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Cp

R

Cross-sectional area of the duct (or cavity)

Cross-sectional area of the duct (or cavity) at a specified loce.ion

Cross-sectional area of the hole in the pressure vessel bottom du~ing
the steam (or gas) blowdown phase

Speed of sound for the gas phase

Drag coefficient for liquid droplets

Specific heat at constaut pressure for the gas phase

Keference value of the sonic speed for the gas phase (see Table 1)
Specific heat at constant volume for the gas phase

Hydraulic diameter
Droplet diamerrr

Liquid mass entrainment rate per unit wall area of the duct

Interfacial drag on the liquid phase aue to gas phase per unit
i i
volume of the duct (or cavity) = (FSL)l . (FgL)Z

Inter{acial drag on the liquid “ilm due to the , s phase per unit
volume of the duct

Interfacial drag on the liquid droplets due to the gas phasc per unit
volume of the duct

Friction factor
Single phase smooth pipe friction factor

See Equation (27)

Component of acceleration 4due to gravity along the x direction

Heat transfer coefficient

Superficial velocity of the gas phase
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i1 Superficial velocity of the liquid phase

h' Thermal condu~tivity of the gas phase

L Length scale of the cavity

M, Total mass of steam (or gas) in the primary system at t = 0
(instant of the beginning of steam blowdown)

m Thickness of liquid film along the walls of (he duct (or cavity)

o Instantareous mass flow rate of steam (or gas) leaving the prinary

& system

i: Steam (or gas) mass flow rate leaving the primary system at t = 0

N, through N, Dimensionless numbers (see Table 2)

a Number of droplets per unit volume of the duct (or cavity)

P Pressure

Py Pressure of gas in the primary system at the instant of vessel failure

Pe Containment pressure

é Heat transfer rate from the liquid tu the gas pk-se per unit vclume of
the duct = (q); + (q)3

(4)y Heat transfer rate from the liquid film to the gas phase

(i)z Heat transfer rate from the liquid droplets to the gas phase

R Gas constant for the gas phase

Re Reynolds number of flow around a droplet

S Perimeter of the duct (or cavity)

~ Entropy of the gas phase

Ty Temperature of the gas jhase

Ty Temperature of the liquid phase (melt or melt simulant)

To Temperature of steam (or gas) in the primar system at the instant of

vessel failure




t Time, t = 0 corresponds to the beginning of the steam (or gas)
vlowdown from the pressure vessel

tp = L/ug, the time scale

ug Velocity of the gas phase

uy, Velocity of the liquid phase

uR Reference value of the velocity (see Table 1)

Vo Volume of steam (or gas) in the primary system

x Longitudinal coordinate along the one-dimensional duct (or cavity),
x increases towards cavity exit

Superscript

* Dimensionless form of the variable, _.g., D*\=D/L, is the dimensioi.-

less hydraulic diameter, see page 18

Greek Symbols

Y

ug

VL

PL

pu

PR

AR

Tw

Void fraction

Volume fractinn occupied by liquid droplets
= cpley

Absolute viscosity of the gas phase
Absolute viscosity of the liquid phase
Density of the gas phase

Density of the liquid phase

Steam (or gas) density in the pr.ssure vessel at the i-stant of
vessel failuve

keference value of the gas density (see Table 1)
Surface tension of the 1’'quid-gas pair
Interfacial shear stress on the liquid film

Shear stress along the walls of the duct (or cavity)

- xiii -



EXECUTIVE SUMMARY




designed to employ low-temperature melt simulants, As a consequence, the
experimental program was developed in conjuction with a parallel scaling anal-
ysis which is based upon phenomenclogical modeling of the relcvant physical
processes which are thought to occur within a full-scale reactor cavity under
accident conditions., The experimental apparatus and method are described and
experimental results presented. The phenomenological modeling and the deriva-
tion of the scaling relationships are described., A methodology based upon the
scaling analysis is presented which is employed to extrapolate the experimen-
tal results for the "debris dispersal fraction" to accident conditions.

Three “representative” reactor cavities were selected: Zion, Surry and
Watts Bar. An experimental apparatus was constructed to simulate the process
of melt dispersal from reactor cavities during high-pressure melt ejection.
The cavities were constructed to provide 1/42-nd scale simulations of the pro-
totypic cavities and were fabricated of transparent materials to enable visual
observations to be made ~f the flow processes within the cavities, Water and
Wood's metal were employe. as the low-temperature melt simulants while nitro~
gen and helium were used t» simulate the high-pressure primary system steam
(prototypic) blowdown gas. A measured quantity of melt simulant, followed
immediately by blowdown gas, was injected into the cavity, The quantity of
melt remaining in the cavity following the gas blowdown was measured, thus
permitting calculation of the ‘fraction of melt dispersed” from the cavity for
the given set of initial conditions. High-speed motion pictures of the cavity
dispersal phenomena were recorded, from which flow patterns within the cavity
were deduced.,

The high-speed movies of the cavity interactions reveal a complex, multi-
dimensional dispersed flow configuration within the cavity models. The melt
simulant enters the cavity through an orifice in a jet configuration, where=~
upon the jet strikes the cavity floor and apparently distributes itself along
the walls of the cavity model, all under its own momentum. Gas follows the
liquid into the cavity and subsequently appears to entrain and fragment the
liquid into droplets, creating a dispersed droplet flow regime within the
model. The droplets are transported out of the cavity by the flowing gas.

The above qualitative observations form the conceptual basis f - develop-
ment of the phenomenological model of reactor cavity phenomena. Th.s model is
then applied to the scaling analysis from which the scaling relationships are
derived, The model presumes the existence of a "dispersed annular-flow"
regime within the reactor cavity, where droplets are dispersed Iin a gas core
reglon and a liquid film is presumed to exist on the walls of the cavity,
Eulerian, unsteady, one-dimensional mass, momentum and energy equations are
written for each phase. Liquid temperature is assumed constant and chemical
reaction between phases is not considered., Simplified constitutive relations
for interfacial forces, heat transfer and entrainment are proposed. These
equations, together with the appropriate initial and boundary conditions are
non-dimensionalized using reference parameters for the basic variables, This
process leads to definition of eleven dimensionless parameters which charac-
torize the debris dispersal process in the experiments, A physical interpre-
tation of the parameters is provided in order to guide their use in scaling of
the experimental results to prototypic accident conditions,



A range of initial accident conditions is defined for each of the three
plants considered and a range of magnitudes of the eleven scaling parameters
are calculated for each, It is shown that it is not, in general, possible to
precisely match the values of the prototypic and experimental scaling parame-
ters, The experiments repcrted here are performed at low temperature., As a
consequence, the gas phase acceleration effects of droplet-gas heat transfer
cannot be precisely simulated., An approximate method of overcoming this dif-
ficulty is employed, which relies on the assumption that the melt and steam
reach thermal equilibrium very quickly within the cavity. It is further
argued, on the basis of physical interpretation of the scaling parameters ani
with the aid of engineering judgment, that the values of the scaling parame-
ters could be adjusted experimentally so as to provide "melt dispersal frac-
tion" data which underestimate the extent of melt dispersal from full-scale
reactor cavities under accident conditions. With the experimental scaling
parameters chosen {in this way the "melt dispersal fraction" data obtained
using Wood's metal as the melt simulant are believed to underestimate the
extent of melt dispersal under high-pressure accident conditions. Thus, if an
experiment designed to simulate a high-pressure melt ejection accident led to
measurement of dispersal of, for example, 80X of the melt injected into the
cavity, then the interpretation of this result is that, under accident condi~
tions, greater than 80% of the melt would be ejected from the reactor cavity.
Only those experiments which could be interpreted in this way are used for the
purpose of estimation of the extent of melt dispersal. For this reason, the
water experiments performed here were not used for this purpose.

The experiments performed thus far with the Zion cavity were performed
using water as melt simulant, Based upon the above arguments, therefore, we
cannot make any judgements of the extent of melt dispersal for this system. It
i noted that experiments performed elsewhere [2,3] suggest that melt ejection
from the Zion reactor cavity would be nearly complete under coaditions of
high-pressure melt ejection, This conclusion will be verified in additional
planned experiments using Wood's metal as the melt simulant., Expe iments with
both the Surry and Watts Bar cavities, together with the scaling arguments,
suggest that melt dispersal will also be nearly complete (in excess of B80%)
under high-pressure melt ejection conditions.

The motion pi-tures of the flow patterns in the Watts bar cavity suggest
that the high-temperature dispersed melt floss through the cavity and up the
inclined keyway where the flow is observed to split into two parts., One of
the two resulting flow streams moves towards the seal table where the flow
reverses direction and finally exits the cavity, The seal table room is cov=
ered with a steel plate which would be exposed to the high-temperature (e.g.
2500K) molten debris., It has been suggested [15] that this cover plate could
fail during the time of melt ejection from the cavity, l:ading to transport of
melt into the seal table room where contact of the melt with the containment
liner could occur, Meltthrough of this liner would effectively imply a breach
of containment and "early” availability of a leakage path for fission products
to the atmosphere, It {s recommended that the scenario of the seal table
cover plate failure during high-pressure melt ejection accidents be closely
scrutinized,




The experimenta. results, along with the interpretation based upon the
scaling analysis, ruggest that the three reactor cavities studied here, i.e.,
Zion, Surry and watts Bar, would retain little, if any. of the melt ejected
into them from the reactor vessel following the high-pi:ssure steam blowdown
which would follow vessel failure and melt release. It 1is suggested that
these conclusions be verified with experiments at larger scale using high-
temperature melt simulant materials.



1. INTRODUCTION

The high-pressure melt ejection, or direct containment heating (DCH),
accident scenario influences the nuclear reactor severe accident radiological
source term by potentially altering the timing of containment failure and by
leading to additional mechanisms which produce radioactive aerosols, Direct
containment heating, discussed here in the context of pressurized water reac-
tors (PWRs) is the mechanism of containment loading which results from trans-
fer of thermal and chemical energy from high-temperature, finely-divided mol~-
ten core material to the containment atmosphere. The DCH accident sequence
involves interactions in three regions of the containment building, shown
schematically in Figure 1: (i) the reactor cavity, (ii) the intermediate sub~-
compartments and (11i1) the contain‘ent dome.

The molten core material, consisting of oxides and unreacted zirconium
and stainless steel, is driven from the reactor vessel under high primary sys-
tem pressure into the region beneath the vessel., Steam, which follows the
melt from the vessel, flows at high velocity through the reactor cavity
region, finely subdivides the molten core material and carries some fraction
of the melt as droplets into the subcompartments just above the reactor cavi-
ty, Thermal and chemical transfer interactions occur between the steam and
droplets within the cavity and the subcompartments., Hydrogen is prodvced as
the steam reacts with the unreacted molten metallics. As the melt flows
through toe subcompartments a portion of the suspended droplets will likely be
deposited on structures., As the gas flows around intervening structures to
the upper dome region of containment, therefore, only a fraction of the molten
material which exits the cavity will be carried with it, This material will
then interact with the atmosphere in the dome region., Hydrogen produced in
the subcompartments and the cavity will be transported to the dome where com
bustion with oxygen would occur if conditions permitted.

Efforts are under way at Brookhaven National Laboratory (BNL) and at
Sandia National Laboratories (SNL) to develop integrated methodologies which
will predict the response of containment buildings to the loads imposed by the
interactions in the various regions of containment. This report presents the
results of an experimental program directed towards describing phenomena which
would occur within the reactor cavity during a DCH accident sequence.,

The BNL experimental program related to reactor cavity dynamics has both
long~term and short-term goals, The long-term goal of the research related to
reactor cavity dynamics is to develop a methodology to characterize the ther-
mal, chemical and mechanical interactions which would occur in the cavity,
Such a model would characterize: (1) the rate of flow of melt from the reactor
cavity to the upper regions of containment, (1i) the melt droplet size distri-
bution and (i144) the extent of hydrogen production within the cavity. The
methodology would he capable of dealing with the differences in reactor cavity
designs, examples of which are presented later in this report. This work,
currently in progress, will provide the transient melt and gas momentum and
mass fluxes at the cavity exit during the high-pressure melt ejection and
steam blowdown process.
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The fraction of melt inventory transported, or “"dispersed,” from the
reactor cavity is believed to have a strong influence on the subsequent stages
of the DCH accldent sequence, Melt which {e retained within the cavity fol~
lowing steam blowdowm cannot transfer its remaining inventory of thermal and
chemical energy to the containment atmosphere and, therefore, would be effec-
tively removed from further consideration as far as DCH containment loading is
concerned. Conversely, melt which is dispersed from the reactor cavity will
transfer a fraction of {its retained stored energy to the containment atmo-
sphere and must be considered in subsequent loading analysis. 1f, therefore,
there are plants whose reactor cavity design. contain particular structural
features that can be shown to lead to negligible melt dispersal by the flowing
gases, then the DCH loading for those plants would be minimal. Based upon
this point of view there would be clear benefite to identification of plants,
or categories of plants, whose cavities could be shown to be capable of reten-
tion of large quantities of melt, Thus, it was felt that a scoping experi-
mental effort should be carried out to investigate the "potential for dispers~
al" of melt from several "representative” reuctor cavity designs.

Based upon the above considerations the short-term goal of the BNL exper-
imental program was defined: to determine the “"extent of debris dispersal”
from PWR reactor cavities of various "representative" designs., Three reactor
cavity designs were selected: Zion, Surry and Watts-Bar, The reasons for
their selection are discussed in Chapter 3. The objectives of this report
are: (1) to describe the experimental program, (ii) to present the experi-
mental results and, (iii) to provide an interpretation of the results using a
scaling analysis which is based upon phenomenological modeling of the relevant
physical processes.

Experiments related to debris disp.rsal from scale models of the Zion
ceactor cavity were performed at Argonne National Laboratory [(1,2] and at
Sandia National Laboratories [3). Spencer et al., [1], using a 1/40-th linear
(all references to scale will imply linear scaling in this report) scale model
and simulant fluids, demonstrated that a threshold gas velocity within the
cavity must be exceeded in order to disperse liquid from the reactor cavity,
Tarbell et al, [3] p rformed high pressure ‘ebris dispersal experiments using
a 1/10-th scale concrete model of the 7ion reactor cavity using iron-alumina
thermite, These experiment demonstrated nearly complete dispersal of melt
f1om the Zion cavity model.

For reasons of economy the BNL cavity dispersal experiments are, as were
the ANL and S5SNI experiments, constrained to scales (1/42-nd) which are much
smaller than prototypic scale, 1In addition, the BNL experiments are designed
to use melt simulants at low (near ambient) temperatures, Therefore, a scal-
ing analysis must be performed both to allow suitable choice of the experi-
mental parameters and to permit excrapolaticn of results as they would apply
to actual full-scale accident conditions. A detailed scaling analysis of
debris dispersal phenomena is presented in this report. The results of the
experiments are discussed with the aid of this scaling analysis.




The scaling analysis of debris dispersal phenomena is presented in
Chapter 2. The choice of the specific reactor cavities used in the experi-
ments is discussed in Chapter 3 along with the description of the experimental
apparatus a. ! methods, Chapter 4 presents the results of the experimental
effort. A discussion of the experimental results is presented in Chapter 5.
The summary and conclusions are presented in Chapter 6,




2.  SCALING OF DEBRIS DISPERSAL PHZNOMENA

2.1 Scaling Methodology and a Simple Idealized Model of the Cavity Melt
Dispersal Process

As mentioned in the last chapter, the short-term goal of our experiments
is to determine the extent of melt dispersal for various reactor cavity
designs during a high-pressure melt ejection accident sequence, Consequently,
the scaling analysis presented here is focused on the debris dispersal phenom
ena only, Moreover, the analysis assumes that the initial conditions, i.e.,
the mass and temperature of the molten core material, the primary system pres=-
sure, P,, at vessel failure, the size of the hole in the reactor pressure ves-
sel bottom at the beginning of the steam blowdown, the containment pressure
Pes are known or given,

Before discussing the scaling procedure, let us first look at some of the
important phenomena that will occur inm the actual reactor cavities during a
high-pressure melt ejection accident sequence, and that our experiments are
not designed to simulate. The thermal interaction of the high temperature
core-melt with the concrete surface of the reactor cavity is likely to result
in the generation of steam and carbon dioxide gases at the melt-concrete
interface due to the disintegration of concrete., As a result, the melt layer
or film on the cavity surface is likely to be blown away from the surface.
This local gas production on the cavity surface will then cease until the
whole cycle is begun once again due to the rewetting of the surface. It is
easy to see that, due to this melt-concrete intevraction, the melt is unlikely
to freeze on the concrete cavity walls during the short duration of the steam
blowdown from the pressure vessel, That freezing of core melt in a concrete
cavity 18 unlikely to occur is supported by the experiments of Tarbell et al.
[3;,, They measured 99% of the high temperature melt inventory to exit the
1/10th-scale concrete model of the Zion cavity during a bhigh-pressure melt
ejection experiment, By pre-~heating the cavity model to a temperature above
the melting point of the melt simulant, our experiments easily prevent freez~-
ing of the melt simulant on the cavity walls. However, our low temperature
experiments are not designed to simulate the intermittent gas production along
the cavity walls, Since this _as production can only lead to increased mclt
entrainment and hence increased debris dispersal, this implies that our exper=-
iments will show a lower melt dispersal rate than an experiment which simulat~-
ed the gas production due to core-coucrete thermal interactions.

The second phenomenon that our experiments are not designed to simulate
is the metal (zirconium, stainless steel)-steam reaction within the reacror
cavity, Since this reaction results in the consumption of high density steam
and its replacement by the low density hydrogen, the average density of the
flowing gases within the cavity is reduced, For example, if two-thirds of the
steam is consuwmed locally at any point within the cavity (partial pressure of
steam equals half the partial pressure of hydrogen), the local density of the
steamhydrogen mixture would be only abou* 40% of the density of pure stean.
Since both the melt entralnment rate and the drag on melt droplets due to the
flowing mixture of gases is dependent upon the density of the gas phase, the
debris dispersal rate 1is clearly going to be dependent upon the extent of






Section 2.2 describes the development of the basic conservation equations
for the gas and liquid phases., The constitutive relations for womentum and
heat transfer are described in Sections 2.3 and 2.4, Section 2.5 presents the
derivation of the scaling parameters.

2.2 One-Dimensional Conservation Equations
Consider an unsteady one-dimensional flow of gas-liquid mixture through a

variable area duct. Then, the continuity equations for the gas and 1.quid
phases are given by:

3
3 3 B8 dA
3t (QD.) * = (O‘J') baplas ® o (1
3 ]

3 L L dA

girecegrtr 8 °° a
where j, and j; are the gas and liquid superficial velocities, is the den~
sity ot‘thn gas phase, a is the void fraction, A is the cross-sectional area

of the duct, x i{s the longitudinal coordinate along the duct and t is the
time. Conservation of linear momentum across an infinitesimal cross section
of the duct yields the following momentum equations for the gas and liquid
phases:

3 (% |
da 3 ¥
°s'5€l"‘zu"‘a?*°s’atx(i)+rgb'“8‘x ‘s *° -
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oL 3e " Tioe) 3t * oy 3 (Tgy) * (me) 55 - Q-adpg, = Foy + 5= 0
(4)

where o 18 the density of the liquid phase (assumed constant), P is the pres-
sure, gy is the component of gravitational acceleration along the x direction,
t 1is,the shear stress along the walls of the duct, S is the duct perimeter,
a 'aL is the interfacial drag on the liquid phase due to the gas phase per
unit volume of the duct, As mentioned in last section, the above equations
assume that there is a liquid film along the walls of the duct.

The gas (steam in the full-scale reactor case) (s assumed to behave like
a perfect gas with constant specific heats, Thus the equation of state 1is
given by:

P = p RT (5)

il e



where R is the gas constant and T, is the gas temperature, The energy balance
for the gas phase together with tgc use of gas momentum equation gives:

i
RT F
o G i S G SR Y R DR o SR ' (R R
at a dx p_c 3 ax ac_ at ac 2 ac_p
g v v v cvpsc v'g

where y 1s the specific heat ratio for the gas phase, c, is the specific heat
at constant volume for the gas phase, and § is the heat transfer rate from the
liquid to the gas phase per unit volume of the duct,

For a perfect gas, we can write the following thermodynamic relations:

T
(Gibbs Equation): dT = =B ds + —— dp %)
g c oc
P P
dp = E‘% - R 4o (8)
c
c p

where & is the entropy, ¢, is the specific heat at constant pressure and c is
the sonic speed. Following Moody [5], using Equations (6), (7), and (8), the
continuity equation for the gas phase (1), can be rewritten as:

i 2 o c2 p_J czg czl'1 i
3% + B ¥ CT & e 3a + gqg . X _ gL g
Y

3 x acp g ay 4t p'g Tgach
2 2
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” a Ix ’ aA ux 0 (9)

The reason for the above maripulation {s to have the sonic speed appear ex-
plicitly 1o one of the governing equations, so that the Mach number would ap~
pear as one of the dimensionless numbers, Before we can use the above set of
eq .aations for scaling purposes, we must model the interfacial gas-liquid drag
term Fl | the wall shear strees Ty and the gas-liquid volumetric heat trans-

ter rabl 4.
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i
2.3 Modeling of 'iL and L

Figure 2 shows our assumed conceptual picture of flow regime within the
duct for the purpose of modeling the interfacial drag term and the wall shear.
We split the interfacial gas-liquid drag term, Fi into two conpontntn: (1)
the drag on the annular liquid film due to the glb phate alone, (F_ ), and
(i1) the drag on the liquid droplets due *o the gas, (F_ ),. ?ollowiﬁh Wallis
[6)] and Hewitt [7)] we model the interiacial shear str on the liquid film,
Ty, as:

where the friction factor f{ is give. In terms of the single phase smooth pipe

friction factor, fg, the film thickness m, and the hydraulic pipe diameter, D

as:

£, = £ [1+ 2800
-

{ D (11)

Figure 2 Schematic of "Model” Flow Regime

#The actual model psuponﬂttby Hewitt (7] uses a "mixture” density of the gas

in 8 equation,

core (instead of pyg
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*
At x = 0
-
a=1, jL -0

From Equation (26) and the definition for ug, we have the boundary condition
for the gas mass flux at x* = 0 as:

1ty
. *
R Ap(1=y)t L B
9“ J. . *l 1= 3 . ;' v. (34)
00

Let P, be the pressure at x* = 0 at any time t, then, as.uming isentropic ex-
expansion of gas from the veactor pressure vessel, the gas remperature at x =
0 is given by:

ri
T, e T (R /R ’
or
r. .J.;l ’To ’.Lyll
"Ry (?,) l}: (7;) ‘ (35)

If the length of the cavity equals bL, then, P* = | at x* = b,

We are now in a position to derive the similarity parameters for the
debris dispersal problem, It is clear that {f all the parameters within curly
brackets in Equations (28) through (32) and the above boundary conditions are
the same for the full-scale reactor cavity (prototype) and the model experi-
ment, we have an identi{cal set of equations and boundary conditions for the
model =2nd the prototype, Therefore, these paramnters are the scaling parame-
ters, Before we list these parameters, let us consider two other pou.our:
that are t.pltcu in the conrarvation equations, The rejuirement that A
(function of x~ ), appearing in conservation equations, be the same for the
model and the prototype, implies complete geometrical similarity of the cavity
model to the full-scale reactor cavity, The requirement that r'we dimension-
less film tl.ickneas, a* be the same between the experiment and the full-scale
accident lmplies that the amount of wmelt simulant used in the experiment
should be scaled volumetrically,

A careful look at the various dimensionless parameters (quantities within
the curly brackets it Equations (28) through (35) ) shows that not all of these
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are {independent, In fact, many of the parameters can be expressed as the
product of some of the other groups. The parameters have been carefully
examined and 10 £n¢opcndont' dimensionless gr ,s have been oubtained:

o242y . o2
RIS - . . S
b . P'L
8L “n‘i Pr e
ﬂ."‘i. ﬂ"""'—". Fg = = ; Ry » i (36)
Yr ’ " PRUR
*
“L POVO TD ( P. ).zv-x.
g * soL 0y * Mo = 7
oot . L

It is emphasized that there is nothing unique about the particular set of
scaling parameters given above. One can form an alternative set of 10 inde~
pendent dimensiorless parameters by recombining the individual parameters in
Equation (3t,. The only requirement for achieving complete similarity Letwoen
the model experiments and the full-scale case is that all the 10 dimensionless
numbers for the experiment be identical to those for the full-scale case. We
shall now use Equation (36) to derive ar alternate set of dimensionless
groups, The object of the exercise is to have groups that are either well-
known or have a clear physical meaning.

Using the definition of ug, "ve have

P, a0
ng = :;‘f‘ - (;;) *_f m]‘f
From Equation (11)
t, = £1 +l°-9‘!:]

Thus fy 1~ Equation (36) can be uplaced" by the single phase swmooth pipe
friction .actor fg since both w" and D" are matched between the model ind the
full-scale case. However, the friction factor fg 13 only dependent wupon the
duct Reynolds number, {.e.,

tNote that y = p.c:/P‘.
ttBecause o /D" is tie same for the model and the prototype.
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* *
.3 D ogurl p.3.0
f.-f(—%-&—)-f( vy o-‘-;‘-—-) (37)

Since the dimensionless variables in the second group are the same between the
model and the prototype, the requirement that fg be matched can be replaced by
the requirement that pgugl/uy be the same between experiment and full scale,

The drag coefficient Cp exparienced by a melt droplet should only le a
function of the droplet Reynolds number, Since the droplet diameter is given
by Equation (13), we have:

12
o ity ) » ks ) (38)

" W
“lg u'(\uL/u‘)

Therefore, .he requirement that Cp be the same between the model and the full
scale is identical to the requirement that the group o/(ugug) be the same.

By making use of the above counsiderations, it is now easy to show that
the group of dimensionless variables represented by Equation (36) can be re-
placed by the first 10 (i, through N,,) independent dimensionless numbers
glven in Table 2, Thus, the requiremerts for achieving complete similarity
between the model experizents and the full-scale reactor cavity are that all
these scaling parameters be matched between the model and the prototype, In
addition, the other requirements are: (1) complete geometrical similarity,
(11) the Prandtl number of the gas phase to be approximately unity (implicit
in our modeling of liquid-gas heat transfer), and (i11) that the amount of
melt-simulant used in the nxpuinu;tl be scaled according to the volume of the
cavity model ({.e., melt volume ~L°).

We also note that the fraction of debris dispersed, Fy (dimensionless
extent of melt dispersal), can be expressed as a2 function of all ‘he dimen~
sionless parameters, {.e,,

" - ‘(Nl'Nz.N"N.. sassss) o

Therefore, if a1t the dimensionless paramete:rs could be matched betweer the
full-scale case and our mode! experiments, then the experimental results could
be directly applied to the full-scale case. However, because of the rather
large number of dimensionless numbers spez..ced in Table 2, it 1is extremely
unlikely that one would be able to match all these between the small-scale
experiments and the full scale., Therefore, it is necessary to look at the
physical meaning of various dimensionless numbers so that one may assess the
effect of individual parameter on debris dispersal,
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2.6 Physical Interpretation of Dimensinless Parameters

Consider a melt droplet of diameter d, initially at rest in a gas flow
field of unifcrm velocity ug. If the dra  coefficient for tha droplet is as-
sumed to be a constant, it is easy to show that the time constant of the drop~

let, 14 (time at which the particle velocity equals ..63 ug) 1is proportional
to:

pLd
R S

However, the particle diameter is given by the condition that critical Weber
nuster equals 12, 1i.e,,

d = == (39)

Therefore,

Now, the fluid transit time through the cavity T is proportional to

Ty . L/ul
Therefore :g - oul. « N
T 2 2 !

°lulL

Thus the tirst dimensionless number, X, is proportional to the ratio of drop~-
let time consteat to the fluid transit time through the cavitv, Obviously,
the smaller this number, larger would be the tendency of droplets to follow
¢he fluld stream lines, and therefore larger the expected debris dispersal.

The number N; is simply the density ratio pg/pp divided by the group N,.
Since we can expect debris dispersal to increase when the density ratio pg/o
is lncreased, it follows (from our previous discussion of N;) that as the
value of N; Is increased, the fraction of debris dispersed should also
incresse.
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let us consider a4 melt droplet of dismeter d (given by Equation (39)) at
rest. Then, the droplet Reynolds number is given by:

d
Droplet Reynolds Number = :%:!- - ;lll * N3
8 g'R

Therefore, the dimensionless group Ny can be interpreted as a number propor=-
tional to the droplet Reynolds number., Since the drag coefficient decreases
as the Reynolds number is increased, it follows that th. debris dispersal de-
creases as Ny is increased.

The number N, which appears as a result of satisfying the gas mass flux
boundary condition at x = 0, can be thought of as the dimensionless gas blow=
down time., 'n fact, it is not difficult to show that

(pressure vessel blowdown time) ;! = constanteN,+(very weak function of POIP.)

.Nb
S0, obviously as N, 1s increased the debris dispersal can only increase.

Ng 1s the square of the well-known Kutateladze number. For a two-phase
antular flow in a pipe, flow reversal (liquid film changing its direction of
motion from downward direction to the same direction as the upward flowing
gas) 1s predicted to occur [7] when Ng execeeds 10, As shown below, the
Kutateladze number can also be interpreted as the ratio of drag force on the
particle (liquid droplet) trying to sweep it out of the cavity to the gravita-
tional force trying to keep it within %aw cavity.

- 2 2
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Therefore, we can only expect (he debris dispersal to !ncrease with increasing
Ng.

Ng is the only group which ' dependent upon the liquid phase viscosity.
Its form was suggested by the work of Ishii and Grolmes [10], who show that
the inception criteria for droplet entrainment during a two-phase concurrent
film flow 1s8: Ng > 1. If Ng is less than unity, no droplet entralament could
be expected, On the other hand, the larger the value of Ng above unity, the
larger the expected droplet entrainment rate, and hence the larger the expect=
ed debris tispersal.

As shown earlier on page 23, the group Ny is proportional to the term
0 ul/p y and this term occurs in the gas momenum equation (where it is negli-
.!b!o :bloarod to the interfacial drag term) and the gas energy equation. Al=-
though 1t is difficult to judge the importance of this term, it is clear that




debris dispersal can only increase with increasing Njy. This is because intui-
tively it is obvious that if P, (primary system pressure) or Ay (hole size in
the vessel bottom) were increased, we would have larger gas velocities in the
cavity, and therefore larger debris dispersal from the cavity,

The group Ng is simply the Mach number and the nature of its effect on
debris dispersal is not obvious. The number Ng, which appears as a result of
outi-!ltng the gas temperature boundary condition at the beginning of the cav-
ity (x° = 0), is proportional to the dimensionless gas temperature at x* =0,
The larger this number, the less the temperature difference between the gas
and the melt, and hence the smaller the increase in gas velocities due to heat
transfer, and therefore less debris dispersal,

The group N, appears as a coefficient in two of the terms in the gas en~
ergy equation, It appears in a ter- which represents the work done on the gas
due to liquid drag (Pj i, /(n‘ This term is smaller than the gas-liquid
heat transfer rate, and as N;, t‘ increased, this term tends to increase the
gas temperature and hence 1ncrocoo the debris dispersal, The second term in
which N,, appears as a coefficient involves the pri ‘sure gradient. This term
is also slnllat than the liquid-gas heat transfer rate, and its effect on de-
bris dispersal is in an opposite direction to that of the first term. There~
fore, this term may not b. very important, It appears that increasing N;, may
result in a small {ncrease in the debris dispersal.
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Table 3. Summary of IDCOR Reactor Cavity Configurations

Greup 1 Group 2 Group 3 Group &
Large Debris Medium Debris Small Debris None/Laitle
Dispersal Dispersal Dispersal Debris Dispersal
'
- A (6, Zion, etc.) L(2, Bellefonte 1&2)| C(12, Sequoyah, etc.)| D(10, Surry, etc.)
B (5, Indian Point, etc.) K(2,WNPl, etc.) E(2, South Texas 1&2)
. F(5, Calvert Cliffs, etc.) M(5, Calloway, etc.) | G(3, Oconee 1,2,3)
J(2, San Onofre 2&3) H(12, Summer 1, etc.)
N(i, Yankee Rowe) 1(5, St. Lucle 1, etc.)

NOTE: Cavities are grouped according to anticipated (by IDCOR) debris dispersal from reactor cavi-
ties during a high pressure selt ejection accident. The numerical nuaber arter the cavity
type (IDCOR classification) indicates the number of reactor units quoted io the IDCOR Te h-
nical Report 85.2.




Table 4, Initial Conditions for the Full-Scale Reactor Cavities

Case Py Pe Ty To Vo dole* Mass of
Diameter Core Melt
(MPa) | (MPa) (K) () | (ah (m) (kg)
(a) Zion:
ZR1 7.0 vl 2533.0 | $58.% | 340.0 0.4 134 » 10°
(Base Case)
ZR2 5.0 0.4 2533.0 | 536.0 | 340.0 0.55% 134 x 10°
ZR3 15.0 0.4 2533.0 | 614.0 | 340.0 { 0.4 134 x 10°
(b) Surry:
Skl 7.0 0,193 | 2533.0 | 558.8 | 268.0 0.4 127 x 10}
(Base¢ Case)
SR2 5.0 0,193 | 2533.0 | 536.0 | 268.0 0.55 127 x 10°
eRy 15.0 0,193 | 2533.0 | 614.0 | 268.0 0.4 127 x 10?
-
(¢c) Watts Bar:
——*
WBRI 7.0 0.14 2533,0 | 558.8 | 357.0 0.4 130 x 10°?
(Base Case)
WBR2 5.0 0.14 2533.0 | 536.0 | 357.0 0.55 130 x 10°
WBR) 15,0 0.14 2533.0 | 614.0 | 357.0 0.4 130 x 10°?
‘Diameter of the hole in the reacto. pressure vessel bottom head at the
beginning of the steam blowdown,

The initial conditions are ‘sed to calculate the vaiious dimensionless
groups jgiven in Table 2, The experimental parameters are then chosen so as to
yleld as close an agreement In the dimensionless numbers between the full~
scale base case and the experiments as possible, By selecting the particular
set of base initial conditions given in Table 4, we 40 not mean to {fmply that
this is the most probable set or the set with the severest consequences, The
data or analysis to make a rational choice based upon these arguments 1is
lacking.

In Section 2.1 we discussed two limitations of our debris dispersal
experiments, Let us now consider an additional lmpediment to performing a
perfectly scaled simulant experiment, For the full-scale reactor, the melt
temperature is much larger than the steam teamperature, Therefore, due to
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large melt~steam heat transfer, steam velocity within the cavity will be a
strong function of position, Because of practical constraints, it is impossi-
ble for us to use very high melt simulant temperatures. As a result, we can-
not simulate the variation of gas velocity within the cavity due to heat
transfer effects. This difficulty is reflected in the fact that we cannot
match the dimensionless group Ng between the full-scale accident condition and
the simulant experiment. However, as long a# we understand that, (i) it is
the motion of gas that is responsible for debris dispersal and not the gas
temperature, and (i1) that the purpose of our experiments is to characterize
the dispersive nature of various cavity designs, we can instead try to scale
our experiments to "modified” accident conditions which have already taken
into account the rather large melt-steam heat transfer rates. In other words,
we can simulate the fact that as a result of melt-steam heat transfer the
average gas velocity in the cavity is going to increase, We do this as
follows.

Since the heat capacity of steam flowing through the cavity is much smal~-
ler than that of the core-melt, and also because the surface area available
for melt~steam heat transfer is likely to be large, we expect that steam woull
heat up to the melt temperature within a very short distence, Therefore, we
assume that most of the melt-steam heat transfer occurs just below the reactor
pressure vessel within the cavity, In other words, although at x = 0 within
the cavity we still have the same mass flux of steam coming into the cavity,
it 18 now assumed to be at a much higher temperature. Mathematically, this
consists of replacing the conditions of steam in the primary system, T,, P,,
Vos by the modified conditions T}, P,, and V). We assume that the modified
steam temperature within the primary system, T} equals the liquid temperature,
T« We find P, and V) by satisfying the requirement that the computed steam
mass flux into the cavity using the modified conditions (P}, Vi, T)) be iden-
tical to the computed steam mass flux using the actual primary system condi-
tions (Py, Vo, Ty)s The steam mass flux mg(t) at any time t into the cavity is
given by (see Eq. (26)):

0 |
m {1-
. a 0 - (l=y) -y
m (t) e (1 e t] (40)

s o

where @y is the steam mass flow rate into the cavity at t = 0, and Mo 18 the
total mass of steam in the primary system at t = 0O, Therefore, if both and
Mo ate the same for the actual and "modified” conditions, we will have identi-
cal mg(t). Since




we have

T T
) L 1045 ) 0.5 )
SRR X T Pt vo(T’: e (41)

We shall use the above values of Py, T}, and V) to compute the dimensionless
scaling parameters (given in Table 2) for the full-scale accident conditions.

3.3 Experimental Method and Parameters

The schesatic of the experimental facility designed to carry out debris
dispersal experiments using small-scale (1/42nd) transparent models of the
reactor cavities 1s shown in Figure 3. The pressure vessels PV, and PV,, the
melt holder MH, and the ball value BV are all wrapped with heating tapes and
insulation, Four temperature controllers are used to control temperatures at
various locations, The vavity wdel C under test is hald below the melt hold-
er and {s enclosed in a transparent plexiglas enclosure B, Since molten
Wood's metal (melting point 345 K) is used as one of the melt simulants, hot
air is circulated through the plexiglas enclosure to keep the cavity model at
approximately 373 K to prevent freezing of the Wood's metal in the cavity.
The melt holder (MH) and the ball valve (BV) are heated to about 460 K when
Wood's metal is used as the melt simulant., A photograph of this facility is
presented in Figure &,

To begin an experiment, the cavity, the melt holder, and the pressure
vessels are heated to appropriate temperatures. Then, a volumetrically scaled
quantity of the .It simulant is placed in the melt holder and the ball valve
is closed, When the melt simulant temperature reaches the desired value, the
pressure vessels are charged with the simulant gas (nitrogen or helium) to the
appropriate pressure, The experiment is initiated by opening the ball valve,
This recults in the rupture of an aluminum foil diaphragm (D), and thus a
known mass of melt simulant is injected into the cavity model from an orifice
above the cavity floor, This {s followed immediately by the blowdown of gas
from the pressure vessels., The debris that lea- t!{ cavity (via exit E) is
either trapped in the duct P or the collection t +» During tte experiment,
high-speed movies of the melt simulant-gas (nter m in the cavity are taken
and, at the end of the experiment, the mass of _i(t simulant trapped in the
cavity 1s measured,

Figure 5 shows the photographs ¢f the Zion, . » Surry, and the Watts Bar
cavity models, Schematics of these cavity modeis are shown in Figure 6(a-c).
The experimental parameters for the various debris dispersal experiments per-
formed using the 1/42nd-scale mode)s of tie Zion, the Surry, and the Watts Bar
cavities are given in Table 5, The second column, which gives the case number
for each run, 14 used to characterize the experimental parameters, In other
words, all runs having the same cass number have nominally the same set of
parameters, The dimensionless parameters which characterize each experiment
are presented in Chapter &,
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Figure 6(a) Schematic of the Zion Cavity Model, All
dimensions are in mm. L and Ag are the
reference values of the length scale and
the cavity cru,a-uctlonll area, respectively.
Ag = 0,0029] =
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Figure 6(b) Schematic of the Surry Cavity Model
All dimensions are in mm. Ag = 0.00716 o
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Schematic of the Watts Bar Cavity Model
All dimensions are in mm. Ag = 0.,0106 w?
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Figure 7 Schematic of Observe d Gas Flow Field in the Zion Cavity Model

& &8 -



ruopievedas 0] [°¢ SOJINGN ABg CeSED NN STROS-TIR) SN YIIe vosyindnos 61 18jes Sme3 Ty

cmasws s[wIs
IR} Y3 30) SUSYITPECD [EIIIN pemnsse syl 30) (1y) by puw I woyides pur sasjemwand (eisesyiadee J0) § eTaw) sey

"o ro1'o $ e T ewo »v0°0 £99°0 ! e %o 0 oy
6270 we : mne 0w (T4l o "o "0 ‘s
%0 90 o i 910 Fin "o : o cvn b
L e 570 ¢ woo |+ "o %o ’ 0 850 ‘g
e 9 * L * e | ¢ 1"z | L 9y -y *s
6001 a5y + it * 3 o4 * Lo o " Su
(1841 b2 L] * 08 LI 4 * oW . " . " 179 ]
0% 13 + (3] L * 1 39) * 48] * e em fx

¢-01%95°0 1..-.12.. * U104, 0150 |+ 090 | v L OINIET0 | 4 01RIT00 | 0TeELT0) iy

€00 oo . s°11 |+ wwito | ¢ wr |+ 61 019 e 'n
— — 9470 00"t 29870 790 €670 = |pesiadwia

wejjowig
s
s ns I ) ey
STe35 TTN | PI935 1TM| 6 Sem) I8 ) Cf eswy 08 sy ¥ e *eo5 11N

SERO3T SEITUOTSUINE] SNOYIL JO SnTRA Syl puw sauemysedey [esiede g Sliqen JO saheey

Topoy Aipaw) Laamg eyi a0

o8



The photographs presented in Figure 8 show the trapped Wood's metal with-
in the Surry cavity as found at the end of the debris dispersal experiment, A
major fraction of the trapped Wood's metal was found along the floor [Figure
8(a)] of the cavity model. Figure 8(b) shows ‘a2t some melt is also depo-‘t~
ed on the "roof" of the keyway. In particular. e note that some of the me 't
deposits in this figure are in the form of elongated, downward pointing frozen
drops. This, together with the fact that the melt devssited on the floor of
the cavity {s of approximately uniform thickness shows that Wood's metal was
still in the molten state at the end of the experiment, Thus it is clear that
freezing of the Wood's metal did not cause the trapping of the melt within the
cavity.

A schematic of the observed flow field within the Surry cavity model for
experiments which used water as the melt simulant is shown in Figure 9, As
with the Zion cavity model, here again we observe the gas to recirculate with-
in the cylindrical portion of the cavity., The flow is highly turbulent, aud
we intermittently observe small regions of flow reversal near the roof of the
keyway. Initially, the melt simulant is discharged only through the cavity
exit C, After a short interval, however, the melt-simulant ir discharged
through both exits C and D,

4.3 Results for the Watts Bar Reactor Cavity

The results of the debris dispersal experiments for the Watts Bar cavity
model are given in Table 8, Once again, we observe that a large fraction of
the melt simulant i{s removed from the cavity model during the experiment, A
further discussion of these results is presented in Chapter 5.

Figure 1) shows the melt disposition within the Watts Bar cavity at the
end of Run WB~7, Here again we find that most of the trapped melt is on the
floor of the cavity. As can be seen from Figure 10(b), some of the melt is
deposited as a film along the bottom wall of the inclined keyway.

The schematic of the observed flow field within the Watts Bar cavity is
shown in Figure 1l. Here again we observe highly turbulent flow and a region
of recirculation within the cylindrical part (C) of the cavity, However, we
make two special observations for this cavity, Pirst of all, we observe flow
separation and consequently the presence of an eddy, R, within the cavity,
This s obviously due to large increase in the area of cross section of the
cavity in the directior of motion of the gas. Secondly, the gas~droplet mix-
tuve that is moving upwards along the keyway (K) splits up into two parts.
Some of the gas-d:oplet mixture exits the cavity directly via path Pl, and the
remaining fraction moves up towards the seal table (S), then reverses direc~
tion and exits the cavity via path P2, A close observation of the flow in the
neighborhood of the seal table (5) suggests that the current structure of the
soal table (0.5 in, steel plate) in the Watts Bar Nuclear Plant will not su:=
vive the high-pressure melt ejection accident,
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5. DISCUSSION AND SCALING INTERPRETATION OF DISPERSAL RESULTS

5.1 Qualitative Effect of Dimensionless Groups on Debris Dispersal

The results of debris dispersal experiments for the three cavity models
studied were presented in Tables 6, 7, and 8, These tables also give the
values of various dimensionless numbers for all the experimental runs and the
full-scale cavity for three assumed sets of initial conditions. The experi-
dents vere intended to simul.te the base case full-scale conditions (Case 2RI,
SRI, and WBR1) as closely as pos=ible., However, since it is impossible to
match all the 10 dimensionless numbers be! men the experiment and the full-
scale case, we must ure physical arguments to interpret the experimental
results., In Section 2.6 we presented a detailed discussion about the physical
meaning of various dimensiconless parameters. We also discussed there, the
effect on debris dispersal of increasing or decreasing the various dimension=
less groups. We can now use that discussion to estimate, for each of the
dimensionless groups, the effect of mismatch between their values for the
experiments and the full~scale base cases (ZRl, SRI, WBRI) on the experiment=-
ally measured fraction of debris dispersed. This is indicated by the arrows
next to the values of various dimensionless numbers for the experimental cases
in Tables 6, 7, and 8§,

Consider tle Case 19 and N, in Table 6. Since N, is proportional to the
dimensionless blowdown time, and N, for the experiment (122.7) is less than
the value of N, for the full-scale base case (190.7), 1t is clear that because
of this mismatch for the value of Ny+ the fraction of debris dispersed during
the experiment car only be less than or equal to the full-scale case. This is
indicated by a downw.r? polnting arrow next to the value of Ny« Similarly, an
upward pointing arrow indicates that the experimentally measured value of the
fraction of debris dispersed should be greater than or equal to the fraction
of debris dispersed for the full-scale base case., The absence of an arrow
indicates that, based upon our expected sensitivity of the particular dimen~
sionless number, we think that its value is reasonably close to that of the
full-scale case, The combination of an arrow and the letter "S$" next to the
value of a dimensionless group indicates that the measured fraction of dis-
persed debris should be “slightly” greater than (upward pointing arrow) or
“slightly” smaller than (d~umward pointing arrow) the fraction of debris dis~
persed for the full-scale base case. For example, consider Case 32 and the
group N o in Taole 7. Although the value of N, for the experiment (0.01) is
about five times lower than that of its value for the full-scale base case
(0.054), based upon the expected insensitivity of Nip to debris dispersal (see
Section 2.6), we indice"e that due to this mismatch in the value of N, the
friction of debris dispersed for the experiment may onl ' be slightly smaller
than that for the full scale,

From the above discussion, it is clear that if all the arrows in a given
column corresponding to an experimental case are either up or down, it is easy
to draw conclusions about the full-scale case., If all the arrows in a given
column are downwards, then it follows rhat the fraction of debris dispersed
for the full-scale case should be greater than or equal to the experimental
"4lue, On the other hand, if all the arrows are pointing upwards, then the
experimental value of the fraction of debris dispersed is greater than or



eqial to that for the full scale., For those caseu where a given column has
arrows in both directions, definite conclusions about the expected debris dis-
persal for the full-scale case may not be drawn, While comparing the values
of various dimensionless groups for the experiments and the full-scale base
case, one must bear in mind the fact that the full-scale values of dimension-
less numbers can be very sensitive to initial conditions. Therefore, to help
the reader in evaluating the closeness of the match between full-scale base
case and the experimental values, we have provided in the tables of results
the values of dimensionless numbers for two additional full-scale cases for
each of the cavity types,

5.2 Discussion of Dispersal Results for tbe Zion Cavity

The values of various dimensionless numbers and the results of dispersal
experiments with the Zion cavity model are given in Table 6, We note that for
all the experimental cases, the arrows in each column are in both directions.
Therefore, no definite conclusions about the debris dispersal for the full-
scale base case can be drawn, Here we just mention that the next scheduled
experiment with the 2ion cavity wodel, which will use molten Wood's metal as
the melt simulant, will have all the arrows pointing dow.wards. These experi-
ments will therefore give us a lower limit on the expected debris dispersal
from the full-scale Zion cavity.

However, as was pointad out in Section .1, based upon other experiments
[1,2,3) it is now well accepted that the Zion cavity is d{spersive in nature.

5.3 Discussion of Disjersal Results for the Surry Cavity

Table 7 shows the values of various dimensionless numbers and the debris
dispersal results for the Surry cavity. As mentioned elsewhere, we shall only
compare the values of various dimensionless groups between the experiments and
the full-scale base case (SRl1)., The values for the remaining two full-scale
cases (572 and SRY) are being presented only so that the reader can appreciate
Ihe sensicivity of dimensionless parameters to the assumed initial conditions.
At we c2n see from this table some dimensionless groups (e.g., Ng between SRI
and »>x3) can change by as much as a factor of four for the !u?l-lulc case
vhen initial conditions are changed. Since Ny is the Mach number, and its
effect on debris dispersal is not readily apparent, a question mark is placed
next to the cases where it is significantly different from the full-scale
case, This indicates our inability to predict the effect of mismatch in the
Mach number on the messured debris dispersal, When we look at the columns
represented by Cases 3u and 33, we see that all the arrows are pointing down~
wards, This implies that the measured fraction of debris dispersed is less
than or equal to the fraction of debris acispersed for the full-scale base
case. In other words, we conclude that for the full-scale Surry cavity, at
least 84% of the debris will be ejected out of the cavity if the initial acci-
dent conditions are the same as assumed here, We note that for the experiment
corresponding to Case 39, helium was used as the blodown gas, and for all the
experiments corresponding to Case 30, 33, and 39, wmolten Wood's metal was
used as the melt simulant,



5.4 Discussion of Dispersal Results for the Watts Bar Cavity

The results for the Watts Bar cavity model are given in Table 8., Here we
note that for the columns corresponding to Cases 35 and 37, all the arrows are
pointing downwards., Therefore, we conclude that for the full-scale Watts Bar
cavity , at least 821 of the debris will be ejected out of the cavity if che
initial accident conditions are the same as assumed here, Furthermore, {f we
compare Cases 35 and 37, we note that the only dimensionless number that is
different for these two Cases is the group N,, which is propertional to dimen-
sionless blowdown time., 1In agreement with our earlier arguments, we observe
that the fraction of debris dispersed does indeed increase with increasing N+
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6.  SUMMARY AND CONCLUSIONS

This .eport describes and presents the results of a scoping experimental
study of the "exte .t of molten debris dispersal” from PWR reactor cavities
under conditions of high-pressure melt ejection (primary system pressure
approximately 1000 psia and vessel hole diameier roughiy 0.4 @ diameter), The
experiments were conducted using scale models of the reactor cavities and were
designec to employ low-temperature melt simulants, As a consequence, the
experiment:]l program was developed in conjuction with a parallel scaling anal-
yels which 's based upon phenomenological modeling of the relevant physical
processes which are thought to occur within a full-scale reactor cavity under
accident conditions., The experimental apparatus and method are described and
experimental zewults presented, The phenomenological modeling and the deriva~
tion of the 2ca. \ng relationships are described, A methodolcgy based upon the
scaling analysis is presented which is employed to extrapolate the experimen~
tal results {or the “"debris dispersal fractinn” to accident conditions.

Three "re¢ -“esentative" reactor cavities were selected: Zica, Surry and
Watts Bar., An _.perimental apparatus was constructed to simulate the process
of melt dispersal from reactor cavities during high-pressure melt ejection,
The cavities were constructed to provide |/42-nd scale simulations of the pro-
totyplc cavities and were fabricated of transp.rent materials to enable visual
observations to be made of the flow processes within the cavities. Water and
Wood's metal were employei as the low-temperature melt simulants while nitro-
gen and helium were used to simulate the high-pressure primary system steam
(prototypic) blowdown gas. A measured quantity of melt simulant, followed
lumediately by blowdowr gas, was injected into the cavity., The quantity of
melt remaining in the cavity following the gas blowdown was measured, thus
permitting calculation of the “fraction of melt dispersed” from the cavity for
the given set of initial conditions., MHigh-speed motion plctures of the cavity
dispersal phenomena were recorded, from which flow patterns within the cavity
were deduced,

The high-speed wovies of the cavity interactions reveal a complex, multi~
dimensional dispersed flow configuration withir the cavity models., The melt
simulaat enters the cavity through an orifice in a Jet confilgurati.,a, wvhere-
upon the jet strikes the cavity floor and apparently distributes itself along
the walls of the cavity wodel, all under its own momentum., Gas follows the
liquid into the cavity and subsequently appears to entrain and fragment the
liquid into droplets, creating a dispersed droplet flow regime within the
model, [he droplets are transported out of the cavity by the flowing gas.

The above qualitative observations form the conceptual dasis for develop-
meat of the phenomenclogical model of reactor cavity phenomena. This mode! is
then applied to the scaling analysis from which the scaling relatinships are
derived, The model presumes the existence of a “dispersed annular-flow"
regime within the reactor cavity, where droplets are dispersed in a gas core
reglon and a liquid file s presumed to exist on the walls of the cavity.
Eulerian, unsteady, one~dimensional wmass, momentus and energy equations are
written for each phase., Liquid temperature is assumed constant and cheamical
reaction between phases 1s not considered, Simplififed constitutive relations
for interfacial forces, heat transfer and entrainment a.re proposed, These
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equations, together with the appropriate initial and boundary conditions are
non-dimensionalized using reference parameters for the basic variables This
process leads to definition of eleven dimensionless parameters whir' charac-
terize the debris dispersal process in the experiments., A physical interpre-
tation of the parameters is providea in order tu guide their use in scaling of
the experimental results to prototypic accident conditions.

A range of initial accident conditions is defined for each of the three
plants considered and a range of magnitudes of the eleven scaling parametcrs
are calculated for each, It is shown that it is not, ir general, possible to
precisely match the values of the prototypic and experimental scaling parame-
ters, (he experiments reported here are performed at low temperature., As &
consequence, the gas phase acceleration effects of dropiet-gas heat transfer
cannct be precisely simulated. An approximate method of overcoming this dif-
ficulty is employed, which relies on the assumption that the melt and stean
reach thermal equilibrium very quickly within the cavity. It is further
argued, on the basis of physical interpretation of the scaling parameters and
with the aid of engineering judgment, that Lhe values of the scaling parame-
ters could Se adjusted experimentally so as to provide "melt dispersal frac-
tion" data which underestimate the extent of melt dispersal from full-scale
reactor cavitias under accident conditions. With the experimental scaling
parameters chosen in this way the “melt dispersal fraction” data obtained us-
ing Wood's metal #s the melt simulant are believed to underestimate the extent
of melt dispersal under high-pressure accident conditions, Thus, if an exper-
imenc designed to simulate a high-pressure melt ejection accident led to mea-
surement of dispersal of, for example, 801 of the melt injected into the cavi-
ty, then tre interpretation of this result is that, under accident conditions,
greater than 80% of the melt would be ejected from the reactor cavity. Only
those expe ‘iments which could be interpreted in this way are used for the pur~
pose of estimation of the extent of melt dispersal, For this reason, the
water expe iments performed here were not used for this purpose,

The expericents perfoimed thus [ar with the lion cavity were performed
using water as mlt simulant, Based upon the above arguments, therefore, we
cannot make any judgements of the extent of melt dispersal for this systea. It
is noted that esperiments performed elsewhere [2,3] suggest that mel* ejection
from the Zion reactor cavity would be nearly comple’.e under conditions of
high-pressure melt ejection, This conclusion w'ii be verified in additional
planned experiments using Weod's metal as the melt simulant, Experiments with
both the Surry and Watts bar cavities, together with the scaling arguments,
suggest that melt dispersal will also be nearly complete (in excess of 801)
under high-pressurs melt ejection conditions.

The motion pictures of the flow patterns in the Watts Bar cavity suggest
that the high-temperature dispersed melt flows through the cavity and up the
inclined keyway where the flovw is observed to split into two parts., One of
the twu resulting flow streams moves towards the seal table where the flow
reverses direction and finally exits the cavity, The seal table room 1is
covered with & steel plate which would be exposed to the high-temperature
(e.gs 2%00K) molten debris. It has been suggested [15] that this cover plate
could fail during the time of melt ejection from the cavity, leading to trans-
port of melt into the seal table room where contact of the melt with the con-
tainment liner could rccur. Meltthrough of this liner would effectively imply
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