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ABSTRACT

This report presents the results of a scoping experimental study of the
"extent of molten debris dispersal" f rom PWR reactor cavities und:4 direct
containment heating conditions. Simulated high-pressure melt ejection experi-
ments rare conducted using 1/42nd-scale models of reactor cavities and were
designed to employ low-temperature melt sinrilants . Ihree "representative"

reactor cavities were selected: Zion, Surry, and Watts Bar. A scaling analy-
,

sis of the debris dispersal phenomena was carried out and was employed to
"extrapolate the erperimental results for "debris dispersal f raction" to acci-

dent conditions. The experimental results, along with the interpretation
based upon the scaling analysis, suggest * hat the three reactor cavities stud-.

ied here, i.e., Zion, Surry, and Watts Bar, would retain little, if any, of
the melt ejected into them f rom the reactor vessel following the high-pressure
steam blowdown which would follow vessel failure and melt release.
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NOMENCLATURE

|

A Cross-sectional area of the duct (or cavity)

AR Cross-sectional area of the duct (or cavity) at a specified loca cion

A Cross-sectional area of the hole in the pressure vessel bottom dtring j
the steam (or gas) blowdown phase J

l

c Speed of sound for the gas phase

CD Drag coefficient for liquid droplets

cp Specific heat at constant pressure for the gas phase ;
,

1

cg Reference value of the sonic speed for the gas phase (see Table 1) i

1

Specific heat at constant volume for the gas phasecv

D liydraulic diameter i

1

d Droplet diameter

Et Liquid mass entrainment rate per unit wall area of the duct
,

F8h Interfacial drag on the liquid phase due to gas phase per unit

volum of the duct (orcavity)=(F )g + (F )2

(F ) Interf acial drag on the liquid 'ilm due to the ; s phase per unit
volume of the duct

(F )2 Interfacial drag on the liquid droplets due to the gas phase per unit
volume of the duct

f Friction factor
g

f Single phase smooth pipe friction factorg

f(y) See Equation (27)

g Component of acceleration due to gravity along the x direction

h lleat transfer coefficient

j Superficial velocity of the gas phase

1
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in Superficial ve*ocity of the liquid phase

k Thermal conductivity of the gas phaseg

L Length scale of the cavity

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

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

$ Instantareous mass flow rate of steam (or gas) leaving the primary
8 system

$ St n ( r gas) mass flow rate leaving the primary system at t = 0
8

Ng through N12 Dimensionless numbers (see Table 2)

Number of droplets per unit volun.e of the duct (or cavity)n

P Pressure

P Pressure of gas in the primary system at the instant of vessel failureo

P. Containment pressure

q Heat transfer rate f rom the liquid to the gas pt- se per unit volume of
the riuct = (q)g + (q)2

(q)1 Heat transfer rate from the liquid film to the gas phase

(q)2 lleat transfer rate from the liquid droplets tn 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)
.

s Entropy of the gas phase

T Temperature of the gas phaseg

TL Temperature of the liquid phase (melt or melt simulant) |

|
T Temperature of steam (or gas) in the primar . Jystem at the instant ofo

vessel failure

1
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'

i

t Time, t = 0 corresponds t'o the beginning of the steam (or gas)'>

ulowdown from the pressure vessel :)

tR = L/uR, the time scale

. Velocity of the gas phaseus-

un 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, J.g., DA(=D/L) is the dimensior.-
less hydraulic diameter, see page 18 l

1

'l

creek Symbols;

a Void fraction

8 Volume fraction occupied by liquid droplets

j Y = c /cyp

Absolute viscosity of the gas phase98

un ' Absolute viscosity of the liquid phase

'

Density of the gas phasepg

pt Density of the liquid phase
,

|

pv Steam (or gas) density in the pr ssure vessel at the ir.stant of i
vessel failure 1

! PR .keference value of the gas density (see Table 1)

; o Surface tension of the Itquid-gas pair

it Interfacial shear stress on the liquid film

'

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

,

i
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EXECUTIVE SUMMARY

Consider a potential core melt accident sequence during which the reactor
pressure vessel fails while the prima ry system is still at high pressure.
The molten core material, consisting of oxides and unreacted zirconium and
stainless steel, is assumed driven f rom che reactor vessel under high primary
system pressure into the region beneath the vessel (reactor cavity). Steam,

which follows the melt discharge from the vessel, flows at high velocity
through the reactor cavity region, finely f ragments the molten core material
into droplets, interacts thermally and chemically (thus producing hydrogen)
with the melt, and carries some f raction of melt droplets into the centainment
subcompartmente just above the cavity. As the melt flows thraugh the subcocr

partments, a portion of the suspended droplets will likely be deposited on
structures. As the gases (steam and hydrogen) flow around intervening otruc-
tures to the upper dome regior of the containment bailding, a small fraction
of fiae core melt debris will also be carried into the upper dome. Hydrogen
produced '.n the reactor cavity and subcompartments will be transported to the
dome where combustior with oxygen would occur if conditions pe r mit ted . The
core debris, during its flight through the subcompartments and the containment
d o me , transfers some fraction of its thermal and chemical energy directly to
the caatainment atmosphere. This phenomenon of direct r.nergy exchange between
the core melt and containment atmosphere (via celt-atmosphere heat transfer,
melt-steam chemical reaction, melt-oxygen chemical reaction, and hydrogen com-
bustion), which leads to rapid containment pressurization, is termed direct
cont ainment heating (DCH).

The DCH accident sequence involves interactions in three regions of the
cont ain ment building: (i) the teactor cavity, (ii) the inte r media te subco m-
partmente, and (iii) the containment d o me . The f raction of melt inventory

transpcrted, or "dispersed," from the reactor cavity is believed to have a
strong influence on the subsequent stages of the DCH accident sequence. Helt
which is ratained within the cavity following steam blowdowm cannot transfer
its remaining inventory of thermal and chemical energy to the containment
atmosphere and, therefore, would be ef fectively removed f rom further consider-
ation as far as DCH containment loading is concerned. Conversely , melt which
is dispersed from the reactor envity will transfer a fraction of its retained
stored energy to the containment atmosphere and must be considered in subse-
quent loading analysis. If, therefore, there are plants whose reactor cavity
designs contain particular structural features that can be shown to lead to
negligible melt dispersal by the flowing gases, then the DQi loading for those
plants would be mi ni mal . Based upon this point of view there would be clear
benefits to identification of plants, or categories of plants, whose cavities
could be shown to be capable of retention of large quantitica of melt. Thus,
it was felt that a scoping experimental ef fort should be carried out to inves-
tigate the "potential for dispersal" of melt from several "representative"
reactor navity designs.

This report describes and presents the results of a scoping experimental
study of the "extent of molten debris dispersal" from PWR reactor cavities
under conditions of high-pressure melt ejection (primary system pressure
approximately 1000 psia and vessel hole diameter roughly 0.4 m diameter) . The
experiments were conducted using scale models of the reactor cavities and were

-1-
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designed to employ low-temperature melt simulants. As a consequence, the i
'

experimental program was developed in conjuction with a parallel scaling anal-
ysis which is 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
experimenta1 ' 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 ej ection.

,

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 Of the flow processes within the cavities. Water and ;

'Wood's metal were employed as the low-temperature melt simulants while nitro-
gen and helium were used ti 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 'f raction 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 eavity through an orifice in a jet configuration, where- i
upon the jet strikes the cavity floor and apparently distributes itself along T

the walls of the cavity model, all under its own momentum. Cas follows the
liquid into the cavity and subsequently appears to entrain and f ragmen t 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. This 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 in a gas core j
region 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 ent rainment 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.

2-

1



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 reported here are performed at low temperature. As a
consequence, the gas phase acceleration ef fects 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 an]
with the aid of engineering judgment, that the values of the scaling parame-
ters could be adjusted experimentally so as to provide "melt dispersal f rac-
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 underes tima te 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, 80% 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 f rom 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.

1
,

The experiment s 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
is noted that experiments performed elsewhere [2,3] suggest that melt ejection I
from the Zion reactor cavity would be nearly complete under conditions of i
high-pressure melt ejection. This conclusian will be verified in additional I

planned experiments using Wood's metal as the melt simulant. Expe11ments with
both the Surry and Watts Ba r cavities, together with the scaling arguments, I

suggest that melt dispersal will also be nearly complete (in excess of 80%)
under high-pressure melt ejection conditions.

The motion pintures of the flow patterns in the Watts Ear cavity suggest |

that the high-temperature dispersed melt flows through the cavity and up the I

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 higb-temperature (e.g. '

2500K) molten debris. It has been puggested (15) that this cover plate could
f ail during the time of melt ejection from the cavity,1sading to transport of j
melt into the seal table room where contact of the melt with the containment '

liner could occur. Meltthrough of this liner would ef fectively imply a breach
of containment and "early" availability of a leakage path for fission products i

to the a t mo s phe r e . It is reco mmended that the scenario of the seal table |

cover plate failure during high-pressure melt ejection accidents be closely I
'

scrutinized.

-3-
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The experimenta. results, along with the interpretation based upon the I
~

scaling analysis, raggest that the three reactor cavities studied here, i.e., I
Zion, Surry and hatts Bar, would retain little, if any. of the melt ej ected j

into them from the reactor vessel following the high-plassure steam blowdown '

which would follow vessel failure and melt release. It is suggested that
these conclusions be verified with experiments at larger scale using high- |
temperature melt simulant materials.

!

|

I
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1. INTRODUCTION

'

The high-pressure melt ej ec tion, 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 ma t erial to the containment a t mo s phe re. 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 (iii) the contain mnt dome. '

The molten core material, consisting of oxides and unreacted zirconium
and stainless steel, is driven f rom 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 prodeced as
the steam reacts with the unreacted molten cwtallics. As the melt flows
through tne 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 Na tional 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 interactiona which would occur in the cavity.
Such a model would characterizes (1) the rate of flow of melt from the reactor
cavity to the upper regions of containment, (ii) the melt droplet size distri-
bution and (iii) the extent of hydrogen production within the cavity. The
methodology would be capable of dealing with the dif ferences 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 ej ec t ion and
steam blowdown process.

-5-
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Figure 1 Schematic of liigh-Pressure Melt Ejection and the
Direct Containment lleating Accident Scenario
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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 accident sequence. Melt which is retained within the cavity fol-
lowing steam blowdown cannot transfer its remaining inventory of thermal and
chemical-energy to the containment atmosphere and, therefore, would be ef fec-
tively removed from further consideration as far as DCH containment loading in
concerned. Conversely, melt which is dispersed f rom the reactor cavity will
transfer a f raction of its retained stored energy to the containment atmo-
sphere and must be considered in subsequent loading analysis. If, therefore,

there are plants whose reactor cavity designe 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-

4 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 f rom several "representative" reactor cavity designs.

! Based upon the abovo 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
ares (i) to describe the experimental program, (ii) to present the experi-
mental results and, (iii) to provide an interpretation of the results using a

j scaling analysis which is based upon phenomenological modeling of the relevant
physical processes.

Experiments related to debris dispsrsal from scale models of the Zion'

veactor cavity were performed at Argonne National Laboratory [1,2] and at
,

Sandia National Laboratories [3] . Spencer et al. [1], using a 1/40-th lineari

(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 f rom the reactor cavity.
Tarbell et al. [3] performed high pressure debris dispersal experiments using
a 1/10-th scale concrete model of the Sion teactor cavity using iron-alumina

] thermite. These experiment demonstrated nearly complete dispersal of melt
ftom the Zion cavity model.4

| For reasons of economy the BNL cavity dispersal experiments are, as were
the ANL and SNL experiments, constrained to scales (1/42-nd) which are much,

smaller than prototypic scale. In 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 extrapolatir,n of results as they would apply

1 to actual full-scale accident conditions. A detailed scaling analysis of
debris dispersal phenomena is presented in this report. The results of the

i experiments are discussed with the aid of this scaling analysis.

!
1

j -7-
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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-ael methods. Chapter 4 - presents the results of the experimentalo
effort. A discussion of the experimental _results is presented in Chapter 5.
The summary and conclusions are presented in Chapter 6.

i

d
i

s
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2. SCALING OF DEBRIS DISPERSAL Ptf2NOMENA

2.1 Scaling Methodology and a Simple Idealized it> del 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 phenome
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, Po, 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
P , are known or given.

t
'

Before discussing the scaling procedure, let us first look at some of the
important phenomena that will occur in 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 surf ace of the reactor cavity is likely to result i

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 surf ace is likely to be blown away f rom the surf ace.
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 interaction, the melt is unlikely

.

to freeze on the concrete cavity walls during the short duration of the steam

i blowdown from the pressure vessel. That f reezing of core melt in a concrete
cavity is unlikely to occur is supported by the experiments of Tarbell et al.

[3]. They amasured 99% of the high temperature melt inventory to exit the
1/10th-scale concrete model of the Zion cavity during a high-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 Las production can only lead to increased mcit
entrainment and hence increased debris dispersal, this implies that our exper-

,

|
iments will show a lower melt dispersal rate than an experiment which simulat- !

j ed the gas production due to core-concrete thermal interactions. |
|

i

i The second phenomenon that our experiments are not, designed to simulate
is the metal (zirconium, stainless steel)-steam reaction within the reactor'

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 L

*

: steam is consumed locally at any point within the cavity (partial pressure of
i steam equals half the partial pressure of hydrogen), the local density uf the
'

steam-hydrogen mixture would be only about 40% of the density of pure steam,
j Since both the melt entrainment rate and the drag on melt droplets due to the y

flowing mixture of gases is dependent upon the density of the gas phase, theJ

debris dispersal rate is clearly going to be dependent upon the extent of ;

l
>

li -5
l

I
i

l
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steam-metal reaction. Although our experiments are not intended to simulate
the local variations in gas density within the cavity due to metal-steam chem-
ical reaction, the experiments can simulate the effect of the net average
reduction in the gas density. This, for example, can be done by using a low
density driver gas (helium) and reducing the mass flow rate of the gas through
the cavity during the experiment.

In view of the above discussion, it is clear that our debris dispersal
experimento do not simulate all the phenomena occurring within the reactor
cavity. It is important to keep in mind the implications of this. Strictly
speaking, our experiments simulate debris dispersal for a "fictitious" full-
4cale accident scenario * wherein the melt neither interacts thermally with the
cavity walls nor does it react chemically with steam. So, it should be remem-
bered that whenever we talk of extrapolating our experimental results to the
"f ull scale," we mean extrapolating to this "fictitious" full-scale accident (
scenario. When trying to use these results for the actual full-scale case
wherein both the core-concrete interaction and metal-steam reactions are oper-
ative, the reader must obviously use his judgment. This, as indicated by the
above discussion, is not a dif ficult task if one is only interested in the
gross nature of debris dispersal.

One straightforward procedure for determining the scaling parameters is
the method of "Dimensional Analysis," which is based upon the use of
Buckingham's Pi theorem. This approach was used in the beginning of the ex-
perimental program and the results are presented elsewhere [4). Here, how-
ever, we shall present an alternative procedure for determining the dimension-
less parameters. The method (5], which is based upon the use of conservation
equations describing the phenomena under study, is as follows: Reference
values are selected for all the variables, and these values are then used to

i

| rewrite all the conservation equations and boundary conditions ** in terms of
dimensionless variables. The conutant coefficients appearing in these equa-
tions (or any independent combination of these) are then the parameters that
must be kept identical between the small-scale experiments and the full-scale
case for "perfect" scaling of experiments.

The following physical model is envisioned for the melt dispersal process

| within the reactor cavity: As the melt is discharged under high pressure from
the pressure vessel, it spreads along the walls of the cavity as a film. When

| steam blowdown begins, melt droplets are entrained from the film into the cen-

| tral core of gas flow. An assumption about the melt dispersal process is
necessary for the purposes of modnling the interf acial gas-liquid drag and
wall shear stress terms in the conservation equations. Fur the rmore , it is

also assuaed that the melt-steam flow in the reactor cavity is a one-dimen-
sional, transient, two-phase, gas-liquid flow with no mass transfer and chemi-
cal reaction between phases.

t
*1n addition, for the present series of experiments, we have neglected the
presence of structure (instrument tubes and support plates) within the cavi-
ty. It is assumed that this structure f ails immediately af ter or during the
melt ejectiun phase of the accident. Other restrictions are discussed in
Chapter 3.

**1nitial conditions are viewed as generalized boundary co nditions for the
time variable.

- 10 -
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Section 2.2 describes the-development of the basic conservation equations
for the gas and liquid phases. The constitutive relations for uomentum 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 l'. quid !

phases are given by:

h (co ) + h (p jg g) + 0 (l)~
g

i

h(1-a)+ 0 (2)+ =

whore jg and jt are the gas and liquid superficial velocities, pg is the den-
sity of the gas phase, a is the void fraction, A is the cross-sectional area [
of the duct, x is 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 f

phases ;

p +pj ( )+F - ap g +a 0 (3)- =
g gg gx

+#d ((1 a)) + (I"") ~ (l~"} # g -F + =0P
~

L t ( -a) 3 LL Lx
-

(4) ,

!

where og is the density of the liquid phase (assumed constant), P is the pres-
,

sure, gx is the component of gravitational acceleration along the x direction, *

'

t, is the shear stress along the walls of the duct S is the duct perimeter,g
and FEL is the interfacial drag on the liquid phase due to the gas phaJe per !j
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.,

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

L

! !

p RT (5)P
'=

g g ;
,

,

f
! - 11 -
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where R is the gas constant and Tg is the gas temperature. The energy balance
for the gas phase together with the use of gas momentum equation gives: 3

I
i

M II {E+ E}- oc, at ++ (6)-- - =
at a ax pc at a 3x ac 2 ac oy. y , yg

where y is the specific heat ratio for the gas phase, cy is the specific heat
at constant volume for the gas phase, and 4 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:

(Gibbs Equation): dT ds + dP (7)a
g

- h de (8)dp =

c p

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

2 2 2i
E , b E _ 4e 2 O* g,OdC8 cF Jgg x, EL gg
at a 3x oc T aY Jt oc T 2pg pg Tac

g P

2 2

df=0 (9)+ +
a 3x aA ux

The reason for the above maripulation is to have the sonic speed appear ex- |

plicitly in one of the gover ning equations, so that the Mach number would ap-
pear as one of the dimensionless numbers. Before we can use the above set of i

eq ations for scaling purposes, we must model the interfacial gas-liquid drag ;term Fi , the wall shear strees t and the gas-liquid volumetric heat trans- '

7 y,
fer rafE 4

,

,

|

- 12 -
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2.3 Modeling of Fi and T
gL w

Figure 2 shows our assumed conceptual picture of flow regime within the
duct for the purpose of modeling the interf acial drag term and the wall shear.
We split the interfacial gas-liquid drag term, Fi into two compongnts: (1)
the drag on the annular liquid film due to the gik phage alone,

FollowiEk>Wallis
(F 1 and

(ii) the drag on the liquid droplets due to the gas, (Fg) 2
[ 6] and Hewitt [ 7 ] we model the intertocial shear strers on the liquid film,
i , astt

2
J

ffpgf (10)*t -
g i

G

where the friction fact.or fi is givet. In terms of the single phase smooth pipe
f riction f actor, f , the film thickness m, and the hydraulic pipe diameter, Da
as:

g f,[1+ *) (11)f =

Liquid
. rg

Film _f.

?. b.5? ~bY ~ 5~~.~: ~~A ''~k_ f~[~~'-K' _mm_-:__" /+ -w _ ,. - __

M
f

I'#
(FQL )e

*

.
.

.

* * . .,

h lgo ~ x
,

IM (F g g ),,
.

Droplets *

%. .,
*

r;

m. _ = _ _ . - _ __ _ _

__-_- --- .. _. _ __ _ ._ _

._ _ . . _ . . _ . . . _ . _ __ _ _ . _

-e dx --

Figure 2 Schematic of "Model" Flow Regime

in this equation.( 7] uses a "mixture" density of the gas*The actual model pro
core (instead of pg) posed

by Hewitt

- 13 -



It then follows that

(FgL)g fE ( }= =

2 ig

To model (Fgt)2, we must first calculate the number of droplets per unit
volume in the gas core and the size of these droplets. A critical Weber num-
ber of 12 is assumed to give us the droplet diameter, d [8]. Thus,

12 o
d =

p u (1-u /u ) (13)g g

Based on the entrainment data presented by llewitt (7), which shows the dimen-
sionless entrainment rate asymptotically approaching 10 as the dimensionless
number tim /o approaches 1, we model the liquid mase entrainment rate per unit
wall area of the duct, Ei ast

2SpfpJLggg
g g/o 2

(MYE = u =
g

oa

where ut is the absolute viscosity of the liquid and o is the surface tension
of the liquid-gas pair. Itere we note that, for the debris dispersal problem
that we are considering, calculations show that tim /o:> 1, and that [7] does
not present any entrainment data in this range. Since we are neglecting the
deposition of droplets on the liquid film, the above model for the entrainent
rato should be viewed as a model for the net entrainment rate (entrainment
rate minus the deposition rate). To find an expression for the mass of liquid
droplets per unit volume at any position x within the duct, we assume a quasi-
steady flow and integrate the following conservation equation for the droplet
field mass.

h(oA$u) ES=
g g

where 8 is the volume fraction occupied by the liquid droplets. It is assumed
that 8 = 0 at x = 0. Equation (13) is then used to find the number of liquid
droplets per unit volume of the duct. By adding the drag on all liquid d

is then possible to find an expression for (F[op-gt)2lets within a unit volume it
as:

- 14 -
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'

2'
Ek1 1 g g 3

E) C7 ,

a p o (u /u ) a
L L g - x=x,.

.

are the velocities of the liquid and gas phases respectively,where ut and ug
is the drag coefficient experienced by a liquid droplet, and x (0 i xm i X)CD m

is the location at which the quantity within square brackets above is equal to
the average value between zero and x. In view of the uncertainty in Equation

(14), and also since our intent here is only to use the model equations for
determining the scaling parame t s, we shall, for the sake of simplicity,

assume xm = x. Thus, we model (F t)2 as:

ypjL g g(1-u /u )L g 1 (15)(F'E) C f=

a o p (u /u )

The totsi gas-liquid interf acial drag F is 'given by

(F )g + (Fg )2 (16)F =

At the high gas velocities that are likely to be present in the reactor
cavity region during the high pressura melt ejection accident, we expect most
of the debris dispersal r.o occur in the form of entrained droplets. Thus the
acceleration of the liquid film is not very critical to correctly calculating
the amount of debris dispersed. Since the wall shear stress Tw only affects
the motion of the liquid film, its modeling can therefore be relatively
crude. We use the following model which assumes constant shear stress in the
liquid film.

2p jtg
(II)T "

11-a)mv

2.4 M)deling of Volumetric Cas-Liquid Heat Transfer Rate. 4

Analogous to the modeling of gas-liquid interf acial drag F we divide8,theficat transferthe gas-liquid heat transfer rate into two components: (1)

- 15 -
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f rom the liquid film to the gas, (4) g and (ii) the heat transfer from the lig-
.

.uid droplets to the gas, (4)2 To evaluate the former, we use Reynold's Anal-
ogy [9] and assume that the heat transfer coefficient for pipe flow applies.
Thus, the liquid film-gas heat transfer coefficient, h, is given by:

|
'

pJ
aE
8a 'i ( }|-

h =

1.

where the friction factor fi is given by Equation (11). . Note t'. tat for steam
and cosmon gases, the assumption of Frandt1 number being unity is reasonable.
We therefore obtain the following expression for (4)3:

#
1 TEEP L E(4)g (l9)= '

2 aD

!

l
where TL is the temperature of the liquid phase (melt or melt simulant).

For a single sphere in uniform flow of a gas (Frandt1 number = 1), the
heat transfer coef ficient is given 'ay [9]

f = 0.37 Re 25 f Re f 200 x 10 (20)3*
,

g

where Re is the Reynolds number for flow around the sphere and k is the ther-g
mal conductivity of the gas. Preliminary calculations show that for flow
around droplets, we expect 100 i Re i 1000. In this domain, the drag coeffi-
cient, CD , for a sphere can be approximated as:

C 7 Re-0*' , 1001 Re 1 1000o

Using this relation, and the assumption that Prandt1 number is unity, Equation
(20) gives

h 0.053 C 'g*p("g~"L) (21)=
D

If n is the number of droplets per unit volume of the duct, the net convective
droplet to gas heat transfer rate ist

(4)2 n h w d (T -T ) (22)=
g g

- 16 -
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The droplet-gas interfacial drag is given by:

(F )2 (A ("g~"L=nC
g 4D

Combining Equations (15), and (21)-(23), we get:

%D 3 (I""L "g)3
34 I c (T -T )gg p g gx

0.423 C ( '}(4)2
=

DiD 42
a o p (u /u )g g

Thus, the total volumetric liquid-gas heat transfer rate is given by

el

(25)4= (4)g + W2

Note that in the above formulation we have neglected the radiative energy
exchange between the gas and liquid.

2.5 Derivation of the Scaling Parameters

We are now in a position to derive the various dimensionless numbers that
must have identical values for the full-scale reactor accident condition and
the small-scale experiment for a "perfect" simulation. The procedure is to
select fixed reference values for various variables, and then use these to re-
write the various conservation equations and boundary conditions in terms of
dimensionless variables. The constant coef ficients appearing in these equa-
tions are then the scaling parameters.

Let Po and To be the pressure and temperature of steam in tha reactor
is the area of crosspressure vassel at the instant of vessel failure. If At

section of the hole in the vesse'. bottom when steam blowdown starts, then, as-
suming steam to be a perfect gas, the instantaneous mass flow r3te of gas, i ,g
(steam in reactor case) is given by

1+Yp p

A f(y) {l-Af(y) t } ~T (26)T
& =

E / RT / KT, #o o

where V is the volume of steam in thi primary system, po is the gas densityo
in the pressure vessel at the instant of vessel f ailure, and f(y) is given by:

- 17 -
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y+1
0.5 2 2(y-1)

f(y) y (27)=

Equation (26) assumes that the flow is choked at the vessel orifice and there-
fore is valid only until tha pressure in the primary system is greater than
approximately twice the pressure in the cavity. Since no debris dispersal is
expected to occur at the very low primary system pressures when this condition
is reached, this restriction on Equation (26) is not of any practical conse-

| quence. We now define the reference values for various variables. These are
| given in Tabic 1, where P. is the containment pressure, AR is the area of

cross section of the duct (cavity) at a specified location, and uR is the ve-
locity of gas at time t = 0 at this location if the gas pressure and tempera-

| ture were P. and To, respectively. We can now define new dimensionless varia-

| bles (denoted by the superscript *) ast

|
| * s a

P/P , , T = T /T pg " # /E| P =
,

8 Rg g

* * e

d !"F, , cj /u d c/cj " " =
g g R' L L R

1

*
x/ L , t =A/L x = t/tA = *

, R' *
St

1
e 8 = E /gV /LV* "* e o x

Because of the rather large heat capacity of the melt relative to the drivingi

I gas, the melt temperature is not expected to chango significantly during its
travel through the cavity. Thus the melt temperatute TL is treated as a con-
stant in the present analysis.

.

| We can now rewrite the conservation equations in terms of the
' dimensionless variables. The continuity equation for the gas phase, Equation

(9) becomes:

*2..(~.* 2

h 3P dPU C #g g gSP RRg,,

at a 3x i P 2a T2*D=
g

I 3 .4
2 ,2,2t 9, jg [3 ,L ,g )3 (3,7 )*j * *

.oc q,g}0.423e,,xgg gg
{C I '- * * - ;-

3Di P ap
T (u /u. )
. .o

L D a=
g
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Table 1

Reference Values for Various Variables s

Variable Reference Value

Fressure r,

Temperature T

Density p =( o}
"

R

Velocity A P,t

f(y) b Ou =

R o

Sonic Speed c =
R YRT,

Length L

Time t "
R "R

?

s
1

- 19 -
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4

2 e*2 2 **.2
[ 3a EU E # EEU RR,Q gg xER, , *,

T P, gg P, cT *a pL aT
8

2 2 *2 33 * 2 **2 e
E# # E EU b_{ R R , i, _c T"R_ *c g RR

4* a
p T L P, g,P,

2 22 2 * 2 . 3 .6 . 4 *p# E "R "R "R L " E "gURR R g g x
-{CD i' P op cT o

* * *

*7 * *
= L pL T a (u /u*) Dg g g

2 ***2

+ { RR}E3#
E# g3 dA

0 (28)=
p .

aA dx=

1

The liquid continuity equation becomes:

Sj j *

. (1-a) + h + N dA 0 (29)-
.

at 8x A dx

|
'

The momentum equation for the gas phase. Equation (3) becomes:

* ** * * *2
* 03 + p*l *(a)+{fi *2

* 3 EEp ..* *g a gg
| 8t 8t 8x Da
|

22 *3*5 *
h*g 4[+ {Cfe R)kdR g

,

Di op o ,5(e /u ) *
g D

r

- { h } a o g[ + { 2}a =0 (30)
"

E "R '*u
R R
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The momentum equation for the ligeid phase, Equation (4) becomest

e * *
$

_3/1-a) , )* (I'") , {o uP, } (1-a)- { b } (1-a)g ~33 d 3 LL L-

'* b * 2 * 2 x* (1-a) g, u,g 8t 3x LR R

**2 .

} 1+{~ }{fi. p-

E "R D (1-a)aL D* 2 L
,

2 *3*5 e e4

iC,,,.%"''."aN.A;'R,Rj/u)'-"t'" d4 . Od
on-

,,L \ a (u D

The energy equation for the gas phase. Equation (6) becomest

* e * * * **

+ ~f T}( *+ *] ~ { } *+{
at 3x SpL p at p a 3x at pL

g g

f "2 22 2 *2.6*1
~"L " L)4

,j ,U E diR RR i , \"R g g
Cf

cT ,4 * Di* op cT o
,, -

pL D g p g ,7(u /u ) D
*

* * 22 * 2 .4 . .! . 3d (1-T ) "L _EP "R , \"R ~
*

R g g gg ggg, *,5 ,*j,*) D
i 2* D i op o

42a D g
g

(32)

The boundary and initial condition 3 for the above set of conservation
equations ares

*
nt i 0:

* *
P =1 j =0,j =0g

a =1; at x = 0

*
a = 1 - Am /D ; for x > 0 (33)
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*
At x = Os

e
a=1, j =0

From Equation (26) and the definttion for uR, we have the boundary condition
,

for the gas mass flux at x* = 0 ass i

1+y
- * * ,

1-yA (1 y)t P,, l|... . p

#g g"b 2
~ *

p

,

Let Pg be the pressure at x* = 0 at any time t, then, ass uming isentropic ex-
expansion of gas from the reactor pressure vessel, the gas temperature at x* =
0 is given by

y-1

T (P /P }T "

E o g 0

or

7-I L T P l--

(P ) Y [ )T (35)T =

L o( ,

If the length of the cavity equals bL, then, P* = 1 at x* = b.

We are now in a position to derive the similarity parameters for the
debris disperssi problem. It is clear that if all the parametert, 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 identical set of equations and boundary conditions for the
model and the prototype. Therefore, these parannters are the scaling parame-
ters. Before we list these parameters, let us consider two other parameters
that are implicit in the conearvation equations. The requirement 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 t'ie dimension-
less film tl.ickness, m* be the same between the experiment and the full-scale
accident implies that the amount of melt simulant used in the experiment
should be scaled volumetrically.

A careful look at the various dimensionless arameters (quantitieswithin
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 parame te rs can be expressed as the
product of some of the other groups. The parame te rs have been carefully
examined and 10 independenti dimensionless gr vs have been obtained:

22 2
E "R k"R "R hR

C fH1 H2 W. H3
= D* op o

* -* . .
i

L PL
I

2gL PU ERR R =

) (36)ng 3, n3 F6 p.H- - - -
7 2,,p

bu ~
P "RR R

g PV T P

,,u,c . ?, . m - ( ( ( ) 'ns 4- -

j

It is e mpha s t red that there is nothing unique about the particular set of
scaling parameters given above. One can form an alternative set of 10 inde-
pendent dimensionless parameters by recombining the individual parameters in
Eq ua t ion ( 3 t',, . The only requirement for achieving complete similarity Letween
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 an 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 uR, <e have

2
P, P 2A

1C r, ) ^Rne 2
- - -

i (T} 2PRR t

From Equation (11)
e

f,(1+ ." ]f =
g

itThus ft 15 Equation (36) can be replaced by the single phase smooth pipe
f riction . actor f since both m* and D* are matched between the model 2nd the
full-scale case. Ilowever, the friction factor f, is only dependent upon the
duct Reynolds number, i.e. ,

tNote that y=pC m'R
t tBecause m* /D* is the same for the model and the prototype.
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f( Ej DA- ) = f ( p "R E )8
p

R 8
) (37)f = .

s Ua u a
g g

<

Since the dimensionless variables in the second group are the same between the )
model and the prototype, the requirement that f be matched can be replaced by j

the requirement that pRuRL/Ug be the same between experiment and full scale. !

The drag coefficient CD experienced by a melt droplet should only le a
'function of the droplet Reynolds number. Since the droplet diameter is giveu

by Equation (13), we haves

" # I
f(uu(1-u/g} )= f( ) (38)C = .

D Wgg L Rg u (1-u /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/(uRVg) bu the same. |

By making use of the above considerations, it is now easy to show that
the group of dimensionless variables represented by Equation (36) can be re-
placed by the first 10 (Ug through N o) independent dimensionless numbers3
given in Table 2. Thus, the require mer ts for achieving complete similarity
between the model experiments 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 aret (1) complete geometrical similarity,
(ii) the Prandt1 number of the gas phase to be approximately unity (implicit
in our modeling of liquid-gas heat transfer), and (iii) that the amount of r

melt-simulant used in the experiments be scaled according to the volume of the
3cavity model (i.e. , melt volume -L ).

,

We also note that the f raction of debris dispersed. Fd (dimensionless
extent of melt dispersal), can be expressed as a function of all the dimen-
stonless parameters, i.e. ,

f(N ,N *N ,Ng, ......) .Ed " 1 2 3

Therefore, if alt the dimensionlews pa rame te r s could be matched between the !
full-scale case and our mode) experiments, then the experimental results could i

be directly applied to the f ull-scale case. However, because of the rather
large number of dimensionless numbers spsti. sed in Table 2, it is e x t re mely ;

unlikely that one smuld be able to match all these between the small-scale i

expe riment s 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. |

|
t

I

!
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Talle 2. Similarity Parameters for the Debris Dispersal Process

(a) Dimensionless Numbers * :

2 +

#E E E "R oRL ~*( ), NNN =*= ,op 3,
g 2 2 2

ER "R E

UL "R ER,

E U # Eoo R R L
I'6NN "*= '*

N .8
, 04 p 5

gfO go* g

o

P A

(f-)^R
NN

8 a " "R "R '"a ,

7

y-1

( ) N
10 ("p L< N " "=

,g
L o

Volume of Mcit Simulant
, Frandt1 number of gas phase = 1N =

gg 3

whet *

\
*

b
- ' O.5,

pa o E
. \g -

g

(b) Other Similarity Requirements:

Cavity nodel be geometrically similar to the full-scale reactor
cavity.

*The subscript R refers to the reference values given in Table 1.
It is easy to show that N7 = (y/[f(y)) )N . Thus eiter N N could be

7
v.

3
replaced by y,

!,

'

'5 -
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2.6 Physical Interpretation of Dimsasionless Parameters

Consider a melt droplet of diasater d, initially at rest in a gas flow

i' field of unifera velocity uR. If the dra,-coefficient for ths droplet is as-
sumed to be a constant, it is easy to show that the time constant of the drop-
let, Td (time at which the particle velocity equals v.63 uR) is proportional
tot*

1

pd
-

t
d pugR

However, the particle diameter is given by the condition that critical Weber
nus'er equals 12, i.e.,

12
I d (39)=

E "2RR
{

4

Therefore,
pog,

p"
R

i

Now, the fluid transit time through the cavity t is proportional tog

| g R
L/u-

Y

i

Therefore 3 . "L
Ng=

2I f p"b
R

i

Thus the first dimensionless number. Ng is proportional to the ratio of drop-,

; let time constant to the fluid transit time through the cavity. Obviously,
the smaller this number, larger would be the tendency of droplets to follow'

j che fluid stream lines, and therefore larger the expected debris dispersal.

i

/i The number N2 is simply the density ratio pR DL divided by the group Ng.
/Since we can expect debris dispersal to increase when the density ratio pR PL

is increased, it follows (from our previous discussion of Ng) that as the
is increased, the fraction of debris dispersed should alsovalue of N2

increase.
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Let us consider a melt droplet of dumeter d (given by Equation (39)) at
rest. Then, the droplet Reynolds number is given by

O "R 12e * NRDroplet Reynolds Number = =
3

U "RU Ig g
,

Therefore, the dimensionless group N3 can be interpreted as a number propor-
tional to the droplet Reynolds number. Since the dras cocfficient decreases
as the Reynolds number is increased, it follows that the debris dispersal de-
creases as N3 is increased.

The number Ng, 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

(pressurevesselblowdowntime)[u = constant.Ng.(very weak function of P,/P,,)

- Ng

So, obviously as Ng is increased the debris dispersal can only increase.

N$ is the square of the well-known Kutateladze number. For a two-phase
anr.ular flow in a pipe, flow reversal (liquid film changing its direction of
motion f rom downward direction to the same direction as the upward flowing
gas) t i. predicted to occur [7] when N5 exceeds 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 the cavity.

22 2 2
O "R 0.5Drag 0.5 ~ 'R"R O "R*

R R
$Gravitational Force 3 OE'dg L

Therefore, we can only expect the debris dispersal to increase with increasing
N.$

N6 is the only group which 's 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 cont:urrent

film flow ist N6 > 1. If N6 is less than unity, no droplet entrainment could
be expected. On the other hand, the larger the value of N6 above unity, the
larger the expected droplet entrainment rate, and hence the larger ti.e expect-
ed debris 'ispersal.

As shown earlier on page 23, the group Ny is proportional to the term
2p,u /P,, and this term occurs in the gas momenum equation (where it is negli-

gibIe compared to the interfacial drag term) and the gas energy equation. Al-
though it is difficult to judge the importance of this term, it is clear that

- 27 -
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i

debris dispersal can only increase with increasing N . This is because intui-7
tively it is obvious that if Po (primary system pressure) or At (hole size in
the vessel bottom) were increased, we would have larger gas velocities in the
cavity, and therefore larger debris dispersal f rom the cavity.

The group Ng is simply the Mach number and the nature of its ef fect on
The number N , which appears as a result ofdebris dispersal is not obvious. 9

satisfyingthegastemperatureboundaryconditionatthebeginningofthecav-ity (x = 0), is proportional to the dimensionless gas temperature at x* = 0.
The larger this number, the less the temperature dif ference 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 c appears as a coefficient in two of the terma in the gas en-i
ergy equation. It appears in a term which represents the work done on the gas

2due to itquid drag (Fjtj /(ga )). This term is smaller than the gas-liquidg
heat transfer rate, and as N10 is increased, this term tends to increase the
gas temperature and hence increase the debris dispersal. The second term in
which N o appears as a coefficient involves the pre 'sure gradient. This termi
is also smaller 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. Th e re-
fore, this term may not be very important. It appears that increasing N10 may
result in a small increase in the debris dispersal.
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3. EKPERIMElffAL SIMULATION OF MELT DISPtsRAL FROM REACTOR CAVITIES

3.1 Selection of Plant-Specific Beactor Cavities

The Industry Dsgraded Core Rulemaking Program (IDCOR) has classified PWR
reactor cavities according to geometry into 14 types. IDCOR's position on the
expected debris dispersal f rom these cavity types during a high-pressure melt
ejection accident is given in the IDCOR Technical Report 85.2 (11). Based
upon these views, the 14 cavity types can be further classified on the basis
of expected debris dispersal into 4 groups. These are shown in Table 3. The
table also shows the number of reactor units of each type owned by the IDCOR
participant utilities. The cavity Type A through I is the IDCOR classifica-
tion based upon the geometry.

As a first step towards resolving the debris dispersal issue, we have
chosen to study debris dispersal from one cavity type from each of the Groups
1, 3, and 4. No cavity type f rom Group 2 was selected because this group has
only two reactor units out of a total of 72 units. We have selected the Zion
f rom Group 1, the Watts Bar (similar to Sequoyah) from Group 3, and the Surry
from Group 4.

3.2 Selection of Accident initial Conditions
,

Before we can select the experimental parameters for our simulant debris
dispersal tests, we must first select the full-scale reactor conditions that
we want to simulate. In other words, one must first decide upon the set of
initial conditions (Po, To, mass of melt, etc.) at the instant of high-pres-
sure melt ejection in the full-scale reactor. We realize at the outset that
the set of initial conditions is not unique that is, given a high-pressure
melt ejection accident, there are many possible sets of initial conditions.
The reason is as follows. There are many accident sequences (each sequence
having a certain probability of occurrence) that can lead to a high-pressure
melt ejection accident. Since the sequences are dif ferent, each may lead to a
potentially different initial condition. In addition, since the operator
action, which is not completely predictable, is an integral part of each
sequence, even a given sequence may lead to many sets of initial conditions.
Therefore, in reality we have a large range of initini conditions with associ-
ated probabilities. The detailed (and accurate) information about this range
of possible initial conditions is however, not currently available. It should
in principle, be provided by other NRC programs (SASA, MELPROC). We note here
that, the purpose of our current expe riment s is merely to characterine the
debris dispersive nature of various cavity designs. The experiments are not
intended to simulate the entire range of possible initial conditions.

In the absence of the above-mentioned detailed information about the ini-
tial conditions, we have selected a set of base case initial conditions based
upon what is currently believed (12,13.14] to be the range of various initial
parameters. In addition, to show the sensitivity of various dimensionless
groups (discussed in Chapter 2) to the assumed initial conditions, we have
selected two additional sets of initial conditions for each of the cavity
types. These initial conditions, which are primarily based upon NRC Standard
Problem Numbers 1 and 2 [14), are given in Table 4.

- 29 -
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Table 3. Summary of IDCOR Reactor Cavity Configurations

Creup 1 Croup 2 Group 3 Croup 4

Large Debris Medium Debris Scu,11 Debris None/Little
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.) t K(2,WPl. etc.) E(2, South Texas 1&2)
F(5, C.alvert Cliffs, etc.) M(5, Calloway, etc.) C(3, oconee 1,2,3)'
J(2, San Onofre 2&3) H(12 Summer 1, etc.)

N(1, Yankee Rowe) 1(5, St. Incie 1, etc.)

NOTE: Cavities are grouped according to anticipated (by IDCOR) debris dispersal from reactor cavi-
ties during a high pressure melt ejection accident. The numerical nasaber af ter the cavity
type (IDCOR classification) indicates the number of reactor units quoted in the IDCOR Te k
nical Report 85.2.

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

i

1
7

,-

Case Po P. T, To Vo dole * Mass oft

Diameter Core Melt '

3(MPa) (MPa) (K) (K) (m ) (a) (kg) *

. (a) Zions !
| i

| ZR1 7.0 C.4 2533.0 558.S 340.0 0.4 134 n 103 i
I (Base case)

'

l ZR2 5.0 0.4 2533.0 536.0 340.0 0.55 134 x 10 3

i i

ZR3 15.0 0.4 2533.0 614.0 340.0 0.4 134 x 103 f

(b) Surry:
,

+

| SR1 7.0 0.193 2533.0 558.8 268.0 0.4 127 x 103
(Base Case) |
SR2 5.0 0.193 2533.0 536.0 268.0 0.55 127 x 108

3SR3 15.0 0.193 2533.0 614.0 268.0 0.4 127 x 10

(c) Watts Bart :

!

WBR1 7.0 0.14 2533.0 558.8 357.0 0.4 130 x 103
(Base Case)

WBR2 5.0 0.14 2533.0 536.0 357.0 0.55 130 x 103 !

!-
WBR3 15.0 0.14 2533.0 614.0 357.0 0.4 130 x 103

|
1 * Diameter of the hole in the reactor pressure vessel bottom head at the '

I beginning of the steam blowdown.
I

i

It

| The initial conditions are used to calculate the various dimensionless ;
| groups given in Table 2. The experimental parameters are then chosen so as to ;

yield as close an agreement in the dimensionless numbers between the full- [scale base case and tta experiments as possible. By selecting the particular j
set of base initial conditions given in Table 4, we :lo not mean to imply that i

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 is i
lacking.

[
f

In Section 2.1 we discussed two limitations of our debris dispersal !

experiments. Let us now consider an additional tapediment to performing a
perfectly scaled simulant experiment. For the full-scale reactor, the melt
temperature is such larger than the steam temperature. 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 temperature s . As a result, we can-
not simulate the variation of gas velocity within the cavity due to heat
transfer effects. This dif ficulty is reflected in the fact that we cannot
match the dimension 1eds group Ng between the full-scale accident condition and
the simulant experiment. However, as long as we understand that, (i) it is
the motion of gas that is responsible for debris dispersal and not the gas
temperature, and (ii) that the purpose of our experiments is to characterise
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-
1er than that of the core-melt, and also because the surf ace area available
for melt-steam heat transfer is likely to be large, we expect that steam would
heat up to the acit temperature within a very short dist#9ce. 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 is now assumed to be at a noch higher te mpe r ature . Mathematically, this
consists of replacing the conditions of steam in the primary system. To, Po,
Vo, by the modified conditions Tb, Ph. and V6. We assume that the modified
steam temperatare within the primary system, Th equais the liquid temperature,
Tg,. We find P& and V6 by satisfying the requirement that the computed steam
mass flux into the cavity using the modified conditions (Ph. V6, T&) be iden-
tical to the computed steam mass flux using the actual primary system condi-

tions (Po, Vo, To). The steam mass flux mg(t) at any time t into the cavity is
given by (see Eq. (26)):

.o y+1

E (1-y) ql-y (40)a (1 Na (t) =

8 g
o

where a is the steam cuss flow rate into the cavity at t = 0, and Mo Q the
total mass of steam in the primary system at t = 0. Therefore, if both mg and
Ho are the same for the actual and "modified" conditions, we will have identi-
cal a (t). Sinceg

a = A f(y) A f(y)=
g t

/RT, /KT'

p6V6and Ho poVu == ,
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we have

T T

P; P,( 3/: ) 5 , v; v,( 3/: ) '5 , T; - T (41)- -
to o

We shall use the above values of P6, T6, and V6 to compute the dimensionless
scaling parameters (given in Table 2) for the full-scale accident conditions.

3.3 Experimental Method and Parameters

The schematic of the experimental facility designed to carry out debris
dispersal experiments using small-scale (1/42nd) transparent models of the
reactor cavities is shown in Figure 3. The pressure vessels PV3 and PV , the2melt holder KH, 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 cavity model C under test is hald below the melt hold-
er and is 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 (KH) 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 4.

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 wit 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 f rom an orifice
above the cavity floor. This is followed immediataly by the blowdown of gas
from the pressure vessels. The debris that lea" tl 4 cavity (via exit E) is
either trapped in the duct P or the collection t' During tt e experiment,..

high-speed movies of the melt simulant-gas inter )n in the cavity are taken
and, at the end of the experiment, the mass of it simulant trapped in the
cavity is measured.

Figure 5 shows the photographs cf the Zion, t e Surry, and the Watts Bar
cavity models. Schematics of these cavity modela are shown in Figure 6(a-c).

|The experimental parameters for the various debris dispersal experiments per-
formed using the 1/42nd-scale models of the Zion, the Surry, and the Watts Bar
cavities are given in Table 5. The second column, which gives the case number
for each run, is used to characterjee the experimental parameters. In other
words, all runs having the sa me case number have nominally the sa me set of
pa ra me t e r s . The dimensionless para me t e rs which characterire each experiment
are prescated in Chapter 4.

I
i
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Table 5. Experimental Parameters for Debris Dispersal Testa
,

Mass of Diameter
2Helt T V x10 P T of

#
Run Case Melt Simulant Orifice *

3
f Simulant (kg) (K) (m ) (HPa) (K) (mm)

(a) Cavity Modelt Zion

Z-1 20 Water 0.195 300 0.621 5.27 306 7.14

Z-2 20 Water 0.194 300 0.621 5.27 307 7.14

Z-3 19 tater 0.193 300 0.621 2.66 305 9.53

(b) Cavity Models Surry

S-1 8 Water 0.166 300 0.622 3.8 305 9.53

S-3 30 Wood's 1.72 451 0.622 5.27 373 11.51

| Metal

S-4 33 Wood's 1.747 453 0.622 4.41 374 11.51
Metal

S-5 32 Water 0.186 299 0.622 5.27 306 6.31

S-6** 39 Wood's 1.753 456 0.926 5.27 374 11.51
Metal

(c) Cavity Model Watts Bar

WB-1 34 Water 0.192 300 0.621 5.27 306 7.54

WB-2 36 Water 0.208 301 0.924 5.27 308 7.54

WB-3 36 Water 0.198 304 0.925 5.27 309 7.54

WB-4 35 Wood's 1.75 457 0.622 5.27 378 11.51
Metal

WB-7 35 Wood's 1.751 456 0.622 5.27 375 11.51
Hetal

WB-8 37 Wood's 1.753 456 0.926 5.27 377 11.51
Metal

*Dpening through which melt simulant and the gas are discharged into the
cavity.

**For these runs, helium was used as the blowdown gas, all other runs used
nitrogen as the blowdown gas.

- 42 -



_

4. EXPERIMElfrAL RESULTS

4.1 Results for the Zion Regetor Cavity Wdel

Table 6 shows the results of debris dispersal experiments performed with
the Zion cavity codel. Although by now it is well accepted that the Zion
cavity is dispersive in nature (see, e.g. Ref. [ 3]), we present these results
mainly for the sake of completeness and to show the values of various dimen-
sionless parameters. As we can see f rom this table, some of the dimensionless
groups are very well matched between the experiments and the f ull scale, while
others are very different. A complete discussion of the interpretation of the
debris dispersal results, in light of the values of these dimensionless
groups, will be presented in Chapter 5. It should be noted that for the exper-
iments with the Zion cavity model we have thus far used only water as the melt
s i mul at.t . Experiments using molten Wood's metal as the melt simulant will be
performed in the near future.

From the high-speed movies taken during the debris dispersal experimente,
we make the following general observations. The experiment progresses in two
stages. In the first phase, a jet of melt-simulant is directed towards the
cavity floor. This is immer.ately followed by the blowdown of gas into the
cavity. During the first phase we observe the melt simulant to spread along
the floor of the cavity, with some fraction splashing in various directions.
Wherever this outward moving melt simulant (film) encounters a vertical wall,
it climbs up the walls. Therefore, by the time the gas injection begins, the
me lt-simulan t is still observed to be in cotion and along the various walls
(and floor) of the cavity. In other words, no pool of melt si mulant i s o b-
served to form on the floor of the cavity model bofore or during the gas blow-
down phase. The above flow features were also observed during expe riment s
with the Surry and the Watts Bar cavity codels.

Figure 7 shows a schematic of the observed flow field within the Zion
cavity model during the gas blowdown process for experiments where water was
used as the melt simulant. We observe the gas undergoing recirculation within
the cylindrical portion of the cavity (D). The gas, which is moving upward
along the cylindrical walls, presumably entrains water droplets from the water
film on these walls. This mixture of gas and water droplets then moves along
the keyway and ultimately out of the cavity. The flow is observed to be high-
ly turbulent everywhere. The entrainment or re-entrainment of water droplets
presunably also takes place from other walls (or floor) of the cavity model.
The high-speed movies of the debris dispersal process also show that before
the beginning of the gas blowdown, some f raction of the melt simulant exits
the cavity via the inclined keyway under its own momentum. While we have not
yet uade measurements of this f raction of melt simulant that leaves the cavity
model under its own mo ment um, we e s t ima te this fraction to be s mall (of the

order of 20%).

4.2 Results for the Surry Cavity Ndel

Table 7 shows the results of the debris dispersal e xpe riment s for the
Surry cavity codel. We note that the observed f raction of dispersed debris
f rom the cavity model is very high. A discussion of these results is present-
ed in Chapter 5.
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Table 6. Results of Debris Dispersal Experiments and the Values of Various I

Dimensionless Groups for the Zion Cavity Model i

i

Full Scale * Case 20 Case 19 Full Scale * Full Scale *
Base Case ZR2 ZR3

ZR1

Fraction
0. 9 9* * 0.995Dispersed --- ---- - -

Ng 0.018 0.025 + 0.030 + 0.0095 0.0043

2.04x10-3 4.56x10-2 , 3,7 g x g o- 2 + 3.87x10-3 8.5x10-3N2

N3 8.87 26.0 + 29.0 + 6.43 4.34

Ng 190.7 243.1 + 122.7 + 142 372

678.7 910.1 t 732.8 1291 2838N5

N6 6.9 8.;r t, 8.0 9.52 14.11

Ny 0.80 0.51 + 0.41 + 1.53 3.36

Ng 0.52 0.41 0.37 0.72 =1.0

N, 0.41 0.33 0.40 0.44 0.34

0.073 0.07 0.056 0.139 0.305N10

(Arrows refer to comparison with the full-scale base case. See Section 5.1 for
explanation.)
*See Section 3.2 and Eq. (41) for the initial conditions assumed for the full-
scale cases.

** Average of two runs, see Table 5 for experimental parameters.
|

;
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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 thtt some melt is also depoatt-
ed on the "roof" of the keyway. In particular. ni note that some of the melt
deposits in this figure are in the form of elongated, downward pointing frozen
drops. This, together with the fact that the melt deP> sited on the floor of
the cavity is 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
f reezing 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, and
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. Af te r a short interval, however, the melt-s imulant in 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 si mulant is removed from the cavity model during the experiment. A
further discussion of these results is presented in Chapter 5.

Figure 10 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 11. 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. First of all, we observe flow
separation and consequently the presence of an eddy, R, within the cavity.
This is obviously due to large increase in the area of cross section of the
cavity in the direction of motion of the gas. Secondly, the gas-droplet mix-
tu:e that is moving upwards along the keyway (K) splits up into two parts.
Some of the gas-droplet mixture exits the cavity directly via path P1, 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 (S) suggests that the current structure of the
soal table (0.5 in, steel plate) in the Watts Bar Nuclear Plant will not sur-
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 I
i i

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
i2 values of various dimensionless numbers for all the experimental runs and the

j full-scale cavity for three assumed sets of initial conditions. The esperi- ;

! nents were intended to simuiste the base case full-scale conditions (Case ZR1,
|

| SR1, and WBR1) as closely as posaible. However, since it is impossible to '

j match all the 10 dimensionless numbers betseen the experiment and the full- |
a scale case, we must uae physical arguments to interpret the experimental '

I results. In Section 2.6 we presented a detailed discussion about the physical (meaning of various dimensionless parameters. We also discussed there, the '

effect on debric dispersal of increasing or decreasing the various dimension-
,

i less groups. We can now use that discussion to estimate, for each of the !
dimensionless groups, the effect of missatch between their values for the |

experiments and the full-scale base cases (ZR1, SR1, WBRl) 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 l
! in Tables 6, 7 and 8. |

;

] Consider the Case 19 and Ng in Table 6. Since Ng is proportional to the j'

dimensionless blowdown time, and Ng for the experiment (122.7) is less than '
' the value of Ng for the full-scale base case (190.7), it is clear that because ;

) of this mismatch for the value of Ng, the fraction of debris dispersed during |

4 the experiment caa only be less than or equal to the full-scale case. This is !
; indicated by a downward pointing arrow next to the value of Ng. Similarly, an
| upward pointing arrow indicates that the experimentally measured value of the !'

f raction 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 t
; value of a dimensionless group indicates that the measured f raction of dis- !
j persed debris should be "slightly" greater than (upward pointing arrow) or |
j "slightly" smaller than (devnward pointing arrow) the fraction of debris dis- '

j persed for the full-scale base case. For example, consider Case 32 and the
'

group N10 in Table 7. Although the value of N10 for the experiment (0.01) is
about five time s lower than that of its value for the full-scale base case

| (0.054), based upon the expected insensitivity of Ngo to debris dispersal (see
Section 2 6), we indica *.e that due to this mismatch in the value of Ngp the j

'

frtetton of debris dispersed for the experiment may onl/ be slightly smaller ithan that for the full scale. i

i

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 that the fraction of debris dispersed ;

for the full-scale case should be greater than or equal to the experimental :
! .alue. 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 6
'

| i

:
i
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equal 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 f act 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 the 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 coluan 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
expe riment with the Zion cavity model, which will use molten Wood's metal as j

the melt simulant, will have all the arrows pointing dowawards. These experi- |

ments will therefore give us a lower limit on the expected debris dispersal
from tha full-scale Zion cavity.

However, as was pointed out in Section b.1, based upon other experiments
(1,2,3) it is now well accepted that the Zion cavity is dispersive in nature.

'
5.3 Discussion of Disfersal Results for the Surry Cavity

Table 7 shows the values of various dimensionless numbers and the debris
dispersal results for the Surry cavity. A4 mentioned elsewhere, we shall only j

compare the values of various dimensionless groups between the experiments and
the full-scale base case (SRI). The values for the remaining two full-scale
esses (312 and SR3) are being presented only so that the reader can appreciate
t.he sensicivity of dimensionless parameters to the assumed initial conditions.
A3 ve ceA see f rom this table some dimensionless groups (e.g., N5 between SRI
and sR3) can change by as cuch as a factor of four for the full-scale case

,

I

when initial conditions are changed. Since Ng is the Kach number, and its
effect on debris dispersal is not readily apparent, a question mark is placed
next to the cases where it is significantly dif ferent from the full-scale
case. This indicates our inability to predict the ef fect of mismatch in the
Mach number on the measured debris dispersal. When we look at the columns
represented by Cases 30 and 33, we see that all the arrows are pointing down-
wards. This implies that the measured f raction of debris dispersed is less
than or equal to the fraction of debris oispersed for the full-scale base i

case. In oth1r words, we conclude that for the full-scale Surry cavity, at '

'
least 84% of tho 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

icorresponding to Case 39, helius was used as the blovdown gas, and for all the
expe riment s corresponding to Case 30, 33, and 39, molten Wood's metal was
used as the melt simulant.
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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 82% of the debris will be ejected out of the cavity if the
initial accident conditions are the same as assumed here. Furthermore, if we
compare Cases 35 and 37, we note that the only dimensionless number that is
different for these two cases is the group Ng, which is proportional to dimen-
sionless blowdown time. In agreement with our earlier arguments, we observe
that the fraction of debris dispersed does indeed increase with increasing N .g

4

i

i

i

!
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6. SUMMARY AND CONCLUSIONS

This report describes and presents the results of a scoping experimental
study of the "extest of molten debris dispersal" from PWR reactor cavities
under conditions of high-pressure melt ej ection (primary system pressure
approximately 1000 psia and vessel hole diameter roughly 0.4 a diameter). The
experiments were conducted using scale models of the reactor cavities and were
designed to employ low-temperature melt simulant s . As a consequence, the
experimental program was developed in conjuction with a patallel scaling anal-
ysis 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
1 experimental results presented. The phenomenological modeling and the deriva-
| tion of the scaring relationships are described. A methodolcgy based upon the

scaling analysis is presented which is employed to sxtrapolate the experimen-
tal results for the "debris dispersal fraction" to accident conditions.

(

| Three "re "esentative" reactor cavities were selectedt Zics, Surry and
! Watts Bar. An ..perimental apparatus was constructed to simulate the process

of melt dispersal f rom reactor cavities during high-pressure melt ejection.i

' The cavities were constructed to provide 1/42-nd scale simulations of the pro-
totypic cavities and were f abricated of transp rent materials to enable visual

j observations to be made of the flow processes within the cavities. Water and
j Wood's metal were employed 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
immediately by blowdove gas, was injected into the cavity. The quantity of

1 melt remaining in the cavity following the gas blowdown was measured, thus
permitting calculation of the "f raction of melt dispersed" f rom 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

I were deduced.
I
' ,

The high-speed movies 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 configuratija, where-
upon the jet strikes the cavity floor and apparently distributes itself along

,

j the walls of the cavity model, all under its own momentum. Gas follows the I

j liquid into the cavity and subsequently appears to entrain and f ragment the
i liquid into droplets, creating a dispersed droplet flow regi me within the

model. The droplets are transported out of the cavity by the finwing gas.

The above qualitative observations form the conceptual basis for develop-
ment of the phenomenological model of reactor cavity phenomena. This model is
then applied to the scaling analysis from which the scaling relativnships are
derived. The model pre sume s the existence of a "dispersed annular-flow"
regime within the reactor cavity, where droplets are dispersed in a gas core,

; region and a liquid film is presumed to exist on the walls of the cavity.
Eulerian, unsteady, one-dimensional mass, mome nt um and energy equations are

j written for each phase. Liquid temperature is assumed constant and chemical
j reaction between phases is not considered. Simplified constitutive relations

for interfacial forces, heat transfer and ent rainment are 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 provideo 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 parametcrs
are calculated for each. It is shown that it is not, ira general, possible to

precisely match the values of the prototypic and experimental scaling parame-
ters. The experiments reported here are performed at low temperature. As a
consequence, the gas phase acceleration ef f ects 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 and I
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 f rom full-scale

reactor cavities under accident conditions. With the experimental scaling
parameters chosen in this way the "melt dispersal fraction" data obtained us-
ing Wood's metal es the melt simulant are believed to underestimate the extent
of melt dispersal under high-pressure accident conditions. Thus, if an exper-
iment designed to simulate a high-pressure melt ejection accident led to mea-
surement of dispersal of, for example, 80% of the melt injected into the cavi-

|ty, then the interpretation of this result is that, under accident conditions.
'

greater than 80% of the melt would be ejected f rom the reactor cavity. Only
those experiments 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 experiments perforred here were not used for this purpose. |

t

The expertoents perfotmed thus f ar with the "ion cavity were performed {
using water as estt si mulant . Based upon the above arguments, therefore, we

'

|cannot make any judgements of the extent of melt dispersal for this system. It
1s noted that experiments performed elsewhere [2.3) suggest that melt ejection
frna the Zion reactor cavity would be nearly completa under conditions of
high-pressure melt ejection. This conclusion v'Ji be verified in additional
planned experiments using Weod's metal as the melt simulant. Experiments with
both the Surry and Watts har cavities, together with the scaling arguments,
suggest that melt dispersal will also be nearly complete (in excess of 80%)
under high-pressure melt ejection conditions.

The motion pictures of the flow pattetus in the Watts Bar cavity suggest
that the high-temperature dispersed melt flows through the cavity and up the
inclined keyway where the flow is observed to split into two parts. One of i

'

the two resulting flow streams moves towards the seal table where the flow
reverses direction and finally exits the cavity. The seal tabic room is
covered with a steel plate which would be exposed to the high-temperature
(e.g. 2500K) molten debris. It has been suggested (15) th4t this cover plate

I could f ail during the time of melt ejection f rom the cavity, leading to trans-
' port of melt into the seal table room where contact of the melt with the con-

tainment liner could eccur. Heltthrough of this liner would ef fectively imply
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a breach of containment and "early" availability of t leakage path for fission
products to the ataosphere. It is recomended that the scenario of the seal
table cover plate failure during high-pressure mGit ejection accidents be
closely scrutinized.

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