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ABSTRACT

|
The MELPROG computer code is being developed to provide a

mechanistic treatment of Light Water Reactor (L%P) accidents from
accident initiation through vessel failure. This paper describes

a two-dimensional (r-z) debris meltdown model that has b en
developed for use in the MELPROG code. Of interest in t. s study
is melt progression in psrticle beds that can form in bott the
reactor core and the lower plenum during severe L%R accidents.
The analysis includes mass conservation equations for each
species. A two-dimensional (r-z) momentum equation accounts for
melt relocation due to both gravity and capillary forces; viscoue
drag is included by modifying Darcy's Law to account for -

undersaturated flow, and the wetting behaviour of molten
stainless steel in contact with UO, is modeled using the
formulation suggested by Scheidegger. As solid melts in he
center of the bed, the porosity increases; collapse of the bed is
incorporated using a critical minimum polid volume fraction
o, ,,g . The energy equation considers conduction and radiation
heat transfer in the bed, and phase diagrams are used to model
Fe-Zr and U-Zr-0 interactions.

Solutions are qualitatively similst to the post-accident
configuration cf the Three-Mile Island (TMI-2) core. Key results

are (1) a dense metallie crust is created near the bottom of the
bed as molten materials flow downward and freeze; (2) liquid
accumulates above the blockage and if zirconium is present, the
pool grows rapidly as molten Zr dissolves both UO, and Zr0,
particles; (3a) if the melt wets the solid, a fraction of the
melt flows radially outward under the action of capillary forces
and freezes near the radial boundary; (3b) in a nonwetting
system, all of the melt flows into the bottom of the bed; and (4)
when Zr and Fe are in intimate contact and the Zr atomic fraction
is greater than 0.33, these metals can liquefy and flow out of
the bed very early in the ec1tdown sequence. Major uncertainties
in the analysis are identified and validation experiments arediscussed.

1
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1. INTRODUCTION

1.1 Problem of Interest
I

The MELPROG computer code [1-3) is being developed to
provide a mechanistic treatment of Light Water Reactor (LWR)
accidents from accident initiation through vessel failure. The
MELPROG code is organized into explicitly linked modules that

i

i analyze different aspects of a severe accident. At the beginning !

of an accident, heat transfer in the reactor core is calculated
in ths CORE module. Once the fuel rods fragment, the core

:

resem' t es a large particle bed. From this point in time onward, t

; core mcit progression is calculated in the DEBRIS module (dryout, !

] quenching and gas flow in the bed are modeled in the FLUIDS
,

module). The DEBRIS module also analyzes beds that can form in ;
the lower plenum.

'

!

This paper describes models that are being developed for the
DEBRIS module and discusses experimental needs in this area. Of
interest in this study is the transition of an initially dry
particle bed to a moltr- pool state. Although the energy
released by fission product decay falls to less than one-percent '

of normal operating power one hour after reactor shutdown (4) ,
; temperatures in a dry debris bed can surpass the UO,-Zr0,

mel ting point (2800 K) due to the low UO, and Zr0, thermal
conductivities [5). When the solid debris starts melting, molten
materials flow downward under the action of gravity and freeze in

: lower, colder portions of the bed, forming a dense crusted
region. As happened at Three-Mile Island (TMI-2), liquid

i subsequently accumulates above this crust, creating a molten pool
[6-8). Postaccident analyses of the TMI-2 reactor core revealed
that debris was released into the lower plenum of the reactor
vessel when the supporting crust failed.

1.2 Related Studies
;

Because uncoolable, dry debris represents a significant
; risk, the dryout [5,9-28) , quenching and reflooding [27-31) of

internally heated particle beds has received considerable
attention in thr literature. Squarer et al . [10) and Lipinskie

[11] have presunted reviews of recent debris coolability,

1 research. Lipinski [12) elucidated much of the physics involved
in dryout and developed a steady, one-dimensional model that

1--



successfully predicted dryout limits. Time-dependent models were
subsequently developed by E. Gorham-Bergeron [13] and Turland and
Moore [14,15] . Reactor D-series [16-22] and Degraded Core
Coolability [23-24] oxperiments at Sandia National Laboratories
investigated debris dryout in Liquid f(etal Fast Breeder Reactors
(LMFBR) and Light Water Reactors (LWR), respectively. Related
experiments were conducted by Dhir and Catton [25] and Squarer
and Peoples [26].

Natural convection effects in the molten pool state have
been investigated in many LMFBR studies [32-39]. Emara and
Kulacki [32] , Suo-Anttils and Catton [33) , Cheung [34] and
Tveitereid [35] modeled natural convection flows in horizontal f
fluid layers with internal energy generation. Kulacki and I

Goldotein [36] , Baker et al . [37] and Faw et al . [38] present
experimental correlations for upward and downward heat
partitioning in such fluid layers.

Relatively little attention has been given to the postdryout
meltdown of debris beds that form during LWR accidents [40].
Several Melt Progression (MP) experiments are being planned at
Sandia National Laborate. ries to investigate (1) the transition of
a dry LWR debris bed to a molten pool state and (2) the failure
of the supporting crust. These experiments will be performed in
the Annular Core Research Reactor at Sandia and are intended to
complement earlier Molten Pool [41-45] and Dry Capsule [46-47]
experiments which investigated incipient debris melting within
the context of LMFBR accidents. The importance of U-Zr-0
chemistry will be examined in the MP experiments whereas the
earlier LMFBR work stressed UO,-stainless steel interactions.
Larger particles will be used in the MP study (average diameters
near 2 mm versus 0.2 mm in the DC experiments) and the
temperature gradients will be smaller. Because of the large
thermal gradients in the DC experiments, evaporation and
recondensation was a dominant crust formation process [47) .

,

I

1.3 The Present Contribution 1

The present study is an extension of earlier work by Dosanjh !
[48-50] . A mechanistic, one-dimensional model was presented in

Refs. [48,49] for the postdryout meltdown of UO,-Zr0, beds. The ;

analysis included mass conservation equations for each species. 1

A momentum equation accounted for melt relocation due to both
1

|
:

-2-
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gravity and capillary forces; viscous drag was included by
modifying Darcy's Law to account for endervaturated flow. A UO ,-
Zr0, phase diagram was prescribed and ti 'snergy equation

considered conduction and radiation heac transfer in the bed and
convection by the melt. A two-dimensional debris meltdown model
[50] was subsequently developed to treat reactor accidents, such
as TMI-2. during which multidimensional effects have an important
impact on core melt progression.

In this report, metals (e.g. zirconium and stainless steel)
are added to the two-dimensional version of the analysis. The
wetting behavior of molten stainless steel in contact w?th solid
UO, is modeled using the formulation suggested by Scheidegger
[51). A Zr-Fe phase diagram accounts for the formation of a low
temperature (21200 K) liquid solution and the dissolution of
solid UO, and Zr0, by molten Zr is considered using a quasi-
equilibrium treatment. A nonoxidizing atmosphere is prescribeu
in this study: calculations using the MELPROG code [2] indien.te
that this is a reasonable approximation during the late phases of f

many severe accident sequences. The oxidation of zirconium and
stainless steel will be considered in future reports.

, ,

i A discuss 2on of the analysis follows. Solutions are
presented in Chapter 3 for porous beds with several compositions:
(1 ) UD, , Zr0, and Zr; (2) UD, and stainless steel; and (3) UO,, |

,

Zro , Zr and Fe. The effects of varying a,,g, (the solid fractiong

at which the bed collapses) and the liquid-solid contact angle 0
are discussed. Major uncertaint.es in the analysis are
identified and validation experiments are discussed. These
exper iments are of critical importance because uncertainties in
the debris module can affect reactor accident analyses; such
uncertainties can alter the manner in which core materials are
released into the lower plenum, the state of the lower plenum
debris and the timing of both core sluap and vessel failure.

-3-
j
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2. ANALYSIS

The distance characteristic of changes in the po.e structure

of the debris bed d is defined as six times the volume of the
solid phase divided"by its surface area (i.e. d =6V/A) . The

equations governing heat transfer and fluid flo,w in the bed are
amenable to analysis for a particular range of d,. When d, is on
the order of the mean free path of the gas molecules X,
corresponding to the Knudsen limit, the diffusion models employed
in this study must be modified. On the other hand, when d is ithe distance characteristic,of jlarge, of the same order as x,,
changes in temperature and species concentrations, the particles I

must be considered individually. The following analysis is
restricted to debris beds in which d s ati s f i e s X < < d,< <x, .p

I

2.1 Conservation of Mass

Balancing the mass stored in a control volume and convection
by the liquid and the solid (as it collapses) gives:

'

8 -
' '

8' '
-

p u p U
g 13 , + g ,a,Y,j ,3E "1 zj 33, + V' YY p

= - h a,Y,j ,3 (1)p
,

for each species j; j =1,2,3 and 4 corresponding to U0,, Zr0 , Zr3

and stainless steel, respectively. The subscripts 1 and a refer

to liquid and solid, respectively, u=(u,v) is the liquid
superficial velocity, U is the velocity at which the solid
collapses, a is a volume fraction and Y is the volume fraction
of ph:.se i that is occupied by species j

Note that species dif fusion is neglected in Eq. (1) . Typical i

diffusivities for liquids near their melting points are on the
order of 10 m /s [52). For time scales on the order of 10' s,4 *

the distance characteristic of diffusion, [Dt] U' , is
m. That is, liquid phase diffusion is onlyapproximately 10-8

important over length scales comparable to the average particle
diameter.

-4-
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2.2 Liquid Motion

; Balancing viscous drag (which is assumed to vary linearly
| with velocity), gravity and changes in pressure gives:
|

|

P-gp (2)p1 + u=- y y ,

where is the dynamic v3scosity of the liquid, g is the
gravitational acceleration and x is the relative permeability.

3

Capillary forces enter Eq. (2) through the term involving the
liquid pressure, P. The capillary pressure is defined as the

3

difference between P and the gas pressure, P (that is, P,=P,-P )3 3[51,53-55]. Taking changes in the gas pressu,re to be me-h
smaller than variations in the capillary pressure

it is therefore evident th<a<tVP,)(VP
gives V P = - V P, . From Eq.(2)

3

capillary forces move liquid into regions of high P,.

In order to solve Eq. (2) the relative permeability x and
3

the capillary pressure P, must be specified. In fully saturated
flow, 4 equals the permeability 4, while in undersaturated flow,3

only a fraction of the solid is in contact with liquid and 4 is
3

proportional to x; the proportionality constant is a function of

the saturation S. which is defined as the fraction of nonsolid
volume occupied by liquid (i.e. S=a / (a +a,)) . Reed [22] gives3 1
for x :

3

3
MS for S>S,

* #My=< (3) I0 for SfS,

r,

where S,=(S-S,)/(1-S,) and the residual saturation S, is defined
as the threshold value of saturation below which bulk liquid
motion ceases. For SSS,, 4 =0 and Eq. (2) requires that G=0,3

When the saturation S is less than the residual saturation S,,
the liquid consists of unconnected pendular rings. Liquid starts
to flow when S is increased to the point that these rings touch
and coalesce [56] . When the liquid wets the solid (O'<6<90'),

I s6 0.263
S
r " 80.3 (4)

', spig .

-5-
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where 7 is the surface tension and 6 is the liquid-solid contact
angle [57]. In a nonwetting system (90' <6 <180') . S,=0. 0. The

dependence of S, on the porous matrix is contained in the
permeability s. Increasing the particle diameter or the porosity
raises & and leads to lower values of S,. For packed beds
consisting of small, tightly packed particles, the saturation
must be increased to a high value before bulk liquid motion is
observed. Bird [58] derives the following relation for s by
modeling the porous solid as a bundle of capillary tubes:

d E
" (5)& = ,

150 (1-c)2

where the factor of 150 is determined empirically. I

Leverett [56] derived tue f o11owing equation for the
capillary pressure P using dimensional analysis:

iP,=J 7eos6 (1-a,)*/*/s /', where J is a function of S, only.
Hoffman and Barleon [59] give an empirically determined relation I

for J: J=a (S,+b)'*, where a=0.38, b=0.014 and c=0.27. Therefore , f

4150 a
8

Pc"" (S +b)" 7 cos6 (6)
e d (1-a,) *

p

Because P, decreases as the particle diameter d, increases,
capillary forces are small in beds with large particles. For ,

O'<6<00', increasing the solid fraction a, or decreasing the
saturation S, increases P,; capillary forces therefore move
liquid into regions of high a, (low porosity) and low saturation.
For 90'<6<180', decreasing a, or increasing S, increases P,;
capillary forces therefore move liquid into regions of low a,
(high porosity) and high saturation. That is, melt tends to

agglomerate in a nonwetting system. This effect has been j

observed in stainless steel-UO, beds in both the Molten Pool and j

Dry Capsule experiments.

2.3 Solid Motion
1

In order to determine the solid velocity U, the manner in

which a high porosity bed collapses must be specified. It is

assumed here that solid begins collapsing downward when the solid

|
1
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fraction falls,below a critical value a,,a and that a,=a,,e in

regions into which solid is collapsing. That is, U is determined
by requiring enough solid to fall to keep the solid volume
traction above this minimum value.

The particle density n is determined from

h + h nU = T (7),

where T is the rate of destruction by phase changes. After
solving Eq (7) for n, the particle diameter is determined from

,

d,= (6a,/nx)

2.4 G,as Motion

When the models discussed in this study are coupled to the
MELPROG computer code, gas motion will be calculated in the
FLUIDS module of the ccde. In the near future, a gas phase
momentum equation and gas species diffusion equations will be
added to the stand-alone version of the current debris bed

: meltdown model. Gas motion can affect both oxidation and fission

| product release in debris beds. In the present study it is
assumed that oxidation ceases when the core suffers a significant
loss of geometry.

2.5 Conservation of Energy

Balancing the energy stored in the solid and the liquid,
convection by the liquid and the solid (as it collapses),
diffusion and internal heat generation gives:

. .

3 _
, .
_

."s ,)p,)h,3+ a Y )pyy 3),Y h +V. u Y p hE 31 ij yy t),

"sU Y,)p,)h,) = V+k,ffh+ Y Ya,p,1 ,1+ a p13 33 Q (8)+
y

,,

where h is the enthalpy of srecies j in phase i, Q is the decayg
heat expressed as energy release per mass of UO, and k,,, is an i

effective thermal conductivity which accounts for both conductive

.

-7-
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and radiative heat transfer in the porous solid. It is assumed

here that the liquid and the solid are in local thermal
equilibrium. Energy stored in the gas phase is neglected because
the densities of materials of interest are very large (on the
order of 10 kg/m') compared with the gas density.4

Radiation heat transfer in the packed bed is incorporated

k,g= 4 E a d,T* ,using a modified gas conductivity, k* =k + k,g , where
e is the emissivity of the solid and a ,is the Stefan-Boltzmann
constant [60,64) . Empirical correlations for k,ff in solid-gas i
systems are available in the literature (60-64). However, in the
current problem, three phases (solid, liquid and gas) are
present. In calculating k,ff, the solid and the liquid are
treated as a single component with a volume averaged thermal
conduc+.ivity k ;a

. .,
a, 2 Y,)k,3+ ay % Y )k (9)k =

3 yg j ja,+ ay ,

For a single phase i, k depends only on Y and k Theg g g.
following correlation gives k,ff [60,64] :

1-p
k k" (10)k,ff = p k * yg k w + k-(1~w) '

y g

whe re w=0. 3a['(k,/k,*) ~''* , p= (a,-w) / (1-w) and a, i s the volume
fraction occupied by gas. In the limit of a gas volume fraction
of zero, both w and p approach zero and consequently, k,,,=k . Ona
the other hand, in the limit of a gas volume fraction of one, p '

approaches one and k,ff=k*.

2.6 Phase Diagrams

At the present time, reaction rate information is not
available in the literature for the materials and temperatures of |

interest. Consequently, quasi-equilibrium treatments based on f
relcvant phase diagrams are used in this study to model Fe-Zr and i

U-Zr-0 interactions. Shown in Fig. 1 is the Zr-Fe phase diagram
given by Hansen (65) . Note that solid melts at a very low
temperature for Zr atomic fractions greater than 0.33; when the
temperature reaches 1200 X, a eutectic reaction occurs forming a
Zr-Fe liquid solution having a Zr fraction of 0.76. For Zr

-8-
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atomic fractions between 0.33 and 0.76, this eutectic reaction
decreases the Zr atomic fraction in the solid phase to 0.33.

That is, a solid ZrFe, compound is created. For Zr atomic
f ractior.s between 0.76 and 1.0, the reaction increases the Zr
fraction in the solid to 1.0 (all of the Fe liquefies) . Because
of the low solidification temperature (1200 K) of the Zr-Fe
solution, only a small fraction will freeze near the bottom of
the bed; most of the melt flows out of the bed very early in the
meltdown sequence. This phenomenon is discussed further in
Sections 3.3a and 3.3b.

When the temparature surpasses 2100 K, molten Zr dissolves
both UO, and Zro, [66,67] . In this study these dissolution
processes are taken to be symmetric with respect to UO, and Zr0,
compositions. For a given local (solid and liquid) composition,
it is assumed that the melt composition falls along the line
shown in Fig. 2. The solubilities of UO, and Zr0, in molten Zr
are computed from the U-Zr-0 liquidus temperature, j

Although Zr-UO,, Zr-Zr0, and Zr0,-UO, pseudo binary phase |
diagrams are available in the literature [66,67], a ternary U-Zr-
O phase diagram is not available. Ternary liquidus temperatures |

are determined in this study following the interpolation method ;

suggested in Ref. [68]:

|

IfT fl j gg)
1,j !

I#ITg= (11) ('
Effi3
i,j
i#j

where the f's are atomic fractions and T is the liquidusuj
temperature for the i-j binary phase diagram. Equation (11)
correctly reduces to T =T when only two components are present.

t uj
Liquidus temperatures currently used in the MELPROG computer code
are given in Tables IA, IB and 10.*

* Private communication with R.C. Smith, Sandia National
Laboratories, Reactor Safety Theoretical Physics Division, 1988.
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TABLE IA

Liquidus temperatures for Zr-UO,. The quantity f is the UO,a
molecular fraction.

Temperature Range of molecular
fractions i

i

2100 + 1460 f I <IUO <UO 2,

2

for 0.050 < fUO < 0.226j 2173 + 2841 (fUO - 0.05)2 2
: TL=,2

for 0.226 < fUO < 0.856
'

2673 + 1.6 (fUO - 0.226)"

2 2
i

2674 + 3049 (fUO - 0.856) for 0.856 < fUO < I' # .

2 2 :,

,

TABLE IB i
!

Liquidus temperatures for Zr-Zr0,. The quar.tity f is the Zro, |ra
molecular fraction.i

!

| Temperature Range of molecular
fractions

| |
.

i f r 0.000 < fZr0 < 0.S47
'

2100 + 210 f
; Zr0 22

Tg=,
2173 + 1225 (fZr0 - 0.347) for 0.347 < fZr0 < 1.000;

2 2,

|

l
_

A

d

4
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TABLE IC

Liquidus temperatures f or Zr0,-UO, . The quantity f is the UO,mamolecular fraction.

Temperature Range of molecular
fractions

t

2973 - 336 f I# <IUO < 0.5UO '

2 2TL=4
2805 + 616 (fUO - ) I <IUO <

*
', '

2 2

2.7 Closure

In order to close the preceding set of equations, the decay
heat Q, properties, initial conditions and boundary conditions
must be specified. One hour after reactor shutdown, power
generation falls to approximately one
A TMI-2 type plant with an operating power of 2.8 x 10 percent of peak power [4].MW and
03,000 kg of UD, in the core [7] han a decay heat Q on the order
of 300 W/kg of UO,. Because it takes several days for the decay
heat to decrease significantly below the one-hour value [4), it
is assumed that Q is constant in the following analysis.

|Ty pical values of densities pij , specific heats cg3, heats offusion h f 3, thermal conductivities k viscosities p3 and surf acei3 ,
tensions 7 for UD, [69-71), Zr0, [72], Zr [66), stainless steel3[72) and Fe [73) are given in Table II. Initial measurements of
the liquid UD, thermal conductivity ranged from 2.0 W/m*K to 11.0
W/m*K [74,75) . Upon subsequent analysis of these experiments,
Fink and Leibowitz [76) suggested a value of 5.5 W/m*K. The gas
is taken to be hydrogen, for which k = 1.007 x 10'' T*''"', where
k is measured in W/m*K and T is indelvins [66). The viscosityok the melt is calculated by volume averaging. Brimhall andPrater [77) noted that the dissolution of UO, by molten Zr is a
weakly exothermic process; this heat of reaction is set equal to
zero in this study.

13 --

_ - _ _ _ _ _ _ - .



. - _ - . ... --. _ _ .. - _-. - -

TABLE II

Typical UD,, Zr0,, Zr , 304 stainless steel and Fe properties.

UO Zr0, Zr 304 steel Fe
Property 2

( density [kg/m*] 9650 (s) 5700 (s) 6400 (s) 7500 (s) 7900 (s)|

8700 (1) 5700 (1) 6200 (1) 6900 (1) 7900 (1),

*-
i

specific heat [J/kg-K] 630 (s) 700 (s) 350 (s) 560 (s) 780 (s)
490 (1) 815 (1) 350 (1) 560 (1) 750 (1)

|

|
thermal conductivity [W/m-K] 3.0 (s) 2.0 (s) 30.0 (s) 30.0 (s) 30.0 (s)

5.5 (1) 2.7 (1) 35.0 (1) 20.0 (1) 30.0 (1)
<

heat of fusion (kJ/kg] 274.0 706.0 225.0 250.0 290.0

O.0058 0.0035 0.0050 0.0225 0.0225
viscosity TPa-s]

surface tension [N/m] O.45 O.45 O.45 1.5 1.8

|

|

|
|
|
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i

Solutions.are presented in Section 3 for various initial and
boundary conditions. When the models discussed in this study are

explicitly coupled to the MELPROG code, these conditions will be
| calculated in other modules of the code. For example, initial |
| bed compositions will be provided by the CORE module; this module |

calculates heat transfer in the reactor core during the early

stages of a reactor accident. Boundary conditions will be
provided by either the STRUCTURES or CORE modules for boundaries
that are in contact with reactor structures and by the RADIATION
module when radiative boundary conditions are appropriate.

2.8 Solution Algorithm

Equations (1,2 and 10) along with auxiliary relations (3-9).

are solved numerically. Variableu such as the temperature and
the species volume fractions are determined at the centers of the
computational cells. Velocities are calculated at the sides of
these cells. Results presented in Section 3 were obtained using
200 computational cells; increasing this number did not
significantly alter the solutions.

a

Given the values of all variables at a time step n, Eq.(2) is
solved for the velocity field at step n+1; the elocity in the
drag term is evaluated implicitly and all other parameters are
determined explicitly. Next, the bulk densities (which are based
on total volume),

Pj = a,Y,)p,) + a1 13p13 (12)Y
,

and the enthalpy function,
, .

N"E s ,)p,)h,) + a Y )pyy y)Y h (13)13 ,
; j -

| are calculated at time step n+1 from Eqs.(1,10) using a time
explicit scheme; convective terms in these equations are
evaluated using upwind differencing. When only one phase is
present, solution of Eqs.(1,10) is straightforward. In two phase
regions, phase diagrams provide additional relations between the

,

temperature and the species mole fractions in each phase.
Equations (12,13) along with these ;'hase diagram relations

j determine the primitive variables, 7, a , and Yg, at step n+1.g

i
!

I

i
'
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8. RESULTS AND DISCUSSION

Solutions are presented in the following sections for a 1 m
high, 1 m in diameter porous bed composed of particles with an

| initial average diameter of 5 mm. An initial uniform temperature
l of 600 K is prescribed and the boundaries continue to radiate to

an environment at 600 K as the temperature increases due to decay
heating. The following compositions are considered: (1) UO,,
Zr0, and Zr; (2) UD, and stainless steel; and (3) UD,, Zr0,, Zr
and Fe. Although nonhomogeneous initial and boundary conditions !

Ican be prescribed, uniform conditions are chosen to simplify the
interpretation of the results. When the models discussed in this
study are implemented in the MELPROG code, the initial state of
the debris and the boundary conditions will be calculated for
each problew of interest. |

3.la CASE 1A: Zirconium in a Ceramic Bed with a,,g=0.4J1420
1

Solutions are presented in this section for a bed with !
i

initial U02, Zr02 and Zr volume fractions of 0.33, 0.07 and 0.20, '

respectively, and an initial porosity of 0.4 -- see Fig. 3. In

this section it is assumed that solid begins collapsing downward ;

'

when the solid volume fraction falls to a, The effect of
is discussed in Section 3. lb ,,g=0.4.varying a,,,g

Temperature, porosity, solid volume fraction and centerline [
species profiles at 4600 s are shown in Figs. 4,5,6 and 7,
respectively. When the temperature surpasses 2100 K, the Zr
melts, decreasing the solid fraction in the conter of the bed. |
Most of the melt flows downward and freezes upon reaching colder |

portions of the bed; note from Figs. 6 and 7 that a metallic !
blockage forms near the bottom of the bed. A small fraction of j

| the melt flows radially outward under the action of capillary i

| forces and freezes near the radial boundary. '

'

|

I Shown in Fig. 8 is the temperature profile at 5700 s.

| Temperatures in the bed are well above 2100 K and significant

amounts of UO, and Zr0, have been dissolved by molten Zr. As
,

I happened at Three-Mile Island (TMI-2), liquid accumulates above t

the metallic blockage, creating a two phase (liquid-solid) molten
pool -- see Figs. 9,10 and 11. Recall that the minimum allowable ;

solid volume fraction in this calculation is 0.4 and that the '

!
|

'
,

L
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solid UO, and Zr0, initially occupy forty percent of the total
volume. Therefore, the decrease in bed height near the center is

directly attributable to the dissolution of UO, and Zr0,.

By comparing Figs. 10 and 12 it can be shown that the
temperature of the lower crust in Fig. 10 reaches the Zr melting
point between 5700 m and 6000 s. When this crust melts, liquid
flows downward and refreezes closer to the bottom boundary -- see
Figs. 13, 14 and 15. Note that the metal to oxide ratio
decreases with height above the metallic blockage. This effect
has been observed in postaccident analyses of the TWI-2 core

[6] .

Welt composition is plotted as a function of time .in Fig. 16.
Zirconium starts melting at 4600 s. As temperatures in the bed

increase, molten Zr dissolves both UO, and Zr0,. Since this,

calculation was conducted for a nonoxidizing environment, all of
the oxygen in the liquid solution is due to dissolution. At 6000
m, the melt composition is 64.15% Zr, 25.75% 0 and 10.10% U. The
melt oxygen concentration is twice the melt uranium concentration

when only UO, is dissolved. In this calculation, the Zro, to UO, ,

dissolution ratio (moles of Zro, dissolved divided by moles of
UO, dissolved) is 0.27. Initially (at t=0 s) , the Zr0, to UD,
volume ratio is 0.21, which corresponds to a Zr0, to UO, mole
ratio of 0.27. Equal percentages of UO, and Zr0, are dissolved
because it was assumed in Section 2.6 that dissolution is
symmetric with respect to UO, and Zr0, compositions -- see Fig.
2. Experiments are needed to assess the validity of this

assumption; uncertainties will af f e:t the UO,(s) to Zr0,(s) ratio;

in the center of the bed. #

3.1b CASE 1B: Zirconium in a Ceramie Bed with a ,g,=0.3;

In this section, the ef f ect of changing a, g, from 0.4 to 0.3
is discussed. All other parameters are kept f,ixed at their
Section 3.la values. Temperature, porosity, solid volume
fraction and centerline species profiles at 6000 s for Case Ib
are shown in Figs. 17,18,19 and 20, respectively. The melt
composition and the species melt fractions are independent of
a, ,g, . These variables depend strongly on the temperature and at
6000 s, the peak temperature is 2600 K for both values of a,,g,.
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1

However, the configuration of the debris bed is very,

| dependent on a,,,3 At 6000 s, the bed height has decreased by

as much as twenty percent for a.,mh=0.4, whereas for a,,g,=0.3,I

the bed has not started collapsing downward. Although the same
amount of solid has melted for both values of a,,,g,, the molten

4

larger for a, 13 and 18. From !pool is
15 and 20 it is,g,=0.4 -- compare Figs.evident that a larger fraction of the meltFigs. t

is trapped above the pool by surface tension effects for

a.,g,=0.3 because the bed height is greater (melt relocation ;

ce.ses when the saturation falls below the residual saturation S,
and S, is approximately the same for both cases) .

3.2 Case 2: Stainless Steel in Ceramic Beds

Solutions are presented in this section for a bed with i

initial UO, and stainless steel volume f ractions of 0.4 and 0.2, !

respectively, and an initial porosity of 0.4. 0 stensen [78] ;,

]
noted that the contact angle 6 between moltan stainless steel and !

j solid UD, is large. Two cases are considered in this study: (2a) :
' 6=60' (the melt wets the solid) and (2b) 6=120' (nonwetting).
t Recall from Section 2.2 that capillary forces move liquid into i

'

regions of high saturation when 90'<6<180 . Consequently, the
equations governing melt relocation are highly unstable for a' ,

i nonwetting system; small perturbations can cause melt to i

| agglomerate in a fairly random manner. A stability analysis is !
) presented in Appendix A.

k |

| Porosity profiles at 3700 s for Case 2a are shown in Fig. 21. |

The black region in Fig. 21 consists of a molten pool supported I
'

by a dense blockage -- see Fig. 22. Note that there is '

i significant outward radial motion for 6=60'; a crust with

! 0.4<a,<0.6 forms near the radial boundary. Since the molten

| steel wets the UO,, capillary forces move the melt into regions
of low porosity. Because the solid volume f raction a, decreases'

with distance from the centerline, the radial component of the-

liquid velocity is positive. Therefore, capillary forces move
,

{
melt radially outward in this case.

!

| Porosity profiles at 3700 s for Case 2b are shown in Fig. 23.
j In a nonwetting system, capillary forces move liquid into regiers

of high porosity and the radial component of the liquid velocityi

i
j

l
t
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!
1

is negative. Therefore, capillary forces move melt toward the |
center of the bed. In this case, all of the melt flows into the

bottom of the bed. The final molten pool state is not affected
'

by the unstable nature of the governing equations. However, melt
tends to flow downward into the pool in streaks.

i

At t=3700 s, approximately the same amount of steel (41% of [
the total by weight) has melted for both values of 8. Less melt [
has refrozen for 6 1200 and consequently, the liquid level is i
higher in Fig. 23 than in Fig. 21. Changing the contact angle i

can, therefore, significantly alter the configuration of the
Idebris bed.

3.3a Zirconium and Iron in Ceramic Beds It Zr to Fe Atos Ratios |
|

Greater than 3.17 .

t

| In Section 2.6 it was noted that solid begins melting at a j

very low temperature (1200 K) for Zr to Fe atom ratios greater i

than 0.5. When the temperature reaches 1200 K, a eutectic !

reaction forms a Fe-Zr liquid solution with a Zr atomic fraction |

of 0.76. The effect of this reaction on melt progression is ;

| discussed in the following two sections. In this section |
solutions are presented for a bed with a Zr to Fe atom ratio j

greater than 3.17 (Case 3a) and in Section 3.3b a bed with a Zr !
,

r

| to Fe atom ratio between 0.5 and 3.17 is considered (Case 3b) .
In these calculations it is assumed that the porous bed is self-
supporting until the solid fraction falls below 0.3 (that is,

a,,,3=0.3).

A demonstration calculation was conducted for a porous bed

with initially uniform UO , Zro,, Zr and Fe volume fractions of7
l 0.33, 0.05, 0.2 and 0.02, and an initially uniform porosity of

0.4 -- see Fig. 24. For thir calculation the Zr to Fe atom ratio
is 4.6, which corresponds to a Zr metal atom fraction of 0.82.
Centerline species volume fractions at 1800 m are shown in Fig.
25. Temperatures in the bed reach 1200 K at 1500 s. Solid
starts melting at this time, decreasing the solid fraction in the
center of the bed by as much as twenty-five percent. Welt flows
downward under the action of gravity and because of the low
solidification temperature of snis Zr-Fe solution, only a small
fraction freezes near the bottom of the bed. Most of the melt
flows directly out of the bed.
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Shown in Fig. 26 are the masses of the metals in the bed as i

functions of, time. As mentioned previously, the Zr-Fe melt f
composition is 76 atom percent Zr. The ratio of Zr to Fe !

molecular weights is 1.6 and consequently, the Zr to Fe mass [
i

ratio in the melt is 5.2. Therefore, 5 kg of Zr flow out of the

bed for every kg of Fe. At 2500 s, two-thirds of the Fe and one- [
third of the Zr has flowed out of the bed, t

.

For Zr metal atom fractions greater than 0.76, the eutectic
reaction increases the local Zr metal fraction in the solid phase

to 1.0. This reaction ceases when all of the Fe has liquefied ;

and flowed downward. Height-averaged metal volume fractions at |

2500 s are plotted as functions of radial position in Fig. 27. j

Note that at this time only a small amount of Fe remains in the !

bed. All of the Fe in the region o m<r(0.4 m has been depleted

and the Zr volume fraction in this zone has failen below 0.1.
| Subsequent melt progression behavior is similar to that discussed i

i in Sections 3.la and 3.lb for UD,-Zr0,-Zr beds. ,

! !

3.3b Zirconium and Iron in ceramic Beds II: Zr to Ft Atom Ratios (4

Between 0.5 and 3.17 !
?

j Solutions are presented in this section for a porous bed with |
; initially uniform UO,, Zro,, Zr and Fe volume f ractions of 0.33, |

~: 0.003, 0.2 and 0.087, and an initially uniform porosity of 0.4 -- t

see Fig. 28. For this calculation the Zr to Fe atom ratio is i

1.85, which corresponds to a Zr metal atom fraction of 0.65. !;

j Centerline species volume fractions at 1800 s are shown in Fig. !
! 29. Solid starts melting at 1500 m and the porosity in the |
] center of the bed increases to 0.63 by t=1800 s. Welt having a i

Zr atom fraction of 0.76 flows out of the bed as happened in the !4

calculation discussed in Section 3.la. !
q

!

j Shown in Fig. 30 are the masses of the metals in the bed as
'

functions of time. Thirty-tw0 percent of the Fe and fifty-five |

| percent of the Zr flows out of the bed by 2500 s. Because the I
'

I melt is Zr-rich, the Zr to Fe mars ratio in the bed falls from
I1 its initial salue of 3.L to 2.0 before 2500 s elapse.

.

1

! For Zr metal atom fractions betwe(n 0.33 and 0.76, the ,

| eutectic reaction forms a ZrFe, solid compound, decreasing the !
j local Zr metal fraction in the solid phase to 0.33. Height-

|
5

'

i !

\
j - 43 - j
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averaged metal volume fractions at 2500 s are plotted as
functions of radial position in Fig. 31. Significant amounts of

1

Fe and Zr have flowed out of the o m<r<0.4 m region, leaving i

beliind a mixture of UO,, Zro,l melt (see Fig.1), flow downward
'

and ZrFe,. When the temperature
reaches 1600 K, the ZrFe, wil
and form a blockage similar to those shown in Sections 3.la, 3.1b !

and 3.2. i
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4. MAJOR UNCERPLINTIES AND EXPETAIMENT6

Major uncert 0 in this study involve (1) the chemical
interactions d in Section 2.6; (2) bed collapse; and (3)
flow correlati( s those given in Eqs. (3-6). Such

swolved in crder to accurately predictuncertainties - 3
oxidation and : ivoduct transport in severely damaged
reactor cores end ;4 manner in which debris is released into the
lower plenum. \ discussion of these uncertainties and priorities
follows.

A U-Zr-0 phase diagram is needed. Especially important is
the accurate determination of heats of fusion and dissolution
energies. Information regarding Fe-Zr-U-0 interactions would
also be helpful. Experiments are needed to assess the
equilibriun assumptions in Sections 2.5 and 2.6; we anticipate
that the Melt Progression (MP) experiments currently being
planned at Sandia will provide invaluable information in this

,

{ area.

In Section 3.1 it was demonstrated that variations in a,,g
(the solid fraction below which debris collapses downward) c,an
significantly alter the results of a calculation. Experiments,

are needed to determine u as a function of the particle,g
d i amete r (and gluing materials).<

Correlations given in Eqs.(3-6) need to be assessed. Of
these the residual saturation S, is the zost significant because
it determines the time delay between melt formation and
relocation. Gravity usually dominates capillary forces in the
problems of interest to this study and consequently, variations
in P, do not significantly af fect melt relocation. Uncertainties
in the permeability s also have only a small effect.

5. CONCLUSIONS

A two-dimensionhl model of melt progression in core rubble
beds has been developed. The analysis includes mass conservation
equations for each species. A two-dimensional (r-z) momentum
equation accounts for melt relocation due to both gravity and
capillary forces; viscous drag is included by modifying Darcy's
Law to account for yndersaturated flow, and the wetting behaviour
of molten stainless steel in contact with UO, is modeled using
the formulation suggested by Scheidegger. Au solid melts in the

- 51 -

,



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____ -

i

center of the bed, the porosity increases; collapse of the bed is
incorporated using a critical minimum solid volume fraction

a ,,g, . The energy equation considers conduction and radiation
heat transfer in the bed, and phase diagrams are used to model
Fe-Zr and U-Zr-0 interactions.

Solutions are qualitatively similar to the post-accident
configuration of the Three-Mile Island (TMI-2) core. Key results

are (1) a dense metallic crust is created near the bottom of the
bed as molten materials flow downward and freeze; (2) liquid
accumulates above the blockage and if Zirconium is present, the
pool grows rapidly as molten Zr dissolves both UO, and Zr0,
particles; (3a) if the melt wets the solid, a fraction of the
melt flows radially outward under the action of capillary forces
and freezes near the radial boundary; (3b) in a nonwetting
system, all of the melt flows into the bottom of the bed; and (4)
when Zr and Fe are in intimate contact and the Zr atomic fraction
is greater than 0.33, these metals can liquefy and flow out of
the bed very early in the meltdown sequence.

Oxidation and natural convection effects in the molten pool
will be modeled in the near future. Models discussed in this
study are being impicmented in the MELPROG computer code being
developed at Sandia and Los Alamos National Laboratories. The
modi fi ed version wi]] be used to analyze melt progressicn, crust
growth, pool formation, crust f ailure and the release of molten
materials into the lower plenum during the Threc-Mile Island
accident. Major uncertainties in the analysis have been
identified. R. actor Melt Progression (MP) experiments being
plarned at Sandia National Laboratories will help resolve some of
these uncertainties. Complementary experiments are needed to
determine the porosity at which solid collapses as a function of
the particle diameter.

,
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Appendix A

Instabilities in Nonwetting Systems.

In Section 3.2 it was noted.that the equations governing melt

relocation are very unstable for 90'<6<180*. An approximate [
stability analysis follows. Consider undersaturated flow in a
porous bed with a uniform solid volume fraction a,. Welt r

relocation is governed by Eqs, (1,2) in Section 2. Neglecting

phase changes, summing Eq. (1) over all species j gives:

(1-a,) h + V. ~ = 0 (A.1)
,

i

I

where it has been assumed that p3 is constant. Equation (2) can
be simplified for many applications. It is evident that the time

:characteristic of changes in velocity is 4 p1 p. Noting that s/ ia 1

) is of the same order as s, setting d =1 mm and a,=0.6 in Eq. (5), |

Taking p20.005 PaIs and p127000 kg/m' gives a4 *yields s 210 m.
3relaxatici time on the order of 10-8s, which is much smaller than

,

the other time scales in the problem. That is, the liquid i

velocity quickly relaxes to its quasi-steady value !

# i
'

1 -V P - E pi,
--

(A.2)u=- ,c
! |

"

wheri VP has been replaced by -VP,.
3

1 Combining Eqs.(6,A.1 and A.2) gives: (
I

! h-agcos0V*DVS-bD2 ga S=0 (A.3)
1 ,

: ;

where |
"

|
r

3D (S) = S; 3 ,

) !
2

Do(S) = S,

e ,
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a=1 *
p .1-a ,. ,

3p3x
b=

(1_g )(3_, ), g
,

and ' the Leverett function J depends only on S (dJ/dS<0) . Note
that S=S, (a constant) in a steady solution of Eq. (A.3) .
Consider perturbations of the form:

i (W t~ *T)S=S 1+ce (A.4)o ,.

where e is a small parameter. Substituting the above expression
into Eq. (A.3) and keeping first order terms in c yields:

2w = i a' geos6 lEl - b' g*E (A.5)
,

where a '=aD (S,) and b ' =bD,(S,) . Note that Im(w) <0 for 90'<6<180'3

and the perturbation grows exponentially in time. Therefore, in
nonwetting systems, solut. ions are unstable with respect to small
perturbations. When the melt wets the solid, 0*<6<V''', Im(W)>0
and solutions are stable. For 6=90', Im(w)=0 and the governing
equations are purely hyperbolic.
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