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EFFECTS UF LATERAL SEPARATIUN UF UXIDIC AND
METALLl. CORE DEBRIS ON THE BWR MK I
CUNTAINMENT DRYWELL FLOOR

C. R. Hyman* C., F. Weber*
S. A. Hodge*

ABSTRACT

In evaluating core debris/concrete interactions for a BWR MK I containment design,
jt is common practice to assume that at reactor vessel breach, the core debris is
homogeneous and of low viscosity, so that it flows through tne pedestal doorway
and spreads in a radially uniform fashion throughout the drywell floor. In a
recent study performed by the NRC-sponsored Severe Accident Sequence Analysis
(SASA) program at Uak Ridge National Laboratory, calculations indicate that at
reactor vessel bottom head failure, the debris temperature is such that the debris
metals (Zr, Fe, Ni, Cr) are completely molten while the oxides (UUz Irdz, Feu) are
compl etely frozen. Thus, the frozen oxides are expected to remain within the
reactor pedestal while the molten metals radially separate from the frozen oxides,
fiow through the reactor pedestal doorway, and spread over the annular region of
the drywell floor between the pedestal and the containment shell.

This paper assesses the impact on calculated containment response and the produc-
tion and release of fission product-laden aercsols for two different cases of
debris distribution: uniform distribution and the laterally separated case of
95% oxides-5% metals inside the pedestai and 5% oxides-95% metals outside the
pedestal. The computer codes used are CURCON-MOD2, MARCON 2.1B and VANESA.

INTRUDUCTIUN

his paper reports the results of a study recently completed by the Severe Acci-
dent Sequence Analysis (SASA) ProgramT at 0Oak Ridge National Laboratory to
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investigate the effects of a postulated lateral separation of metallic and oxidic
core debris on the drywell floor of a BWR MK [ power plant. The impetus for such
a study arises out of SASA estimates of the initial conditions of the core gebris
as it leaves the failed reactor vessel, and the desire to know (in a bounding
sense) the containment loading and aerosol generation consequences of corium/
concrete interactions for various assumed distributions of corium on the drywell
fioor. The reference BWR 4 MK [ plant used for the study is Unit 1 of the
Tennessee Valley Authority (TVA) Browns Ferry plant, and the transient studied is
the corium/concrete interaction phase of a hypothetical Station Blackout accident.

Because the initial conditions and timing of corium/concrete interactions depend
primarily on the preceding invessel phase of the transient, ORNL SASA program de-
graded core methodology follows the expected sequence of events from the point
where the core is uncovered, through core heatup, core degradation, material relo-
cation to the vessel Jlower head, vessel 1lower head failure, and core
debris/concrete interactions on the drywell floor. Wnile the debris is in the
bottom head of the reactor vessel, water boiloff gquenches the debris to 1630 K, at
which point the water inventory is depieted and debris heatup resumes. It is pos-
tulated that one or more of the stainless steel bottom head penetrations would
fail by melting when the debris reaches 1811 K and that the hot vessel gases would
biow through and around the debris bed and out the failed penetration (without
ejecting the frozen debris), thus depressurizing the primary system. At a debris
temperature of 2200 K, all of the debris is assumed to be sufficiently fluidized
to run out the failed penetrations, where it is instantaneously deposited onto the
drywell floor. A portion fills the drywell sumps, whereby vaporization of sump
water (3175 kg) produces sufficient Zr-steam reaction to raise the debris tempera-

ture to 2280 K. At sump dryout, the core debris/concrete interaction is assumed
to beyin.

At 2280 K, the core debris exists as a solid-liquid mixture. The metallic compo-
nents of the debris (Fe, Zr, Cr, Ni) are completely molten and in a pure state
have a viscosity comparable to that of water at room temperature. The oxide
debris (U0, ZrUz, Fel), on the other hand, is completely frozen.

Accordingiy, it
is possible that a laryge portion of the

liquid metals would separate from the
oxides, flow through the pedestal doorway, and spread over the annular region of
the arywell floor between the outer wall of the pedestal and the drywell shell.
This presents a very different situation from what
severe accident analysis —~ that the debris mixture

is commonly assumed in BWR

is homogeneous and of low
viscosity, so that uniform radial dispersal on the drywell floor would occur.



The two debris distributions investiyated in this study are uniform radial spread-
ing and a laterally separated debris distribution in which bounding estimates of
95% oxide debris mass with 5% metallic debris mass are assumed inside the pedestal
with the remaining 5% oxide debris and Y5% metallic debris outside the pedestal.

METHODULOGY AND MUDELING [SSUES

The methodology used to conduct tnis study is described in detail in Refer-
ence 1. The sequence of calculations begins by making a single MARCON 2.1B* cal-
culation for the uniformly distributed core debris. The primary containment
response for this calculation is then used as an initial estimate of the thermal
hydraulic boundary conditions required to execute a stand-alone CORCON-MODZ2 (3)
calculation for the expedestal region of the laterally separated distribution,
Because another MARCON execution is required for the calculation of the inpedestal
region of the laterally separated case, some iteration is required in order to
establish convergence of the primary containment response to the simultaneous
inpedestal and expedestal corium/concrete interactions.

Two medeling issues arose while performing this study. First, it has been
observed that as much as 100% variation in cumulative gas release can result by
using various reasonable combinations of noding and timestep size. Arparameter
study, performed to address CORCON sensitivity to these parameters and to deter-
mine optimum values while maintaining reasonable computation costs, is described
in Appendix A of Reference 1. Timestep/noding combinations of 20 s/11 cm, 7.5 s/7
cm, and 15 s/7 cm were selected for the uniform, inpedestal, and expedestal calcu-
lations, respectively. The second issue is the effect of drywell sump modeling on
calculated results. It was found, for the uniformly spread debris case, that
although neylect of the sumps decreases the effective overall debris/concrete
interfacial area by only 5%, the rate of oxidation is slowed such that depletion
of the Ir inventory occurs about two hours later than when the sumps are
modeled. The cause of this has been traced to the crusting model employed by
CORCUN, which may not be adequate for the sump geometry. Additional information
1s provided in Appendix B of Reference 1.

*MARCUN 2.1B provides a dynamic calculation of the effact of corium/concrete
Tnteractions on containment response. It is based upon the MARCH 2.0 (2) Code
with CURCON-MUDZ instead of the original INTER algorithm and also includes exten-
sive modifications to incorporate all QRNL devel oped BWR models.



DISCUSSION OF THERMAL HYDRAULIC RESULTS

Comparisons of the debris layer temperatures for the uniformly spread and the
laterally separated case are shown in Figs. 1 and 2. In these calculations, based
upon Station Blackout for Browns Ferry, the debris leaves the reactor vessel at
time 807 min and is comprised of 202,601 kg of oxides and 92,170 kg of metals.
The calculation is carried out for 693 min, to an accident time of 150U min. For
the first hour, the inpedestal oxide layer temperature (Fig. 1) is somewhat higher
than that for the uniform distribution. This is because of a higher concentration
of decay heat in the inpedestal region of the separated case compared to the
inpedestal region of the uniformly spread distribution.

On the other hand, the metal layer temperature (Fig. 2) for the expedestal debris
is substantially less than that calculated for the uniformly spread case. This is
because the expedestal debris has onily about 14% of the total debris decay heat
{the rest being inpedestal); thus, once the chemical energy source of Zr oxidation
is extinguished, the expedestal metals have little energy source available to com-
pensate for heat losses to the drywell atmosphere. In the uniform case, the
metals are always coupled to the oxides via interlayer heat transfer and have an
elevated temperature throughout the calculation.

Effects of lateral separation of core debris upon cumulative gas release are sig-
nificant (Table 1). In the uniform case, 89 mole % of the release is combustible
{H and CU) whereas in the laterally separated case, the sum of the combustible
release from the inpedestal and expedestal regions amounts to only 58 mole % of
the total. The cumulative combustible release (for 693 min of transient after
reactor bottom head failure) of 849 kg-moles for the uniformly distributed debris
may be compared with only 683 ky-moles for the separated case — a difference of
~24% . Un the other hand, noncombustibie gas release for the uniformly spread
debris is only Y5 kg-moles, about 19% of the 491 kg-moles of noncombustibles
released in the laterally separated case. The total gas releases are 944 kg-moles
and 1174 kg-moles for the uniform and separated cases respectively. Thus, total
release is about 24% greater for the laterally separated case.

The difference in the gas release behavior of the two cases is explained by the

location of the metals and the metal chemistry involved. For the uniform case,

l0U% of the oxides and metals are considered and for most of the calculation, the

metals lie beneath the oxides. Because of the large metal inventory, the metal

layer overflows the sumps and forms a layer on the drywell floor both inside and



outside the reactor pedestal. Fission product decay heats the oxide layer which
in turn heats the metal layer so that elevated layer temperatures and concrete
ablation are calculated throughout the transient. Because ablation is predomi-
nantly along the drywell floor, most of the ablation gases (CU; and Hp0) sparge
through the metal layer where they are converted intc CO and Hp. Consequently,
little noncombustible yas release is calculated for the uniform case.

For the expedestal area of the laterally separated case, the gas release composi-
tion is similar to that discussed for the uniform case. Concrete ablation is
ayain primarily along the drywell floor whereby most of the ablation-produced C0;
and Hp0 flow into the metal layer and are converted to CO and Hp;.  However,
because the predominantly metallic debris in this region of the drywell floor
possesses little fission product decay heat (14% of the total), concrete ablation
rapidly decreases as the exothermic Zr oxidation reactions deplete the Zr inven-
tory. As a result, less CQz; and H20 are created and passed into the metal layer;

therefore, smaller quantities of CU and H; are released compared to the uniform
case.

The inpedestal area of the laterally separated case exhibits a differeant scenario
of gas release than either the expedestal area or the uniformly distributed
case. For the inpedestal debris, only a small fraction of the metals is consid-
ered (5% by mass), and for most of the calculation, CORCON places these metals in
the bottom of the sump. Uxidic debris overlies the metallic, fiils the remainder
of the sump, and forms a thick layer on the drywell floor inside the pedestal.
Because 86% of the total fission product decay heat but only 67% of the total
debris mass is included in this inpedestal calculation, the oxide layer tempera-
ture and the concrete ablation rate remain elevated throughout the transient.
However, since most ablation occurs due to concrete attack by the oxide layer,
which overlies the metal layer, the evolved CO, and HyU bypass the metal layer and
airectly enter the drywell atmospnere. Some combustible gas is also released as
the metallic debris in the bottom of the sump continues to ablate concrete; these
ablation yases react with the metals to produce 0 and H,. Thus, for the in-
pedestal area of the laterally separated case, the released gases are a mixture of
both combustible and noncombustible gases with the majority being noncombustible.

VDISCUSSIUN OF AERUSOL AND FISSION PRODUCT RELEASE

A major importance of the core-concrete reaction is its affect on the release and

transport of fission products from the core debris. To enalyze this phenomenon,



the VANESA (4) code was run for each CORCON calculation described above (uniform
distribution;—metal-rich expedestal debris, oxide-rich inpedestal debris). Each
VANESA result describes the transient aerosol and fission product behavior result-
ing from the particular pattern of temperatures, reactions, and gas flows in the
dcbris configuration being studied.

Initial debris inventories for the uniform and separated corium cases are identi-
cal, since both result from the same accident sequence events prior to vessel
failure. Nuclide inventories for most elements were obtained using the retention
factors calculated by the MARCON code; those for important volatile elements
(1-8r, Cs-Rb, Te-Se, and Xe-Kr) were obtained from the ORNL code TRENUS. Table 2
lists the actual values for initial inventories used. The second colum repre-
sents the total corium inventory for both uniform and separated cases. Columns 3
and 4 depict the division of separated corium into inpedestal and expedestal
regions., Uxide elements are partitioned so that 95% are inside the pedestal
whefeas only 5% of the metallic elements are located there., The remainders are
located outside the pedestal. It should be nated that the VANESA code does not
treat all elements individually, but groups certain ones together and treats them
as the characteristic element shown in italics in the table.

Several VANESA results for the uniform case are compared with those for the sepa-
rated case in Figs. 35, Since the latter required two runs (inpedestal and ex-
pedestal), it was necessary to add the calculated values for each data point to
obtain a single value representing the separated corium case, In comparing VANESA
rasylts with CORCON output, it should be neted that VANESA always assumes an oxide
layer overlying a meta! layer. Thus the CORCON layer flip will impact VANESA
calculations only through secondary effects such as temperatures and gas flows.

Total aerosol releases for the two cases are shown in Fig, 3. Both exhibit an
early peak, which diminishes considerably after the first hour. This behavior
follows the oxide temperature (Fig. 1) and total gas flow (Fig. 4). Except for a
slower gescent from the peak, the uniform case is lower during most of the
transient. This corresponds closely to the slightly higher oxide temperatures and
gas flows occurring in the separated case. The sharp drop late in the transient
is due to a reduction in the vaporization of Ca0, which forms the primary aerosol
component (over Y5% in both cases) during the middle portion of the sequence.

The releases of several important fission products are shown in Fig. 5. 0Of note

is the pattern for tne oxidic elements CsI, BaQ, and Sr0, where the separated case



produces a quicker, but lower overall, release than the uniform case. In both
cases, the large initial releases correspond tu the high temperatures occurring
early, with only slight releases after temperatures drop below 1300K. The differ-
ences in timing and magnitude for the two cases are explained by noting that the
gas release rate in the separated cases falls off dramatically at 900 min, while
it peaks after this time in the uniform case,

This gas release behavior is due tn the oxidation of the accumulated inventory of
metal layer carbon (produced by the CORCUN coking reaction of Zr with COp) subse-
quent to the depletion of Zr., Consideration of the reactions involved shaws that
the influx of gas into the metal layer is effectively doubled (volumetrically) so
that a sharp pulse of gas is released as this carbon is oxidized.

Because the uniform case maintains a high concrete ablation rate after Zr deple-
tion, the inflow of CUp and Hp0 into the metal layer of the uniform case is higher
than that of the separated case. thus, even though the accumulated carbon inven-
tory is about the same in both cases, the uniform case has more CUp and HoU with
which the carbon can react. Therefore, the gas release peak for the uniform case
is largyer than that of the separated case. This yas pulse (at elevated tempera-
ture) rapidly releases volatile fission products; hence, the fission product
release from the oxidic debris is higher for the uniform case.

In a general sense, this explanation is also consistent with Table 1, where it is
seen that the uniform debris cumulative gas release is higher than that of the in-
pedestal region of the separated debris. Since the inpedestal region of the sepa-
rated case is the location of most of the oxidic fission products, it is expected
that less gas flow releases fewer fission products.

The release of metal layer fission products is explained by remembering that most
of these fission products are found in the expedestal region of the separated
case. From Fig. 1 it is seen that the metal layer temperature is higher for the
expedestal region than the uniform case for the time period 80U-860 min. This
accounts for the more rapid initial release of Te for the sepérated case. After
860 min, the metal layer in the uniform case begins to heat up (Fig. 1) due to
melting of the oxide layer below, and coupled with the gas pulse described

earlier, the uniform case Te release accelerates sg that Te inventory rapidly
approaches the 70% level.



Molybdenum is the reverse of Te, showing no release in the uniform case, and a
slow but steady release in the separated case. The release is small (<4%) and
occurs in the small inventory of metals in the inpedestal region of the separated
case. After 1000 min, the yas flow in the separated case is higher than that in
the uniform (Fig. 4) and is mainly from the inpedestal region. Thus, the influx
of gas into the metal inventory for the inpedestal region of the separated case is
hiyher than that of the uniform case and more releases occur.

Of the remaining fission products not shown, oxides of cesium and niobium are
volatilized completely, behaving much like CsI in Fig. 5. The La and Ce groups
follow this general pattern of the oxides in Fig. 5, but only about 1% of these
groups are released in either case, None of the Ru group is released.

SUMMARY AND CUNCLUSIONS

Calculations of corium/concrete reaction processes have been examined for two dif-
ferent configurations of BWR core debris. The standard model involving radially
uyniform {but axially separated) oxide and metal layers was compared with a model
that assumed significant radial separation of oxides and metals.

Results indicate that larger releases of combustible gases (CJ and Hp) are pro-
duced in the uniformly distributed case as compared to the radially separated
case, On the other hand, larger releases of non-combustible C0; and HyU and a
yreater total gas release are calculated for the radially separated case. The
reason for this is the different chemical environment imposed on the metals due to
difterences in heat losses associated with the core debris in each geometry.

Of significance for fission product release are debris temperatures and total gas '
flow from the debris surface. The only oxide layer releases occur when tempera-
tures exceed 1900 K during the first few hours of the transient. While the total
cumulative gas releases for the uniform case are lower, the flaows during the high-
temperature stage are yreater, although delayed somewhat, from those calculated
for the separated case. WNot surprisingly, the oxidic fission product releases for
the uniform case are generally delayed, but more severe, than those for the sepa-
rated case. In both cases, all cesium and iodine are released completely, al-
though the release is delayed somewhat in the uniform case.

The fission product release for the metallic debris contrasts with that of the

oxidic debris. The metal debris temperature for the uniform case is calculated to




be substantially higher than that of the separated case, leading to a higher Te
release. Other metals are not released in significant quantities in either case,
since even the uniform case metal temperature stayed below 1800 K for most of the
calculation. ‘

It is seen from the results of this work that the effects of lateral debris
spreading on the drywell floor do affect the timing, composition, and magnitude of
the release of debris gases and aerosols. The underlying reason for these differ-
ences is the location of the metallic debris relative to the oxidic debris and the
metal chemistry involved. It is also apparent that the phenomenon of layer flip
as calculated by CORCON plays an important role in metal chemistry. Furthermore,
the reaction of elemental carbon produced as a result of the CORCON calculated
coking reaction is observed to be the primary cause of the large combustible gas
release subsequent to the depletion of Zr metal.

[t should also be noted that extrapolation of these debris releases to the envir-
onment is not warranted because of the mitigating effects of aerosoi deposition,
settiing, spray washout, etc. A complete calculation involving fission product

transport and containment thermal hydraulics s required to make these
assassments,
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Table 1. ]
and lateraily separated debris.

Comparison of calculated results for uniform
Cumulative gas

released at end of calculation (1500 min)

[npedestal
Uniform Ingedestal Expedestal + expedestal
Gas release (kg-moles)
to 448 118 193 311
Ha 401 76 296 372
€0, 52 258 6 264
Ha0 43 222 5 227
Totals 444 674 500 1174
Mole fraction of gas release
co G.47 Q.18 0.39 0.26
Ha 0.42 0.11 0.59 0.32
Cua 0.C6 u.38 0.0l 0.23
H,0 0.05 0.33 0.ul n.19
Totals 1.00 1.00 1.00 1.0u
Table 2. Fission products in core debris
at the time of vessel failure
Inventory (kg)
Element Uniform Inpedastal Expedestal
Xe 54,22 §1.51 2.71
Kr V.40 0.33 0.02
Te 26.9 1.35 25.55
Ba 108 103 5.4
Sr 72.6 69.0 3.6
Mo 263 13.2 250
Nb 3.52 3.34 0.18
[ 3.51 3.33 0.18
Ca Group
Cs 32.3 30.7 1.6
Rd 3.98 3.78 a.20
Ru Group
Ru 191 9.6 181.¢
Pd 94.3 4.7 89.6
Rh 35.5 1.8 13.7
Te 64.2 3.2 61.0
Lz Group
La 102.2 87.1 5.1
Nd 304.5 289.3 15.2
Pr 90.8 86.3 4.5
Sm 57.0 54.2 2.8
Y 40.2 38.2 2.0
€3 Group
Ce 231 219.9 11.3
Pu 886 842 24,3
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