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ABSTRACT

This report reviews the formation of the debris bed in the TMI-2
nuclear reactor core during the core damage accident on March 28, 1979, and
examines plausible thermal and mechan1ca] failure mechanisms of the crust of
the consolidated region in the debris bed that allowed molten core material
to relocate to the lower plenum of the reactor vessel. Thermal interaction
between molten core material and lower core support structures 1s analyzed.
The results are consistent with a %udden fatlure of the crust and a brief
flow of molten core material that caused'11tt1e, if any, damage to the lower -
core support structures.
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CORE _RELOCATION IN THE TMI-2 ACCIDENT
1. INTRODUCTION

The loss-of-coolant écc1dént at the Three Mile Island, Unit 2 (TMI-2)
nuclear reactor on March 28, 1979, resulted in severe damage to the reactor
core. In the summer of 1982, a closed-circuit television survey of the core
was conducted through the openings of three control rod leadscrew support
tubes. The survey revealed a cavity in the upper part of the core below
which the fuel was seen in the form of a rubble bed. Subsequent probing of
the rubble bed by a pointed tool showed that the rubble was fairly loose and
extended downward for about 1 m. Below the rubble bed, the pointed tool
encountered a hard crust. After the removaﬁ of the upper head of the
reactor vessel, a video camera was lowered into the lower plenum along the
downcomer 1in February 1985. An accdmu1at1on of core debris in the lower
plenum amounting to 10 to 20 metric tons was discovered. Some of this
debris was 1n a form resembling lava rocks, up to 0.2 m in size, much larger
than any of the flow holes between the lower plenum and the core. The video
also showed material solidified from a molten state and stil11 attached to
the flow distributor plate. Howevér. structures in the 1bwer plenum, such
as the flow distributor, instrument gu1de tubes, and the inner 1iner of the
vessel, whenever visible, apparently suffered 11ttle, 1f any, damage.

Recent videos, taken in July 1986 along the core bore holes for the
acquisition of core samples, not only revealed the presence of fuel rod
stubs below the solid debris bed in the core.vﬁut also confirmed that molten
core material had flowed down near the pef1phery of one side of the core.
The known damage state within the reactor vessel from the 1979 accident 1is
depicted - in Figure 1.

The purpose of this study 1s to investigate (a) the possible failure
mechanisms of the non-coolable debris formed in the core region that led to
the relocation of molten material to the lower plenum, and (b) the effect of
molten core material flow on the lower plenum structures. The interaction
of molten core material with the lower plenum structures and the lower
vessel head after the molten core material settled in the lower plenum will
be investigated in a separate study. Section 2 gives an overview of the
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TMI-2 core damage sequence leading to the formation of a solid debris bed in
the core and the final relocation of molten core material to the lower
plenum. -The early phases of the damage sequence up to the formation of a
debris bed in the core have been modeTled extensively by the severe fuel
damage computer code SCDAP] and simulated in the severe fuel damage tests
performed in the Power Burst Fac111ty.2’3'4'5 There 1s 11ttle doubt as to
the general validity of the damage sequence up to core debris bed formation.
The mechanism of molten core material relocation to the lower plenum,
however, 1s poorly understood and open to various conjectures and
hypotheses. Section 3 examines in detall some of the proposed mechanisms .
that allowed molten material to flow to the lower plenum, due to elther a
melt-through or a mechanical failure of the crust enclosing the molten
material. Section 4 explores the effect of ho]ten core material on the
lower core support structures during its downward flow. Finally, in

Section 5, the different faitlure mechanisms are reviewed, summarized, and
related to the configuration of the debris bed and the damage state of the
lower core support structures.



2. CORE DAMAGE SEQUENCE

The TMI-2 accident was initiated by the loss of main, as well as
emergency, feedwater to the secondary sides of the steam generators. Due to
this loss of heat sink, the primary coolant system heated up and the buildup
in pressure pushed open a relief valve on the pressurizer. -The feaqtdr was
shut down automatically on high pressure, but the rellef valve féi]ed:1n a
stuck -open position. Primary coo]ant was lost through the stuck-open valve
for more than 2 h until the pressure relief ‘1ine was Ysolated by closing a

block valve. During this time, the’ coolant could have been rep]en1shed by 3

emergency core cooling water. Unfortunately, the high water-level
indication in the pressurizer gave the operators an erroneous notion that
the system was sti111 full of’watef.e'Accord1ng1y. fhe operators drastically
curtatled the injection of emergency core cooling water, which led to the
core being uncovered (water-]eve]ldropp1ng below the top of the core) at
about 110 minutes into the accident. '

After the core was uncovered and during the period the core coolant was
being boilled off, based on the SCDAP ana]ys1s.] the uncovered part of the
fuel rods would have heated up at a rate between. 0.3 to 0.5 K/s from decay
_heat. Because radiation was detected in the containment a few minutes after
the block valve closure at 140 min, the cladding of some of the rods must
have ruptured by this time and released some fission gas. From calculations
and experiments, the temperature at which the cladding would rupture 1s
known to be between 1100 and ‘1200 K. After rod ruptu e, th rods would have
heated up at an accelerated rate due to the 1ncreas1ngAexotherm1c oxidation

a!//‘/
of the zircaloy cladding by steam ay high . temperatures. éo 2! Y¥ﬁ 0

st

Based on estimated heatup rates, the maximum cladding temperature would
have reached 1600 K by about 160 min. At this temperature the local power
output due to cladding oxidation by steam would have been several times the
local decay power. Because the oxidation rate increases exponentially with
the increase in temperature, the temperature of the fuel rods would have
escalated rapidly, limited only by the steam or zircaloy avallability. 1In
the meantime, the stainless steel c?add1ng of the control rods would have
melted at about 1700 K andlthe'molten control material (an a11oy of silver,

¥



indium, and cadmium that melts around 1200 K) would have been released and
flowed toward the lower end of the core. Because molten silver can dissolve
a considerable amount of zircaloy, 1t probably would have destroyed the
zircaloy quide tubes of the control rods and some nearby fuel-rod cladding
during 1ts downward flow. = After the zircaloy cladding melted at about

2100 K, which would have taken place only a few minutes after the cladding
temperature had reached 1600 K, the molten zircaloy would also flow toward
the lower end of the core. The exact temperature at which the molten
zircaloy would relocate, however, is quite uncertain because of the presence
of a protective layer of zirconium dioxide, which remains solid up to

2900 K. Experiments at the Power Burst Facility indicated that the
relocation temperature could be as high as 2500 K, a few hundred K above the
melting point of zircaloy. While the temperature was'be1ow 2700 K, the
11quid cladding, based on the U-Zr-0 equilibrium phase diagram, could
dissolve up to 20% of the fuel 1t enclosed. The 1iquid material-would fall
downwards, either freely or along the fuel rods, until solidification took
place in a sufficiently cool region. From the post-accident core
examination, the lowest point where the molten material solidified was about
- 0.4'm above the bottom of the active core, roughly the estimated location of
the water level during this phase of the accident. The relocated material

- soon would have formed a crust that provided support to subsequently
relocated material. As more material melted, flowed down, and solidified,
the sol1d region probably grew to about 1 m thick by about 170 min in the
central part of the core. On top of the solid mass, there would have -been
the fuel-rod remnants with their oxidized cladding.

At 174 min. one of the reactor coolant pumps, which were-turned off
earlier during the accident due to excessive vibration, was turned on and
momentarily pumped a large quantity of water into the core. This could have
shattered the fuel-rod remnants and the oxidized cladding in the upper part
of the core to form a rubble bed. The cooling effect of the pump -was
transitory, and only the peripheral fuel assemblies were temporarily cooled.
T};ﬂbﬁ?s indicated by the responses of the core-exit thermoggﬂgles which
-came—baek from an alarm state at temperatures above 644 K, and then again
went into an alarm state when the -temperature exceeded 644 K. After
200 min, emergency cooling water was injected into the reactor core.



- Thermocouples in the per1pheré} as§gmb11es again responded to the c0011ng

. ig;ip&g

water, but the thermocouples 1n_the central assemblies remained in a
high-temperature alarm state. It is believed that the central thermocouples
formed new junctions within the solid debris bed that shielded them from the
cooling water. A transient ca]cq]at1on of the heatup of the debris showed
that, by 225 min, 12,000 kg of core material inside a crust could have

remelted from decay heat.® o |

At about 225 min, several simultaneous events indicated a major change
in core confiqguration. Many of the in-core self-powered neutron-detectors
(SPNDs) aiarmed due to abnohma]ly'hjgh or low currents. Careful examination
of,the alarm-data showed that the aiarms first went off in the.east'quadrant
of the core and then propégated toward the center (as shown in F1gure'2).'
Some of the alarms came from the same 1nstrumént stalks, each of which had
seven detectors evenly spaced along the vertical axis, and a leadwire -
without a detector serv1ng'as a background indicator. A few of these
instrument stalks had alarms from all seven 1eye1s of detectors as well as
from the background leadwire. A few of the core exit thermocouples also
a]armed at high temperature, following a s1m11&r.seduence'as the SPNDs,
V.e., starting from the east quadrant of the core and propagating toward the
center (as shown in Figure 3). The_couht rate of a neutron source-range
monitor located on the outside of the reactor vessel increased sharply, and
then decayed slowly. A primary system pressure pulse of about 2 MPa was
recorded. The best indication of the sudden change perhaps came from the
recorded temperature in the inlet piping (cold legs) of the primary coolant
circulation loops. The data provide a 3-s time reso1u£1on'and show that the
temperatures jumped up by as much as 80 K (A-1oop Eo1d 1eg)‘1n 12 s. (The
time resolution of the source—rangeimon1tor output and the pr1mary pressure

/////J>1s estimated to be about 1 min from the microfiims of copies of the.

Vv

respective strip-chart recordings.) The source-range monitor response, the
primary system pressure, and the cold leg temperatures are shown in
Figure 4.

The discovery of‘core material.in the lower plenum and an apparent flow
path 'of molten material 1n"theveast$quadrant of the core (See'Fﬁgure 1),
together with the events around 2255m1n during the accident, strongly
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indicate that molten material relocated to the lower plenum at that time.
The sudden increase in neutron count rate at the source-range monitor can be
explained by neutron streaming from the bottom of the reactor vessel when a

sign1f1cant amount of fuel fell to the lower p]enum.7'8

The subsequent slow
decay in the count rate can be attributed to the decay of neutron generation
from a fixed fuel distribution in the reactor vessel. The simultaneous
alarms of SPNDs at all levels, including the background leadwire, on the
same instrument stalks, suggest a common point of'damage to these
instruments. If molten material flowed to the Tower plenum and settled

-around the instrument tubes, the leadwires inside the tubes could have

. heated to high temperatures and developed eﬁough.thermoe1ectr1c currents to

set off the alarms.’ Post-acé1dent measurements of the loop resistances of

the core-exit thermocouples showed that newljuﬁEt1ohs were formed in the
lower plenum, presumably from_qu1ng’the thermocouple leads at high

10' The sudden'1ncrease 1n_pr1maryvsystem pressure can be

temperatures.
explained by the generat1on'of_1argé quaht1t1es>of steam when hot core
material came into contact with the cooling water. The increase in cold leg
temperatures'can_a1so be explained by a sudden flow -of water heated by steam
‘ from the 1ower‘p1enum to the cold legs immediately after the;hof core

material reiocated to the lower plenum.

After the hypothesized relocation event around 225 min into the
accident, there was 1ittle indication of another major core configuration
change. When one of the reactor coolant pumps was restarted some 16 h after
the beginning of the accident, the small-sized loose debris could have been
moved by the rapidly flowing water. This may have changed the surface
distribution of the debris, but the:main damage pattern discovered in the
post-acb1dent exam1hat1on of the vessel interlor 1s belleved to have been
formed immediately after the 225-min event.. The evaluation of core
relocation mechanisms given in the ﬁext section 1s aimed at finding a cause
for the hypothesized re]ocat1on eveht at 225 min.

10



3. CORE RELOCATION MECHANISMS

After the reactor coo]ént pump tfans1ent-at_174 min, the reactor core
configuration can be thought of as consisting of four d1st1ﬁct regions as
shown 1n Fiqgure 5. These reglions are: (1) the pér1phery of the core where
the fuel assemblles suffered 11ttle damage and remained mostly intact in the
upright position; (2) the lower end of the core, near-and below the water
level, where the fuel rod stubs remained standing and provided support to
the resolidified material relocated from above; (3) a central consolidated
region, averaging about 0.9 m in height, which was 1mperv1ous to cooling
water and whose interior continued to heat up from decaybheat and eventually
became molten; and (4) a rubble bed above the sd11d region, consisting
mostly of shattered fuel pe]]éts and ox1dized cladding. The rubble bed
could have been relatively loose and porous énd. 1f any water was delivered
to it, 1t eventually would be quenched. This 1s believed to be the case
when emergency cooling water was, 1njécted into the core shortly after
200 min. With cooling water covering the reactor core, the only region that
could lead to further configuration change was the consolidated,
non-coolable region just below the rubble. For the molten material to
relocate to the lower plenum, the crust around 1t must first fail. The
following subsections discuss the potential fallure mechanisms of the crust,
under the category of a melt-through or a mechanical breakup.

3.1 Melt-Through of'the Crust

3.1.1 Melt-Through by Decay Heat

If the surface temperature of the consolidated debris bed (region 3 in
Figure 5) was heated above the Leldenfrost point (~900 K) at the time of
emergency core coolant injection, 1ts surface would not'havé been rewetted
by the cooling water. At high temperatures, the heat loss from the surface
would have been dominated by radiation to the cooling water through a thin
f1Im of steam. If heat carried away by the steam is neglected and only
radiation loss to the water 1s considered, an upper bound to the equilibrium
surface temperature, Ts' can be easily estimated. We assume that the debris
1s 1n the form of a right-circular cylinder, having radius, r, and height,

1



2B-Inlet . It H A1-Inlet

| 1| HoHOH0HoKol0
H0g :U:UrDrﬂgﬂ
. 0=0=U:0L05050~0%\
- B-outlet 0Fo B 5
. : of
Undamaged Q
(Region 1 —_ i T s
Molt ] ng" y (Region.4)
oiten R
interior \{ AR
T \\-
/ | ——Crust

Consolidated

4 N
debris rd '
(Region 3) —] KStan}ding fuel
rod stubs
(Region 2)
6 3497

Figure 5. Hypothesized core damage configuration shortly after reactor
coolant pump transient at 175 min.

12



h. Heat 1s generated in the interior from a uniform volumetric source,
q"'. and lost uniformly through the surfaces of the cylinder. The |
configuration of the problem is shown in Figure 6. Neglecting heat transfer

to the steam f1Im and back radiation from the cooling water, we have

qll' « arlh - coTs4(2ﬂr2 + 2urh) - ' : o (1)

where ¢ 1s the emissivity, o the Stefan-Boltzmann constant, and the~other
parameters as defined in the text. Solving for the surface temperature, we
have '

b 174 | .
_forha - - | - .
Ts = [2_eo(r ; n)_] | @

Substituting the following values for the paraméters estimated for the TMI-2
consolidated debris bed:

r = 1.2 m
h = 0.9 m
qIIl = 1.5 MH/m3 (see Appendix A)
e = 0.8 (for UD,)
g - 5.67 x io"4 Mw/m2-k*,
we get
T = 1710 K

S

If the surface of thé debris Qas covered with a ]ayer'of control
material, 1t would be melted before thermal equilibrium was reached. If the
surface was made of zircaloy, there was a potential for rapid oxidation,
supplying additional heat to the surfape.{ The effect of the oxidation on

13
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the surface temperature 1s analyzed in Section 3.1.2. In the absence of
oxidation, the zircaloy on the surface would be below its melting point. If
the surface contained stainless steel, a melt-through was possible, because
the estimated equilibrium surface temperature is in the neighborhood of its
melting point. A ceramic surface, whether of Zr02. uU-Zr-0, or U02. would
remain solid and a melt-through was not possible, given the estimated TMI-2
debris bed decay heat generation rate and the assumption of uniform surface
heat flux.

3.1.2 Rapid Oxidation of Crust

The last section showed that the surface temperature of the
consolidated debris bed could be close to 1700 K. If a layer of zircaloy
covered the surface, oxidation of the surface by steam could be fairly
rapid. This section determines the conditions that can lead to an
escalation of the crust surface temperature due to the exothermic chemical
reaction, or conversely, the conditions for stable surface oxidation.

Ox1dation of zircaloy by steam can be represented by the following
kinetics giving the zirconium oxidized per unit surface area:

2W dW = 294.3 exp {_ @{199} dt , T, <1850 K - (3a)
S
- 87.9 exp {- ﬁ{m} dt , T > 1850 K . (3b)
S : _ ' '
where
W = the zirconium that would be oxidized on the surface, in
units of kg/m2. 1f all the oxygen uptake was used to
oxidize the zirconium to ZrO2
TS - surface temperature in K.
t = time in s.

15



Below 1850 K, the kinetics 1s from Pawel et al.,']

1850 K, the kinetics is from Urbanic and Heidrick.
dW 1s the increment 1n W during the time increment dt. Using a heat
generation of 6.45 M) when 1 kg of zirconium 1s oxidized and a zirconium

and at, and above,

2. In the above equation,

density of 6500 kg/m3. the surface power generation, Ps' can be derived
from the above kinetics as '

Po =75 exp (-B/T,) \ : (4) !
1.46 x 10° 20,100 2 -
= ————5————— exp (- ~—f——— (MW/m~) , TS < 1850 K _ (4a)
s :
4.36 x 107§ 16,610 o Co -
= TS exXp «- ——?—f—-A(MH/m ) Ts > 1850 K .. : (4b)
’ S
where
§ = the thickness 1n‘m1crometers of the original zirconium

layer that has been oxidized 1f all the 0xygén uptake 1is
absorbed in this layer. ' ‘

If we define f(TS) as

' 4
f(TS) = caTS

P . L
where the first term on the right-hand side 1s the heat flux due to

radiation loss and PS. the surface‘power_generat1on'dué tb oxidation, then
f(TS) is the excess heat flux from the surface. (Convective heat flux has
been ignored.) If TS is to be‘constant in time, f(T ) has to be balanced by
the heat flux from the interior. The function f 1is shown In F1gure 1 for
three values of the oxidized z1rca1oy layer th1ckness. §..

The function, f, apart from the discontinuity at 1850 K, has in general
a maximum value and also a minimum value at a higher temperature (not shown

16
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in Figure 7). If the heat flux from the interior 1s higher than the
maximum, equilibrium is not possible at low temperatures and the temperature
of the surface escalates. If the heat flux from the interior intercepts the
f-curve to the left of the maximum, the oxidation 1s stable, because a
s1ight increase in tempefature'means an increase in net cooling, causing the
temperature to drop back. If the intercept 1s to the right of the maximum,
-oxidation 1s unstable, and the temperature escalates until it moves over to
the right of the minimum on the f-curve. The condition of stable oxidation
is, therefore, . ' |

f'(TS) >0 , or
-4coT53 _ e, >0 , | | : (6)

where a and B are the constants shown in Equation (4).

Setting f.(Ts) = 0, we obtain the upper bound on the surface
temperature, Tc (later referred to as the critical temperature), for stable
oxidation: '

' - B/T
-5 _af °C :
P vy sl | (7)

and this has to be supplemented by ‘the cond1t1dn that f (Tc) < 0.
The temperature 1n‘the Cathcart-Pawel oxidation regime extends tb

1850 K. If this 1s set to TC.-we obtain from Equation (7), after
substituting the values

a = 1.46 x 10° MW-um/m°
B - 20,100 K
¢ = 0.8

18



o - 5.67 x 107 mm? K,

§ = 6c = 14.3 uym . ‘ (8)

For § < 6c' the Inequality (6) cannot be satisfied and the temperature
will escalate to the Urbanic regime (TS > 1850 K). For & > 6C, the
oxidation is stable for any temperature below 1850 K.

In the Urbanic reg1mé,_the critical temperature, Tc, as a function of
the thickness of the oxidized zircaloy, 1s obtained by numerically solving
Equation (7), and 1s given below in tabular form:

&(um) 25 30 - 35 40 50 60
TC(K) 1885 1984 2082 2184 2413 2131

Equation (7), as given above for the temperature at which the f-curve
has a stationary value, generally has two solutions in the Urbanic regime
for a given value of §. 'This s graphically 11lustrated in Figure 8. The
lower temperature gives the 1bcat1on of the maximum on the f-curve and the
upper temperature the minimum. As & 1s increased, the two solutions
eventually colncide at § = 8., and for & > §_, the function f 1s a
monotonically 1ncre§s1ng function of TS. Thus, éc gives the thickness of
the oxidized zircaloy above which oxidation of the zircaloy i1s stable at any
temperature. (As shown below, this also applies to the Cathcart-Pawel
regime.)

The point § = 6; 1s determined by the solution of the following

equation:
_d_&__ _ Lo . ’
ch =0 E (9)

Differentiating Equation (7), we have
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Figure 8. Solutions of the critical oxidation temperature Te, for oxide
layer thickness, §.
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5T 4ar - e S [L L g5 B gt
c ¢ deo 2 2 c
- 8§ T8
| 5[ds B | |
.o [6 'Tqu' . (10)
from which we.gef
= B/S | | ()

by setting dé/ch = 0. Substituting this value of Tc into Equation (7)
again, we get

] 5 v ‘ ’
5. . Sla 5 (12)

4ch4

Substituting the numerical values

o - 4.36 x 10* Mu-ym/m?

B - 16,610 K

€ = -0.8

o - 5.67 x 1074 mw/m?kt,
we obtain

§. = 66.5 ym . (13)

Because this is 1ar§er than the critical thickness, § c* obtained for the
Cathcart-Pawel regime, as given by Equation (8), the oxidation 1s stab]e at
all temperatures if the ox1d1zed zircaloy thickness 1s more than 6

or 66.5 um. '
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“For a cylindrical debris bed, 0.9 m high and 1.2 m in radius, and
having a volumetric power density of 1.5 HH/ma, the average equilibrium
surface heat flux due to the internal heat generation, as estimated in
Section 3.11, 1s about 0.4 HH/mZ. If the initial oxidized zircaloy -
thickness 1s more than about 15 um, the oxidation is stable and the surface
temperature will remain below 1850 K. -In particular, the equilibrium
surface temperature-will be about 1750 K when the oxidized layer reaches

40 um.

If the in1tial oxide layer is less than 15 um, the temperature may
escalate above ]850 K. The temperafure ésca]at1on, however, w111 be of
short duration, for the oxide 1ayer§w111'bu11d‘up rapidly and the
temperature will subsequently drop. The time, v, to oxidize a layef of
thickness, &, from 8 = 0 1s given by the integral of Equation (3) after
converting W to §, 1.e.,

242 B/T

=82 ¢ , : - (14)

where a and B are as defined in Equation (4) and

p' = the density of zircaloy (6500vkg/m3).

For TS > 1850 K, the time 1 1s numerically given by

16,610/T _ _
=481 x107 e s, | ~(15)
where § s in um, TS in K, and * in's. At 1950 K, to réach an»ox1d1zed

layer of 67 um, the tjme required is only 11 s.

From the above results, we conclude that the idealized TMI-2 debris
~bed, with a surface layer of zircaloy, may be rapidly oxidized at the
surface and, except for the unusual case of suddenly exposed fresh zircaloy
at high temperature, the oxidation Q111 be stable and will not lead to a
temperature escalation if the surface is allowed to radiate to a pool of
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cooling water. Even in the case of sudden exposure of fresh zircaloy at the
surface, the temperature escalation will be of extremely short duration and
s not 1ikely to lead to a melt-through of the crust.

3.1.3 The Effect of Surface Indentations (Based on work by Fauske and
Associates)

In Section 3.1.1, the maximum surface temperature of the debris bed was
calculated to be about 1710 K -1f the surface was flat and heat loss was by
radiation to a water surface. If the surface has an indentation in 1t, part
of the radiation from the indentation will not fall directly on the water
surface, and radient heat exchange among the surface elements has to be
considered.

The surface indentations could be simply surface irregularities or
cavities left behind by a low-melting-point material, such as pleces of
steel or Inconel (melting point ~1700 K), or remnants of control rods made
of Ag-In-Cd (melting point ~1200 K). If an indentation can be approximated
by a cylindrical cavity with a constant heat flux over the - cylindrical
surface and an insulated cap, the temperature distribution a]dngAthé cavity

13 for a

can be obtained from the solution given by PerImutter and Siegel
tube open at both ends ‘to an environment at zero temperature. The
temperature at the deep end of the cavity 1is equ1va1ent>to the'temperature
at the mid-section of the tube in the PerImutter and Siegel solution.
Because the surface of the debris bed i1s believed to be rough, we shall use
the solution for diffusely reflecting gray surfaces rather than for
specularly (mirror-1ike) reflecting gray surfaces, even though the latter

is the main topic of the referenced article.

If the cylindrical cavity is of length, L, and diameter, D, and the
heat flux through the cylindrical wall is a constant, q". as shown 1in
Figure 9, the temperature distribution, Ts' along the wall 1s given by

Ts4=ga—[l+p4-1] : | (16)

€
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Figure 9. Cavity radiation heat transfer model.
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where o is the Stefan-Boltzmann constant, ¢ the emissivity, and p 1s a
function of L/D and x/L, x being the distance measured from the open end of
the cavity. For each value of L/D, p is:an increasing funct16n of x/L, so
the maximum temperature i1s attained at the deep end of the cavity where x 1s
largest. From the PerImutter and S1ege1]3 solution, the following maximum

values of p for three values of L/D are obtained:

Pray (2+5) = 2.07
Pray (5-0) = . 2.13
Puay (10.0) = 3.69.

When the above va]ueé of Pmax are extrapolated to smaller values of
L/D, bearing in mind that p 1s unity when L s zero, 1.e., when there 1s no
cavity, Pmax (2.0?l= 1.90. H1;h this value of Pmax’ the maximum cavity
temperature for q = 0.4 MW/m and ¢ = 0.8 1s calculated from Equation (16)
to be 3110 K, high enough to melt U02. For an L/D ra§1p of 5, the surface
heat flux required to melt U02_1s only about 0.1 MW/m~. Therefore, the
11kelihood of a crust melt-through 1s greatly increased in the presence of

cavities on the surface of the crust.

3.2 Mechanical Fallure of the Crust

In the previous section on the thermal behavior of the TMI-2
consolidated debris bed formed in the reactor core, 1t .was found that,
except for surface indentations, the equilibrium surface temperature of the
crust would be less than 1700 K when the consolidated debris bed was
immersed in water. Below this temperature, U02. or the ceramic material
U-Zr-0, 1s well below 1ts melting point. If the crust was composed of this
material, the mechanism for 1ts mechanical breakup probably would be through
brittle fracture at sufficiently high stress levels. In the next
subsection, the failure stress of the crust is estimated from the theory of
brittle fracture . Two ways by which stress could develop in the crust are
examined: (a) thermal stress due to a temperature gradient across the
crust; and (b) stress due to a pressure differential across the crust.
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These are presented in Sections 3.2.2 and 3.2.3, respectively. In

section 3.2.4, the stress on the upper crust due to the weight of the rubble
1sVexam1hed to determine the cond1t10ns of 1ts collapse after some molten
material drained out of the debris bed. |

3.2.1 Crust Fallure Stress

The fracture strength of mater1a1s s often several ofders of magnitude
less than what might be expected from molecular forces. In the Gr1ffith
theory of brittle fracture,]4 this 1s attributed to the presence of
m1croscob1c cracks in the material that produce high local stress
concentrations. As the cracks open up under an applied §tress, a certain
amount of the strain energy in the’mater1a1 1s released and appear as energy
on the newly created surface. At the point when the strain energy release
s enough to balance the surface energy creation, the cracks'open up

spontaneously, leading to a rapid fracture of the material.

First, consider an infinite plate of uniform thickness with a crack of
1ength‘2a embedded in 1t and parallel to the plane of the p]ate., The crack
is also considered infinite in extent perpendicular to 1ts length. A
uniform stress, o, s applied to the plate in the direction perpendicular to
the plane of the plate, as shown in Figure 10. Based on elastic stress
analysis, the strain energy per unit width in the plate, as compared to a
plate without a crack, 1s reduced by an amount '

B-mal T . (1-v7) - | | | (17)

where E 1s the Young's modulus of -the material and v the Polsson's
1516 .1f the crack 1s extended from 2a to 2(a + §a), the further
reduction in strain energy per unit width s

ratio.

2

B-2ma-T.(1-v)sa . o » - (18)
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Figure 10. Geometry of crack in material under app]ied stress.
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When this 1s balanced by the increase 1in surfacé energy per unit width along
the crack, 2y - 28a, where y 1s the energy per unit surface area, the crack
will opeh up épontaneous]y. The factor 2 in front of y accohnts for the
upper and lower surfaces of the crack and-2éa 1s the increase. in length of
the crack. If we denote ¢ the stress at which the crack opens up
spontaneously, we have ’

2a-]""2-a2—4 . ‘ ' (19a)

" E A | |

or

op = —2E— | ~ (19b)
ma (1 - v) ‘

If the plate is thin in.the direction perpendicular to the length of
the crack and also to the applied stress, the plate will be in plane stress
and Equation (19b) is accord1ng1y.mod1fﬁed_as

The der1vat1ve of B with respect to crack 1ength extens1on. é(2a), at
the failure point 1s generally referred to as the cr1t1ca1 energy release

rate, Gc . Note that Gc has the unit of energy per unit surface area and 1s
given by o
GC %_2Y . | S (27)

Because y, or GC, v, ‘and E are material properties, we have -

¢ Jra = K. = constant , ' o 3 (22)

where Kc is referred to as the critical stress intensity facfor.

28



To estimate the critical energy release rate, , we use the following

G
approximate values based on curves given in MATPRO.]S at temperatures around

1700 K,

¢ = 130 MPa

: 5
E = 1.6 x 10 MPa
v = 0.32.

From Equations (19) and (21), Gc s given numerically as
‘ 2 -
Gc =0.30a (I/m7) , - o (23)

where a 1s in micrometers.

If a s on the order of a few grain size, say 50 um (crack length
~0.1 mm), then G 1s about 15 3/m°. This also ylelds a critical stress
1nten§1ty factor of about 1.6 MPavﬂi, which 1s.within the range of the
critical stress intensity factors for 002 given 1n handbooks
(1.4 - 2.0 MPa \/m). In the subsequent analysis, the value of 15 J/m
be dsed for Gc' . |

2 A

If the crust of the TMI-2 debris bed in the reactor core was formed
from relocated material solidified between fuel rods, the contact between
the relocated material and the fuel-rod cladding might not be completely
consolidated. The fuelvrods in this case may be considered as cracks in the
crust in the analysis of. fracture failure. For cracks of length 2a, spaced
2h apart in the direction perpendicular to the applied stress (Figure 11),

Hasse1man]8 gives the following formula for the fallure stress:
-~ f 2 (1 - v2) 2h . S N
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Figure 11." Geometry of multiple cracks 1in mater1a‘17 under applied sitress.-'
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As the spacing goes to infinity (h & =), the fallure stress given above
reduces to the failure stress for a single crack of length 2a, given by
Equation (19).

The diameter, 2a, of a fuel rod is 10.9 mm and the fuel rod pitch, 2h,
s 14.4 mm. Substituting these values in Equation (24), we obtain

oc = 8.6 MPa . | (25)

For a single crack of length 10.9 mm, the failure stress based on
Equation (19b) 1s

o = 12.5MPa . - . ' (26)

Both of the above failure stresses are an order of magnitude lower than the
fallure stress of a homogeneous sample of U02.

3.2.2 Thermal Stress on the Crust (Based on work by Fauske and Assoc1at§s)

To estimate the thermal stress on the crust of the TMI-2 consolidated
debris bed, we assume that the crust 1s in the form of a large plate of
uniform thickness, 2c, and without edge constraints. Heat flux from the
Iinterior of the debris bed going into the crust i1s, F, and volumetric heat
generation rate in the crust is, q".. If the origin of the axis
perpendicular to the plane of the plate (y-axis) 1s chosen at the center of
the plate (see Figure 12), the stress, o, parallel to the plane of the
plate, as given by elastic analysis, is

(Reference 19)

c ' c
_ _ af 1 . 3y
¢=-7- T - > Tdy.- 2c3.//. Tydy , (27)
: ZC
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Figure 12. So]ut1on of thermal: stress 1in a p]ate with a heat flux and
internal heat generat'lon
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where

a = coefficient of thermal expansion
E = Young's modulus

v = Poisson's ratio

T = temperature distribution.

The parameters a, E, and v are considered constant throughout the plate.

The temperature distribution in the p]ate. under steady-state
conditions, is given by

T=TO—2k y2"F+k Cy. v. (28)

where T0 s the temperature at the center of the plate, k the therma1
conductivity, q the volumetric heat generation rate in the crust, and F
the heat flux from the interior of the consolidated debris bed. Both k and

q are considered constants.

If T s a constant, the first term on the right-hand side of
Equation (27) cancels the second term, aﬁd théhth1fd term integrates to
zero. If T is 1inear in y, the first term cancels the third term, and the
'second term integrates to zero. In e1fhef case, the stress on the plate is
zero. Therefore, we need only to substitute the quadratic term in
Equation (28) into Equation (27) to obtain the stress. The result is

1 2 ' )
-1 N (W _
““2k(1-u)<y‘3>' . @)

The maximum stress occurs at the surfaces of the crust énd s given by
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[N ] 2

_afq ¢ '
“max = 3k (1 - v) ° | (30)

Substituting the values representative of U0, (from MATPRO' )
-5
a - 1.8 x 107K
' 5

E - 1.6 x 10° MPa

K - 2.5 WnK

v - 0.32,
we obtain
o . =44 q cZ (MPa) | | (31)
max ’ , -

3 I

where q..{i1s in MW/m” and ¢ in centimeters.

For q.(' equal to 1.5 MW/m°

. kquation (31) gives a surface stress that
‘ gxceeds the failure stress of a hohogeneous pjece of UO2 when the crust 1s
more than about 3 cm thick. If the crust has embedded fuel rods, which can
be considered as imperfections in the crust, as done in the last section, a
thickness of more than 1 cm will create a surface thermal stress exceeding
the calculated failure stress qf'about 10 MPa. If the heat flux through the
cfﬁst 1s-0.4 MH/mz. the temperature drop across the crust 1600 K, and the
thermal conductivity taken as 2.5 W/m-K, the equilibrium crust thickness 1is
1 cm. Therefore, a crust formed from solidified material between fuel rods
tends to crack at 1its éurface, whﬁ]e a crust formed from solidification from
a molten pool of U02. which 1s more homogeneous, may hold up against such

thermal stress.
Although the outer surface of the crust may crack. due to'thermal

stress, its interior surface-may simply wrinkle due to plastic flow, because
1ts temperature is near the melting point. The thermal stress, however,
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turns compressive in the 1ntef1pr of the crust [o negative for |y|€cA/3 In
Equation (29)], so this will not lead to a complete fallure of the crust.

3.2.3 Pressure Differentials Across the Crust

Pressure_djfferent1ais across the crust can develop if the crust
completely seqls off 1ts interior from the reactor coolant system. We
assume that this 1s so in the following ana]ys1s.

There are two ways that the'preSéure differential can change with time.
Thé first is by chang1ng»the preséure of the reactor coolant system. Between
200 and 224'm1n after the beginning of the accident, the primary system
bressure dropped by about 3.4 MPa (Figure 13). 1If the crusf is considered
as a thin shell of thickness, d, and radius, R, the tangential stress, o, on
the crust 1s given by |

a -5t B | - (32)

where Ap 1s the pressure differential across the crust. If the interior
pressure remained constant while the reactor coolant system pressure dropped
by 3.4 MPa, from Equation (32), the additional stress on the crust 1is

§¢ = 1.7 R/d (MPa) . | o ' ~(33)

Because R 1s on the order of 1 m, and d at most a few centimeters when the
debris bed reaches steady-state temperatures, the increase in tangential ‘
stress 1s on the order of tens of MPa. If the initial pressqre'd1fferént1a1
(intertor pressure less external pressure) was non-negative before the |

" external pressure drop, the additional stress from the external pressure
drop would fail a crust formed from so11d1f1edvmatgr1a1 between fuel rods,
but not necessarily a more homogeneous crust formed from the solidification
~of U0, 1n a molten pool. o | '

Another way the differential pressure could change is throdgh melting
of the crust or solidification of the 1nter1dr molten pool. A phase change
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from sol1d to 11quid U0, involves an increase in volume by about 15% under
constant pressure. If the volume is constrained to change by less than 15%,
the hydrostatic pressure in the 1iquid must change. Let_En denote the bulk
modulus of 1iquid UO2 (or U-Zr-0), V the vo1yme of molten U02 inside the
crust, and &V the volume change if an additional hydrostatic pressure &p 1is
applied to 1t. Then,

8 = ESV/V . | (34)

The increase in iInternal pressure causes the radius of the crust to expand
by an amount

R2
2dt

R=R+3(-v)-

- (1 - v)ép -, o (35)
S : . C

where ES is the Young's modulus of the crust and v the Poisson's ratio. If
the debris bed 1s not in thermal balance, say, a fraction § of :the decay ‘

heat in the molten interior goes to melting the crust, the mass of the crust
that will be melted in time St 1is

3
sf

where D 1s the power density and h_, the heat of fusion. The change in

se
volume under constant pressure from solid to 1iquid s

3
u L] _4_13[8__ L] ED L]

1 . ‘
&t (36)
Pshey

where a = 0.15, and P is the crust déns1ty. The change in volume inside
the crust due to crust expansion 1s '

A o
- 2uR
R= S (1) 8, e

S

41rR2
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so the volume of 1i1quid inside the crust to be compressed is

3 4 .
1 21R
— &t - =— (1 - v) &p . ‘ (38)
pshsl Es

AV = a e 45“ « ED -

Substituting Equation (38) and V = (4%/3) R3 into Equation (34), we have

D 3R e - | |
sp = |25 st - 3R ) splE, (39)
or
ap _ *% 1 — (40)
dt - pshsl .1 + 3REQ (1 '_”)/(2qu)
At this point, we may want to recab the meanings of the symbols in
Equation (40): ' '
p = internal pressure of debris ‘bed
a = fractional volume increase when solid debris melts at
constant pressure (0.15)
D - power density of debris bed (1.5 M/m°)
|3 = fractional power of debris bed going into melting of the
crust
E, - bulk modulus of molten debris
P - density of sol1d debris (9800 kg/m°)
hsﬁ o= heat of fusion of debris (2.7 x 10S J/7kq)
R .= radius of mo]tenésphere
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v = Poisson's ratio of solid debris (0.32)
d = crust thickness
E - Young's modulus of solid debris (1.6 x 10° MPa).

S

The bulk modu]us of 1liquid UO2 s unknown. To estimate the pressure .
rise rate, we take (1) El =~ ES/10. and (2) EQ >> Es' In the first case, we
have

dp aEDES

dt = 10 p h

~ 1.4 £ (MPa/s) ; (41)
s@ ' '

and in the second case,

dp 2aEDdES

at =3 pe ey RO = 3] (MPa/s) . C : (42)

o|a

=~ 13.3 §

If the heat imbalance in the debris bed is about 10% of the decay heat

(€ = 0.1), the pressure rise in both cases is about 0.1 MPa/s, and the
increase rate of tangential stress on the crust is on the order of

1 MPa/s. With such a rapid increase in stress, the crust will have to crack
almost constantly to relleve the internal pressure until a thermal-
steady-state 1s reached in the debris bed. ‘

Instead of‘me1t1ng the crust, the molten interior could be soli1difying
onto the crust 1f net cooling of the debris bed was achieved by emergency
core cooling water. The above formulas are sti11 applicable in this case,
but the_s1gn of £ 1s now negative.

Because the crust of the TMI-2 consolidated debris bed is belleved to
have falled after emergency cooling water was introduced into the core,
leading to a reduction in pressure interior to the crust due to-
solidification, and also after a pressure reduction in the primary cooling
system, leading to a reduction in pressure exterior to the crust, a
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transient thermal calculation 1s needed to conf1fm 1f the internal pressure
was indeed higher than the external pressure at the time of fallure. Such
a calculation requires the detalled knowledge of the configuration of the
debris bed and the coolant conditions, both of which are quite uncertain.
However, the thermal diffusion time, =, across the crust 1s given by

, 2 . . . v . .

-p. C_ . . , _ "
R . (43)
where Cp s the specific heat, and k the thermal conductivity. Substituting
the values o

3

pg = 9800 kg/m

c

o = 500 J/kg-K

kK = 2.5 W/m-K,
we have

T ~ 50 d2 (s) B - o : - (44)
where d 1s measured in centimeters. If d was a few centimeters, the effect
of cooling water would not have propagated to the molten pool at the time of
crust fallure some 20 min later. Therefore, solidification would not have

occurred and the internal pressure would have remained high.

3.2.4 Collapse of the Upper Crust

With the relocation of molten material, the upper crust of the
consolidated debris bed was no longer supported from below except along 1ts
periphery. The mass of rubble on top of the consolidated debris bed is
estimated to be about 35,000 kg from post-accident examinations. The

maximum stress, O OD the crust due to the weight of the rubble is given by
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: (Referenoe 20) -
mq_

' (45)
ﬂdz

O = 0.75 .

where m 1s the mass of ‘the rubble, g the gravity, and d the thickness of the
~ upper crust. It has been assumed that the load was distributed uniformly
over the crust, which was in the form of a c1rcu1ar p]ate fixed at 1ts edge.
Numerically, ¢ 1s given by '

m

a

where d 1s to be expressed 1h centimeters.

If the upper crust was:composed of homogeneous material sol1dified from
a molten pool, 1ts failure strength would be about 130 MPa. According to
Equation (46), the crust would collapse 1f its th1ckne$s was 1ess than about
2.5 cm. If the fadlure stress was reduced to 20 MPa due to the présence of
cracks, the crust would collapse under fhe wé1ghf of the rubb]é 1f 1ts
thickness was less than about 6.4 cm. From the topography of the upper
crust which shows a concave surface at places (v1ewed from above),
crust indeed could have co]]apsed
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4. kTHERMAL INTERACTION BETWEEN MOLTEN CORE HATERIAL
AND LOHER'CO@E SUPPORT STRUCTURES -

_As the molten core material flowed toward the 1ouer;p]enum,_1t must
_have first vaporized the surround1ng water-and then 1tself mtght have broken
up nto droplets and so]1d1f1ed jnto'granu1es. The‘vo]umtnous'product1on of
steam, houever, could have b]anketed the molten .core mater1a1 that flowed
 down later. In th1s case, ‘the molten- mater1a1'wou1d have flowed doun as a
cohesive mass along the surfaces of the lower core support structures If :
the contact time between the mo]ten core material and the statnless steel
structures in the lower plenum was short, thermal interactions between the
materials were 1imited to a thin 1ayer near. the Interface, and both '
materials could be considered 1nf1n1te in extent in the thermal
A.calculat1ons We shall first assume that: the mo]ten core mater1a1 was at
its melting po1nt 50 there was no'heat transfer from the mo]ten material to
the surface where core material so11d1f1cat1on took p]ace In this, case,
_only heat conduction need be cons1dered If the molten mater1a1 was heated
above 1ts me1t1ng po1nt. convecttve heat transfer from the mo]ten mater1a1
to the so]1d1fy1ng surface also has to be cons1dered In the latter case,
we shall estimate- the conditions under which convect1ve heat transfer may
become important compared to heat’ conduct1on

‘ g; - o
4.1 Contact Between Molten Core Material
at 1ts Melting Point and Stainless Steel

The heat conduct1on’equat1on'to“be solved 1s

e
Q
-

So X1 o un

where T 1s the temperature, a the therma] d1ffus1v1ty. t the time variable,
and x the spat1a1 variable. The geometry of the problem 1s shown 1in '
Figure 14. The steel 1s assumed to be at_T0 before contact, and the
.temperature‘at the contact surface, T1, s assumed to‘be below the me1t1ng
point of steel. (The 1atter assumption will be‘Just1f1ed by the results of
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Figure 14.

Molten
core material

qf—é—-—l

|
Solidified :
core
material '.
ap, Ky |
|
|
|
T = T| '

0 < x x =0 x >0 | 6 4966

Thermal behavior of molten core material at its melting po1nt
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fhe calculation.) The mo]tén cofé‘mater1a1 s assumed “to be at its melting
point. We shall denote the th1ckness of the so11d1f1ed 1ayer by §, which 1s
to be determired from the so]ut1on

The solution of Equation (47)9 satisfying the boundary cond1t1ons:

» T(-») =’T6, and>T(6) =

T, (48)
1s.
T(x < 0) = T1 - (T —T ) erf <TT->
T -7 R | | ‘
Tocx<8) =T, + —2— 1 erf‘/é) ' (49)
erf -
: (T% ) s o

where T1. the 1nterface temperature, and §, the solidified 1ayer thickness,
are determ1ned by the fo110w1ng cond1t1ons

0 0 S
. _ v | S
whérg
~ky = thermal conducti?%ty_of sta1n1e§§ steel
k, =  thermal conductivity of solid core material
L
p = &ens1ty ofngore'méter1aj
AH = heat of fusion offcore material.
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The first condition gives heat f]uk continuity at the steel-core material
interface, and the second condition balances the release of the heat of
fusion to the heat conducted away from the interface of the solidified and
molten core material.

If we make the substitution
»6 = 2k‘/a2t , ' . ' (51)

where A 1s a constant, Equations (50a) and (50b) yield the following
equations for T1 and \: ’ '

k k
‘ —/(]x To N \/ﬁ_eff {\) Tm
T, =L ‘s — , and - (52)

1 2
oy e erf )

2 k, &\ C (T -T) | '
A 2 /1 p'm 0
rer lerf (4) + ——\Vﬁij - : (53)
| o k.l ay ) /v AH ‘ .

where we have subst1tuted‘the specific heat of the core material, Cp; from
the relation ' :
k : :
. 2 ) . - .
C =— . 4
P pa, ' ' (54)

(We have neglected the density difference between the solid and molten core
material.) '

Equation (53) can-be solved for A using Newton's method which, when
substituted into Equation (52), gives the interface temperature, T1. The
following numerical values are used in the solution: -

k] = 25 W/m-K
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6 2

@ = 6 x 100 m"/s
k, = 2.5 W/mK

a, = 5x 1077 m/s
C, = 500 Ikg-K

BH = 2.7 x10° d/kg
T '»= 2800 K

T, = 600 K.

The solutions are

A = 0.898, erf(x) = 0.796
§ = 1.2/t (mm), t in s

T, = 1270 K . | o | (55)

The above solution shows’that‘the interface temperature is indeed below
the melting point of stainless steel. For an interface temperature above
1650 K (melting point of steel), parametric studies show that the initial
temperature of the steel has to be above 1000 K, even 1f the me1t1ng point
of the molten core material is ra1sed to 3100 K.

4.2 The Effect of Conveét1on in the Molten Core Material

~ If the molten core material was heated above 1ts melting point, the
convective heat flux from the main stream of the flow to the solidified
layer generally cannot be neg]ected. If this convective heat f]dx is large,
the solidification would slow down and eventually cease, 1imiting the extent
of the solidified layer. Consequently, the steel-core material interface
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temperature may increase beyond the melting point of steel. Th1s section
derives a lower 1imit on the time of contact that 1s requ1red such that
convective heat transfer becomes important. '

From the 1ast section, the heat flux go1ng into the so11d1f1ed layer
is given by

pbH \ /& . | | o
otH 3 el . . ' o . (56)
a =T T 1 | | o |

Let us assume that the molten core material was heated AT above 1ts
melting point. For Reynolds number on the order of a few hundred thousand
and Prandt1 number near 1, the average heat flux over a plate of 1ength. L,
in the direction of flow 1s given by | ' )

1] 1)

k A 5. PGC ) ]
0.664 2« aT - proRe? - 0.664 « —2L . a7 . prige? - q, (57)
where

V2
Pr = — (Prandt1 number)

*2
R uL
e = — (Reynolds number )

2

u = flow velocity -
v, = molten core material viscosity.

(We have neglected the,d1fferencé in material propért1es between solid and
molten core material.) '

Convective heat transfer becomes 1mportant when
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or
7 0.668 pa, C) AT pr1/3 gel/2 = 0.664 C AT \v/

Substituting the fo]]ow1hg numer1ca1 values in Equétion (59),

\ = 0.898
AW = 2.7 x 10° J/kg
C, = 500 I/kg-K

Pr - = 0.7,

we have the condition on the time of contact that convective heat. transfer
becomes important: '

5
, 4.74 x 10°

t
(aT)?

(60)

where AT is in K. We write Inequality (60) in a slightly different form:

; |
, 4.74 x10° e

ut (AT)2
The left-hand side of Equation (61) may be considered as the length of the
molten core material flow train. If AT is on the order of 100 K, the flow
train has to be about 50 times the thickness of the lower core support
plates (2.5 to 36 cm) for convective heat transfer to be important. For
short flow trains, the conduct1on'§olut1on given in Section 4.1 should be
adequate. '

48



5. IMPLICATIONS OF THE VARIOUS FAILURE MECHANISMS

~ This section summarizes the results of the previous sections and
d1scusses the implications of the various core debris bed fa11ure mechanisms
on the characteristics of the debris bed. Some of the characteristics can
be verified by examinations of the debris bed and the reactor vessel
internals, while others can be better defined through extended analysis of
the accident. '

Section 3.1.1 shows that the melt-through of a ceramic crust was not
poss1b1e The assumptﬂons’beh1nd this conclusion are ‘that (a) the
consolidated debris bed had the dimensions indicated by the core
examinations (0.9 m high-and 1.2 m in radius), and (b) heat loss through the
surface was uniform and was by radiation to a cool surface, such as water at

.saturation. We know that the top surface of the consolidated debris was
covered with a rubble bed of shattered fuel and oxidized cladding. If this
heat generating rubble was not quenched before crust failure, 1t would have
insulated the top surface from radiating directly to the water. Given
enough time, the top surface would indeed be melted by decay heat generation
in the consolidated debris bed. 'Another way the surface of the consolidated
debris bed could have melted 1s through nonuniform heat transfer from 1ts
interior. If the molten iInterior attained temperatures well above 1ts
melting point, convection in the molten pool would become significant and
most of the heat generated in the pool would be transported to the side and
top surfaces of the debris bed. Because the vertical and lateral dimensions
of the debris bed were comparable, heat transfer patterns are difficult to
obtain. If the local surface heat flux at some point was enhanced by an
order of magnitude over the average surface heat flux, melt-through at that
point could be achieved even for ceramic materials.

Rapid oxidation of a crust made of zircaloy was shown to be stable 1in
Section 3.1.2 1f the crust was already covered with a layer of z1rcon1uh
dioxide more than 67 um thick at the time when the crust reached rapid
oxidation temperatures (>1600 K). Even with rapid oxidation, radiation loss
from the surface to water would preclude surface melting. The crust could
crack from thermal and mechanical stresses, allowing some molten zircaloy to
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appear on the surface. The temperature of the surface could escalate in
this case from the energy released in the oxidation of the fresh zircaloy,
but due to the rapid bulldup of an oxide layer, the escalation would be
Timited to only a few seconds. Careful examination of the breakthrough
location on the crust may reveal i1f the crust was melted through from the
outside, though the movement'of molten material through the.hole may
complicate the interpretation of the examination. | '

A more plausible mechanism ofla melt-through of the crust was presented
in Section 3.1.3 where the effect of surface 1ndehtat1ons on cutting down
the heat loss was 1nvest1gafed. * The presence of a relatively shallow cavity
(twice as deep astw1de) could lead to an equilibrium surface temperature at
the melting point of U02. The init1al melt-through of the crust, however,
would be fairly localized, because the cavity 1s expected to be quite small,
on the order of the diameter of a-fuel or control rod. Relocation of more
than ten metric tons of molten core material through the hole may>take
several tens of seconds, after é119w1ng for enlargement of the hole from
thermal ablation by the molten material at a temperature hundreds of K above
1ts melting po1nt.2] The duration. of the relocation of molten material to
the lower plenum at 225 min was less than a minute, as indicated by the
source-range monitor response (Figure 4). If-the me]t—through was due to
this mechanism, the core material was either heated to a temperature many K
- above 1ts mé1t1ng-po1nt so rapid ab]at1on and enlargement of a hole could

take place, or there was simultaneous melt-through at several cavities.

A crust formed from the're]ocat#on.of 11quef1ed'mater1al,,wh1ch
so]1d1f1ed between fuel rods, could be relatively weak compared to a ‘more
- uniform crust formed from the solidification from a molten pool. ’
Section 3.2 showed that.the expansion associated with melting of the crust
from the interior before reaching thermal equilibrium would cause the crust
to crack. ‘The cracks would develop where the crust was weakest, possibly
places where the trust,was relatively thick but Composed of inhomogeneous
material (such as re]ocated:UO2 between fuel rods) or where the crust was:
relatively thin but formed from the solidification of a molten pool of UO2
(such as at the upper surface of the consolidated debris bed). Thermal
stress on the crust was a]so‘11ke1y‘to crack 1ts outer surface 1f 1t was

80



more than about 3 cm thick, though a complete crack across the crust was
unlikely from thermal stresses alone. A positive pressure differential
across the crust created by dropping the exterior system pressure, such as
the one jJust before the hypothesized relocation at 225 min, may also lead to
crust faillure. Because there was essentially one such system pressure
reduction after core damage, but before the relocation to the lower plenum
at about 225 min, crust fallure caused by such a pressure differential would
‘have been a one-time event. On the other hand, cracking of the crust by
thermal stress or by expansion of the interior through melting, could have
occurred many times before relocation. In this case a question would arise
as to why the cracks had been sealed before the 225-min event, but not at
225 min. Careful examination of the crust in terms of composition (metallic
vs. ceramic), structure (homogeneity vs. heterogeneity), and geometry
(thickness) may give indications of structural fatlure due to excessive
stress. But the exact origin of the stress can only be found through
detalled analysis of the thermal and mechanical behavior of the actual TMI-2
debris bed during the accident. '

Section 4 presented a conduction solution of the thermal interaction of
the molten core debris as 1t came in contact with the lower core support
structures assuming that convective heat transfer in the molten material was
negligible. For short durations of contact, on a time scale short compared
to the thermal diffusion time in the stainless steel plates in the lower
plenum (the conduction solution assumed infinite plates), the'p1ates would
be heated at their surface to about 1000 K. Some mechanical deformation at
such a temperature 1s 1ikely, but the mechanical loading on the plates has
not been analyzed. -Section 4 also derived a condition on the length of the
flow train of the molten core material flowing past the steel plates such
that convective heat transfer became important. For superheat of about
100 K above 1ts melting point, the flow train had to be about 50 times the
thickness of the plates before convective heat transfer could become
significant. For shorter flow trains, the conduction solution stands, so
there would not have been thermal damage to the structures. Examinations of
the lower core support structures so far show that the damage was absent or
minimal, so the flow train could have been relatively short.
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In this report, we have examined some of the thermal and mechanical
conditions under which the crust of a non-coolable mass formed in the
reactor core could fail to allow its molten interlor to flow to the lower
part of the reactor vessel. The fallure mechanism of the TMI-2 non-coolable

‘mass in the core, however, cannot be determined precisely without a detailed
transient thermal and mechanical analysis of the damaged core. " Such an
analysis requires the knowledge of the hydraulic conditions in the core and
the material properties at high temperatures, both of which can at best be
‘estimated only, so the results of the analysis may not be unambiguous. A
more fruitful way to determine the fallure mechanism is through careful
examination of the geometry of the'debris and testing the remnants of the
crust for their thermal and mechanical properties, preferab1y at high
temperatures. These efforts may u1t1mate1y help define the precise fallure
mechanisms.

Regardless of the initial failure mechanism of the crust, analysis and
examination of the reactor core and vessel internals thus far indicate that
molten core material broke out of the crust and relocated to the lower
plenum, Teading to a collapse of a crust ho1d1hg the loose rubble in the
upper part of the core. During its flow to the lower p1enum,‘the molten
core material caused 11ttle, 1f any, damage to the lower core support |
structures. ’ '
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APPENDIX A

POWER DENSITY IN THE CONSOLIDATED DEBRIS BED

Below 2700 K, based on the U-Zr-0 equilibrium phase diagram, fhe molar .
ratio of Zr to UO2 is 4:1, and the mass ratio 1s 0.57:0.43. In a fuel rod,
the mass fraction of fuel 1s 0.80. S1nce the fuel rods ‘occupy a fraction of
0.45 of the core volume, the liquefied core mater1a1 wil1l occupy O. 55 of the
- volume of a consolidated debris bed formed from 1ts solidification between
_fuel rods. The mass fraction of UO2 in the consolidated debr1s bed 1is

therefore (0.80 x 0.45 + 0.43 x. 0.55), or 0.60. Assum1ng a UO2 density of
10,000 kg/ma. and a zircaloy density of 6500 kg/ma, the average density of
the consolidated debris bed 1s 8230 kg/m3 The mass of UO2 per. un1t vo]ume
of the conso]1dated debris bed 1s 4940 kg/m ' '

Two hundred (200) min after reactor shutdown the decay»power of the
TMI-2 core was about 23 MW, and the average decay power per unit mass of UO2
was 0.25 kW/kg. If 50% of the volatile fisslon products was released from
the fuel in the consolidated debris bed, the décay power Qou}d be reduced
by 12%. Assuming a power peaking factor of 1.35 in the central part’of the
core where the consolidated debris bed was formed, the power dens1ty 1n the

debris bed was (0.88 x ] 35 x 0.25 x 4940) kH/ma, or 1.47 Mw/m
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