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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 TAC 2D 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 TAC 2D 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-concreto
interactions which would occur in this accident scenario. However, the
two dimensional transient nature of the thermal attack is modeled better
with TAC 2D than is possible with existing debris-concrete interaction
codes. This study was therefore undertaken as a supplement to earlier work
with debris-concrete interaction codes (like CORCON-MOD 2), with the
intention of assisting cambeu of expert panels assessing uncertainty 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 pit n , 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
e s tima tiott 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 is 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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f1.0 INTRODUCTIONi

In the event of a core melc-down and subsequent release of molten corium |
onto the drywell floor of a Boiling Vater Reactor with a Mark I containmenc '

'design, the issues of corium spraading to the steel drywell shell and ther.
mal attack on the shell become extremely important. Numerous studien 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 dryvell shell
i melt-through issue was identified as being one of the most important [
; contributors to the uncertainty in risk for the Peach Bottom plant. For
j the final version of NUREG 1150, the issue is expected also to play cn i

; important role. Consequently, f or the purpose of assisting the expert
panels who will assess the uncertainty in this issue for NOREG 1150, a4

.

; study was initiated specifically to address an important aspect of the
probitm namely the transient conduction aspects of the steel shell attack. :

!
Nunerous phenomenological uncertainties affect the drywell shell melt-,

i through issue. These include the aucunt, composition, and temperature of
! the debris penetrating the vessel and also the rate and extent of debris j

spreading (which may be influenced by the presence of water on the drywell |,

; floor). These corium spread uncertainties will not be addressed explicitly
in this report. Instead, we focus on processes which occur once the debris t,

] makes contact with the shell. !

The shell thermal attack issue detailed analysis of two- or three-
dimensional transient debris concrete interaction phenomena coupled with

-j two or three 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 t

,

particular, the CORCON code (3) models the concrete ablation problem,
i

i

including a broad range of chemical and physical models, but the heat
.

conduction treatment is simplistic and generally unsuitable for the shell |
4

attack question. On the other hand, numerous 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 !,

a code of the latter variety, a heat conduction code called TAC 2D. Since
'

the study is restricted to the thermal attack question, with the issue of
j

,

corium spreading relegated to other studies, the corium pool Js assumed to >

), be initially in contact with the shell, and an initial temperature of the !

pool is arbitrarily specified. [
l

! It should be emphasized at the outset that it was not the purpose of this {j study to bridge the gap between what is needed in analysis tools and what i
j is available. Rather, the study was intended to provide the maximum amount |
| of information (subject to the time limitations for the study) which could j
q be generated with a standard heat conduction code as applied to the thermal ;
i attack question. The information is not, in fact, being presented as j
] "best estimate" analysis, since the debris concrete interaction part of the >

3 problem would be much better treated with CORCON. It was hoped, however.,
j 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 is to some extent aade ,

| up for by the clarity of the approach and visibility of the assumptions. '

i
i

iThis study was directly supported by the NUREC 1150 projects at Sandia, and
|

4

1

)
this report is oriented towards the needs of the expert panel reviewing the (issues as they appear in the NUREG 1150 Containnent Event Tree for Peach i

f:
: i

'
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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 is antici- .

pated that a future publication [2b) will explore these possibilities. The -

goal of thu present report, however, is to formally document the material
actually presented to the NUREC 1150 panel so that their uncertainty '

assessments can be viewed in the context of what was available to them at i

1that time.

The remainder of this report is organized as follows: in Section 2, the ,

basic TAC 2D code is described, along with the nodalization used for the
; drywell geometry and a number of constitutive models which have been ,

i 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 ' ictors >

| should be considered in assessing uncertainties; finally, Section 5
summarizes the results and indicates directions for future analyses. L

l

2.0 MODEL DESCRIPTION

} 2.1 The TAC 2D Code
'

] I

The fundamental calculational tool utilized in this study was the TAC 2D ,,

I thermal analysis code (4). TAC 2D is a two dimensional finite difference ,

conduction code developed by Culf General Atomic. It is a generalized heat i

transfer code designed to model many of the transient thermal phenomena ;
'

encountered in the nuclear industry. The two dimensional cylindrical
geometry package utilized here is only one of several geometric packages

Iavailable. The dimensional nodalization capabilities are easily enhanced,
q 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 I
4

| many of the fundamental heat transfer phenomena encountered in this study,
j the versatility and relative computational speed of TAC 2D provided the |
; framework to implement numerous heat transfer models and to raise the '

I code's sophistication to a level sufficient to perform these transient {
thermal calculations. Sections 2.2 and 2.3 describe the geometric and,

i

| phenomenological models utilized in this study. |
1 |

2.2 Geometric Models |
| I.

|
A schematie drawing of the Mark 1 containment structure extracted f rom the |

i draft version of NUREG 1150 [2] is shown in Figure 1. The region of i

j greatest importance 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 TAC 2D. An enlargement of the
rectanguist region is shown in Figure 2, which provides much more detailed
information about the region of interest. 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.

|

I
i

!
; 2
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Since the issue at hand is drywell 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 ill 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 ,

volurnes of heat sinks included in the geometric models were sufficient to
completely isolate the critical region 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
surf ace and to provide a condition that allows us to assess the ef fect 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 eingle most important constituent of the
geometry, and a more detailed description of its physical characteristics
is warranted. Bechtel as built drawings indicate that the shell is 2 cm
(1.25 in) thick near the concrete basemat, and as Figure 1 indicates, the
shell is spherical in this region. 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
transient 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; thir effect will be discussed later.

I
'

As Figure 2 ir. cates, heat transfer between the shell and the concrete
floor and betwe - ..s 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 mrn gas filled gaps that allow one dimensional radiation and i

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 included to provide a mediurn in which the downward heat flux
from the debris to the basemat could be controlled to coincide with values
typical of CORCON calculations.

I

The question marks (?) utilized in Figure 2 in the gap between the shell !
rnd the concrete shield wall were included to draw the reader's attention I

to the uncertainty surrounding the issue of the contents of the gap: is it
an air gap, or is it filled with othafoam insulation? The issue is dis.
cussed in Section 4.7.7 and will not be described in greater detail hero.;

However, in the event that the gap contains only air, other questions

|
5 |\

|

|
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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 structural3

4 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
L CB&I analysis also showed that the sand layer prevents the shall 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 cm) gap is maintained throughout these calculations.

The TAC 2D geometric input utilizes a standard cylindrical finite difference
r

i nodalization scheme. Figures 3 and 4 are detailed drawings of the two !
' standard geometric models utilized. The drawings provide all of the impor. ]j tant dimensions and finite element structures. The two models were 1

. developed to treat different debris configurations. The model in Figure 3 |
4 was utilized for calculations that included well mixed debris, whereas the |

] model in Figure 4 was developed for calculations that included stratified :

J layers of metallic and oxidic debris. In both cases, very fine radial |
1 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 ef fective surface temperatures that are utilized in several of the ji

; mere complex heat transfer models,
1

1 2.3 Soecialized Thermal Models |1

2.3.1 Bulk Thermal Properties
] ,

i Material mixtures of interest in the Peach Bottom Mark 7. drywell shell '

; calculations include sand, limestone corerete, carbon steel, and core I

i oUris. The overlying drywell environment referenced 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 ienvironment is assumed to contain a constant temperature material. For the i'

water case, the pool temperature was taken to be 373 K. For t.he aerosul
case, CONTAIN (6) calculations performed at Oak Ridge National Laboratory ;,

indicate that gas temperatures within the containment building are about4
i

| 1100 K at the time the debris comes into contact with the liner. |
|

i Thermophysical properties for the sand, concrete, and carbon steel were
obtained from Reference 7 and were treated with temperature dependence to

,

{ the extent that data were available. Thermophysical debris properties were |

j definad as the volume weighted average of the individual constituent ther- )
) mophysical properties. Individual constituent properties were once again I

i obtained from Reference 7. Appendix B gives quantitative details of the
! individual component properties. The core debris is broken down by its
j constituents in Table 1 (8). One of the most important parameters studied
t 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
i conductivity dramatically. Sensitivity calculations were performed by
! applying a multiplier to the solid conductivity that ranged from a value of
j 2.0 (a 100 percent enhancement) to 10,0 (a 1000 percent enhancement) . The
J 1.ap a c t of this alteration is described in Section 4.2.3. We should note
) that the multipliets described here are maintained throughout each calcula-
; tion tegardless of debris temperature. A number of difficulties associated
I |

1

6 I
1

|
'
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Table 1

Debris Composition Corresponding to 100 Percent i

of the Peach Bottom Core Inventory [8]
,

!'

!

i

i

Density Volume Mass i

conoonent Mass 10sggj,s Fraction Eraction |

UO 159,413 10.96 0.416 0.541

; Zro, 41,624 5.60 0.213 0.141 {

i Teo 1,564 5.18 0.009 0.005 |

Fe 45,986 7.86 0.167 0.156 f
! Zr 34,677 6.50 0.153 0.118

i

I Cr 7,397 7.19 0.029 0.025 i

Ni 4.110 8.90 {LD.1.1 9dl6 !

'

294,771 1.000 1.000

I

Volume Fraction of Metallic Components - 0.363 I

I Mass Traction of Metallie Components - 0.313 }
| i

i I

i |
,

with this approach to the combined fluid motion / heat conduction problem i
are discussed in Section 4

! 2.3.2 Shell/ Concrete Shield Wall Gap |
i4

(As mentioned earlier, the material in the gap between the shell and the;

concrete shield wall mir,ht be air, ethafoam insulation, or some spatially
,

j dependent combination of the two. Although the gap's contents are uncer-
j tain, it is convenient and fairly accurate to assign the region a very low

! specific heat which was utilized for all calculations 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
j foam insulation case, a thermal conductivity of 0.024 V/m K was assumed ,

i which is 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:4

.i

h -hconvection + hradiation. W
fgap

!
^

|
j Convective heat transfer coefficients are assumed to vary linearly with the

internal gap temperature from 1.0 to 10.0 V/m2.K over a range of 300 to'

1500 K as follows:
,

|:

9 |

!
l |

|
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|

hconvection - 7.5e 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 calculations
indicate that air gap conductance is dominated by radiative heat transfer

; which is given by [9):

)

| o(T T ) / (Tb T,).

radiation - (3) ;
g y

- - + 1.0 i

i s ,c
,

I

where ;

Tb - shell back side surface temperature (K),

T, - concrete surface temperature (K),.

- Stephan Boltzmann Constant - 5.67e 8 W/rn2 K*,4 o

e, - carbon steel emissivity, and i

| 'e " **"***** **1**1"It7'
)
d The effective gap thermal conductivity can then be determined by:
1
1

K -h Ar, (4) '

gap gap

where or is the gap thickness.

The two surface temperatures are continuously evaluated within the code, I,

j and the steel emissivity is assumed constant at 0.64 The concrete emis.
;

sivity, however, is not well known and may vary strongly with temperature !
'

I (see Section 4). In addition, the emissivity of the concrete shield wall ;
.I may also be sensitive to the method that was utilized to remove the

[
I ethafoam insulation 13 years ago. Therefore, given the large range of t

possible values, the concrete emissivity will be one of the parameters I4

varied in the sensitivity analysis. |
i :

2.3.3 Boiling Heat Transfer Models
|
II In the event that the drywell is flooded, boiling heat transfer will play

{ an important role in the transient analysis. Figure 5 shows a standard
;

; heat flux controlled boiling corve. Both surfaces of interest in the Mark
1

! I shell calculations (the horizontal debris surface and the inclined shell |
j surface) are assumed to be heat flux controlled. Boiling models are in.

,

cluded for the stable fila and nucleate boiling regions identified in
i;

Figure 5.
j

,

j 10
.

A

.
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2.3.3.1 The Debris / Vater Int 6rface
,

The extremely high temperatures coupled with internal heat generation in4

the debris forces heat transfer between the debris 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):
I

1/4-
,

k g h , (p, p ) p ,g y
h - 0.425 (5)'

gv (T -Tsat) A .

w c; ,
,

i
!

where -

I

C,y (T T,,e) ' |hhg-b
y

1.0 + 0.5 (6); gg h ,

q
t

-

a i

| and A is the characteristic length which, in this e.ase, is the bubble |
; diameter given by: '

A, - De (7) !.

g (p3 = p ) ;y

i
'

The individual parameters in equations 5, 6, and 7 are defined below:
:

j h - heat transfer coefficient (W/m K),2

k - vapor thermal conductivity (W/m X),y

j g - acceleration due to gravity (m/s2),

h - latent heat of vaporization for water (J/Kg),g

j c - specific heat of the vapor (J/Kg),py
5

j T - debris surface temperature (K),y

! T,,g - saturation temperature (assumed 0.1 MPa) (K),
8pj - liquid density (Kg/m ),

sp - vapor density (Kg/m ),y

i p - vapor viscosity (poise), andy
i

) o - liquid surface tension (N/m).g

|

| 12 |
;

1
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Equation 5 describes the heat transfer coefficient for pool boiling f rom a ,

'solid surface. However, this basic model fails to capture some of :hei

complex effects resulting from the molten core / concrete interactions. )r ,

example, molten core / concrete interactions generate large quantities of
gases that subsequently sparge up through the debris and into the overlying

i vater pool. Vigorous gas sparging may tend to break up the stable film '

boiling and enhance the overall heat transfer coef ficient. Greene iden-'

tified and quantified the effect of gas sparging on the heat transfer
i coefficient in liquid liquid film boiling. He observed heat fluxes as much
1 as six times larger than those predicted by Berenson's model for very [

vigorous gas sparging. However, Green's experiments to date have involved
3

I liquid-liquid interfaces, and most of the calculations performed here '

involve solid liquid interfaces. Therefore, the direct application of j

j Green's enhancement is not clear, and we therefore vill use a multiplier on j
tha boiling heat trarsfer coefficient as a sensitivity parameter. >

1

1 2.3.3.2 The Shell/ Vater Interface !

2 |
'

|
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;

q c3culations, the boiling model calculates heat transfer coefficients from '

,

1 Rohsenov's nucleate boiling correlation [12): ;
i 4

i l
3.0303

4'14g,5 ,g (T T,,e ) - ps h
- -

a

.g IIy

h - (T T,,g) h Pr A

'8)'

l' 1/2 j
*

y
f5 f c

, , ,

J
*

l where |
C g - specific heat of the liquid (J/Kg), jp

ug - fluid viscosity (poise), and
,

; Prg - fluid Prandt1 number (dimensionless). |
- ,

The parameters in Equation 8 that are not defined above were defined in '
,

; Section 2.3.3.1. !

2The total heat flux (in W/m ) from the shell to the water is given by: |

f
q - h (T T,,g). (9)y

,

A correlation for the maximum nucleate boiling heat flux developed by Zuber i
'

; (13) is utilized to determine the critical heat flux, i

I !
!j

o , 8 (#p #y) 1/4-

i r :- 0.135 h (10) j! 9 erit gsgv 2
.

1 #v !
4 . .

!
*

Af ter the local nucleate boiling heat flux at any location along the steel
) shell exceeds the critical heat flux, the heat transfer coefficient is then

| calculated from the shell film boiling models. The boiling model does not [
$ i

f f13

i
;

i l
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i

i

! '

allow transition back to nucleate boiling after the critical heat flux han<

t
i been reached.

! Film boiling along the shell (which actually has a 45' slope as described
t

i earlier) is described by the average of Berenson's horizontal film boiling i

model given in Equation 3 and Bromley's vertical film boiling model (14]-; f

!

i1/4-3
,

{ k,hg (pf - p ) p |y yh - 0.943 Ill)
ip (T

Tsat) L . :

'
y w

!
;

iwhere L is a characteristic length which is assigned a somewhat arbitrary ;

) value of 0.5m. local heat transfer coef ficients are calculated at each !
interface node, and the heat flux is evaluated based on the local coeffi. i

,

i cient. Therefore, the boiling regime is independently selected in every
; node along the liner / water interface, This approach allows the code to i
1 apply discrete, localized heat transfer coef ficients rather than broad.

!based average coefficients that might mask important phenomena.
|

2.3.4 Radiation Models for the Drywell Environment !

| In the event that the drywell is not flooded, the aerosols generated by the
! debris concrete interaction quickly fill the drywell. These aerosols I

provide a relatively opaque atmosphere to which the debris surface radi-,
;

ates. Section 2.3.1 described the basis for treati sg the environment as a
!. constant temperature material. The same radiation heat transfer model is

] utilized here that was utilized for heat transfer across the nhell/ shield |

i

wall gap. The radiative heat transfer coefficients 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 special purpose heat transfer coefficients." The
: debris and steel emissivities were assumed constant at 0.80 and 0.64, t

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

[

2.3.5 tt.:,el Ahlation Treatment; j
'

The last major code modification implemented for the Mark I calculations
was the steel ablation model. Without an ef fective ablation model, com- i

ponents of the linst that have melted would be left in place and effec-
[tively insulate the remaining solid portions of the liner. The ablation jmodel applied here simply replaces molten steel with core debris. After a
|. steel node is melted (which occurs at 1763 K), core debris is adiabatically i

I moved into the node, and the molten steel is removed. By replacing molten |j steel with debris, materials with enhanced conductivities and volumetric
!i heat generation are moved into contact with any shell structure that has ;

not scited. ,'

3.0 RESULTS OF NSITIVITY S111DY

The approach used in this study was to define two "base cassa " and then
I perform one at a time sensitivity variations on nine key parameters. The

two base cases differed only in that one corresponded to a dry atmosphere
) laden with aerosols, and the other corresponded to a water pool overlying

the corium. The choices of the preametera for the base cases were not
1

'
14

;
'
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intended to represent best estimates, but they are expected to be repre- ,

sentative values. Some attempt var made to P the base cases from being
overly pessimistic (conserystive) or oi:timist a an conservative), but the !
reader should be re.sinded that the principal goal was to observe how output "

quantitf M change with nominal changes in parameters, and not to take a
position about what the range of the parameters might oe. Thus, one should
not directly infer the total range of uncertainty in output results from i

the sensitivity study. It was hoped, however that these results would be
fuseful to the expert panel members whose task it is to assess the uncer-

[ tainties, i

3.1 Snecifications of Sensitivity Paufggnrg

A brief explanation of each of the parameters varied is provided below to ,

help the reader evaluate the results. More extensive discussion of the i

j uncertainties in the parameters will be found in Section 4 ;

I DRYVELL ENVIRONMENT = The type of material present in the dryvell with I
i

Both a flooded (H 0which the debris and the shell interact thermally.
environnent have bhen):

! environment and a core / concrete aerosol (DRY)
; postulated.

CONDUCTI'!ITY ENHANCEMENT - A multiplier applied to the mass averaged solid
! thermal conductivity of tha mixed debris or the metallic debris layer. ;

J 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 represent enhanced heat transport due to fluid ,

| motion. ;

t

j DEBRIS CONFIGURATION - The type of configuration the debris has settled !
1 into. It is un;ertain whether the core debris can exist on the concrete !

| floor in well mixed (MIX) or layered (IAY) configurations. For layered i
'

configurations, the metallic compnents reside beneath the oxidic com- ;

'
ponents.

I| CHEMICAL HEAT GENERATION - A multiplier applied to the volumetric heat
generation term of the metallic component of the mixed debris and the i

metallie layer of the stratified deh;is. The multiplier represents the |
total chemical heat generation f rom oxidation reactions within the |a
metallic debris components relative to the total decay heat generation. !

Decay heat seneration is assumed to be 90 V/Kg of UO: 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 i

; resulting from oxication reactions occurs in the metallie debris, j

I
'

j SURFACE CONTACT DEPTH Debris depth in contact with the steel shell. A
|

) depth of 0.19 m roughly corresponds to 50 percent of the total core ,

! inventory if the debris is assumed to be 40 percent porous and unifor ly |

1 spread over the dryvell floor. A depth of 0.38 m corresponds to .00 |

j percent of the core inventory. (Recall from Section 2.2 that the angled
j Mark I vall has been replaced in these calculations by a vertical vall.) ;

',

i GAP CONDUCTION MODEL - The gap conduction parameter dictates the conduc- |
I tivity model used in the shell/ shield vall gap based on *he type of

] material that is assumed to fill the gap. Section 2.2 indicated that
the gap was either filled with Ethafoam insulation which results in the
use of a conduction model (COND) or air which results in the use of a

j radiation model (RAD).
I

-15-
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CONCRETE EMISSIVITY - The emissivity of the surface of the concrete shield
wall, ec, 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 te gas sparging or liquid liquid contact.

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

DEBRIS CONCRETE tiEAT 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 Tveieal Results

In the next section, results from 23 TAC 2D calculations will be ammarized,
J 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.t

ity variations gave results which qualitatively resemble the base case.
.

The shell melted threagh in this case at about 15 minutes from the problem
I start. Figure 7 shows the radial temperature profiles at t - 1000 see,

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 6.80 m.
This is a conduction boundary laye-r caused by the cooling at the shell
surface. ,

: Figure 7 shows the axial temperature profile in the shell region just.
I before melt through occurs. Most of the shell is 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)
a steadily increases in time, while the front shell surface (triangles)
| follows the metal temperature with an offset corresponding to the thermal
|

boundary laysr seen in Figure 6.
1

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

1 point that its temperature exceeds the melting point of the shell plus the
a temperature drop across the conduction boundary layer. Thus, if the rise
i in the bulk debris temperature is slow, shell ablation begins at a later

time. This is eeen in Figure 9, corresponding to case D4, which is a
sensitivity variation corresponding to a much lower (by a f actor 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 it
j continues to increase, and the shell inner temperaturs tracks it with an

| of fset which is very similar to that observed in D1. The shell is melted
through at 55.6 ainutes (3300 see) compared to 15.3 minutes in the base
case.

: Figure 10 ss - that the corium heatup rate is relatively insensitive to
'

conditions : a the back side of the shell. This result corresponds to case
D7, in which the air gap is replaced by an insulating material . The bulk
metal temperature trace is virtually identical to that seen in Figure 8.

i

*1(*

--.
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I
!Table 2

,

Base Case Parameters

I !

| Parameter Symbol Value

4 conductivity K* 10.0 <

j Enhancement
I Debris D.C. IAY

Configuration

! Chemical Q* 7.0
Heat Ratio'

Boiling h* 1.0
i Enhancement
4 e

0.70i Coacrete 4*
!

j Emissivity (
i Initial

J Debris T 1825 K
Temperature

;

4 Gap
Conduction Gap RAD
Model 1,

,

Surface :i
j Contact L 0.19 m |

]
Depth

' Debris. concrete t

Heat Transfer h* 800 W/m K !2

! Coefficient

:

i
1 p

The inside she?1 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. [

I The wet base case (W1) results are shown in Figures 11 through 13, which
correspond to Figures 6 through 8 for the dry base case. The effect of the ;a

; overlying water is very small, principally because of the fact that the |
! overlying oxide layer in the mixed configuration tends to insulate the -

i metal from tne effect of the water. The temperature histories of the I

| 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 |
1 differences observed have to do with the shell temperatures at and above t

{ the level ef the oxide layer (compare Figures 12 and 7 for heights greater |
j than about 110 cm). Melt.through occurs at essentially the same time as in j
; the dry base case. ,

! !

! In case W3, illustrated in Figure 14, we see a qualitatively different j
i picture. Here, we have invoked the mixed debris option, and multiplied the j
l boiling heat transfer coef ficient by a f actor of 6. The combination of ;

; these changes has the effect of cooling the corium (top curve) rather than >

'

| 17- |
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hosting it as in the previous cases. The corium temperature soon drops
below the steel melting point, and no shell ablation occurs. The shell

,

inner surf ace reaches a peak temperature of 1450 K, and its 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 the 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 4. |

1 3,3 Hichlichts of Sensitivity Variations

Table 3 presents quantitative highlights of all 23 calculations. Those
; include the dry base case with 10 variations, and tha wet b+se case with 11
1 variations. In almost all cases, the variation consisted of changing ono
| and only one parameter or feature listed in Table 2 from the base case
I value. In a few cases, more than one parameter or option was changed at
j the same time, because of some special interest in the combined variation. ;

I

j For each case, four temreratures are repwrted in Table 3. Each is the |
temperature of the hottest nodo in the designated region, and each is takeni

J at either the time of shell melt thrm gh or at the time that the back side

)!
shell temperature reaches a aaximum, in the cases that melt through does

i
not occur. Also given is the time required for melt through to be complete <

i for those cases where melt through occurred. The next two columns are the
|

1 axial heat losses in Mk' for the debris, at representative times, in the '

1 upward (through'the top surface of the debris) and the downward (through ,

I the bottom surface) directions. The next column is the residual heat, i

! which is equal to the volumetric heating rate less the two axial loss
i terms. Since the radial heat loss to the outer radial boundary is small
! compared to any of these three quantities (at most, 1 Mk') , the residual

i

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 every timestep. The last f;
colunn in Table 3 gives the time at which the heat losses were evaluated. ['

which does not precisely coincide with the time of melt through, but which
i 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- f
tively simplistic and are not time dependent. Volumetric heat generation |

| from the zirconium oxidation reaction is simply treated as the product of r

i the decay heat generation and the chemical heat generation multiplier (Q*) '

I described in Section 3.1. The chemical heat generation term was held
constant until the :alculation 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 failure to melt was achieved. The '

.I zirconium oxidation reaction
i
! I

f Zr a 2H O -> Zr02 + 2H2 (12'2 .

!

liberates 6.82 joules per kilogram of zirconium reacted. Based on the mass
fractions of the various debrie m ponents present on the drywell floor, ve

!
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Table 3. SENSITIVITY S1UDY RESITLTS

Temperatures (K) Debrie Beat Flow (NV)
y[' i g i a

I & .

3$ w 4s,e a
' Yarlattene "3 "4 j O .m

*
q e .

E,**c, AI 5 da d5 2 3 43 3 !!c.,,

) 01 Dry Base Came 2610 1900 melt melt 15.3 3.8 13.0 19.2 17

D.2 K* - 2.0 2932 1951 melt melt 26.3 3.8 12.6 19.6 17
'

D.3 D.C. - KII 2062 melt melt 66.7i 29.1 3.2 3.7 67

! D.4 Q* - 2.0 2232 1982 melt esit 55.0 3.1 3.5 6.4 67

D.5 s, = 0.30 2610 1900 melt melt 14.9 3.8 13.0 19.2 17

D6 T* - 2000 K 2585 2055 edit emit 12.0 4.7 14.6 16.7 17

D7 CAP - 00ND 2458 1880 melt malt 13.2 3.8 13.1 19.1 17

D6 L - 0.38 a 2691 1879 melt melt 11.0 3.9 17.6 49.5 17

D.9 K* - 2.0 2603 melt melt 75 II 22.0 3.9 10.1 67
D.C. - KII

D 10 T* - 2000 K 2582 2037 melt melt 8.3 4.9 11.1 55.0 17
; GAP - CDWD

L = 0.38 m<

| D.11 b, - 2000 V/m'K 2580 1900 melt melt 15.5 3.8 14.8 17.4 17

W.1 Wet Base case 2610 1891 melt melt 15.4 7.2 13.0 15.8 17

W.2 K' - 2.0 2932 1956 melt melt 26.7 6.2 7.3 22.5 28

W.3 D 2050 1450 1270 6.0 54.7 1,8 21.0 17 |h C. = K11- 6,0
'

i
i

I W-4 Q* - 2.0 2323 1866 melt melt 63.3 5.2 3.8 4.5 61 ;

U.S e, = 0.3/3 2610 1891 malt melt 15.0 7.2 13.0 15.8 17

W.6 T* - 2000 K 2585 2051 melt melt 12.2 8.8 14.6 12.6 17

v.7 CAF - 00MD 2458 1876 melt melt 13.3 7.3 13.1 15.6 17

v.8 L = 0.38 a 1691 1879 asit melt 11.2 7.2 17.5 46.3 17

V.9 Q* - 2.0 2323 1866 melt melt 64.2 5.2 3.8 4.4 61
e, - 0.M

V.10 K' - 2.0
D C. - KII 1810 1280 1150 10.0 25.1 3.3 15.9 17'

- 2.0
h = 6.0

V.ilj 6, - 20o0 ven K 2580 1891 -it -it 15.6 7.2 i4.8 14.0 17

j W.12 h* - 6.0 2610 1880 melt melt 15.3 8.6 13.0 14.4 17
i

|
I Kaceeds nominal atteonium burnout time; see tout

28 |

|

| ^



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 |

t - 273.0/Q* (minutes) (13).

burnout
,

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 I

and 39.0 min respectively.

The times required to melt through the shell in two of the calculations
listed in Table 3 (cases D3 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 nonmelting of the shell is implied; in reality, the heat
generation rate would change as a function of time, which could signifi-

same total chemical inven-cantly influence the melt progression for the
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 TAC 2D.
Implementation of a more mechanistic model was well outside the scope of;

these calculations. Thus the cases D3 and D9 must be characterized asi

i marginal and inconclusive.
1
' Out of the 21 remaining cases repcrted, the steel shell was melted through
j in 19 cases. One of the cases in which the shell did not melt was V3,

' already discussed in Section 3.2. The other non melting case was W10,
which was a case in which 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

j choices for each parameter or option, the one judged most likely to
i maximize the liner attack was chosen. As seen in the table, the shell

melt through was most rapio 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
1 limits on the ranges of the parameters. 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 in output results with a change in input parameters. The cases

,

W10 and D10 were adjuncts to the main one at a time sensitivity study to4

see how greatly the variations "stacked up" when choices were intentionally
asde to emphasize or de emphasize the shell attack,

Both of the cases that did not melt through resulted in very high peak
,

liner temperatures. V3 gave 1450 K and 1270 K for the shell front and backl

] * All except h , which was a sensitivity variable added late in the study.
e

I

!
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i

!
l

!
side temperatures, respectively, while W10 gave 1280 K and 1150 K. In jassessing the significance of these resalts, one should consider the

idramatic loss of strength of steels at high temperatures. Figure 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. ;

i
tThe heat loss information shows how the parameter changes affect the i

various flows of heat from the debris. A particularly clear trend is that
|in all the layered cases, the dominant heat loss is 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 la,yer, and !

the high chemical heat generation assumed in the metal layer. It is also !relevant to note that the flow of heat from th6 debris to the liner is !always a very small contrlbutor to the total heat loss from the debris.
|The bulk debris temperature is thus essentially determined by the balance
ibetween heat generation and upward and downward losses. This bulk tempera. ;

ture then determines whether the shell will be ablated. Conditions in the lgap region are primarily influential in determining the size of the iconduction boundary layer (see Figures 7 and 12) and the rate the shell lablates once melting begins. No cases were found in which melting com. jmenced, but was arrested before melt.through occurred,
i

[It is probably inevitable in a straight sensitivity study such as this that (some parameter combinations are inconsistent with the predicted resulto, t

An example is V2, 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 iron, and which is well above temperatures
jwhich CORCON usually predicts . Obviously the low thermal conductivity
|assumption is inconsistent with this high temperature, but the case is

included in the study for completeness. Similarly, the assumption of the ,
L

mixed configuration and the high enhancement of boiling heat transfer used I
in case W.10 is somewhat inconsistent with the low chemical heating rate |implied by the choice Q* - 2.0, since the former two assumptions are L

presumably predicted on a vigorous sparging due to an intense ablation (process. "

4.0 DISCUSSION OF UNCERTAINTIES

4.1 Eurcose 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 ireader is cautioned that there is little relationship between the ranges

|which appear in Tables 2 and 3 and the current state of phenomenological
uncertainty for each parameter. In this section, we will present a limited
discussion of the uncertainty ranges. Our intent is 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,

30
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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 unrepresented in the model. One way to do this is to treat a phenomenon |
vhich is included in the model as a surrogate for another phenomenon which

,

is not. This approach, while it is of ten 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 is not allowed in the shell contact
region in this model. However, the effect of crust formation has been i

evaluated by performing parametric variations of the debris conductivity.
Since the thermophysical effect of crusting limits the ef fective thermal
conductivity, the surrogate approach addresses the impact of crusting. In
the current context, the surrogate parameter approach is usefal 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.g.,
natural convection heat transfer represented by a broad range of enhanced

j corium thermal conductivities).

| Ve do not presuine, howevwr, to capture all uncertainties with this method.
J In fact, we vill not present overall uncertainty estimates. The limited
! goal of this part of the study v'as to provide useful information to members
'

of the expert panels; it is they who aust perform the integration process t

which includes the uncertainties discussed here as well as any uncertain-
.

ties which are not discussed.
1

4.2 Uncertainties in Paraieters Varied in the Sensitivity Study

4.2.1 Volumetric Heat Generation
1

I 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 prob-
ably net the major source of heating. Calculations with debris concrete
interaction codes like CORCON indicate that exothermic chemical reac tions , i

| particularly oxidation of zirconium, will dominate. The reaction rate is I
affected not only by the concentration of zirconium in the melt, but also I
by the rate and composition of gas evolution from the ablating concrete.i

Peach Bottom has a limestone aggregate concrete and tends to produce l a rc,e
| quantities of steam and carbon dioxide, resulting in a relatively vigorous

chemical reaction when zirconiws is present. The ratio of chemical energy
generation to decay power can exceed 10, and can also be significantly

] time. dependent. Since the decay power itself is uncertain because of the
l uncertainty in timing and radioisotopic composition of the debris, this

uncertainty becomes a multiplicative f actor in the overall uncertainty.!

The value of 90 U/Kg used for the decay power is based on the ORNL study
[6), and should be considered rather lov. The melt progression in thati

I study was very slow *nd earlier corium releases could lead to significantly
higher decey power (as high as 200 V/Kg).

!
l

j

|
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4.2.2 Surface Contact Area and Debris Depth

Since the mass of core material ejected affects the corium depth, the in-
vessel melt progression vill have a large influence on this parameter.
Since the coriun 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. However, given the current state of understanding of
BVR 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, but the actual value could be either

! greater or smaller. The 0.19 m depth used for most of the calculations was
based on a 40 percent porosity, 50 percent of the core material ejected
from the vessel, and uniform spreading.

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

4.2.3 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 if the composi-
tion is known. However, the principal purpose of the sensitivity study

; with respwet to thermal conductivity was to attempt to capture the effect
of convection dominated heat transfer in the liquid portion of the debrisj
pool, A practical way to sirulate convection heat transfer in a conduction4

code is to enhance the thermal conductivity, which was the method chosen
1 for this analysis. The enhancement needed can be several orders of mag- i

) nitude. If that were the only issue, a range for this surrogate parameter

j uncertainty could probably be readily given based on standard correlatione
for convection heat transfer. However, our treatment of the debris pool

j 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 is the nominal uncertainty. The range of this parameter should
therefore be some weighting of the convection enhanced value for the liquid |

region, and the nominal value for the solid crust region. Ve expect the
uncertainty range to be larger than is reflected in the sensitivity study
but leave the quantitative assessment of this thorny question to others,
More sophisticated treatments of crust formation are underway, but defini-

q
. tive results were not available at the time of publication (18).

4.2.4 Cas F.missivity

Absorption and reflection of radiant heat from the gas overlying the debris
! pool is dominated by the presence of very denne aerosols (the effect of l

j optically active gases is small because the steam and carbon dio>.!4e ca-

|
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,
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centraticus 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 difficult calculational problem which is not, woreover, well suited to,

j the lurtped treatment of the gas employed in these calculations. Cons =-
! quently, a small calculational study was commissioned in which a detailed

1D radiation transport model was used to estimate the effective emissivity ;
i

{ of the gas / aerosol mixture as ussd in the TAC 2D calculations. Appendix A !

describes the auxiliary calculations and results. The aerosul conditions'

assumed corresponded to a CONTAIN code calculation [6] in which CORCON and,

'

VANESA vere active, resulting in a mass loading in the Peach Bottor cavity
: of 0.016 kg/m3, and a mean size of 2 microns. The resulting range of
i 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 is likely to be somewhat higher. However, the TAC 2D sensitivity study )

| indicates that gas emissivity is not likely to be a dominant source of 1

j uncertainty for this problem, Note that the gas in the shc11 concrete gsp
var assumed to be transparent and aerosol free.

; 4.2.5 Pool Boiling Heat Transfer Coefficient [
: i

The normal flat plate pool boiling curve may not be adequate for the condi. |4

1 tions at the interface between the debris and the water pool, since gas t

generation from below could lead to entrainment and tend to break up the .

,

i interface file. Under these conditions heat transfer between the debris I

1 and the overlying water pool vould be enhanced. Hovc ve r , it is also pos. [
] sible that at very high superficial gas velocities the gas transmission

,

j through a porous crus t would increase the film thickness and therefore '

decrease the heat transfer coefficient.;

j 4.2.6 Debris Configuration (Layered or Mixed)
l

i This uncertainty is not represented as a paraneter, but as two alternative
,

choices for the locations of the debris constituents. As discussed in !

4.2.3, our treatment of the layered configuration is probably more realis- |tic than our treatment of the mixed configuration. However, it is uncer-
|

! tain which configuration is more representative of vt.at might actually ;
I occur. There may be other plausible configurations as well, such as the
! three layer arrangement as sumed at the start of CORCON calculations, or
] configurations which are intermediate between the cases considered. A high

,

l
degree of gas generation would be associated with the mixed configuration, !

since strong mixing forces vould exist. However, this issue is currently |
| controversial and unresolved in the Molten Core Concrete Interaction com- i
i cunity. Another configuration vould be a pure metal layer with no oxide j'

present, as predicted by some ORNL B'.TRSAR calculations [6).
|

| 4.2.7 Shell Concrete Cap Heat Transfer
,

'

Actual conditions in the gap are somewhat uncertain. As built drawings
indicate that the gap is air, but there is some uncertainty whether the-

1 ethafoam insulation was fully removed or has been partially degraded. If
j removal occurred, some residue (possibly burned) may remain, and it may be
; non uniform. If there is an air gap, the model used in TAC 2D is sensitive
1 to the steel and concrete emissivities. Although the steci emissivity was
j not varied (a handbook value of 0.64 was used), the steel may in fact be

.
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well oxidized, which would tend to increase this value. The concrete
emissivity 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 16
suggests a range f rom 0.35 to 0.5 for the nominal concrete emissivity at
the temperatures of interest. Dehydration of the concrete during the heat-i

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.

I A few cases were run with a specified heat transfer coefficient between the
shell and the concrete wall. These cases represent the possibility that

I there are regions in which the ethafoam insulation was not removed. The
heat transfer coefficient used is based on an assumed insulation thermal
conductivity of 0.024 W/m K. The actual situation may involve partially
removed insulation, with a layer of insulating material adjacent to the air

: gap. The results of such a situation would presumably lie somewhere be-
tween the air gap cases and the fully insulated cases.

4.2.8 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 make the analysis highly
| dependent on shell ettack during a cool down of a very hot pool. The value
i selected was roughly based on early ORNL CONTAIN calculations (6) in which

a crude treatment of corium spreading by alternating melting and f reezing'

was the rate limiting mechar. ism (the melt release from the vessel occurred
over an extended period of time). This approach ensures a debris tempera-4

i ture at or near th6 solidus at the time the debris contacts the shell.
| Other spreading or melt ejectior, scenarios could give significantly higher

initial corium temperatures. In particular, in vessel melt scenarios which
lead to a large and rapid release of molten corium would likely result in

i higher initial temperatures at the time of contact with the steel shell.
!

4.2.9 Debris Concrete Hest Transfer
i4

| The range of heat transfer coefficients used by CORCON at this interface is |

1 quite broad: numbers from 300 to 1000 are s' .n in the CORCON MOD 2 sample
I problem (3), f or example, while some of the cases used for the ORSL study '

I [6] exceeded 2 x 108,

4.3 Uncertainties in Parameters Not Varied in the Sensitivity Study

Only a brief review of the parameters not varied in the TAC 2D runs will be'

'
given here, since it is more difficult to translate the sensitivity study

! into an understanding of these uncertainties. The main purpose of this
discussion is to remind the reader that not all input parameters to the
TAC 2D runs were varied in the sensitivity study.

j 4.3.1 Debris Pool Swell

f Tor the purpose of calculating debris depth, a 40 percent corium pool
porosity was assumed. This assumption effectively changes the density of |

the corium in order to account for the presence of gas bubbles due to the !

35-
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i

| l
;

I

Idebris. concrete interactions. The value chosen corresponds to experience ;,

! with CORCON und experirrents, but there is doubtless a good deal of uncer. :

j tainty associate.d with this parameter. '

,

4.3.2 Dryvell Geometry (
!

' There are two important assumptions used in the TAC 2D analyses; first, the |
; angle between the shell and the concrete was taken to be 90' (the actual |
| angle is about 45'), and second, a fixed tap between the shell and the
; concrete was assumed. The former simplification was made because early !

TAC 2D studies showed that the effect of the angle was not dramatic, and j
the revised geometry was much easier to deal with computatiorally. The -

l assumption about the presence of the gap was based on a review of the |
j structural studies which have been performed for the are. vessel failure !

expansion phase (5), and also a study of drawings which indicited that !
'

'
distortion of the shell to conform both to the floor and to the concrete ;

i vall vould trrply failure in and of itself. I

| {4.3.3 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 j
of all the other constituents. The most critical of the material proper. t

ties are those for steel, but the associated uncertainty is probably small. [
; The concrete thermal conductivity could be uncertain by a factor of two or
j more (in part because of possible dehydration effects), but the impact of [

this uncertainty is also expected to minor. An uncertainty which affects j
1

! the energy balance is the ef fect of heats of formation for the various (
eutectics or phase changes in the corium (both the metal and oxide ;

c oreponent s ) . The larent heats of formation for the various debris com. |
ponents were included in all of the calculations. However, as noted ear- !

lier, crusting, and the reduction in the effective thermal conductivity !
i, normally associated with crust formation and solidification was not allowed |in the models. The corium is treated consistently as a unif orm, single

phase conducting medium, and the only recognition of fluid vs. solid be.
havior is 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 into account.

I

) 4.3.4 Radiative Contribution to the Film noiling Heat Transfer
|

Equations (5) and (11) do not explicitly inc1"de radiative heat transfer
across the film, and at extremely high surfaa temperatures (above 1200 K)

j neglecting radiation could be important. For the horizontal boiling case ,
the variation of h* is an adequate surrogate for this effect. For the t,

vertical case, no variation was performed v Mch could be a surrogate. |
'

However, inspection of Tigure 13 reveals that the steel torperatures are {
relatively low in the pool region and separate calculations indicate that f

the enhancement due to radiation vill be small (less than 10 percent). (
4.4 Additional Modeline Uncertainties

i
Besides the uncertainties associated with input paraatters to the TAC 2D i

code, one must also consider ways in which the model fails to capture |
important phenomena. To some extent, such deficiencies can be assessed

j 36
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with the surrogate parameter approach, but there are some cases in which
this approach is 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 s uedium. Enhanced
thermal conductivity cases are an attempt to captutw the liquid nature of
the pool, while the lower values emphasize the effect of the solid crust.
What is really needed is detailed analysis of the coupled fluid
motion / solid conduction problem, including ablation processes at the liq.
uid/ 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 is
treated as frozen (no conductivity enhancement), and the metal typically
has some degree of superheat, so a crust at the shell boundary is not
likely to be thick or persistent. For the mixed configuration, the impact
of this treatment is more difficult to assess, and one must consider a host

j of issues relating to the degree of stirring, the degree of homogeneity of
1 the metal / oxide mixture, the solidus temperatures for the wide variety of

eutectics that can form, and the nature of the freezing process in an
j agitated slurry which is represented by the mixed configuration.

As has been indicated earlier, the TAC 2D 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 centimetersi

'

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 is the instasitivity of the TAC 2D 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 conduction [1] , (18] do not have this
shortcoming, but on the other hand, they are not as self contained as the

j TAC 2D analysis. One approach to the ablation issue may be to think of the
] bulk debris temperatures in Table 3 as the sensitivity pararneters and to
: assess the uncertainty range for bulk temperatures based on a more
1 mechanistic model for debrin concrete interactions.
;

Another inportant 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 surf ace
i 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 is
i in the form of a wave of molten material exiting the pedestal door ,tnd
1 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.

I 5.0 SLDOWlY AND CONCiJJS!0t ,

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

steel drywell shell thermal attack question. Vhile the parameters chosen'

! vere intended to be representative of possible conditions at the time

37
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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.
| sions of the uncertainty 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

i
,

specified in the Containment Event Tree.
|

Almost all of the cases considered resulted in shell melt through, on time i

scales ranging from 8 to 67 minutes after initial contact. In 2 of the 21 i
| 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 '

which the deficiencies in the present modeling are somewhat greater than ,

for the layered configuration. In all cases, the liner temperature reached ;

! values so high thar. failure by creep rupture due to loss of strength must
! ba considered. Peak temperatures near 1200 K will likely cause shell ;

i' of the melt through criterion, failure times would range from 100 to 200 j

failure in all of the cases studied. Given this failure criteria instead |

i 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 Modi) but a more simplistic treatment ;
of transient conduction effects. (

Ultimately, shell melt through appears to be controlled by t bulk debris i
J temperature: the shell does not begin to ablate until , te bulk debris
i temperature exceeds the sum of the melting point of the si ell plus the

{l temperature drop across the conduction boundary layer identified earlier.
|

1 The bulk debris temperature in turn, tends to be controlled strictly by the f

; balance between the upward and downward (axial) heat losses and the r

1 volumetric heat generation. Since the radial heat loss to the shell is !

relatively small when 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 j'

drop. The simultaneous effects of fluid motion, crusting, and slurry l

formation in the vicinity of the shell/ debris interface regien are not i

"

modeled. However, the sensitivity variations included in this analysis are iintended to provide insight into the ultimate e f f ec ts that the unmodeled ;
phenomena might have on the shell melt through issue. '

,
d

| In the layered configurations, shell melt through times, shell temperature
! histories, metallie debris temperature histories, and even oxidic debris

temperature histories showed little or no sensitivity to changing thei

j drywell environment from a gaseous atmosphere to an overlying water pool.
| The overall lack of sensitivity is attributed to the effectiveness of the'

oxide debris layer in insulating the underlying metallie debris layer from
; the conditions present in the drywell atmosphere.
I

] Four of the calculations performed utilized mixed debris configurations. 1

i The results of these calculations were significantly different from the I

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 I

i cases (which utilized an aerosol filled dryvell atmosphere) resulted in |

|
3
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!

complete shell melt through, 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 rnetallic debris
'

resided beneath oxidic debris generally resulted in shell melting in very
short times with the metallic debris promoting virtually aL1 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 shall ablation. The metallie debris layer would be much more closely i

) coupled to the drywell environment and would therefore not be as likely to !
j reach the highly elevated temperatures attained in the layered cases
) analyzed here. !

i '

{ It has been emphasized that TAC 2D is not the ideal calculational tool in
all respects for this problem, and that a number of uncertainties exist
which 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 the11. Clearly, one could imagino, "

ifor example, small amounts of corium released resulting in a shallow layer;

of debris in thermal contact with the shell, such that the shell could ia

) reject the heat at a sufficient rate that excessive temperatures are not j
| reached. On the other hand, the study indicates that for more substantial t

| corium pool depths, shell failure is likely within minutes for a broad [
;range of assumptions about other aspects of the problem.
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1

APPENDIX A l

Radiative Heat Transfer ThrougJi Aerosol Cloud
W. A. Cu, Jack Tills and Associates, Inc., Albuquerque, 'iM

|
The problem at hand can be described as follows: Aerosol (metal oxide) i

cloud from core concrete interaction suspended in an atmosphere at a
pressure 1 atm and a te'aperature of 1100 K. The mas: 1,oading of aerosol is |0.016 Kg/m' with a mass mean diameter of 2 pm. The bouridary surfaces have 1

a temperature of 1500 to 2000 X and an enissivity of 0.8. Due to the rela.
tively large aerosol mass loading, the gas may be treated as transparenti

to
; thermal radiation.
;

; To evaluate the optical properties of the aerosol using the Mie theory, the
refractive indices (m - n(1<ix)) and the naterial densities (pt) of aerosol
are needed, and typical values can be four.d as follows (1):

1 n pt(Kg/m )s
*

CACO : 1.49 1,68 2930.0
j Mgo : 1,74 3580.0
| Mno : 2.16 5450.0

Mn30 : 2.46 4856.01

Ca0'
: 1.P4 2300.0

Te 0 : 2.94,3.01 5240.03,

Teo : 2.32 5700.0
t

Sio, : 1.49 2260.0

Unfortunately, the imaginary part of the refractive indices (x) for
!

'

dielectric material like metal oxide is seldom available in the literatuta, '

| and the real part (n) is reported for visible light at room temperatutes.
Thus, a sensitivity study on the optical properties of metal oxide particles1

] of interest is first performed.

The aerosol cloud is assumed to follow the lognormal size distribution,
i.e.,

8

In(D/DQ,

] m(D)dD y exp 3, f, (1)
. .

I where D is the diameter, a is the natural logarithm of the standard '

deviation, and D is the mass nean diameter. The extinction, absorption and
,

scattering coefficients of the particle cloud can thus be defined as

I.
[ Q (D)m(D)dD
=

1

g y[tj o (2}D '

0s

where r, is the bulk density of aerosol, Q (D) is the efficiency factor, andg

subscripts 1 -s, a or t for scattering, absorption and extinction.'

respectively. The scattering phase function P(0) is defined as
i
i

1

1

._



dDP(0) - [ P(0,D) (3),

O tot

where P(9,D) is the scattering phase function for particles with diameter D,
N(D)dD is the number density for particles with diameter D, and N* ' is the
total number density of the particles, i.e.,

.

N ,g - f N(D)dD (4).g

In the fist es are shown the extinction coefficient (Figure Al(a)), the ,

absorption coefficient (Figure A1(b)), and the acattering coefficient
(Figure A1(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 - O. 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 S , solution technique was used.
With proper boundary conditions, the angular distribution of thermal
radiation fluxes, 1(x,y), can thus be found, where x is the distance from
the left wall, and y is the cosine of the angle between a particular !
direction and x - axis. The scalar flux and radiative heat flux can then be ,

evaluated via I

1

4(x)-2rf I(x,p)dy (5),

-1

1
q(x)-2rf I(x p)pdp (6).

1

Also, ine may compute the effective emittance and absorptance of the aerosol
i

cloud. First, let's define the radiation flux incident on the wall from the .

particle cloud as

1

q,g-2xf I(x-0,p)pdp (7).

|

Then the effective emittance may be defined as

h (8)e
P ;T4

P

where e is the Stefan Boltzmann constant, and T is the particle tempera.
p

ture. The effective absorptance can be found to be l

|
A2

'

;

._. ._ ._ _1



a(x-0)
+ c Ti

(9)a - '

p T*w

where T,is the wall temperature. The radiative heat flux at wall can thus
be expressed as .

!

q(x-0) - 6 a T4 -cT (10),

p p

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

6(T'-T*) (11)q(x-0) - y ,

e i
V

where e, is the wall emissivity.
a effectiveTable i lists the effective emittance e absorptancep, p,

emissivity i, scalar flux d(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, the 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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n-2.o a-o.693

|

= o, albedo e, e, T #(x - o) g(x - o) ;

1.0 12.652 0.53466 3.1490 0.89834 0.548 150.53 21.621 |
i 0.8 12.269 0.49341 2.94t2 0.89199 0.587 146.44 22.974
l 0.6 11,750 0.46018 2.8269 0.88826 0.610 144.02 23.766

0.4 11.248 0.44626 2.8890 0.89020 0.598 145.23 23.354
0.2 11.089 0.48745 3.7147 0.91598 0.442 161.49 17.871

0.18 11.114 0.49877 3.9703 0.92396 0.396 166.46 16.173
0.16 11.149 0.51259 4.3326 0.93527 0.332 173.44 13.768
0.14 11.196 0.52960 4.8887 0.95263 0.238 184.0S 10.075
0.12 11.255 0.55077 5.8737 0.98338 0.08 202.70 3.5344

L

n-2.o a-1.o

e e, elbedo e, e, I *(x - ol 9(x - o)
1.0 13.456 0.48456 1.9515 0.86093 0.789 126.26 29.579
0.8 12.939 0.44454 1.8552 0.85792 0.810 124.18 30.2180.6 12.132 0.41593 1.7966 0.85609 0.822 122.90 30.608
0.4 11.174 0.41088 1.8093 0.85649 0.820 123.16 30.523
0.2 10.341 0.46774 2.0468 0.86390 0.769 128,19 28.9460.1 10.118 0.56961 2.6054 0.88134 0.654 139.71 25.2370.08 10.099 0.60666 2.8952 0.89031 0.597 145.56 23.3130.06 10.092 0.65506 3.4099 0.90646 0.499 155.76 19.8950.04 10.096 0.72132 4.7049 0.94689 0.269 180.73 11.295

.035 10.099 0.7420* 5.4923 0.97147 0.140 195.60 6.0670

n - 2.o a - 2.o !

e e, albedo e, a, i etn-o) e(x - o)1.0 11.615 0.39477 1.6026 0.85003 0.864 118.77 31.8960.8 11.142 0.35774 1.5307 0.84779 0.880 117.18 32.3730.6 10.195 0.33627 1.4934 0.84663 0.888 116.34 32.6210.4 8.8779 0.34298 1.3137 0.84726 0.884 116.79 32.4860.2 7.9191 0.41970 1.7031 0.65317 0.843 120.92 31.2280.1 6.7364 0.53866 2.0988 0.86553 0.758 129.33 28.600
0.08 6.6099 0.57996 2.2841 0.87131 0.720 133.18 27.370,

0.06 6.4881 0.63280 2.5811 0.88053 0.659 139.25 25.3980.04 6.3715 0.70356 3.1601 0.89866 0.546 150.83 21.5530.02 6.2615 0.80644 5.1692 0.96139 0.192 189.44 8.2123
.018 6.2510 0.81968 5.7543 0.97966 0.099 200.47 4.3271

|

Table 1. Results of the s. calculation. T.- 17sor, r,- t ioor, e,-o.s.
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APPENDIX B

Base-Line Thermophysical Debris Properties

Thermophysical debris p operties are defined within the TAC 2D code through
a series of fur.ction subprograms. Except for the uranium oxt.de, ,

thermophysic.1 properties for each of the individual debris constituents |
are de.cribed by temperature dependent quadratic data fits (where |

appopriate) in separate, low level, function subprograms. Uranium oxide I

properties were obtained from sophisticated function subprograms (FCON3 and
CFUEL) within TAC 2D developed by Randall 0. 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 El for the thermal conductivity and Table B2 for the ,

specific heat. (Note: Fe, Cr, and Ni thermophysical properties are
represente. *, arbon steel (CS) properties.)

"

The weighting factors used in the higher level subprograms are the volume
and mass fractions givn earlier in Table 1 for the thermal conductivity
and specific heat, respectively. Appropriately weighted thermal
conductivities and specific heats for each of the three debris categories
discussed in this repert are presented in Tables B3 and B4

,

|

,

l

i

!

!

'
,

4

-



Table B1

Thermal Conductivities (V/m.K) as a Function of Temperat..t (K)

F(0 '' ' T+ 9 T' '

2

2
K - 1.658 + 6.834e 4 T 1.371e 7 TZr0

2

K - 20.0 -

Fe0

K - 45.8 2.25e 2 T
CS

KZIRC - 14.6 4.009e 3 T + 1.071e-4 T

*This is a quadratic fit to a samp!.ing of data
obtained from ITNCTION FCON3.

I

l

!

|

)

B2

_
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|
| |

l
|
|

Table B2

Specific Heats (J/Kg K) as a Function of Tersperature
|

iC - 369.8 - 1.812e 1 T + 9.487e 5 T
Pgo

2

|

, |
1 |

| C - 538.0 + 9.680e 2 Tp

t

C - 500.0
p

C - 450.0
p

2C - 221.4 + 0.224 T 7.280e-5 T T < 1090p

- 7.654e4 + 1.326e2 7 5.691e 2 T 1090 < T < 1248

- 356.0 T > 1248

t This is a quadratic fit to a sampling of data
obtained from m'fCTION CWEL.

|

|

|
|

|
|

t B3
|

-
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Table B3

Debris Thermal Conductivitis (U/mK)

MIXED DEBRIS

X - 0.416 N O + 0'213 E + 0 009 EZr0 Feo
2 2

!

+ 0.209 KCS + 0.153 KZIRC

OXIDIC DEBRIS

X - 0.653 bO * 0*33' E + 'K*Zr0 Feo
2 2

HETALLIC DEBRIS

X - 0.579 KCS + 0.421 KZIRC

B4
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Table B4

Debris Specific Heats (J/Kg K)

MIXED DEBRIS

C - 0.541 C + 0.141 C + 0.005 C
p p p p

+ 0.195 C + 0.118 C |

PZIRC |PCS

OXIDIC DEBRIS

C - 0.787 C + 0.205 C + 0.008 C
P Pyo Pggo Pyeo

METALLIC DEBRIS

C - 0.624 C + 0.376 C
p p p

B5
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A series of paremetric ci.lculations of the thermal attack of molten corium on a steel
shell has been performer, with the TAC 2D computer code in order to elucidate uncertain-
ties about the survivarility of the BWR Mark I containment boundary in the event of a
core-melt accident. ~ince TAC 2D is a two-dimensional heat conduction code, it is not
possible to capture rome 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 TAC 2D
than is possible with existing debris-concrete interaction codes. This study was
therefore undertaken as a supplement to earlier work with debris-concrete interaction
codes (like CORCON-M002), with the intention of assisting members of expert panels
assessing uncertainty in severe accident phenomena for the US Nuclear Regulatory
Commission's NUREG-1150 project. A total of 23 calculations are reported, consisting
of tt:0 base cases (one with overlying water and one without) and numerous sensistivity
variations about each case. 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.

,. Occ . ,.s.... ... .. .a : c...... , i . .,.g.,. .

BWR Mark I; Thermal Analysis; Liner Melting
Unlimited

.. n:....c .n.4.nc.
a...

. ,oi e .... e.ase es "**'

Va.rl. a..s s i f i eda -

Unclassified
4 ... . . a. .; n

..,.u

,,y, g, gggt ekst hf filtf inG OF F IC4 t itI8 10 7.flliG 016l

mn



. ., , .

la

. UNITED STATES ,g,,, , 0,, , , c ,,,3, ,,,,, ,
NUCl EAR REGULATORY COMMISSION Post: ca * Ftts tao

_

WASHINGTON, D.C. 20555 "'
-

,PERVit b G 67 g
.A 9

OFF!CIAL BUSINESS
PENALTY FOR PRIVATE USE. $300 0

120555139217 1 1ANIR4
US NPC-GARw-ADM
DIV FOIA /. PURLICATIONS ;VC3
RRL3-P30 NinEG

-

P-210
WA3HINGTOS' DC 0555'

l
!

r

'4
T-

=
.

M

w

b

6

i

c

.

s

L

e

~

F|
.

L.

m

H

,

>-

n
-

E

. ~


