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ABSTRACT

Technical papers accepted for presentation at the Seventh International Topical Meeting on
Nuclear Reactor Thermal-Hydraulics are included in the present Proceedings. Except for the
invited papers in the plenary session, all other papers are contributed papers. The topics of the
meeting encompass all major areas of nuclear thermal-hydraulics, including analytical and exper-
imental works on the fundamental mechanisms of fluid flow and heat transfer, the development of
advanced mathematical and numerical methods, and the application of advancements in the field
in the development of novel reactor concepts. Beczase of the complex nature of nuclear reactors
and power plants, several papers deal with the combined issues of thermal-hydraulics and reactor/
power-plant safety, core neutronics and/or radiation.

The participation in the conference by the authors from several countries and four continents

makes the Proceedings a comprehensive review of the recent progress in the field of nuclear reac-
tor thermal-hydraulics worldwide.
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PREFACE

Welcome to Saratoga Springs, the place of the first of the NURETH meetings, held in 1980,
Since this first meeting, the NURETH series hive included: Santa Barbara, California in 1983,
Newport, Rhode Island in 1985, Karlsruhe, Germany in 1989, Salt Lake City, Utah in 1992 and
Grenoble, France in 1993. MNow, after fifieen years, the seventh of the NURETH meetings is
being held again in the birth place of the series.

As you probable know, the NURETH meetings have been initiated and sponsored or co-spon-
sored by the Thermal-Hydraulics Division of the American Nuclear Socicty. The TH Division
has clearly become a leader in establishing and maintaining high technical standards regarding
topical meetings in the field of nuclear thermal-hydraulics, paper acceptance criteria for such
meetings, and promoting international cooperation and exchange. In particular, the papers
accepted for presentation at NURETH-7 and published in these volumes have been thoroughly
reviewed by leading experts in their respective fields. Their work, as well as the efforts of the ses-
sion organizers, are the cornerstones of the high technical quality of this meeting.

The present conference has been organized by the Northeastern New York Section of the Ameri-
can Nuclear Society. In addition, the following organizations have agreed to join the ANS Ther-
mal Hydraulics Division as co-sponsors of NURETH-7: American Institute of Chemical
Engineers (AIChE), American Society of Mechanical Engineers (ASME), Canadian Nuclear
Society (CNS), European Nuclear Society (ENS), Japanese Nuclear Society (JNS), Japanese
Society of Multiphase Flow (JSMF) and the U.S. Nuclear Regulatory Commission.

Except for the invited papers in the plenary session, all the other papers are contributed. They
have been divided into twenty-four major topics. These topics cover all major areas of nuclear
thermal-hydraulics.

The theme of the NURETH-7 conference is Thermal-Hydraulics for the 21st Century. This
theme has been implemented in the program of the meeting through technical napers covering
areas such as: progress in analytical and experimental work on the fundamentals of nuclear ther-
mal-hydraulics, the development of advanced mathematical and numerical methods, and the
application of advancements in the field in the development of novel reactor concepts. Because
of the complex nature of nuclear reactors and power plants, several papers deal with the combined
issues of thermal-hydraulics and reactor/power-plant safety, core neutronics and/or radiation.

I hope that both the conference participants and other future readers of this multi-volume edition
of NURETH-7 Proceedings will find several new and innovative ideas as the results of the work
by the authors representing an outstanding international community of experts from academia and
industry

On behalf of the organizing committee 1 invite you io actively participate in the conference and
wish you a pleasant stay in Saratoga Springs.

Michael Z. Podowski
Technical Program Chairman
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ON THE CONSTITUTIVE DESCRIPTION OF
THE MICROINTERACTIONS CONCEPT IN STEAM EXPLOSIONS

X. Chen*, W. W. Yuen* and T. G. Theofanous
Center for Risk Studies and Safety,
Department of Chemical and Nuclear Engineering
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ABSTRACT

This paper elaborates on the constitutive description of the “microinteraction” model used
by the computer code ESPROSE.m to simulate the propagation phase of steam explosions. The
approach is based on a series of experiments, in the SIGMA-2000 facility, involving molten
drops of tin made to explode under sustained pressure fields; an environment similar to that of
a fully-developed large-scale detonation. The experimental ranges cover shock pressures of up
to 204 bar, melt temperatures of up to 1800 °C, and a series of isothermal runs, using gallium
drops, are also included. The results indicate that, to a first approximation, the basic form of
the constitutive laws hypothesized in the original formulation of ESPROSE.m is appropriate.
Moreover, through detailed comparison of data with numerical experiments, certain parameters
appearing in these laws could be identified quantitatively.

1. INTRODUCTION

The purpose of this paper is to follow up the “microinteractions” idea proposed only re-
cently as the fundamental ingredient of steam explosion physics (Yuen and Theofanous, 1994).
The idea owes its origin to the recognition that in fully-developed large-scale detonations, melt
fragmentation occurs under a sustained pressure field (as opposed to the sharp-pulse triggers em-
ployed in all previous fragmentation studies), and on the observation that under such conditions
the debris (fragmented fuel mass) mixes with the coolant found only in the immediate vicinity
of the melt-coolant interface (Yuer, et. al. 1992). The rest of the coolant simply does not par-
ticipate in the ensuing thermal interaction (but it does participate in the wave dynamics piocess),
and the effect on the obtained feedback is enormous - it can produce sustained detonations under
much less restrictive conditions on fuel concentration and fragmentation rates.

The first formulation (Yuen and Theofanous, 1994) of the microinteraction model was
based on the hypothesized constitutive law that the rate of coolant mixing with the debris
is proportional to the melt fragmentation rate. This model produced the first, and still only
(see for example, the review by Fletcher and Anderson, 1990, thai explains the inconsistencies)
consistent comparisons with available experimental results (in the KROTOS facility): from “weak
propagations™ with tin melt at 1000 °C, to supercritical detonations with aluminum oxide melt at
2300 °C. This mode! was also utilized to obtain the first results for two-dimensional detonations
(open pool geometries), demonstiuting thus the important mitigating effect of “venting” due to
wave reflections at the free poo’ surface (Theofanous and Yuen, 1994).

In this paper we examine this constitutive formulation in the light of experiments carried
out in the SIGMA-2000 facility especially for this purpose. We use ESPROSE.m to help with

* Also with Mechanical Engineering
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the interpratation and in the process we are able to examine the whole microinteraction model
of ESFROSE.m in some detail, as well as certain wave dynamics feature of the code.

In this first systematic experimental evaluation of the microinteraction “laws”, we concen-
trate on molten tin drops at temperatures up to 1800 °C, and shock pressures from 68 to 204
bars (1000 to 3000 psi). As a basis of comiparison, we carry out also a set of experiments under
isothermal conditions with gallium drops ( melting point at 30 °C). The results are used to show
the existence of a hydrodynamic regime at high pressures, and of a thermally-affected regime
at the low end of the pressures considered. Any material dependence is yet to be determined
as we undetake experime.:tation, one-by-one, with each material of interest (namely, Fe and
Zr0O, for reactor applicaticns). However, it is reasonable to expect that, to the extend that the
hydrodynamic regime is adequately characterized by the relevant properties (as described below),
the behavior at this limit can be adequately predicted. This is the important regime from the
point of view of assessing the energetics of large-scale detonations. At low pressures thermal
effects set in, but this is relevant to the triggering and early escalation stages of an explosion.
Preliminary experiments with iron melts at pressure of 68 bar and 1600 °C indicates a thermal
effect much stronger than that of tin. This is not surprising considering the heat capacities per
unit volume (pc,) of iron as compared to that of tin (2 times bigger). The latent heat of iron
is also much larger than that of tin (4 times bigger). To fully understand this regime we need
extensive experiments with various melts and pressures from essentially ambient up to the range
considered here. However, exploring this regime is a lower priority concern, and we are treating
it as such.

2. EXPERIMENTAL APPARATUS AND INSTRUMENTATION

The experiments are carried out in the SIGMA facility, employed previously for the study of
fragmentation of mercury drops in water (Patel and Theofanous, 1981) under sustained pressure
waves and isothermal condition. More recently SIGMA was employed in the study of molten
tin drops at temperature up to 1000 °C (Yuen, et. al., 1994). For the present study the facility
was upgraded to allow melt drop temperatures up to ~ 2000 °K (hence the SIGMA-2000 name ).
The whole experimental arrangement is shown in Figure 1, and it can be explained with the help
of the schematics in Figures 2 and 3.

The basic component is the shock tube, consisting of an one-meter-long driver section and
a two-meter-long ~xpansion section. The design pressure is 1000 bar and with water in the
expansion section it allows steady flows/pressures for up to ~ 2.3 ms, before the reflected wave
from the bottom end of the tube arrives back to the window area. The window allows an
observation area of 2 x 5 ¢m, and its midpoint is located S0 ¢cm below the top of the expansion
section, which is separated from the driver section with a prescored steel diaphragm. The shock
wave is initiated by cracking the d.aphragm with the help of a blasting cap which is electrically
detonated.

The melt genei.utor, placed typically 5 cm above the window, is illustrated in Figure 3. It
i1s designed to melt and rep:oducibly release single drops of melt at any desired temperature up
to 2073 °K (1800 °C . The test material is placed inside a graphite crucible, surrounded by an
induction coil, powe ed by a 2.5 kW generator. The sample, and to some degree the crucible,
can be heated rapisly by the induction currents while the temperature is on-line monitored using
K-type thermocouples. When the drop temperature reaches the desired value (typical heating
time is about one minute), a mini-plug cylinder (driven by argon gas pressure) is made to snap
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The SIGMA-2000 FACILITY

Figure 1: The SIGMA-2000 facility

open thus releasing a single molten drop. Since at 1300 °C the thermocouple fails, higher
temperatures are obtained by an on-line fit and extrapolation of the temperature data (using a
PC). The procedure is estimated to have an uncertainty ol about + 30 °C

The most challenging aspect of the experiment is 10 obtain the drop-shock interaction near
the top of the observation window, so that the event can be observed in its entirety (as the drop
translates rapidly and explodes behind the shock) This is achieved by automatically timing the
whole experimental sequence, starting with the detection of the moltra drop, by means of a laser
beam, at the very top end of the window

The principal experimental data are images of the exploding drops obtained with flash
X-ray and high speed movies (so far, these data have been obtained in separate experiments,
but under well-reproducible conditions; we have, however, re« ently developed the capability of
simultaneous operation). For the X-ray, we use a Hewitt Packard generator (Model 43734A)
capable of a single 25 ns duration flash, that can be timed very precisely on the basis of the
shock arrival time at the window. For the movie we use a rotating drum camera run typically at
25,000 frames per second, for a total recording time of 6 ms under back-lighting conditions
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Figure 2: Schematic of 1 ""MA-2000 facility (not to scale).
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Figure 3: Schematic of the melt drop generator.

Pressures are measured both above and below the window with flush mounted quartz piezo-
electric transducers (KISTLER, 607L) having a rise time of 1.5 uus and a 2,000 bar (30,000 psi)
maximum range. The signal from the top transducer is used to trigger the X-ray and/or the
flash-light for the movie camera. Both transducer signals are recorded in a four-channel digital
storage oscilloscope (LeCroy 9304, 175 MHz) and a PC.

Finally, as shown in Figure 2, we employed a debris catcher (which was able to slide up
and down the tube following the flow) to collect the debris after each run both for mass and
debris size distribution analysis.

3. EXPERIMENTAL PROGRAM
AND DATA REDUCTION TECHNIQUES

Critical aspects for the quantitative radiography employed here are the optimization of the
X-ray energy level and source position from the objec., such as to optimize the film exposure.
Moreover, strict quality standards need to be applied in the reproducible development of the
exposed film, “stailed calibration curves, and witness pieces on every film to allow for the
small correc’ always necessary due to intangible variations in the exposure-development-
reading procc Nith these techniques properly established one can obtain the two-dimensional
projection of { agmenting drop mass distribution at the instant of the X-ray flash. As a means
of checking the accuracy of the whole process, the total drop mass was reproducible from the
X-ray analysis typically within 10 to 15 %

The high speed movies provide the evolution of images of the ouside envelope of the
microinteraction region (consisting of the debris, entrained water, and any steam produced by
the interaction), which in turn surrounds any remaining (coherent) drop mass. These data are
complementary to those in the X-ray in the following sense. From the X-ray film we can
distinguish the fragmented debris mass (as described shortly below), we can thus determine the
amount of water mixed with this debris. The movies allow us to expand this information, from
the =elected time instances of the X-rays, to the complete explosion event.
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Analysis of both the movie and X-ray images are done with a digitial scanner (UMAX
UC840), and associated software to compute local masses and total volumes. The manner in
which the mass corresponding to the debris was identified is described in conjunction with the
presentation of data in the next section.

The debris collected from the “catcher” was washed, dried and subjected to sieve analysis.
Selected samples were examined and photographed under the electron microscope.

The experimental program involved two materials and runs under seven conditions as sum-
marized in Table 1. The run identifier code includes shock pressure and melt temperature for
easy identification in the discussion. Key properties of these melts are given in Table 2. Re-
ferring to a remark made in the introduction about iron, the properties of this material are also
included. For the tin runs, the water temperature was raised to 90 °C to prevent spontaneous
interactions. In addition to one movie run for each entry in Table 1, we have three duplicate
runs of T/204/1000 for the X-ray data at three selected instances (0.85, 1.0 and 1.5 ms).

Table 1. Test Conditions for the SIGMA-2000 Experiments
Run ID Melt Temperature Shock Pres. IT Drop Diameter
(°C) (Bar) | (cm)
(Melt/Water) | (Hor./Ver.)
G/68/45 Galium 45/45 68 [ 0.68/0.46
G/204/45 Galium 45/45 204 | 0.81/0.39
G/272/45 Galium 45/45 272 f 0.91/0.56
T/68/1700 Tin 1700/90 68 5 0.65/0.46
T/204/1800 |  Tin 1800/90 204 J 0.63/0.43
T/68/1000 Tin 1000/90 68 ; 0.75/0.41
T/204/1000 Tin 1000/90 204 | 0.63/0.38
Table 2. Properties of Materials
Material p o 'T ey | L
(gm/cm’) (dyn/em) | (I/(gk) | (I/g)
Galium 6.07 660 [ 0.371 T 79.7
Tin 6.10 (T = 1700 °C) 550 ‘ 0.220 ' 60.7 .
6.47 (T = 1000 °C) | |
Iron 7.87 1550 | 0449 | 247 |

4. EXPERIMENTAL RESULTS

Selected movie image sequences from three representative runs are shown in Figures 4a,
4b and 4c¢. It is interesting to note that in all cases, the boundary is highly structured, and that
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Free Falling Shock Arrival 0.1 0.23 0.35 0.47

(t=0.0 ms)

0.59 0.74 0.90 0.98 1.14 1.30

1.45 1.61 1.77 1.93

Figure 4a: Movie images of run (G/240/45



Free Falling Shock Arrival 0.07 0.19
(t=0.0 ms)

WAIE

0.41
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1.44 1.59 1.74 1.90

Figure 4b: Movie images of run T/204/1000

1593



Fres Falling

4

0.48
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Figure 4c: Movie images of run 1/204/1300
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in the non-isothermal runs, the interaction zone develops in a highly irregular fashion. Note
however, that even for the high temperature runs the microinteraction zone is quite confined
around the drop as found previously (Yuen, et. al. 1994). To obtain an indication of the volume
of these zones, these images are integrated (using horizontal slices) assuming axial symmetry (for
each slice separately). The uncertainty in carrying out the mechanics of this process is very low,
s0, the real uncertainty depends on the assumption of axial symmetry, which strictly speaking
is not defined at this time. However, an overall perspective can be obtained from the time-wise
regularity of the results as well as from the trends between various runs. All the volume results
are presented together with analytical interpretations in section 6.

A reconstructed X-ray image is shown in Figure 5, and the mass thickness distribution along
a horizontal axis going through the image at an elevation containing the point of maximum mass
thickness is given on the top of Figure 6. The sudden drop-off in thickness seen in this figure was
used to identify a “boundary™ between the still-coherent drop mass and the surrounding debris.
This then, in conjunction with the cumulative mass distribution shown in the bottom of Figure
6, was used (o determine the fraction of the drop fragmented at the time the shot was taken. For
the estimated drop mass, the equivalent diameter is 0.44 cm where the horizonal width of the
cutoff thickness region is 0.49 cm and the “average” thickness in this region can be read as ~
0.4 cm; a consistency which is indicative that the inner region identified as “unfragmented” drop
indeed contains no water. The reduced data from all three X-ray runs are presented together
with analytical interpretations in section 6.

Water
0.027

0.046
0.063

0.164

10cm

T/204/1000
(0.85 ms)

Figure 5: Flash X-ray image of a tin drop (1000 °C) at 0.85 ms after the shock arrival for run
T/204/1000.
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Figure 6: Mass distribution results from the X-ray film shown in Figure 5. The figure on the
left represents the mass thickness distribution along horizontal line containing the local area
with highest mass concentration. The figuse on the right shows the cumulative mass fration

distribution.

The debris size distribution from all the tin runs are summarized in Figure 7. We note that
the “low pressure”, “high temperature” combination gave the maximum fragmentation while the
“low pressure”, “low temperature” case produced essentailly no fragmentation. The “low"” and
“high” characterization applied here, are in the perspective of this work. In general, 1,000 °C
is not really low since researchers have worked extensively with tin at temperature below 1000
°C, and in the KROTOS experiments, tin melts at 1000 °C were used in attempts (o obtain
;l);%;;agating explosions. The present results explain why this was not possible (Yuen, et. al.

).
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Figure 7: Histogram of fragmented masses from the tin runs. (Data are shown on a pass-basis;

that is, the mass fraction shown at each sieve size corresponds to masses caught between it and
the next higher size.)

The debris structure can be seen from representative scanning electron micorscope (SEM
photographs collected in Figure 8. The small sample shown for cfch run was obtaincgc tc(> )
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Figure 8: SEM photographs of sample debris collected from four tin experiments (in each
photograph, samples of “large”, “medium” and “small” debris are presented to illustrate typical
characteristic dimensions



include particles from those in the fine powder range, to intermediate, and large particle sizes.
It is interesting to note the highly convoluted morphology of the large particles, even of those
at low temperatures, and the smooth shape of the fine particles in the high temperature cases
(those are absent in the low temperature runs).

5. THE MICROINTERACTION MODEL IN ESPROSE.m

As noted already w« wish to interpret the data presented above in the ESPROSE.m frame.
This is done in the next section, by means of ESPROSE.m calculations. In this section, by way
of introduction, we provide the key aspects of the model (Yuen and Theofanous, 1995).

In the multifield formulation of ESPROSE.m the materials involved in the microinteraction
zone (called the m-fluid) are considered together as a separate field, that is allowed to interact
with the other two fields (fuel and liquid coolant) through exchanges of mass, momentum and
energy. For our present purposes, we are mainly interested in the continuity equations which are
written, for the fuel(f), liquid coolant(), the microinteraction “field"(m), and the debris(db), as
follow:

%+v.(p;um)=E+J (1)
%2+V-(P'lul)=-f—] (2)
?6’—)1,!_ + v (pyuy) = -F, (3)
%Q*'V‘(P:ﬂum):}“r (4)

In tnese equations, the “source terms” F, and E, represent the rate of fuel fragmentation and the
rate of entrainment of liquid coolant into the microinteraction zone respectively. These are the
terms that need to be defined before the system of equations (including momentum and energy
conservation which are not presented here) can be integrated, and these are the constitutive laws
under investigation here. The other source term J represents mass transfer by phase change
between liquid coolant and m-fluid. In addition to Eqs. (1) to (4), we have an equation to keep
track of the changes in the fuel length scale, written as

o (6;\ 6, \ _26,dD;
ar(D;)*V'(D,“)"E}‘T (%)

This equation is based on interfacial area transport considerations and includes a “sink” term on

the right hand side, representing the length scale changes due to fragmentation (the %)f- term is
related to the rate of fragmentation).

The hypothesis made in the original formulation of ESPROSE.m was that the entrainment
rate is proportional to the rate of fragmentation (on a volume basis), that is,
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E=ﬁﬂ% (6)

where f, is the “entrainment factor”. The instantaneous fragmentation rate, F,, is obtained from
a characteristic fragmentation time, t, as

and the rate of change of the fuel particle diameter is given by

. /s

dt 3?/

where the fragmentation time is estimated on the basis of an instantaneous Bond number for-
mulation (i.e. based on the instantaneous differential velocity and drop diameter) obtained by
extendingg:n earlier formulation (Patel and Theofanous 1981) to a highly transient regime (Yuen

et. al. 1994), that is
luy —u |ty -1/2 -1/4
1 = ———— ¢ = 3;Bo (9)
f Df f
with
|
Bo = 3apDyiny-u| e=fL (10)
160 p

This is for the purely hydrodynamic regime, and 3; is evaluated in conjunction with the
relevant experiments. For example, based on data available at the time Yuen et. al. (1994)
found 3; = 13.7, while Theofanous et. al. (1979) deduced a value of 3; = 10.3. To represent
rates of fragmentation higher than this value, due to thermal effect for example, we introduce
an augmeniation factor, which to a first approximation is treated (here) as a constant. That is,
more generally we have

t’, = 11 (11)
Tt

and exgect that 4, — 1 at very high pressures, where thermal effect can be expected to be

negligible.

To recognize that by the time there is sufficient fragmentation, the turbulence developed
and associated mixing effects cannot be expected to subside, even if the fragmentation rate
diminishes (because of fuel depletion and/or approaching velocity equilibration), the entrainment
rate in ESPROSE.m is kept as a non-decreasing function of time, i.e., it maintains its latest
maximum value.

The SIGMA simulations presented in the next section were carried out in 1D with the melt
drop at the appropriate location, and with a grid size of 1.25 cm to capture the highly localized
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event of interest. A small gas pocket in the melt generator was also simulated. The effect on
the wave dynamics is to create an overshoot at the front end of the pressure pulse (this is absent
in the absence of this gas pocket), which is both interesting and predictable, as seen in Figure 9.
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