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Abstract-Upon dryout of the bed, the dominant modes of heat transfer are conduction and radiation. 
Radiation is modeled through the Rosseland approximation. The melting of stainless-steel particulate 
imbedded in the fuel is modeled by assuming the bed to be a continuum with conduction and radiation as the 
dominant modes of heat transfer. The molten steel, after it drains to the bottom of the bed, is assumed to 
disappear into cracks and mortar joints of the MgO bricks. The melting of fuel in the interior of the bed is 
modeled identically to the steel particulate, except for the bed settling which is more pronounced in the case of 
fuel melting and is assumed to be instantaneous owing to the significant weight of overlying bed and sodium 
pool. The molten layer of fuel, as it collects at the bottom of the bed, causes the heatup of the MgO lining to the 
eutectic temperature (228O”C), and the MgO lining begins to dissolve. The density gradient caused by the 
dissolution of MgO leads to natural convection and mixing in the molten layer. The submerged fuel particulate 
also begins to dissolve in the molten solution and ultimately leads to the conversion of debris to a molten pool 
of fuel and MgO. The process of penetration of the MgO lining continues until the mixing process lowers the 
concentration of fuel in the volume of the pool to the level where the internal heat rate per unit volume is not 
enough to keep the body of the pool molten and leads to freezing in the cooler part of the pool. As the molten 
pool reaches a frozen or a quiescent state, the MgO brick lining thickness provided is deemed ‘safe’ for a given 

bed loading and the external rate of cooling. 

INTRODUCTION 

IN PART I, we dealt with the phenomena of two-phase 
flow and boiling in heat-generating fixed porous beds. 
In Part II, we will analyze the physics of processes that 

occur subsequent to dryout in the presence of 
continued internal heating of the bed. To give a better 
appreciation, we will discuss here the relevent pheno- 
menology important to these processes. 

Upon dryout of the bed, the dominant modes ofheat 
transfer are conduction and radiation. There is 
significant experimental evidence [l, 21 that a fixed 
packed bed behaves as a continuum. Consequently, one 
can model the radiation (assuming the bed to be 
optically thick) through the Rosseland approximation 
and the conduction by using equivalent thermal 
conductivity. Owing to the very low conductivity ofthe 
dry bed and low efficiency of radiation at relatively low 
temperatures, melting of steel particles imbedded in 
the fuel may occur. The melting of the stainless-steel 
particulate can also be modeled by assuming the bed to 
be a continuum with conduction and radiation as the 
dominant mode of heat transfer. The effect of drainage 
of the molten steel on heat transfer is neglected, and 
further, it is assumed that it disappears into cracks and 
mortar joints in the MgO bricks, leaving behind a 
debris bed of fuel particulate only. The resultant bed 
readjusts both its height and porosity to accommodate 

*Work performed under the auspices of the U.S. 
Department of Energy. 

additional space left behind by the drainage of molten 
steel. 

Once again the heat transfer in the bed consisting of 
fuel particulate alone is modeled as conduction and 
radiation. Because of lower rates of heat transfer from 

the bottom of the bed as compared to those from the 
top, the fuel melting occurs near the lower part of the 
bed and moves down to the bottom of the bed. The 
modeling of the fuel melting process in the interior of 
the bed is identical to that for the steel particulate as 
described above, except that bed settling during fuel 
meltingismorepronounced than thatin thecaseofsteel 
melting for beds containing a small weight fraction of 
steel. The bed settling due to gravity and due to the 
weight of overlying bed and sodium pool is almost 
instantaneous as compared to the rate ofmelting of the 
fuel particulate. Consequently, due to displacement of 
molten layer, the bed height is continuously adjusted in 
the modeling. The molten fuel, as it forms a continuous 
layer over the bottom of the bed, begins to cause the 
heatup of the MgO lining. When the interface attains 
the eutectic temperature (228o”Q the MgO lining 
begins to dissolve in the molten layer of the fuel. The 
dissolution process lowers the density of the fuel layer 
(MgO being 2.5 times lighter than pure molten fuel) and 
causes a density gradient. This density gradient causes 
destabilization of the molten layer, leading to mixing of 
dissolved MgO by natural convection. The mixing 
enhances the disolution process and, consequently, the 
penetration of the MgO lining. The process of 
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NOMENCLATURE 

surface area of debris bed 
total surface area of the solid particles in 
the bed 
surface area of particles per unit volume 

r, position void or quench front at the top 
u superficial velocity in x direction 
V superficial velocity in y direction 
V Volume of debris bed. 

of bed 
total bed loading due to solid 

particulate [kg m-*1 
bed loading due to fuel particulate [kg m-‘1 
bed loading due to steel particulate Bg m-“1 

specific heat at constant pressure 
particle diameter 
acceleration due to gravity 
enthalpy of solid stainless steel 
enthalpy of molten steel 
thermal conductivity 
thermal conductivity of the mixture 
in the molten pool 

permeability 
mass transfer coefficient 
number of solid particles 
pressure in the debris bed 
heat generation rate per unit volume of 
bed 
heat flux 
heat generation rate per unit volume of 
fuel 
temperature 
melting temperature of steel 
reference temperature 
time 

local coordinates 
position of interfaces in debris bed 

Greek symbols 

B coefficient of volumetric thermal 
expansion 

Y defined by equation (6b) 
& void fraction in the debris bed 

sF volume fraction of fuel particulate 

s, volume fraction of steel particulate 
K thermal diffusivity 

P dynamic viscosity 

; 

kinematic viscosity 

defined by equation (Sb) 

P density 

PO reference density at temperature TO, 
concentration C, 

I? Stefan-Boltzmann constant. 

Subscripts 

E,c equivalent 
F fuel 
L lower interface 
M MgO lining 
m U02-MgO solution 
r radiation 

; 
stainless steel 
solid 

SE solid fuel and steel particulate 
T turbulent 
U upper interface. 

penetration of MgO lining continues until the mixing 
process lowers the concentration of fuel in the volume 
of pool to a level where internal heat rate per unit 
volume is not enough to keep the body of the pool 
molten. Consequently, the freezing process begins in 
the cooler parts of the molten pool. This freezing 
process is modeled as two-dimensional as the 
temperature distribution prior to freezing is governed 
by mixing in the natural convection mode, which in the 
present configuration is at least a two-dimensional 

phenomenon. 
If the thickness of the MgO lining is such that it is not 

being penetrated further because the molten pool has 
frozen or it reached a quiescent state, then indeed we 
have determined the ‘safe’ MgO brick lining thickness 
for the given bed loading of the fuel and the external rate 
of cooling. 

HEAT TRANSFER IN DRIED-UP 

DEBRIS BED 

boiling is likely to leave the bed dry (void of liquid 
sodium) in spite of the overlying sodium coolant pool. 
Because of the very high temperatures in the bed, the 
‘quench front’ may not be able to penetrate into the 
depth of the pool. Upon dryout the debris bed is 
primarily cooled by conduction and radiation modes of 
heat transfer. The study of heat transfer characteristics 
ofadry debris bed are very important as the sequence of 
processes that follow owing to inadequate cooling of 
the dry bed could possibly be detrimental to the vessel. 
If the temperatures continue to rise, the melting of steel 
in the debris bed and subsequently that of the vessel will 
occur. Consequently, it is important to determine the 
temperature distribution of the dry bed as a function of 
space and time. This calculation also establishes initial 
conditions for the melting in the debris bed and of the 
pressure vessel. 

Heat transfer model for dried-up bed 
Generally, the problem of heat transfer in dry beds at 

If the debris bed is sufficiently deep and decay power high temperatures is one of interaction between 
level is sufficiently high, sodium coolant subsequent to conduction and radiation. Radiation, in one extreme, 
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for very porous beds consisting of semi-transparent 
particles can be described by an optically thin 
approximation. On the other hand, for closely packed 
opaque particles, radiation can be described by an 
optically thick approximation. For the treatment of 
radiation, as for the conduction mode, the dispersed 
phase is assumed to be a continuum; consequently, the 
total heat flux in a one-dimensional system can be 
written as [l] 

4(Y) = 4c(Y) + q,(y) (1) 
with 

q,(x) = -KE!$ (2) 

and under optically thick conditions, q,(x) can be 
expressed by the Rosseland approximation in terms ofa 
Fourier-type equation as 

q,(y) = -K, z. 
ay 

(3) 

The above representation of the radiation flux implies 
that radiation transport is considered to be a local effect 
taking place between surfaces of neighboring particles, 
and the long-range effects due to the presence of voids 
are neglected [l]. In view of equations (2) and (3), 
equation (1) becomes 

q(y) = -(KB+K,)g = -K$. (4) 

A number ofmodels have been proposed to calculate 
effective conductivity, K,, and radiation conductivity, 
K,. A very systematic study of these models was 
performed by Kelly et al. [2] to evaluate them 
experimentally. In-reactor experiments using fission 
heating of UO, particulate to simulate decay heat 
power levels were conducted and temperatures as high 
as 3100 K were attained. Both pure UO, and mixed 
UO,/steel beds were studied. Of the various models 
investigated, Imura and Takegoshi’s [3] model for K, 
and Vortmeyer’s Cl] model for K, gave good agreement 
for mixed beds over a wide temperature range. In the 
present study, these models will be utilized. The Imura- 
Takegoshi relation [3] for effective thermal conduc- 
tivity K, is given as 

KE l-w 

K,=O+ 5+(K$&)(I -5) 
(5a) 

where 

< = 0.3 $.6 2 

(> 

-"'044 
W-4 

8 

E--r 
W=y 

1-C 

The equivalent solid conductivity, KSE, for the mixed 
beds, as suggested by Luikov et al. [4], is determined 
from the Maxwell relation 

3 - 3y + 2yK,/K, 
KsE = K1 (3-y)K,/K,+y’ (W 

where 

El 
y=1-_E 

Subscript 1 refers to the solids with largest volume 
fraction and subscript 2 refers to the one with smallest 
volume fraction. 

Vortmeyer’s model [l] for radiation thermal 
conductivity K, is given as 

K, = 4pDT’ (7) 

where 1 is the radiation exchange factor, which depends 
on the bed porosity and emissivity of the particles. Kelly 
et al. [2] assumed a value of 0.85 for this parameter for 
the types of beds of interest to post-accident heat 
removal. 

The equation governing the transient heat transfer as 
discussed previously must include the effect of radiation 
and is given as 

The boundary condition that the above equation must 
satisfy is 

-(K,+K,)~ =. = 4 ly=o- Pa) 
Y + 

where flux, q(y = O-), is calculated by conduction and 
radiation losses to the lower structure. The boundary 
condition at the upper end is that ofa fixed temperature. 
However, location of this end needs to be determined by 
calculations to be carried out in the transient void 
propagation phase described previously. This location 
is determined by the position of the quench front. The 
fixed temperature to be assigned will be equal to the 
saturation temperature at the pressure corresponding 
to the location of the quench front. Thus, 

Tly=rF(,j = T, Pb) 

where Y,(t) is the location of the quench front. 

STAINLESS-STEEL MELTING AND DRAINAGE 

The continuum model of a porous bed is an 
extremely useful device available to obtain gross or 
macroscopic behavior of a bed. In analyzing the 
melting of steel particulate imbedded homogeneously 
in the fuel debris, the debris bed will be considered to be 
a continuum. Conduction and radiation are assumed to 
be the dominant modes of heat transfer. It is further 
assumed that the volume content of stainless steel is not 
large enough for drainage of the molten steel to be 
initiated immediately upon melting. It is held in 
place by surface tension (during melting) until the 
temperature of the bed over most of the bed height 
becomes high enough to lead to the melting of the 
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majority of the steel. We will also assume : (1) that no 
significant freezing of the steel occurs as it begins to 
drain because of higher temperatures prevailing in the 
lower part of the bed as compared to the upper part ; (2) 
that no significant change in thermal conductivity of 
the bed occurs due to molten steel as the amount of steel 
present is not enough to fill the voids in the bed ; and (3) 
that the convection effect due to drainage velocity of the 
molten steel is negligible as compared to conduction 
and radiation because of the presence of significant 
voids in the bed. Consequently, the drainage process 
and the time necessary to drain will be neglected. 
Furthermore, as molten steel drains to the bottom of 
the bed, it escapes into the cracks and mortar joints of 
the MgO bricks, leaving behind the solid debris bed of 
fuel. This assumption is valid for debris beds containing 
amounts of steel equal to or less than the fuel. For debris 
beds containing large amounts of steel, the molten steel 
would accumulate at the bottom of the bed after the 
cracks have been filled. 

Governing equations 
To date, to the best knowledge of the authors, no 

previous analytical study of the melting process in a 
heat-generating debris bed has appeared in the 
literature. Consequently, the equations governing the 
melting process need to be formulated. We will start 
from the following form of the energy equation 

where T, is a reference temperature. Let YSL(t) be the 
position of the lower interface and Y,,(t) be the position 
of the upper interface. Integrating equation (10) about 
an interface and using Leibnitz’ rule gives 

r : 
(11) 

Taking the limit of Ys and Y: approaching Ys and 
assuming the temperature is continuous across the 
interface, we obtain the following interface balance 
equation for the lower interface 

-s,p,Ah,YsL = (Ka + K,) E 
JY r & 

-(Ke+K,)g _ 
YSL 

(124 

where Ah, = h,, - h,, h,, is the enthalpy of molten steel. 
For the upper interface we have 

ssp,Ah,Yst, = (KE+K,)T ay y -(K,+K.)g . 
i” Y&J 

UW 
Energy equation (10) applies both to the molten 

region and to the solid region. The boundary 
conditions that it must satisfy are : 

-at the upper and lower liquid interfaces 

TIY, = T,, 

-at the debris bottom 

(13) 

-(K,+K.)$ = qlo-. (14) 

At the upper part of the debris, a fixed temperature 
boundary condition equal to the saturation tempera- 
ture of sodium vapor is used. Thus, 

TJ -T YF - sat, (15) 

where the Y, is the position of the ‘quench front’ 
obtained from analysis described in ref. [S]. 

MELTING OF FUEL DEBRIS 

AND FORMATION OF MOLTEN POOL 

Following melting of the steel particulate and its 
subsequent drainage to the bottom of the bed, the 
molten steel layer may disappear into mortar cracks 
leaving behind a dry debris bed consisting of fuel 
particulate only (valid for small amounts of steel). Once 
again, the prevalent modes of heat transfer are 
conduction and radiation. It is anticipated that heat 
loss from the debris bed will be higher to the overlying 
sodium pool as compared with MgO substrate. 
Consequently, maximum temperature will occur 
somewhere in the lower part of the bed. If the heating of 
the bed continues with imbalance in heat losses from it, 
fuel debris will melt at its maximum temperature. 
Subsequently, the melting will spread into the rest of the 
bed with the lower part melting first. 

With the melting of the lower or the bottom part of 
the particulate, the bed settles and becomes partially 
submerged in the molten layer. The height ofthe molten 
layer increases as it begins to dissolve the MgO lining at 
the bottom and as more molten fuel adds to it, due to 
particulate melting. The dissolution of the MgO in the 
molten layer of fuel will tend to decrease the density of 
solution near the bottom and lead to mixing by natural 
convection. 

Assumptions 
1. Heat transfer in dry debris bed prior to and during 

fuel melting is dominantly governed by conduction and 
radiation modes. 

2. The debris bed behaves like a continuum both for 
conduction and radiation modes of heat transfer and 
for treating melting. 
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3. The bed continuously settles at a rate equal to the 
rate of melting. 

4. The rate at which molten fuel is increasing in the 
molten poolformingat the bottom ofthe bedisequal to 
the rate at which fuel is melting; that is, we assume no 
freezing of the molten fuel as it drains. 

5. The dissolution of the MgO lining in the molten 
UO, will also contribute to the increase in the height of 
the pool as the density of molten MgO (2400 vs 3400 kg 
m - 3 for solid phase) is significantly less than the density 
of the solid phase. 

6. The convection currents due to density gradients 
caused by the dissolution of MgO will dominate the 
mixing process in the pool. 

7. The effect of the presence of MgO in the molten 
pool on lowering the melting temperature for fuel 
particulate will be taken into account through the 
phase diagram given in Fig. 1 (the data points shown in 
this figure are taken from ref. [S]). 

The fourth assumption is a reasonably valid 
assumption in view of the fact that the maximum 
temperatures occur in the bottom part of the debris bed 
and, therefore, melting in the lower part will be 
simultaneous. This assumption becomes even more 
valid as the bed begins to get immersed more and more 
in the molten layer of the fuel. Furthermore, we will 
neglect the time taken by molten fuel to drain and 
assume that it joins the molten pool instantly. This 
assumption becomes more valid as the height of the 
molten pool increases and the bed becomes more and 
more immersed in the pool. 
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The peak temperatures in the dry fuel debris bed, as 
discussed previously, occur in the lower part of the bed 
near the bottom. Consequently, melting will occur first 
in this part and spread downwards. The melting of the 
debris will lead to settling of the bed because of the 
removal of the void volume. The melting process is a 
much slower process as compared with bed settling (by 
‘free’ fall) and, consequently, it is reasonable to assume 
that the latter process occurs instantly due to the weight 
of the overlying debris bed. It then follows that the 
height of the bed at any time is equal to the sum of 
heights of the unmolten portions of the bed. This 
statement is true until all available void volume is filled 
with molten material. 

As it collects at the bottom, the molten fuel does not 
spread out to cover the surface of the substrate until it 
achieves a critical thickness H, given by [7] 

FIG. 1. Phase diagram for MgO-UO, system. Hc = bF/Pd1'2. 

Heatup of dry fuel bed 
During the heatup of the dry bed, the dominant 

modes of heat transfer are conduction and radiation. 
The governing equations have been described 
previously; however, we give these equations below 
when particulate material consists of fuel only, that is, 
&F = l--E, 

cu -@P&F +~P&,I ; 

(K,,fK,)$ +Ck (16) 
1 

where E is now given by [6] 

E = 0.593-1.23 x 10-4B,, 

with the debris bed height given by 

(17) 

BF 
HFO = -. 

t1 -&)PF 
(18) 

The equivalent thermal conductivity, KFE, of the dry 
debris bed is given by Imura and Takegoshi’s empirical 
expression [3] 

K FE l-w 

K,=W+ 5+(&K,)(l-r)’ 
(19a) 

where 

-“‘044 
UW 

The equivalent thermal conductivity, K,, for radiation 
is given by Vortmeyer’s model Cl], cf. equation (7). The 
discussion of the boundary conditions for equation (16) 
is given previously. These conditions are given by 
equations (9a) and (9b). 

Initial melting of thefiel debris bed andformation of the 
molten layer 

(20) 
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The above relation is an order of magnitude estimate of 
thickness of the molten layer, below which it will not 
spread. The above equation is obtained by requiring a 
balance between surface tension and gravity forces. 
Here, or is the surface tension of molten fuel and pFM is 
the density of molten fuel. Consequently, if molten fuel 
in the porous bed does not accumulate to height H,, it 
will be incapable of covering the substrate surface in the 
form of a liquid film and, as a result, dissolution will be 
negligible. After molten fuel accumulates to this height, 
we will include the effect of dissolution of MgO, both in 
the formation of the pool through the addition of mass 
and its effect on the rate of melting of the fuel 
particulates submerged in this growing molten layer. 

The equations governing the positions of the lower 
and upper melt interfaces are readily obtained by 
adapting equation (12) to fuel particulate as 

(1 -~PFA~F~FU 

= (K,e+K,)~ -WFE++ (22) 
y:u ‘G” 

The above equations, however, need to be modified to 
account for bed settling as a result of melting. Since bed 
settling is assumed to be instantaneous, that is, molten 
fuel is forced down or removed due to the weight of the 
overlyingunmolten bed until, ofcourse, the whole ofthe 
bottom part becomes molten, at which time melting 
begins to proceed from the bottom up. In view of this 
discussion, equation (21) simplifies to 

(1-c)~&r& = (K,,fK,)g . (23) 
rFL 

In order to include the effect of bed settling in modeling 
the upper interface, we first shift the coordinate origin 
from the bottom to the top of the bed. Let H,, be the 

height prior to the inception of melting (see Fig. 2a). 
Thus, 

y’ = HFO-y. (24) 

Using the above transformation in equation (22) and 
accounting for bed settling, we have 

(1-s)p,Ah,k’ = (K,+K.)$ y _. (25) 

The height, Hdt), of the bed while it is continuously 
settling is given as (see Fig. 2b) 

H&) = yFt,+ IY’I, (26) 

and the height Yp(t) of the molten layer collecting at the 
bottom is obtained from mass conservation as (see Fig. 

2) 

PrusY~(r) = CH,, - &I (I- &)PF. (27) 

The expression is valid as long as YP < H,. This 
equation will not be an accurate representation if voids 
are only partially filled. This indeed will be the case if YP 
is less than the size of the particles. 

Dissolution of the MgO lining and fuel particulate 
The molten layer, as it accumulates over the bottom 

of the bed, begins to cause heatup of the MgO lining. 
The particulate submerged in the molten layer, be- 
cause of its small size, very quickly attains thermal 
equilibrium with the molten layer. When the interface 
attains the eutectic temperature (228o”C), the MgO 
lining begins to dissolve in the molten layer of the fuel. 
The dissolution process lowers the density of the fuel 
layer (MgO being 2.5 times lighter than pure molten 
fuel) and causes a density gradient. This density 
gradient causes destabilization of the molten layer 
leading to mixing of dissolved MgO by natural con- 
vection. The mixing enhances the dissolution pro- 
cess and, consequently, the penetration of the MgO 
lining. The addition of MgO components in the molten 
layer causes dilution of the heat generating component, 
namely, fuel. This dilution begins to lower the melting 

MOLTEN LA’fER 

(b) 

FIG. 2. Position of molten interfaces during the melting of fuel particulate (a) without bed settling and(b) with 
bed settling. 
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temperature of fuel particulate immersed in the molten 
layer and cause their dissolution. 

The melting of fuel particulate in the volume of the 
dried-out bed and the dissolution of MgO lining and of 
the fuel particulate immersed in the molten layer all 
contribute to increasing the height YP of the molten 
layer. The mass balance for this molten layer gives (see 
Fig. 3) : 

s 

YP 

PRY, = PMK+(HFO-HF)U-~PF 
0 

The term on the LHS gives the total mass contained in 
the molten layer, the first term on the RHS gives the 
mass of MgO lining that dissolved, the second term 
represents the mass of molten particulate in the dried up 
bed. The third term gives the mass of particulate that 
dissolved in the molten layer. All of these masses are 
expressed per unit area of the bed. The derivation of the 
last term on the LHS is given in Appendix A. 

The equations governing heat and mass transfer in 
the molten layer and those describing dissolution of the 
particulate and MgO lining are given as : 

Molten layer and submerged particulate 

8C-w +(1 -hI a 
at 

+ ax (PU) + $ (Po) = 0 (29) 

a&PC + ape apvc a -- 
at ax + ay -=z pdg ( > 

- k,a,pCC - C,(T,)I (30) 

;b,ACl -WRJ31 dy,} = W,pCC,(T)-Cl, 

or 

&{p,[l-(R/R331) =ykNP(Cr-C) 

= a,k,(C,-C) (32) 

k ap u=__!!!- 
pm ax 

(33) 

v=s(-$+pg) (34) 

P = L%+($)~(T- TE)+ (g)p(c-cEj, W4 

MELT INTERFACE 

Y 
b 

MOLTEN LA!,,“’ ’ f 

FIG. 3. Simultaneous dissolution of MgO substrate and fuel 
particulate submerged in molten solution of UOz and MgO. 

where the reference state is taken at eutectic 

composition of UO,-MgO solution. The density at 
reference state is computed as 

PE = CE~M~O+(l-CE)~"Oy (3W 

In equation (31) the term [l -(R/R,)‘] ~rA\hr 
represents heat of dissolution; its derivation is given in 

equation (A5) of Appendix A. 
The interface balance equations governing the 

dissolution of MgO lining are given in Appendix B. 
These equations are given below : 

VIII (36) 

{PMgOs - [1-(R/R,)“]} (l-C,)Y” = p,DC 
ay y, 

(37) 

h4sOs(hssOs - 4) + Cl- ~PFC& - G&7,, - TR)l 

-P# -WQ334) %, 

+par aT 

ay yA 
-K 

MgOsay y,’ (38) 

MOLTEN POOL PENETRATION 

AND FREEZING 

Following the complete melting and dissolution of 
fuel particles of debris bed, a molten pool consisting of 
solution of UOz and MgO is formed. The molten pool 
thus formed continues to penetrate the MgO lining by 
dissolving it. The equations governing the dissolution 
of MgO lining and its subsequent mixing by turbulent 
natural convection are given as : 

Conservation of mass 

a”+!?&. 
ax ay (39) 
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Conservation of momentum 

du au du 
z+Uz+t$ 

= -~~+~~(~~)+~~(~~) 

Conservation of energy 

i3T aT dT 

at ‘“ax +“?iy 

(40) 

(42 

Conservation of species 

ac ac ac 
dt+uz+uy 

=~[(~+~)~I+~[~+~)~] 

(43) 

interface bcdance for dissolution or freezing 
Integrating mass continuity equation for the 

solution over the strip lying across the interface as 
shown in Fig. 4, we obtain 

or 
x+dx b(x.fl 8 

j s 
--c,dy dx+ 

xtdx 

X n(W) dt s s 

bW) 

5 iI(XJ) 

Applying Leibnitz’ rule 

s x+d.K 

+ [(idb -(P&l dx = 0. (46) 
X 

Noting that on the side of solid u = v = 0 and letting 
a -+ b + Y,, we obtain for melting and freezing 

Pm-Pm dKl ay, 
-...---_--_v -_u 

at In 
_. 

ln ax Pm 
(47) 

Here, pm - density of solution at interface, psm 
= density of solid at interface, u,, v, = x,y com- 
ponents of velocities at the interface. 

Similarly, the integration of energy equations across 
the interface gives 

jj%dx dy+jjydx dy+jjydx dy 

..;; I.‘..,, 
* ,‘.,_* _(.. 

,~.. .:.: ‘., ,, 

INTERFACE ; .:. 

SO!JDIFlED MIX 

a(x,t) Y, b(x,t) 

TURE 

FIG. 4. Control volume across interface between molten solution of UO, and MgO and solidified mixture of 
UO, and MgO or MgO substrate. 
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Both for melting and freezing, the above equation 
becomes 

The integration of concentration balance equation 
across the interface gives 

g,x dy (50) 

where jX, j,, = x, y components of diffusional fluxes. 
Both for melting and freezing, the above equation 

simplifies to 

P.,(C,,-Cm)!$ +pm LIg 3 
( > yA ax 

-pm DE 
( > 3.v Yf 

= 0, (51) 

where C,, is the concentration of MgO in the solid 
phase, Chl is the concentration of MgO in the solution. 

CONCLUDING REMARKS 

The process of penetration of MgO lining continues 
until the mixing process lowers the concentration of 
fuel in the volume of the pool to a level where internal 
heat rate per unit volume is not enough to keep the body 
of the pool molten. Consequently, the freezing process 
begins in the cooler parts of the molten pool. This 
freezing process is modeled as two-dimensional as the 
temperature distribution prior to freezing is governed 
by mixing in the natural convection mode which in the 
present configuration is at least a two-dimensional 
phenomenon. 

If the thickness of the MgO lining is such that it is not 
being penetrated further because the molten pool has 
frozen or it reached a quiescent state, then indeed we 
have determined the ‘safe’ MgO brick lining thickness 
for the given bed loading ofthe fuel and the external rate 
of cooling. 
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APPENDIX A: DISSOLUTION 
OF FUEL PARTICULATE 

Due to dissolution of MgO lining in the molten layer of fuel 
at the bottom of the bed and its subsequent mixing due to 
natural convection, the concentration of MgO in the layer 
steadily increases. This increase in concentration of MgO in 
the solution lowers the melting point of the submerged fuel 
particulate and, consequently, the particulate begins to 
dissolve in the solution. As the dissolution proceeds the bed 
settles, due to its own weight and due to the weight of the 
overlying pool. However, due to very slow rate of the 
dissolution, bed settling or movement due to this process alone 
is very slow compared with that due to melting of fuel 
particulate in the volume ofthe bed and that due to dissolution 
of the MgO lining. Because of its very slow rate of settling, one 
can assume that the space vacated by dissolution is taken up by 
settling of the particles from above, so that the void 
distribution throughout the bed remains invariant at its 
original value E. 

Let N be the number of particles contained in elemental 
height by,, at height y, prior to inception ofdissolution, and let 
after passage of time t from inception of dissolution, the same 
number of particles be contained in elemental height 6y, at 
height y. Since porosity remains invariant, then one writes 

N = A(l-s)6Y,i A(l-s)6.~, =p 
4 4 ’ 641) 
jSR: -?lR’ 

3 

where R, and R is the radii of the particles prior to and during 
the dissolution process. The above equation yields 
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dissolution of particulates in height Y,,, one then obtains from 
equation (A3) 

j 

YP 
m, = pFAY,A = p,A Cl -UW,)“I dy,. (A41 

0 

The heat of dissolution absorbed per unit volume is obtained 
from equation (A2) as 

Aho = pr[l -(R/R,)JIAhr> 

where Ah, is the latent heat of fusion for the fuel 

(As) 

APPENDIX B: INTERFACE BALANCES 
BETWEEN MOLTEN LAYER 

AND MgO LINING 

We will assume that penetration of the MgO lining is one- 
dimensional, that is, we willignore theedgeeffectsas thelateral 
extent of the bed is sufficiently large. Also, at the same time, we 
will assume that heat transfer in the MgO lining is governed by 
one-dimensional conduction equation. 

Mass balance 
Integrating mass continuity equation for mixture of UOa- 

MgO solution and fuel particulate on one side and MgO lining 
on the other side of the interface (see Fig. Bl), we obtain 

W) 
or 

J J x+dx wGf)qpE+(l _E)PF] dy dx+ J+h WV) 

x acw at J J x rl(X.1) 
apu 

xdxdydx+ 
x+dx bW.0 ,ypv 

J J x 
o(x,,) av dy dx = 0. (B2) 

Apptying Leibnitz’ rule 

MOLTEN LAYER 

I-- x--d-dx-d I i I 

FIG. Bl. Control volume across the interface between molten 
layer of UOa and MgO solution and MgO lining in the fuel 

particulate bed. 

where subscripts a and b denote the quantities corresponding 
to positions a and b, respectively, across the interface. Noting 
that on the side of MgO lining it = v = 0. On letting a -* b 
+ Y,(where Y,denotes thepositionoftheinterfacefromsome 
fixed location), we obtain 

~lvl,o,-c~PE+(l-&)PFia~ -= u “y”_” 
PE at m ax m, (B4) 

where us is the density of the solution at eutectic composition 
and pMpas is the density of solid MgO. 

Assuming penetration to be one-dimensional, the above 
equation simplifies to 

V = E~E+fl-E~~F-~M@s dY, 
m --. 

dt 
(W 

PE 

Concentration balance 
Integrating the combination of equations (31) and (32) for 

UO,-MgO solution and fuel particulate on one side and solid 
MgO on the other side of the interface, we obtain 

JJ $ W-c Cl -WRJ33~~~ dx dy 

dy. (B6) 

As before, upon applying the Leibnitz theorem, we obtain 

dx 

0.37) 

Letting a -+ b -* Y, and noting that u, = P, = D, = 0, C, = 1, 
we obtain 

Substituting for IJ, from equation (B4), we obtain 

SW 

(R9) 
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which for one-dimensional penetration of MgO substrate Letting a -+ b -P Y, and then substituting for u, from equation 
becomes (B4), we obtain 

ho,-Cl -WR,)%FJ (1 --C&n = p,D$ @lo) 
CPDl*oshbos -hg&+EPEhE+(l -E)PFhE 

rtn 
-(1-&)~,C,,(7.-T.)--C1-(R/Rd31p~Ah,-&~~~~l~ 

Heat balance 
Integrating equation (31) for UO,-MgO solution and fuel 

particulate on one side and MgO lining on the other side of the = 
_ K*g dY”+K E ar, 

interface, we obtain 
( > r: ax uses ax ym ax 

-_((~--E)PFC~F(~-?~)+C~-(R/R~)~IPFA~F+&~~}*~ 
+pE -_K 

dT 

ay Yt MgOsdy r,’ @=I 
“I 

For one-dimensional penetration into MgO lining, the above 
equation simplifies to 

{Phleos(hueos - hE) + (I- s)P& - C,J(T, - Tdl 

= +*g),g + kg).: + b*z), - ($; 

Wl) 

-C1-(R,RJ3,p~4)trn = K*$~r+-&s& (B13) 

EQUATIONS DU TRANSFERT DE CHALEUR ET DE MASSE DANS LES LITS POREUX 
GENERANT DE LA CHALEUR-II. FUSION PARTICULIERE ET PENETRATION DU 

SUBSTRAT PAR DISSOLUTION 

Rbmn6-A I’assechement du lit, les modes dominants du transfert thermique sont la conduction et le 
rayonnement. La rayonnement est schbmatid par l’approximation de Rosseland. La fusion des particules 
d’acier inoxydable incrust&es dans le combustible est modelisee en supposant que le lit est un continuum avec 
conduction et rayonnement comme mode dominant du transfert thermique. Lacier fondu, aprb son 
ecoulement au fond du lit, est suppose. disparaitre dans des fissures et des joints de mortier entre Ies briques de 
MgO. La fusion du combustible a I’inttrieur du lit est mbdelis&e identiquement a celle des particules d’acier, 
exceptepourlelit. LacouchefonduedecombustibleaufonddulitcauselasurchauffedeMgO~la temperature 
de I’eutectique (2280°C) et le commencement de la dissolution de MgO conduit a la convection naturelle et au 
melange dans la couche fondue. Les particules de combustible submergQs commencement aussi a se dissoudre 
dans la solution fondue et celaconduit finalement ala conversion des debris en un bain fondu de combustibleet 
de MgO. Lorsque le bain fondu atteint un &tat gelt ou de repos, I’ipaisseur de I’ahgnement de briques en MgO 

est estimee ‘sure pour un lit don& et un flux externe de refroidissement fix& 

GLEICHUNGEN FUR DEN WARME- UND STOFFUBERGANG IN 
WARMEFREISETZENDEN PORC)SEN SCHUTTUNGEN-II. SCHMELZ- UND 

AUFL&UNGS-VORGANGE 

Zusammenfassung- Bis zum Austrocknen der Schiittung wird die Warmeiibertragung von der Wlrmeleitung 
und der Strahlung bestimmt. Fiir die Strahlung wird ein Ansatz nach Rosseland verwendet. Der 
Schmelzvorgang des rostfreien Stahles, der teilweise im Brennstoff eingebettet ist, wird mit Hilfe der 
Annahme dargestellt, daB die Schiittung ein Kontinuum sei, in dem Leitung und Strahlung die wesentlichen 
Arten der Wlrmetibertragung sind. Es wird weiter angenommen, daB der geschmolzene Stahl, nachdem er auf 
den Grund der Schiittung getropft ist, in Ritzen und Fugen der MgO-Auskleidung verschwindet. Das 
Schmelzen des Brennstoffes geht in lhnlicher Weise vonstatten wie beim Stahl. Die Brennstoffschmelze fiihrt 
zum Aufheizen der MgO-Auskleidung bis zur eutektischen Temperatur (228O’C), dadurch beginnt sich die 
MgO-Auskleidung aufzulosen. Das fiihrt infolge des Dichteunterschieds zwischen MgO und 
Brennstoffschmelze zu freier Konvektion und zur Durchmischung der Schmelze, wobei schheBlich die 
gesamten Trimmer eingeschmolzen werden. Der ProzeD des Einbrandes der MgO-Auskleidung erfolgt 
solange, bis die Konzentration des Brennstoffs im Schmelzbad (infolge des Mischprozesses) soweit erniedrigt 

wird, dal3 die volumenbezogene Warmeerzeugung zu gering ist, urn das Schmelzbad fliissig zu erhahen. 
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YPABHEHMII TErIJIO- M MACCOIIEPEHOCA B TEIIJIOBbI~E.JISIIO~HX IlOPMCTbIX 
CJIOSIX-II. HJIABJIEHkIE YACTUubI M l-IEPEHOC BEIJjECTBA rIPM PACTBOPEHMl4 

AHHOTaUHfl-&HOBHbIMI MeXaHA3MaMH TenJIOnepeHOCa B CJIOe IIBJlIIEOTCII TenJIOnpOBO!JHOCTb II A3JIy- 

Yeme.llepeHoc ~3nywmeMonlicbIeaeTcn B npe6nmKeHua PoccenaHna. llnasneme YacTwbI Ii3 Hepxa- 

sequel mami, HaxonnqeLn B cnoe TonmBa, MonenepyercK B npennonomeees. ‘~TO cnofi 
6e3rpaHHqeH. a TennonpoBonHocTb )I a3nyqeHlie 0npenenaboT nepeHoc Tenna. Ilpennonaraebf. qT0 pacn- 
naBneHHax CTanb nocne ee CTeKaHA)I Ha nHo,AcYesaeT B TpeIUaHax II COenHHIlTenbHbIX Imax KApIIHreB 

~3 MgO. LInasneHIle YacTxubI TonnABa BH~T~H cnos Monenapye-rca aHanorwiH0 nnaBneHm0 YacTaUbI 

cTami,3a mmm4eH~eh4 mnemis ero ocenaHm, donee ~8~0 BbIpaxeHHoe B cnygae nnaBneHm Tonnaea, 

13 KoTopoe npennonaraeM hwHoBeHHbIh4 N3-3a 3HawTenbHoro Beta pacnonomeHHor0 caepxy cnos II 
HaTpaeBoro oxnanmenn. PacnnasneHHbS cnol TonmBa no Mepe ero HaKonnemK Ha me BbI3bIBaeT 

pa3OrpeB 06JI~UOBKH 113 MgO DO TeMnepaTypbI SBTeKTBKU (2280°C) H OHa HaWiHaeT paCTBOpFlTbC% 

rpanHeHT IIJIOTHOCTII, B03HIIKIUAii M3-3a paCTBOpeHUS MgO, "PHBOnllT K eCTCCTBeHHOi% KOHBeKUAA U 

nepebteumisamuo pacnnaBneHHor0 cnox. qacTliUa TonmBa TaKme HasmaeT pacTBopaTbcn B pacnnase, 

CocToaLUea 113 TonmiBa M MgO, A B KOHUe ~0~40~ ncYe3aeT B HeM. npOHHKHOBeHW2 MgO nponon- 
maeTm no Tex nop, noKa npoUecc.nepeMemiBaHm noHxxaeT KoHUeHTpawm TonnnBa B o6aeMe no 
yp0~~51,np~ KOT~POM cKopocTb aHyTpeHHer0 TennoBbIneneHm Ha enmiliuy o6beMa HenocTaToYHa mn 

noanepxcaem 3aLwiTHoti o6onorm B pacnnaBneHHoM COCTORHHH,II npaBonHT K ee 3aTBepneBaHalo. B 
3~0~ cnyvae npennoaaraexa. qT0 npenycMorpeHHax TonuuiHa 06JIWOBKW c nobtoubm KHpnurel 113 

MgO IBnaeTcIl 6e3onac~o8nnn3anaHHolTennoBoirHarpy3Kecnoru~~opocrrtBHeurHero oxnaaneses. 


