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ABSTRACT

Severe accidents in light water reactors are characterized by an occurrence of multiphase flow
with complicated phase changes, chemical reaction and various bifurcation phenomena. Because
of the inherent difficulties associated with full-scale testing, scaled down and simulation
experiments are essential part of the severe accident analyses. However, one of the most
significant shortcomings in the area is the lack of well-established and reliable scaling method
and scaling criteria. In view of this, the siepwise integral scaling method is developed for severe
accident analyses. This new scaling method is quite different from the conventional approach.
However, its focus on dominant transport mechanisms and use of the integral response of the
system make this method relatively simple 1o apply 0 very complicated muti-phase flow
problems. In order to demonstrate its applicability and usefuiness, three case studies have been
made. The phenomena considered are

1) corium dispersion in DCH,

2) corium spreading in BWR MARK-1 containment, and

3) incore boil-off and heating process. The results of these studies clearly indicate the
effectiveness of their stepwise integral scaling method. Such a simple and systematic scaling
method has not been previously available to severe accident analyses.

1



TABLE OF CONTENTS
ABSTRALT .o iecoonsamicossamsmammimessmresesssosooseamsesarsisesisssobesetiaasabiions ool
BLY W 261610 ST
LIST OF TABLES .....oooooooooooeoo O S
ACKNOWLEDGEMENT .........oooooeoooooeoeoeeeeoeensee e seesoeeeseseeeeeseeeeest e seees oo
Chapter 1. INTRODUCTION . o...ooooeooooooeeoooeoeeoeoeeooeeomee oo eese oo s eeeeeereeeeeeeseeees e

Chapter 2. DESCRIPTION OF STEPWISE INTEGRAL

SCALINGMETHOID . ........... . ococimamenesannetisnss sigassastonassrsnborssssnme s bsbassaiipinnse

Chapter 3. SCALING STUDY OF CORIUM DISPERSIONINDCH ...,

Chapter 4. SCALING STUDY OF SPREADING OF MOLTEN CORIUM

IN MARK-1 BOILING WATER REACTORS ...

Chapter 5. SCALING STUDY OF BOIL-OFF PROCESS

Chapier 6. SUMMARY AND CONCLUSIONS ... csimmasiniensones casnnssas snsases

..... 97




Ay d e e e e e e e s e o b B b ot o i e
g e — [ T e ——————— 4

LIST OF FIGURES

Fig. 1 Vanations of cOrum WmPeratiee ... .......cocovimimmimeieronesns oo sinisseneessesens 699
Fig. 2 Variations of 10p conum thiCkNEess ... 66

Fig. 3 Variations of bottom coritm thickness ... 67

Fig. 4 Comparison of the measured mixture level with the predictions
by SCDAP and the present method ... e eeses s ees s ss s s 91

g, 5 Comparison of the measured fuel wemperature at (0.35m
with the predictions by SCDAP and the present method ..............................92

Fig. 6 Comparison of the measured fuel temperature at ().5m
with the predictions by SCDAP and the present method ... . 93

Fig. 7 Companson of the measured fue! temperature at 0.7m
with the predictions by SCDAP and the presentmethod ... ... 94

Fig. 8 Comparison of fraction of heat loss by several heat transfer
mechanism at 0.5m predicted by the presentmethod ... 95

Fig. 9 Comparison of the measured steam temperature at (.5m with
the predictions by SCDAP and the present method ... R PTRWOTRPRIRT 96

vi



LIST OF TABLES

Table 1 Sample calculations for vanous parameters

Table 2 Identfication of system ... D P W

Table 3 Initial and boundary conditions and imerfacial
conditions hetween subsystems

Table 4 Potentially important mechanisms and rank
Table 5 Typical severe accident parameters ..

Table 6 Output of the model ...

vii

.30

61

62

.63



ACKNOWLEDGEMENT

This work was performed under the auspices of U.S. Nuclear Regulatory Commission under the
rescarch grant No. NRC-04-89-361. The authors would like to express their sincere appreciation
for the encouragement, support and technical comments on this program from Drs. N. Zuber, R.
Lee and F. Eltawila of NRC

vin



1. INTRODUCTION

Accident sequences which led to severe core damage and 1o possible release of radioactive
fisston products into the environment have a very low probability. However, the interest in this
area increased significantly due to the occurrence of the small break loss-of-coclant accident at
TMI-2 which led to partial core damage and of the Chernobyl accident in the USSR which led to
extensive core disassembly and significant release of fission products over several countries. In
particular, the latter accident raised tne international concern on the potential consequences of
severe accidents in nuclear reactor systems. Thus, it is necessary 1o assess accurately the risk

from such accidents involving severe core damages.

Severe accidents in light water reactors (LWRs) are characterized by an occurrence of
multi-phase flow with complicated phase changes, chemical reactions and various bifurcation
phenomena. A good understanding of the thermohydraulics of multi-phase flow 1s essential in

several areas related 1o these accidents [1.1-5] as listed below.

|, Accdent progressions which may lead to severe core damages can only properly be
assessed by accurate two-phase flow models and safety codes supported by experimental
data and good understanding of scaling laws.

2. Afer sigmficantly exceeding the design limit in terms of the cladding temperature, the
core degradation and material relocation become possible. Modeling of cladding and fuel
melting, oxidation and hydrogen generation, fission product release, natural circulation of
stcam, matenal relocation, freezing of molten material, blockage formation and interaction
of various materizls and coolant become necessary. In this stage, the first line of defense

against the release of fission products is breached.

3. The second line of defence is the reactor pressure vessel (RPV). However, the lower head
of the RPV may fail due 1o the molien core materials and debris coming in direct contact
with 1t This leads to an extensive release of the core material and fission products into the

containment atmosphere. In terms of accident management. the assessment of coolability
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at this stage is critical. For this purpose, a good understanding of thermohydraulics related
10 these phenomena is essential.

4. The last ine of defense is the reactor containment building. It 1s basically designed for
loads resulting from LOCAs. During a severe accident, the containment wall may be
exposed 10 jets of molten core maierials, core-concrete reactions, fuel-coolant interaction,
hydrogen combustion, heating of continment atmosphere, and thermal and pressure
loading. The consequence of these loadings determines the effectiveness of the last

defense n line

In order to analyze vanious phenomena relaied to severe accidents, the NRC established the
Severe Fuel Damage and Source Term (SFD/ST) Research Program. The program consists of
two extensive efforts, namely the Severe Accident Code Development Program and supporting
various experimental programs. However, at present, large uncertainties exist in modeling and
analyzing these complicated multi-phase flow phenomena.

Efforts 1o establish proper mitigating actions require an ability to analyze a postulated severe
accident with sufficient accuracy. Since the full scale tests are not possible. thermal-hydraulic
models and accident analysis computer codes are used to evaluate the effectuveness of the plant
protection systems and operator actions. For this purpose, the accuracy of computer codes. code
applicability, reliabiliry of multiphase flow models and scaling criteria should be addressed in
sufficient detail.

The present research is focused on the development of a systematic and practical method to
establish scaling criteria for severe accident phenomena. In view of the inherent difficulties
associated with full-scale testing, scaled down experiments have been performed for severe
accident phenomena. These included small scale experiment intended for developing physical
understandings and correlations as well as integral experiments for overall effects. The ability to
predict multiphase flow phenomena depends on the availability of experimental data and of
mathematical models which can be used to describe a physical process with a required degree of
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accuracy. It is essential that the various multiphase flow characteristics and processes be
formulated on a correct physical basis and supporied by experiment data. For this purpose,
specially designed experiments are required which must be conducted in conjunction with and in
support of analytical study.

However, one of the most significant shortcomings in the analyses of severe accidents is the
lack of rebable scaling criteria for various multi-phase flow phenomena. Only very recently, the
technical program group sponsored by the Nuclear Regulatory Commission performed a
comprehensive study on the scaling method for severe accidents [1.6].

Scaling criteria and similarity analyses are essential for
1) designing scaled down experiments
2) evaluating data and extrapolating the data to prototype conditions, and,

3) developing correctly scaled models. In other words, the scaling criteria bndge between
expennmental data and predictive models applicable to prototypic conditions.

The scaling laws for single-phase flow have been well established and modeling using these
criteia has long been an accepted practice. The importance of scaling criteria for two-phase flow
system has also been recognized [1.7-14] for some time. The reasons for the desire 10 use scaled
experiments arise from the condensation of cost, time and simplicity as well as a need for
visuahzation. Thus the lower pressure, temperature, and heat fluxes, combined with the
transparency of model fluids, also provide benefits in the nuclear safety research.

There are several methods available w develop scaling laws for a particular system of
interest [1.14]. These may be classified as below:

1) Method based on Buckingham's © Theorem: When the governing parameters involved in a
phenomenon are known or can be guessed, while the physical laws goveming these variables
are not known, Buckingham's x Theorem can be used to obtain nondimensional parameters.




2) Method based on Physical Laws: When the physical laws governing a phenomenon are
available, these equations can be made non-dimensional by choosing proper scales for
various physical dimensions involved in the equations. From these equations similarity
groups which have definite physical significances can be obtained.

3) Method based on Perturbation Technique: When the equation describing a phenomenon in &
system of interest can be solved under small perturbations, similarity laws governing the
system can be obtained from the dynamic response.

The application of the first method to general two-phase flows is not very useful because of a
large number of parameters required to describe them. Consequently, its application should be
limited 10 certain particular phenomena in which the gbvcming parameters can be significantly
reduced, as discussed by Boure [1.7]. It can be said that most of scaling parameters in
conventional two-phase flow on pressure drops, boiling heat transfer and critical heat flux have
been obtained in this manner [1.7-11].

The second method based on the known physical laws is useful 10 examine the relative
importance of vanous physical effects and mechanisms existing in the system as well as to
define the boundary and initial conditions. The most important aspect is to choose proper scales
for various effects and physical dimensions. However, this 15 not always simple, because in
two-phase flow systems the vanables may change over considerably wide ranges due to several
different mechanisms. It can be said that the scaling criteria obtained from this method are more
locally oriented than system oriented because of the above difficulties.

The third method is based on the perturbation method apphied to governing differential
eguations. From the integral of the system, scaling criteria can be obtained [1.13]. Recently,
considerable advances have been made in the arca of scaling criteria for nuclear reactor sysiems
under two-phase flow conditon by Ishii and coworker [1.15-20] by applying this method. The
focus of this NRC sponsored study was the two-phase flow scaling for LOCAs. This scaling
method is a significant improvement over the classical scaling approach based on the power 10
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volume ratio which is widely used in the area of severe accident simulation experiments. The
newly developed criteria have been used for the design of the ANL scaled down experiments
[1.21-22] and SRI-2 sponsored by EPRI, the conceptual study of new integral test facilities
{1.23], and the evaluation of scaling preservation in the safety analyses codes [1.24].

In contrast, such sca’ing criteria have never been developed for the analyses of severe
accidents. Consequently, systematic evaluation of physical models and experimental data in
terms of scaling effects has not been carried out. If one recalls that in engineering experiments o:
tests, the scaling criteria are the most important starting point, the lack of such scaling criteria in
the area of severe accident analyses significantly reduces the reliability and accuracy of the
predictive methods.

In order 10 evaluate important physical parameters, 10 compare various experimental data
and 10 develop comrectly scaled models, a well established systematic scaling method is needed.
In view of this, a new scaling method is developed for very complicated phenomena such as
severe accident phenomena. This stepwise integral scaling method i1s based on the integral
response of a system and subcomponents. As the name indicates, the scaling analyses is carried
out by starting from the most important transport process then progressing into secondary
phenomena. A detailed description of this new method is given in the next section.

In order to demonstrate the applicability and flexibility of the stepwise integral scaling
method, three cases studied have been made with varying sophistications. These are

1) corium dispersion during the direct containment heating problem,
2) corium spreading in BWR MARK 1| containment, and
3) incore boil-off and heating process.

The resuits of these studies are presented in Sections 1, IV and V.
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2. DESCRIPTION OF STEPWISE INTEGRAL SCALING METHOD

In the proposed method, first of all, two identifications are needed : system identification and
mechanism identification. Whole system is divided into subsystems with several components.
The initial and boundary conditions of the system are identified in order to isolate the present
system and the present problem from other systems and other part of the accident scenario. Also,
through the identification of interfacial conditions between subsystems, each subsystem can be
separately dealt with,

The whole transient is divided into several stages according to time sequence and the
transition of dominant mechanisms 10 characterize each stage. Then, potentially important
mechanisms and bifurcation phenomena are identified for each stage and each subsystem.
Transition criteria between stages and the characteristic time constants of cach mechanism are
identified. The latter will give an estimation tme required to complete the plausible mechanism
and, as a result, become an important factor in determining which mechanism is dominant.
Also, the most cnitical parameters for each stage are identified which we are most concerned
with from the safety point of view. Then, as initial guess, each potential important mechanism is
ranked in terms of relative importance in view of the most critical parameters, using the
transition criteria, bifurcation criteria, and characteristics time constants as well as engineening
judgement and literature survey. As a final step of the phenomena identification, we determine
which transfer process dominantly governs each stage { hydraulic-, thermal-, chemical-,
dominant transfer process). If the strong coupling among them exists, combine them ( thermal-
hydraulic-, thermal-chemical-, or thermal-hydraulic-chemical-transfer process ).

After taking the identification step, scaling analys:s is done step by step. Starting from the
most dominant mechanism for the first stage and the first subsystem, its integral rate equations
including initial and boundary conditions are obtained. These balance equations are solved

analytical or expressed as nonlinear integral response functions for the most critical parameters.



Then, in order to obtain integral scaling parameters, nondimensionalize the integral response
functions, the transition criteria, the bifurcation criteria, and the characteristic time constants
selecting reference conditions so that they may reduce the number of scaling parameters. The
reasonable accuracy of the integral response functions should be checked using proper
experimental data and/or well-verified software. Based on the integral response functions, the

corrections of the mitial guess on the order of relative of vanous mechanisms are obtained.

In the second step, the above siep for the next dominant mechanism is repeated
independently of the first step but results from the first step may be used in this step. Thus, we
check how strong feedback exists between the two mechanisms. If strong enough, we may need
1o combine analysis. This step should be repeated until all the possible major mechanisms are

considered. The above procedure continues until all the stages and subsystems are considered.

The whole set of scaling parameters are generated as a final product of the above stepwise

procedure. After the procedure two guestions should be answered :

1. Is the same relative importance of each scaling parameter preserved for the prototype and its
scaled-down systems ?

2. Is the same sensitivity of the scaling paramelers to the changes in boundary and initial
conditions preserved for the two systems ?

If all the requirement of similarity can not be satisfied, possible scale distortion is carefully
mvestig~ted based on the relative importance of each scaling parameter. Now, we can develop
desirable experimental conditions with given design constraints for the scaled-down system.
Finally, we need to check whether a separate-effect test is needed examining the uncertainties of

dominant mechanisms, transition criteria, bifurcation criteria, and characteristic time constants.

10
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3. SCALING STUDY OF CORIUM DISPERSION IN DCH

The stepwise integral scaling method explained above is applied to the corium
dispersion in the reactor cavity in DCH. Thus the subsystem is the reactor cavity with
the reactor vessel break as the upstream boundary. The previous studies for the DCH
problem indicated that the most signincant factor affecting the containment heating and
pressurization was the degree of the molten corium dispersion. This is because the heat
transfer and chemical reactions which may lead to the containment overpressurization are

basically proportional to the available surface area of the molten corium.

Therefore, for the scaling study the corium dispersion is taken as the most important
phenomenon (o be studied in detail in the reactor cavity. For the molten corium disper-

sion and cortum transport, the following four mechanisms are critical.

1) Corium discharge and corium jet disintegration
1)  Liguid corium spread-out upon impact of the jet or droplet
i)  Liguid mass transport due to inertia, pressure and shear force

iv)  Entrainment and drop formation by streaming gas

These are studied by using the stepwise integral scaling method and starting from the

upstream event.

3.1 Initial Corium Jet Break-up

The molten corium jet can disintegrate into droplets after the discharge from the reac-
tor vessel break. The corium discharge can be in a form of a single phase jet or two-
phase jet due to the depressurization or punch through of the gas flow over the liguid
corium surface in the reactor vessel. Several possible mechanisms and jet disintegration

length are discussed below. The comparison of the jet disintegration length with the

11
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height below the reactor vessel gives the base 10 determine whether the molten corium
disintegrates before impinging on the floor or not. Obviously, if the break-up length, Ly,
is much smaller than the height, then it is expected that the jet disintegrates into small
droplets during the vertical downward motion below the break. Hence it is important to
know the break-up length.

3.1.1 Single Phase Jet Breakup. The single phase liquid jet can break-up in two
major modes depending on the relative velocity between the liquid and gas phases, Obot
and Ishii [3.1].

3.1.1.1 Jet Surface Hydrodynamic Instability. Obot and Ishii {3.1] showed that
for a relauvely small gas Weber number range given by

the jet break up length Lg is given by

Ly a ’uf"jl
— =595 —_— 3.
Dy o 32

where v,, vy and D, are the relative velocity, jet velocity and jei initial diameter.

3.1.1.2 Jet Surface Break-up due to Relative Motion.  When the relative velocity
1s high, We,, > 3.5, the break-up length can be significantly reduced [3.1] and is given by

Ly Bevp 05
" 1110 ‘\/-——E— (Wep, ) (3.3)

v
These correlations indicate that the capillary number E—%’—l— and gas Weber number scale

the jet break-up. The time constant is Lg/v .

3.1.2 Two-phase Jet Break-up. When the jet consists of two phases due 1o either the

12
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gas blow through or gas generation the effect of the void fraction should be considered,
Denten and Ishii {3.2] In this case

Ly Hyjs a |'?
—2 =595 4 ,_!_ . |
D, 595 - [1 0854 ] (3.4)

. ngJzDJ
&

for

We

<35 (3.5)

where j; = ayvg + (1 = ay) vy. Here o, and vy, are the void fraction and gas velocity at

the jet discharge point. For higher relative velocity, We,, > 3.5

L u} & 122

B a1 05 J

——=1110'\/-——-— W, " 36
D, s Ve [' 0.854] (38

These cormrelations indicate that the existence of void accelerates the jet disintegration

significantly.

3.1.3 Jet Break-up Droplet Diameter. The second phenomenon of importance for
the corium jet disintegration is the resultant droplet size. For the DCH problem the dro-
plet size 1s the key in determining the degree of chemical reaction, heat transfer and
corium transport. In the following, the droplet size from the disintegrating jet is dis-
cussed 1n terms of the primary jet disintegration and subsequent droplet disintegration.
The correlations given below are applicable both for the single and two-phase jet disin-
tegration. By modifying the annular droplet size correlation of Kataoka, Ishii and
Mishima [3.3] the mean droplet size in the disintegrated jet flow is given by De Jarlais,
Ishii and Linechan [3.4] by

143

d=0028 —2— (Re;)"? Py J (3.7
PyVr Pr

and the maximum size is given from the maximum log normal distribution as

d max = 3.13d. This criterion roughly corresponds 1o the Weber number criterion of 12.

13
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3.1.4 Secondary Disintegration of Jet Droplet. When the jet disintegrates, the initial
droplet size is given by the above correlation. However, often these initial droplets can
be relatively large and may not be stable. The droplets from the jet can further disin-
tegrate under two conditions. These are

(i) Existence of Extremely High Gas Turbulence such as Shock Waves
(11} Exceeding of Spherical Limit

During the molten corium discharge phase, the first mechanism is unlikely. Under
extreme conditions such as the sudden exposure of droplets 1o shock waves, the disin-
tegration Weber number can be as low as 2 or 3. However, the condition around the
disintegrated jet before the gas blow down phase does not meet such extreme gas tur-
bulences requirement. The second mechanism indicates that if the initial droplet size
given by the above correlation far exceeds the spherical stable drop size limit, then dro-
plets will further disintegrate to reach this stability limit. The spherical limit is given by

17
20

=4\ yap

BP4
[NN.} (3.8)

where the gas viscosity number, N, is defined by

Ny = ~

e =
lp, 0 Va/g Ap]'2

(3.9)

3.2 Corium Drop or Jet Impingement Phenomena

In the above, the cniteria for the jet break-up length and resultant droplet size are dis-
cussed. The next phenomenon of interest is the vertical impingement of the intact jet or
the disintegrated jet in the form of droplet flow. The main question here is whether the
impinging liquid mass spreads out coherently over the cavity wall or bounces back into
the cavity space. The phenomena after the drop or jet impingement at the cavity floor
can be scaled by the impact Weber number defined by

14
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Wlh =

2
Py : . (3.10)

where d is the drop or jet diameter.

For We,,, > 80, the drop or jet will spread out as a liquid film due to large inertia over-
coming the surface tension effect to recover. When We,,, < 30, the droplets bounce back
after the impingement, Bolle and Moureau [3.5].

3.3 Cornum Spread Out Over Cavity Wall

Under & prototypic condition the above criterion for the corium spread out is most
likely satisfied. Then it is important to know the thickness and velocity of the moiten
corium film. For this purpose, several different length scales for the film thickness are
considered below. From the continuity relation, and assuming that the magnitude of the
velocity remains constant during the impingement, the initial film thickness 8, at the
vicinity of the impingement point is given by

- =025 (3.11)
D} - - .

The order of the lower limit of the corium film thickness is estimated by the symmetric
spread of the hquid film with the constant liquid film velocity. The length scale for the
extent of the film spread 1s taken as the hydraulic diameter of the cavity, D),. Then

5mm B (3.12)

it is noted that instead of Dy, other length scale may be used here, however for the

present study Dy, is satisfactory.

The maximum thickness is obtained by assuming the entire corium mass accumulated

15
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on the floor. Thus

Mo

PrAs
where M_,,, and A4 are the iotal corium discharge mass and cavity floor area.

-
=

(3.13)

Another reference film thickness can be obtained by assuming that the all molten

corium spreads over the entire cavity surface. In this case

5 = Mo Mg,
© prAw  mpsDy L,

(3.14)

where Ay and L, are the cavity wall area and cavity length.
3.4 Esumate of Cavity Conditions

In order 1o evaluate the molten corium dispersion in the reactor cavity, it is necessary
to specify the global cavity conditions in terms of the liquid and gas flows. These param-
eters can be estimated {rom the geometry and boundary conditions.

In the above, several iength scales for the corium film thickness have been obtained.
Typical values for these are calculated in Table 1 by considering the following reference

conditions,

In the following analysis, the typical film thickness of 8, =5, is assumed over the

entire cavity welted perimeter. Then from the continuity condition, the film veiocity is

given by
D} Vﬂ
vp= iD, 5, (3.15)
The film Reynolds number is defined by
iy D 4 v
Ry 2I D Ps dyvy (3.16)

Ky Hy




If the film is only on the floor of the cavity, the velocity vy and R, should be about n
times the values given above. Because of the relatively high initial film velocity (in the
order of 40 m/s), the liquid corium can climb up the side walls and may even cover the
ceiling of the cavity. The actual values should be somewhere between them.

The gas flow conditions are estimated along the analysis proposed by Henry [3.6]. By
assuming the choked flow for the gas discharge following the corium discharge, the pres-

sure at the throat is given by
pi~06p, (3.17)
and the choked flow velocity by
RT
Vot = -Il—; (318)

From the ideal gas at the isothermal condition
P =06p, (3.19)

The unlimited isothermal expansion can give the maximum velocity of twice the
discharge velocity. The cavity gas initial velocity before cotrainment can be given from
the continuity relation and the cavity pressure. Thus

3 LU

06 p, [AJ fﬂj
My

—
=

Vee ! ik (3.20)
° Peo tA‘

where A, and A, are the vesse! break area and cavity flow area. p,, is the cavity initial
pressure.
This equation indicates thal the cavity gas velocity is a strong function of the cavity pres-

sure.
3.5 Flow Regime in Cavity

When the molten corium spreads out in the reactor cavity, three different two-phase

flow regimes are possible. These are stratified wavy flow, slug flow and annular flow. In
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order to identify the most possible flow regime, the transition criteria between these
regimes are examined. The onset of slugging from horizontal stratified wavy flow is
given by the following form (Wallis and Dobson [3.7]; Mishima and Ishii [3.8]; Taitel
and Dukler [3.9]):

v, 2 0.5 \Apgh, /o, (3.21)

In the Taitel and Dukler correlation, the constant of 0.5 is replaced by a function of the
void fraction which approaches unity as the relative film thickness becomes smaller.

The transition to annular flow either from the stratified wavy or slug flow is deter-
mined by the entrainment process. Thus 1if the gas (or relative) velocity exceeds the onset
of entrainment velocity, the entrainment of wave crests or liquid slugs occurs. In case of
slug flow, this leads to the elimination of liquid slugs. Since the pant of entrained dro-
plets are deposited 6r the wall surface, the onset of entrainment leads to the formation of
annular flow with liquid wetting the whole surface. However, due to the gravity effect it
is expected that the hquid film thickness at the cavity floor is much lager than those at
the side wall and ceiling. The criterion for the annular flow transition is discussed below

in terms of the entrainment process.
3.6 Corium Entrainment and Droplet Size

The most likely flow regime in the cavity is the film flow. In this case the droplet
entrainment becomes the most important mechanisms 1o disperse the molien corium
mass. The onset of entrainment, entrainment rate and entrained droplet size are dis-
cussed below. The onset of entrainment criteria is given (Ishii and Grolmes [3.10]) by

u]"r pg

— 2 N, O* (3.22)
o prF

where the viscosity number is defined as

Hy
N, = ” (3.23)
(proNo/gAp))
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V,
Primary System Biow Down Time 1, = r
e 06 n D} vy A
Corium Film Transport Time 1= o
J
8 Py

Corium Entrainment Time 1, =

The latter two time constants are particularly important in determining the dominant tran-

sport mode of the corium out of the reactor cavity.

3.8 Discussion of Results

The above scaling study is applied to the following typical reference conditions, see

Table 1.

Cavity geometry :Zion

Reactor Vessel Break Size 20 em diameter
Molien Corium Mass 134 wones

Vessel Pressure :7 MPa (1000 psia)
Cavity Pressure 0.1 MPa (15 psia)

Relative to the above prototypic conditions, several models and simulation experiments
are considered. At full scale and full pressure, a water-air system which simulates the
molten corium-steam system is considered. For the 1/10 linear scale-down model, the

following cases are considered for sample calculations.

Corum-Steam (full pressure, 7 MPa)

T I e TRy S e S i | S e e = 5 =
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Water-Air (reduced pressure, 1.4 MPa, 200 psia)
Wood Metal-Air  (reduced pressure, 1.4 MPa, 200 psia)

The break size for the liquid discharge is geometrically scaled, thus it is 2 cm diame-
ter. However, iu crder to see the parametric effects of the gas flow as well as to compen-
sate for the reducd pressure in the vessel, several enlarged flow area for the gas jet with
the increment of twice, three times, five times and seven times are considered in the sam-

ple calculations. See Tavl= 1.

3.8.1 Prototypic Case

When the reference conditions are applied to the phenomenological models used in the

scaling study, the following results are obtained. The molten corium discharge at the

velocity of 39 m/s. The disintegration length for the single and two-phase jets are 6 m

and 1.6 m, respectively. Thus the corium jet tends to disintegrate before reaching the
floor of the cavity in the case of two-phase flow. The void fraction of 0.5 15 used for this
prediction. Since the jet velocity is high, the second mode of disintegration due to the
relative motion is applicable. The resultant droplet mean diameter is 4.1 mm with the

maximum size of 12.8 mm. The ultimate spherical limit 1s 1.45 mm.

The value of the impingement Weber number far exceeds the spreading limit of 80.
Thus both the coherent jet and droplets spread out upon impingement 1o the floor and
form a corium liguid film rather than bouncing back and form a dispersed droplet flow.
This indicates that most of the mass that is discharged as a jet and mostly disintegrated
into droplets reforms a coherent liquid film upon impingement to the floor. Therefore,
for the corium dispersion in the cavity, the liquid film entrainment becomes the most
important mechanism. The duration of the entrainment depends on the higuid film
residence time in the cavity, Hence the liquid film motion and transport out of the cavity

is also important.

For estimating the film motion, the film thickness and velocity are essential. Several
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reference values for the film thickness are given below.

Initial Thickness 8 =5cm
Minimum Thickness Opin =04 cm
Maximum Thickness Smax =41 cm

Whole Wall Static Spreading &=9cm

The initial film velocity is very high at 39 m/s. Furthermore, complicated three dimen-
sional motion and mixing due to the geometry of the cavity is expected. Because of
these, some of the liquid can climb up the side walls and may even flow over the ceiling
of the cavity. In the subsequent analysis, a typical film thickness of 5 cm is assumed over
the entire cavity wetted perimeter. This value is chosen in view of the initial thickness
and the average between the minimum thickness and whole wall static spreading thick-
ness. The corresponding average film velocity is 3.2 m/s in the axial direction from the
continuity relation. The actual flow should have a very complicated three dimensional
pattern. If most of the liguid flows only over the cavity floor then the velocity is about 10
m/s. With the film velocity of 3.2 m/s, the filim residence time is in the order of 6.5
seconds. The jet discharge time for 134 tons of the molten corium from the 20 cm break

18 about 12 sec.

When the liquid starts to flow as a film, three different regimes are possible as dis-
cussed previously. The stratified to slug flow transition criterion gives the required gas
velocity of 300 m/s, which is about twice the expected gas velocity. However, the more
important transition is that to the annular flow, which is determined by the entrainment
process. As shown below, for the case of the sample calculation the onset of entrainment
velocity is exceeded by the expected gas velocity. Hence these two transition criteria
indicate that the most possible flow regime in the cavity is the annular flow with thicker
film at the bottom of the cavity and thinner film at the sides and ceiling.

The entrainment of liquid from the film is governed by the relmive velocity and film

Reynolds number. The minimum relative velocity required for the onset of the
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entrainment is given by v, in Table 1. The steam velocity in the cavity of 136 m/s far
exceeds this onset of entrainment velocity of 88 m/s at the assumed cavity pressure of 0.1
MPa. Thus significant entrairment of the film into droplets is expected. The calculated
entrainment rate is 3.07 g/cm. At this rate, the characteristic time constant is 14.7
seconds. This value should be compared with the film residence ume of 6.5 seconds.
The two characteristic time constants indicate that the film transport and entrainment
mechanisms are in the same order of magnitude. A little less than one half of the molten
corium is expected to be entrained by the streaming gas and the remaining mass

discharged from the cavity to the lower compartment as a liquid film.

The mean droplet size from the entrainment is 6.6 mm, which is rather large. The sub-
sequent disintegration due 10 the relative motion between the droplets and gas flow may
be possible. When the free stream gas velocity and Weber number of 12 are used, the
droplet stability cniterion gives a diameter of about 1.1 mm. The very high entrainment
rate shown above will certainly slow down the gas flow, specially in the boundary layer
region, since the entrainment process and subsequent acceleration of droplets require
considerable momentum transfer from the gas to liquid. When the one half of the free
stream velocity 1S used as a mean gas velocity in the droplet boundary layer, the critenion
gives the droplet the size of 0.44 mm. Thus it ts expected that the size of droplets is in
the range of 0.44 10 6.6 mm.

The significant effects of the cavity pressure on the gas velocity and the entrainment
process should be noted. For example, if the cavity pressure is 0.3 MPa or three times
the pressure in the sample calculation, the entrainment rate is reduced by a factor of four.
The comresponding charactenistic time for entrainment is 58 seconds, which is much
larger than the film residence time of 6.5 seconds. In that case the cortum dispersion is

considerably reduced.

The break size has also very strong effects on the corium dispersion. The sample cal-

culations are carned out by assuming the diameter of the break te be 20 cm. The

23



increase in the break size shortens both the corium and gas discharge time. However, the
most important effect is on the cavity gas velocity. For example, a twice larger diameter
for the break leads to four times larger gas velocity and nearly four times larger entrain-

ment rate. In that case, the entrainment becomes the dominant corium transport process.

3.8.2 Scaled Experiments

It should be also emphasized that the above results are obtained from the existing
phenomenological models based on experimental data far from the prototypic DCH con-
ditions. Most of the data base are obtained in standard air-water systems with a relatively
small hydraulic diameter of 1 to 2 cm. Only the onset of entrainment criterion has a rela-
uively larger data base with Dy, ranging from 1 to 15 cm. Hence there is a great uncer-
tainty in predicting the corium dispersion in the DCH problem. Two main reasons for
this deficiency are:

(1) Mechanism of corium dispersion are not well understood.

(2) Large uncertainty in the scale-up capability of the available droplet entrainment correlations.

In view of these, well scaled and focused separate effect experiments on the corium
dispersion phenomena may be required. These separate effect expeniments should be
focused on understanding of the mechanisms of the liquid dispersion and establishing
data base which can be used to develop phenomenological models applicable to proto-
typic conditions. For this purpose several scaled down expeniments and simulation
experiments are evaluated as a demonstration of the bottom-up scaling method. The

results are summarized and compared to the hypothetical prototypic conditions in Table
1.

In the sample calculations, three different cases are considered. The most important

phenomena of liquid entrainment and droplet size are discussed below.

1) Conum-Steam (1/10 scale, full TMPa pressure)
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i)

The ertrainment rate is 0.43 g/cm’s and the droplet size is 2.09 mm. 7The entrain-
ment rate is roughly 1/7 of the prototypic case, thus the entrainment time is 10 sec,
which is comparable to the realistic case. The liquid film transport velocity is
essentially the same, at 3.2 m/s, thus the film transport time is reduced by a factor of
10 which is the linear scale rate. Hence the relative significance of the entrainment
is reduced by a factor of 7 in this system. This is a significant scale distortion. The
druplet size is reduced by a factor of 3. In comparison the system dimension is
reduced by a facton of 10. Thus there is a scale distortion in the surface area by a

factor of 3.

Water-Air (1/10 scale, reduced pressure 1.4 MPa, § times break area for gas)

The entrainment rate is 0.52 g/Zcm*s and the droplet size is 0.30 mm. The entrain-
ment rate is about 1/6 of the prototypic case, and the entrainment time is 1 sec.
Here the smaller density of the water has a very strong effect. The entrainment time
1s reduced by a factor of 15. The liquid film transport velocity is 4 m/s, which is
comparable to the prototype. Hence the film transport time is reduced by a factor of
12.5. Therefore, the ratio of the entrainment time to the transport time is distoned
by a factor of only 1.2. The entrainment is slightly accelerated in this system, but
overall the agieement is good. The drolet size is reduced by a factor of 22, In
comparison the system dimension is reduced by a factor of 10. However, this dis-
tortion can he eliminated if the break area for the gas is three tumes the scaled value.
In this case the droplet size is 0.6 mm, which is about 1/10 of the realistic case.
Then the geonetrical scales are well matched between the system scale and the

internal scale (droplet size).

i) Wood Metal-Air (1710 scale, reduced pressure 1.4 MPa, 5 times break area for gas)

The entrainment rate is 0.38 g/cm*s and the droplet size is 1.6 mm. The entrain-
ment rate is roughly 1/8 of the prototypic case. The corresponding entrainment time
18 10.6 sec., which is comparable to the reactor case. The liquid transport velocity 1s

1.44 m/s, hence the hiquid film wransport ime is reduced by a factor of 5. Therefore,
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the ratio of the entrainment time to the transport time is increased by a factor of 3.6.
This implies that the relative importance of the entrainment is significantly reduced.
The droplet size is reduced by a factor of 4, which should be compared to the linear
system scale down factor of 10. Hence the internal surface area is reduced relative
to the system surface area by a factor of 2.5. It is noted that this system behavior is
similar to the 1/10 scale corium-steam system. Furthermore, by reducing the break
area for gas flow, the droplet size can be increased to about 3 mm, which is much
closer to the physical dimension of the droplet n the reactor case than that in the

water-air system.

The above sample calculations demonstrate the usefulness of the bottom-up scaling
method in evaluating various possible experimental conditions. It is noted, however, the
numbers obtained for various parameters are based on the best available phenomenologi-
cal models and correlations. As mentioned above, the data base for these correlations at
the prototypic conditions is missing. Hence the verification of both the phenomena and
correlations at conditions similar to the reactor conditions is necessary. Furthermore, the
present discussion has been limited 1o the hydrodynamic effects in the corium dispersion.
The effects of water in the cavity or the solid materials in the molten corium have not
been addressed here. Both of these effects can have a significant influence on the corium
dispersion phenomena. These should also be evaluated by further researches. However,
the met! adology of the bottm-up scaling and its effectiveness in analyzing the key

phenomena are clearly demonstrated.

Nomenclature

Ac reactor cavity flow area Ny viscosity number based on liquid




Ag cavity flow area

Ay vessel break area

Aw cavity whole wall area

d droplet diameter

dpe  maximum droplet diameter

dy spherical limit droplet diameter
Dy, cavity hydraulic diameter

Dy discharge jet diameter

g gravity

hy height abové corium film
It liquid volumetric flux

11 total volumetric flux of jet

Ly jet break-up length
' cavity total length
M., total corium mass dis harged

My gas molecular weight

Re;

viscosity number based on gas
break throat pressure

vessel pressure

universal gas constant
Reynolds number of film
Reynolds number of jet
temperature

hquid jet velocity

gas discharge throat velocity
relative velocity

volume of primary system
Weber number of entrainment
droplet Weber number

gas Weber number

based on relative velocity
impact Weber number

Greek Letiers

oy jet void fraction

Ap density difference

[ corium thickness from whole wall static spreading
8, initial corium flm thickness

8min  Minimum corium film thickness

8pax  Maximum corium film thickness

&, corium film thickness in cavity

£ entvainment rate
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Ky

Py
Py

viscosity of hiquid
viscosity of gas
density of liquid
density of gas

surface tension
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4. SCALING STUDY OF SPREADING OF MOLTEN
CORIUM IN MARK-1 BOILING WATER REACTORS

4.1 Introduction

Previous containment analysis of BWR MARK-1 has considered the y -mode of
containment failure, that is, overpressure failure of the drywell liner as the dominant
mode. However, a possible mode of early containment failure has been identified [4.1).
In this mode the possible rapid spreading of the melt onto the dryweil floor following the
ejection of core melt materials causes thermal attack by the high-temperature corium
through the direct contact of the molten corium with the steel liner.

Several experimental and analytical investigations have been performed in order to
deal with the safety concern of the mode. The mechanism of melt spreading was experi-
mentally studied by BNL [4.2]. Their studies revealed five melt spreading flow regimes
charactenzed by hydrodynamically-limited and heat transfer-limited phenomena. Based
on their observation, a single parameter dimensionless cormrelavon was suggested for
identifying the spreading regimes. Issues on the dynamic interactions between the
conium and water were studied by Fauske Associates [4.3]. Their experiments designed
with a one-tenth liner scale for geometry used iron thermite as a corium simulant. They
reported that the most important part of the experiments is energy removal rates provided
by water and quenching rates far exceeded critical beat flux values in early transients.
The thermal response of the shell was studied by ORNL using the three-dimensional
transient heat wransport computer code, HEATING-6 [4.4). They found out that the most
important parameters are melt superheat, melt depth, and melt-to-crust heat transfer
coefficients. A detailed computer code for analysis of spreading of the molien corium is
under development at ANL [4.5]. Their scoping calculation showed that the prediction
of corium penetration is strongly sensitive 10 the superheat of corium but weakly sensi-

tive 1o the volumetric heat source in the corium. Kazimi evaluated the cooling of the
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spreading corium and the heat transfer to the liner using his simple model [4.6]. He dev-
ised the map showing the regions of unlikely liner failure in terms of pour rate, pour
superheat, pour material, and the presence of water. Moody developed a snnpkﬁed
theoretical method for estimating the maximum temperature of the shell considering the
relative importance of each phenomenon through nondimensional analysis [4.7]. They
found that the maximum shell temperature is directly proportional to the volumetric heat
generating rate and water cooling is effective in preventing temperatures from reaching
the shell melting value.

In view of complexities of phenomena involved in the mode we need properly-
scaled experiments for studying interactions between spreading and crust formation by
cooling. In order 1o generate scaling criteria, several studies have been performed on the
base of Buckingham's = theorem [4.8-10], the mewod of nondimensional differential
equation [4.11], and the integral method [4.12-13]).

The most extensively used scaling approach is Buckingham's n theorem. Its appli-
cation to the present problem is not very useful because of its main characteristics requir-
ing o guess governing parameters and generating too many similarity groups without
clear physical meanings. The method of nondimensional differential equations based on
physical conservation laws is very useful to provide similarity groups with physical
significance. For multiphase flow this method is applicable only for local scaling due to
a large change of scales over wide ranges. The integral method has been successfully
used for scaling analysis of LOCA. In this method differential equations are integrated
over system implementing initial and boundary conditions in order to obtain integral
response function. Therefore, scaling criteria generated from nondimensionalized
integral response function are applicable for system. However, it is very difficult 10
apply this meth | to a problem with poorly undersiood and very complicated phenomena
because of difficulties in obtaining its integral response function. As a result, a new scal-
ing method called stepwise integral scaling approach described in Chapter I1 is applied to

generating scaling criteria for the present problem.
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4.2 Application of The Proposed Method

4.2.1 ldentification of system

Whole system is divided into three subsystems as shown in Table 2 : vessel subsys-
tem, floor subsystem, and shell subsystem. Each subsystem has its own components. For
example, the floor subsystiem consists of 4 components : sump, inpedestal floor, door-
way, and expedestal floor. Through identifying initial and boundary conditions, and inter-
facial conditions between subsystems as shown in Table 3, the problem can be separated
from in-vessel accident scenario and cach subsystem can be separately dealt with. Five
possible bifurcation phenomena are identified : critical flow (hydraulic jump
phenomena), film boiling und quenching, solidification, crust stability, and minimum
corium thickness for spreading. Concrete ablation and stable crust formation are
wentfied as important feedbick mechanisms. Steam and gas produced by concrete abla-
tion chemically react with metallic components in the corium and produce chemical
energy. More ablation 1s possible due to an increase in the corium temperature by the
produced chemical energy. However, more cooling on the top of the corium is expected
by bubble agnation and corium entrainment. Stable top crust formation considerably
retards spreading and, as a resu't, thickens crust. Stable bottom crust formation can gen-

erate mixed results - no chemical energy and no enhancement of water cooling.

Twenty-nine potentially important phenomena are identified and ranked as shown in
Table 4. Spreading and crust formation are considered as phenomena with high relative
importance.

These phenomena are groupezd and sequence of analysis is decided according 10
their importance and order of events. Three group mechanisms are identified : spreading
group mechanism , waler-corium-concrete interactions and corium-shell interactions.

Here, the former two group mechanisms are studied.

4.2.2 Spreading Group Mechenism
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The spreading group mechanism is chosen as the most important group mechanism
because it consists of main driving mechanisms to transfer the molten corium to the shell.
In the first siep spreading and filling phenomena in the sump, inpedestal floor, doorway,
and expedestal floor are analyzed to generate scaling parameters governing the spreading
group mechanism.  As only mass and momentum transfer are considered, scaling param-
eters involved in the hydrodynamics of the molten corium can be generated.

In the sump

It can be thought that the molten corium leaving the reactor vessel first fills the

sump below it. The filling mechanism in the sump is simply modeled using mass balance

dhg  Q
dt  RI(1-0y,)

(4.1)

where hy, and @, : corium thickness and averaged void fraction in the sump, respec-
tively,

R,y : radius of the sump,

Q; : volumetric pouring-out rate of the corium from the reactor vessel.

Equaton (4.1) is nondimensionalized using the following nondimensional variables and

parameters
" 1 - hgy T dh;u Ny
t=—, hy= Ny =  —— : 42)
o e e ‘

where 1, : time interval in which pouring-out of the corium from the reactor vessel con-
tinues,

Vi : volume of the sump,

N;, : dimensionless sump number,
The dimensionless sump number N, represents the ratio of the total volume

of the pouring-out corium to the total sump volume, noting that

(M/p) = Q, 1, . (4.3)

35




e LU — T - - e e i T e A i B o - T T —— o A e o 4

where M and p : total mass and density of the pouring-out corium, respectively.

If the sump is covered by steel plates during operation, the conium will initially flow
over the cover plates. If the time constant related 10 their complete melting is large
enough compared 1o the time constant of corium spreading, the scaling analysis of the
sump can be simply neglected. However, for the short melting ime constant the effect of
the cover plates on scaling analysis can be neglected. Let us define the subscript R as the
ratio between the model and the prototype in the following generalized form :

Yo ¥ for model

= ¥ - ¥ for prototype

(4.4)

Similanty between the model and the prototype requires that Wy should be equal 10 1.

For similarity in the sump,

(Ne g = (-"‘)ﬂ Vg = 1. (45)

In the Inpedestal Region

After the sump is filled with the molten corium, spreading over the inpedestal floor
is mainly govemed by two competing forces : gravitational force and surface tension.
Gravitational force on the spreading corium is produced by the difference of corium
thickness between upstream and downstream. If the gravitational force becomes low
enough 1o balance surface tension on the leading edge of the spreading corium, the
corium will uniformly spread maintaiming its minimum thickness. Therefore, spreading
over the fioor 1s divided into two regimes : gravitational force-dominated spreading and
surface tension-dominated spreading.

After the front of the corium reaches the wall of the floor, filling is a more dominant
phenomenon than spreading in the same way as water pours into the large empty-flat
bowl It can be observed that first water spreads out and then its height in the bowl almost
instantaneously increases.
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Gravitational force-dominant spreading

Boundary conditions at the radius of the sump R,, such as corium velocity and r

thickness are needed for gravitational force-dominant spreading over the inpedestal floor. !

‘ After the sump is filled with the pouring-out molten corium, its height h, continues to I
: increase without any spilling over the sump until gravitational force resulting from the
E potential difference between hy, and h, overcomes the surface tension on the leading edge
of the corium. After then, the volumetric flow rate leaving the sump region Q, continues
to increase until it becomes equal to Q,. The corium velocity at Ry, vy, can be approxi-

mately obtained using Bernoulli’s equation:

|
i
|
I
!
|
|
vo=2g (hy~h,). (4.6) |
|
|
|
!
|

The volumetric flow rate at R;, Q; . is expressed as
Qi=2xmRy hy y2g(hy-hy). (4.7)

At the maximum draining rate from the sump region, which is equal to Q,, the fol-
lowing relationship between h, and h, can be obtained differentiating Eq.(4.7) with h; ]
|

b= by 48)

Putting Eq.(4.8) into Eq.(4.7) yields

hy =a; (Q, /Ry 1*?, (4.9)

vi=ag( Qp /Ry )“3' (4.10)
where a; = (1/4n°g)"?, a; =(g/2r)"".

As noticed later, Egs. (4.9) and (4.10) are equivalent to the critical conditions for
open channel flow. Corium spreading is expected 1o be analyzed by equations governing
the dynamics of open channel flow. Since spreading is at quasi-steady at the maximum

draining rate from the sump, the following steady-state macroscopic mass and
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momentum balance equations for a fixed control volume are used:

mass !Ap?-ﬁdA =0,

momentum IApW-ﬁ' dA = Lpﬁ dv + L’t:,,,dA,

where A and V ;. control surface and volume, respectively,
gy  stress vector acting on the control surface.
Then, Eq.(4.11) becomes

dev> dh <v>h
4+ <V> —— + =

dr dr r

h 0,
where <v> = Ihvdz / Ihdz.
o o
Equation (4.12) is the other expression of steady-state mass balance
Qp=2nrhav>

Integrating Eq.(4.12) over the control surface and control volume yields

C 1
_0—5-5_ . NF,"'[KD& mho,
where Ny, : Froude number defined as Ny, = <v>? / gh,
& : floor angle,

f : wall friction coefficient.

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

According 10 the Manning correlation [4.15] for friction coefficients in open chan-

nel flow, f can be expressed as
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Then, in order to obtain integral scaling parameters, nondimensionalize the integral response
functions, the transition criteria, the bifurcation criteria, and the charactenistic time constants
selecting reference conditions so that they may reduce the number of scaling parameters. The
reasonable accuracy of the integral response functions shouid be checked using proper
experimental data and/or well-verified software. Based on the integral response functions, the
corrections of the initial guess on the order of relative of various mechanisms are obtained.

In the second step, the above step for the next dominant mechanism is repeated
independently of the first step but results from the first step may be used in this step. Thus, we
check how strong feedback exists between the two mechanisms. If strong enough, we may need
to combine analysis. This step should be repeated until all the possible major mechanisms are
considered. The above procedure continues until all the stages and subsystems are considered.

The whole set of scaling parameters are generated as a final product of the above stepwise

procedure. After the procedure two questions should be answered :

1. Is the same relative importance of each scaling parameter preserved for the prototype and its
scaled-down systems ?

2. Is the same sensitivity of the scaling parameters to the changes in boundary and initial

conditions preserved for the two systems ?

If all the requirement of similarity can not be satisfied, possible scale distortion is carefully
mvestigated based on the relative importance of each scaling parameter. Now, we can develop
desirable experimental conditions with given design constraints for the scaled-down system.
Finally, we need to check whether a separate-cffect test is needed examining the uncertainties of

dominant mechanisms, transition criteria, bifurcation criteria, and characteristic time constants.
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3. SCALING STUDY OF CORIUM DISPERSION IN DCH

The stepwise integral scaling method explained above is applied to the corium
dispersion in the reactor cavity in DCH. Thus the subsystem is the reactor cavity with
the reactor vessel break as the upstream boundary. The previous studies for the DCH
problem indicated that the most significant factor affecting the containment heating and
pressurization was the degree of the molten corium dispersion. This is because the heat
transfer and chemical reactions which may lead to the containment overpressurization are

basically proportional to the available surface area of the molten corium.

Therefore, for the scaling study the corium dispersion is taken as the most important
phenomenon 1o be studied in detail in the reactor cavity. For the molten corium disper-

sion and corium transport, the following four mechanisms are critical.

1) Corium discharge and corium jet disintegration
i)  Liguid corium spread-out upon impact of the jet or droplet
iti)  Liguid mass transport due to inertia, pressure and shear force

1) Entrainment and drop formation by streaming gas

These are studied by using the stepwise integral scaling method and starting from the

upstream event.

3.1 Inital Cortum Jet Break-up

The molten corium jet can disintegrate into droplets after the discharge from the reac-
tor vessel break. The corium discharge can be in a form of a single phase jet or two-
phase jet due to the depressurization or punch through of the gas flow over the hquid
corium surface in the reactor vessel. Several possible mechanisms and jet disintegration

length are discussed below. The comparison of the jet disintegration length with the
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height below the reactor vessel gives the base to determine whether the molten corium
disintegrates before impinging on the floor or not. Obviously, if the break-up Jength, Ly,
is much smaller than the height, then it is expected that the jet disintegrates into small
droplets during the vertical downward motion below the break. Hence it is important to
know the break-up length.

3.1.1 Single Phase Jet Breakup. The single phase liquid jet can break-up in two
major modes depending on the relative velocity between the liquid and gas phases, Obot
and Isha [3.1].

3111 Jet Surface Hydrodynamic Instability. Obot and Ishii {3.1] showed that
for a relatively small gas Weber number range given by

ngIIDJ
a

We,, = <35 3.1

the jet break up length Ly is given by

Ly ‘ ’“["jl
— = 59§ it 32
b, . (3.2)

where v, vy and D, are the relative velocity, jet velocity and jet initial diameter.

3.1.1.2 Jet Surface Break-up due to Relative Motion. When the relative velocity
is high, We,, > 3.5, the break-up length can be significantly reduced [3.1] and is given by

Ly \ ’“ﬂ’ﬂ 05

Y

These correlations indicate that the capillary number uf:f ? and gas Weber number scale

the jet break-up. The time constant is Lp/vg.

3.1.2 Two-phase Jet Break-up. When the jet consists of two phases due to either the

12



gas blow through or gas generation the effect of the void fraction should be considered,
Denten and Ishii [3.2] In this case

L uj o 13

B 7)) J

.. ‘\/..-. = et 4
D, 595 - [l 0.854] (34)

for

: 2
D
Wep, = 2271 <35 (35)

where j; = a;ves + (1 = ay) vy, Here o, and vy, are the void fraction and gas velocity at

the jet discharge point. For higher relative velocity, We,, > 3.5

Lg Wiy [ oy s
= = 1110 A\ [ 5= (We, )% 11 - 36
D, g ey Ll 0.854 3:6)

These correlations indicate that the existence of void accelerates the jet disintegration

significantly.

3.1.3 Jet Break-up Droplet Diameter. The second phenomenon of importance for
the corium jet disintegration is the resultant droplet size. For the DCH problem the dro-
plet size is the key in determining the degree of chemical reaction, heat transfer and
corium transport. In the following, the droplet size from the disintegrating jet is dis-
cussed in terms of the primary jet disintegration and subsequent droplet disintegration.
The corrclations given below are applicable both for the single and two-phase jet disin-
tegration. By modifying the annular droplet size correlation of Kataoka, Ishii and
Mishima [3.3] the mean droplet size in the disintegrated jet flow is given by De Jarlais,
Ishii and Linchar [3.4] by

143
_ (Rey)2 (P | 3.7

2 LPr )

and the maximum size is given from the maximum log normal distribution as

o]
Pgs

d=0.028

d mas = 3.13d. This criterion roughly corresponds to the Weber number criterion of 12.
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3.1.4 Secondary Disintegration of Jet Droplet. When the jet disintegrates, the initial
droplet size is given by the above correlation. However, often these initial droplets can
be relatively large and may not be stable. The droplets from the jet can further disin-
tegrate under two conditions. These are

(i) Existence of Extremely High Gas Turbulence such as Shock Waves
(11) Exceeding of Spherical Limit

During the molten corium discharge phase, the first mechanism is unlikely. Under
extreme conditions such as the sudden exposure of droplets to shock waves, the disin-
tegration Weber number can be as low as 2 or 3. However, the condition around the
disintegrated |t before the gas blow down phase does not meel such extreme gas tur-
bulences requirement. The second mechanism indicates that if the initial droplet size
given by the above correlation far exceeds the spherical stable drop size limit, then dro-
plets will further disintegrate to reach this stability limit. The spherical limit is given by

20 -
Ap

dy=4 [8

14
[N,‘, ] (3.8)

where the gas viscosity number, N ug is defined by

Hge

(39)
lpyoVo/g Ap)2

3.2 Corium Drop or Jet Impingement Phenomena

In the above, the criteria for the jet break-up length and resaltamt droplet size are dis-
cussed. The next phenomenon of interest is the vertical impingement of the intact jet or
the disintegrated jet in the form of droplet flow. The main question here is whether the
impinging liquid mass spreads out coberently over the cavity wall or bounces back into

the cavity space. The phenomena after the drop or jet impingement at the cavity floor
can be scaled by the impact Weber number defined by




24
Wy, w 2L (3.10)

where d is the drop or jet diameter.

For We,,, > 80, the drop or jet will spread out as a liquid film due to large inertia over-
coming the surface tension effect to recover. When We,,, < 30, the droplets bounce back
after the impingement, Bolle and Moureau [3.5].

3.3 Corium Spread Out Over Cavity Wall

Under a prototypic condition the above criterion for the corium spread out is most
likely satisfied. Then it is important to know the thickness and velocity of the molten
corium film. For this purpose, several different length scales for the film thickness are
considered below. From the continuity relation, and assuming that the magnitude of the
velocity remains constant during the impingement, the initial film thickness §; at the

vicinity of the impingement point is given by

—-— =025 (3.11)

The order of the lower limit of the corium film thickness is estimated by the symmetric
spread of the liquid film with the constant liquid film velocity. The length scale for the
extent of the film spread 1s taken as the hydraulic diameter of the cavity, Dy. Then

Dj

et 312
5 (3.12)

8mm =

It is noted that instead of Dy, other length scale may be used here, however for the

present study Dy, 1s satisfactory.

The maximum thickness is obtained by assuming the entire corium mass accumulated
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on the floor. Thus

M,
PrAs

=

(3.13)

where M_,,, and A5 are the total corium discharge mass and cavity floor area.

Another reference film thickness can be obtained by assuming that the all molien

corium spreads over the entire cavity surface. In this case

MCD' iy Mw'
PrAw mpyDy L,

o = (3.14)

where Aw and L. are the cavity wall area and cavity length.

3.4 Estimate of Cavity Conditions

In order to evaluate the molien corium dispersion in the reactor cavity, it is necessary
1o specify the global cavity conditions in terms of the liquid and gas flows. These param-
eters can be esimated from the geometry and boundary conditions.

In the above, several length scales for the corium film thickness have been obtained.
Typical values for these are calculated in Table 1 by considering the following reference

conditions.

In the following analysis, the typical film thickness of 8, =8, 1s assumed over the

entire cavity welted perimeter. Then from the continuity condition, the film velocity is

given by

v] a Dh sf (315)
The film Reynolds number is defined by

_PrisDn _4prdpy
Wy Hy

Ry (3.16)

16



If the film is only on the floor of the cavity, the velocity v, and R, should be about
times the values given above. Because of the relatively high initial film velocity (in the
order of 40 m/s), the liquid corium can climb up the side walls and may even cover the
ceiling of the cavity. The actual values should be somewhere between them.,

The gas flow conditions are estimated along the analysis proposed by Henry [3.6]. By
assuming the choked flow for the gas discharge following the corium discharge, the pres-
sure at the throat is given by

p~06p, (3.17)
and the choked flow velocity by

2 RT

V‘, = W
From the ideal gas at the 1sothermal condition

P =060p, (3.19)

The unlimited isothermal expansion can give the maximum velocity of twice the
discharge velocity. The cavity gas initial velocity before entrainment can be given from

the continuity relation and the cavity pressure. Thus

Peo ;:J My

06p, [A) [ RT 1‘”

(3.20)

Vge =

J

where A, and A, are the vessel break area and cavity flow area. p,, is the cavity imitial
pressure.

This equation indicates that the cavity gas velocity is a strong function of the cavity pres-

sure.

1.5 Flow Regime in Cavity

When the molten corium spreads out in the reactor cavity, three different two-phase

flow regimes are possible. These are stratified wavy flow, slug flow and annular flow. In
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order to identify the most possible flow regime, the transition criteria between these
regimes are examined. The onset of slugging from horizontal stratified wavy flow is
given by the following form (Wallis and Dobson [3.7]; Mishima and Ishii {3.8]; Taitel
and Dukler [3.9]):

v, 2 05 \/Apghy /o, (3.21)

In the Taitel and Dukler correlation, the constant of 0.5 is replaced by a function of the
void fraction which approaches unity as the relative film thickness becomes smaller.

The transition to annular flow either from the stratified wavy or slug flow is deter-
mined by the entrainment process. Thus if the gas (or relative) velocity exceeds the onset
of entrainment velocity, the entrainment of wave crests or liquid slugs occurs. In case of
slug flow, this leads to the elimination of liquid slugs. Since the part of entrained dro-
plets are deposited 6n the wall surface, the onset of entrainment leads to the formation of
annular flow with liquid wetting the whole surface. However, due to the gravity effect it
is expecied that the liquid film thickness at the cavity floor is much larger than those at
the side wall and ceiling. The criterion for the annular flow transition is discussed helow

in terms of the entrainment process.
3.6 Corium Entrainment and Droplet Size

The most likely flow regime in the cavity is the film flow. In this case the droplet
entrainment becomes the most important mechanisms to disperse the molten corium
mass. The onset of entrainment, entrainment rate and entrained droplet size are dis-

cussed below. The onset of entrainment criteria is given (Ishii and Grolmes [3. 0] by

Hyv P
LT 4L 3 N0 (3.22)
Lo} Pr
where the viscosity number is defined as
Ky
N, = 7 (3.23)
(proNogAp))
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The entrainment rate from the film is given (Kataoka and Ishii, 1982) by

026
eD
—2 =6.6x 1077 (Re,We)*% [9—‘-]

Hr Hy
where
. D . 2 D 143
Re, = P1irDh  We = Pele"Dn | Ap
Hy o Pg

Here Dy, is the hydraulic diameter of the cavity. The initial drop size is

P ~14 u 243
d=0.028 —Z— Re; ' Re, -i] [-—i]
PgVr Py By

4

However subsequent disintegration may occur if

o=V )2d
~ pg(‘g de) >

We
o o

12

(3.24)

(3.25)

(3.26)

(3.27)

It is noted that drop size can be as small as Wey = 1.7 - 2.5 if very high gas turbulence

exists. Under the reactor cavity condition, the criterion of the Weber number at 12 is

more likely than the later criterion. Furthermore, for the droplet to disintegrate beyond

the initial entrainment drop size, a sufficient interaction time should exist between drops

and the gas flow.

3.7 Various Time Constant

Several time constants are important to the analysis of the corium dispersion in the

reactor covity. These are listed below.

M or
Py D?y Viz /4

Corium Discharge Time 1.4=
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V,

Primary System Biow Down Time 1,, = E
A 7 061D} vy /4
Corium Film Transport Time 1,= -
4
)
Corium Entrainment Time 1T, = __je_f-’_f_

The latter two time constants are particularly important in determining the dominant tran-
sport mode of the corium out of the reactor cavity.

3.8 Discussion of Results

The above scaling study is applied to the following typical reference conditions, see
Table 1.

Cavity geometry :Zion

Reactor Veasel Break Size 20 cm diameter
Molten Corium Mass :134 tones

Vessel Pressure :7 MPa (1000 psia)
Cavity Pressure 0.1 MPa (15 psia)

Relative 1o the above prototypic conditions, several models and simulation experiments
are considered. At full scale and full pressure, a water-air system which simulates the
molten conum-steam system is considered. For the 1/10 linear scale-down model, the

following cases are considered for sample calculations.

Corium-Steam (full pressure, 7 MPa)



v =

Water-Air (reduced pressure, 1.4 MPa, 200 psia)
Wood Metal-Air  (reduced pressure, 1.4 MPa. 200 psia)

The break size for the liquid discharge is geometrically scaled, thus it is 2 cm diame-
ter. However, in order to see the parametric =ffects of the gas flow as well as 1o compen-
sate for the reduced pressure in the vessel, several enlarged flow area for the gas jet with
the increment of twice, three times, five times and seven times are considered in the sam-
ple calculations. See Table 1.

38.1 Prototypic Case

When the reference conditions are applied to the phenomeaological models used in the
scaling siudy, the following results are obtain~d. The molien corium discharge at the
velocity of 39 m/s. The disintegration length for the single and two-phase jets are 6 m
and 1.6 m, respectively. Thus the corium jet tends to disintegrate before seaching the
floor of the cavity in the case of two-phase flow. The void fraction of 0.5 is used for this
prediction. Since the jet velocity is high.vthc second mode of disintegration due to the
relative motion is applicable. The resultant droplet mean diameter is 4.1 mm with the
maximum size of 12.8 :.n. The ultimate spherical limit is 1.45 mm.

The value of the impingement Weber number far exceeds the spreading limit of 80.
Thus both the coherent jet and droplets spread out upon impingement io the floor ana
form a corium liquid film rather than bouncing back and form a dispersed droplet flow.
This indicates that most of the mass that is discharged as a jet and mostly disintegrated
into droplets reforms a cob~ nt liquid film upon impingement to the floor. Therefore,
for the corium dispersion in the cavity, the liquid film entrainment becomes the most
important mechanism. The duration of the entrainment depends on the liquid film
residence time in the cavity. Hence the liquid film motion and transport out of the cavity
is also important.

For estimating the film motion, the film thickness and velocity are essential. Several
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entrainment is given by v, in Table 1. The steam velocity in the cavity of 136 m/s far
exceeds this onset of entrainment velocity of 88 m/s at the assumed cavity pressure of .1
MPa. Thus significant entrainment of the film into droplets is expected. The calculated
entrainment rate is 3.07 g/om. At this rate, the characteristic ume constant is 14.7
seconds. This value should te compared with the film residence time of 6.5 seconds.
The two characteristic time constants indicate that the film transport and entrainment
mechanisms are in the same order of magnitude. A little less than one half of the molten
corium is expected to be entrained by the streaming gas and the remaining mass

discharged from the cavity to the lower compartment as a liguid film.

The mean droplet size from the entrainment is 6.6 mm, which is rather large. The sub-
sequent disintegration due to the relative motion between the droplets and gas flow may
be possible, When the free stream gas velocity and Weber number of 12 are used, the
droplet stability criterion gives a diameter of about 1.1 mn The very high entrainment
rate shown above will certainly slow down the gas flow, <pecially in the boundary layer
region, since the entrainment process and subsequent acceleration of droplets require
considerable momentum transfer from the gas to higuid. When the one half of the free
stream velocity is used as a mean gas velocity in the droplet boundary layer, the criterion
gives the droplet the size of 0.44 mm. Thus it 1s expected that th <ize of droplets is in
the range of 0.44 to 6.6 mm.

The significant effects of the cavity pressure on the gas velocity and the entrainment
process should be noted. For example, if the cavity pressure is (.3 MPa or three times
the pressure in the sample calculation, the entrainment rate is reduced by a factor of four.
The corresponding characteristic time for entrainment 1s 58 seconds, which is much
larger than the film residence time of 6.5 seconds. In that case the cortum dispursion is
considerably reduced.

The break size has ~'<o very strong effects on the corium dispersion. The sample cal-

culations are carmied out by assuming the diameter of the break to be 20 cm. The
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increase in the break size shortens both the corium and gas discharge time. However, the
most important effect is on the cavity gas velocity. For example, a twice larger diameter
for the break leads o four umes larger gas velocity and nearly four umes larger entrain-
ment rate. In that case, the entrainment becomes the dominant corium ransport process.

382 Scaled Expeniments

It should be also emphasized that the above results are obtained from the existing
phenomenological models based on experimental data far from the prototypic DCH con-
disons. Most of the data base are obtained in standard air-water systems with a relatively
small hydraulic diameter of 1 o 2 cm. Only the onset of entrainment criterion has a rela-
tively larger data base with D, ranging from | 10 15 cm. Hence there is a great uncer-
tamnty in predicung the corium dispersion in the DCH problem. Two main reasons for
this deficiency are:

{1) Mechanism of corium dispersion are not well understood.

(2) Large uncertainty in the scale-up capability of the available droplet entrainment correlations.

In view of these, well scaled and focused separate effect experiments on the corium
dispersion phenomena may be required. These separate effect experiments should be
focused on understanding of the mechanisms of the liquid dispersion and establishing
data base which can be used to develop phenomenological models applicable 10 proto-
typic condiions. For this purpose several scaled down experiments and simulation
experiments are evaluated as a demonstration of the bottom-up scaling method. The

results are summarized and compared 10 the hypothetical prototypic conditions in Table
1.

In the sample calculations, three different cases are considered. The most important
phenomena of liquid entrainment and aroplet size are discussed below.

1) Corium-Steam (1/10 scale, full TMPa pressure)
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From Ege.(4.40) and (4.44)

[Na] " = [—&—];1 Ly =011,

[N(;]“ = [_lf:-]l =] (de)l =(.1.

The remaining scaling parameters, (N E . (Npo)R. and (Ng, )R are automatically
satisfied:

(NgR = (Nigin ) =Ny, K = 1.
While all the geometrical scaling parameters have the same scaling ratio, 0.1, all the scal-
ing ratios related to the conum thickness have the same but relatively high scaling ratio,
.54, resulting from the scaling ratio of the minimum thickness. This relatively high scal-
ing ratio of the corium thickness causes difficulties in thermal scaling %ecause more cool-
ing in the model is needed than that in the prototype due to relatively high thermal capa-
city and latent heat in the model. For thermal scaling

AT,
[N.,,,,L " [ o ] o [AT,..,,] =657K,
g R

AQ Jm

(he +hy )ty

e | =] (b +hy)p =1.53,
(pcp )y L bl dnies

[Npc(1+New g = [

AT,
14N, B AT,
[T(ﬁ'ﬁ‘%]z i+ =l;["+h°AT‘ ] Wi
B
o AT,
(Nt g = s =1 (BeATe ). =6.17.
(AT, +hATT, |~ (haAT,),

It 18 impossible 10 satisfy the above three cooling requirements simultancously. As the
tme constant related to interactions before solidification starts is much shorter than that
related 1o interactions after sohdification, it is better to distort the scaling ratios related 1o
thermal convection.
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The scaling ratio of the transition criterion of spreading is automatically satisfied:

(NTI=1.
From the transition criterion of water cooling and radiation cooling only,

(Nyg)r = [h—"‘l] =1:(hyq)p =0.54.
h’ K

The sputtering scaling ratio is very low because of the low solidification temperature of
lead:

However, the important thing is whether quenching can take place during the
solidification process. By rough estimation, before the top crust thickness reaches 40 cm,
guenching will not occur in the model. Table 6 shows the final output of the model. It is
noted that the considerable amount of lead and enormous concrete cooling are needed in
the model.
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Table 2 Identification of Systemn

Subsystem Component Geometry Materials
location of breach
reactor vessel :
vessel height from floor | H,
subsystem e distributed area
’ below-vessel of corhan Ay below-vessel
structure ) »
height from floor | H__ materials
cross-sectional area | Ag
sump .
height Hg,
area A
floor inpedestal floor : . floor
outer radius Rm pr———
subsystem . >
width dwi materials
doorway
length L
expedestal floor outer radius R,
thickness 9
shell - shell
angle ] i materials
shell
L a1 ans 1c* . ‘ v
subsystem outer-shell air layer thickness air
outer-shell ik ness losc outer-shell

concrete structure

concrete materials
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Table 3 Initial and Boundary Conditions and Interfacial Conditions

between Subsystems

Subsystem | Initial and boundary conditions Interfacial conditions
pouring-out rate Qs
vessel .
corium temperature T " PR
subsystem _ = e % Qo T Xoo
corium composition -
containment pressure P ”
waler content M, corium thickness (1)
water temperature T Ll
floor e » water thickness (1)
subsystemn To
T heat flux from corium
component lC!“pCTillUf(f "
| T to shell (qcoﬂh)
TCA
Tsh
shell 5 shell temperature (T )
! component tcmpemlurc @ar
subsystem shell stress (6 )
: - sh
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Table § Typical Severe Accident Parameters

Boundary parameters:
t,=40min Q=83%x10°mYs m=75Kg/s M/p=20m’
M= 1.8x10°Kg
Geometrical parameters:
R=2m R,=4m L, =091m w=103m L_=209m
Ho=43cm V_=58m’
Corium parameters:
k=30WmK p=9000Kgm' C,=480J/KgK h, =2.5x10'}/Kg
T=2100K T,=500K o=148 Kg/s?
q =4 Mw/m’ before initial generation of bottom crust
g =1 Mw/m’ afier initial generation of bottom crust
Concrete cooling reference parameters:
T, = 1670 K
h. = 1940 W/m’ K before initial generation of bottom crust
h, = 1077 W/m’ K after ininal generation of bottom crust
Water cooling reference parameters:
T,=373K, h =30cm
hw =777.1 W/m" K before initial generation of bottom crust
hw = 574.5 W/m’ K after initial generation of bottom crust

Table 6 Output of the Model

Geometry:

R, =20cem, R, =40cm w=103cm L,=20cm, H, =25cm
Boundary conditions:

M=1135Kg. 1,=54min. Q =33%xI0°mYs, m =35Kg)s
Imtial superheat : 657 K
Water depth : 16.2 om
Thermal boundary condition : ¢, = 10° w/m’

{
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Fig.3 Variations of bottom corium thickness
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SCALING STUDY OF INCORE BOIL-OFF AND HEATING PROCESS




the differential equations. If there should be any variables neglected in the differential
equations but very influential to the process, dimensional analysis can supplement the
information from the differential equations. As the boundary and initial conditions
should be apphed to the differential equations for the closure form of solutions, the com-
plete scaling criteria from the differential equations can be obtained considering the
houndary and initial conditions. The wall-10-fluid and fluid-to-fluid boundary conditions
are implemented through use of constitutive relationships in a local sense. The method
of differential equations is based on a local-oriented concept in the analogous way to the
local stability analysis in numerics performed through the use of the difference equations
only.

In order 10 complete the scaling criteria, we need to propagate the information of
the boundary and initial conditions through ume and space domains by integrating the
differential equations over their domains. As a result, the integral response functions or
analytical solutions can be obtained. They keep all the parameters which are contained
in the differential equations used for their analytic integration. The advantages of the
integral scaling method are its production of the integral scaling criteria by implementing
the boundary and initial conditions, and its facilitation 10 identify the level of importance
of each scaling criterion. The identification of the level of importance of each scaling
criterion is very important because it is usually impossible to design the model which
satisfies all the scaling criteria and, as a result, necessary to determine which parameters
should be kept or distorted. Since a certain level of confidence in the integral response
scaling method is essential, the method needs to be tesied against experimental data or

mechanistic numerical codes.

Here, a stepwise integral scaling method described in Chapier 11 is applied to the
boil-off and heating process in the core under accident conditions.

5.2 Core Uncovery Process

The core uncovery process will continue until the turnaround of the core level

occurs through the operation of safety injection system. In this process it is very

69



important to predict correctly the core uncovery level called the mixture level or the froth
level, which is defined as the boundary between the region of continuous gas phase and
of continuous liquid phase, because it controls the dryout limits in the low bundle power.
In the low bundle power the dryout positions of the rods are almost the same because the
mixture level is flattened by the gravitational force [5.14]. In the high bundle power the
clear mixture level can not be observed because of the vertical scatter of the dryout
points which is considered to be due 1o the break of the thin water film on the heater rods
under the annular flow pattern. Since most of accident conditions occurred in nuclear
power plants fall into the category of the low bundle power according to the annular tran-

sition map in Ref. [5.14], the somewhat clear mixture level is expected.

The assumptions invoived in the model for predicting the mixture level in the core

are as follows:

I.  quasi-sicady state,

o

negligible contribution of liquid droplets to the mixture Jevel,

3. slow variations of system pressure, decay heat, and inlet velocity and enthalpy with

time,
4. constant drift-flux parameters, C, and ug, for given pressure,

5. megligible contribution of subcooled nucleate poiling to the mixture Jevel.

The differential equations governing the process are as follows:

3
Vapor mass : -5’7‘ =—;;s ! (5.1
- djs r
quutd mass -(,; = - "5: g (52)
Mixture mass : L N I, (5.3)
9z pepy
: . oh _,
Energy in the subcooled region wg;— =q , (54)
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where ' : radial-averaged linear heat generation rate.

Integrating Eq. (5.4) over the subcooled region from the bottom of the fuel to the sub-
cooled length, z,, yields

Agpru,Ahgy,
T # e,

—v

q

(5.5)
where @ : radial- and axial-averaged linear heal generation rate over the subcooled
region of the core,

Ahg, : amount of subcooled enthalpy of the inlet flow.

The local void fraction is provided using the definition of the drift velocity as follows :
o= ——-fj'—‘——- (5.6)
COJ u&"

Integrating Egs. (5.1) and (5.2) over the region from z; to z produces the following local

superficial velocities :

ol
= (2 = 2), (3.1
Jg Py
15k + Pig i;(l - L) (5.8)
Pr 3

where T : radial- and axial averaged volumetric vapor generation rate over the region
from z; to z.
By inserting Egs. (5.7) and (5.8) into Eg. (5.6), the following relationship for void frac-

tion 1s obtained :

as= bl+d' (5.9)
az+c¢
where
a=C, Py T,
PPy
b= L
Py
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The integration of Eq. (5.2) over the region from z, to z, generates

—

. . I
gl E(lq -1,). (5.10)

The following equation can be obtained by the application of the Leibnitz rule to the rate
of change of the liquid material just nelow the mixture level :

d dp = E
Sk pav=[ =av+ | pidiTaas jAp;—allidA. (5.11)

As the volume of the higuid material, V,,, becomes mfinitesimally small, the following
simple relationship is obtained :

dz,
J,pelar - —H)dA =0, (5.12)

In order to satisfy the relationship of Eq. (5.12) over the region of continuous liquid
phase, the liquid velocity at the interface, z,, should be equal to the rate of change of the
dz,

mixture level, ——.
dt

d
Ugy = 715;'“‘ (5.13)

Intuitionally, Eq. (5.13) can be obtained considering that the liquid in the mixture is a
continuous phase of which the upper surface represents the mixture level. Now Eq. (5.10)
becomes

dzy
O = -2, (5.14)

where

o
]
2=
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f
Tl Ny (Ngp + 1/(Np Npp ), (5.22)
r ) 3 9
28 ~ iy LA B
—_ Zy Az
X=| o ¢ |exp | =Np Npy 1 bt* |
zw"‘a;; & 4
azg bz
L ‘ - 3

5.3 Core Heatup Process

Here, the core heatup process is defined as the process of heatup of the fuels in the
uncovered region of the core until the cladding starts melting. The assumptions
involved in the model for predicting the fuel and coolant temperatures in the uncovered

region of the core are as'follows:

1. guasi-steady state in the coolant due to the small heat capacity of steam,

2. generation of sufficient steam for cladding oxidation throughout the process,
3. small effects of hydrogen generated by oxidation on convection and radiation,
4.  small emperature difference between cladding and fuel,

5. small effects of droplets except for the near-surface region, where a number of
small droplets generated by bubble bursting, foaming, and splashing exist, and the
vapor is assumed to be saturated and the heat transfer coefficients are rapidly
reduced from those of nucleate boiling to those of film boiling.

Based on the above assumptions, the energy equations of fuel and coolant in each region

of high power and low power are writien as

aT
Fuel: ng [uRf(pCp), + n(RZ, ~ th)(pcp)cl]’—ali
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d
=n5q'a + 06 2%RGP Y );:h = ng27R by (Tg - Te)) - TOAF(TE - TP).  (5.23)
j

where ¥ represents fuels in the neighbor region, the structure, and coolant.
i

oh,;
Coolant: AzG, —a-h:— =ng2nR 4 h;(Tg — Ty) + 6AF,(Th - T4). (5.24)

Integrating Eq. (5.24) over the i region from zg, 10 z yields

z A 3 2 2 3
AgGi(h ~ hy) = L‘_ Ra[2nRahy + 0 Fiai(Tg + TiTe + To TG + T2))

X (rﬁ = Tc| )dL (5.25)

where zg, indicates the position of the upper end of the near-surface region from the bot-
tom of the fuel.

In Eq. (5.25) the amount of superheating enthalpy can be expressed as follows :

h = by =Cpi(T - T). (5.26)
In order 10 get an analytical solution of Eg. (5.25), it is assumed that the amount of
energy added to the coolant through convection and radiation has the same axial distribu-

tion as that of the decay heat. For example, if the decay heat has the cosine axial distribu-
tion, ¢’ = q',cos g(z-z,) , then

ng 2nR by (Tg ~ Tey) + OAF(T§ - TE) = f,c0s gz - z,). (5.27)
The unknown constant f, in Eq. (5.27) is determined at the position of z as follows:

‘v ng 2xRuh; (T ~ Te) + A Fi(T - TS)
: cos gz - 2,)

(5.28)

Putting Egs. (5.26) and (5.28) into Eq.(5.25) produces

AGCpi(Ty ~Ty) = foj:' cos glz - z,)dz
-
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= % [ﬂ'n g(z - z,) ~ sin ﬂzm—ro)]. (5.29)

From Eq. (5.29) the following simple relationship is obtained :
Tei = Ty =Pi(Tg-Tg), (5.30)
where

i sinf g(z-2,)] = sin[g(zgn—2, )]
' l\ﬁ Gg pri SCOS[S(Z'ZQ )]

The coolant temperature and the temperature difference between the fuel and the coolant
are obtained from Eq. (5.30) as

1
T‘:‘ = T‘.’.__-PT(P‘TB + T. ), (5.31)
1
Tﬁ - Tcn = 1+ Pi (Tﬁ - T') (532)

For a uniform axial distribution of the decay power, P; in Eq. (5.30) becomes

] A
P, = mnﬁ [mxc, h; + o—nz'Fm% +TiT, + TeTE + Tz)]. (5.33)

The position of the upper end of the near-surface region, zy,, is determined by the fol-

lewing correlation [5.15]:

§ 1.22
Zgn = 2 + 5950 D, /fgi [1 - '6%51] (5.34)

This region is equivalent 10 the near-surface region defined by Kataoka and Ishii [5.16]
where the entrainment is considerably high, usually greater than 1 in the data of Rozen
et. al. [5.17] and of Cheng and Teller {S.18). The heat transfer coefficient in the near-

surface region is obtained on the basis of Assumption § in Section 5.3

h=h, + hygexpl —(z-2y) / a]. (5.35)
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The constant a is determined considering that heat transfer by droplets at 74y 18 equally
competent with that by steam:
a=(zg —2y) /In(hyg / hy). (5.36)

In the region above the near-surface region which is equivalent 1o the momentum-
controlled region in Ref. [5.16], the comrelation suggested by Kumamaru et. al. [5.19] is

used:

h= h‘{l 0 + exp|-0.082(z ~ 24, ) / Dh]}_ (5.37)

The heat transfer coefficient of vapor , hy, in Egs. (5.35) and (5.37) is determined by the
McEligot correlation [5.20] which takes account of the property variations across the
boundary layer:

h,Dy | DG |** [Cpmry 1% [ 1 1™
k J =0.021 'T—" (5.38)
v b u" b k\' b w
Bonishanski's correlation [5.21] for nucleate boiling is used :
hng = AQ"TF(P), (5.39)

where A = 0.1011P% (bar) ,
F(P)= 1.8P%"7 4 4P} 2 4 (0P}

The effective view factor, Fy, is given by

~1
1 A ]
Fl_]" [.t:...A'(é: l)) :

The emissivity of stcam, &, is strongly dependent on not only its temperature but also
the optical path (p1). For a given optical path £, is modelled using the graph produced in
Ref. [5.22):

c‘,=C,I':“,..
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With the omission of the subscript i the insertion of Eq. (5.32) into Eq. (5.23) converts

the partial differential equation of Eq. (5.23) into the following ordinary differential

equation :
f dXg
e = b= ¢Te - dTS -
e Ty -dTi +¢ p”
where

a= uR}(pCp)' + R(joo hct th’(PCp)cl-

v 1 4
b= Ge + 2“&.1"‘]-:?1" + szjTj >

= 2nRh——r,
¥ e

d=¥4d,
3
A
=0~F
4=oh

e - 2”&! pclﬁl‘-

(5.40)

Through the assumption of a linear variation of the fuel temperature with time over a

ume interval, Eq. (5.40) becomes

dTy dX,
8-—d—l—-b—'t'Tg+s.v a .
where

53
¢ =c+dTy,
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Ty = ] Thau/ | Tyan

= 2T} - Th)/ (T} - Th).
Integrating Eq. (5.41) over a time interval from t, to t yields
I ¢ o e
Tp=Tg + - L.bdl el LTldl + ;(Xcl = Xgjo )- (5.42)

Equation (5.42) is also approximated as

TfoC'
2a

- b ¢ o
Ti= {Tfo + (-a- - —-1,)+ ;’(Xd - ch)}’ {1 + %a { lo)}. (5.43)

where b= ["bdt/ [ ot

In order 10 get the thickness of the oxidation layer of the cladding, the following chemi-
cal equation 1s used :

b
ke expl ~ -_F-). (5.44)

For an analytical solution of Eq. (5.44) Eqgs. (5.43) and {5.44) are simplified as follows :

Ty =Ty + %u—tw STt -10)+ S (ke = Xt (5.45)
dxcl 1
& " e ®, (5.46)
where

a=0986x10"""  and P=-11634x10"""  for 1200 °K < T < 1400 °K ,
a=0547x10"" and PB=-7434x10""7  for 1400 °K £ T < 1600 °K .
a=02191x1002  and P=-467x10"1 for 1600 °K < T < 1850 °K ,
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a=0223x10"  and P=-396x107"! for T2 1850 °K .

Note that constants, & and B, are determined on the basis of the Cathcard model and the
Baker-Just model for T < 1850 °K and T 2 1850 °K, respectively, as recommended in
Ref. [5.4] and that it is assumed that there is negligible oxidation before the fuel tempera-
ture reaches 1200 °K.

Inserting Eq. (5.45) into Eq. (5.46) produces the following non-linear equation :

: P
Xa-qit-k) | | Xg-plt-k) |q
Xaio — Qlty = k) Xeo =Pl =K |

(5.47)

where

1 1
WP=3 [9‘41'\/(—‘5)2 +4(Zp) |-
L a a a J

a ,
k= - '&'b*,(ﬁ +aC, ),

b =b-cT,,

T, | , . )
Co=T, - —;‘—b’ - -:—xdoS.LPAlso.thcfo]lowinglineamquauonfor&xc,gcanbeohmnedhytheassumpnmofthc

’

where x =x§,° + m—t;—(t2 -12)+ 2AaC, + Bt -1,)+ a‘:‘xclu(l ~ta)-

The nondimensional form of EqQ.(5.43) can be obtained using the following nondimen-

sional vanables and parameters:

nondimensional variables:
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v, 2, Tr= IL Xy = -
+ Ay T. s Adl sd
nondimensional parameters:
decay heating number = Ngp = lq-—‘—
aT,
oxidauon heating number = Ngg = T
iy
convective cooling number -~ N, = %2 n R, h
o i T3 _A
radiation cooling number -Ny= —;T.c;—Fj
f
. Tt As
coolant heating number - Np= —a—n—GC,,.
(

nondimensional form:

Tf =15 + T - 1g) + ey (x5 = Xgo)

1 T,C
aT, ®-—3

/ [1 + 527‘(:‘ ~u,‘,’],
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5.4 Assessment

Because of the requirement of a reasonable level of confidence in the present
method, it is assessed by comparing its predictions with data from the Power Bursting
Facility Scoping Test (PBF-ST) [5.23] and predictions by SCDAP [5.23]. The PBF con-
tains a 32-rod bundie of pressurized-water-reactor-type fuel rods, a 0.91 -m long
enclosed in an insulated shroud. The bundle was subjected 1o a heatup transient initiated
by coolant boil-off at a pressure of about 6.8 MPa. The bundle power of 39KW and the
inlet flow rate of 16 g/sec were provided to set the uncovery level in the bundle to 0.42
m. After reaching a steady state, power ramping stasted at 55 min. and continued up to
about 200 min. After then, a cooldown procedure was taken.

A steady-state uncovery level at 55 min. can be calculated using Eq. (5.16). How-
ever, since there is a suspicion on the leakage of the inlet of the shroud, the inlet flow rate
is estimated for given mixture level and power level. It tumns out to be 11.23 g/sec, which
is within the error bound estimated by the other method [5.23]. Figure 4 shows the com-
parison between the measured mixture levels and predictions by the present analytical
method and by SCDAP. The results predicted by the present method are in excellent
agreement with data. Note that the rapid drop of the measured data at around 190 min.
was caused by the failure of the shroud. The underprediction of the method is pres.med
to be caused by the accumulation of the fallback of droplets in the mixture of the bundle
due 1o reflux condensation in the upper region of the bundle [5.24].

As the method does not have the model for heat loss from the shroud 1o the bypass
coolant, the temperature of the shroud is assumed to have the same as the coolant tem-
perature in the bundle throughout the calculation of the present model. Figures 5 through
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7 show the vaniations of the fuel temperature with time at the positions of 0.35, 0.5 and
0.7 m from the bottom of the fuel . As shown in Fig. 5, the fuel temperature at 0.35 m
predicted by the method without the near-surface heat transfer mode! jumps suddenly
when the uncovery level is predicted to drop just below 0.35 m. As time goes by , the
fuel temperatures predicted with and without the modei of heat transfer by droplets come
close to each other because the position of 0.35 m escapes from the droplet-dominant
heat transfer region. In a scaled bundle like the PBF bundle with the considerably shorter
length of the fuel than that in a real core, the effect of the model of heat transfer by dro-
plets is much more important in the scaled system. For example, experiments in Refs.
[5.19] and [5.25] show the transition region considerably affected by droplets extending
to 20 c¢m through 50 cm. Note that this region can not be scaled properly if the same
length scale between the prototype and the model is not used. There are the overpredic-
tions by the present mode) during the initial transient at 0.5 m and 0.7 m where vapor
convection is a dominant heat transfer mechanism. These overpredictions are presumed
to result from the fallback of droplets generated by reflux condensation in the upper

region of the bundle.

The fuel heatup rate is underpredicied by the present model. As noticed in Fig. 8,
energy loss by radiation o the shroud predicted by the model is larger than the estimation
in Ref. [5.23]. It is presumed 1o be caused by the treatment of the one-radial region of the
fuel bundle in the present assessment. Since the outermost fuels closest to the shroud are
largely cooldowned by the energy loss by radiation 1o the shroud, their fuel temperatures
arc lower than the inner fuel temperatures and, in turn, the actual energy loss is smaller
than the prediction.

In a nuclear plant the fraction of energy loss by radiation to the shrood is consider-
ably smaller than that of other cooldown mechanisms. At a rough guess the ratio of the
energy loss by radiation to the shroud in the nuclear power plant 10 that in the PBF is less
than 4 %. Figure 6 shows the responses of the fuel lemperatures predicted by the present
model with and without the radiation model of energy loss by radiation to the shroud. As
expected, th: fuel heatup rate without the model is much larger than that with the model.
This demonstrates the heavy dependence of the heatup rate on the shroud model in the
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scaled system.

Figure 8 shows the variation of the fraction of each cooldown and heatup mechan-
ism with time predicted by the analytical method. In the cooldown mechanisms the con-
vection is dominant over the radiation before the fuel temperature reaches around
1200°K. Afier then, the radiation becomes more and more dominant over the convection.

The effect of the chemical oxidation heating on the heatup process is small com-
pared to the decay heat in the transient due to the slow heatup rate. However, its effect
rapidly increases after the fuel temperature reaches 1850 K at which there is the sudden

jump of the oxidation rate.

5.5 Application

The scaled system of the PBF is now examined, which is a special case with the
same fluid, materials, channel and fuel geometry, and power distnibution as the prototype.
In the following analysis the subscript R is defined as the ratio between the model and the
prototype in the following generalized form:

Yo ¥ for model v
= = : 3.50
¥r ¥, Y for prototype (0

Three scaling criteria among four in the core uncovery process should be satisfied as fol-

lows:
N : Tz =1, (5.51)
Noub R : Ahggyr =1, (5.52)
Nuig (Jor=1. (5.53)

Equations (5.52) and (5.53) require the same iniet conditions:
Ahsuhk =1 and br=1.
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ug  drift velocity subcooled region

v volume vapor

wall

q linear heat generation rate m liquid material
R radius NB  nucleate boiling region
t tme 0 inlet, value at ¢,
T temperature q mixture level
T,  saturation temperature s subcooled
u velocity S single-| “ase region
sub
v
w

W inlet flow rate
z axial position

o void fraction

r vapor generation rate

& thickness

€ emissivity

p density

1] VISCOSIlY

T tume constant

Y energy generation rate by oxiZ.don of cladding
a Stefan-Boltzmann constant, surface tension
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6. SUMMARY AND CONCLUSIONS

A new scaling method is proposed and successfully applied to three scaling studies :

corium dispersion in DCH, corium spreading in MARK-1 BWR, and boil-off process in

the core,

The application to the corium dispersion in DCH demonstrate the usefulness of the

proposed scaling method in evaluating various possible experimental conditions. The fol-

lowings are its summary and conclusions :

L.

In the case of corium-steam with 1/10 scale, full 7MPa pressure, the relative
significance of the entrainment is reduced by a factor of 7 in the scaled-down sys-
tem.

In the case of water-air with the reduced pressure, 1.4MPa, and § times break area
for gas, the scaling ratio of the entrainment time to the transport time is slightly dis-
torted by a factor of 1.2 and the geometrical scales can be well matched between the
system scales and the droplet size.

In the case of wood metal-air with 1/10 scale and reduced pressure, 1.4MPa, and 5
umes break area for gas, the relative importance of the entrainment is significantly
reduced and the system behavior is similar to the 1/10 scale corium-steam system.
As the above conclusions are based on the best available phenomenological models
and correlatons, the verification of both the phenomena and correlations at condi-

tion similar 1o the reactor conditions is necessary.

As the effects of water in the cavity or the solid matenals in the molten conum have
not been addressed here, these should also be evaluated by further researches.

The followings are the summary and conclasions derived from the scaling study of

corium spreading in MARK-1 BWR :

1

Two group mechanisms are identified and considered in the tirst and second steps :

the spreading group mechanism and water-corium-concrete interactions.
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2. Two spreading mechanisms are identified and analyzed : gravitational force-
dominant spreading and surface tension-dominant spreading.

3. The second step for scaling analysis of water-corium-concrete interactions is
divided into two substeps : interactions before and after solidification starts.

4. Time constants related to water-corium-concrete interactions are much shorter than
those related to spreading.

5. Iniual superheat, thermal convection rates, concrete cooling, and latent heat of
corium solidification have high relative importance.

6.  Thermal scaling is much more difficult than spreading scaling because of the rela-
tively high scaling ratio of the corium thickness.

7. Much more cooling in the model is required because of the relatively high scaling
ratio of the thickness.

8. The proposed method is a useful tool for scaling analysis of a not well-understood

and complex problem.

For the scaling study of the boil-off process in the core, the analytical solutions
representing uncovery and heatup in the core are derived, tested against the data of the
PBF-ST, and used for generating the scaling criteria. The prediction by the analytical
solutions is in excellent agreement with the measured mixture ievel in the PBF-ST. Also,
ey underpredict both the contnbution of convection 1o the initial fuel temperature and
the heatup rate of the fuel due to the cooling effect by refluxing condensation and large
energy loss by radiation to the shroud. With the scaling laws derived, the scaled system
of the PBF is examined. It is found out that g in the PBF should be by four times larger
than that in the prototype system and the radiation number is highly distorted in the PBF.

It is recommanded to use the shroud coated with the material with low emissivity.
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