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ABSTRACT ..

..

Assessments of the consequences for postulated severe 7
!

accident conditions in nuclear power plants require a first:.-

principle evaluation of the major pheno =ena associated with
<

overheating of a nuclear-- core. Three areas essentially -

govern the containment response since they represent

potential containment failure modes: 1) hydrogen produc-
tion and release from the primary system, 2) steam over-
pressure as a result of extensive contact betw'een over-
heated core debris and water, and 3) the coolability ofThesedebris in the presence of a continual water supply.

typical BWR and PWR primary syste= andare addressed for
contain=ent configurations, the details of which can have
dominant effects on the accident progression / regression.
In addition processes are analyzed in which strong competi-

could be occurring such as quenching andtive phenomenaThese are also greatly influenced by the designoxidation.
and accident specific conditions. Finally, the assessment

permanently coolable state is outlined for variousof a
general conditions and the influence of specific design

is discussed with respect
features for BWR and PWR systemsscenarios that have been consid-to the variety of accident
ered. .
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accident scenarios in a Ifght waterAssessments of postulated severe syste=
involve evaluations of several pheno =ena within the prirary eitherthe combined result of which eventually lead toreactor

and the containnsnt;
a pernanently coolable state for the once overheated core debris or f ailureThe attainment of a per-anently coclable nateof the containment building.
can be achiev ed either within the reactor pressure vessel or in the
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containment. However, the attainment of such a state requires the continual i

t

! availability of water to the core debris. .j

!
In assessing the accident accommodation, one must consider both the !

j basic features of the primary system as well as the specific geometry and 4
| system capabilities of the containment building. These must be considered -j

| with respect to the principle phenomena of 1) hydrogen pr6 duction and the s
,

y potential for combustion, 2) steam overpressure as a result of quenching and .*;

a long term cooling for degraded core debris, and 3) the long term coolability
.1r of the core material, particularly in an ex-vessel state. In formulating i
- first principle arguments for these phenomena, it is important to consider <

'
the specific design characteristics of the systems in question, and the
influence these can have on the progression / regression of a given accident. I
Also, the consequence assessment of postulated severe accidents involves the -I

evaluation of a wide spectrum of accident sequences, and the differences in }|
the reactor states for these sequences must also be included in the evalua- $,
tion. _,!

..

.

STEAM GENERATION .

For a postulated state of overheated core debris, the migration of this -

material into either the lower plenum of the RPV or the containment building
| could result in contact between th_e corium and water. Quenching of the core ,.

debris would ensue and the steam formed would accumulate in either the
| primary system or the contain=ent building. In previous computer models,

the rate of quenching has been calculated by assuming a particle size to
l characterize the core debris and the resultant energy transfer rate is

governed In these prior
analyses,gyinternalconductionwithinthecoriumparticle.

i

the particle size assigned to the core debris typically had a
i radius of a few millimeters. Since the thergal conduction response ti=e (t)

of a particle can be characterized by (t = x /c ) (x = r/3 for spheres), the
calculated time for quenching can be very short. For instance, a corium
particle 6 mm in dia=eter would quench in about 1.3 secs. Such quenching
rates for a large number of particles are far in excess of those character-
izing the hydrodynamic stability limits for water in the presence of the

horizogily heated surf ace as represented by a saturated pool boiling CHF
model. This heat flux can be expressed tv zhe Kutateladze equation,

{ h ga (o - - (1)q/A = 0.14 h y f

This is g bi-valued function with respect to pressure, reaching a maximu= of <

4.3 Mw/m at approximately 7 :Ja. If the degraded core : aterial is assured
to be accumulated within the lower plenu= of the reactor vessel, the quanch-
ing rat'e from this material would be limited by the ability of the overlying
water to remain in contact with the degraded core debris. The critical heat -

flux expression can be combined with the cross-sectional area of the reactor
vessel to deter =ine the maxi =ug steam formation rate. For- a . typical PWR
vessel, this area would be 15 m and at a pressure of 7 MPa, which corre-
spends to the maxi =um critical heat flux condition, the resulting steaming
rate would be about 60 Mw, or about 2% of the nominal power for a 1000 "we
plant. However, the point of greatest interest for potential failure of
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primary system components is the steam formation rate at the lift pressure i

At this pressure, the critical heat fluxof the safety valves (=g7MPa).
.

is approximately 2.5 Mv/m or a steaming rate of 37.5 Mw. A typical safety ~,
valve for a PWR has a capacity of = 45 Mw at the lift pressure and depending j
upon the system, there may be 2 or 3 such valves on th_e, pressuricer in 4 8

addition to the PORVs. Consequently, the steaming rates .resulting from a j
quench would be well within the design limits of the safetyevalves. j

"
.=

;

For BWRs, the available surface area is more difficult to define 1
a

as the J. g because of the CRD tubes which pass through the lower plenum and act
- core support structure. These control rod guide tubes isolate the sealing [

water for the control rod drive system from that in the reactor coolant
inlet plenum region. If the gross-sectional area of the vessel is used as a [

| conservative estimate (= 29 m ) the maximum steaming rate would be about
'120

Mw. However, BWR systems are capable of relieving 100% power (s 3000 Mw) i
through their safety relief valves, i.e. such a rapid steam for=ation would '

( not pressurize the RPV above the SRV set pressure. -

!

This coolant hydrodynamic stability limit can be used to evaluate
fragmentation scale during the quench process. Fragmentation determines the
surface area available for energy transfer and the resulting heat flux to i
the water for producing steam. Various models have been proposed in the

LMFBR literature for fine scale f [
direct contact with liquid sodium. gag =entation of molten uranium dioxide inFor such systems, direct contact is not |
only possible, but =ay be sus gined for several milliseconds, tens of

milliseconds, or longer, since the contact interface te=perature is well
-;

'

below the spontaneous nucleation temperature. For a corium-water svstem the
contact interface temperature is several times the thermodynamic critical
point of water, and such contacts would result in a local vapor blanketing. <

fdirect contact _ mechanisms are not applicable, and the
, As a result, thege6
f experimental data show that the measured fragmentation in non-explosive {

systems is of a much larger size. Since these coriu=-water exneri ents did |
'not obse rve an explosive interaction and liquid-liquid contact did not

6ccur, this tragmentation process cust have occurred uncer comparative
benign hydrodynamic conditions while the material was molten anc in L ..e .. a

Toiling mode.
_

For material to acco=plish frag =entation in film boiling, a configura-
tion such as that shown in Fig. 1 must be achieved and sustained. If this

configuration breaks down by driving water away from =olten globules, molten
material could coalesco back into larger particles and the fragmentation
process would be reversed. Therefore, we can equate the heat flux produced
in film boiling to the ability of the water to alleviate such an ~1rpcsed
steam flux, i.e. the pool boiling critical heat flux [Eq. (1)] rultiplied by
the vessel cross-sectional area. If the water is subcooled, the critical

heat flux is increased and can be represented by the subcooled pool boiling
critical heat flux correlation of Ivey and Morris:#

C

I 1/4 -
-

(3
|

eg og ATo3 sub|
q/A)CHF, sat" (2)

q/A)CHF,sub 1 + 0.1 l' =

o o h fg

f
The film boiling energy transf er for a single particle in fil: boiling can

1
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Ibe expressed by :
-!

t
q = 4nr2 (oc(T - T ) + h(T -T)] (3) }jp F F g

41_.

Civen the mass of the molten material, the number of pirticles and the .4
average fragment radius can be related by )'

: $
s 3m

T I
', n= (4) -

E 4pF "# '

.

._.

Since the total energy transfer is the sum of the individual contributions '..
$T

q=nqp - (5) : ~
.

F
the total can be expressed by '

..

"T 4
q=pr [ c(T - T ) + h(T T )] (6)- gF y

7

Equating this to the product of the pool boiling CHF and the total cross-
sectional area yields -.

___

3m[o(Tf-T)+h(T - T )] .T p g
#P" p q/A)CHF,sub A

F y

.

In this final expression, the emissivity of the water surface has been
assumed equal to unity.

the steel and =oltenThis prediction can be compared to
et.al.,gtainlessuranium dioxide data reported by Benz, which shows particle size

data from 2 mm up to diameters greater than 4 mm. Typical experimental
conditions for these experi=ents are given in Table I along with the predic- -

tions from Eq. (7). In general, this hydrodynamic stability self-limiting
mechanism, provides a good characterization of the data over a wide range of
experimental conditions. f

The data for test runs 28, 39 and 79 were obtained in a large water'

tank with a coolant to =elt volu=e ratio of 1000:1. In another set of,

experiments, the authors poured similar quantities of =elt into a smaller
.

vessel with coolant-=elt volu=e ratios between 5:1 and 2:1. In this experi-
mental configuration, called a PWR scaled down vessel, the fragment sizes
were not reported, but the authors did state, "...in the small tank the melt .

has been collected on the bottom as a large lump. . .", and again in discuss- -

"ing the stainless steel results in the smaller vessel, ...the less frag-
mented =elt, which has been collected again as a large lu=p on' the bottom of
the vessel." This indicates that the frag =entation was considerably less
for the s= aller vessel. Carrying out Eq. (7) for the s= aller diameter
configuration results in a larger fragment size of about 1.4 c= as shcun in.

i

)
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Table I, which is consistent with the experimental observations.
-

Table 1 tj
et.al. 1. j

Predicted Melt Fragmentation for the Data of Benz, -1
-}- .-f

28 39 79 82 h
"

; Run I
SS SS UO SS

1 3* Material
*. Melt Temperature. *C 1725 1755 3000 1685 -

-

1.65 2.6 1.24 1.74 ,

Mass, kg
Water Temperature, 'C 80 20 20 25 "

0.1 0.015 0.1 0.1 .:
''Ambient Pressure, MPa

3 0.2 0.2 0.2 0.0065 ,

Tank Volume, m '

1187 534 1187 1187

q/A)CHF A , kw/m
2330 3740 5750 5500 ..

q/A)CHF,g,kv/m
2.8 3.0 5.0 14 i

Predicted Particle Diameter, mm
0.9 z0.36 0.44 -

Time to Freeze surface, secs
0.0014

,Predicted H Generati n, kg moles 0.0026 0.0010 -

2 0.83 -

Predicted H Partial Pressure, MPa 0.05 0.016 -

2 0.70
Measured H Partial Pressure, MPa 0.02 0.013 -

2

If this analysis is applied to.-a reactor accident scenario in,which 50%the fragmen-
of the core caterial is assu=ed to fall into the lower plenum, Asfor typical BWR and PWR gec=etries is given in Table II.tation limit

Table Il

Predicted Fragmentation Limits for Hypothetical
Accident Conditions in Light Water Reactors

PWR
BWR

2,200
Melt Temperature *C 2,200

285120Water Temperature *C 50,000100,000
15Mass kg 2 29

Vessel Area m 1,3605,200
Particle Diameter mm 2<1
Number of Particles

for such a large acount of very hotenor=ous exist, ;
shown the particle sizes areObviously such large particles would not

that in a reactor _ |material'in a small area.
but the calculation demonstrates (by orders of =agnitude)
-

___
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system water cannot remain in the presence of fine ca rticul ad on . As a

result, the finely dispersed conficur,*1 - d- d - Ma t e contact with water , ,

are physically unattaS M e. ;

}
#aAnother feature of the BWR system which also is releva,nt in assessing

the potential for intermixing of molten corium and water is the extensive _;

below core structure. In a BWR the core is supported from below by 185 y
*

: control rod guide tubes in the latest design. These tubes are 4 m long. g
a about 25 cm in diameter, and are arranged in a square lattice with a pitch C

. a of 30 cm. The CRD flow inside these tubes is separated from the inlet {
plenum water outside the forest of tubes, and except for minor leakage at u

-

the inlet to the fuel assembly, these two sources of water do not mix below [
the top of the core. As a result, the only cross-sectional area available -[
for the intermixing process is that restricted area between the CRD tubes -

!making fragmentation even more difficult than outlined in Table II. In the !

hypothetical case, the water would be displaced by the downward ' moving E'

corium and any initiation of fragmentation would only drive the water away _

faster. It should be noted that only gravity retains the water and that it
can readily be displaced into colder (outer) regions of the core, backwards
through the jet pumps, etc. _

~

This fragmentation analysis also provides a method of establishing the l

coarsely intermixed condition envisigned by most steam explosion codels. As 7'
discussed by Cho, Fauske and Grolmes , the minimum amount of energy required
to progress from a coarsely inter _ mixed state to a fine scale dispersal can -

be expressed by:
,

y /3/y /33 '/ 2) l

"[\r
2

7 (

' (1 ~
(E,) = 1.81 C # V 2/3D f 2

V /min ( t, j

C represents the drag coefficient for a dense dispersion of one media
D

moving through another. For typical conditions of interest in these acci-

Definitive experiments by Rowe{ gnstituents would be essen-the volume fractions of thdent evaluations,
on the drag forces exertedtially equal.

par'icle within a particle bed with about a 40% porosityon an individual t

shows the drag coef ficient to be 68 times that of a sphere in an infinite |
Istream, and for equal volume fractions the coefficient is about 20 times the

single sphere value. Considering the BWR case for 50% of the core material
(100,000 kg) and ignoring the below core structure which would inhibit the
mjxingaswell, the mixing energy required to inti=ately disperse the 14.3volume of corium into an equal volu=e of water in 0.010 sec (the =aximumm
. time interval for an explosive interaction) with a particle size of 1 n=

6
would be 2.2 x 10 kJ. This can be compared gith the thermal energy within
the 100 tons of debris which is about 1.3 x 10 kJ, i.e. the required mixing

energy is of the same order as the ther=al energy within the fuel. b' hen

this is considered in light of the 1% or less techanical efficiencies (when ..

to th energy) for large scale experiments reported by
et.al.,g ther=alcompared

the necessary trigger would require about 100 tires theBuxton,
work of the explosion itself. If we consider the hypothetical Pb'R case with
50% of the core (50,000 kg), the fragmentation in fil= boiling would yield
particles 1.86 m in dia=eter and the energy required te mix dcwn to a size

6 g
of 1 em would be 0.17 x 10 kJ as cocpared to 0.3 x 10 kJ, i.e. the mixing

|

__
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'requirement is again about the same as the thermal energy within the corium.
Again considering the experimental efficiencies, the necessary trigger would .,

have to be about two orders of magnitude larger than the scale of the ,!
explosion itself. Such " triggers" would not exist within the reactor system j
for core melt conditions, neither would such a fine scale,_ intimate disper- %
sal. : ;-t

_ =

As part of this discussion, it should b gnoted that the aluminum-water 4,
~~-

a steam explosion experiments reported by Long demonstrated the influence of
fine particulation in preventing explosive events. In these tests, a -

-

,4
. reproducibly explosive configuration of a molten stream of aluminum at j
750*C, poured through an opening 8. 3 cm in diameter, into a square steel .

container 30.5 cm on a side, filled with water at 20*C was altered by a
placing a square steel grid over the container. These grid openings where

,

approximately 2.5 cm on side and had the effect of completely eliminating y
explosive events. Consequently, fine fragmentation has the potential for

~

eliminating the necessary coarse mixing and a-4" explosive ---

interactions. In another test series Long increased the drop height froP
43./ cm to 305 cm without the steel grid in place and found that this also

,,

eliminated explosions. The reason proposed for this in Ref. (12] is related -I

to the breakup of the aluminum stream: "It appears probable that this high i

drop broke up the metal stream before it entered the water." This is ,|
consistent with the results with the steel grid and the analysis presented -

above. The detailed results of Long's experiments are analyzed in light of
this film boiling frag =entation me.chanism in Ref. [13]. _-

In summary, if molten corium =aterial falls into water, the initial
configuration would be film boiling, and the fragmentation would be a
self-limiting process governed by the hydrodynamic stability of the water.
This results in very large particle-sizes for both reactor systems, and as a
result the maximum steam for=ation rate is well below the ove rp ressure
relief capacity of both systems. Given this frag =entation level, the energy
required to rapidly mix the two materials (to produce a large scale steam
explosion) is orders of magnitude greater than that typically produced by
such events, i.e. large scale steam explosions involving significant quanti-
ties of fuel could not occur and are not a viable containment failure
mechanism.

,

HYDROGEN GENERATION
.

Light water reactors are in their most reactive configuration during
the normal operation of the power plant. For the accident sequences censid-
ered, the reactor itself is shutdown. As a result, core damage only occurs
with a loss of water inventory from the pri=ary system. This loss can be
postulated to result from a break in the primary system (large and small

*break loss of coolant accidents) or a loss of h. eat removal capabilities from ,

the primary system.. Depending upon the accident sequence, the rate of
uncovery for the nuclear core is on a time scale from minutes to hours and
essentially occurs in the absence of strong hydrodynamic forces since such
forces would be the result of coolant flow which would easily provide

cooling for the corg at these decay power levels. As has been discussed for

the TMI-2 accident the boil-down of the water level allowed the cladding
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to overheat such that oxidation could occur at rate. Esti- $mates of this process have calculated approximatelya signiffcant50% of the zirculoy
~

!cladding within the TMI-2 core could have been oxidized. Several key .jfeatures of the intact geometrical configuration would substantially affect
the process, as compared to continued oxidation after the ieeact geometry is M

a
lost.

'
~ W
-

. x.g1. In this configuration, the aircaloy cladding and the uranium dioxide ^:

.

y.'; fuel are separated and the zircaloy is in direct contact with the
-

, .$ coolant.
,

2. The zirealoy has only been heated to temperatures typical of normal
operation and as a result the oxide layer on the surface is of only 5,minimal. thickness.

y
3. -

The cladding is heated from within by the decay power generated 'within
$_the fuel pellets and the overheating process occurs over te.ns of jminutes.
i.

4. The steam flow is in direct contact with the overheated cladding and $
the oxidation rate is governed only by the oxidation history of the
cladding and the availability of oxygen to the cladding surface. ,

'

5. The net process is one of increasing the temperature of the cladding
and this is further driven by The autocatalytic affect of the exother- -

,

mic reaction resulting from zircaloy oxidation. This further increasein the temperature accelerates the reaction rate.

This' oxidation process in the original core configuration is to be
contrasted with those processes envtsioned when a. mixture of molten core
material moves outside of the core boundaries and into the lower plenum of
the reactor vessel or into the contain=ent building. Like the steam forma-

.

tion rate discussed above, for many analyses conducted to date, the oxida-
.

tion outside the core boundaries has been assumed to be efficient in termsof reacting the remaining metallic zircaloy. In this configuration, the .

process of quenching and further oxidation are competitive rate dependent
processes since the quenching of the core debris acts to reduce the tempera-
ture of the degraded material and sustained oxidation requires that the ''

temperature remains at an elevated level for the reaction to continue. As a I
result, it is unrealistic to assume that both processes go to completion.
In general, the temperatures considered for the degraded core =aterial in i

j

these processes outside the original core boundaries are those typical of a
molten state which would be 2500*K or greater. As discussed in the previous

,section, the principle =eans of energy transfer during an interaction :
between water and the core material would be thermal radiation and the size
of the fragments, and thus the particulate surface area, is limited by the
ability to retain water in the immediate vicinity of the molten materf al.
This is also a basic configuration necessary for sustained oxidation, since ".

;

the water supplies the steam which in turn supplies the oxygen for continued |

oxidation. If the fragcentation processes attenpts to generate the fine
scale intermixing configuration, the steam for:ed by film boiling alone is ;

i

sufficient to displace the water and allow the particles to coalesce back
into a larger size. Given a molten fragmented state, the oxidation process i

can be esti=ated based upon the ability to diffuse hydrogen away from the
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heated surface and thereby allow steam to diffuse into the surface to
i-

sustain the oxidation process.
For such a mechanism, the mniar flux of ,j.

!
hydrogen diffusion can be estimated from ' j.

#*

(P ,', - P ,) ' (9) .kD -y

N/A = g 6 w-

s : =,
w

The gas-vapor layer thickness (6 ) can be estimated from the convective film ' _ .
-,

*?
-4 boiling heat transfer coefficienE and the steam thermal conductivity r

(10) |,

6, = k,/h . _ .

2 sec*C which yields
A typical value at low pressures for h would be 0.3 kv/m

--

:-
a layer thickness of 80 pm.

In the experiments of Benz, et.al.,5 molten stainless steel, heated in
an inert environment was poured into water. After the quenching of the
debris was complete, the pressure in the test vessel was greater than before

-

reflecting the formation of a non-condensible gas, i.e. H
-

fika.the experiment, ~

As discussed in Section II, the particle diameter determined by the
a few millimeters. Given this surface ;

hydrodynamic stability'is
one only has to know the time interval over which the dif fusion model

'

boiling,

set equal to thearea,
is applicable. In these estimatge calculations this is ,

lesser of the time to cool the entire particle to the solidification point
-

or the time at which the thermal conduction to the surface cannot supply the
radiative heat flux. The first time can be easily estimated by considering
only the radiative heat flux

*

dT (11)
Th-o (4/3 n r )c =

F F de

which can be integrated to
~

D#F P"F l 1 (12)
9, 3 3e-

T T
_ F,m F.

interval, which is generally applicable to large particlesThe second time
can be esticated frcm the error function solution

F,m)''k (T -T
1 F F

e. 4<nay aT
F

'

f.~y["Thesetimesapproxicatetheintervaluntilthesurfaceandsublayerswould
t

) freeze thus requiring the oxidation to be sustained by diffusion thrcush the
4 .." solid layer which is a much slower process than a process whfch is only/

'

^ .. limited by H ., diffusion through a gaseous layer. The calculated time
intervals ign6re internal circulation, but the times are so short that these

-
,

" '
flux. In addition corium

motions would have little influence on the heat

--. - _ . . _ . _ - . -_ . _ . - - . . - _ _ _ . _ _ -
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becomes viscous in the vicinity of the liquidus point which would minimize |

any circulation near the surface. .s

generatica .j
Table I lists a comparison of the predicted pnd measured H2

for the experiments carried out by Benz, et.al.
The agreement is quite f.j

water subcooling, and -t

the ranges of system pressure, steel '4
These tests were performed with unreacted-stainlessgood considering &807. of thefragment size. than the reactor system in which about Y

which is much differentand the remainder is a combination of metallic zircaloy and ~}.

stainless steel and their respective oxides, i.e. the corium mixture ismaterial is UO.

5~As a result, calculating the H2
- already mostly composed of oxide materials.

.s ' , '

evolution based upon a gaseous layer diffusion model is highly conservative. r.
However,carryingoutsuchcalculationsaBWRresultsinsurfacefreezjngin bthetons of material with a surface area of 28.5 m , Lfor 100

generated w uld be 1.7 kg moles which represents an oxidation
2 secs, and

$"
of approximately 0.1%, i.e. a very small amount of additional oxidati6n evenamount of H2 for the r

using this conservative calculation.. Carrying out such calculationshigher pressure PWR accident case, used as a reference herein, results'in an
+

7% of the core material, this value princi-
additional oxidation of about the higher pressure used in the accident
pally being greater because of .

o
sequence.

In summary, the film boiling fragmentation model provides an esti= ate
-
~

f rmati n. A e nservative
of the available surface area for continued H 2 d

gas layer diffusion model bounds _ data taken for a pure metallic system, an
-

when this approach is applied to a reactor system, which would greatly
.

overestimate the H., evolution, the additional amount of H generated is a
2

small increment to that produced in the original core configuration such asgenerated during
that determined for TMI.

Therefore, the additional H2 i

quenching processes is a very small_ amount and well within the uncertaint es
generally assigned to that generated when the geometry is intact.

DEBRIS BED C001JGILITY
,

This issue is relevant to both in-vessel ter=ination of an accident andto the establishmen. of a stable ex-vessel state, and in both cases thea continual supply of water to the da= aged coreofnecessary requirement is issues to be addressed are the fragmented size
material. The particuist
the debris in this quenched configuration and the ability of water toisa substained coolable condition
permeate the fragmented geometry so that
achieved.

Several models have been proposed to describe the limit of
confi such as the annular flow model

Nielson,grationscoolability for debris bed the correlation proposed by Dhir and
Harden and

Catton to describe the limit for the ability of water to permeate to theproposQ by
liquid-vapor model proposed by

bottom og the debris bed, the councer flow and vapor is
wherein each particle is covered by a liquid film

passingupwargetweentheparticles,andthelaminarflowmodelproposedby
Lipinski

Jones, et.al.
These models all describe the limit of coolability for

particle beds as a function of the bed porosity and particle diameter.
(d > 1 c=r) particulate

is proposed here that dryout within a coarseof fluidization of the water either within theIt

bed coincides with the onset



__ _ . _ .

~.

.

.

*

upper portion of the bed or at the upper surface. This point can be dr tar-

mined by constdering liquid droplets whose diamater is that of the particles i'
and the vapor channels are separated by the same dimension. A force balance ,! !

determines the fluidization point (the drag force equals the weight). jj,
it

=b d (14)
-

u
D #g [F 3C

L
,

The dryout heat flux is then simply given by '

5A d (15)q/A)DO =h o
D "g [',fg g 3C

has been shown
'a

As discussed in gion II, for solid spherical particles C i

D
by Rowe, et.al.y to be 68.5 times larger than the drag coefficient.for a $
single particle in an infinite sea (C % 1.0). A similar value of C would !|p
be expected for fluidized liquid drohlets at the minimum fluidization point' ,

t(a = 0.40).
-

To further illustrate the point, we shall make use of Kutateladze's ,.

-classical experiments with the water-mercury system, where mercury was
coarsely fragmented by water flowing through the porous plate located below
the mercury bath. The sharp transition to a fluidized state occurred for a -

,

superficial water velocity given by

# )] (16)u = 0.2 o (c g(p ~

4y Hg

where 0 is the surface tension. Equation (16) yields a water velocity of -

1 4) , the8.5 cm and since the droplet size is proportional to o /g(p -#% y Hg
dia=eter can be esti=ated from

,

'

o d 2 (17)= 0.2
..

yielding a value of % 0.28 cm. The volume fraction of water at the point of -

incipient fluidization (Eq. (16)] is % 0.4 and the drag caused by the ;
streaming water must just balance the weight of the mercury droplets, i.e. ]

# I8 Hg (IO) ~

CD"3 2
-

og u

For the droplet laden mixture of mercury in water, the effective drag ~~

coefficient is estimated to be % 68, in excellent agreement with the value *

corresponding to fluidization of solid particles at the minimum point.
.

% 68 in Eq. (15), we obtain the predicted valuesUsing a value of C
Dshown in Fig. 1, and the comparison with the experimental results from Refs.

(20,21] and (22) is excellent.
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If we now consider the fragmentation scale for the various accident
sequences, we can determine if the res. leant particle sizes generated in '|:these scenarios would present a configuration capable of removing the decay j
power, i.e. a stable, coolable state. For instance, if 50% of the core

d'material from a BWR is assumed tg be transmitted to a suppression pool with . _;
a cross-sectional area of 500 m , at a pressure of 0.1 MPa, and a pool -j
temperature of 50*C. Given these parameters, the resulting particle size gwould have a radius of about 6 ca. Using the particip bed model described . pabove, the limiting heat flux would be about 8.5 Mw/m and the heat removal J

-

rate at the hydrodynamic limitation would be over 4000 Mw, i.e. a value much [,

! greater than the decay power indicating the bed is permanently coolable.-

J
,.,

.-
For smaller cross-sectional areas in the water pool, whether inside the #

,

1 RPV or in a reactor cavity typical of PWR designs, the resulting fragment h
! sizes would be larger and thus even less of a hydrodynamic limitation than .?discussed above. Consequently, these would also be permanently coolable in *
.

r
i the presence of a continual water supply sufficient to remove the . decay T
j power. One additional aspect of the smaller geometries of the reactor !

i cavities could be the time required to quench the overheated debris once it -

i is assumed to be released from the RPV. Assuming the quench pr cess to be 1.2limited by a saturated CHF and a reactor cavity area of 50 m , the quench1

interval for 50 tons of debris could be as long as 20 mins. Taking the {;
expergental results reported for concrete penetration in the absence of

j water and using an average attack rate of 1.5 cm/ min to represent the
j total temperature spectrum, the-depth of the thermal attack during the

,

-

t quench would be about 15 ca. (The rapid thermal attack only occurs when the
corium temperature is above the concrete melting point, assumed to be 1400*K
in these estimates.) This would be a negligible depth of attack, and the,

'

principal feature of the concrete attack would be the gas evolved. For the
agressive thermal attack to progress, this gas must be alleviated upward

i through the debris. As with the steam flow considered earlier, this flow of -

non-condensible gases can significantly affect the formation of the debris
bed, especially in two key manners: 1) the gas would help fragment the -

debris to a typical size of a few centimeters, and 2) the upward flowing gas,

which would be formed at the bottom of the bed could loosen a bed which'
-

would begin to become compact with non-spherical particles. This is similar:
! to the film boiling fragmentation model in that it is a self-limiting .,|

.

process, i.e. if no gas is formed the bed is coolable and if the bed is not
coolable such that non-condensible gases are formed, the result will be to 2,

j loosen up the bed and make it more coolable. .; ;
.:;

) :-

CONCLUSIONS U
j

The processes associated with fragmentation, steam for=ation, hydrogen
production, and ultimate coolability have been assessed for typical PWR and;

.

SWR accident configurations. First principle analyses demenstrate that fine
*

i scale fragmentation with a substantial quantity of debris cannot occur
,

3

i within the RPV and the fragnent sizes in an ex-vessel state would be at
least several centimeters in diameter. As a result, 1) steam formation

,

i rates would be limited to values easily relieved by the primary system
j safety valves, 2) the maximum amount of H generated after the core leaves

the original core boundaries is a small adount compared to that which could
f
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be produced during the heatup phase, and 3) the fragment sizes represent asufficient continual waterpermanently coolable state in the cresence of a
, ,!

.,

supply.
(3

e
'
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NOMENCLATURE

~* " * "# *'**
q/A)CHF,subA - area heat flux

A - cross-sectional area of the q/A)DO - dry ut heat flux
y vessel

r - radius- specific heat of coriumcy - particle radiusr
cg - specific heat of water p '

D - mass diffusivity of hydrogen Tg - water temperature
y T - corium temperature

E,),g, - minimum mixing energy y

AT - water subcooling,

g - acceleration of gravity sub
V - volumeh - heat transfer coefficient



*
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. ..

h - latent heat of vaporization x - characteristic length
.

f
*

Greek Svmbolsk, - thermal conductivity of steam ,

a - thermal diffusivity
g - total mass of carium a6 - steam film thicknessn - number of particles s 3

N - molar condensation rate o - saturated water density y
g d

P - pressure of the gas space p - e rium density
F g

g - saturated vapor density ' C.partial pressure of steam p
P -

a
p - mercury density {'gs

q - energy transfer
- particle energy transfer og - subcooled water density }.

qp fe - Stefan-Boltzmann constantq/A - heat flux
- Liquid-vapor surface, tension }- saturated critical a

g/A)gy7,,,C 1
heat flux . r - time constant __

..
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