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AN ANALYSIS OF MOLTEN DEBRIS FREEZING AND WALL EROSION
IN A SEVERE RIA TEST*

‘Mohamed S. E1-Genk and Richard L. Moore

EG&G Idaho, Inc.
~ P.0. Box 1625
Idaho Falls, ID 83415
ABSTRACT
A one-dimensional physical model was developed to study the

transient freezing of the molten debris layer (a mixture of UO2 fuel
and zircaloy cladding) produced in a severe reactivity injtijated
accident in-pile test and deposited on the inner surface of the test
shroud wall. Thewall had a finite thiékness and was cooled along its
outer surface by coolant bypass flow. Analyzed are the effects of
debris temperature, radiation cooling at the debris layer surface,
zircaloy volume ratio within the debris, and initial wall temperature
on the transient freezing of the debris layer and the potential
melting of thewall. The governing equations of this two-component,
simultaneous freezing and melting problém in a finite goemetry were
solved using a one-dimensional finite element code based on the method
of weighted residuals.

1. INTRODUCTION

A concern in assuring the safety of commercial light water
reactors (LWRs) is to understand the transient freezing of the core
molten debris, which is primarily a mixture of UO2 fuel and zircaloy
cladding, on cold core structures follaw ing a hypothetical core
meltdown accident (HCMA). The analysis of such non-design-base
accidents in LWRs was encouraged by the NRC in response to the Three
Mile Island-2 (TMI-2) accident. The purpose of this paper is to study
the transient freezing of the molten debris layer produced and

* This work was supported by the U. S. Nuclear Regulatory
Commission, Division of Fuel Behavior Research.
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deposited on the inner surface of the test shroud cold wall during a
severe reactivity initjated accident ekperiment (RIA-ST-4), and to
assess the potential erosion of thewall due to melting upon being
contacted by the molten debris.

The RIA-ST-4 experiment!
unirradiated, 20 wt?% enriched U0, fuel rod contained within a

was composed of a single,

zircaloy flaw shroud. The test rod was subjected to a single poer
burst which deposited a total energy of about 700 cal/g U02,
simulating a severe boiling water reactor (BWR) control rod ejection
accident from hot startup conditions. This energy deposition iswell
above what is possible in a commercial LWR during postulated control
rod ejection (from the bottom of a BWR or the top of a PWR)

accidents. Hawever, the performance of such an in-pile experiment1
has provided important information regarding molten debris movement,

relocation, and freezing on coldwalls.

Extensive amounts of molten fuel and cladding were produced and
ejected axially and radially within the test shroud upon rod failure.
The generation of pressure pulses up to 35 MPa indicated rod failure
at about 33 ms after the initiation of the pawer burst. Upon fuel rod
failure, a debris layer having a thickness of about 0.7 mm was
deposited on the 1hner surface of the test shroud wall. The shroud
wall had a thickness of 3.05 mm and was continuously cooled at its
outer surface by coolant bypass flow.

The purpose of the present work was to develop a physical model
(described in Section 3) to study the transient freezing of the molten
debris layer deposited on the inner surface of the RIA-ST-4 shroud
wall. The governing equations were solved using a one-dimensional,
finite element computer code (SINGLE), based on the method of weighted

residua]s.2

The analysis considered the conditions of finite wall
thickness, continuous cooling at the wall outer surface, radiation
cooling at the molten debris layer surface, internal heat generation
in the debris, and temperature-dependent thermophysical properties.

Discussed are the'effects of molten debris temperature, radiation




cooling, zircaloy volume ratio within the debris, and initial wall
temperature on the transient freezing of the debris layer and the
potential erosion of thewall due to melting.

2. EXPERIMENT DESCRIPTION, CONDUCT, AND RESULTS

The RIA-ST-4 experiment was one of four scoping tests in the RIA
test series which is being conducted in the Pover Burst Facility at
the 'Idaho National Engineering Laboratory to define an ‘energy
deposition failure threshold-and to determine the modes and
consequences of fuel rod fai]ure during a postulated boiiing water
reactor (BWR) control rod ejection accident. These RIA tests are
being performed at typical BWR hot startup conditions (coolant
pressure of 6.46 MPa, coolant temperature of 538 K, and coolant flow
rate through the test shroud of 0.085 1/s). The objective of the
RIA-ST-4 experiment was to quantify the magnitude of potential
pressure pu]seé as a result of fuel rod failure during severe RIA
conditions. Figure 1 presents an axial cross section of the RIA-ST-4
test fuel rod assembled in the test shroud. Table 1 lists the test
fuel rod and the shroud design characteristics . Details of test

instrumentation and experimental results are described e]sewhere.l

TABLE 1. DESIGN CHARACTERISTICS OF THE RIA-ST-4 TEST FUEL ROD
AND FLOW SHROUD

Fuel Rod
Overall length (m) 1.0
Material (%7TD) U0, (93)
Enrichment {(wt%) 20
Burnup Unirradiated
Cold internal pressure (MPa) 3.79
Rod 0D (mm) 10.73
Cladding ‘ Ir-4
Cladding thickness (mm) 0.61

. Diametral gap width (mm) 0.105

Flow Shroud
Material . Zircaloy-4
ID (mm) 19.3
Wall thickness (mm) 3.05
Coolant inlet velocity (m/s) ' ~0.42
Coolant bypass flow (1/¢5) ~0.10
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Figure 1. Axial cross section of the RIA-ST-4 test fuel
rod assembled in the test shroud.



_ 35 MPa, due to molten fuel-coolant interaction

In the RIA-ST-4 experiment, a single UO2 fuel rod contained
within a zircaloy flaw shroud was subjected to a single pawer burst,
5 A
reactor peak pover of about 15.9 GW was achieved approximately 30 ms

resulting in a total energy deposition of about 700 cal/g UO

after the initiation of the burst, which lasted a total of about
76 ms. The test fuel rod failed 3 ms after the reactor peak pover
occurred, at which time the total energy deposition was about

370 cal/g UOZ‘ The generation of coherent‘pressure pulses up to

3 (vapor explosion),
indicated rod failure. The average temperature of the fuel at the
time of failure was estimated to have been about 3500 K (=400 K above
the UO2 melting point). At this temperature the contribution to the
generated pressure by the UO2 fuel vapor was negligibly smaltl, about
0.05 MPa. The coolant temperature at the exit of the flw shroud
reached values in excess of 940 K, which is much higher than the

critical temperature of the coolant (Tcrit =647 K).

At the time of the test rod failure, extensive amounts of molten
UO2 fuel and zircaloy cladding wére produced and expelled axially
and radially within the fiow shroud due to the high internal pressure
in the test rod. Molten debris that was ejected upvard froze, forming
a complete flaw blockage at the exit of the flow shroud and causing
erosion of the flaw spider (Figure 1) due to melting. The inner
surface of the shroud wall was coated with a debris layer having a
thickness of 0.7 mm. . Hwever, the inner surface of thewall did not
melt when contacted by the molten debris. The amount of moiten debris
deposited on the inner surface of the shroud wall was about 380 g,
which represents 57% of the total mass of UO2 fuel and zircaloy
cladding in the test rod. The follawing section discusses a physical
model developed to study the transient freezing of the molten debris
layer deposited on the imner surface of the test shroud wall.




3. PHYSICAL MODEL

A schematic representation of the physical model is in Figure 2.
At time zero (fuel rod failure time), a molten debris layer having a
thickness 'a' was plated on the immer surface of the shroud wall,
r = 0. The shroud wall had a finite thickness 'b' and was initially
at a uniform temperature equal to that of the coo]aﬁt bypass flaw,
TC, at thewall outer surface, r = =b. The initial molten debris
temperature, TD,’was higher than the fusion temperature of the UOZ

fuel (Tf = 3113 K) and the freezing temperature of the
uo
zircaloy c%adding (Ter = 2100 K). Should the temperature, of

the interface, TI(t), between the shroud wall and the molten debris
layer reach a value in excess of the melting point of the wall

(Tmp = 2100 K), then freezing of the molten debris and simultaneous
melting of the wall would occur. -Otherwise, only freezing of the

molten debris layer occurs.

During the freezing process, the heat transmission through the
debris layer, 0 < r < a, was controlled by two means. First, by the
transient heat conduction through the shroud walT, which had a finite
thickness and was cbntinuous]y cooled at its outer surface, and
secondly, by the transient radiation cooling at the debris layer
surface, r = a, to the water vapor within the flow. shroud. These
cooling mechanisms strongly influence the heat transmission within the
debris because of the small thickness of the debris layer. Therefore,
the contribution to the effective thermal conductivity of the debris
by the internal electromagnetic radiation within the debris layer is
neglected. Howvever, for those cases in which the debris layer is
%hicker, the internal electromagnetic radiation, far from the
boundzries, would be important because of the porosity of the UO2
fuel.

The fission heating within the molten debris (from the time of
fuel rod failure until the end of the pover burst——about 45 ms) was
accounted for through the use of a rate law of the form
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TABLE 2. BOUNDARY AND INITIAL CONDITIONS [N THE WALL (-b < r < 0)

Item Without Simultaneous Melting of the Wall With Simultaneous Melting of the Wall

(a) In the Solid Region of the Wall {-b < ¢ < -am)

- T al al aT : ds
Boundary Conditions 3y S _w _ m : m
) e 37 (0, t) - Ksar (0, t) ke (- 'Y t) = Ko 37 ('Gm‘ t) - 8 Lo at
‘ al, ‘ )
| . ' "4 T (-b, t) = hc (Tb -~ Tc), if Tb < Tcrit The same
o, . )
'Su T (-b, t) = "B (Tb - TC), if Tbl Tcrit The same
T, (0, t) = Ty (1) ERACE NG
(b} 1In _the Wall Molten Layer (-6 < r < 0)
al al
" s
ko 37 (0, t) = kg 57 (0. t)
Ta (=650 8) = Tmp
Tm (0, t) = Tl (t)
Initial Conditions Tw (-r, 0) = Tc The same
S (t=0) = 0,




at) - o, Exp (8t) o W

where B is a time constant that governs the fission heating decay rate
(~110 s™1) within the debris.

_ The effective thermophysical properties of the debris were
assessed in terms of those of the UO2 fuel and of the zircaloy
cladding as follows. E |

Density

p = p e+op (1 -¢) ' (2)
s zr U9

Heat capacity

1
Cg = o, [DZr Czr = * oyo.. Cuo
and

Therma]-conductivity5

k =k -
S UO2 2+ (er/kUOZ) +e [l - (er/kUOZ)]

—~—
~
g

where ¢ is the zircaloy volume rétio within the debris, and the
subscript s refers to the debris.

4. ANALYSIS

In the current study, the molten debris is treated as a
homogeneous mixture of UO2 fuel and zircaloy. cladding, with volume
ratios equivalent to those of the test fuel rod before the burst (~13%

zircaloy and 87% U0,). Therefore, the freezing of the molten debris
layer is completed through two successive stages. In the first stage,

the molten U02 freezes as the temperature in the molten debris drops




belov the melting point of UO2 fuel (3113 K). Next, the molten
zircaloy within the U0, fuel crust (which froze in the first stage)
freezes when the temperature in the crust drops belaw the melting
point of zircaloy (2100 K). As shawn in Figure 2, two moving fronts
with a change-of-phase are formed within the molten debris layer (that
is, r = 8o and r = GZr)} The advanced front, r = 80.. »

corresponds to a temperature isotherm equal to the me]t%ng point of
U02, and the second front, r = 8703 represents the melting point

nf zircaloy.

- The transient "heat conduction equation in the debris layer
(0 < r < a) is of the general form

pMemA -1 Zremid J-+éﬂlﬁ> ‘ )

ar ar o)

where Q(t) is a fission heating rate (W/g) defined by Equation (1).
The boundary conditions at the change-of-phase front, r = 8§75 and

the solidification front, r =§ are
UOZ’

- a7 ds
S /. _ aTs Ir
A N L SR AL I R R (6)
TS (Szrs t) = TS [(a - Gzr)st] = Ter (7)
aT aTs
ks o (yp,» B = kg5 [0 a - 8yg )5 t]
2 2
(8)
( d5U02
+ (1 - ¢) ppyn L
UO2 UO2 - dt
T (6n > t) =T [(a=-6,n), t]=T . (9)
s UO2 s UO2 fUOZ

The boundary condition at the molten debris layer surface, r = a, is

kg3 (@ t) =hg [T, (8) =T 1 | (10)
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and the initial conditions are that &, (t = 0) = 0, & (t = 0) = 0
: ir UO2
and TS (r, 0) = TD, where TD is the molten debris temperature at the

time of test rod failure.

In Equation (10) the radiation cooling heat transfer coefficient,
hR’ at the debris layer surface, r = a, can be generally expressed as

h

4 4
R s [Ta (t) - Tsat] » (11)
+ 1 1 ’

T.(t) - T

L _— - a sat
€ €

f v

where, €e and ¢, are the thermal emissivities of the UO2 fuel

and of the watex vapor, respectively, and Ta(t) is the temperature
of the debris layer surface, r = a. The thermal emissivity of the
fuel, ¢, Was taken to be constant and equal to 0.4083.%5 A value

of 0.18 for e, Was evaluated (using the figures given in

Reference 7) at an average vapor temperature equal to the arithmetic
average of the saturated temperature of the vapor (544 K),
corresponding to the system pressure (6.45 MPa), and the temperature

of the molten debris, TD at the time of failure.

The transient heat conduction equation in the wall (=b < r < 0)

is of the general form

\

|2

o (e (m -1

=

3 ar

[r (m o] (1)

and the boundary and initial conditions are as listed in Table 2. As
shown in Table 2, two modes of heat transfer were considered to occur
at the shroud wall outer surface during the freezing process of the
debris, namely, a forced convection heat transfer and a stable film
boiling heat transfer. The convective coefficient of heat transfer,
hc’ can be obtained through use of the Dittus-Boelter correlation

11
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' 0.8 0.4 : R
h D b, D v u-C
c =o.023<‘ > (;’) | (13)
] " 1

where the thermophysical properties of the coolant (p], k], C]
and u]) were evaluated at the coolant bulk temperature (538 K).

Stable film boiling was assumed to commence as soon as the
temperature at the shroud wall outer surface reached or exceeded the
critical temperature of the coolant (Tcrit = 647 K). The stable
~film boiling heat transfer coefficient, hB’ is given through use of
the follaw ing relations proposed by qumley:8 ' 4

hg = he *0.75 h, ' when (h_ > h) (142)
and
(hr ) ,
hg = heg * h. {0.75 + 0.25 |——per £ - when (h. < h) .  (14b)
(+-)
co |

The term hCO is obtained from the E]]iong correlation for film
boiling on vertical cylinders

0.25
K h
h  =0.714 [" Py 21 'fg S ] . (15)
co My (T, = To7)

The contribution to hB‘by the thermal radiation across the vapor
film, h_., was accounted for by the following equation for parallel
plates:

12
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sB b C
S S S <T =T > : (16)
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In the next section the transient freezing process of the molten
debris layer on the imner surface of the RIA-ST-4 shroud wall is
studied parametically.

5. RESULTS AND DISCUSSION

The governing equations, with the boundary and initial conditions
presented in the previous section, were solved numerically using a
one-dimensional finite element code (SINGLE) based on the method of
weighted residua]s.2 Calculated are the instantaneous values of the
functions; namely, the frozen crust thickness, 40 (t); the moving
change-of-phase front, GZr(t); the temperature of %he debris layer
surface, Ta(t); the temperature of the wall inner surface, TI(t);
and the temperature of the wall outer surface,va(t). In addition,
the instantaneous thickness of the wall molten layer, Gm(t), was
calculated for the cases inwhich wall melting occurred upon contact
with the molten debris. The parameters for the reference case are

lTisted in Table 3 and the calculated results are plotted in Figure 3.

TABLE 3. REFERENCE CASE PARAMETERS

Initial molten debris temperature (K) 3500

Zircaloy volume ratio within the debris 0.1282
Debris layer thickness (mm) ' 0.7
Shroud wall thickness (mm) 3.05
Coolant bypass flaw temperature (K) A 538

Fission heating rate within the debris at time
of rod failure, Q (W/g UO,) 8 x 104

13
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Figure 3 presents a plot of the instantaneous frozen crust
thickness as a percentage of the initial thickness of the debris
layer. The zero mark on the ordinate represents the inner surface of
the shroud wall, and the hundred mark represents the measured debris
layer surface. At the initial time of contact, the transient heat
conduction through the shroud wall caused the temperature of the wall
inner surface, T;, to reach a value of about 1870 K, which is less
than the melting point of the wall material (2100 K) and the freezing
temperature of the UO2 fuel (3113 K), indicating that no melting of
the wall would occur under the conditions listed in Table.3, A
solidification front corresponding to the melting point of UO2
(presented by the solid Tine in Figure 3) appears at the wall imner
surface, r = 0, mqving into the molten debris layer away fromwall.
Follaw ing that, the molten zircaloy within the UO2 solidified crust
freezes when the temperature within the crust drops belaw the melting -
point of the ziréa]oy (2100 K). As indicated, the transient freezing
of the debris is influenced by the radiation cooling at the molten
debris layer surface, which speeds up the freezing process and thus
reduces the total freezing time of the molten debris layer.

Figure 4 demonstrates the effect of the initial molten debris
temperature, Tp, on the transient freezing of the debris layer. As
shawn, increasing the molten debris temperature siows down the
freezing process, and thus increases the total freezing time of the
molten debris layer. For instance, increasing the initial debris
temperature from 3500 to 5000 K results in a two-fold increase of the
total freezing time.

The calculated témperature—time histories at the shroud wall
inner and outer surfaces are plotted in Figures 5 and 6,
respectively. Time zero is the time at which the inner surface of the
wall was contacted by the molten debris. As shown in Figure 6, film
boiling commenced at the shroud wall outer surface (that is, when
Tb > 647 K) very shortly after the time of contact, causingwall
overheating and oxidation of the shroud wall outer surface due to the

~ steam-zircaloy r'eaction.lo‘11 The maximum temperature at the outer

15
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surface of thewall increases as the initial molten debris temperature
is increased. For example, increasing the molten debris temperature
from 3500 to 4000 K increases the maximum temperaturé at thewall
outer surface from 1520 to 1580 K, without significant change in the
duration of film boiling. The horizonta] broken Tine in Figure 6
represents the wall surface peak temperature estimated from the
alpha-zircaloy layers, which were formed at the shroud wall outer
surface during film boilng. Such a temperature estimate was prepared
using a temperature-time history similar to that shawn in Figure 6.
The comparison between the estimated and calculated wall peak
temperatures indicates that the molten debris temperature at the timé '
of contact was about 3500 K, which is the same as the temperéture
calculated from the energy deposition in the test fuel rod at the time
of failure (~370 cal/g U02);

The presence of zircaloy in the molten debris strongly influences
the transient freezing of the debris. This follaws from the fact that
the zircaloy thermal properties are higher than those of the

Uo, fuel; that is, ( C k “As a result,

2 °zr C2r ¥2r) > (ouo, Cuo, *uo,)-
increasing the zircaloy volume ratio within the debris increases the
effective thermal conductivity, and thus accelerates the freezing
process and reduces the total freezing time of the molten debris
layer. Figure 7 illustrates the effect of the zircaloy volume ratio
on the total freezing time of the molten debris layer. As indicated,
a four-fold increase in the zircaloy volume ratio (from 10 to 40%)

reduced the total freezing time by approximately 50%.

In the previous discussion, the shroud wall did not melt upon
being contacted by the molten debris because the temperature of the
wall inner surface was 1ess.than the melting point of the wall
material. In the follawing subsection the conditions under which wall
erosion due to melting could occur are assessed.

5.1 Potential Wall Erosion Due to Melting

Figure 8 illustrates the effects of the temperatures of the wall
and of the molten debris on the maximum temperature obtainable at the

19
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inner surface of thewall upon contact. As indicated, melting of the
shroud wall would occur if the wall temperature was initially higher
than 1000 K or the molten debris temperature was above 4000 K, or
both. With those conditions, wall melting and simultaneous fréezing
of the molten debris would occur. However, the melting process of the
wall would be unstable (Figure 9) because of the small thickness of
the wall and the continuous cooling at the wall outer surfaée.l2

The transient grdvth and decay behavior of the wall molten layer,
when the initial wall temperature is equal to 1500 K, is graphed in
Figure.9. As shown, when the molten debris temperature is less than
4000 K, a molten layer grows into thewall until it reaches a maximum
thickness (Tess than the initial thickness of the wall), at which time
-the conductive heat flux from the frozen debris crust to thewall
balances that conducted away through the unmelted region of the wall.
Subsequently, thewall molten layer decreases by freezing and
eventually disappears. Increasing the molten debris temperature
increases the maximum wall melting and the total lifetime of the wall
molten Tayer. As demonstrated in Figure 9, increasing the molten
debris temperature from 3500 to 4000 K increases the maximum thickness
of the wall molten layer from 37 to 65% of the initial wall thickness
and the total lifetime from 2.7 to 4.1 seconds. Complete melting of
the shroud wall would occur, hovever, if the molten debris temperature
was equal to or higher than 5000 K.

Noted that the radiation cooling at fhe debris layer strongly
influenced the melting prdcesses of thewall, as shawn in Figure 9.
Radiation cooling of the debris reduces the heat flux which can be
conducted away from the debris layer to thewall, and thus slows down
the wall melting process of and decreases the total Tifetime of the
wall molten layer. In the follaw ing subsection, the accuracy of the
finite element code (SINGLE) used in the previous calculations is
assessed.
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5.2 Accuracy of the Finite Element Computer Code SINGLE

The accuracy of the computer code SINGLE in solving transient
heat conduction problems with a change-of-phase was examined. The
results calculated using the code were compared with the knowvn exact

solution to the classical Neumann prob]em,13

which pertains to a .
much less general change-of-phase problem than that explicitly treated
in the present work. Assessed is the accuracy of the code when
applied to the transient freezing‘of a stagnant, superheated liquid on
an isothermal wa11.13 The freezing constant as obtained by the code
and the exact solution is plotted versus the Stefan number for
freezing (CS(Tf - ﬁh)/L) in Figure 10. As shovn, the code

predictions are accurate towithin 2% of the exact solution.
6. SUMMARY AND CONCLUSIONS

A reactivity fnitiated accident in-pile experiment, designated
RIA-ST-4, was conducted in the Pawer Burst Facility at the Idaho
National Engineering Laboratory to determine the magnitude of
potential pressure pulses as a result of a fuel rod failure during a
severe boiling water reactor control rod ejection accident. Extensive
amounts of molten debris (primarily a mixture of UOz'and ziracloy)
were produced and expelled axially and radially within the test shroud
upon test rod failure (~ 33 ms after the initation of the burst). A
molten debris layer was deposited along the inner surface of the test
shroud wall, which had a finite thickness and was continuously cooled
at its outer surface by coolant bypass flaw. The shroud wall did not
melt upon being contacted by the molten debris.

A physical model was developed to parametrically study the
transient freezing of the molten debris layer on the inner surface of
the RIA-ST-4 test shroud wall, considering the conditions of finite
wall thickness, continuous cooling at thewall outer surface,
radiation cooling at the debris layer surface, internal heat
generation in the debris, and tehperature—dependent thermophysical
properties.. Assessed were the effects of initial debris temperature,
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radiation cooling, zircaloy volume ratio within the debris, and
initial wall température on the transient freezing of the debris layer
and the potential melting of the'wall upon being contacted by the
molten debris. The govérning equations of this two-component,
simultaneous freezing and melting problem in a finite geometry were
solved using a one-diementional finite element computer code N
(SINGLE). The code was in good agreement (within 2%) with the knawn
exact solution in calculating the freezing constant of a stagnant,
superheated liquid on an isothermal wall.

As indicated, the transient freezing of the molten debris layer
~ was governed by the transient heat conduction through the shroudwall,
A the initial debris temperature, the radiation cooling of the debris,
and the zircaloy volume ratio within the debris. Increasing the
initial debris temperature increases the molten debris superheating,
which slavs dwn the freezing process and increases the total freezing
time of the debris layer.. Analysis showved thaf increasing the
zircaloy volume ratio within the debris increases the effective
thermal conductivity of the debris, and thus accelerates the freézing
process and reduces the total freezing time of the molten debris
layer. The Calculated temperatures at the shroud wall outer surface
were in a fair agreement with the estimated temperatures from the
measured thickness of the Zr02 and oxygen-stabilized alpha-zircaloy
layers. (These layers were formed at the shroud wall outer surface
due to the zircaloy-steam reaction during film boiling.) The
temperature agreement indicated that the molten debris temperature was
about 3500 K at the time of fuel rod failure.

It is concluded that the RIA-ST-4 test shroud wall did not melt
because of the Tos temperatures of thewall (538 K) and of the molten
debris (3500 K) at the time of fuel rod failure. Analysis indicated
‘that melting of the shroud wall would occur only if the initial wall
temperature was higher than 1000 K, or the molten debris temperature
was above 4000 K, or both. Havever, the melting process of the wall
would be unstable under such conditions. The radiation cooling at the
debris layer surface strongly influences the transient growth
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(melting) and decay (freezing) behavior of thewall molten layer. As
indicated, the cooling by radiation, rather than the transient
conduction through the wall, cools the debris and reduces the
conductive heat flux to the wall, thus sloving down the wall melting
and decreasing the 'tota1 lifetime of thewall molten layer.
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NOMENCLATURE

Greek Letters

a, thermal diffusivity (m2/s);

8, | frozen debris crust thickness (m);

Sms wall molten layer (m);

€, ‘ emissivity; |

M, viscousity (kg/ms), Equation (13);

o <B> Stefan;B61tzmann'COnstant (5.67 x 10°8 W/mz- K4),

30

a, molten debris 1ayef thickness (m);
b, shroud wall thickness (m);
B, time constant (S‘l), Equation (1);
cC, heat capacity (J/kg-K);
D, equivalent diameter of the coolant bypass flow, Equation 13,
g, acceleration of gravity (m/s2), Equation (15),
h, heat transfer coefficient (W/mZ-K);
H,. film boiling length; .
hfg, latent heat of vaporization (kd/kg);
k, thermal conductivity (W/m-K);
L, latent heat of fusion (J/kg);
Q, fission heating rafe (W/g), Equation (1);
Q> fisgion.heating‘rate at time of fuel failure (W/g),
Equation (1); -
t, time (s);
T, temperature (K);
Tcrit, critical température of the coolant (K);
Tf, fusion temperature (K);
v, inlet velocity of coolant bypass flow, (m/s), Equation (13);
r, coordinate (m).




Equations (12) and (15).

0 density

Subscripts

a, at the molten debris. layer surface (r = a);

'b, at the shroud wall outer surface (r = -b);

B, film boiling;

C, coolant bypass flov;

Cos conduction through the vapor film at the shroud wall outer
surface;

D, molten debris at the time of fuel failure;

f, UOg—fue1; fusion;

I, at the shroud wall inner surface (r = 0);

m, wall molten layer;

mp, wall melting point;

r, thermal radiation through the vapor film at the shroud wall

: outer surface;

R, radiation cooling at the debris 1ayér surface;

S, fuel debris layer;

sat, saturatidn;

v, water vapor; .

uo,, uranium dioxide;

Ir, zircaloy;

W, solid wall;

coolant.
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