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ABSTRACT

During a core meltdown accident in a LWR, molten core materials (corium)

could leave the reactor vessel and interact with concrete. In this paper, the

impact of the zirconium content of the corium pool and the coking reaction on

the release of fission products are quantified using C0RC0N/Mod2 and VANESA

computer codes. Detailed calculations show that the total aerosol generation

is proportional to the zirconium content of the corium pool. Among the twelve

fission product groups treated by the VANESA code, Csl, Cs20 and Nb 20 5 are

completely released over the course of the core/concrete interaction, while an

insignificant quantity of Mo, Ru and ZrO2 are predicted to be released. The

release of BaO, SrO and Ce20 increase, while the releases of Te and La203 are

relatively unaffected by the Zr content of the corium pool. The impact of the

coking reaction on the radionuclide release and aerosol production was found

to be insignificant.



INTRODUCTION

In th* unlikely event of a complete failure of normal and emergency

cooling systems in a Light Water Reactor (LWR), the decay heat alone would

cause fuel rods to heatup. Temperatures above the design limit would be

reached. If the cooling failure persisted for an extended time period, the

combination of decay heat and heat from the exothermic zirconium/water reac-

tion would cause melting of the reactor core. This could lead to slumping of

the molten core material (corium) down into the lower plenum, followed by

reactor pressure vessel failure and subsequent deposition of these materials

into the reactor cavity or pedestal region. The corium would then attack the

concrete of the cavity floor, ablate the solid concrete and release gases and

vapor. This phenomenon is known as Molten Corium Concrete Interaction (MCCI).

During MCCI, the concrete decomposition gases (C02 and H20) will, as they per-

colate through the corium pool, be reduced to CO and H2 by the metallic ele-

ments present in the corium. The potential consequences of MCCI during hypo-

thetical core meltdown accidents include: the loss of containment integrity

due to the generation of combustible and non-combustible gases and the release

of fission products from the corium pool, (the so called ex-vessel source

term).

A group of codes was developed by Battelle Columbus Laboratory under the

sponsorship of the U.S Nuclear Regulatory Commission (NRC), to calculate the

radiological releases into the environment during the course of hypothetical

core melt down accidents. This group of codes was called the Source Term Code

Package (STCP). In the STCP, the ex-vessel source term is calculated by

CORCON/Mod2 and VANESA codes. The C0RC0N/Mod2 code is presently a subroutine

of MARCH3. The MARCH3 code is an integration of the MARCH2, CORSOR and

C0RC0N/Mod2 codes, which predict the overall thermalhydraulics, fission pro-
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duct release from the fuel pins and corium concrete interaction, respectively.

The boundary and initial conditions for MCCI are provided by calculations made

by other subroutines of the MARCH3 code.2

The C0RC0N/Mod23 code models the thermal-hydraulic behavior of corium

during MCCI and calculates time dependent temperature and composition of the

corium and accumulated gas generation. These variables and the initial fis-

sion product inventory in the corium pool which is provided by the CORSOR rou-

tine are in turn passed to the VANESA4 code which calculates the aerosol gen-

eration rate from the corium pool during MCCI.

C0RC0N/Mod2 assumes an immediate separation of the corium into two

immiscible phases; namely, a metallic and an oxidic layer. As the MCCI pro-

ceeds, a second oxide phase can form. The orientation of layers depends on

their relative density. During the early stage of the concrete attack, a con-

figuration of heavy oxide - metal - light oxide is possible. As MCCI pro-

ceeds, the heavy oxide layer is diluted by the molten concrete (slag) and

eventually reaches a point where the density of the heavy oxide layer is less

than that of the metallic layer. At this time, the heavy oxidic and metallic

layers are assumed to flip instantaneously, and the heavy oxidic layer com-

bines with the light oxidic layer. CORCON also assumes that a gas film exists

at the coriurn/concrete interface. Heat transfer rate from corium pool to con-

crete is governed by the convective and radiative processes across this gas

film. In CORCON, the oxidation reaction between the metallic constituents and

the concrete decomposition gases are assumed to proceed to equilibrium concen-

trations defined by minimization of the Gibbs free energy for 38 chemical spe-

cies composed of 11 elements.

The VANESA code models the release of fission products and structural

material during the MCCI. VANESA models the vaporization of melt species into
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gases (H20 and C02) which are produced from the decomposition of concrete.

The thermochemistry and kinetics of this process are modeled mechanistically.

As the gases exit the melt, aerosol formation from bubbles breaking the melt

surface and from the condensation/nucleation of vapors is modeled empirically.

The corium is modeled as a layered two-phase system: an oxide layer

above a dense metallic layer which is in contact with the concrete basemat.

The reaction of H20 and C02 with the r-.jor metallic constituents are evaluated

to determine the equilibrium oxygen potential. This oxygen potential is

assumed to hold for the oxide phase and is used to calculate the equilibrium

vapor pressures of species in the M-O-H, ternary where M is the element of

interest. (Interaction of elements, e.g., Ce with U, is not modeled.) A

kinetics analysis, which considers condensed phase transport, transport across

the gas/melt interface and gas phase transport, is then performed to estimate

the amount of material transferred from the melt to the gas bubbles.

Aerosol formation is modeled in the following way. Each bubble exiting

the oxide surface produces a fixed number (2000) of aerosols having a 1 ym

diameter and the composition of the bulk oxide layer. The second source of

aerosols is from the condensation/nucleation of vapors above the melt. Based

on experimental observations, it is assumed that the number density of aerosol

is lO^/m 3. The number density and the estimated aerosol density are then

used to calculate the diameter of the aerosols, which are assumed to be spher-

ical.

ZIRCONIUM OXIDATION AND THE COKING EFFCCT

In an earlier sensitivity study performed by Sandia National Laboratory,

as part of the Quantitative Uncertainty Estimation for the Source Term (QUEST)

program,5 the ex-vessel aerosol generation rate as calculated by CORCON/Modl

and VANESA codes was found to be strongly influenced by the amount of zircon-
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ium metal in the corium pool. The amount of metallic Zr in the corium pool

available for the MCCI depends on the in-vessel core meltdown progression.

Unfortunately, due to the complexity of core meltdown phenomenology and the

nonmechanistic nature of the MARCH3 computer code, the extent of in-vessel Zr

oxidation is strongly influenced, by among other things, the MARCH3 model

options and the input values of the various modeling parameters, e.g., core

slump and collapse criteria. The amount of Zr metal in the corium pool is

important in the following two respects:

1) The concrete decomposition gases will react with the metallic Zr

generating a significant amount of heat (a positive feedback effect). The

rate of reaction is limited only by the rate at which reactive gases are

evolved from the concrete, which in turn is controlled by the heat flux from

the corium and the corium temperature. Once the'oxidation of Zr begins, the

debris is heated rapidly, heat transfer and concrete ablation increase, and

more reactive gases are evolved from the concrete. Similarly, because aerosol

generation and fission product release are also strongly dependent on the cor-

ium temperature, the positive temperature feedback associated with Zr oxida-

tion can drastically change the ex-vessel source term.

2) Zirconium is such a powerful reductant that it may reduce C0 2 all

the way to elemental carbon (coking effect). The effect of the reduction of

C0 2 to carbon is to decrease the amount of gas sparging through the corium

pool during the period when metallic Zr in the corium pool is being oxidized.

The decrease in gas sparging rate contributes to decreasing the rates of aero-

sol generation and fission product release. Once Zr has been completely oxi-

dized, the next most powerful reductant in the corium pool is the carbon pro-

duced from the zirconium oxidation. Gases evolved from concrete should react
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with this carbon to form CO and H2, i.e.,

C + C02 * 2C0 (1)

C + H20 + CO + H2. (2)

For each mole of gas evolved from concrete that reacts with carbon, two moles

of gas emerge from the corium pool. There is then a sudden surge in the rate

of gas generation once the Zr has been completely oxidized. The increased gas

sparging rate should contribute to increase generation of aerosols and release

of fission products. The oxidation reactions of carbon with C02 and H20 are,

however, endothermic. The corium pool temperature decreases during the period

of carbon oxidation, and this tends to decrease the aerosol generation rate.

The major aim of this study was to further examine the impact of initial

Zr content of the corium during the corium/concrete interaction. This study

differs in two major aspects from what was done in the QUEST study regarding

Zr content. In the QUEST study, three initial Zr metal contents in the corium

were assumed. Calculations for 0, 40.6 and 80% (percentage of initial core

content) were carried out for the Surry TMLB1 sequence. In this study, the

entire range of 0 to 100% was examined by parametric variation, and these cal-

culations are performed for a BWR ATWS sequence. A second concern of the

present study was to examine the impact of the modeled coking effect on

ex-vessel fission product release. Recent experimental studies6 7 have not

provided evidence to support the occurrence of coking effect.

The impact of Zr metal on the ex-vessel source term was investigated

using the stand alone versions of the C0RC0N/Mod2 and VANESA codes.

C0RC0N/Mod2 was modified to determine the impact of the coking reaction on the

release of radionuclides during core-concrete interaction. The data transfer

between C0RC0N/Mod2 and VANESA was automated in the same way that it is auto-

mated in the STCP (see Figure 1). The corium temperature used in the VANESA

calculation was assumed to be the average temperature of the heavy oxide
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laysr, before the layers flip, and the bulk temperature of the oxidic layer

thereafter.

IMPACT OF ZR METAL ON THE EX-VESSEL SOURCE TERM

A series of calculations which parameterically varied the initial metal-

lic Zr content of the corium was performed. The initial fractions of Zr and

ZrO2 were varied in a consistent fashion to insure a constant total core

inventory of Zr regardless of the chemical form. Other initial conditions of

MCCI used in these calculations were obtained from the results of a previous

MARCH3 calculation8 for an ATWS sequence in a BWR with a Mark I contaiment.

The initial calculations are summarized in Tables 1 and 2, The start of MCCI

corresponds to the time of reactor pressure vessel bottom head failure as pre-

dicted by the MARCH3 code.

Figures 2 and 3 show the C0RC0N/Mod2 predicted oxidic temperature and

the accumulated gas generation as a function of time corresponding to three

different zirconium contents. The case with 55% unoxidized Zr corresponds to

the MARCH3 prediction. The oxide temperature shown in Figure 2 was the corium

temperature passed to VANESA code. The time at which the two layers invert

are indicated in the figures. As shown in Figure 2, the heavy oxide layer

temperature increases to a maximum and then starts to decrease smoothly. This

is because the initial temperature of corium is below the solidius point of

the heavy oxidic phase and the heat transfer rate out of the layer is lowered

by the crust around the boundaries of the layer. As the corium reaches a tem-

perature high enough value to melt the crust, the heat transfer rate is

enhanced causing the layer temperature to decrease. The maximum temperature

corresponds to the solidius temperature of the heavy oxide layer. The maximum

temperatures reached for these cases are directly proportional to the initial

amount of ZrOa in the corium. The difference between the two extremes is less
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than 100 K. It is important to point out here that, in the C0RC0N/Mod2 code,

the soiidius and liquidius temperatures of the oxidic layer also depend on the

amount of the iron oxide and the concrete slag present in the layer. There-

fore, changing the initial composition or temperature of the corium pool can

change the observed trend described above.

As shown in Figure 2, for the cases that contain only metallic Zr, the

Zr oxidation results in an increase in the predicted oxide layer temperature.

The temperature reached a peak vjrtue as the metallic Zr was depleted. From

Figure 2 it can be seen that the predicted oxidic temperature was higher for

the case which contained little or no Zr metal.

Figure 3 shows the accumulated gas generation for these three cases.

The total moles of gases (C02, CO, H20, H2) generated from MCCI was propor-

tional to the amount of Zr metal in the corium. As shown in Figure 3, the

accumulated gas generation increased steeply after the depletion of Zr metal.

The corresponding Zr depletion time for each case is indicated in the figures.

Note that the gas generation rate starts to increase before the depletion of

Zr metal due to the oxidation of Zr providing a positive feedback on the cori-

um temperature.

The VANESA code accepts the CORCON calculated a cumulated gas generation

as input. Then, based on the specified time interval, the time dependent gas

generation rates are calculated by VANESA. Figure 4 shows the gas generation

rates for each case. The time interval used in these calculations is 1200

seconds. Figure 5 shows the total aerosol generation rate and Figure 6 shows

the release rate of BaO, as an example for the release rates of nor-volatile

fission products. These figures indicate that the ex-vessel aerosol genera-

tion rate closely follows the gas generation rate trends predicted by

C0RC0N/Mod2.
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As shown in Figure 7, the total amount of aerosol generated from MCCI

increases with the amount of Zr metal in the corium pool. The difference 1n

the total amount of aerosol generated between the two extreme cases is about a

factor of 8. However, this is not generally true for each individual fission

product group considered in VANESA. Among the 12 fission products groups con-

sidered, 100% of Csl, Cs20 and Nb205 are released during MCCI and are general-

ly independent of the initial amount of Zr in the corium pool. The release of

Te and La203 from MCCI are relatively independent of the initial amount of Zr

metal in the corium. The releases of SrO, BaO, and Ce20 increase with the

initial amount of Zr metal in the corium pool. For these groups, the releases

drastically decrease for the cases containing no Zr metal in the corium pool.

Compared with the release of other fission product groups, the releases of Mo,

Ru and ZrO2 from MCCI are insignificant. Some of the trends described above

are shown in Figure 7. The curve denoted by F.P. is the sum of the release of

all the fission products groups. The total amount of fission products release

from MCCI also increases with the amount of Zr metal in the corium.

IMPACT OF COKING REACTION ON THE EX-VESSEL SOURCE TERM

Table 3 lists the comparison of the major output variables for CORCON

and VANESA codes in the presence and absence of coking reaction. In these

calculations it is assumed that 55% of Zr inventory will be unoxidized at the

beginning of MCCI. From Table 3 it can be seen that even though the total

amount of concrete eroded is higher for the case without the modeling of the

coking reaction, the total amount of gases generated is lower. The total

amount of combustible gases generated is reduced by 15% for this case. The

total amount of aerosols generated and fission products released from MCCI are

approximately the same for these two cases. In general, the ex-vessel release
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for the case without the coking reaction is slightly higher than that of the

case with the coking reaction. This 1s because: 1) the corium stays at high-

er temperatures for a longer time in the former case (as shown 1n Figures 3

and 8) the gas generation rate is highar during the time that, corium tempera-

ture is relatively high for the former case (Figures 8 and 9). As shown in

Figure 9, the gas generation rate for the case without the coking reaction

also starts to increase beyond a certain time following initiation of MCCI.

This results from the Zr oxidation (as shown in Figure 9) and its positive

feedback on the gas generation rate. Figure 10 shows a comparison of BaO

release rate for the cases with and without the coking reaction. Although the

Integral releases are about the same for these two cases, the timing of

releases are different. Figure 11 shows the time dependent Zr fractional

inventory in the corium pool predicted by the C0RC0N/Mod2 and VANESA codes for

both cases with and without the coking reaction. From Figure 11 it can be

seen that there is some inconsistency between CORCON and VANESA calculations

in predicting the oxidation rate of the Zr metal. C0RC0N/Mod2 predicts that

the Zr depletion time is about 100 minutes earlier than that calculated by

VANESA. The impact of this inconsistency on the ex-vessel source term release

was not addressed in the present paper. Efforts to integrate the C0RC0N/Mod2

and VANESA codes are in progress at other institutions. This integration

should resolve this inconsistency and determine its impact on the code predic-

tion.

CONCLUSION

(1) The total amount of aerosol generated during MCCI was found to

increase with the initial amount of Zr metal in the corium pool. Among the

fission products groups considered in the VANESA code, 100% of Csl, Cs20 and
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Nb20s was predicted to be released from corium during the MCCI, while the

releases of Mo, Ru and ZrO2 were found to be insignificant. The release of

BaO, SrO and Ce20 increased with the initial amount of Zr metal in the corium,

while the releases of Te and La203 were relatively independent of the zirconi-

um reaction.

(2) The coking reaction was not found to be important in predicting the

total amount of aerosol released from the corium pool during the MCCI. How-

ever, the timing of the fission product release can be influenced by the cok-

ing process. For the sequence studied, in the absence of the coking reaction,

the generation of combustible gases during MCCI was reduced by 15%.

(3) In the STCP, the C0RC0N/Mod2 and VANESA codes are not fully inte-

grated. Input data is transferred from C0RC0N/Mod2 to VANESA, and there is no

feedback from VANESA back to C0RC0N/Mod2. There is also an inconsistency in

the chemical reaction calculations in these codes which results in differences

in the Zr depletion rates calculated by C0RC0N/Mod2 and VANESA. The impact of

this inconsistency on the ex-vessel source term was not addressed in this

paper.
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TABLE 1. Initial Condition of CORCON

Initiation Time 128 min

Concrete Type Limestone

Concrete Decomposition Temperature 1752 °K

Emissivity of Concrete 0.5

Emissivity of Metal 0.5

Emissivity of Oxide 0.5

Initial Corium Temperature 1876 °K

Corium Composition (kg)U02
ZrO2
FegO,,

Fe
Cr
Ni

Zr

1.594

4.023

1.239

5.360

1.042

5.786

3.598

X

X

X

X

X

X

X

105

10-

103

10-

10-

103

10-
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TABLE 2. Initial Inventory of VANESA Calculation

Structural
Species

Fe

Cr

Cr203

Ni

Sn

Ag

Mn

U02

ZrO2/Zr

FeO "|

CaO 1
A12O3 \

Na20 I
K20 1

Material
Inventory (kg)

5.36 x 10*

1.04 x 10*

0.0

5.79 x 103

9.82 x 102

0.0

2.04 x 102

1.59 x 105

Varied

Component of

. Concrete

Fission
Species

Mo

Ru(Rh,Pd,Tc)

Sb

Te

Cs20

BaO

SrO

La2O3(Pr,Nd,Sm

Ce20(Pu02)

Nb205

Csl

Products
Inventory (kg)

236.996

344.276

0.0

11.563

11.076

115.906

74.102

,Y) 964.077

818.259

6.151

1.468

SiO,
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TABLE 3. Impact of Coking Reaction

With Coking

Total Concrete Eroded (Tons)

Tota l Chemical Heat (MJ)

Gas Generat ion (Moles)

H2

H20

C02

CO

Tota l

F i ss i on Product Release (kg)

BaO

SrO

Ce20

Te

La203

Total Release

82.7

2.35 x

2.67 x

4.18 x

9.59 x

6.60 x

9.41 x

47.14

41.92

21.04

4.69

9.28

2457.4

105

105

10 3

10 3

105

105

Without

92.0

2.54

2.16

2.12
4.61

5.71
8.55

X

X

X

X

X

X

Coking

105

105

10*
10*

105

105

49.91
45.11
26.90
4.71
11.88
2559.9
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Radionuclide Releases
and Aerosol Generation

VANESA

\

Fission Product Inventory

Corium Temperature
Concrete Ablation Rate
Gas Generation Rate

Tape 33

C0RC0N/M0D2

Initial Corium Temperature
Corium Composition

Figure 1. Coupling Between CORCON and VANESA
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FIGURE 9. Accumulated Gases Generation With and Without Coking Reaction
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FIGURE 10. BaO Release Rates With and Without Coking Reaction
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