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Abstract

This report presents the results of a multifaceted research effort in the field of steam explosions.
The scope ranges from the fundamentals to assessing the energetics in applications relevant to
Severe Accidents in Light Water Reactors. The consideration of fundamentals is built around
two key ideas: the water depletion phenomenon during premixing and the microinteractions,
including fragmentation kinetics, during propagation. The application to reactor conditions in-
cludes consideration of in-vessel steam explosions in PWRs and ex-vessel explosions in all five
containment designs in current plants (in the USA). The report is structured i» |- _2 pants, dealing
with premixing, propagation, and energetics, respectively.

1

Te -

i



1
|
|
|

Table of Contents
Page
BUWIMR. & v s v 0 5 5 ¢ F e s s s e e e b ARk e iii |
Acknowledgments . . . . . . . .. L L L L L L vil {‘I
Introduction and Overview . . . . . . . . . . . . L. L L. 1 |
l

Part 1. Multiphase Transients in the premixing of Steam Explosions

Pait II.  The Fundamental Microinteractions that Support the Propagation of
Steam Explosions

Part IIl.  Reactor Applications



R T I e e R e oML BT

L b

Acknowledgmenis

This work was supported by the U.S. Nuclear Regulatory Commission under Contract No.
04-89-082. The cooperation and support of our project manager, Dr. F. Eltawila, is gratefully
acknowledged.

vil

P T L . T —— - N R P I TR TR R TR Oy EEminseesneenes _______s_..__.__._.nJ




Introduction and Overview

This report presents the results of a multifaceted research effort in the field of steam explo-
sions. As the title indicates the scope ranges from the fundamentals to assessing the energetics in
applications relevant to LWR severe accidents. The consideration of fundamentals is built around
two key ideas: the water depletion phenomenon during premixing, and the microinteractions,
including fragmentation kinetics, during propagation. The application to reactor congitions in-
cludes consideration of in-vessel steam explosions (in PWRs only, since BWRs with their massive
lower plenum structures are not vulnerable to energetically significant explosions), and ex-vessel
steam explosions in all five containment designs in current use (in the USA). Accordingly, the
report is structured in three parts, dealing with premixing, propagation, and energetics, in that
order.

The water depletion phenomenon refers to the formation of a very high void fraction region
in the major central portion of large scale melt pours in water. This “steam bubble” is due to the
high heat transfer rates and associated high steaming that “drive” the water out while at the same
time it is being vaporized. The significance of this phenomenon is that large quantities of melt
cannot coexist with water in a coarsely mixed configuration, a condition necessary to achieve
an efficient thermal interaction. This allows putting bounding limits on interacting masses from
arbitrarily large pours, and thus it has served as a central element of the argument against the
a-mode containment failure in the past (Theofanous et al., 1987; Steam Explosions Review
Group, 1985). This is important because then, and this remains true now, late phase core melt
progression uncertainties do not allow a rigorous argument to be made against massive molten
corium dumps into the lower plenum.

Given that all previous assessments of premixing limitations due to the water depletion
phenomenon have been analytically based, the present work sought to fulfill the need for exper-
imental verification. The body of Part I describes this work, including the experimental facility,
MAGICO, a new diagnostic tool [the FLUTE, invented as a part of this work for measuring the
local water content within the transient, multiphase, multidimensional premixing zone], the data
obtained, and comparisons with predictions from our computer code PM-ALPHA. Details on
supporting parts in the main theme are provided in the appendices. All data obtained (mixing
front advancement, zone-averaged void fraction transients, and local void fraction transients) are
documented together with PM-ALPHA predictions in Appendices LB and 1.C. The formulation
of the PM-ALPHA code has been published previously; however, it is summarized in Appendix
I.A also, for convenience. Details on the FLUTE, its calibration, and its theoretical basis can be
found in Appendices LE and LF. Some detailed aspects of the multiphase interaction, as observed
experimentally, are discussed in conjunction with PM-ALPHA results in Appendix LD. Finally,
some scaling considerations that went into the design of the MAGICO are given in Appendix
LG.

While convenient er: ‘getic limits can be puu on the basis of the water depletion phenomenon
described above, the assessment of potential for lower head failure, and of adjoining structures
(i.e., pedestal wall) from ex-vessel explosions, require consideration of the explosion escalation
and pressure wave propagation dynamics. The fundamental issues in carrying out such a task
are the fragmentation kinetics of the coarsely-mixed melt drops in the so-called “reaction zone”
immediately behind the pressure wave, and the associated micromixing and thermal interaction
of the resulting fragnients with the coolant in the immediate vicinity. In the past the fragmen-
tation issue has been approached mainly through hydrodynamically-driven instabilities, and the
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[.1 Introduction

Essentially all practically relevant stcam explosions cceur in the pouring mode of contact.
Large, energetic explosions can only evolve from (or propagate through) “adequately” dispersed
states created in this pouring/mixing process, In analogy with chemical explosions these states
are referred to as “premixtures.” A premixture is characterized by the spatial distribution of the
“reactants,” the “hot” and “cold” liquids (alternatively referred to as “fuel” and “coolant™) and a
third thermally “inert” component. the “vapor.” The role of this third component is dual: first, it
introduces compressibility which has a dissipative effect on triggering, escalation and propagation
of an explosion: second, it implies depletion of liquid coolant (the “working” fluid) and thus
reduced energetics even if an explosion were to occur. This latter aspect was first recognized by
Henry and Fauske (1981), and it was a key ingredient in the quantification of steam-explosion-
induced containment failure by Theofanous et al. (1987). These initial predictions were made
with a transient, two-dimensional, two-fluid model, i.c., with the assumption that the vapor and
liquid coolant behave as a homogeneous-equilibrium mixture. In subsequent work (Amarasooriya
and Theofanous, 1991) this assumption was relaxed by the use of a three-fluid model, which
produced similarly-depleted (in water) premictures. Clearly, it is important that these predictions
are confirmed experimentally.

This experimentally-oriented effort ~onsists of three parts. The first is to examine the
interface transfer laws (the so-called “closure” relations) in three-phase systems, with the one
phase in film boiling. Initial results have been reported by Liu et al. (1992). The second effort
1s to examine the integral aspects of the premixing process with emphasis on the performance
of the three-fluid modelling approach. For this purpose we use an already particulated hot mass
(particles of a given size) instead of a liquid, and seek to characterize in detail the spatial-temporal
evolution of the three-phase mixing zone created when these particles are dumped (as a cloud)
into a liquid coolant pool. This is the subject of this work, Finally, the third effort is to test the
prediction in experiments, run with molten “fuel” thus including the “fuel” break-up phenomenon
during premixing. It is expected that the FARO experiments at the European Joint Research
Center (ISPRA) and the ALPHA experiments at the Japan Atomic Energy Research Institute
(Tokai) will provide data adequate for this purpose. It should be mentioned, however, that, by
its very nature, the breakup process can only be indirectly inferred from these experiments (i.e.,
vapor production rates), and it is expected to remain uncertain in its details—nevertheless, its
effect on the water-depletion phenomenon, and thus on energetics, can be bounded by parametric
evaluations.
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1.2 Experimental Facilities

The basic concept of the experiment (called MAGICO) is illustrated in Figure L1. Tens-
of-kilograms quantities of mm-size steel balls are heated to a uniform high (up to 1000 °C)
temperature, then transferred into an intermediate container equipped with a dumper mechanism,
and within a few seconds are released into a pool of saturaied water in a lower-plenum-like
geometry. The intent is to match (except for the breakup) the water-depletion regimes of the
reactor in a 1/8- and 1/4-scale geometries, and numerical simulations (PM-ALPHA) are used for
this purpose (see Appendix 1.G). The major experimental parameters are: particle size, particle
temperature, pour diameter, particle entry velocity and pool depth. Pool depths of 25 and 50
em correspond to 1/8- and 1/4-scale simulation, respectively. In addition, in future work we
intend to vary the particle cloud density and the lower plenum geometry (by including internal
structures). In the following we provide some details of the experimental equipment and the
measurement techniques.

e

T ‘ ‘ [ CHUTE

INTERMEDIATE
CONTAINER

OVEN

INTERACTION
VESSEL

Three Phase Mixing Zcne

Figure 1.1 Schematic of the MAGICO expenment.

For this experiment the oven cavity was equipped with a ceramic cylinder (1.67 m long, 8.2
cm in diameter) that could be loaded, plugged at both ends, and rotated during heating to prevent
the steel balls from sticking together at high temperatures The rotation also helped obtain tem-
perature uniformity. Integrity of the ceramic cylinder reguires that heat-up be regulated closely
at less than 150 °C per hour—13 hours are required for & 1000 °C run, including cooldown.
When the desired temperature level is reached, the one end of the cylinder is unplugged, and
the whole oven is tilted so that by gravity flow the balls are trarsferred to the intermediate
container (this process lasts about 2 min.). The intermediate contaner (21 cm in diameter) is
equipped with several thermocouples located such as to allow a good characterization of the
initial temperature of the particulate at the moment it is released. Both the nominal (initially
in the oven) temperature and this, actual, temperature are recorded, and typically they differ by
less than 100 °C. Sudden and uniform release is achieved by a solenoid-operated air-cylinder
operation that, by a slight movement, aligns the holes of two perforated plates that make up the
bottom of the intermediate container. In the present set-up, the holes are 1.1 cm in diameter,
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placed on a square 1.27 cm pitch. In future tests this pitch will be varied to obtain different
cloud densities. The maximum pour diameter is 20 cm.

The lower plenum scale model (the interaction vessel) was fabricated from sieel and is
equipped with an observation window. Preliminary tests indicated that the behavior is quite
similar to that obtained in a plain rectangular vessel (406 mm on the side, with a height of 355
mm), and the use of such (made of tempered glass) was made, henceforth, to allow easy and
complete visualization. The whole experimental setup is shown in Figure 1.2. Not discernible
are the FLUTE components (see next section) as they are located just behind the interaction
vessel. Not shown is the data acquisition system which is located in another room

Figure 1.2 An overall view of the MAGICO experimental setup






Figure 1.3  Snapshots of a typical premixing
seconds.

transient 10 MAGICO. The

umes are 0.27, 057, and 87






Figure LS The FLUTE fibers and supports for two simuitaneous measurement locations in the interaction

vessel

Recognizing the novelty of these measurements (with FLUTE) and the desirability, therefore,
of an independent verification, significant additional efforts were devoted to this purpose. This
goal was finally met using a pattern recognition approach on flash X-ray images of the mixing
zone taken at selected times during the transient. Through careful experimental configurations
and precise calibrations, we could determine 2D chordai-averaged void fraction distributions
(in the plane of the film) over a significant fraction of the image found to be free of particle
interference. The results were in substantial agreement with the FLUTE measurements and
PM-ALPHA predictions, as described in section 1.5.



1.4 Experimental Results and Interpretations

The runs with high speed movies were carried out as a separate series. Run numbers and
respective experimental conditions have been listed in Tables 1.1 through 1.3. From Tables 1.1
and 1.2 it can be seen that nominal particle temperatures varied in the 600 to 1000 °C range
(the particle temperatures quoted in this table are those measured in the intermediate vessel just
prior to the initiation of the pour); the rest of the experimental matrix covered variations in pour
diameter, pool depth, and freefall distance. The freefall distance refers to the distance between
the particle release point and the poel s face—this variation creates different particle velocities
at the ~at of pool entry. In the FLUTE runs (Table 1.3) the main effect studied was the fiber
spacing, pus . Yer variations included were particle temperature and measurement position.

Table 1.1  Experimental Matrix for Runs with
Global Liguid Fraction Measurement
(1.5 mm chrome-alloy AISI-52100 particles)

| Run# Oven Particle Pool Depth Freefall Pour

l Temperature Temperature fcm) Distance Diameter

1 (*C) (“C) (¢m) (cm)

r 101 600 560 ' 25 15 20

L 102 800 750 23 ] 15 20

} 103 1000 880 | 25 15 20

l 104 600 550 ' 15 15 20

105 600 580 . 15 | 25 20

106 800 720 | 15 | 18 20

[ 600 560 25 5 20
108 1000 ROO 15 15 20

l 109 1000 860 15 25 20

B R 800 | 760 15 25 20

; 112 800 ! 760 23 ' 5 20
113 600 ! 550 28 15 12

[ 114 800 l 760 25 15 12

118 600 | 550 ; 15 15 12

116 500 | 780 15 15 12

! 904 600 . 550 50 15 20

| 905 800 750 | 50 15 20

In all runs the water was at saturation—it was brought to a boil by 4 immersion heaters
located at the comers of the interaction vessel (these heaters are visible in Figure 1.3).

In the following, the experimental results are presented in conjunction with predictions using
the PM-ALPHA code. The three-fluid formulation used in this code and the set of constitutive
laws in it have been completely specified previously (Amarasooriva and Theofanous, 1991); a

L8

- T S I e — P R ——



L R —

1
L=
I
P Table 1.2 Experimental Matrix for Runs with
-' Global Liquid Fraction Measurement
' (2.4 mm stainless steel SS316 particles)
| Run # Oven Particle Pool Depth Freefall Pour
| Temperature Temperature (em) Distance Diameter
| (°C) (°C) {cm) (cm)
! 701 600 550 25 15 20
; 702 800 750 25 15 20
: 703 600 550 15 15 20
E 704 800 750 15 15 20
i 705 600 550 25 15 12
706 800 750 25 15 12
901 600 550 50 15 20
902 8OO 750 50 15 20
i Table 1.3 Experimental Matrix for Runs with
Local Liquid Fraction Measurement
(2.4 mm stainless steel particles, 25 em pool depth, 20 cm pour diameter, and
freefall distance 15 cm, except runs 204 and 401, set at S and 3 cm, respectively)
| i FLUTE Position #1 FLUTE Position #2
Run # Oven . H* ! R! L H* R! L
Temperature (cm) {cm) {(mm) (cm) (cm) (mm)
(°C) J
204 8OO 175 | 00 5 19 25 5
209 600 20 34 4 16.5 34 4
210 600 20 ’ 34 4 16.5 34 4
211 R0O0 20 34 4 16.5 34 4
301 600 20 34 4 19 34 4
302 600 20 34 4 19 34 4
| 303 600 20 34 4 19 34 4
| 304 600 20 34 4 19 34 4
: 3058 600 20 34 6 19 34 2
1 401 600 20 34 2 19 34 2
: 402 600 20 34 2 19 34 2
| 403 600 20 34 i 19 34 1
; 404 600 20 25 I 19 258 i
| 406 600 9.5 34 5 8.8 34 5
407 600 20 34 5 19 34 5
| 40K 8O0 20 34 4 19 34 4
: 603 600 20 34 4 19 34 4
| 604 600 20 34 4 19 34 4
' *Height from vessel bottom.
; 'Radial distance from centerline.
19
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1.5 Independent Verification of FLUTE Measurements

The reason for creating the FLUTE is that our efforts in using absorbing radiation to image
the whole mixing zone during the design phase of MAGICO did not yield promising results. The
working concept in this effort was to make use of two different - and X-ray energies and the
differences in attenuation between the water and the material of the balls so as to simulianeously
measure both. Although in principle this approach is fine, in practice, it results in a stiff system
of equations that yield large error amplification in the solution, and thus it was abandoned.

We returned to it after the completion of the first phase of the experimental program in
MAGICO that made use of FLUTE. The reapproach appeared hopeful, basically because actual
experience with MAGICO indicated that the particle volume fractions in the mixing zone are in
the 2 1o 3% range, thus creating the possibility of “seeing” through limited (sporadic) areas of
this zone without ball interference. Numerical experiments attempting to recreate realization of
the particle cloud and the optical paths through it revealed that this was indeed the case. These
experiments also provided guidance on how to optimize the oriemation of the X-ray shot and
the source-to-object distance, taking advantage of the hole pattern in the dumper plate.

In actual implementation, we used a flash of “soft” X rays timed at the desired instant within
the premixing transient in MAGICO. The image 1s recorded on a 13 x 18 em film positioned to
cover the region of interest in the mixing zone. By changing the timing of the flash and the film
position, we can map out a premixing transient in any temporal and spatial detail desired—this is
possible because of the excellent reproducibility of the MAGICO runs, as already demonstrated
by the FLUTE measurements and the high-speed movies. We have limited our goal here to the
independent check of the FLUTE results, and only a few runs are adequate for this purpose. In
the process of developing the quantitative aspects of this technique, we have made quite a few
runs that successively appeared more and more promising. A great deal of the success depends
on establishing adequate safeguards and procedures to ensure that the image obtained can be
directly related to a calibration image obtained with a known stepwise variation of void in the
optical path. Besides, we confirmed that the effect of X-ray scattering from the steel balls (they
are not present, clearly, in the calibration shot) is negligible. At this time, the technique is well-
developed, and we have one run in the MAGICO series (the 1000-series) to discuss here. Rather
than carry out the many special FLUTE runs needed to cover the information on the X rays, our
approach is 10 use PM-ALPHA as the means of comparison; the PM-ALPHA interpretations are
the ultimate purpose in any case.

This MAGICO test, #1005, was run with the 2.4-mm steel balls at 600 °C poured into
a 25-cm-deep pool of saturated water from a height of 21 cm. The X-ray shot was umed
at 0.52 s after initiation of the pour, which corresponds to just about when the particle front
hits the pool bottom, The X-ray image obtained is shown in Figure 1L7. It is noteworthy that
individual balls are recognizable, even when they partly overlap, and we believe with a pattern
recognition technique, we will have, from such shots, the particle number densities as well. Also
in this figure, small areas where balls are completely absent are clearly distinguishable, and it
is in these areas that with the application of the water/void calibration curve we can obtain the
chordal-average void fractions.

L13

|
|
|




T T (P ST T — e — e — R R P I T ety oL

The “reading” and analysis of these films was done on 6 x 6 cm film segments in order
to obtain the high resolution required-—this gave a pixel size of 0.12 mm. These reaqings were
analyzed in groups of 20 pixels. For each such group, an average value of void (and hence of void
fraction) was obtained by using the calibration curve and a criterion excluding readings indicating
the presence of spheres. Moreover, to ensure that readings too close to the sphere boundaries
were excluded, we used as an additional criterion that the fraction of unaffected readings within
a group was above some value—otherwise, the space associated with the particular group of
(20) pixels was taken to be interfered by the presence of steel. The data analysis was repeated
with f values of this fraction set to 25, 50, and 75%, with very consistent results, indicating
absence of the boundary-type influence being addressed by this operation.

The results from film segments covering the region 19 < = < 25 ¢m (i.e,, a 6-cm slice of
the pool top; » is measured from the pool bottom) over two radial segments, - 1.5 < r < 5.5)
em and 5.5 < » < 11.5 ¢m presented here. Spatial void fraction maps (using the 50% criteria
discussed above) are shown in Figures 1.8 and 1.9 for the above two radial regions, respectively.
The blank spaces in these maps indicate regions of ball interference. Immediately, we can
notice that these results indicate void fractions in the general range measured by FLUTE. In a
more detailed examnation, we have plotted these results against PM-ALPHA predictions for four
different radial computational cells (at » = 1, 3, 5, and 7 cm) at three axial positions (» = 18.75,
21.25, and 23.75 cm), as shown in Figures 1.10. In these figures, the PM-ALPHA results were
obtained by an appropriate chordal-average equivalent to projecting the cylindrically-symmetric
void fraction distribution, as effected by the X ray on the film. The X-ray results were obtained
from the spatial maps by averaging all measured values within the cell being considered. The
agreement is quite remarkable in all cases. It is also interesting to note that the “water flux
reversal” phenomenon discussed in Appendix 1.D is quite evident in Figure 1.10b; the insurge of
water causes a precipitous drop of void fraction at the outer edges of the mixing zone. The X
ray happened to be taken just prior to this time.
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Figure 18 Void fraction distribution obtained from X-ray analysis of run #1005. The region covered is
~10<r<35cmand 19 <z <25 cm
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Figure 1.9 Void fraction distribution obtained from X-ray analysis of run #1005. The region covered is
dh<r«<1l5cmand 19 < 2 € 25 em.
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1.6 Conclusions

An experimental facility and related experimental techniques have been demonstrated to
provide a viable vehicle for the study of the extremely complex multiphase zone created by
the interaction of a hot particulated phase poured into a volatile liguid. All indications are that
the process 1s dominaied by heat transfer and the resulting vapor production, in general, is not
sensitive to details of the phenomenology. Comparison with predictions made by using the
PM-ALPHA code are very encouraging.
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Appendix A: Formulation of the PM-ALPHA Model

A.1 Conservation Equations

There are three separate phases: namely, coolant vapor, coolant liquid, and fuel (melt) drops.
They will be referred to as gas, liquid, and fuel, respectively. Each phase is represented by one
flow field with its own local concentration and temperature. Thus, we have three continuity
equations, three mo.nentum equations, and three energy equations. In the usual manner, the
fields are allowed to exchange energy and momentum with each other, but only the steam and
water fields are allowed to exchange mass. With the definition of the macroscopic density of

phase 7,
p. = b,p, for 1=g¢,f, and f,

and the compatibility condition,
9, + 6, + 0! =1,

these equations can be interpreted rather directly (Ishii, 1975).

¢ Continuity Equations,

- a7, ,

o5 TV lpgug)=J
Liquid:

%‘%’5 + 7 (pgue) = =J
Fuel: Bp'f |

% * v (ppuy) =0

¢ Momentum Equations.

Gas:

a. , . N F

—a-t-(pgu,) + 7 (pyuguy) =~ 6,9p - Fgelug —ug) — Fyg(ug — uy)
+ J(H[Jue + H[-J)ug) + p8

Liquid:

Z?f(‘péul) + 7 (ppuene) = ~ 6e7p + Fyeluy — ue) = Feg(ug - of)

- J(H[Tue + H-T]ug) + 18 g
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Fuel:

a f ] '
A lPyas)+ Vo (pyugug) = ~0,0p+ Fop(u, —ug) + Feglug ~ug) + phg (AS8)

¢ Energy Equations.
Cias:

d 'y o { i o8 k
(7};(‘)919)+v~(pglvug) = —-p [—a—f + 7 - (Ggug)] +J(H[J he+ H[~Tjhy) =Ry Ty—T,)4+Q s,

(4.9)
Liguid:
a b, L :
Ziwl'l' )47 A pelenay) = —p [—07 + - {ﬂrlu)] ~J(H[Nhe+ H{=Thy)~Rey(Te~ T )+ Q pe
(A.10)
Fuel: a . .
5P+ (ppdpug) = ~Que = Qe (A.11)

In the above equations H|[J] is the Heavyside step function that becomes unity for positive
values of the argument and zero otherwise, and J is given by

1
J = e |[Ryu(Ty — Ta) + Res(Te - T,)]

" hg — hy

It should be pointed out that diffusive transpont within each field (shear stresses and
conduction) has been ignored in the above formulation. Indeed, resolution of the shear layers
would impose quite more extensive demands on the computation in both nodalization and the
physics of wrbulence processes responsible for such transport. Although this is certainly an area
for further improvement, we doubt that it will materially change the results for the particular
process quantified here.

A.2 The Exchange Laws

The interfacial exchanges of mass, momentum and energy are clearly regime dependent,
and uncertainties remain even for two-phase flows. For now, our approach aims 1o incorporate
first-order physics that account for the major flow and heat transfer regimes as identified by
simple criteria of fuel volume fraction, 64, and gas void fraction, o, ie., a = 6,/(8, 4 6;). The
flow regimes are shown in Figure A.1. For #; < 0.3 we consider the fuel particles immersed in a
two-phase gas-liquid flow, whose own flow regimes are defined by the value of the void fraction:
a < 0.3 (Bubbly), 0.3 < a < 0.7 (Churn-Turbulent), and o > 0.7 (Droplet). For 8, > 0.3, as
the fuel particles are densely packed, we considered a flow of gas and liquid through a porous
bed of fuel particles.
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where suffices 1 and j refer to dispersed and continuous phases, respectively. The drag ccefficient

for chumn flow (0.3 < a < 0.7) is defined by:

g A -1/2
i=g, j=£ CD-,=§(1-—0)‘M(‘,-=4{2.:,_£}

For dispersed flow we have:

e o 3 {gég}”“{u1'.'.<s'f(f(a.))"’}2
b e b 18.67f(a;)

where
i=g, j=¢€ a<03 fla)=(1~a)"

i=f j=g, a>07 fla;)) =0a"
i=f, j=gt fla))=(1-65""
and ¢, is obtained from

pylue —uy P4 8 fori=g
5y u Wer'{12 for i = ¢

(A.15)

(A.16)

(4.17)
(A.18)
(A.19)

(A.20)

For the “dense fuel regime™ (f; > 0.3) we use laminar and turbulent permeabilities (Sissom

and Pitts, 1972).
Fxfzpslf"" :f 1= gt

where

8,6}
F {woml;-jr for Re; < 1000
0 for Re; > 1000

pr o | 1755k B2 for Ref > 10
Y0 for Re!, < 10,

(A4.21)

(A.22)

(A4.23)

(A.24)

It is noted, however, that this regime is of very limited relevance to computations of practical

interest,
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A.2.2 Interfacial Heat Transfer and Phase Change

The distinction of the fuel-to-coolant heat transfer mechanisms is made again on the basis
of the flow regimes. The key distinction is whether or not there is sufficient water in the coolant
phase 1o completely engulf the fuel particles, thus a gas void fraction criterion is used.

For a < 0.7, heat transfer to liquid is estimated by superposition of radiation and film
boiling heat fluxes. That is,

Qﬂ =ny¢lh, + h;_)m"';tﬁﬂ(T/ - Ty) (A.25)
where
68y - 7= T¢ 3

7., -~ "73;, hr - U.EI T! - T’ (A-A-G, 1427)

and (Witte, 1968; Liu et al., 1992)

pokylh sy + 0.68cp,(Ty ~ Te)] }*

h.=29 - A28
2 8{ 7T = To) fuy —ug | (A.28)

The emissivity value E; = 0.7 is selected for the calculations of typical interest. Heat transfer
from fuel to gas in this regime need not be accounted for separately.

For a > 0.7, we assume a vapor-continuous regime in which heat is transferred to liquid
irops by irradiation and to the gas by convection. The gas is allowed to superheat and convect
heat to the liquid drops which boil at saturation. Thus:

Q][ = min(rmrff, n,nf"j) aE,E,-(T} - T,‘) (A.29)
and
Qyy = nsdsmlih(Ty - T,) (A4.30)

where ny = 66;/=¢; and h is given by Bird et al. (1960):
for 0, <03

k

b= gt {2+06Re} P}/ } (4.31)
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where
| g EL Bl 2L (A.32)
' Y [.l“
! and for #; > 0.3
|
| he = 091eprp) | wy ~uy | Re,**'Pr; 2/ for Rel) < 50 (A4.33)
|
; |
' hi = 0.61¢,7p, | ug — uy | Re, "' P2/ for Rell > 50 (A4.34)
where
i’ Rell = £ls | My ~ 1y ] (A.35)

Gﬂ[ﬂg

| The factor £, in Eq. (A.29) was introduced to empirically degrade the radiation heat transfer
to liquid by the portion that could not be absorbed. For reactor calculations we typically use
Iy = 0.3 to conservatively bias the predictions.

Similarly, for vapor-to-liquid heat transfer we have:

For o < 0.7, with vapor as the dispersed phase

ke |
Rey = condyunly = {2+0.6Re/ P} (4.36)
flg
L
Ry, = 2n_,,c>g,7rf_‘;}—:-

while for o » 0.7, with liquid (drops) as the dispersed phase

ke
By n,'o':(g?rl’f-&-l{.? +0.6 Re“'zPr;”} (A37)
{
2 ke
Ry, = 2eenedeg ™l 7~
4
In the above the coefficient ¢, was introduced as a way to control the liquid superheat in cases
where these simplified formulations for heat transfer coefficients are not deemed adequate.
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A.3 Nomenclature

Cp drag coefficient

cr control coefficient

Cp specific heat at constant pressure

Ey emissivity of fuel particles

E, absorptivity of water droplets

F factor for interficial momentum exchange

g acceleration of gravity

H Heaviside step function

h heat transfer coefficient; specific enthalpy

hyg enthalpy of evaporation

1 specific internal energy

J phase change rate per unit volume

k thermal conductivity

£ length scale

" number of particles (or drops) per unit volume
Pr Prandt! number

p pressure

Q rate of heat transfer per unit volume

R heat transfer coefficient between the phase (liquid or vapor) and interface
Re Reynolds number

T temperature

t time

u velocity vector

We, . critical Weber number for bubble/drop breakup
Greek

8 void fraction of vapor (per unit volume of coolant)
7 surface tension between vapor and liquid: specific heat ratio
# volume fraction (per unit volume of total mixture)
I VISCOSIty

p microscopic density

p’ macroscopic density

o Stefan-Boltzmann coefficient

Pij area concentration factor, defined in eq. (A.12)
Subscripts

a added-mass effect

¢ convection

f fuel

q gas (steam)

{ liquid (water)

r radiation

s saturation

Superscripts

{ laminar flow

t

turbulent flow
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APPENDIX B

FRONT ADVANCEMENT AND GLOBAL
VOID FRACTION TRANSIENTS IN MAGICO
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Figure 1.B.29. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-
sients for Run #104.
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Figure 1.B.30. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-
sients for Run #105.
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Figure {.B.31. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-
sients for Run #106.
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Figure 1.B.32. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-

sients for Run #107.
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sients for Run #108.
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Figure 1.B.34. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-

sients for Run #109.
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Figure 1.B.35. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-
sients for Run #111.
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Figure 1.B.38. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-
sients for Run #114.
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Figure 1.B.39. The pool-depth-average (top) and mixing-zone-average (bottom) veid fraction tran-
sients for Run #115.
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Figure 1.B.40. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-
sients for Run #116.
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Figure 1.B.41. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-
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Figure 1.B.42. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-
sients for Run #702.
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Figure 1.B.43. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-
sients for Run #703.
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Figure 1.B.44. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-
sients for Run #704.
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Figure 1L.B.46. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-
sients for Run #706.
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Figure 1.B 48. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-
sients for Run #902.
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Figure 1.B.49. The pool-depth-average (top) and mixing-zone-average (bottom) void fraction tran-
sients for Run #904.
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Figure LC.12. The local void fraction transient for Run #210, position #2 as deduced by 10 (top
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29. The FLUTE signal for Run #304, position #1 (sampling rate 8 kHz)
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Figure 1.C.32. The local void fraction transient for Run #304, position #2 as deduced by 10 (top

left) 20 (top right) SO (bottom ieft) and 100 (bottom night) millisecond time-averaging of the 8
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Figure 1.C.40. The local void fraction transient for Run #401, position #2 as dedwed by 10 (top
left) 20 (top right) 50 (bottom left) and 100 (bottom right) millisecond time averaging of the 8

19 Y N
Fluts
~ prediction
a8t ! =
c 14
2 : o
- i <
'6 -
1 o
8 o# b o e
Lo 4 fa.
s | & 2
s R 3
> o i 1 = =
3 f E
3 3
02 b i
| M
,J.Q_;Jﬂr A ! PRt LN L
o0 o2 04 a8 19
Time (s}
1o e v W T -
1 Flate 1
versro predietion i
o8- —
- 3 b 2
2 o
- pe]
o
£ o8} g
T L.
= - o
B o ¢
> oaf- sf =
- L 2 s
< £ A o
< 9
2 o
- | wd
LES
3 :
60 Lo * TP ENPTD BRESREI STt A
80 82 o4 oe na 10
Time (8)
kHz FLUTE signal.
P — ey e = . i xﬁ_-n-;m.-_.m—a_mr

P w bl e




(zH g des Juigdwes) j¢ vonsod ‘Zopy uny 10§ [BUSIS LT L 1D undiyg

P ——

(s) suuny,

01

!

00

3 Simas Banamn

.

]

—4

§

4

1

ST e

00

o
o

¥O

a0

01

4 PIOA [e007]

oveld

uon

1.C~43



.
§




(ZHX 8 s Bundwes) 74 uonisod ‘Zopy umy sof [eudts I YL €7 DT 2undig

(s) auirj,

00

00

20

1¥0

80

80

01

uoI1joed PIOA [e007]

I.C-45






(zH g awea Juydwes) 14 uomsod ‘gopg uny 10§ peuSis LT YL Sp)T unfiyg

(s) auuy],

1 r

| |

— “ ' | _

| | 1

m | | w .Twc

| e | |

{ { | mh M

| g, { 1

| IR | !
N RT LA N I A SR

07

PIOA €0
1.C47

uo13oed



B8Y-0°1

Local Vaid Fraction

Local Void Fraction

1e

cn

28

04

oot

,_q_.,..",“_.,’ S —

Finte
s predicti

oo

v gt — e —y——p

Local Void Fraction

os

oa

04

Figure 1.C.46. The local void fraction transient for Run #403,
left) 20 (top right) 50 (bottom left) and 100 (bottom ri

kHz FLUTE signal.

D T A — ST —

Local Void Fraction

1a 7*’—*—,-—*— — ] - - - I -
m— Fiule
predictis
Ha
DR}
04}
i
f
nal- K
on — Y ' 3
co a2
o S S
'l;;a
st prediciion
LE 35 i
4,
L
’1
7
o} L
G4} /:"
‘_l
oz}
- K, 3
anLJILA—ll-‘&“IAAl J;JJALA!nALAI
ne og L ce o8
Time {a)

P W R L TR RS SNNE R OR SN SN NS B SRS W an YV e

position #1 as deduced by 10 (top
ght) millisecond time-averaging of the 8

e 1 R YRR = . B W W R

T W ] S SNGR N — y W ageRSN S e ST,

T —



6%-0"1

Local Void Fraction

10 —r—r——————r————y— e
[ I r ‘n I

0.8 |-

C.6

0.4 |—

O ——

0.2 |—

-

_ LA
0.0 0.5 1.0 1.5
Time (s)

0.0

n

Figure 1.C.47. The FLUTE signal for Run #403, position #2 (sampling rate 8 kHz).



Ul 3L ZHY
8 Y1 JO JUIBRIIAP-IWN PUOIISILL |iyis dosoys 001 PUR (2] wenoq) o§ (ySu doy) oz (ay
dow) o1 £q paonpap se 7y uomsod “gopg UNY 10§ UASURI] UOLIIRI] PIOA [£30] 4L ‘8P Y] undiy

(s) sy
o1 8o o o 20 a6 i €0
TN U Y JAOW\A.\IAEO Ijrjul.n
.\ ~{Zn =) .\
& & : f
- f &) i
v o g fV
; ~iva e ~{va
)
i
S TR | . i |
- - o L Y 450
! 7 & 7
E «. m N. —
{ i 3 \
- nw = oc 'l ~—m._. = 'b
_ uoipiped . Q —;ﬂﬂ.—ﬂ”ﬁ! T
L ¥ P— CUEITY (R—
— e S —— h - . b B S - —‘Lnl."f|r‘ [l ] .&n.lr\tv.L rlr;rt'rbrl.rlf! Ilb A A ?Itlhlklllflr Qi
(&) sway (%) swuny
m oy e s0 v zo we o w0 wa ra g 06
_ \F B ~; G.M: : 1] d.]»Al;A i e @ v q s 1 B ﬁ i ; =g 49
u I “
[ A i i .
1 - ) 20 H + < &
/ 5 {
. i o 4 1 & L
b % . £ 1
- - s ! a ~{re
4 AL._. ﬂ
A i
o - - L2
L = . ’ 3 - T G | 1490
. 3 i
# e il
8 3 <! i
i3 3 ! o M
5 = ! I L 1 ! {40
woyaipasd %\..e.:;_ﬂ.:n -
L E— w | s
- e S o ] i, i
el " v i VS S S e ol SR LY S N NEPRRIFEN TS ?\Pibl'l.llrib—

i m ll.-vlfllv b TESCY e —

e e R~ Py

I ey T T L. . I —

UoI3sRLy IOy [EI0q

BOIDRIY Py 10507

1.C-50



15-0°1

Local Void Fraction

L0 vy

08—

0.6 —

0.4 —

T

0.2 |

00 . Ul . : i §
0.0 0.5 1.0
Time (s)

Figure 1.C.49. The FLUTE signal for Run #404, position #1 (sampling rate 8 kHz).
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Figure 1.C.62. The local void fraction transient for Run #408, position #1 as deduced by 10 (top
left) 20 (top right) 50 (bottom left) and 100 (bottom right) millisecond time-averaging of the 8
kHz FLUTE signal.
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Figure 1.C.66. The local void fraction transient for Run #603, position #1 as deduced by 10 (top
left) 20 (top right) SO (bottom left) and 100 (bottom right} millisecond time-averaging of the 8
kHz FLUTE signal.
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Figure 1.C.68. The local void fraction transient for Run #603, position #2 as deduced by 10 (top
left) 20 (top right) SO (bottom left) and 100 (bottom ~<=ht) millisecond time-averaging of the 8
kHz FLUTE signal.
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Appendix D: The Detailed Structure of Interactions in MAGICO

The premixing transient is a vastly complicated process, which besides the primary quantity
of interest, the space-time evolution of the void fraction, has a number of other interesting
features. These features relate to the detailed motions and associated interactions, and they are
significant in creating the conditions within which the void fraction patterns develop. We study
these motions here in terms of the calculated steam and water volume flux patterns for the
conditions of MAGICO runs #702 (25-cm pool, 2.4-mm balls, 800 °C) and #905 (50-cm pool,
1.5-mm balls, 800 °C). These runs were chosen for the purpose of explaining the prediction of
a “reversal of water volume flux” phenomenon, which we believe relates to, and explains, an
experimentally-found sudden increase in steam generation rate under certain conditions during
the premixing transient. More specifically, we believe that reversal of water flux causes a strong
counter-current melt-water contact and an associated rapid increase in steam generation rates;
accordingly, the resulting phenomenon is termed Energetic Transfer of Heat In a Counter-Current
Ambient (ETHICCA).

The reversal of water volume flux is illustrated in Figures D.1 and D.2 for runs #702 and
#905, respectively. [In these figures, spatial maps are given for only one-half of the flow field—
symmetry.] In the initial stages, we can see that the generated steam moves upward and out
of the mixing region, while the water is being pushed down and to the sides. This creates a
counterclockwise motion in the liquid around the mixing zone. As time goes ou, the behavior
of the steam remains basically the same, except for being lifted from farther dowu the pool in
a pattern that follows the particie cloud front penetrating the pool. However, the water volume
flux undergoes two major changes, one at 0.2 and the other at about 0.5 seconds. At 0.2 s
in the interaction, water is seen to begin to move upward within the mixing zone, apparently
being “lifted” by the steam flow. The mixing region is therefore becoming depleted of liquid
for three reasons: vaporization, water being pushed down and to the sides by the particles,
and water being lifted by the steam. The implied internal stagnation region is clearly visible
in Figures D.1b and D.2b. The other change occurs around (.5 s, when the water around the
mixing zone reverses sense of “rotation” (note that these are all irrotational motions) and begins
to flow into the mixing zone! At about the same time with this flow reversal, the high-speed
movies show a relatvely violent breakup of the pool surface, as if by a suddenly increased
steam generation rate; this is the ETHICCA connection mentioned above. Quantitatively, this
sudden change in steaming rate is illustrated in Figures D.3a and D.3b, and in detail is seen to
depend on particle size and pool depth, and we expect on particle temperature also. However,
we believe that the most important parameter affecting ETHICCA is the pour-to-pool diameter
ratio, and in the limit to where this ratio is 1, ETHICCA should vanish; preliminary calculations
confirm this expectation. The particular mechanism, in elementary terms, is due to the buildup
of gravitational head between the inside (voiding) of the mixing zone and the outside water
{hence, absolute value of water pool depth is also important), and is another manifestation of
the decisively non-one-dimensional nature of premixing transients.

Apart from the water volume flux evolution, the ETHICCA can be tracked from the evolu-
tion of the steam volume fraction in time. This is shown in Figures D.4 and D.5 for runs #702
and #905, respectively. These figures are given in two forms, a synoptic one in D.4i,j and D.5ij
for visualizing the whole transient, and a quantitative one in D.4a-h and D.5a-h with the void
fraction contours labelled. From these figures, we can visualize the growth of the mixing zone
and the breakup associated with ETHICCA. In addition, they may be seen to be remarkably
similar (in shapes) to sample snapshots taken during actual runs and collected in Figures D.6
and D.7. In particular, notice the agreement in the violent breakup of the pool surfaces seen 1o
occur at around 0.4 s in run #905,
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Figire D.1a Evolution of steam volume flux in numerical simulation of Run #702. Upper two rows,

times (from impact of balls on the water) are 004 5, 054 s, 104 s, .154 5, 204 5, 254 5, .34 s, 354 §;
fower two rows, times (from impact of balls on the water) are 404 s, 454 s, 504 s, 554 s, 604 s,

654 5, 704 5, 754 s
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Figure D2a Evolution of stcam volume flux in numerical simulation of Run #905. Upper two rows,
times (from impact of balls on the water) arc 004 s, 054 s, 104 5, 154 5, 204 s, 254 5, 304 s,
354 s; lower two rows, times (from impact of balls on the water) are 404 s, 454 5, 504 s, 554 s,
604 5, 654 5, 704 5, 754 s,
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Figure D2b  Evolution of water volume flux in numerical simulation of Run #905. Upper two rows,

times (from impact of balls on the water) are 004 s, 054 5, 104 5, .154 5, 204 5, 254 5, 304 5,
354 5; lower two rows, times (from impact of balls on the water) are 404 s, 454 s, 504 s, 554 s,

604 5, 654 5, 704 5, 754 5.
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Figure D4a Evolution of steam volume fraction in numerical simulation of Run #702. Times (from
impact of balls on the water) are 004 s, 054 5.

Figure D.4b Evolution of steam volume fraction in numerical simulation of Run #702. Times (from
impact of balls on the water) are 104 s, 154 5.
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| Figure D4c  Evolution of steam volume fraction in numerical simulation of Run #702. Times (from

impact of balls on the water) are .204 5, 254 5.
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Figure D.4d  Evolution of steam volume fraction in numerical simulation of Run #702. Times (from

impact of balls on the water) are .304 5, .354 5.
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Figure D4e Evolution of steam volume fraction in numerical simulation of Run #702. Times (from
impact of balls on the water) are 404 s, 454 s,
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Figure DAf Evolution of steam volume fraction in numerical simulation of Run #702. Times (from
impact of balls on the water) are 504 s, .554 5.
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Figure D.4i  Evolution of steam volume fraction in numerical simulation of Run #702. Times (from
impact of balls on the water) are .004 5, 054 5, 104 5, 154 5, . 204 5, .254 5, .304 s, .354 5.

Figure D4) Evolution of steam volume fraction in numerical simulation of Run #702 Times (from
impact of balls on the water) are 404 s, 454 5, 5(4 5, 554 5, 604 5, 654 5, 74 s, 754 5.
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