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ABSTRACT

A series of parametric calculations of the thermal attack of molten corium
on a steel shell has been performed with the TAC2D computer code in order
to elucidate uncertainties about the survivability of the BWR Mark I
containment boundary in the event of a core-melt accident. Since TAC2D is
a two-dimensional heat conduction code, it is not possible to capture some
of the complexities of the corium spreading process or the debris-concrete
interactions which would occur in this accident scenario. However, the
two-dimensional transient nature of the thermal attack is modeled better
with TAC2D than is possible with existing debris-concrete interaction
codes., This study was there’ore undertaken as a supplement to earlier work
with debris-concruvte inte-action codes (like CORCON-MOD2), with the
intention of assisting wembe~s of expert panels assessing uncertalnty in
severe accident phenomena for the US Nuclear Regulatory Commission’'s
NUREG-1150 project. A total of 23 calculations are reported, consisting of
two base cases (one with overlying water and one without) and numerous
sensitivity variations about each case. The study is not intended as an
uncertainty assessment per se, since the choice of parameters for the
sensitivity variations is not intended to represent estimates of their
ranges of uncertainty. Rather, it is intended that the results can be
combined with assessments of the parameter ranges to assist in the
estimation of overall uncertainty about the drywell shell melt-through
issue., Sensitivities investigated include mixed versus layered corium,
heat transfer parameters upward and downward, initial corium temperature,
chemical heating rate, heat transfer conditions in the gap outside the
shell, and corium depth. Most of the cases (21) resulted in ablation and
melt-through of the shell in times that ranged from 8.3 minutes to 75.8
minutes. The two cases that did not melt both involved the mixed debris
assumption and enhanced boiling heat transfer to an overlying water pool.
A brief discussion i{s given of the limitations of the modeling and the
various contributors to uncertainty, including those addressed by the study
and those not addressed,
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1.0 INTRODUCTION

In the event of a core melt-cdown and subsequent release of molten corium
onto the drywell floor of a Boiling Water Reactor with a Mark I containmen.
design, the issues of corium spreading to the steel drywell shell and ther-
mal attack on the shell become extremely important. Numerous studies of
the question have been undertaken, beginning with the analysis presented in
Reference 1. In the draft version of the U.S. Nuclear Regulatory Commis-
sion’'s (USNRC) Risk Reference Document, NUREG-1150 (2], the drywell shell
melt-through issue was identified as being one of the most important
contributors to the uncertainty in risk for the Peach Bottem plant. For
the final version of NUREG-1150, the issue is expected also to play an
important role. Consequently, for the purpose of susisting the expert
panels who will assess the uncertainty in this {ssue for NUREG-1150, a
study was initiated specifically to address an important aspect of the
problem--namely the transient conduction aspects of the steel ehell attack.

Numerous phenomenological uncertaintiss affect the drywell shell melt-
through issue. These include the awount, composition, and temperature of
the debris penetrating the vessel and also the rate and extent of debris
spreading (which may be influenced by the presence of water on the drywell
floor). These corium syread uncertainties will not be addressed explicitly
in this report. Instead, we focus on processes which occur once the debris
makes contact with the shell.

The shell thermal attack issue detailed analysis of two- or three-
dimensional transient debris-concrete interaction phenomena coupled with
two- or thres-dimensional transient heat transfer and conduction phenomena.
No existing calculational tool can handle both aspects of the problem
satisfactorily, though 2D codes exist which treat the uncoupled cases. In
particular, tlie CORCON code (3] models the concrete ablation problem,
including a broad range of chemical and physical models, but the heat
conduction treatment is simplistic and generally unsuitable for the shell
attack question. On the other hand, numerocus 2D codes for transient heat
conduction exist, but these are unsuited for the ablation and chemistry
phenomena. This report presents the results of numerous calculations with
& code of the latter variety, a heat conduction code called TAC2D. Since
the study is restricted to the thermal attack questlon, with the fssue of
corium spreading relegated to other studies, the corifum pool s assumed %o
be initially in contact with the shell, and an initial temperature of the
pool is arbitrarily specified.

It should be emphasized at the outset that it was not the purpose of this
study to bridge the gap between what is needed in analysis tools and what
is available. Rather, the study was intended to provide the maximum amount
of information (subject to the time limitations for the study) which could
be generated with a standard heat conduction code as applied to the thermal
attack question. The information {s not, in fact, being presented as
"best-estimate” analysis, since the debris-concrete interaction part of the
problem would be much better treated with CORCON, It was hoped, howvever,
that the sensitivities revealed in this pure conduction/heat transfer
approach to the problem would be useful for assessing overall uncertain-
ties, What the method lacks in mechanistic detail i{s to some extent ‘sade
up for by the clarity of the approach and visibility of the assumptions.

This study was directly supported by the NUREG-1150 projects at Sandia, and
this report {s oriented towards the needs of the expert panel reviewing the
issues as they appear in the NUREG-1150 Containment Event Tree for Peach



Bottom. The information in this report was delivered to the expert panel
nembers in a letter report [2a) prior to their final elicitation. It
should be understood that the schedule requirements of the panel precluded
the implementation of more sophisticated models than those used here.
Since the letter report was transmitted, a number of ideas about extensions
or improvements of the calculational matrix have arisen, and it i{s antici-
pated that a future publication [2b] will explore these possibilities. The
geal of the present report, however, is to formally document the material
actually presented to the NUREG-1150 panel so that their uncertainty
assessments can be viewed in the context of what was available to them at
that time.

The remainder of this report is organized as fo'lows: in Section 2, the
basic TAC2D code is described, along with the nodalization used for the
drywell geometry and a number of constitutive models which have been
developed for this application; Section 3 provides results of a sensitivity
study, where parameters have been varied over somewhat arbitrary ranges in
order to determine the key sensitivities; Section 4 discusses these results
in terms of what ranges those parameters might lie in, and what * ctors
should be considered in assessing uncertainties; finally, Section 5
summarizes the results and indicates directions for future analyses.

2.0 MODEL DESCRIPTION

2.1 The TACZD Code

The fundamental calculational tool utilized in this study was the TAC2D
thermal analysis code [4), TAC2D (s a two-dimensional finite-difference
conduction code developed by Culf General Atnmic. It is a generalized heat
transfer code designed to model many of the transient thermal phenomena
encountered in the nuclear industry. The two-dimensional c¢ylindrical
geometry package utilized here is only one of several geometric packages
available. The dimensional nodalization capabilities are easily enhanced,
but a matrix of 40 axial by 30 radial nodes proved to be sufficient for the
Mark I shell geometry. Although the basic code package lacks models for
many of the fundamental heat transfer phenomena encountered in this study,
the versatility and relative computational speed of TAC2D provided the
framework to {mplement numerous heat transfer models and to raise the
code’s sophistication to a level sufficient to perform these transient
thermal calculations. Sections 2.2 and 2.3 describe the geometric and
phenomenclogical models utilized in this study.

2.2 Geometric Models

A schematic draving of the Mark 1 containment structure extracted from the
draft version of NUREG-1150 [2] is shown in Figure 1. The region of
greatest {mportance to the early shell melt-through issue is enclosed in
the small rectangle. The rectangle has been reoriented so that the trans-
lated axes of the rectangle roughly coincide with the geometric boundaries
available in the R-Z geometric package of TAC2D. An enlargement of the
rectangulsr region {s shown {n Figure 2, which provides much more detailed
information about the region of {nterest. Neither Figure 2 nor any of the
other figures that follow it are drawn to scale. They are only intended to
provide insight into the nodalization schemes utilized.
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Since the issue at hand is diywell shell survival, the most critical region
of the problem is the carbon steel shell immediately adjacent to the
debris. However, the geometric extent of the model goes well beyond this
small critical region to include large volumes cf concrete and sand which
act as heat sinks. Massive volumes of heat sinks were included to
adequately treat the thermal problem and to reduce dependency on ambiguous
and 11l-defined boundary conditions. Both the upper and lower horizontal
boundaries as well as the outer radial boundary {at 7.45 m) are treated as
constant temperature surfaces. Temperatures in the materials immediately
adjacent to these surfaces remained at their initial values throughout each
of the calculations, and the heat fluxes across the constant temperature
boundaries were always negligible. Therefore, we can conclude that the
volumes of heat sinks included in the geometric models were sufficient to
completely isolate the critical reglon from the boundary conditions.

Contrary to the boundaries described above, the inside radial boundary (at
4.0 m) may be more closely coupled to the liner's thermal response. The
{inside radial boundary may play a more critical role in the calculation
because the effective thermal conductivity of molten core debris can be
much higher than the conductivity of either sand or concrete. The boundary
is treated adiabatically to prevent unrealistic thermal losses across the
surface and to provide a condition that allows us to assess the effect of
the boundary on the results. In every calculation performed, the radial
temperature gradient through the debris was very small near the inside
radial boundary, indicating that a sufficient volume of debris was included
to isolate the shell from that boundary.

The carbon steel shell is the cingle most important corstituent of the
geometry, and a more detailed description of its physical characteristics
{s warranted, Bechtel as-built drawings indicate that the shell is 2 cm
(1.25 in) thick near the concrete basemat, and as Figure 1 indicactes, the
shell is spherical In this reglon. The carbon steel shell emerges from the
floor of the containment building between the concrete and a sand pocket at
roughly a 45 angle. The angle plays important roles in two aspects of the
tiansient heat transfer problem, First, the slope of the shell will cause
the length of the shell in contact with core debris to be roughly 40 per-
cent greater than the average depth of debris on the drywell floor.
Second, the angle of the shell affects the boiling heat transfer from the
shell; this effect will be discussed later.

As Figure 2 {r cates, heat transfer between :he shell and the concrete
floor and betwe * 4 shell and the sand pocket has been limited through
the use of heat transfer resistance gaps. Although heat losses to these
two heat sinks were not expected to be significant, the gaps were included
for completeness to model contact heat transfer resistances. The two
regions are 0.5 mm gas-filled gaps that allow one-dimensional radiatior and
conduction heat transfer. Figure 2 also shows a core/concrete interaction
heat transfer resistance gap between the debris and the concrete floor.
The gap was inciuded to provide a medium in which the downward heat flux
from the debris to the basemat could be controlled to coincide with values
typical of CORCON calculations.

‘The question marks (?) utilized in Figure 2 in the gap between the shell
and the concrete shield vall wvere included to draw the reader’'s attention
to the uncertainty surrounding the issue of the contents of the gap: is {t
an air gap, or is it filled with ethafoam insulation? The {ssue is dis-
cussed in Section 4.7.7 and will not be described in greater detail herc.
Howevar, in the event that the gap contains only alr, other questions
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arise, such as whether or not high temperatures and high pressures have
forced the shell to expand and come into contact with the concrete shield
wall, Chicago Bridge and Iron (CB&I) performed a finite element structural
analysis on the Mark I containment under the conditions described above
[5]. The results indicate that at elevations well above the floor, the
shell expands and comes into contact with the shield wall. However, the
CB&I analysis also showed that the sand layer prevents the shell in close
proximity to the basemat from expanding. Since the critical region of
interest in the shell melt-through issue is directly above the sand pocket,
the two-inch (5.1 em) gap is maintained throughout these calculations.

The TAC2D geometric input utilizes a standard cylindrical finite-difference
nodalization scheme. Figures 3 and 4 are detailed drawings of the two
standard geometric models utilized. The drawings provide all of the impor-
tant dimensions and finite-element structures. The two models were
developed to treat different debris configurations. The model in Figure 3
was utilized for calculations thac included well-mixed debris, whereas the
model in Figure 4 was devcloped for calculations that included stratified
layers of metallic and oxidic debris. In both cases, very fine radial
nodes are utilized through the shell to provide detailed information about
thermal gradients and temperature extremes. The inner and outer radial
nodes in the shell are only 1 mm thick. These thin nodes are included to
provide effective surface temperatures that are utilized in several of the
mere complex heat transfer models,

2.3 Specialized Thermal Models
2.3.1 Bulk Thermal Properties

Material mixtures of interest in the Peach Bottom Mark I drywell shell
calculations include sand, limestone-corcrete, carbon steel, and core
guoris. The overlying drywell environment ruferenced in Figure 2 contains
either a saturated water pool or a gas atmosphere containing aerosols
liberated by the core concrete interactions, In either case, the drywell
environment is assumed to contain a constant temperature material. For the
water case, the pool temperature was taken to be 373 K. For the aerosul
case, CONTAIN (6] calculations performed at Oak Ridge National Laboracory
indicate that gas temperatures within the containment building are about
1100 K at the time the debris comes into contact with the liner.

Thermophysical properties for the sand, concrete, and carbon steel were
obtained from Reference 7 and were trcated with temperature dependence to
the extent that data were available. Thermophysical debris properties were
definsd as the volume-weighted average of the individual constituent ther-
mophysical properties. Individual constituent properties were once again
obtained from Reference 7, Appendix B gives quantitative details of the
individual component properties. The core debris is broken down by its
constituents in Table 1 (8], One of the most important parameters studied
in the sensitivity analysis was the effect of convection and boiling on the
effective debris thermal conductivity. Convective flow of the liquid
debris and gas sparging through the debris can alter the effective thermal
conductivity d-amatically. Sensitivity calculations were performed by
applying a multiplier to the solid conductivity that ranged from a value of
2.0 (a 100 percent enhancement) to 10.0 (a 1000 percent enhancement). The
fapart of this alteration is described in Section 4.2.3. We should note
th.t the multipliers described here are maintained throughout each calcula-
tion regardless of debris temperature. A number of ¢ifficulties assoclated
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Table 1

Debris Composition Corresponding to 100 Percent
of the Peach Bottom Core Inventory [8)

Density Volume Mass
Component Mass 10%ke/0’ Exaction Exaction

Vo, 159,413 10.96 0.416 0.541
2r0, 41,624 5.60 0.213 0.141
FeO 1,564 5.18 0.009 0.005
Fe 45,986 7.86 0.167 0.156
2r 34,677 6.50 0.153 0.118
Cr 7,397 7.19 0.029 0.025
N{ 2,110 8.90 0.013 Q.01¢

294,771 1.000 1,000

Volume Fraction of Metallic Components = 0. 363
Mass Fraction of Metallic Components = 0 313

with this approach to the combired fluid motion/ heat conduction problem
are discussed in Section &

2.3.2 Shell/Concrete Shield Wall Gap

As mentioned earlier, the material in the gap between the shell and the
concrete shield wall might be air, ethafoam insulation, or some spatially
dependent combination of the two. Although the gap's contents are uncer-
tain, it {s convenient and fairly accurate to assign the region a very low
specific heat which was utilized for all calcutccton. regardless of the
material that was assumed to reside in the gap. The heat transfer, on the
other hand, varies dramatically depending on the gap material. For the
foam insulation case, a thermal conductivity of 0. 024 W/m-¥ was assumed
vhich {s typical of polyurethane foams; it does not vary with temperature
in our model. For the air case, combined convection and radiative heat
transfer is defired by:

I = h

gap convection ' "

rediation. (1)

Convective heat traunsfer coefficients are assumed to vary linearly with the
internal gap temperature from 1.0 to 10.0 W/m?:K over a range of 300 to
1500 K as follows:

9.



hconvocrion « 7.5¢-7 *# T - 1,25e-4. (2)

This treatment was intended to capture the expected slow increase in heat
transfer coefficient with increasing temperature, but in fact the tempera-
ture dependence was not an important issue since preliminary caiculations
indicate that air gap conductance i{s dominated by radiative heat transfer
which is given by [9):

4 4
< o(Tb-Tc)/(Tb-TC)
radiation = i i (3)
—‘—.'0-.—;~1.0

wvhere
Tb = shell back side surface temperature (K),
T = concrete surface temperature (K),
¢ = Stephan-Boltzmann Constant = 5. 67e¢-8 W/m?-.K*,
¢_ = carbon steel emissivity, and

¢ = concrete emissivity.
The effective gap thermal conductivity can then be determined by:

K = h Ar, %
gap - "gap °F )

where Ar is the gap thickness.

The two surface temperatures are continuously evaluated within the code,
and the steel emissivity {s assumed constant at 0.64. The concrete emis-
sivity, however, {s not well known and may vary strongly with temperature
(see Section 4). In addition, the emissivity cf the concrete shield wall
may also be sensitive to the method that was utilized to remove the
ethafoam insulation 13 years ago. Therefore, given the large range of
possible values, the concrete emissivity will be one of the parameters
varied in the sensitivity analysis.

2.3.3 Boiling Heat Transfer Models

In the event that the drywell {s flooded, boiling heat transfer will play
an important role in the transient analysis. Figure 5 shows a standard
heat flux controlled boiling curve. Both surfaces of interest in the Mark
I shell calculations (the horizontal debris surface and the inclined shell
surface) are assumed to be heat flux controlled. Boiling models are in-

cluded for the stable filu and nucleate boiling regions identified in
Figure 5.

«10.
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2.3.3.1 The Debris/Water Interface

The extremely high temperatures coupled with internal heat generation in
the debris forces« heat transfer between the delris and the water into the
film boiling regime. Once film boiling is achieved, this analysis does not
allow transition back to stable nucleate boiling. The horizontal film
boiling model is based on a correlation from Berenson [10):

3 h' 1/4
k. 8 (py * 2,) »
hoeo0428 | dmmrbbd ¥ ¥ (5
My Ty« Toae) %¢
wvhere
4 € (% 7T...)
- u

and A is the characteristic length which, {r this nase, is the bubble
diamete’ given by:

A, - °ts : (7

3 (p, ' )

The individual parameters in equations 5, 6, and 7 are defined below:
h = heat transfer coefficient (W/m?.K),
kv = vapor thermal conductivity (W/m-K),
g = acceleration due to gravity (m/s?),
= latent heat of vaporization for water (J/Kg),
= specific heat of the vapor (J/Kg),
T, = debris surface temperature (K),
T = saturation temperature ‘assumed 0.1 MPa) (K),
py = liquid density (Kg/m?),
g, = vapor density (Kg/m?),
W, = vapor viscosity (poise), and

of‘ « liquid surface tension (N/m).

.l:’



Equation 5 describes the heat transfer coefficient for pool boiling from a
solid surface. However, this basic model fails to capture some of he
complex effects resulting from the molten core/concrete interactions. T
example, molten core/concrete interactions generate large quantities of
gases that subsequently sparge up through the debris and into the overlying
water pool. Vigorous gas sparging may tend to break up the stable film
boiling and enhance tiie overall heat transfer coefficient, GCreene iden-
tified and quantified the effect of gas sparging on the heat transfer
coefficient in liquid-liquid film boiling. He obseirved heat fluxes as much
as six times larger than those predicted by Berenson’'s model for very
vigorous gas sparging. However, Green's experiments to date have {nvolved
liquid-liquid interfaces, and most of the calculations performed here
involve solid-liquid interfaces. Therefore, the direct application of
Green's enhancement is not clear, and we therefore will use a multiplier on
th2 boiling heat trarsfer coefficient as a sensitivity parameter.

2.3.3.2 The Shell/Water Interface
Immediately before debris comes into contact with the shell, the shell is
assumed to be at 373 K, Therefore, at the beginning of the transient

¢ :'eulations, the boiling model calculates heat transfer coefficients from
Rohsenow's nucleate boiling correlation [12]

3.0303

. ¢ (T T ) h
- —4.le8ed | pf v __sat. . (8)
(Tw Tsat hf‘ Pr£1'7 Acl/z

where
cpf = specific heat of the liquid (J/¥Kg),

be = fluid viscosity (poise), and
Prf = fluid Prandt]l number (dimensionless).

The parameters in Equation 8 that are not defined above were defined in
Section 2.3.3.1.

The total heat flux (in W/m?) from the shell to the water is given by:

qeh (T, T, 0 (%)

A correlation for the maximum nucleate boiling heat flux developed by Zuber
[13) is utilized to deteimine the critical heat flux,

14
L (5‘7- Py |
Qrge = 0133 hegey, 42 K - (10)
v

After the local nucleate boiling heat flux at any location along the steel
shell exceeds the critical heat flux, the heat transfer coefficient i{s then
calculated from the shell film boiling models. The boiling model does no:

.13



allow transition back to nucleate boiling after the critical heat flux has
been reached.

Film boiling along the shell (which actually has a 45° slc.e as described
earlier) is described by the cvou{o of Berenson's horizontal film boiling
model given in Equation 5 and Bromley's vertical film boiling model (14):

3 1/4
kn htl (o‘ “ 8 b
T, - Tut) L

h - 0.’“3 ' (11)

by

wvhere L is a characteristic length which is assigned a somewhat arbitrary
value of 0.5m». Local heat transfer coefficients are calculated at each
interfuce node, and the heat flux is evaluated based on the local coeffi-
clent. Therefore, the boiling regime is independently selected in every
node along the liner/water interface. This approach allows the code to
apply discrete, localized heat transfer coefficients rather than broad-
based average coefficients that might mask important phenomena .

2.3.4 Radiation Models for the Drywell Environment

In the event that tre drywell is not flooded, the aerosols generated by the
debris concrete interaction quickly fill the drywell. These aerosols
provide a relatively opaque atmosphere to which the debris surface radi-
ates. Section 2.3.1 described the basis for treati g the environment as a
constant temperature materlal. The sawe radiation heat transfer model is
utilized here that was utilized for heat transfer across the ahell/shield
wall gap. The radiative heat transfer coefficlents are applied in thin
(1 mm) gaps between the debris and the aerosols as well as between the
shell and the aerosols. These thin gaps were identified in Figure 2 as the
"dummy materials for speclal purpose heat transfer coefficients.” The
debris and steel emissivities were assumed constant at 0.80 and 0.64,

respectively, and the aerosol emissivity was calculated to be roughly 0,7
(see Appendix A).

2.3.5 §i.el Abhlation T.eatment

The last major code modification implemented tor the Mark I caleulations
vas the steel ablation model. Without an effective ablation model, com-
ponents of the linsr that have melted would be left in place and effec-
tively insulate the remaining solid portions ~f the liner. The ablation
model applied here simply replaces molten steel with core debris. After a
steel node is melted (which occurs at 1763 K), core debris is adiabatically
moved into the node, and the molten steel {s removed. By replacing molten
steel with debris, materiais with enhanced conductivities and volumetric
heat generation are moved into contact with any snell structure that has
not melted.

3.0 RESULTS OF NSITIVITY STUDY

The approach used in this study was to define two "base case " and then
revform one-at-a-time sensitivity variations on nine kev parameters. The
twvo base cases differed only in that sne corresponded to & dry atmosphera
laden with aerosols, and the other corrcsponded to a vater pool overlying
the corium. The cholces of the prrameters for the base cases ware not
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intendeu to represert best cstimates, but they are expected to be repre-
sentative values. Some atteupr war made to |} the base cases from being
overly pessimistic (conservative) o1 ojptimist.. .un-conservative), but the
reader should be reasinded that the principal goal was to observe how output
quantit’ “s change with nominal changes in parameters, and not to take a
position about what the range of the parameters might ne. Thus, one should
not directly i{nfer the total range of uncertainty in output results from
the sensitivity study. It was lioped, however that these results would be
useful tu the expert panel members whose task .t is to assess the uncer-
tainties.

3.1 Specificasions of Sensitivity Pavemerers

A brief >xplanatien of each of the parameters varied is provided below to
help the reader evaluate the results. More extensive discussion of the
uncertainties in the parameters will be found in Section &.

DRYWELL ENVIRONMENT = The type of material present in the drywell with
which the debris and the shell intcract thermally. Both a flooded (H,0)
evvironment and a core/concrete aerosol ‘DRY) environment have béen
postulated.

CONDUCTIMITY ENYANCEMENT = A multiplier applied to the mass-averaged solid
thermal conductivity of the mixed debris or the metallic debris layer.
The conductivity of the oxidic debris in the stratified layer configura-
tion is always treated with unenhanced thermal conductivity values. The
mult!plier is intended to reprezent enhanced heat transport due to fluid
motion.

DEBRIS CUNFIGURATION = The type of configuration t.e debris has settled
into, It is un.ertain vhether the core debris can exist on the concrete
floor in well-mixed (MIX) or lavered (LAY) configurations. For layered
configurations, the metallic cow,unents reside beneath the oxidic com-
ponents .

CHEMICAL HEAT GENERATION = A multiplier applied to the volumetric hrat
generation term of the metallic component of the mixed debris and the
metallic laver of the stratified det-is. The multiplier represents the
total chemical heat generation from oxidation reactions within the
metallic debris components relative to the total decay heat generation.
Decay heat generation is assumed to be 90 W/Kg of UD; which corresponds
to the rather late melt release study in [6). All of the decay heat
generation occurs in the oxidic debris, while all of the heat generation
resulting from oxication reactions occurs in the metallic debris.

SURFACE CONTACT DEPTH ~ Debris depth in contact with the s.eel shell. A
depth of C.19 m roughly corresponds to 50 percent of the total core
inventory if the debris is assumed to be 40 percent porous and unifor .y
spread over the drywell floor. A depth of 0.38 m corresponds to .00
percent of the rore inventory. (Recall from Section 2.2 that the angled
Mark I wall has been replaced in these calculations by a vertical wall.)

GAP CONDUCTION MOIEL = The gap conduction parameter dictates the conduc-
tivity model used in the shell/shield wall gap based on *he type of
material that is assumed to fill the gap. Section 2.2 indicated that
the gap was either fille! with Ethafoam insulation which results in the
use of a conduction = (COND) or air which results in the use of a
radiation model (RAD).
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CONCRETE EMISSIVITY = The emissivity of the surface of the concrete shield
wall, €, as used in Equation 3.

BOILING ENHANCEMENT = A multiplier on the flat plate pool boiling heat
transfer coefficient representing enhanced heat transfer to the overly-
ing water pool due t- gas sparging or liquid-liquid coentact,

INITIAL DEBRIS TEMPERATURE = The temperature of the debris pool at the
start of the problem.

DEBRIS-CONCRETE HEAT TRANSFER COEFFICIENT = The heat transfer coefficient
h_between the bottom node of the debris and the top node of the con-
cfete floor.

3.2 Discussion of Typical Results

In the next section, results from 23 TAC2D calculations will be s.ummarized,
but first, we will provide more detailed information about selected cases.
Table 2 shows the values used for all the sensitivity parameters in the
base cases. We will first consider the dry base case designated Dl
Figures 6, 7, and 8 give key results for this case. Most of the sensitiv.
ity variations gave results which qualitatively resemble the base case.
The shell melted threugh in this case at about 15 minutes from the problem
start. Figure 7 shows the radial temperature profiles at t = 1000 sec,
shortly before shell melt-through. The first material radial node is at
4. 45 m. One interesting point about this figure is that there is a broad
temperature drop in the metal layer (top trace) between 6.25 m and 6 &0 m.
This is a conduction boundary layer caused by the cooling at the shell
surface, 1

Figure 7 shows the axial temperature profile in the shell region just
before melt-through occurs. Most of the shell {s melted through at this
time (exceeds 1763 K). Figure 8 shows the temperature histories at key
locations in the system. The bulk metal layer temperature (top curve)
steadily increases in time, while the front shell surface (triangles)
follows the metal temperature with an offset corresponding to the thermal
boundary lay.r seen in Figure 6.

A general picture that emerges from the sensitivity studies is that the
shell does not begin to melt until the bulk metal temperature rises to a
point that {ts temperature exceeds the melting point of the shell plus the
temperature drop across the conduction boundary layer. Thus, if the rise
in the bulk dehris temperature is slow, shell ablation begins at a later
time. This is .een in Figure 9, corresponding to case D4, which is a
sensitivity variation corresponding to a much lower (by a factor of 3.5)
chemical energy production rate in the metal layer. The metal temperature
actually drops initially, but then turns around as the materials in contact
with it heat up. The bulk metal temperature rise is much slower, but {t
continues to increase, and the shell inner temperaturs tracks it with an
offset which is very similar to that observed in D1. ‘The shell is melted
through at 55 7 “inutes (3300 sec) compared to 15 3 minutes in the base

case.
Figure 10 s.« - that the corium heatup rate is relatively insensitive to
conditions .. the back side of the shell. This result corresponds to case

D7, ir wvhich the air gap is replaced by an insulating material. The bulk
metal temperature trace is virtually i{dentical to that seen in Figure 8.
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Table 2

Base Case Parameters

—.Larameter Symbol —Yalue

Conductivity K" 10.0

Enhancement

Debris D.C. LAY
Configuration

Chemical Q 7.0
Heat Ratio

Boiling h 1.0
Enhancement

Co.crete € 0.70
Emissivity

Infvial "
Debris T
Temperature

Gap
Conduction Cap RAD
Model

Surface
Contact L 0.19 m
Depth

Debris-concrete
Heat Transfer h 800 W/miK
Coefficient

1825 K

The inside she!l surface temperature is also very little affected, but the
back surface rises much more rapidly, and ablation occurs more quickly.
The melt-through therefore occurs two minutes earlier (13.2 minutes) than
in the base case.

The wet base case (Wl) results are shown in Figures 11 through 13, which
correspond to Figures 6 through 8 for the dry base case The effect of the
overlying water is very small, principally because of the faci that the
overlying oxide layer in the mixed eonztguration tends to insulate the
metal from tne effect of the water., The temperature histories of the
metallic and oxidic layers shown in Figure 13 are virtually indistin-
guishable from those of the dry base case shown in Figure 8. The main
differences observed have to do with the shell temperatures at and above
the level of the oxide layer (compesre Figures 12 and 7 for heights greater
than about 110 cm). Melt-through occurs at essentially the same time as in
the dry base case.

In case W3, illustrated in Figure 14, we see a qualitatively different
picture. Here, we have invoked the mixed debris option, and multiplied the
boiling heat transfer coefficient by a factor of 6. The combination of
these changes has the effect of cooling the corium (top curve) rather than
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heating it as in the previous cases. The corium temperature soon drops
below the steel melting point, and no shell ablation occurs. The shell
inner surface reaches a peak temperature of 1450 K, and {ts outer surfaces
reaches a peak somewhat later of 1270 K. Though melt-through is not
predicted in this case, these very high temperatures suggest that che steel
shell will not have adequate strength to survive, because of the dramatic
loss of strength of steel at temperatures exceeding 1100 K. This issue is
discussed in more detail in Section &,

3.3 Highlights of Sensitivity Variations

Table 3 presents quantitative highlights of all 23 calculations. These
include the dry base case with 10 variations, and the wet hase case with 1)
variations. In almost all cases, the variation consisted of changing one
and only one parameter or feature listed in Table 2 from the base case
value. In a few cases, more than one parameter or option was changed at
the same time, because of some special interest in the combined variation,

For each case, four temreratures are reported in Table 3. Each is the
temperature of the hottest node in the designated region, and each is taken
at either the time of shell melt-thr~igh or at the time that the back side
shell temperature reaches & caximum, in the cases that melt-through does
not occur. Also given is the time required for melt-through to be complete
for those cases where melt-through occurred. The next two columns are the
axial heat losses in MW for the debris, at representative times, in the
upward (through the top surface of the debris) and the downward (through
the bottom surface) directions. The next column i{s the residual heat,
which is equal to the volumetric heating rate less the two axial loss
terns. Since the radial heat loss to the outer radial boundary is small
compared to any of these three quantities (at most, 1 MW), the residual
power determines the rate at which the debris is heating (positive values)
or cooling (negative values). These three quantities can be useful in
understanding how the parameter variations affect the overall behavior of
the system. The heat fluxes are not output at evecry timestep, The last
column in Table 3 gives the time at which the heat losses wvere evaluated,
which does not precisely coincide with the time of melt:through, but which
is generally close enough that the trends seen are representative of condi-
tions at the time of melt-through,.

The chemical heat generation models used in these calculations are rela-
tively simplistic and are not time-dependent. Volumetric heat generation
from the zirconiun oxidarion reaction is simply treated as the product of
the decay heat generation and the chemical heat generation multiplier (Q+%)
described in Section 3.1. The chemical heat generation term was held
constant until the calculation was terminated. Termination of the calcula-
tions occurred for one of two reasons: 1) complete shell melt-through
occurred, or 2) a clear indication of {ailure to melt was achieved. The
zgirconium oxidation reaction

2r 2H20 - Zro2 + 2H2 (12,

liberates € 82 joules per kilogram of z2irconium reacted, Based on the mass
fractions of the various debri: components p-esent on the drywell floor, ve
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Table 3. SENSITIVITY STUDY RESULTS
Temperatures (K) Debris Heat Flow (MW)
si i jjli
Variations 2 s = = : v
Lo oW daanhhod

01 Dry Base Case 264010 1900  welt melt 153 38 130 192 17
-2 .20 2932 1991 melt  welt 263 38 126 196 17
D3 D.C. = MIX 2062 melt  welt 667 291 3.2 I 'Y
b4 Q' -20 2032 19802 wmelt  welt 550 3.1 (S W'Y
DS ‘o= 0% 2600 1900 melt melt 149 38 130 192 17
D& Tp = 2000 K 2505 2088 st melt 120 47 146 167 17
.7 GAP = COND 2458 1080  welt melt 132 38 131 181 17
b ¥ L=03a 2691 1079 it wmelt 110 39 176 49% 17
-9 ' - 20 2603 it welt 758" 220 19 101 @
D.C. = WIX
010 T = 2000 K 2582 200 melt  melt ) 4% 111 sso0 17
GAP « COND
L=0.Yae

D11 l. - 2000 W/u'® 2580 1900 melt el 15.5 L | 4.8 17 .4 17

v Vet Base Case 2610 1891 it welt 15.4 1.2 13.0 15.8 17
v ' -20 2932 19% it welt 267 6.2 1Y s 0w
v D,C. = NIX 2050 1450 1270 §0 %47 s e 1
' -s0
Ve Q- 2.0 2323 1866 mlt  welt 633 352 e 5 8l
Vs o eom 610 191 mlt welt 150 2.2 130 158 1
Ve T = 2000 £ 2505 2081 it welt 122 880 W6 2.6 17
V7 GAP - COMD 458 1076 melt  welt 133 7.3 131 156 17
Ve L=0.30 W9 e mit  welt 112 7.2 1285  A6Y 17
v Q' - 2.0 2323 1066 it welt 642 52 N a4 6l
« =0
(3
-
vio ' -20
D,C. = MIX 1810 1200 1150 100 251 33 18 17
Q =20
.60

L)
V1l b = 2000 W/m'E 2580 1891 welt welt 15 6 ?.2 4.8 140 17
b

V12 -6.0 2610 1880 it it 15.% L) 130 14 .4 17

'hcooﬁ ominal rirconium burneout time. see text




can calculate the total quantity of energy that can be liberated from this
reaction for a given initial inventory. A more useful quantity is the time
required to completely consume the zirconium metal; for the parameters used
in this study we find

tyarnout 273.0/Q" (minutes) . (13

For example, the chemical heat generation multipliers used in this analysis
(Q* = 2.0 and Q* = 7.0) correspond to zirconium burnout times of 136.5 min
and 39.0 min respectively.

The times required to melt through the shell in two of the calculations
listed in Table 3 (cases D) and D9) exceed the burnout times for their
corresponding chemical heat generation rates. Although the norminal burn-
out time was exceeded in two calculations, we should not necessarily
conclude that nornmelting of the shell is i{mplied: in reality, the heat
generation rate would change as a function of time, which could signifi-
cantly influence the melt progression for the same total chemical inven-
tory. Obviously, treating chemical heat generation as constant for all
time is an oversimplification of the phenomena (especially when the mass
fraction of zirconium in the debris has been significantly depleted).
However, a more accurate treatment of the chemical heat generation term
would require that a much more mechanistic model be implemented in TAC2D,
Implementation of a more mechanistic model was well outside the scope of
these calculations. Thus the cases D) and D9 must be characterized as
marginal and inconclusive.

Out of the 21 remaining cases repcrted, the steel shell was melted throu
in 19 cases. One of the cases in which the shell did not melt was W3,
already discussed in Section 3.2, The other non-melting case was Wl0,
vhich was a case in wvhich all the sensitivity parameters were set at the
one choice out of the two used in other sensitivity variations which was
judged to minimize the shell attack * In contrast to this "all-optimistic”
case, the D10 case was "all-pessimistic” in the sense that of the two
choices for each parameter or option the one judged most likely to
maximize the liner attack was chosen. As seen in the table, the shell
melt-through vas most rapia in this case (8 minutes).

The reader should note the careful wording of the above characterization of
W10 and D10; in particular, we are not characterizing them as "best-case”
or "worst case," since we do not attribute any of the parameter choices to
limits on the ranges of the paramecters. Two values were associated with
each parameter, but these values are not believed to span the uncertainty
range; they were chosen as representative values in order to evaluate the
variation {n output results with a change in input parameters. The cases
W10 and D10 were adjuncts to the main one-at-a-time sensitivity study to
see how greatly the variations "stacked up" when choices were intentionally
wide to empnasize or de-emphasize the shell attack.

Both of the cases that did not melt through resulted in very high peak
liner temperatures. W3 gave 1450 K and 1270 K for the shell front and back

* All except hc' vhich wvas a sensitivity variable added late in the study.
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side temperatures, respectively, while W10 gave 1280 K and 1150 K. In
u.-olntng the significance of these results, one should consider the
dramatic loss of strength of steels at high temperatures. rt:uro 15, taken
from Reference 17 shows how carbon steels have lost about 90 percent of
their tensile strength at temperatures which exceed the transition
temperature for conversion from the ferrite/pearlite form to the austenite
form of the steel. Peak temperatures of 1200 K will likely cause shell
failure in all of the cases studied. Given this failure criteria, failure
times would range from 100 to 200 seconds,

The heat loss information shows how the parameter changes affect the
various flows of heat from the debris. A particularly clear trend is that
in all the layered cases, the dominant heat loss i{s from the debris is
downward, while for the mixed cases, the heat loss is primarily upward,
These trends are a result of the insulating nature of the oxide luyer, and
the high chemical heat generation assumed in the metal layer. It is also
relevant to note that the flow of heat from the debris to the liner is
alvays a very small contributor to the total heat loss from the debris.
The bulk debris temperature is thus essentially determined by the balance
between heat generation and upward and downward losses. This bulk tempera-
ture then determines whether the shell will be ablated. Conditions i{n the
gap region are primarily influentiel in determining the size of the
conduction boundary layer (see Figures 7 and 12) and the rate the shell
ablates once melting begins. No cases were found in which melting com-
menced, but was arrested before melt-through occurred.

It i{s probably iaevitable in a straight sensitivity study such as this that
some parameter combinations are inconsistent with “he predicted resultq,
An example is W2, in which the assumed low thermal conductivity of the
metal layer results in the extremely high peak temperature of 2932 K, which
is near the boiling point of fron, and which {s well above temperatures
which CORCON usually predicts. Obviously the low thermal conductivity
assumption i{s inconsistent with this high temperature, but the case is
included in the study for completeness. Similarly, the assumption of the
mixed configuration and the high enhancement of boiling heat transfer used
in case W-10 is somewhat inconsistent with the low chenical heating rate
implied by the choice Q* = 2.0, since the former two assumptions are
presumably predicted on a vigorous sparging due to an intense ablation
process.

4.0 DISCUSSION OF UNCERTAINTIES
.1 Pupose of Discussion

The ranges of parameters used in the sensitivity study described in Section
3 were somewhat arbitrary, since the intent was strictly to understand the
variation of key output quantities ar input parameters were varied. The
reader is cautioned that there is little relationship between the ranges
which appear in Tables 2 and ) and the current state of phenomenoclogical
uncertainty for each parameter. In this section, we will present a limitad
discussion of the uncertainty ranges, Our intent {s principally to iden-
tify the numerous sub-issues which come into play in the uncertainty as-
sessment, and only secondarily to express opinions about the numerical
ranges.
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The issue of parameter uncertainty ranges is made extremely difficult by
the "surrogate parameter” problem. A complete assessment of uncertainties
in a calculation must take account of the phenomena that are misrepresented
or unrepresanted in the model. One way to do this (s to treat a phenomenon
vhich is included in the model as a surrogate for another phenomenon which
is not. This approach, while it {s often unsatisfying and/or impossible,
has the advantage of a more complete quantitative assessment of uncertainty
than methods that neglect model deficiencies.

For example, debris crust formation i{s not allowed in the shell contact
region in this model. Howvever, the effect of crust formation has been
evaluated by performing parametric variations of the dedbris conductivity.
Since the thermophysical effect of crusting limits the effective thermal
conductivity, the surrogate approach addresses the impact of crusting. 1In
the current context, the surrogate parameter approach i{s useful because the
pure heat transfer/conduction treatment intrinsically neglects many of the
key phenomena. Our discussions of the uncertainty ranges will therefore
include references to the uncertainties in the nominal quantities repre-
sented by the parameters (e.g., the actual value of the thermal conduc-
tivity of the corium) and also to uncertainties which can be captured by
treating these parameters as surrogates for processes not modeled (e 3
natural convection heat transfer represented by a broad range of enhanced
corium thermal conductivities).

We do not presume, however, to capture all uncertainties with this method.
In fact, we will nor present overall uncertainty estimates. The limited
goal of this part of the study was to provide useful information to members
of the expert panels; it is they vho must perform the integration process
wvhich includes the uncertainties discussed here as wvell as any uncertain.
ties which are not discussed.

4.2 QUncertainties in Parameters Varied in the Sensitivity Study

4.2.1 Volumetric Meat Generation

The amount of decay heat in the corium pool is relatively well understood,
for a given fraction of corium ejected at a given time, but that is prod-
ably net the major source of heating. Calculations with debris concrete
interaction codes like CORCON indicate that exothermic chemical reactions,
particularly oxidation of zirconium, will dominate, The reaction rate is
affected not only by the concentration of zirconium in the melt, but also
by the rate and compositien of gas evolution from the avlating concrete.
Peach Bottom has & limestone-aggregate concrete and tends to notuu large
quantities of steam and carbon dioxide, resulting in a relatively vigorous
chemical reaction vhen zirconium is present. The ratio of chemical ener y
generation to decay pover can exceed 10, and can also be ot(m".'tunzty
time-dependent. Since the decay pover itself is uncertain because of the
uncertainty in timing and vadioisotopic composition of the debris, this
uncertainty becomes a multiplicative factor in the overall uncertainty.
The value of 90 W/Kg used for the decay power is based on the ORNL study
{6], and should be considered rather lov. The melt progression in that
study was very slow *nd earlier corium releases could lead to significantly
higher decay power (as high as 200 W/Kg).
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4.2.2 Surface Contact Area and Debris Depth

Since the mass of core material ejscted affects the corium depth, the in-.
vessel melt progression will have a large influence on this parameter.
Since the corium ejection process is time-dependent, and this analysis
assumes a constant mass in the pool, the definition of "mass ejected”
requires some interpretation on the part of the analyst attempting to
quantify uncertainty. MHowever, given the current state of understanding of
BWR in-vessel melt-progression, it is clear that the nominal range of
uncertainty for this parameter is large--probably from a few percent to
nearly all the core and a large fraction of the steel internals. For a
given mass of debris ejected, other phenomena affect the depth of the
debris layer. One is the amount of level swell. A 40 percent porosity was
assumed in all the calculations, bur the actual value could be either
greater or smaller. The 0.19 » depth used for most of the calculations vas
based on a 40 percent porosity, 50 percent of the core material ejected
from the vessel,K and uniform spreading.

It should be noted that the debris depth and surface contact area will be
sensitive to the uniformity of spreading. Under the freeze-thaw conditions
likely to be present in the actual spreading process, it is likely that
azimuthal spreading in the ex-pedestal region would be inhibited by struc:
tures and by the formation of blockages. This could lead to a corium depth
larger than the value based on uniform spreading.

.23 Corium Thermal Conductivity

There are important uncertainties in this quantity due to uncertainty in
our knowledge of the composition of the debris, and also due to uncertainty
in the physical properties of mixtures and eutectics even i{f the composi-
tion {s known. However, the principal purpose of the sensitivity study
with respect to thermal conductivity was to attempt to capture the effect
of convection-dominated heat transfer in the liquid portion of the debris
pool A practical wvay to simulate convection heat transfer in a conduction
code is to enhance the thermal conductivity, vhich vas the method chosen
for this analysis. The enhancement needed can be several orders of mag-
nitude. I1f that were the only issue, a range for this surrogate parameter
uncertainty could probably be readily given based on standard correlationt
for convection heat transfer. However, our treatment of the debris pool
does not account for the formation of a solid crust in the contact region.
Thus the enhancement in thermal conductivity should not be very excessive,
since in the crust region, there is no convection enhancement, and the only
uncertainty i{s the nominal uncertainty. The range of this parameter should
therefore be some veighting of the convection-enhanced value for the liquic
region, and the nominal value for the solid crust region. Ve expect the
uncertainty range to be larger than {s reflected in the sensitivity study
but leave the quantitative assessment of this thorny question to others.
More sophisticated treatments of crust formation are undervay, but defini.
tive results were not available at the time of publication [{01.

4.2.4 Gas Emissivity
Absorption and reflection of radiant heat from the gas overlying the debris

pool is dominated by the presence of very dense aercosols (the «'fect of
optically active gases is small because the steam and carbon dion!de roi-

335



centratiens are calculated to be low during this early phase of the acci-
dent (6]). Radiant energy transport in an absorbing/scattering gas is a
very difflizult calculational problem which {s not, roreover, well suited to
the lumped treatment of the gas employed in these calculations. Conse-
quently, & small calculational study was commissioned in which a detailed
1D rediation transport model was used tn estimate the effective emissivity
of the gas/aerosol mixture as usad in the TAC2D calculations. Appendix A
describes the auxiliary calculations and results. The aeroscl conditions
assumed corresponded to a CONTAIN code calculation [6) in which CORCON and
VANESA wvere active, resulting in a mass loading in the Peach Bottor cavity
of 0.016 kg/m3, and & mean size of 2 microns. The resulting range of
effective emissivities was about 0.4 to 0.8 The uncertainty range when
other uncertainties besides those considered in the side study are factored
in {s likely to be somevhat higher. Mowever K the TACZD sensitivity study
indicates that gas emissivity {s not likely to be a dominant source of
uncertainty for this protlem, Note that the gas in the shell.concrete gap
war assumed to be transparent and serosol-free.

4.2.5 Pool Boiling Heat Transfer Coefficient

The normal flat plate pool boiling curve may not be adequate for the condi-
tions at the interface between the debris and the water pool, since gas
generation from belov could lead to entrainment and tend to break up the
interface file. Under these conditions heat transfer between the debris
and the overlyving water pool would be enhanced Howcver, it {s also pos.
sible that at very high superficial gas velocities the gas tramsmission
through a porous erust would increase the film thickness and therefore
decrease the heat transfer coefficient

4. 2.6 Debris Configuration (Layered or Mixed)

This uncertainty is not represented as a parameter, but as two alterrative
choices for the locations of the debris constituents. As discussed in
«.2.3, our treatment of the layered configuration is probably more realis-
tic than our treatment of the mixed configuration. However, it is uncer-
tain which cornfiguration s more representative of what might actually
occur There may be other plausible configurations as well, such as the
three-layer arrangement assumed at the start of CORCON calculations, or
configurations which are intermediate between the cases considered. A high
degree of gas generation would be associated with the mixed configuration,
since strong mixing forces would exist. However, this issuve is currently
controversial and unresolved in the Nelten Core Concrete Interaction com-
wunity. Another configuration would be & pure metal layer wvith ne oxide
present, as predicted by some ORNL BVRSAR calculations [6).

&.2. 7 Shell-Concrete Cap Heat Transfer

Actual conditions in the gap are somevhat uncertain As-built drawings
indicate that the gap is aiv, but there is some uncertainty wvhether the
ethafoan insulation was fully removed or has been partially degraded If
removal occurred, some residue possibly burned) may remain, and it may be
non-uniferm. 1f there is an air gap, the model used in TACID is sensitive
to the steel and concrete emissivities, Although the steel emissivity wvas
not varied (a handbook value of 0. 64 vas used), the steel may in fact be

-34-



well-oxidized, which would tend to increase this value, The concrete
enissivity is a good surrogate for uncertainty in the steel emissivity,

The nominal uncertainty range of concrete emissivity at the calculated
shell temperatures is rather high, since the temperature dependence is
significant, and the data base is scant. Figure 5.20 in Reference 1€
suggests a range from 0. 35 to 0.5 for the nominal concrete emissivity at
the temperatures of interest. Dehydration of the concrete during the heat:
up prior to vessel failure would probably lower the emissivity from nominal
values. Thus a range of 0.2 to 0.7 may be reasonable.

A fev cases vere run with a specified heat transfer coefficient betveen the
shell and the concrete wall. These cases represent the possibility that
there are regions in which the ethafoam insulation was not removed The
heat transfer coefficient used is hased on an assumed insulation thermal
conductivity of 0.024 W/m-K. The actual situation may invelve partially
removed tnsu{atton. with a layer of insulating material adjacent to the air
gap. The results of such a situation would presumably lie somewhere be-
twveen the air-gap cases and the fully insulated cases

.28 Initial Debris Temperature

A value of 1825 K was used for the base case. This was intentionally
selected as a rather low value, so as not to sake the analysis highly
dependent on shell Attack during a cool-down of a very hot pool. The value
selected wvas roughly based on early ORNL CONTAIN calculations (6] in which
8 crude treatment of corium spreading by alternating melting and freezing
wvas the rate-limiting mecharism (the melt release ’ron the vessel occurred
over an extended period of time) This approach ensures a debris tempera:
ture a4t or near the solidus at the time the debris contacts the shell.
Ocher spreading or melt ejectior scenarios could give significantly higher
inftial corium temperatures. In particuler, in-vessel melt scenarios which
lead to a large and rapid release of molten corium would likely result in
higher initial temperatures at the time of contact with the steel shell.

4.2.9 Dedbris-Concrete Heat Transfer

The range of heat transfer coefficients used by CORCON at this interface is
quite broad: nusbers fromw 300 to 1000 are s° n in the CORCON-MOD2 sample
problem [3), for example, vhile some of the cases used for the ORNL study
[6] exceeded 2 x 10%.

.3 Uncertainties in Parameters Noi Varied in the Sensitivity Study

Only a brief reviev of the parameters not varied in the TACID runs will be
given here, since {t is more difficult to translate the sensitivity study
into an understanding of these uncertainties. The main purpose of this
discussion {s to remind the reader that not all input parameters to the
TACID runs vere varied in the sensitivity study.

4.3.1 Debris Pool Svell
For the purpose of calculating debris depth, & &40 percent corium pool

porosity wvas assumed. This assumption effectively changes the density of
the corium in order to account for the presence of gas bubbles due to the
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debris-concrete interactions. The value chosen corresponds to experience
with CORCUN and experiments, but there is doubtless a good deal of uncer.
tainty associated with this parameter.

4.3.2 Dryvell Geometry

There are two important assumptions used in the TACZD analyses. [irst, the
angle betveen the shell and the concrete was taken to be 90" (the actual
angle i{s about 45°), and second, o fixed gap between the shell and the
concrete was assumed. The former simplification was made because early
TAC2D studies showed that the effect of the angle was not dramatic, and
the revised geometry vas much easier to deal with computatiorally. The
assumption about the presence of the gap wvas based on a review of the
structural studies which have been performed for the “re-vessel failure
expansion phase [5), and also & study of dravings which indicated that
distortion of the shell to conform both to the floor and to the concrete
vall would {mply failure in and of itself.

&.3.3 Thermal Properties

Besides the corium and steel thermal conductivity uncertainty discussed in
Section 4. 2.3, there is also the issue of the nominal material properties
of all the other constituents. The most critical of the material proper-
ties are those for steel, but the associated uncertainty is probably small.
The concrete thermal conductivity could be uncertain by a facror of two or
more (in part becsuse of possidle dehydration effects), but the impact of
this uncertainty is also expected to minor. An uncertainty which affects
the energy balance is the effect of heats of formation for the various
eutectics or phase changes in the corium (both the metal and oxide
components). The larent heats of formation for the various debris com-
ponents wvere included in all of the calculations. MHovever, as noted ear-
Mer, crusting, and the reduction in the effective thermal conductivity
normally associated with crust formation and solidification was not allowed
in the models. The corium is treated consistently as & unifors, single
phase conducting medium, and the only recognition of fluid vs. solid be-
havior {s in the presence or absence of a large thermal conductivity en-
hancement, which is present throughout the problem. The phase change
energy of steel shell during melting is properly taken inte account.

4.3.4 Radiative Contribution to the Film Boiling Heat Transfer

Equations (5) and (11) do not explicitly incl de radiative heat transfer
across the fils, and at extresely high surfa . temperatures (above 1200 K)
neglecting readiation could be important. For the horizontal boiling case,
the variation of h* (s an adequate surrogate for this effect  For the
vertical case, no variation vas performed wh'ch could be & surrogate.
However, inspection of Figure 1) reveals that the steel temperatures are
relatively low in the pool region and separate calculations indicate that
the enhancesent due to radiation will be small (less than 10 percent).

4 & Additional Modeling Uncersalniies
Besides the uncertainties associated with input parameters to the TACID

code, one must als, consider vays in vhich the model fails to capture
fmportant phenomena. To some extent, such deficiencies can be assessed
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with the surrogate parameter approach, but there are some cases in which
this approach i{s not very useful.

Probably the most important weakness of the model used is the fact that the
entire corium pool is treated as a uniform, conducti -+ wedium, Enhanced
thermal conductivity cases are an attempt to capture the liquid nature of
the pool, while the lower values emphasize the effect of cvhe solid crust.
What is really needed is detailed analysis of the coupled fluid
wotion/solid conduction problem, including ablation processes at the lig-
uld/crust interface, No existing calculational tool exists which is
suitable for this analysis. This problem is probably less acute for the
metal layer in the layered cases, since the overlying oxide layer {s
treated as frozen (no conductivity enhancement), and the metal typically
has some degree of superheat, so a crust at the shell boundary {s not
likely to be thick or persistent. For the mixed configuration, the i{mpact
of this treatment is more difficult to assess, and one must consider a host
of {ssues relating to the degree of stirring, the degree - f homogeneity of
the metal /oxide mixture, the solidus temperatures for ' ¢ wide variety of
eutectics that can form, and the nature of the freeuiny process in an
agiteted slurry vhich is represented by the mixed configuration,

As has been indicated earlier, the TACID model does not include the effect
of concrete ablation, One consequence is that the concrete floor develops
temperatures in excess of the ablation temperature over a few centimeters
at the surface (see Figure 8 for example). The ablation process would tend
to increase the downward heat transfe by exposing cooler concrete. One
effect of this limitation i{s the ins. asitivity of the TAC2D results to h+;
by contrast, experience with CORCON shows a greater sensitivity of debris
temperature to the downward heat transfer coefficient. Analyses which
couple CORCON results to transient conductien [1], [18) do net have this
shortcoming, but on the other hand, they are not as self-contained as the
TAC2D analysis. One approach to the ablation {ssue may be to think of the
bulk debris temperatures in Table 3 as the sensitivity parameters and to
assess the uncertainty range for bulk temperatures based on a more
mechanistic model for debris concrete interactions.

Another important phenomenon not properly treated by the current model is
the rapid ablation mechanism described in (16) and [17) when molten, super-
heated metal flows against a solid steel boundary, causing shear surface
velocities of the liquid with respect to the solid. Such a process could
occur, for example, in the steady-state pool, in which the shear velocities
are caused by convection currents enhanced by gas generation. Another
possibility is that the initial contact of the corium against the shell {s
in the form of a wave of molten material exiting the pedestal door and
flowing with some non-negligible velocity against the shell. This scenario
is more representative of the conditions of the experiments in [17), and
the analysis therein suggests that virtually complete ablation could occur
even before the back side of the steel became hot.

5.0 SUMMARY AND CONCLUSIOF
A wide variety of calculations have been performed with a standard heat
conduction package in order to elucidate the parametric dependencies of the

steel dryvell shell thermal attack question. While the parameters chosen
vere intended to be representative of possible conditions at the time
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molten debris would contact the shell, we do not claim that they represent
a uniform sampling of the uncertainty ranges in the parameter space.
However, we have supplemented the calculational study with brief discus-
tions of the unvertainty in the various parameters and models which have
gone into the calculations. The purpose of this discussion was to assist
the members of the NUREG-1150 expert panels to translate the results of the
sensitivity studies into assessments of phenomenological uncertainty as
specified in the Containment Event Tree.

Almost all of the cases considered resulted in shell melt-through, on time
scales ranging from 8 to 67 minutes after initiul contact. 1In 2 of the 21
cases the shell heated to a peak temperature above 1100 K, then began to
cool. Both of these cases corresponded to mixed debris configurations, for
vhich the deficiencies in the present modeling are somewhat greater than
for the layered configuration. 1In all cases, the liner temperature reached
values so high thar failure by creep-rupture due to loss of strength uust
ba considered. Peak temperatures near 1200 K will likely cause shell
fatlure in all of the cases studied. Given this failure criteria instead
of Lhe melt-through criterion, failure times would range from 100 te 200
seconds. It is noteworthy that the overall pattern of results reported
here is qualitatively similar to the results originally presented in
Reference 1 by Greene, who used a more sophisticated treatment of the
debris concrete interaction (CORCON-Modl) but a more simplistic treatment
of transient conduction effects.

Ultimately, shell melt:-through appears to be controlled by t bulk debris
temperature: the shell does not begin to ablate until . @ bulk debris
temperature exceeds the sum of the melting point of the sl «1l plus the
temperature drop across the conduction boundary layer identiried earlier.
The bulk debris temperature in turn, tends to be controlled strictly by the
balance between the upward and downward (axial) heat losses and the
volumetric heat generation. Since the radial heat loss %o the shell is
relatively small vhen compared to the axial losses, its principle effect is
to establish the temperature drop across the conduction boundary layer.
Modeling limitations of the present approach imply relatively high uncer-
tainty about the magnitude of the conduction boundary layer temperature
drop. The simultaneous effects of fluid motion, crusting, and slurry
formation in the vicinity of the shell/debris interface regicn are not
modeled. However, the sensitivity variations included in this analysis are
intended to provide (- sight i{nto the ultimate effects that the unmodeled
phenomena might have . the shell melt-through issue.

In the layered configurations, shell melt-through times, shell temperature
histories, metallic debris temperature histories, and even oxidic debris
temperature histories shoved little or no sensitivity to changing the
drywell environment from a gaseous atmosphere to an overlying water pool.
The overall lack of sensitivity i{s attributed to the effectiveness of the
oxide debris layer in insulating the underlying metallic debris layer from
the conditions present in the drywell atmosphere.

Four of the calculations performed utilized mixed debris configurations,
The results of these calculations were significantly different from the
results of the layered cases. The two mixed cases that included an overly-
ing water pool clearly did not melt through., Although the vcher two mixed
cuses (which utilized an aerosol-filled drywell atmosphere) resulted in
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complete shell melt-througl, the times required to attain melt-through
clearly exceeded the time at which the zirconium would have been exhausted
at the chemical heating rates assumed in the analyses.

Results from the mixed debris calculations indicate that the ultimate melt-
through of the shell may have a strong dependence on the geometric makeup
of the debris. The layered debris calculations in which metallic debris
resided beneath oxidic debris generally resulted in shell melting in very
short times with the metallic debris prometing virtually a’l of the shell
ablation, No calculations were performed in which the oxidic debris
resided beneath the metallic debris, but the results obtained during this
analysis indicate that such a configuration might have a more benign impact
on shell ablation. The metallic debris layer would be much more closely
coupled to the drywell environment and would therefore not be as likely to
reach the highly elevated temperatures attaine” in the layered cases
analyzed here,

It has been emphasized that TAC2D is not the ideal calculational tool in
all respects for this problem, and that a number of uncertainties exist
vhich were not explored with sensitivity studies. Thus it would be inap-
propriate to conclude, based on this study, that drywell shell failure is
inevitable whenever debris contacts the rhell. Clearly, one could imaging,
for example, small amounts of corium released resulting in a shallow layex
of debris in thermal contact with the shell, such that the shell could
reject the heat at a sufficient rate that excessive temperatures are not
reached. On the other hand, the study indicates that for more substantial
corium pool depths, shell fallure is likely within minutes for a broad
range of assumptions about other aspects of the problem.
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APPENDIX A

Radiative Heat Transfer Through Aerosol Cloud
V. A Gu, Jack Tills and Assoclates, Inc., Albuguerque, ‘W

The problom at hand can be described as follows: Aerosol (metal oxide)
cloud from core concrete interaction suspended !n an atmosphere at a
ressure 1 atm and a temperature of 1100 K. The masc loading of aerosol is
016 Kg/n® with a mass mean diameter of 2 um. The bourdary surfaces have
4 temperature of 1500 to 2000 K and an enissivity of 0.8, Due to the rela-

tively large aerosol mass loading, the gas may be treatud ae transparent to
thermal radiation.

To evaluate the optical properties of the aerosol using the Mie theory, the
refractive indices (m = n(l-ix)) and the material densities (’1) of aerosol
are needed, and typical values can be fourd as follows (1):

n Pi(Kg/n%)
Caco, 1.49-1.68 ey A
M50 1 7% 3580.0
MnO 2,16 $450 0
M0, 2.46 48560
Cad 184 23000
Fe,0, 2.94.3.01 $240 0
Feo 2.32 $700.0
$10, "t 22600

Unfortunately, the imaginary part of the refractive indices (x} for
dielectric material like metal oxide is seldom available in the literatur s,
and the real part (n) is reported for visible light at room temperatures.

Thus, a sensitivity study on the optical properties of metal oxide particles
of interest is first performed.

The aerosol cloud {s assumed to follow the lognormal size-distribution,
0.,

In?(D/D )
=(D)dD -a;-: exp [-—m-’“] b“ . (1)

wvhere D is the diameter, a is the natural logarithe of the standard
deviation, and D_ is the mass mean diaseter. The extinction, absorption and

scatteving coefficients of the particle cloud can thus be defined as

- Q'(D)I(D)db

i Zpt a

(2)

wvhere e is the bulk density of aereosol, Qi(b) is the efficiency factor, and

subscripts { =« s, a or t for scattering, absorption and extinction,
respectively. The scattering phase function P(®) is defined as



©
pe) = / po,p) MRMD ()
0 tot

vhere P(6,D) {s the scattering phase function for particles with diameter D,
N(D)dD is the number density for particlcl with diameter D, and N e is the
total number density of the particles, {.e.

N, - fo N(D)dD . (4)

In the fig. '‘es are shown the extinction coefficient (Figure Al(a)), the
absorption coefficient (Figure Al(b)), and the ucattering coefficient
(Figure Al(c)), as a function of n for various values of x, and a = 1. It
can be seen that the absorption coefficient vanishes at x = 0. Figure A2
shows the coefficients as a function of n for various values of a, and x =
0.2

To compute the radiative heat transfer through the aerosol cloud, a computer
code for one-dimensional slab geometry using Sn solution technique was used.

With proper boundary conditions, the angular distribution of thermal
radiation fluxes, 1(x,us), can thus be found, where x is the distance from
the left wall, and 4 Is the cosine of the angle between a particular
dirrction and x = axis. The scalar flux and radiative heat flux can then be
evaluated via

1

$(x) = 2¢ [ I(x,p)dp (5)
1

q(x) = 2x fl (X, w)uds . (6)

Also, ne may compute the effective emittance and absorptance of the aerosol
cloud. First, let’'s define the radiation flux incident on the wall from the
particle cloud as

.1
Gy = 2% fo 1(x=0,w)udy . )]

Then the effective emittance may be defined as

.- )

P ‘
arp

vhere & 1is the Stefan-Boltzmann constant, and Tp is the particle tempera-
ture. The effective absorptance can be found to be
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. ) : 9

vhere T 1is the wall temperature. The radiative heat flux at wall can thus
be oxpr!clod as

q(x=0) = & [ap'r; X ¢pr;] . (10)

Alternatively, one may define an effective emissivity ¢ for the transport
medium (aerosol cloud), i.e.,

o(TS - T3 *
' (1)
+2

q(x=0) = s

€ €
W

vhere ¢ {s the wall emissivity.

Table | 1lists the effective emittance 'p‘ absorptance °p' effective

emissivity ¢, scalar flux ¢(x = 0), and radiative heat flux at vall q(x = 0)
for n = 2.0, a = 0.693, 1.0 and 2.0, and various values of x. It can be
seen that the effective emittances are greater than unity due to the fact
that part of the thermal radiation emitted by the wall is reflected back to
the wall as a result of scattering. Finally, as the albedo of scattering
increases, tre effective emittance increases while the heat flux at wall
decreases accordingly.

Reference: (1) C. W. Robert, Ed., CRC Handbook of Chemistry and Physics,
65th edition, CRC Press, Inc. (1984-1985).
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APPENDIX B
Base-Line Thermophvrical Debris Properties

Thermophysical debris p.operties are defined within the TAC2D code through
a ser.es of function subprograms. Except for the uranium ox'de,
thermophysf-ai properties for each of the individual debris constituents
are drscribed by temperature-dependent quadratic data fits (where
arziopriate) In separate, low-level, function subprograms. Uranium oxide
properties were obtained froa sophisticated function subprograms (FCON3 and
CFUEL) within TAC2D developed by Randall O. Gauntt of Sandia National
Laboratories. Higher-level function subprograms are then used to combine
the data generated by the low-level subprograms into appropriately weighted
average thermophysical properties for each of the general debris categories
(mixed, oxidic, or metallic). The data included in the low-level routines
are given in Table Bl for the thermal conductivity and Table B2 for the
specific heat (Note: Fe, Cr, and Ni thermophysical properties are
represente. ., tarbon steel (CS) properties.)

The weighting factors us/ ! ir. the higher-level subprograms are the volume
and mass fractions giv+ earlier in Table 1 for the thermal conductivity
ard specific heat, respectively. Appropriately weighted thermal
conductivities and specific heats for each of the three debris categories
discussed in this repcrt are presented in Tables B3 and B4,



Table Bl

Thermal Conductivities (W/m+«K) as a Function ~f Temperat. : (K)

x;o . 9.560 - 7.302¢-3 T + 1.78%-6 T°
2
2
Kzro, * 1,656 + 6.8%e-4 T - 1.371e-7 1
Kgyo = 20.0

Kig = 45.8 « 0. 25-2 T

2
KZIRC ® 14,6 - 4.009¢-3 T + 1.07le-¢ T

*This is a quadratic fit to a sampling of data
obtained from FUNCTION FCON3.
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Table B3

Debris Thermal Conductivitis (W/mK)
MIXED DEBRIS

K= 0416 KUO + 0.213 KZrO + 0.009 Kre
2

; 0

+ 0.209 KCS + 0.153 KZIRC

OXIDIC DEBRIS

+ 0.014 KFe

2r0

K= 0,653 KU02 + 0,33 K o

2

METALLIC DEBRIS

Ke=0.579 KC + 0.421 K

S

ZIRC




Table B4

Debris Specific Heats (J/Kg*K)
MIXED DEBRIS

C = 0.51C * 0.141 € + 0.005 C
P pz:o2 Pyeo

+0.195C + 0.118 C
Pcs Pz1reC

OXIDIC DEBRIS

Cp - 0.787 C + 0.205 C + 0,008 C

Puo eroz Preo

METALLIC DEBRIS

C «0.626C +0.376 ¢
P Pes P21Rrc

8.5
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