analysis with no air ingression. This
is becanuse the higher late-time temperatures in the analyses with air ingression (due to
the higher energy of reaction for Zircaloy oxidation with air rather than with steam)
cause the core material to melt, relocate and be lost to the cavity sooner than predicted
with no air ingression into the core. Figure 3.16 gives the maximum clad temperatures
for these Surry midloop caleulations. with and withont air ingression. showing that the
maximum clad temperature does not inercase significantly as the average clad temper-
ature increases: the intact Zircaloy clad always fails and relocates when it reaches its
melt point of 2098K. (The intact fuel average and maximum temperature comparisons
arc very siiailar to these intact clad average and maximum temperature comparisons.)

Tyvpical clad temperatures predicted in these caleulations are given in Figures 3.17
and 3,18 for cells i the middle core ring. in the lower core active fuel region (about
0.6m above the core support plate). and in the upper core active fuel region (about 2.0m
above the core support platel. respectively. The higher clad temperatures ofter oxidation
runaway -~ th air ingression and air oxidation are clearly visible in the lower core, but
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Figure 3.11. Core Active Fuel Region Steam Mole Fractions in MELCOR Surry
Midloop Calculations with Air Ingression
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Figure 3.12. Core Active Fuel Region Nitrogen Mole Fractions in MELCOR Surry
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Figure 3.13. Core Active Fuel Region Oxygen Mole Fractions in MELCOR Surry
Midloop Calculations with Air Ingression
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Calculations with Air Ingression
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almost indistinguishable in the upper core.

Figure 3.19 demonstrates the effect of various amounts of air ingression on the material
retention in-vessel vs ejection to cavity. All calculations show the same overall behavior,
with the majority (>60%) of the core material cjected immediately upon vessel failure,
and most of the remainder (<40%) of the core material lost to the cavity after some
small time delay. The slightly higher late-time temperatures in these midloop-accident,
calculations with user-specified air ingression into the core, due to the higher energy of
reaction for Zircaloy oxidation with air rather than with steam, cause the remainder of
the core material to melt, relocate and be lost to the cavity sooner than predicted in the
calculation with no user-specified air ingression into the core.

Mass-weighted average core debris temperatures in these caleulations with various air
ingression rates are presented in Figure 3.20, while Figure 3.21 gives the maximum debris
temperatures for these Surry midloop calculations, with and withont air ingression. In
all cases with any amount of air ingression, the average debris temperatures between
~15,000s and ~17,500s are very similar and are slightly lower than in the basecase
analysis with no air ingression. After most material has been ejected from the vessel,
at. ~18,000s, both the average and maximum debris temperatures decrease as the air
ingression rate increases; with inercased air ingression rates, very little debris is left in
the vessel and that residual debris is being cooled by the inereased amounts of relatively
cold air being sourced into the core and flowing through the lower plenum and out the
vessel breach, as shown in Figure 3.22. (Note that MELCOR does not caleulate any
oxidation of UQ, by air.) Debris temperature comparisons in individual cells closely
resemble the average and maximum temperature comparisons.

Table 3.2 summarizes the in-vessel ruthenium release fractions, normalized to the
initial inventory of class 6 radionuclides (151 1kg in this case). The in-vessel releases are
subdivided into releases in the “core™ and “lower plenum™ regions. The “core” region is
the active fuel region, above the core support plate, and includes releases from both intact
fuel and from debris still supported by intact core components or by the core support
plate; the “lower plenum” release is from debris that has fallen through the core support
plate and is being held in the lower plenum on the vessel lower head prior to heing lost
to the cavity through a lower head failure.

With no air ingression, only trace amounts of rutheninm are released. Note that at
0.032kg/s (~1mole/s) of air ingression, there is some slight enhancement of ruthenium
release, almost all from debris in the lower plenum, Relatively small rates of air ingression
(between ~1mole/s and >~ 10mole/s) cause a qualitative change in the source term, with
enhanced ruthenium release in the active fuel region dominating release from debris in the
lower plenum. There is a significant increase in rutheninm release as the air ingression
is increased from 0.32kg/s (~10mole/s) to 3.2kg/s (~100mole/s). with ~80% of the
release in the core active fuel region and ~20% from debris in the lower plenuni. For
air ingression rates 32kg/s (~1kg-mole/s), almost all the class 6 radionuchde inventory
is released in-vessel. These results quantify the amonnt of air ingression that wonld
be required to significantly enhance ruthenium release during the in vessel core damage
phase, one major effect of the air ingression.
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Table 3.2. In-Vessel Ruthenium Release in MELCOR Surry Midloop Calculations
with Air Ingression

Air Ingression In-Vessel Release
Rate (% Initial Inventory)
(kg/s) (mole/s) Core Lower Plenum  Total
0 0 1.3%x107° 1.92x107° 2x107°
0.032 ~] 0.07 3.67 3.74
0.32 ~10 9.24 1.44 10.68
3.2 ~100 71.64 .003 78.64
32 ~1,000 78.04 15.31 93.95
320 ~10,000 79.17 19.57 98.74
3200  ~100,000 | 79.23 20.54 99.77

Very little of the oxygen sourced into the core as part of the air ingression is consumed
in Zircaloy oxidation. Table 3.3 presents the total amount of oxygen in the air ingression,
the amounts of oxygen and steam consumed in-core by oxidation reactions, the amount of
hvdrogen produced in-vessel (through metal reaction with steam), and the total oxidation
energy.  The steam consumption and hydrogen production drop only slightly (<5%)
over a wide range of air ingression rates. As would be expected, the oxidation energy
rises as more oxygen is consumed. because of the enhanced heat generation from the
7Zr+0, reaction vs reaction with steam, but the increasc is not very great because so
little of the injected oxygen is consumed. Note that the amount of steam consumed
in oxidation. the amount of hydrogen produced and the total oxidation energy include
Zircaloy oxidation with steam prior to the specified air ingression (in addition to Zircaloy
reaction with oxygen during air ingression). as well as oxidation of core and lower plenum
structural steel with steam throughout the transient period calculated; there is currently
no provision in MELCOR to edit the Zircaloy and steel oxidation reactions separately.

The assumed air ingression has the greatest effect on the ruthenium release, but also
a small effect on the release for other radionuclides. Table 3.4 gives the in-vessel releases
as a percentage of initial inventory present, calculated for other radionuclide classes.
Note that. with the CORSOR-M option used. there is no in-vessel release of Class 7
(the early transition elements, represented by Mo). Class 9 (the trivalents, represented
by La) or Class 11 (the more volatile main group elements, represented by Cd).  As
the rate of air ing vession assumed is inereased. there is very little change in the release
fractions of the volatiles (r.c., the noble gases. the alkali metals represented by Cs and
the halogens represented by 1), There is also very little change in the release fraction
of the chalcogens. represented by Te. and apparenily very little holdup in unoxidized
Zircaloy clad in any case. Small increases in release fraction are seen for the alkaline
carths. represented by Ba, and the less volatile main group elements, represented by Sn;
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these two classes are intermediate in release (~1%) between the volatiles (<100% release)
and the refractories (1% release), and the small increases in release probably reflect
the enhanced clad/fuel heatup from the Zr+0, reaction. In contrast, there is a decrease
in the trace amounts of refractories released, for both the tetravalents represented by Ce
and for uranium. in the calculations with air ingression assumed; this is probably due to
the cooling effect of the air ingression on the core debris. There may be other changes in
fission product release with air ingression, if other species are also sensitive to the oxygen
potential as is ruthenium; however. any such additional effects air could have on the
release and transport characteristics of other radionuclides were not modelled for these
initial calculations. (For instance, we expect the U releases predicted remain very small
because the reaction UOy + 1/2 0, — UQO4(y) was not modelled; since this reaction
generates a gascous uranium oxide form. it wonld obviously greatly inerease the release

of U from the fuel.)
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Table 3.3. In-Vessel Oxidation in MELCOR Surry Midloop Calculations with Air

Ingression
Produced in Oxidation

Air Ingression Consumed in Oxidation

I'low Rate Total O, | Oxygen Steam Hydrogen linergy
(mole/s)  (kg) | (ke) (ke) (ke) (MJ)
0t 0 0.2044 1864 208.6 29,936
~1t 42.66 3.404 1823 201.0 29,257
~10t 426.1 9.938 1812 202.8 29,374
~1007 4,307 46.02 1804 201.8 30,519
~1,000% 42,380 111.8 1791 200.4 32,428
~10,0007 355,500 | 81.73 1791 200.4 31,396

trun to 25,000s
frun to 24,2225, to code failure

Table 3.4. In-Vessel Radionuclide Release in MELCOR Surry Midloop Calculations

with Air Ingression

Air Ingression In-Vessel Release
(mole/s) (% Initial Inventory)

Class 1 (Xe) Class 2 (Cs)  Class 4 (1) Class 5 ('Te)

0 80.95 80.98 80.91 79.05

o~ 81.10 81.42 81.38 79.65

~10 81.24 81.27 81.25 79.47

~100 30.99 80.98 80.98 79.14

~1.,000 80.83 80.83 80.81 78.95

~10.000 80.59 80.51 8U.57 78.67
(lass 3 (Ba) Class 8 (Ce) Class 10 (U)  Class 12 (Sn)

0 0.217 82001 107% 17861073 2.616

~| (0.269 1.810x 107" 1.351x107° 3.218

~1() 0.269 1.836x 107 1.348x107* 3.213

~100 0.265 L791x 1079 1.319x107° 3.173

~1,000 0.261 LI8Tx107%  1.316x 107" 3.164

~ 10,000 0.262 1781 107%  1.311x107 3.144
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4 MELCOR Surry TMLB’ Calculations with Surge
Line Break and Air Ingression

A set of two MELCOR calculations has heen completed examining the impact from
interaction of air with residual fuel following vessel rupture in the Surry PWR for a
station blackout scenario in which a surge line rupture has occurred during the in-core
damage phase of the accident. The surge line rupture is expected to create a “chimney-
like™ flow of air into the core region f{ollowing vessel breach [1]. While MELCOR can
calculate the inflow of gases from the cavity up though the core and out the surge line
break in such a situation, it predicts little or no oxygen present in the cavity source
region during this period as the original cavity atmosphere is all displaced by steam and
noncondensables generated in core-concrete interactions. Fither a specilic code model for
single-phase countercurrent flow or a noding with multiple subdivided flow paths with
different elevation differences, low arcas and loss coeflicients would bhe needed to caleulate
hot cavity gases (lowing up into the dome (or out into the basement) simultancously with
colder containment atmosphere flowing down into the cavity. That noding modification
was not tried for the calculations in this study. Instead. air was sonrced into the core
region beginning immediately alter vessel failure, at a rate determined from the sensitivity
studies deseribed in Section 3 for mid-loop calculations with air ingression,

The deck used was our standard Surry TMLB" deck [I8]. A high-pressure station
blackout scenario was run with the most recent code version, and the vessel lower head
calculated failure time determined to be 114225, A surge-line-break flow path was then
added to the deck, and the valve controller specified to open the assumed snrge-line break
at 10,500s, the time selected as ~1Hmin before vessel failure in the high-pressure scenario.
At this time, the core is mostly uncovered and the core outlet temperature and most of
the clad temperatures are >1273K. (This is similar to the approach taken in previous
MELCOR analyses of a Surry station blackout with surge line failure, described in more
detail in [22].)

A reference caleulation was done with the surge line break and with no air ingression
forced, and another caleulation was done with ~100mole/s air ingression: both calen-
lations were run to 30,000s. In the latter case, a flow path was defined going from the
containment dome to the core, and a constant velocity flow was specified to start immedi-
ately at vessel failure. The containment dome was used as the air source volume instead
of the cavity because the cavity air was quickly displaced by steam and/or hvdrogen,
while the containment dome atmosphere remained mostly ~R0%-N,/~20%-0, with less
dilution by steam, hydrogen and other noncondensables generated by core-concrete inter-
action. The velocity needed to obtain desived molar flows was estimated based upon STP
conditions, not adjusted for containment pressurization; the ~20% increase hetween the
actual flow obtained using a velocity estimated based on STP conditions and the desired
air flow (~100mole/s) was considered negligible.

There was obviously no change in the transient sequence in these three caleulations
prior to the surge line failure. Initiating the surge line break interrupted the core heat-up




and degradation process, with core level swell and enhanced steam cooling temporarily
driving most of the core back to saturation temperatures. The heatup then resumed,
and the vessel lower head failed at 14,555s, <1hr later than in the high-pressure scenario.
Figure 4.1 shows the swollen and collapsed liquid levels in the core for these three calcula-
tions, while Figure 4.2 shows the clad temperatures in a cell in the inner core ring, about,
1.3m above the core support plate and about 0.3m below the core midplane, a typical
response. (The location of that core cell can be found by referring to the MELCOR Surry
core nodalization presented in Figure 3.1.)

Results for the two calculations with the surge line break, with and without user-
snecified air ingression into the core, continued to remain identical until the air ingression
specified began at the time of vessel failure. Table 4.1 summarizes the state of the various
materials in the core active fuel region, core plate and lower plenum at the time a lower
head penetration first fails (2.c., at vessel breach); this state is common to the surge
line break calculations done with and without air ingression, because the air ingression is
specified to start at vessel breach. Masses of intact components and of debris components
are given for cach region, together with average temperatures for the debris in the lower
plenum, and fractions of Zircaloy and stecl oxidized by the time of vessel breach. The
fraction of debris molten in cach region is estimated from the average debris temperature,
which in this case resulted in assuming that most of the Zircaloy, steel, steel oxide and
control rod poison in the debris are molten and that UQ, and ZrQ, in the debris are
solid (i.c., neglecting eutectics mixtures; this assumption is forced by the MELCOR
output available to the analyst). Also given is the fraction of material relocated. This
1s generally larger than the fraction molten because material can melt and relocate, and
then subsequently refreeze or quench; also, MELCOR usually relocates UQ, fuel as a
solid, after clad collapse but hefore fuel melt.

(Note that the total material masses present in the core as shown in this table and in
the various plots in this section differ from the corresponding results in for the midloop
calculations with air ingression presented in Section 3, because in that input model
the ~30x10%kg of lower plenum structural steel was modelled using heat structures,
which cannot oxidize, melt or relocate, while in these TMLB? caleulations with surge line
rupture and air ingression that lower plenum structural steel was included in the core
package modelling as material that conld oxidize, melt and relocate.)

The various materials in the MELCOR. “fuel/clad™ component just prior to vessel
failure, both any intact materials remaining in their original position and candled, re-
frozen conglomerate debris materials, are shown in Figures 4.3 through 4.5 for the three
radial rings in the MELCOR Surry core model. Figures 4.6 through 4.8 show the ma-
terials calculated to be in the “particulate debris™ component in the three core rings at
the same time, while the various materials in the MELCOR “other-structure” cormpo-
nent just prior to vessel failure, both intact materials and candled, refrozen conglomerate
debris materials, are shown in Figures 4.9 through 4.11 for the three core rings in the
MELCOR Surry core model. (Refer to [8] for an explanation of these MELCOR com-
ponents, if necessary.) The “clevation™ used as the ordinate in Figures 4.3 through 4.11
is the same as the core level elevations shown in Figure 3.1, with the core support plate
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Table 4.1. (lore State at Vessel Failure in MELCOR Surry TTMLB® Calculations with
Surge Line Failure and Air Ingression

Intact  Debris
Active luel Region Masses (kg)

U0, 43,185 1,018
Zircaloy 9,774 41
Zire Oxide 301 99
Steel 295 0
Steel Oxide 17 0
CRP 1,672 0
Total H5,244 1,158
(‘ore Plate Masses (kg)
10, 946
Zircaloy 0l
Zire Oxide 86
Steel 1,819 |
Steel Oxide () 2
C'RP 0
Total [,81H 1,086
Lower Plenum Masses (kg)
U0, 35,563
Zircaloy 4,030
Zire Oxide 2453
Steel 32,663 93
Steel Oxide 20 16
C'RP 334
Total 32,683 42,519

Average Debris Temperature (K)

Active Fuel Region ~2310
Core Plate ~2200
Lower Plenum ~2020

I'raction Debris Molten

Active Fuel Region ~3%
C'ore Plate ~H%
Lower Plenum ~1Y%
Iraction Material Relocated ~AH%,
Iraction Oxidized Zircaloy  Stecl

~18.3%  ~0.265
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at >3m, the lower plennm between 0 and ~3m, and the active fuel region from >3m
to ~6.722m. The fraction of cach core cell occupied by any given material is shown,
However, recall that the core cells are not equal in the three rings: the innermost, high-
powered ring includes ~15% of the core, the middle ring contains ~60% of the core, and
the outermost, low-power ring includes the remaining ~25% of the core.

As in the core state at vessel failure for the midloop operation analyses, the innermost
ring has no intact stracture in the active fuel region at all at the time of vessel failure for
these surge-line break calculations (FFigure 1.3). However, in this case there is a smaller
but still substantial debris bed only in the lower plenum in that first ring (Figure 1.6),
with a very small amount of debris still held above the failing core plate. About half
of the intact material remains in the active fuel region in the second ring (Figure 14.1),
with those intact materials together with the core plate supporting a small amount of
particulate debris in the active fuel region (Figure 1.7); note that, unlike the results in the
midloop operation core state predicted at vessel failure, a substantial debris bed s found
in the lower plenum in the second ring as well as in the first ring in these full-power
station blackout with surge line break caleulations. Almost all of the intact material
remains in place in the active fuel region in the third ring (Iigure 4.5); there is little or
no particulate debris retained in the active fuel region in the third ring (Figure 4.8), but
again a substantial debris bed in the lower plenum. The core plate itself is clearly visible
in Figures 1.9 through 4.11 as the very thin structure at >3m elevation; the substantial
mass of lower plenum structural steel modelled as a core component in these surge line
break analyses is also clearly visible in Figures 1.9 through L.11. Some intact other
structure and some candled, refrozen other structure, such as control rod poison and the
control rod guide tube material, are visible in the middle of the active fuel region in
Figures 4.10 and 14.11. Note that only <20% of the Zircaloy (and <1% of the steel) has
been oxidized up to this time, cither in the intact clad or in the debris bed; most of the
Zircaloy remains unoxidized in both the remaining intact clad and in the debris bed at
the time of vessel failure and at the specified start of the assumed air ingression.

The air ingression begun at vessel breach does not produce any major changes in the
subsequent accident progression, but does affect the core atmosphere, the core materials
and the fission product release, directly through air oxidation of the clad and enhanced
ruthenium release, and indireetly by slightly changing the later-time core clad and debris
temperatures. Figure 4.12 shows the clad temperatures in a cell in the outer core ring,
about 2m above the core support plate, with a slightly accelerated heatup of the clad just
before melt and failure in the caleulation with air ingression, due to the higher energy of
reaction with air rather than with steam (a response typical ol other core cells).

Figure 4,13 through 4.16 demonstrate the effect of the air ingression on the core mole
fractions of steam and of nitrogen, oxygen and hydrogen, respectively. Without any air
ingression the core atmosphere consists mostly of steani prior to vessel failure and mostly
hydrogen after vessel faiture; with aiv ingression, the core atmosphere is ~35% air and
~60% steam alter vessel failure, with very little (<5%) hydrogen due to the preferential
oxidation of Zircaloy clad by reaction with oxygen.
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The bhiggest difference in results in the two caleulations with the surge line break, with
and without user specilied air ingression into the core, is found in the rathenium fission
product releases, as expected. "Table 1.2 stmmarizes the in-vessel ruthenium release
fractions, normahized to the initial inventory of class 6 radionuclides (151, 1kg). The in-
vessel releases are subdivided into refeases in the “core™ and “lower plenum” regions i
this table. The “core™ region is the active fuel region, above the core support plate,
and inelndes releases from both intact fuel and from debris still supported by intact core
cornponents or by the core support plate; the “lower plenum™ release is from debris that
has Tallen through the core support plate and is being held in the lower plenum on the
vessel Jower head prior to being lost to the cavity through a lower head failure, There
is a signilicant rutheninm release in vessel (<50% of the inventory present) as the air
ingression is increased to 32ke/s (~100mole/s), with ~80% of the release in the lower
plenum and ~20% in the core. Note that this is the opposite of the pattern seen in the air-
ingression caleulations done for a midloop-operation low power and shutdown accident
sequence in Surrys those results (in Table 3.2) also showed enhanced ruthenium release
with air ingression, with < 79% of the ratheninm inventory released for ~[00mole/s air
(low, but with ~80% of the release in the core and ~20% in the lower plenum. With no
air ingression. only (race amounts of rutheninm are released, 2.7 107 %% ex-vessel in
the cavity; as i the case with no aiv ingression, again only trace amounts of ruthenium
(3.6 10 7% are released ex vessel in the cavity in the calenlation with air ingression

assumed.

Figure 117 demonstrates that there is a small effect on the material retention in-vessel
rs cjection to cavity in these calenlations. Al three calenlations show the same overall
hehavioro with a small fraction (~10 20% ) of the core material ejected immediately upon
vessel Tailure, the majority (~60 65%) of the core material lost to the cavity after some
time delav, and another ~20 25% of the core material, primarily strnctural steel in the
lower plenum, remaining o vessel. The delay in vessel failure time i surge line rapture
occeurs s clearly visible, The slighthy higher fate-time temperatures in the surge- line-break
calculation with user-specified air ingression into the core, due to the higher energy of
reaction for Zircaloy oxidation with air rather than with steam, causes the majority of
the core material to melt  relocate and be lost to the cavity sooner than predieted in the
calentation with a snrge line break hut with no user specified air ingression into the core.

Howeverowhile the overall core degradation and ejection are similar, there are differ-
ences in detailed response, Figures LS throngh 121 present the total masses of some
individual core materials (Zircaloy and ZrO,, stainless steel and steel oxide) remaining
in the vessel. (The individnal masses of VO, fuel and control rod poison are not given,
because they show little or no dependence on air ingression; instead, in all cases the
predicted behavior of hoth the UO, and the control rod poison is very similar to the
calenlated overall mass response given in Figure 417, bat with no residual retention in-
vessel later in the transient.) There is an increase in 7rQ, mass due to the air oxidation,
shown in Figure 119, hut thereis an even greater inerease in the steel oxide mass given in
Figure 120 (even thongh MELCOR does not consider steel reacting with Oy, only with
steam); this represents the inereased availability of steam to oxidize the steel hecause
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the Zircaloy is being oxidized preferentially with the oxygen introduced. The increase in
Zirvcaloy oxidation with air ingression into the core is not sustained or significant because
of the more rapid loss of Zircaloy from the vessel to the cavity in the surge-line-break
calculation with user-specified air ingression into the core, discussed above.

Table 1.3 presents the total amount of oxygen in the air ingression, the amounts
of oxygen and steam consuimed in-core by oxidation reactions, the amount of hydrogen
produced in-vessel through metal reaction with steam, and the total oxidation energy.
(Note that the amount of steam consumed in oxidation, the amount of hydrogen produced
and the total oxidation energy include Zircaloy oxidation with steam prior to the specified
air ingression, in addition to Zircaloy reaction with oxygen, as well as oxidation of core
and lower plenum structural steel with steam throughout the transient period calculated;
there is currently no provision in MELCOR to edit the Zircaloy and steel oxidation
reactions separately.)

Overall, about 15% of the total oxygen sourced into the core as part of the air in-
gression between 2 14,5008 and 30,0005 is consumed in Zircaloy oxidation; however, since
most of the in-vessel oxidation occurs over a much shorter time period (~14,000s-16,000s),
the actnal fraction of oxygen available during that period that was consumed in metal-
oxidation reactions is much greater (275%). As would be expected, the steam consump-
tion and hydrogen production drop and the oxidation energy rises as more oxygen is
consumed, because of the enhanced heat generation from the 7Zr+0, reaction vs reaction
with steam.

The assumed air ingression has the greatest effect on the ruthenium release, but also a
smaller effect on the release for other radionuclides. Table 4.4 gives the in-vessel releases
as a pereentage ol initial inventory present, calculated for other radionuclide classes. Note
that, with the CORSOR-M option used, there is no in-vessel release of Class 7 (the carly
transition clements, represented by Mo), Class 9 (the trivalents, represented by La) or
(‘lass 11 (the more volatile main group elements, represented by C'd). As the rate of air
ingression assumed is increased, there is a small increase (~3%) in the release fractions of
the volatiles (i.c., the noble gases, the alkali metals represented by Cs and the halogens
represented by 1); there is also a similar small increase in the release fraction of the
chalcogens, represented by Te, and apparently very little holdup in unoxidized Zircaloy
clad in any case. These small increases in release probably reflect the enhanced clad/fuel
heatup from the Zr+0, reaction. In contrast, small decreases in release fraction are seen
for the alkaline carths, represented by Ba, and the less volatile main group elements,
represented by Sny both of which are intermediate in release (~1%) between the volatiles
(<100% release) and the refractories (1% release), as well as in the trace amounts of
refractories released, for both the tetravalents represented by Ce and for uranium, in the
calculations with air ingression assumed; this is probably due to the cooling effect of the
air ingression on the core debris,
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Figure 4.18. Core Zircaloy Masses in MELCOR Surry TMLB' Calculations with
Surge Line Break and Air Ingression
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Figure 4.19. Corc Zirconium Oxide Masses in MELCOR Surry TMLB’ Calculations
with Surge Line Break and Air Ingression
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Figure 4.21. Core Steel Oxide Masses in MELCOR Surry TMLB’ Calculations with
Surge Line Break and Air Ingression
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Table 4.2. In-Vessel Ruthenium Release in MELCOR Surry TMLB’ Calculations
with Surge Line Break and Air Ingression

Air Ingression In-Vessel Release
Rate (% Initial Inventory)
(kg/s) (mole/s) | Core Lower Plenum  Total
0 0 0 0 0
3.2 ~100 9.8 40.1 19.9

Table 4.3. In-Vessel Oxidation in MELCOR Surry TMLB™ Calculations with Surge
Line Break and Air Ingression

Air Ingression Consumed in Oxidation  Produced in Oxidation
Flow Rate Total O, | Oxygen Steam ’ Hydrogen Energy
(molefs)  (kg) | (ke) (ke) (ke) (M)
0 0 18.14 3085 315.2 24,132
~100 5,833 l 813.1 2319 ‘ 259.4 40,288

Table 4.4. In-Vessel Radionuclide Release in MELCOR Surry TMLB™ Calculations
with Surge Line Break and Air Ingression

Air Ingression In-Vessel Release
(mole/s) (% Initial Inventory)
Class 1 (Xe) Class 2 (Cs)  Class 4 (I} Class 5 (Te)
0 46.12 46.10 46.09 15.93
~100 49.14 19.13 19.11 48.97

Class 3 (Ba)  Class 8 (Ce)  Class 10 (U)  Class 12 (Sn)

0 0.6125 2.544x107"  2.568x 1072 1.939
~100 0.1488 1.817Tx107%  3.031%x107" 0.818
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5 MELCOR Grand Gulf Low-Power/Shutdown Cal-
culations with Air Ingression

As part of a separate, ongoing program providing MELCOR support calculations for
the Grand Gulf low-power/shutdown PRA [11], two calculations were done to address
concerns about air oxidation and the associated enhanced release of ruthenium expected
to occur when irradiated reactor fuel is heated in airv. In both, the effect of oxidation
with free oxygen in addition to the oxygen in steam was included in the code; in one
calculation a constant release rate coeflicient was used for Class 6 (Ru), greater than
the default CORSOR-M value (Fq. 2.4 in Section 2), while the other caleulation used a
variable cocfficient dependent on the partial pressure of oxygen in the core (liq. 2.3 in
Section 2).

(While these Grand Gulf MELCOR calculations were not done as part of the air
ingression analysis cffort reported on in this report, they investigated the same issues and
evaluated the same accident consequences, and came to basically the same conclusions.
Because those calenlations will not be formally documented until the completion of that
PRA program, the NRC' contract monitor for that program has graciously agreed to
allow ns to include a briel summary of those calculations and results in this report.)

These Grand Gulf air-ingression calculations assume the plant to be in POS6, a
condition occurring during the early portion of the refueling mode of operation. This
state is the BWR analogue of the POSG mid-loop operation modelled for the Surry low-
power and shutdown air ingression accidents analyzed in Section 3. For a BWR, POS 6
begins when the vessel head is detached and ends when the upper reactor cavity has been
filled with water. The carliest the plant enters this mode of operation is typically four
days after shutdown. In this POS both the drywell head and the vessel head have heen
removed and the containment hateh and personnel locks are open; the drywell equipment,
hateh also is open. Thus, both the vessel and the drywell communicate directly with the
containment (v.c., the suppression pool is effectively bypassed) and the containment is
open to the auxiliary building. During this POS the steam dryers are removed and the
steam lines are plugged. The suppression pool can be either al its normal operating
level, partially drained or completely empty. Furthermore, the suppression pool makeup
system has been isolated; therefore the suppression pool cannot be used as a continuous
supply of water for cither cove cooling or the containment sprays. [23, 24]

The Grand Gulf Tow-power/shatdown calculations done predict no oxygen to he drawn
into the core until fate in the transient, after the core material has fallen into the cavity.
To investigate the impact of air oxidation and enhanced ruthenium release, we had to
externally introduce oxygen directly into the core control volume. A total of 28,608kg of
O3 (the amount that would be required to oxidize all the clad in the core), was added
into the core control volume starting when the core liquid level drops below the top of
the active fuel until a lower head penetration first fails (7.c., from 13.04hr to 18.76hr);
the oxygen was added at a uniform rate of ~1.4kg/s which is ~44mole/s.




Table 5.1. Oxidation Masses for Grand Gulf Low-Power/Shutdown Calculations with
Air Ingression

Material Total Masses at Iind of Transient (kg)
No Air-Ox  Constant Coell.  P(O,) Coeff.
(Eq. 2.4) (I5q. 2.3)
In COR Package
Zircaloy 12356 24551 6818
Zirc Oxide 7211 7890 8784
Stainless Steel 35299 36875 33650
Steel Oxide 1809 1688 3658
Steam Consumed 8750 3078 5738
Oxygen Consumed 48062 6291

In CAV Package

Metal Layer 83959 7746 87965

(Light) Oxide Layer | 591150 413250 618710
Hydrogen

Produced in Vessel 1001 344 6412

Produced in Cavity 1280 1019 1159

Total Produced 2281 1363 1801

There is no difference in timing on any events before the extra oxygen is first sourced
in. The gap release and the failure of the lower head penetrations in the various rings
are predicted to occur somewhat earlier, because of the slightly accelerated core heatup
due to more clad oxidation. There are no major differences observable in primary and
containment systems pressure histories, or core inventory boiloff. Clad temperature his-
tories in the core level just below the active fuel midplane in one of the six core rings
are presented in Figure 5.1, as representative of the overall core response. The two air-
oxidation sensitivity study calculatio. both show more rapid clad heatup due to the
increased degree of (exothermic) clad oxidation, resulting in earlier melt, relocation and
lower head failure.

The masses of Zircaloy and ZrQ,, stainless stecl and steel oxide, steam and oxygen
consumed and hydrogen generated by the end of these transient calculations are presented
for these air-oxidation sensitivity studies in Table 5.1. With the free oxygen source, 10-
20% more Zircaloy and 100% more steel is oxidized in-vessel. Because 30-60% less steam
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is consumed, 30-60% less hydrogen is generated in-vessel; with 10-20% less hydrogen
generated in the cavity, the total amount of hydrogen generated is 20-40% less in the
two air oxidation sensitivity studies. The lower amounts of hydrogen produced in the air
oxidation sensitivily studies are primarily a result of sharp differences darving the time
period the free oxygen is being added, not gradual divergences throughout the remainder
of the transient. (Most of the oxygen sourced info the core control volume therefore
escapes oul through the upper head and vessel breach, to the containment and then the
environment, without being consumed in oxidation processes.)

Table 5.2 compares the masses of radionuclides released in this set of MELCOR
calculations, when a lower head penetration first fails and at the end ol the calculation
(i.c., when the cavity is predicted to ruptnre), normalized to the initial masses of cach
class. The primary difference is the (as expected) 2~ 100% release of rutheninm in-vessel
in the two air-oxidation sensitivity study analyses, both using a constant release rate
cocfficient and using a variable coelficient dependent on the partial pressure of oxygen in
the core. But there are other differences. Greater amounts of the more refractory classes
(Ba, Ce, Ul and Sn) are released prior to vessel breach in the two air-oxidation sensitivity
study calculations; unexpectedly, while more of the more volatile classes (Xe, Cs, | and
Te) are released using a constant Ru release rate coefficient, slightly less are released
using a variable Ru release cocfficient dependent on the partial pressure of oxygen in the
core than predicted with no air oxidation at all.

The comparison of released radionuclides by the time of cavity rupture is more con-
fused. The three classes with identically-zero in-vessel releases all show the greatest
release fraction for the air-oxidation sensitivity study using a constant release coefficient
for Class 6; the other more refractory classes (Ba, Ce, U and Sn) show higher release in
the calculation with a variable Ru release coeflicient dependent on the partial pressure of
oxygen; the volatiles (Xe, Cs, I and Te) all show 90-100% releases with no clear patiern
of variation.

The radioactive masses released from the fuel and debris for cach class, and the
amount released to the environment by the time of cavity rupture (given in terms of
the initial inventory) also are summarized in Table 5.2, Most (>50%.) of the ~100%
ruthenium released in the two air-oxidation sensitivity study analyses escapes to the
environment (in the absence of any additional retention in the anxiliary building, not
included in these calculations).
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Table 5.2. Fission Product Release Masses for Grand Gulf Low-Power/Shutdown

Calculations with Air Ingression
Radionuclides Released
(% of Initial Inventory)
Class Before Vessel Breach Before Cavity Rupture
No Air Const. Coefl.  P{OQy) Coefl. | No Air Const. Coeff.  P(O;) Coefl.
(Fq. 2.4) (Eq. 2.3) (lEq. 2.4) (I9q. 2.3)

I (Xe) R1.3 03.2 79.5 100.0 07.7 100.0
2 (Cs) RLT 93.3 79.9 100.0 97.9 100.0
3 (13a) 2.38 8.65 2. 42.0 12.7 47.1
11 81.0 93.1 79.2 95.5 93.4 89.0

5 (Te) 72.5 92.6 76.3 95.2 95.8 92.8

6 (Ru) 0.00002 99.9 100.0 0.0070 100.0 100.0

7 (Mo) 0.0 0.0 0.0 1.61 3.23 1.405

8 (Ce) 0.000003 0.0074 0. 1186 0.0037 0.0082 0.1276
9 (La) (.0 0.0 0.0 0.2170 0.666 0.3588
10 () 0.00156 0.520 1.59 .62 0.522 5.10
1 (Cd) 0.0 0.0 0.0 0.0385 0.0808 0.0763
12 (Sn) 2.8606 19.3 28.0 22.5 20.7 31.8
(lass Released Before Cav-Rupture Iiscaped to Environment,

No Air Const. Coefl. P(Oy) Coefl. | No Air  Const. Coeff.  P(0,) Coelf.
(Iq. 2.1) (K. 2.3) (Fq. 2.4) (Eq. 2.3)

I (Xe) 100.0 97.7 100.0 100.0 97.5 100.0
2 (('s) 100.0 97.9 100.0 67.6 62.6 60.7

3 (Ba) 42.0 42.7 17.1 21.3 218 16.9

4 (1) 95.5 93.4 89.0 95.5 93.4 8.9
H('Te) 95.2 95H .8 92.8 62.3 60.6 47.0

6 (Ru) 0.0070 100.0 100.0 0.0045 62.2 54.6

7 (Mo) 1.61 3.23 1105 0.642 1.26 0.487
8 (('e) 0.0037 ().00%82 (0.1276 0.00215 0.00167 0.0259
9 (La) (.2:70 (0.666 0.:358K 0.1024 0.365 0.168
16 (1) .62 0.522 H 10 0.212 0.305 1.20
1 (Cd) 0.0385 0.0808 0.0763 0.0189 0.038% 0.040
12 (Sn) 22.5 20.7 31.8 15.5 12.5 11.3




6 Conclusions

Two sets of MELCOR calculations have been completed studying the effects of air in-
gression on the consequences of various severe accident scenarios. One set of calculations
analyzed a station blackout with surge line failure prior to vessel breach, starting from
nominal operating conditions; the other set of calculations analyzed a station blackout
occurring during shutdown (refueling) conditions. Both sets of analyses were for the
Surry plant, a three-loop Westinghouse PWR. TFor both accident scenarios, a basecase
calculation was done, and then repeated with air ingression from containment into the
core region following core degradation and vessel failure,

In addition to the two sets of analyses done for this program, a similar air-ingression
sensitivity study was done as part of a low-power/shutdown PRA, with results summa-
rized here; that PRA study also analyzed a station blackout occurring during shutdown
(refueling) conditions, but for the Grand Gulf plant, a BWR/6 with Mark I11 contain-
ment.

All three studies lead to the same conclusions. lor the two major phenomena depen-
dent on air ingression:

1. There is a significant increase in ruthenium release in-vessel, to ~50-80% of initial
inventory, assuming moderate air ingression rates ol ~10-100mole/s; without any
air ingression, ouly trace amounts of ruthenium are released.

2. There is some increase in clad oxidation degree and energy, but only ~10-20%;
most of the oxygen sourced into the core region escapes before it is consumed.

The enhanced ruthenium release with air ingression was expected. The relatively small
changes in core temperatures, hydrogen production and steam consumption, and oxida-
tion energy were not expected. The greater oxidation encrgy due to reaction of Zircaloy
with oxygen does cause core temperatures to rise more quickly than for oxidation only
with steam, but those higher temperatures then cause the remainder of the core material
to melt, relocate and be lost to the cavily sooner than predicted with no air ingression
into the core. Oxidation of Zircaloy with air rather than with steam for the relatively
short period of time that the clad remains in-vessel does not significantly affect the over-
all steam consumption and hydrogen production, and the total oxidation energy, because
these are dominated by the long-term oxidation of structural stainless steel in the core
and especially in the lower plenum.

The assumed air ingression does not significantly affect most of the accident scenario.
There are some small effects on fission product releases in general:

1. There is very little change in the release of the volatile species, i.c., noble gases,
Cs, 1 and Te, which are released at lower temperatures (1" < 2000I8); most of their
initial inventory has been released before vessel breach and air ingression.
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2. In most cases, there is a small increase in the releases of those species, 1.e., Ba and
Sn, requiring somewhat higher temperatures (20006 < 7' < 2500K) for release,
probably reflecting the increased oxidation energies and temperatures from Zircaloy
reacting with air.

3. There is usually a decrease in the release of refractory species, i.¢., Ce and U, which
are released only at very high temperatures (7' > 2500-3000K), possibly due to the
cooling effect of sourcing relatively cool containment air into the core region.

These predicted changes in radionuclide release reflect only the effects of air ingression
changing the calculated core temperatures and relocation history. There may be other,
larger changes in fission product release with air ingression, if other species are also
sensitive to the oxygen potential as is ruthenium; however, any such additional effects air
could have on the release and transport characteristics of other radionuclides were not
medelled for these initial calculations.

These studies help quantify the amount of air that would have to enter the core
region to have a significant impact on the severe accident scenario. These calculations
demonstrate the potential of air ingression to substantially enhance ruthenium release.
These analyses indicate no substantive increases in maximum core temperatures, albeit
with modest acceleration of the core degradation process, due to the increased heat of
reaction ol Zircaloy oxidized by air rather than by steam.
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