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ABSTRACT

AN ALTERNATIVE FRAGMENTATION THEORY FOR A MELT
DROPLET AND VISUAL DATA ANALYSIS OF THE
LARGE-SCALE STEAM EXPLOSIONS

An alternative fragmentation theory has been suggested for the steam explosion
phenomenon. Under the conditions of the large-scale steam explosion experiments previously
done by the members of Japan Atomic Energy Research Institute, model conservation
equations have been solved and the maximum heat transfer coefficient is calculated as
h =25.182x10° Wm K. Using this heat transfer coefficient, expansion velocity of the steam
water interface has been calculated as about 1800 m/s. It was demonstrated that this interface
velocity as a result of local explosive steam production is high enough to obtain a shock wave,

which is necessary to have a large-scale steam explosion.

To have an overall understanding about the whole steam explosion process and the
relation among its stages, above mentioned data have been examined and evaluated in detail.
Using the debris size distribution regarding to this data, it has been found out that surface area
enlargement of the melt fragments for an experiment resulted in explosion is about seven
times greater than that for a no-explosion experiment done using the same amount of melt and
water. Qualitative examination of the visual data revealed that steam production per unit time
during an explosion is thousands of times greater than that in the case of no-explosion.
Therefore, only area enlargemenf cannot explain the huge amount of heat transfer. Another
approach, as suggested in the present work, which considers the relative velocities of the melt

and the coolant, should be considered.



OZET

ERIMIiS METAL DAMLASININ PARCALANMASINA ILISKIN
FARKLI BiR TEORi VE BUYUK BOYUTLARDAKI BUHAR
PATLAMASI DENEYLERININ ANALIZI

Buhar patlamasi olaymn tetikleme asamasi igin alternatif bir pargalanma teorisi
onerildi. Japon Atom Enerjisi Arastirma Enstitiisi'nde (JAERI) Japon arastirmacilar
tarafindan elde edilmis olan biiyiik boyutlardaki buhar patlamasi deneylerindeki sartlar

kullamilarak, 6nerilen teoriye ait korunum denklemleri ¢dziildii ve maksimum 1s1 transfer

katsayist /=25.182x10° Wm K™ olarak hesaplandi. Bu 1st transfer Kkatsayisi
kullanilarak, tetikleme asamasinda iiretilen buharin genisleme hizinin 1800m/s oldugu
hesaplandi. Elde edilen buhar genisleme hizinin, biiyiikk boyutlardaki buhar patlamas

olayimn gerek sartlarindan biri olan sok dalgasi olusumu icin yeterli oldugu gosterildi.

Buhar patlamasi olayinin agamalari ve bu asamalar arasindaki fiziksel iligkinin
anlasilmas: igin yukarida bahsedilen deneysel veriler detayli olarak incelendi ve
yorumlandi. Deneyler sonrasinda elde edilen kiiciik metal pargaciklarimn boyutlarindan
yararlamlarak patlama olmasi halindeki yiizey alam1 artisinin patlama olmamasi
halindekinden yaklasik yedi kat daha fazla oldugu hesaplandi. Patlama sirasinda birim
zamandaki buhar tiretiminin patlama olmamas1 haline gére binlerce defa daha fazla oldugu
deneylerde gozlendi. Ist transferi alamindaki yaklagik yedi katlik artigin patlama sirasinda
gozlenen cok yiiksek miktardaki buhar {iretimini aciklayamiyacag: ifade edildi. Ist
transferi alanindaki artisin yansira, onerilen modelde oldugu gibi goreceli hizlarn rol
oynadigi, konveksiyon yolu ile 1s1 gegisinin goz oniinde bulundurulmas: gerektigi

belirtildi.
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1. INTRODUCTION

An explosion can be defined as a high amount of stored energy transformation from one
form to another in a very short time. Initially, this stored energy is stable in one form. A
comparatively small amount of energy, which can disturb the stability, is needed to initiate the

transformation. Generally, kinetic energy, which can do work on the surroundings, is the final

form of this energy conversion.

When a hot liquid comes into contact and mixes with a volatile cold liquid, in some
circumstances, the heat transfer rate can be so rapid that an explosion occurs. Such an
explosion 1s known as steam explosion (also called thermal or vapor explosions, energetic fuel
coolant interactions, explosive boiling, physical explosions or rapid phase-transitions). Steam
explosions involve an extraordinarily complex flow field, which is highly turbulent and
multiphase. The length scale of this multiphase flow field ranges from microns to kilometers.
The kind of volcanic eruptions, which are classified as phereatomagmatic explosions, are the
examples of the largest scale steam explosions. Phereatomagmatic volcanic eruptions are
caused by the interaction of magma with the underground water. Steam explosion is one of the
safety hazards taken into consideration in the severe accident analysis of the nuclear reactors,
since it can threaten the integrity of the reactor components applying a destructive force.
Since a nuclear reactor contains approximately 100 tons of fuel at about 3000K, theoretically
and potentially there is always a danger that fuel (melt) and water (coolant) interact leading to
a steam explosion. In the nuclear power plant industry, the importance of steam explosion was

first realized for the liquid metal fast breeder reactor.

If a failure of normal and emergency coolant flow occurs in a reactor (LOCA), fission
product decay heat can cause the reactor fuel to melt. This may result in two possible steam
explosion accident cases: One of them is « -mode failure or in-vessel steam explosion, which
is caused by the interaction of the molten core material with the remaining coolant in the
reactor vessel. The other one is ex-vessel steam explosion. If an in vessel steam explosion
takes place, the high pressure can cause the upper cover of the reactor vessel to be thrown up
like a missile such that it can reach the upper boundary of the reactor containment (Figure

1.1).
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The probability of an in vessel steam explosion in the case of a core melt down has been

estimated as: p, = p PP R 107 where Py =1 indicating the probability of the contact of
20 per cent of the fuel with approximately the same mass of water. P, =0.1 1s the probability
that the diameter of the fragmented particles will be less than 4mm. p. =0.1 1s the probability

that a steam explosion resulting in a containment failure occurs [1]. It is generally considered
that the risk of an o -mode (in vessel) steam explosion is smaller compared to the ex-vessel
case. For the ex-vessel case, the core material melts through the reactor vessel as a high
temperature continuous jet and falls into the reactor cavity, which contains water to prevent
the release of radioactive materials and the generation of combustible gasses [2]. The accident
scenario for the ex vessel case is seen in Figure 1.2. Many scientists have performed
investigations to understand the physical mechanism of steam explosion. It has been widely
accepted that the fundamental mechanism of steam explosion consists of four stages: Those
are coarse mixing or premixing of the two liquids, triggering, propagation (escalation) and
expansion as a result of rapid heat transfer [3]. Each of those stages 1s very complex and not

completely understood yet.

When some amount of high temperature molten metal falls into the water, the steam
films cover the melt particles immediately. If the molten metal temperature is high enough, the
steam film, which limits the heat transfer between the two liquids, is stable. This stage is
called as coarse mixing or premixing. While the melt temperature decreases, the steam film
becomes unstable, and collapses locally allowing the coolant to contact the melt. This is
known as the triggering stage. Local coolant contact to the melt causes the molten metal to
fragment by a physical mechanism, which is not well known yet. This fragmentation process
creates a large surface area of contact allowing a large heat transfer. As a result of this large
heat transfer, the coolant suddenly evaporates creating a self-propagating pressure shock
wave, which causes the steam films around the other molten metals to collapse. This is usually
referred to the propagation stage. Due to the direct contact of the hot liquid to the cold one, the
energy is transferred very rapidly and the mixture expands very fast such that it can give
damage to the surrounding structures. This is the final steam explosion stage, which is

commonly known as expansion.
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Steam explosions can also be classified according to the contact geometry and relative
initial velocities between the melt and the coolant in the premixing stage. If the melt falls
freely into the coolant pool, the relative initial velocity between the melt and the coolant is due
to the gravitational force. Because of this relative velocity, the melt is divided into smaller
parts. This mode is called as pouring mode (Figure 1.3.a). In this mode, the mixing time is
comparatively long. If a steam layer due to the density difference separates the coolant and the
molten metal from one another, the shock wave can propagate along the surface after the

triggering. This mode, which is comparatively less energetic, is called as stratified mode
(Figure 1.3.b).

For the injection modes, (coolant injection and melt injection, Figure 1.3.c and d) the
relative velocity between the coolant and melt is higher compared to the other modes. As a
result, hydrodynamic breakup process is more effective. Therefore, finer melt particles are
seen in the premixing stage [4][5]. In the real accident cases, when a big amount of molten
fuel comes into contact with the coolant, a complex interaction geometry (Figure 1.3.e)
involving both coolant entrapment and hydrodynamic jet breakup can take place. Since steam
explosion is a very complicated multiphase, multi-component and rapid phenomenon, a
complete theoretical model representing the whole process of the experimental results is not
available in the literature. The details of the steam explosion process are presented

schematically in Figure 1.4.

In the next chapter, after making a short literature survey, the problem has been
described. The third chapter includes the explanation of a phenomenological model and the
idea without mathematical expressions. In this chapter, some criticisms about the weak points
of the existing literature have also been done. The fourth chapter consists of several sections.
Suggestion of an analytical fragmentation theory, solution of the model conservation
equations under the conditions of the large-scale steam explosion experiments, calcuiation of
the maximum heat transfer coefficient and its evaluation ie. whether 1t is high enough to
create a shock wave, are the main topics discussed in the sections of the fourth chapter.
Experimental apparatus (ALPHA facility of Japan Atomic Energy Research Institute) has been
introduced in the fifth chapter. The evaluation of the debris size distribution and the visual

data previously obtained by the JAERI members are the main topics of the sixth chapter.
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2. A BRIEF BACKGROUND AND STATEMENT OF THE PROBLEM

2.1. A Brief Background

The first investigation about steam explosion is carried out by Long [6] in 1957. In this
study, it has been concluded that the liquid is trapped between the molten metal and the
bottom surface of the container. The rapid liquid expansion blows the molten metal causing it
to be dispersed in small particles. After that a very sudden transfer of heat forms steam fast
enough to lead to a serious explosion. This theory is called as entrapment theory. To prevent
steam explosion, Long suggested that the bottom of the container should be covered by grease
or paint such that the small amount of liquid, which initiates the minor explosion, cannot be

trapped undemeath the molten.

Several researchers have suggested many theories about the different stages of steam
explosion. The premixing, which is the first stage in a sequence of events leading to the
explosive release of heat energy, is relatively slow (about 1 second). In principle, it is
considered that the amount of melt taking part in the steam explosion and the resultant peak
pressure of the explosion are strongly related to the initial mixing conditions [7]. The
interaction zone of this stage has a characteristic dimension of the order of 10 mm [8]. In other
words, even for the large quantities of melt, the melt mixes with the coolant such that the
molten particle dimensions would be about 10mm just before the fine fragmentation step. For
this stage, the important parameters are the extent of the void fraction and the degree of melt
breakup. At high void fractions the explosion even cannot be triggered [9]. Although a large
amount of melt is dropped inside the coolant pool, it may not result in an intensive explosion,
unless a considerable amount of melt is broken-up effectively and contribute to the rapid heat

transfer process [10].

Triggering is considered to be a very fast (the time scales are less than milliseconds) and
localized process, which may not be noticeable at the whole scale of the incident. In steam
explosion phenomenon, there are two types of triggering mechanisms: “self triggering” and
“forced triggering”. In forced triggering, the steam film around the hot melt collapses due to

an external pressure pulse. In the self-triggering case, the steam film collapses naturally when



the interface contact temperature between the molten metal and the coolant falls below the

minimum film boiling temperature [11,12].

Board and Hall assume that a disturbance shock wave propagates through a molten
metal and coolant mixture causing fine fragmentation of the molten metal and rapid heat
transfer from the hot metal to the coolant. This heat transfer causes the coolant to expand
sustaining the propagation of the shock wave [13][14]. The pressure, velocity, density and

internal energy are presented by P, u,, p, and e,, respectively, in front of the shock wave.
Similarly, P,, u,, p,, and e, show the same physical properties behind the shock wave.

Conservation of mass, momentum and energy equations can be written across the reaction

wave as:

wpy =uypy =J (2.1)

P+ pu =P, + pou; (2.2)
P

e1+—1+lu12 =e2+£“i"‘—+lu22 (2.3)
P 2‘ py 2

Using those equations:
1
E(P1+PZ)(I/1+V2):e2+eI (2.4)

Equation (2.4) is obtained. If Equation (2.4) is plotted on a P-V diagram, the dotted curve,
which represents all the possible end states adiabaticaly, is obtained (Figure 2.1). Taking into
consideration the sudden changes in mass and momentum across the shock wave, Equation

(2.5) 1s obtained.

@2.5)
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J represents the mass flux through the shock wave. As is seen from Equation (2.5),
region A-B is physically meaningless. It is also clear that the end states should also be on a

straight line passing from point “O” and having a slope —J 2. The intersection point of

Von Neuman Spike

Detonation Branch of the Equilibrium
Adiabatic

Pressure

C-J Point

Initial
Condition

Shock
Adiabatic

———

Figure 2.1. The detonation trajectory in P-V diagram [15]

this line and detonation adiabatic is called as Chapman-Jouguet (C-J) point indicating the
minimum mass flux and propagation velocity, which is always supersonic. At first, the
mixture is compressed up to the point N -highest pressure value known as Von Neuman spike-
when it enters the shock wave. Then while the reaction takes place through the shock, the

pressure decreases until the pressure level at the point C [14].

Although Board-Hall model is one of the milestones of the investigation of the large-
scale steam explosion phenomenon, a couple of years later, it has been understood that there

are some important physical differences between the conceptual explanation of Board-Hall
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model and the experimentally observed real situations. For example, Board-Hall model
assumes that the medium before the shock arrives is homogeneous. However, this is not the
case that can usually be met in the real accidents or experiments. In the real situations, the
escalation from a trigger to a steady state detonation is very complex and not completely
understood yet. Whereas, Board-Hall model assumes that the shock wave has a constant
speed. It is also assumed that all of the molten metal interacts with all of the coolant. This 1s
also incorrect for most of the real accident cases. The model does not take into consideration
the details of the fragmentation, mixing and heat transfer process. The model accepts that all
those complex phenomena occur inside the reaction zone moving with the shock wave where
the thermal and mechanical equilibrium is reached [15,16]. The critical conditions required to
support a self-sustained propagating interaction are not known, because of the difficulties in

determining the pressure, temperature, velocity fields and the initial premixing conditions.

Another theory to explain the fragmentation process is suggested by Groenveld [17].
According to this theory, the stagnation pressure at the front of the moving hot drop will
cause the melt drop to decelerate. This deceleration of the front part of the melt droplet leads
to a deformation such that the melt drop changes its shape from spherical to a flat shape like a
disk. Then, under the effect of interfacial tension, the sides move inward and forward while
the center moves backward. The combination of those motions causes a small amount of
coolant to be trapped inside the hot liquid. After that, the trapped coolant can shatter the melt

on evaporation. This is called as encapsuling theory.

If the molten particle exceeds either the critical size or the critical velocity, the inertial
forces exerted on the melt by the coolant can overcome the surface tension of the melt. This
causes the molten mass to split into many parts. The critical conditions are determined by the
Weber Number, which is the ratio of the destabilizing inertial force to the stabilizing force due

to the surface tension.

2
we=PL">10 (2.6)

Where p is the density of the coolant, u is the relative velocity between the molten metal and

the coolant, r is the radius of the melt droplet and o is the interfacial tension.
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The temperatures of the coolant and the molten metal play an important role in steam
explosions. In Figure 2.2, the shaded area indicates the thermal interaction zone (T1Z)
including the coolant and the molten metal temperatures. To experience a spontaneous steam

explosion both 7}, (hot liquid temperature) and T, (cold liquid temperature) should be inside

the TIZ. However, some experimental studies indicated that even if the temperature conditions

are within the TIZ, there cannot be any steam explosion. 7, and 7, show the interface

temperature of the two liquids and homogeneous nucleation temperature of the cold liquid,

respectively. As is seen from Figure 2.2., 7, should at least be equal to T, in order to have an

1

explosion. On the contrary, upper limits of 7; and T,,, depend on the experimental conditions.
In the case that the melting temperature of the hot liquid 7, is smaller than T, the steam

explosion may occur, since the hot material is in liquid state and it can fragment easily.
Whereas, when T, is greater than T,, steam explosion cannot occur, because the hot liquid
becomes solid when it contacts the cold one; then it cannot fragment [18]. However, it should
be pointed out that the above criterion is only a necessary condition and not a sufficient one.
In order to have a steam explosion, rapid bubble growth must also occur to sustain a strong

shock [19]. The interface temperature 7; is given by the following equation.

1

1 1
- Tolpe, )t + T.hoe,)

(e, );2 + (kpe, ) 2

2.7)

Where p is the density c, is the heat capacity at constant pressure, k is the thermal

conductivity and the subscripts  and ¢ indicate hot and cold liquid, respectively [15]. In
Figure 2.2, T,,, the left hand border of TIZ, which is considered as the necessary condition
for the steam explosion, is 302 °C for water. The inclined line (the right hand border of TIZ)
can be determined by an empirical correlation indicating the minimum film boiling

temperature (7,,) for water [20].

T, =201+8(T, -T.) (°C) (8)
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According to the violent boiling theory, the fluid forces generated during the transition from
film to nucleate boiling of the liquid may overcome the surface tension of the melt and cause 1t

to be fragmented [17].

Another theory introduced by Epstein [21] suggests that the fragmentation of a molten
metal droplet in a coolant is caused by the violent release of the dissolved gases within the
molten metal. In other words, the dissolved atmospheric gases in a molten metal droplet on

rapid quenching can apply high pressure causing the melt to be fragmented.
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2.2. Statement of the Problem

Today, the experimental techniques and equipments are not capable enough to observe
and completely understand the complicated triggering stage of the steam explosion
phenomenon. In the literature, there is no complete fragmentation model representing the
whole process in the microscopic level. All of the fragmentation theortes (thermal and
hydrodynamic) have some weak points. One of the purposes of this PhD study is to analyze

the weak points of the existing theories and to suggest an alternative fragmentation model.

Steam explosion is a phenomenon consisting of several subsequent stages, which are
strongly related to one another. If a melt particle is triggered, it does not mean that the
triggering will result in a large-scale explosion. A continuous propagation wave reinforced by
the triggering of the other melt droplets is necessary to have a steam explosion. Of course, one
of the most important steam explosion stages is the premixing stage at which the necessary
initial conditions are provided for the following stages such as escalation (propagation) and
expansion. Unfortunately, single drop experiments give the researcher little idea about a real
large-scale steam explosion. Therefore, a detailed investigation of the large-scale steam
explosion experiments is important to have an overall understanding of the whole steam
explosion process and the relation among its stages. This constitutes another purpose of this
PhD. study. Heat transfer area enlargement as a result of fine fragmentation should be
determined and evaluated to understand its contribution to the huge energy transfer in a very
short time. Therefore, it is important to compare the debris size distribution of a large-scale
steam explosion experiment with that of a non-explosion one. The comparison should be made

on the basis of surface area enlargement.

One of the most important issues is to determine the heat transfer coefficient for the
triggering stage. There are significant uncertainties conceming the heat transfer coefficient
due to the extraordinarily complex flow field, which is highly turbulent, multiphase and multi-
component. Available heat transfer coefficient data are rough and time averaged. One of the
main targets of this PhD study is to obtain the maximum value of the heat transfer coefficient
for the triggering stage under the conditions of the large-scale steam explosion experiments.
And finally, it is crucial to check the validity of the calculated heat transfer coefficient. In
other words, it should be demonstrated that whether the sudden steam production can result in

a shock wave or not.
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3. SUGGESTION OF A PHENOMENOLOGICAL MODEL

Despite the increase in surface area as a result of fine fragmentation, the necessary heat
transfer per unit time for the explosive amount of steam production is much greater than that
observed in the steady nucleate boiling processes [22]. None of the fragmentation models
present in the literature can explain this fact properly. Fragmentation models, generally, can be
classified as thermal and hydrodynamic fragmentation. Most of the thermal fragmentation
models include a coolant jet penetration into the melt droplet. Subsequently, the evaporation
of the trapped coolant blows off the melt [23]. When the steam film is destabilized, it starts to
oscillate. If something is oscillating, it should first slowdown and then stop before the reverse
motion takes place. Therefore, the oscillating coolant steam interface should first slowdown
and then stop at the point where it is closest to the melt before the reverse motion takes place
(Figure 3.1.). After several oscillations, the closest distance between the steam liquid interface
and the melt decreases and finally, the interface boundary (liquid) contacts with the melt.
However, because of the nature of the oscillation, it is expected that the coolant should
slowdown before it touches the melt. Since the liquid velocity is expected to be around zero at
the instant when the liquid contacts with the melt, the author thinks that the liquid does not
have sufficient kinetic energy to penetrate into the melt. Let’s assume that the coolant
penetrates into the melt. In this case, it will take a certain period of time for the coolant to
penetrate from the surface of the melt to the point inside the melt until the region where the
coolant penetrates. However, the coolant finger will evaporate immediately upon contact with
the melt, if the melt temperature is above the spontaneous nucleation temperature, which is a
necessary condition for a steam explosion. Therefore, the author thinks that liquid coolant
penetration into the melt is unlikely. In the following chapter, the author will suggest
and model that some amount of steam can penetrate into the melt as a result of rapid local

steam production at the contact region.

Kim and Corradini [24] suggested that needle-like coolant jets penetrate into the fuel
after the steam film collapses. Subsequent expansion of those coolant jets that are entrained in
the fuel near the surface, results in the fragmentation of the outer surface layer of the fuel. The

same cyclic process that begins with the film collapse continues until all of the melt is
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fragmented (Figure 3.2.). However, it is known that the average time period for a stable steam

collapse is about one second. Therefore, this cyclic process should at least take a couple

oscillating Vapor
Liquid Interface
(The velocity of
the oscillating
vapor coolant
interface 1is zero
at the locations
where the
interface is the
farthest and
closest to the
melt surface)

when the Liquid

Contacts with the
Melt, the Interface
Velocity will Almost

be Equal to Zero

Figure 3.1. A schematic illustration of the destabilized oscillating steam film
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of seconds. On the contrary, it is experimentally evident that fragmentation of a single droplet
takes at most one millisecond. Therefore, the author thinks that the conflict between the
experimental outputs and the theory concering the time scale of the fragmentation process 1S

another weak point of the above mentioned thermal fragmentation theory.

() @)

(3) 4)

Figure 3.2. Steam explosion model proposed by Kim and Corradini

At the triggering stage, as a result of local film collapse, the hot melt comes into direct
contact with the coolant. When this happens, a very high local heat transfer leads to a sudden
evaporation. The author suggests that this local explosive evaporation acts as a propulsive
force according to the conservation of momentum principle. Therefore, it is obvious that the
triggered molten metal particle will be accelerated due to this propulsive force (Figure 3.3.). It
is well known that if a liquid drop is accelerated in another fluid, the liquid droplet is
fragmented [25-28]. The fragmentation takes place on the surface of the melt by means of
boundary layer stripping both in the coolant and in the melt. The broken melt particles on the
surface are stripped away. Since the temperature of the inner regions of the melt is higher

compared to the regions closer to the surface, continuous melt breakup on the surface causes
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Figure 3.3. Conceptual sketch of the phenomenological model
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the coolant to be exposed to the hotter regions of the melt, which is initially located inside
parts of the melt. Of course, greater temperature difference between the two liquids —coolant
and melt- leads to a higher heat transfer rate during the fragmentation process. The relative
speed between the two liquids will also increase the heat transfer. The acceleration caused by
the small-scale explosive evaporation on the contact area cannot be enough to fragment all the
melt. However, the disturbance created by the acceleration can cause the destabilized steam
film to collapse in some other regions on the surface. The same process (between the stages
“g” and “f” in Figure 3.3)) is repeated in several different directions randomly until the
whole melt is broken into its fragments. In brief, a chain reaction is initiated by the collapse of
the steam film only at one small region. When the steam film is destabilized, it becomes
vulnerable to the disturbances such that if it is exposed to any small disturbance, it easily
collapses. Therefore, the time between the two subsequent film collapses and sudden
accelerations is very short. Depending on the time, the distance between those two subsequent
locations is short as well. As a result, the motion of the melt looks like a vibration in several
different directions. Since the hot metal droplet is in the liquid form, it is expected that the
droplet will be deformed not only by the surrounding fluid force but also by the pressure of the
explosive steam production. At the triggering region a couple of steam fingers (steam jets)
should penetrate into the melt. The detailed analytical explanation of this new theory will be

given in the second part of the next chapter.

Hydrodynamic fragmentation mechanism has been investigated in aerodynamics. In the
literature, some theoretical and empirical equations giving the stripping rate have been
suggested. For example, Ranger and Nicholls [27] suggested that when a liquid drop is
exposed to sudden high-speed fluid flow, the shearing action causes boundary layers to be
formed both in the external flow and just under the drop surface such that the velocity of the
external flow and internal flow are equal to one another on the surface of the drop (F igure

3.4.). In their investigation they suggested that the equation giving the mass breakup rate:

K, Ve %
dm (3 s\ Pr || ¥ Bohph) it
R 1 N G N
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Where p, v, u and D are the density, kinematic viscosity, velocity and the diameter of the

drop, respectively. The subscripts f, d, and s indicate free stream, drop and the

Figure 3.4. Boundary layer formation inside and outside of a droplet

conditions behind the shock, respectively. Their experimental data indicated that boundary
layer stripping and breakup phenomenon occur along the equator of the droplet (dashed line in

Figure 3.4.) [27].

Using x ray-radiography method, Ciccarelli and Frost [29] observed the fragmentation
of a 0.5gr. drop of a low melting point alloy (49°C) consisting of 45% bismuth, 23% lead,
19% indium, 8% tin and 5% cadmium. As a result of 4’% average velocity water flow
generated by the exploding wire, the mass is stripped away continuously from the melt
surface. According to their observation, at first, the mass broken-up from the surface of the

melt is in the form of long distorted filaments extending to the down stream. Later, those

filaments are broken into its fine particles [29].

Waldman and Reinecke [28] have introduced another empirical formula giving the

variation of droplet mass depending on time:
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Where m, is the initial mass of the drop and the subscript b indicates breakup. B is the

dimensionless time defined as:

%
_tuppr
B—Do(de (3.3)

t and D, are the time and the initial diameter of the droplet, respectively. Their experimental

data showed that the time for complete fragmentation due to the boundary layer stripping has a

constant value (B, =3.5). A weak point of Equation (3.2) is it does not take into

consideration the relative velocity decrement between the droplet and the free stream flow

with time [15].

Several studies have reported that extremely viscous coolants suppress both
spontaneous and triggered steam explosions [30]. The author considers that since the relative
velocity of the molten metal will decrease while the viscosity of the coolant increases, the
convection heat transfer rate, which is a function of relative velocity, will also decrease.
Another reason of suppression of the steam explosion is the concentration of more air inside
the steam film when the viscosity is increased [15]. In the first part of the next chapter, an

alternative model instead of boundary layer stripping will be introduced, as well.
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4. A BREAK-UP THEORY FOR A MOVING MELT

4.1. Hydrodynamic Pressure Distribution Causing the Melt to be Broken Up

As is suggested qualitatively in the previous chapter, the author believes that melt break
up is mainly caused by the sudden acceleration of the melt droplet inside the surrounding
liquid (coolant). If so, the hydrodynamic forces acting on the moving melt by the surrounding
liquid should cause the melt to be deformed and broken up. In this chapter, the pressure

applied by the coolant, and, as a result, the deformation of the melt leading to a break up

process will be examined.

To set up a mathematical model, some assumptions are made. The melt droplet inside
the coolant is considered as a sphere. When the relative motion of the melt is started, the flow
outside the boundary layer is assumed as inviscid and subsonic. Except the region where the
flow separation and a wake are formed in the downstream, the pressure at a point on the
streamline just outside the thin boundary layer will be equal to the pressure on the melt. In

other words, the pressure just outside the boundary layer is transmitted through it.

Let’s assume that the spherical melt droplet is located in an imaginary cylindrical
control volume. The radius of the imaginary cylindrical control volume and the melt droplet

are R and r,, respectively. The value of R should be equal to the distance from the center of

the melt droplet to the nearest undisturbed streamline. The positions of the streamlines are
seen in Figure 4.1. when the relative motion of the melt starts as a result of the triggering.

From the conservation of mass inside the imaginary control volume:
R*7zu, = (R* —r}(1-Sin*p.Sin*0)ru 4.1)

For the derivation of Equation (4.1) please see Figure 4.1. and 4.2. u, is the free stream
velocity. u indicates the velocity along the curvature part of the streamline just outside the

boundary layer depending on the position (¢ and ). If Bernoulli equation is written along a

streamline just outside the boundary layer on the melt:
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Except the region where the flow separation takes place, P shows the pressure distribution on
the melt depending on ¢ and 6. In Equation (4.2) hydrostatic pressure difference is
neglected. It is easily seen from Equation (4.2) that the pressure is the lowest when § =0 and
¢ =7 . Those 6 values correspond to y=0, the equator of the spherical melt in the cross flow
direction. If it is assumed that the spherical melt is divided into thin circular slices

perpendicular to the y axis (Figure 4.1.), the uniform pressure distribution on the lateral
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Figure 4.1. Streamlines around the moving melt

surface of the slice having a radius 7, will be the lowest. Therefore, the pressure distribution

on the melt will force the melt to deform at its equator perpendicular to the y axis (lower part
of Figure 4.3.). At the foot of the deformed melt total pressure —dynamic pressure + static
pressure- is comparatively high depending on the velocity of the melt droplet.

The author thinks that if the total pressure depended forces at the foot of the deformed melt
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(Radius of the thin

—r2Sinfp.Sin’g  circular slice
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-
r - Sing.Sin@ y

Figure 4.2. Polar coordinate system

exceeds the surface tension forces, the deformed part of the melt can be broken up (Figure
4.3)). In the literature conceming aerodynamics there are some experimental evidences
supporting the presently suggested theory such that the melt break up takes place on the
equator of the moving melt inside a surrounding fluid [27]. To determine this critical condition
that the hydrodynamic disruptive forces exceeds the stabilizing surface tension forces, Weber
number (the ratio of the destabilizing inertia force to the stabilizing surface tension force)
should be involved. An empirical equation giving the critical We number was proposed by

Brodkey [31] for the gas liquid systems (Equation 4.3).

We,, =6(1+1.077*On'*) (4.3)

Where, On = #met os (Ohnesorge number) and We = P T (Weber
pmelt 2 r o-melt)

melt

number)
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Dynamic viscosity and surface tension are represented as pand o, respectively.
Similar correlations [32, 33] suggested for the liquid-liquid (oil drops surrounded by water)
mediums show that We number is the same both for liquid-liquid systems and gas liquid
systems. According to Equation (4.3), after a certain value of relative velocity, the critical We

will be exceeded and the fragmentation process will start. When the values of We and

6 o 1.6
ul = ——mlt |4 1.077[ Hmet 7 ] 4.9
melt

P cootant Fm Preit '2rm g

On are placed in Equation (4.3), Equation (4.4) is obtained. From Equation (4.4), it is seen
that the magnitude of u, depends on some physical properties of the moving melt (droplet)
and the surrounding medium. If this #, value is inserted in Equation (4.2) suggested by the

present author, the critical pressure distribution can be obtained for every point on the surface

of the spherical melt droplet depending on ¢, # and r,. As is explained in the previous

chapter, acceleration caused disturbance can result in film collapse in other locations. Because
the time between the two subsequent film collapses is very small, the motion of the melt

droplet is a vibration.

The size of the melt droplet is very important for the fragmentation process caused by
the inertial forces. As a result of fragmentation, the diameter of the melt droplet becomes
smaller and the inertial forces can no longer overcome the stabilizing surface tension forces. In
brief, surface tension forces stop the fragmentation process when the melt droplet size
becomes small enough. In the following chapters, it has been indicated that the critical debris

diameter (minimum diameter until the fragmentation process continues) is about 10 /m for

the large-scale steam explosion experiments performed in the ALPHA facility of Japan

Atomic Energy Research Institute.

A Ranaziel Universitest Kmup’naﬁﬁs} &
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4.2. Propulsive Force as a Result of Triggering

As is explained in the previous chapter qualitatively, the author believes that the coolant
does not have enough time to penetrate into the melt, if the melt temperature is above the
spontaneous nucleation temperature of the coolant, which is a necessary condition for
triggering. Instead, the coolant will evaporate creating a propulsive force that causes the melt
to move in the surrounding coolant. In the first part of this chapter, a theory giving the
hydrodynamic pressure distribution on the melt has been proposed. However the pressure
forces applied on the moving melt by the surrounding coolant are not the only forces causing
the melt to be deformed and broken up. Since the melt particle is not a solid body, the
propulsive forces (due to the local explosive steam production) will also cause the melt to be
deformed. As a result of triggering (according to author, explosive local evaporation of the
coolant), some amount of steam will penetrate into the melt. Thermal theory, present in the
literature, assumes that coolant (in the form of liquid) jet penetrates into the melt; and sudden
evaporation of the coolant inside the melt will cause it to be broken up. Whereas, according to
the theory suggested by the author, the steam penetrates into the melt and applies a propulsive
force on the melt (Figure 4.4). The penetration of steam jet into the melt creates a
mushroom type steam bubble inside the melt. To simplify the mathematical model, this

mushroom type bubble will be assumed as spherical having a radius 7, . The average radius of
the steam jet at the root of the mushroom type steam bubble is ;. The number of the steam

Jjets is n. The absolute velocity of the steam bubble in the x direction and the velocity of the

steam jet are u, and u,, respectively. Jet penetration distance is X, (except the steam

j 3
bubble). It 1s assumed that the steam jet penetrating into the melt has a parabolic velocity

profile (Figure 4.4.). When r =0, u, is maximum. When r =r;, u; =u, (no slip condition).

For an incompressible flow, from the conservation of mass:
iﬂ% =Y 27p,, I(ujn ~u, )rdr 4.5)
1 0

p; rtepresents the density of the steam jet. In Equation (4.5), it is assumed that the time rate of

change of mass of the melt droplet is caused only by the steam penetration into the melt.
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Figure 4.4. Penetration of steam jets into the melt
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In another word, Equation (4.5) is written for the time period between the occurrence of
triggering and just before the critical velocity is reached. Therefore, the time rate of change of

mass of the melt droplet due to the fragmentation has not been taken into consideration. M

melt

is equal to the actual mass of the melt droplet + the mass of the steam penetrating into the

dM . .
melt; so, melt/dt is equal to the time rate of change of steam mass penetrating into the melt.

From the conservation of momentum:

d(Mmeltul ) S d(ujn - ul

— 1 2 2
dr = Z Camt 3 Pt (ubn _ul) nh, +7T i Xjn 27zrjn

(4.6)

n

2 2 1 2 2

+P, .(ﬂ.rm Zm*jn } ~C iom % Povotans Uy T,y
1

Equation (4.6) can be written. 7 is the shear stress between the steam jet and the melt. P, 1s
the pressure of the steam due to the local explosive steam production. C,, is the drag

coefficient between the mushroom type steam bubble and the melt in which the steam bubble

moves. C,_, is the drag coefficient between the spherical melt droplet and the surrounding

coolant. The first term on the right hand side of Equation (4.6) shows the drag force acting on
the melt by the mushroom type steam bubble that moves inside the melt droplet. The second
term indicates the shear stress caused propulsive force at the root of the mushroom type
bubble due to the relative velocity between the melt droplet and the steam jet penetrating into
the melt. The third term represents the propulsive force by the pressure due to the explosive
steam production. The last term on the right hand side of Equation (4.6) gives the drag force
acting on the moving melt by the surrounding medium (coolant). Since the drag force applied
by the coolant is in the negative direction of the melt velocity, minus sign is employed. The

left hand side of Equation (4.6) can be written as:

d(Mmelt ul ) =u deelt dul

= —_— 4.7
dt 1 dt + melt dt ( )

If Equation (4.7) and (4.5) is placed in Equation (4.6):
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Tin

ulZZﬁ-pjn I(ujn ! )rdr+ Pt imﬁ di =
1 o 3 dr
n d -
z Cims 5 Pt (ubn ! )2”-"131 + T—Mﬂ X, 2m, (4.8)

1 dt  dr e

n
2 2 1 2 2
+Pst'[ﬂ.'rm Zﬂrjnj—cdm Epcaalant'ul 'ﬂ'rm
1

After the triggering the melt particle will start to move in the opposite direction of where the
explosive steam production takes place. Under the effect of the propulsive force, the speed of

the melt will increase first; and then will decrease due to the friction (drag) force the coolant

applies on the melt. The maximum u, value is reached when du%t =0. Therefore, when

du/dt =0 is inserted in Equation (4.8), Equation (4.9) is obtained. In Equation (4.9), u, is the

critical velocity, which is determined by the physical properties of the melt and the coolant.

Tin

ulizﬂ'pﬁ, ,'-(uf" —u, )rdr =
1

0

n c . ( )2 5 d(ujn)
z dmbnfpmelt ubn_ul ”'rbn+z.

X 2 | 4.9
1 dr m= *9)

r=r,,

n
2 2 1 2 2
+Pst'(ﬂ'rm _ijnj_cdm Epcaalant'ul Ty
1

The value of u, determined by means of the empirical Equation (4.4) can be written in
Equation (4.9). Equation (4.9) gives a relation between P, and several physical parameters of

the interaction region consisting of melt, coolant and steam.

In addition to those equations, conservation of energy equation should also be employed
to obtain a relation between the heat transfer coefficient and the other physical parameters of

the interaction region.
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4 u’
d [ Lot 3 r (e + 7‘”

dt B

n 1 s
Z Cd'"b ~ Preit (ubn - )zﬂ'rbiul +u11Mﬁ

X 2nr,
1 2 dt dr

men (4.10)

r:rjn

n

2 _ 2 1 3 2

+ Pst‘(”‘rm Zﬂrjn jul - Cdcm Epcoolant 'ul 'ﬂ'rm
1

- [47”,3 + Zn: (47r.rbf, +X,27r, )j.h,m, AT
1

As is known well, in the premixing stage, heat is transferred from the molten droplet to the
surrounding coolant by means of film boiling and radiation. If the heat transfer by radiation
would have been high enough to cause the surrounding volatile coolant to evaporate fast
enough, as in the case of expansion stage, the complicated stages of steam explosion such as
triggering and propagation would be eliminated i.e., the steam explosion would occur just in
the premixing stage. However, this is not the actual case. Therefore, the author considers that
the heat transfer rate by means of radiation is smaller than the convective heat transfer rate If

B, istion ZPoomsection » Bromley [34] suggested that:

radiation

+—3—h

convection 4 radiation

B = h (4.11)

total —

The term on the left hand side of Equation (4.10) indicates the time rate of change of the
sum of the total internal and kinetic energy of the melt, which is assumed as spherical. The
first term on the right hand side of Equation (4.10) represents the work done on the melt per
unit time by the drag force due to the moving steam bubble inside the melt. The second term 1s
the work done on the melt per unit time by the shear stress due to the relative velocity gradient
between the melt and the steam penetrating into the melt. Where n 1s the number of the steam
jets. The third term shows the work done on the melt per unit time by the propulsive force due

to the small-scale explosive steam production. To calculate this term, P, should be multiplied
by the projected area on the plane that is perpendicular to the motion. Since the melt is
assumed as spherical, this area is a circle having a radius 7,,. The cross sectional area of each

steam jet should be subtracted from this area. The fourth term is the work done by the

surrounding coolant due to the drag force caused by the relative velocity of the moving melt.
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Because the drag force is in the opposite direction of the velocity, a minus sign should be used
in front of this term. The last term indicates the heat transfer by means of convection and
radiation. The heat transfer area includes not only the outside area of the melt but also the

inside area where the steam jets contact the melt. Since the heat is transferred from the melt to

the surrounding coolant, a minus sign should be used.

At this stage it should be pointed out that the model developed by the author
substantially differs from the phenomenological model developed by Ciccarelli and Frost [29].
Very briefly, the phenomenological model suggested in reference [29] can be summarized that
local steam production just after the collapse of the steam film creates some craters forming
tiny filaments, which are broken into small fragments and move away from the melt in the
expanding steam medium. According to reference [29], after the steam film is destabilized and
moves toward the melt again, small fragments continue to go away from the melt because of
their high inertia. Whereas, according to the model suggested in this Ph.D. study,
fragmentation is mainly caused by the hydrodynamic pressure distribution at the equator of the
moving melt in the surrounding coolant. The author also believes that at the final stage of
fragmentation, continuously growing mushroom type steam bubbles will also cause the

remaining melt to be broken up.

According to the theory suggested by the author, after the film collapse, violent boiling
or explosive local steam production is one of the necessary conditions to have a propulsive
force leading to hydrodynamic fragmentation. If the ambient pressure is increased, it will be
more difficult to obtain violent boiling or explosive local steam production at the same
temperature conditions. However, this result should not be concluded as high ambient pressure
suppresses the steam explosions. The correct conclusion is high ambient pressure makes the
triggering process to become more difficult. In another words, a stronger pressure pulse can be
necessary to initiate the triggering process. This result is in quite good agreement with the
large-scale steam explosion experiments done in the ALPHA facility of Japan Atomic Energy
Research Institute (There is only one exceptional experiment) [35]. Steam explosion occurred
in 13 experiments out of 19 experiments done under the condition of 0.1 MPa ambient
pressure. Whereas, steam explosion was observed only in one experiment out of four done
under the condition of elevated ambient pressure. More specifically, steam explosion has not
been observed in the three experiments for 1, 1.6 and 1.6 MPa ambient pressures. Only the

experiment done under the 0.5 MPa ambient pressure resulted in explosion [35].
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4.3. Solution of the Model Conservation Equations

Using the Equations (4.9) and (4.10), following equation can be obtained. When the

. dl:p 2 r3(e+u12/)}
n I 1 melt 'm 2

u, .ZZ.ﬁp].n .[(ufn —u, )rdr = — 3 +
1 h dt

U

(4.12)

1 n
+ u—(4ﬂ'r’3 + Z (4.7[."13' + Xjn _2,7Z'.rjn )]htatal AT
1 1

cntical velocity is reached, u, is maximum and % =0. Therefore, Equation (4.12) can be
!

written in the following form.

: 1 4
u, Z 27p,, .[(uf" —u)dr=—p, , —7¥, —+
] > w3 (4.13)

1 n
+ —(4.7”,3 + Z (4.7z.rbf, +X vy 4 )Jhtaml'AT
u, 1

If Figure 4.4. is taken into consideration, it is seen that the time rate of change of mass
of the steam penetrating into the melt is equal to the time rate of change of volume of the

mushroom type bubble multiplied by the density of the penetrating steam. Therefore,

n Tin n d 4 3 n 4 ) dr;,
2.7mp, w — U rdr = w—| =7, |= w = 7.3.1, — 4.14
Z ”p.}"z)[(u]" ul)r r me dt(3”rbnj Zp]n 3 b dt ( )

Equation (4.14) can be written. Beside this, the time derivative of the internal energy can be

written as:

(i‘ij _dT) (4.15)
dt dt

If those values are inserted in Equation (4.13), Equation (4.16) is obtained.
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The probability that the coolant comes into contact with the melt at several points
exactly at the same time is low. Since the melt temperature is above the spontaneous
nucleation temperature as one of the necessary conditions to have a steam explosion, the
coolant will almost instantly evaporate when it comes into contact with the melt. To simplify
the equation, it is assumed that during this very small time interval (evaporation time), there is
no other contact of coolant with the melt at any other location. In another words, in the

summation term, “n” is accepted as one. Since r; is much smaller than 7, and r,, the term

that is multiplied by r, is neglected. When Equation (4.16) is rearranged, Equation (4.17)

dar, 1 dar
ulz'pj-rbz = Prmeis ~.r,3.c—+ (r,f + rbz)h

AT 4.17
dt 3 dt ( )

total

is obtained. #, can be obtained from Equation (4.4). In Equation (4.4), surface tension
(0 e ) and the viscosity (u,,, ) of the melt obtained by thermite reaction of iron oxide and

aluminum are not known. For the pure molten aluminum, surface tension varies from 0.36 to
0.683 N/m depending on the measurement method [36]. For the melt used in ALPHA
experiments, o = 0.5 N/m can be a reasonable assumption [private communication with Dr.
Moriyama]. For the viscosity, following empirical relation suggested by Blomguist [37] is

used.
p= exp(llii— 8.2734) (4.18)

In this correlation, the units of 4 and T are [Pas] and [K], respectively. For the ALPHA
experiments, the surface temperature of the melt after the reaction is 2700 K [35]. Using the
above equation u is calculated as 9.26x10°° [Pa.s]. The density of the melt is 3.62x10°

kg/m® [35]. In the real experimental conditions, the mass of the melt parts are different from

one another for the premixing stage. However, 1t 1s a reasonable approximation to accept that
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melt consists of spherical particles having 1 cm average diameter (r,,=0.5 cm). Using all those

values in Equation (4.4), critical velocity u, can be calculated as 0.775 m/s. It should be
emphasized that the motion of the melt droplet is a vibration due to the subsequent film

collapses in the several other regions (Figure 3.3. d and f). Therefore, a bulk motion or a

considerable displacement of the melt droplet is out of the question at the triggering stage.

Integrating both sides of Equation (4.17), Equation (4.19) can be obtained. Assuming

that the density of the penetrating steam is homogeneous everywhere in the melt,

AT [dt + b, AT [ rdr (4.19)

total total

2 2 1 3
u, pjjrb dr,=p,_. grmcIdT+rjh
1, can be written as a function oftime (t). Where Muum is the time rate of change of

4 .
P, gﬁ.r; = 1. M steam (4.20)

steam mass penetrating into the melt. When £ =0, r, =0. At the end of the triggering stage,

the volume of the steam penetrating into the melt reaches a certain value such that the melt is
fragmented. It is assumed that when r, = r% the melt is deformed and divided into its

pieces. At the end of the premixing stage, it is reasonable to assume that the average melt
radius is 0.5 cm. Since triggering takes place in about 0.1 ms, the integration should be carried

out between the time limits from 0 to 0.1 ms. Inserting those values in Equation (4.20):

”’“Z'" =0.00015625 (4.21)
pj Eﬂ'

r, =0.05386.1% (4.22)
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Equation (4.22) is inserted in the last term of equation (4.19). At the instant of fine
fragmentation, it is conventionally accepted that the heat is transferred from the melt to the
coolant in a very short time such that melt, water and the steam have the same temperature in
the interaction region just after the triggering. During the ALPHA experiments, just after the
fine fragmentation, it is determined experimentally that the temperature of the water suddenly
rises to about 1500K. Therefore, this temperature will be used as the temperature of the melt
Just after the interaction. Since the initial surface temperature of the melt is 2700K, the
integration limits of the first term on the right hand side of Equation (4.19) should be taken
from 2700K to 1500K. In equation (4.1 9), integration limits concerning the time should be the
same time interval in which the triggering takes place, i.e. from 0 to 0.1x10s. During the
ALPHA experiments the pressure in the water pool rises instantly up to about 25 MPa.
Technically, it is impossible to measure the pressure just at the location of the triggering,

which is previously unknown. Making an approximation, steam density (13,601 kg/m*), at

25 MPa pressure and at 1500K temperature, has been taken as the density of the steam that

Penetrates into the melt. Specific heat capacity and the density of the melt (iron alumina

thermite mixture) used in ALPHA experiments are c¢=0.96x10°J /kg and
Prey =3-62x10°kg/m’® [35]. Tnitial water temperature, before the melt is dropped into the
pool is about 300K. Hence, AT =2700—300 = 2400 . If all those values are inserted in

Equation (4.19), heat transfer coefficient (h,,, ) can be calculated as 25.1x10°W.m™2K ™

4.4. Evaluation of the Heat Transfer Coefficient

Heat transfer coefficient is one of the most important parameters in modeling the steam
explosion phenomenon. Unfortunately, because of the uncertainties and experimental
difficulties, it is almost impossible to determine the exact value for a given location and time
during the fragmentation process. The sources of the experimental difficulties are the very
small time scales (millisecond), high pressures and temperatures. Available experimental data
about the heat transfer coefficient are rough and time averaged values during the
fragmentation process. According to a review of the literature, the time-averaged value of the
heat transfer coefficient is in the range of 10° —10°Wm K~ when the heat transfer is to a
high-density fluid [16]. However, there is a significant uncertainty concerning the accuracy of

this range [38, 39]. Especially, for the two-phase flow (this is the case for the steam explosion
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phenomenon), heat transfer coefficient highly depends on whether the fragments are in contact
with the steam or water phase. When the fragments are in contact with the steam, the time
averaged value of the heat transfer coefficient is about 10°Wm K ™. This value corresponds
to the film-boiling regime, if the melt temperature 1s about 3000 K. When film collapse occurs
due to the decreasing melt temperature, the heat transfer coefficient becomes about
10°Wm ™K™' for the enhanced boiling regime [38]. Although the heat transfer area increases
as a result of fine fragmentation, the heat transfer rate necessary for an explosive steam

production per unit time is much greater than the steam production observed during the steady

nucleate boiling regime [22].

According to the heat transfer model developed by Fletcher and Thyagaraja [40], heat
transfer coefficient between the melt and the coolant can be 10’ Wm 2K ', even for the high
void fractions such as 90%. They indicated that if the heat transfer coefficient was
10’Wm ™K™', the propagation shock wave occurred for a spherical geometry. Whereas, it did
not occur for a spherical geometry, if the heat transfer coefficient is reduced to 10° Wm =K ™" .

Heat transfer coefficient at the surface of UO, particles in contact with water is about

10°Wm K" . If the surface heat transfer coefficient exceeds about 10’ Wim 2K ™! , it becomes

diffusivity limited for UO, particles having 250 g diameter [41]. Average heat transfer

coefficient of 10°Wm K™ has been obtained for a time interval of 100 s in the experiments

with pulse-heated wires submerged in a water pool [42].

The heat transfer coefficient 25.1x10°Wm ™K™' calculated by the author is the
maximum value, not the time averaged value during the fragmentation process. Heat transfer
by radiation is also included in the convection term. Model equations have been solved for the
instant when the fragmentation process starts, i.e. the critical velocity 1s reached. Beside the
uncertainties and inevitable assumptions made in the solution of the model equations, the facts
and comments mentioned above are the reasons that the calculated heat transfer coefficient by

the author is bigger than the one present in the literature.

Since the pressure wave is sustained by the heat transfer from the melt to the coolant, it
is very important to determine heat transfer coefficient. Before the shock wave reaches an

unfragmented melt drop, heat transfer is maintained by means of radiation and film boiling
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At this stage (coarse mixing or premixing) heat transfer rate is low; almost negligible
compared to that in the triggering stage. Just behind the shock wave or in the shock layer
where the differential velocities force the melt to be broken-up, the flow field is very
complicated due to the uncertainties. That is why many researchers assumed that fragmented
melt equilibrate its temperature instantaneously with the surrounding coolant [16]. The same
simplification has also been done in the suggested model by the present author. It is important
to remember that the maximum heat transfer coefficient found by the present author may not
correspond to the time when the heat transfer rate reaches its peak during the triggering and
fragmentation of a melt droplet. Because the heat transfer coefficient was calculated for the
very small time interval between the steam film collapse and the beginning of fragmentation,

heat transfer by means of area enlargement does not contribute to the heat transfer rate in this

time range.

4.5. Uncertainty Analysis of the Heat Transfer Coefficient

In the calculation of the heat transfer coefficient (%), it has been assumed that the

diameter of the penetrating steam bubble is r, =r,/2=0.005/2=0.0025m . In order to
determine the uncertainty in (4 ) due to this assumption, heat transfer coefficient (/) has been
calculated for several r, values; ie., (r, =r,/2, r,=r,/3, r,=r,/4 and 1, =1, /5). The
comresponding (k) values are 25.1x10°, 27.1x10°, 27.9x10° and 28.2x10°Wm’K~",
respectively. In other words, 25 % increase in #, (from r, =7, /5 to r, =r, /4) leads to 1,4 %
decrease in (k). 32,8 % increase in r, (from r, =7,/4 to r, =r,/3) causes the (k) to
decrease 2,9 %. If r, is increased by 50,6 % (from r, =r, /3 to r, =r, /2), (h) will decrease
about 7 %. Even for a big uncertainty range concering #,, such as 150 % increase (from

r, =1, /5 to r, =r, /2), the heat transfer coefficient (4 ) will decrease only about 10,6 %.

Outer surface area enlargement of the melt due to the penetration of steam 1s 0.4 % for
r, =r, /5. For only exaggerated values of r,, surface enlargement of the melt can be an
important parameter that affects the magnitude of (%). Therefore, it has not been taken into

consideration in the calculation of (/).



39

To understand the effect of melt radius on the heat transfer coefficient, (4 ) has been

calculated for a variety of (7, ) values. Some examples are presented here: When the radius of

melt is increased 50 %, the necessary heat transfer coefficient, which leads to an explosion,
increases about 50,2 %. If the radius of the melt is doubled, the increase in the heat transfer
coefficient will be 100,4 %. Similarly, 50 % decrease in the melt radius corresponds 49,8 %
decrease in the heat transfer coefficient. Those numerical results indicate that when the radius
of the melt increases, the necessary heat transfer rate should increase to obtain a small-scale
steam explosion. For the smaller values of melt radius, comparatively smaller heat transfer
rates can be enough to trigger the explosion. In other words, the degree of the melt break-up in
the premixing stage is important in determining the percentage of the melt that contributes to
the large-scale steam explosion. Indeed, comparatively finer melt-break-up in the premixing
stage, as in the case of melt and coolant injection modes, leads to more energetic steam
explosions. This result is in good agreement with the widely accepted idea. Of course, some
exceptional triggering mechanisms, such as coolant entrapment between the bulk of the

molten metal and the bottom of the container, should be excluded.

The effect of penetrating steam density on the heat transfer coefficient (4 ) is negligible;
1.e., 100 % decrease in the penetrating steam density can cause the heat transfer coefficient to
decrease less than 0.001 %. It is obvious that the most influential parameter on the heat
transfer coefficient is the triggering time. The heat transfer coefficient is almost inversely
proportional to the triggering time; 1.e., 100 % increase in the triggering time, can lead to 50 %
decrease in the heat transfer coefficient for a certain geometry and experimental conditions.
This result is quite reasonable. Because the amount of heat transfer necessary to get a small-
scale steam explosion (triggering) is fixed during a certain triggering time, it is evident that the
heat transfer coefficient should be inversely proportional to the triggering time. Some single
drop experiments, such as the one done in the Central Research Institute of Electric Power
Industry, Japan, revealed that the triggering time is about 0.1 ms [43] Therefore, 0.1 ms was

used as the triggering time in the calculation of (/).
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4.6. Formation of the Propagation Wave

As a result of triggering, fast local steam production can create a pressure pulse in the
interaction region. If the steam production is fast enough, such that the expansion velocity of
the steam water interface is higher than the speed of sound, a shock wave is initiated. Visual
evaluation of the ALPHA large-scale steam explosion data [35] revealed that the propagation
wave cannot continue easily in the regions where the void fraction is high. This shock wave
mainly propagates in the water. Therefore, to obtain a shock wave, the speed of the expanding
steam-water boundary should be greater than the speed of sound in the water. Speed of sound

in water at 300 K temperature is about 1450 m/s. Heat transfer rate from the melt to the water

18

q =hAAT (4.23)

q = h.4r} z.(2700-300) (4.24)
g = 25.10°.4.(0.005)* 77.2400 (4.25)
q=18.85x10°W - (4.26)

Heat of vaporization: hy, = 2438000 /'

d(gﬂ.r3 - gﬂ.(O.OOS)3 }p

q
=— 4.27
dt hy, (+.27)
jliir.3r2.£:—q—— (4.28)
3 dt  phg
L4 R R (4.29)
dt|,., Arriph,

: — m
Then, u 1s found as u =1809 A
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Above calculated velocity demonstrates that the heat transfer coefficient
25.1.10°Wm>K™" is just high enough to obtain a shock wave for the conditions used in the

solution of the model equations. When r =r, =0.005m, the radius of the spherical steam-
water interface is the minimum. The minimum radius , corresponds to the maximum

velocity of the spherical steam-water interface. While the radius increases, the velocity of the

interface boundary decreases. Until the velocity of the interface boundary becomes equal to

the speed of sound, it sustains the shock wave. Thus:

u_dr_ q

—E—W:MSOm (4.30)
JLr.png

The corresponding r value can be obtained as 0.0056m. The result obtained by solving the
model equations indicates that fast steam production is high enough to create a shock wave;
however, it sustains the shock wave for only about 0.6 mm. This outcome is fairly reasonable,
because additional steam production as a consequence of fragmentation and area enlargement
has not been taken into consideration in the model equations. Of course, additional steam

production due to the area enlargement will cause the propagation shock wave to be sustained

for a further distance (Figure 4.5.).

The speed of the expanding steam-water boundary is directly proportional to the heat
transfer coefficient (/). The heat transfer coefficient uncertainty analysis done in the previous
subsection will directly affect the velocity of the steam-water boundary. When the bigger (h)
values are used, the velocity of the expanding steam-water interface becomes higher. Among

the several heat transfer coefficients corresponding to different r, (radius of the penetrating

steam bubble) values, the smallest one (25.1x10°Wm K ™) has been used for the above
calculation of the interface velocity. Even the smallest one is high enough to obtain a shock

wave, which is one of the necessary conditions to have a large-scale steam explosion.
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Figure 4.5. A sketch of the propagation wave
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5. EXPERIMENTAL APPARATUS

Basic properties of the ALPHA experimental facility of Japan Atomic Energy Research
Institute are seen in Figure 5.1. The melt generated by a thermite reaction with iron oxide and
aluminum (before the reaction Iron oxide 78, Aluminum 22; after the reaction Iron 58,
Aluminum 42) in the melt generator is dropped in to the water pool made of acrylic resin. The
volume, the height and the inner diameter of the ALPHA containment vessel are 50m>, 5.7 m
and 3.9m , respectively. Its maximum pressure is 2MPa and the maximum melt generation

capacity is 100kg. It is possible to pressurize the containment vessel by nitrogen. The facility

has several windows to observe the experiments.

Two types of melt dropping systems have been conducted. In the early large-scale steam
explosion experiments carried out in ALPHA, the two thermite layers -upper and lower- have
been separated by 4 kg Magnesium Oxide (MgO) powder, which acts as an insulator. The two
layers of thermite and a layer of MgO have been placed on a glass plate. Lower layer thermite
is electrically ignited after all of the upper layer thermite melts. High témperature generated by
the exothermic thermite reaction in the lower layer causes the glass plate to be broken.
Subsequently, all the melt and MgO drop into the water pool through a 200 mm diameter

orifice.

Since MgO can affect the breakup phenomenon in the premixing stage, two layers of 3
mm thick carbon steel plates have been used instead of MgO for the experiments after 1993.
The reaction in the upper layer takes 12s; and, the total time period between the initiation of
the thermite reaction and the release of the melt mass is 20 s. No external trigger was used in

any of the tests.

Three different sizes of transparent water pools made of acrylic panels have been used
for the experiments. The smallest one has a depth of 138cm and a square cross-section with
one side 45cm. The depth and the length of one side of the square cross-section of the

medium water pool are 112 cm and 63 cm, respectively. The largest pool has a 120 cm depth

and 88 X 88 cm cross-section.
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Figure 5.1. Schematic illustration of the ALPHA facility in JAERI, Japan
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Figure 5.2. Dispersion device and water pool [44]

In some experiments, to force the melt to be dispersed during its free fall, a dispersion
device has been used (Figure 5.2.). The dispersion device consists ofa 63 X 63 cm grid and a
steel frame. To obtain a grid, 2 mm diameter steel wires have been arranged forming 25 X 25
mm squares. Dispersion device is placed 10 cm above the water surface. In one of the

experiments the device was 10 cm under the water surface.

The pressure of the gas inside the ALPHA facility and the pressure inside the water pool
have been measured by the pressure transducers of strain gage and piezo electric types. The
fast temperature change in the atmosphere of the ALPHA facility is measured by four
thermocouples having 0.25 mm diameters. There are also two other thermocouples having a
diameter of 1.6 mm. During the experiments the fast pressure change is recorded by a high-

speed recording system having a frequency of 500 kHz.

Two high-speed cameras having a maximum speed of 5 frames per millisecond have
been used to record the experiments. When the cameras start to operate, first their speed
increases and then reaches a steady state value. In brief, their speed is not a constant value

during an experiment. Therefore, the speed of the cameras has been calculated by the time
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marks recorded on the film for the period when the phenomenon was observed. The cameras

have been placed such that the angle between the two directions of observation is 90° [44].

The distance between the surface of the water and the melt generator is about 3.5m. If
the friction applied by the air is neglected, the velocity of the melt at the instant when it enters
the water pool is calculated as 8.29m/s. The temperature and the density of the melt are 2700K

and 3.62 g%m3 , Tespectively [35].
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6. EVALUATION OF THE VISUAL DATA AND DISCUSSION

6.1. Steam Explosion Experiments

A series of experimental data obtained in the ALPHA facility of the Severe Accident
Research Laboratory of Japan Atomic Energy Research Institute have been evaluated for
various conditions [35]. The experimental conditions are seen in Table 6.1. In this section,

only the experiments resulted in explosion have been evaluated.

Table 6.1. Experimental conditions for the large-scale steam explosions [35]

Exp. Melt Pressure | Covering | Water Water Water Water

No Mass (kg) | (MPa) Gas Temp. (K) | Pool Depth (cm) Mass (kg)
5 20 0.1 Air 300 (L) 100 774
9 20 0.1 N, 289 L) 100 777
10 10 0.1 Air 297 L) 100 774
11’ 20 0.1 Air 290 L) 100 774
16 20 0.1 Air 295 (S) 90 174
17 20 0.1 Air 286 (S) 90 174
19° 20 0.1 Air 281 (%)) 90 392
21° 20 0.1 Air 281 L) 90 697

' 23 20 0.1 Air 285 [19) 30 358
24 20 0.1 Air 280 (M) 80 318
25 20 0.5 Air 280 ™) 90 416

(L): Large Pool, (M): Medium Pool, (S): Small Pool

In experiment 5 (Figure A. 1.), the first triggering occurred at the upper left hand side of
the mixture with respect to camera. Since the melt distribution is three dimensional, it is quite
difficult to determine the exact position of the first triggering by means of two dimensional

photo when the triggering occurs somewhere inside the three dimensional melt distribution.

* Dispersion device is used.



43

Most probably, this is the case in experiment 5 (Figure A. 1.). Therefore, the arrows used to

show the position of the first triggering point can only give a rough idea about its location.

In experiment 9 (Figure A. 2.), 1.37 milliseconds after the first triggering, expansion
(explosion) started. The shock wave couldn’t reach the upper right part of the mixture.
Therefore, this part of the mixture didn’t contribute to the explosion. Although the pressure
wave has last reached almost the lowest part of the dispersed melt particles, the expansion
started at this location. It has been observed that the pressure wave propagated in any direction
randomly and at different speeds. By means of the 10 c¢m side square mesh drawn on the
transparent pool, the movement (displacement) of the shock wave (black region) is determined
for the two successive film squares. Because the time between the two successive film squares

is known, the propagation velocity is determined by the ratio of the displacement to time.

For experiment 10 (Figure A. 3.), triggering occurred in one of the regions where a high
amount of melt particles were present. Just before the triggering a downward acceleration
(gravitational acceleration) of the melt has been observed in this region. Since the
gravitational force applied on the melt is higher than the buoyancy force, the melt tends to go
down. On the other hand, the gravitational force applied on the steam is smaller than the
buoyancy force; so, the steam tends to move up. Therefore, higher the concentration of melt in
the interaction region, greater the downward acceleration of the melt due to the gravitational
force. The author thinks that the combined effects of the gravitational and buoyancy forces
cause the steam film around the melt to strip away. That is why the possibility of triggering is

high in the regions where the melt is densely located.

Propagation has been accompanied by the expansion. After the first triggering occurred,
local expansion started. Although it is well known that the velocity of the propagation wave is
greater than that of the expansion, in the direction of expansion the propagation is suppressed
due to the high void fraction. The propagation wave couldn’t reach the upper right part of the

mixture.

For experiment 11 (Figure A. 4.), 0.4 millisecond after the first triggering local
expansion started. The propagation of the shock wave continued during 1.21 milliseconds. It
has been observed that propagation wave could not penetrate into the region easily where the

void fraction (amount of steam) is high. In another words, the molten metal located in the high
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void fraction region before the triggering started cannot contribute to the steam explosion.
This result is quite understandable, since the propagation wave is transmitted and reinforced
by the collapse of the steam films around the neighboring melt particles. If the steam film is
too thick or the melt is covered by a high amount of steam, the collapse of steam film is out of
question. The expansion caused by the explosion pushed the upper parts of the mixture
upward. This region neither triggered nor contributed to the steam explosion. In this
experiment, the dispersion device has been placed on the water pool to obtain a finer and more

homogeneous melt water mixture in the premixing stage (Figure 5.2.).

For experiment 16 (Figure A. 5.), triggering occurred in the region where the melt is
highly accumulated. 0.42 milliseconds after the first triggering the expansion started; however,
the pressure wave continued its propagation towards the region where the undisturbed melt
particles were present. Just before the triggering has started, a downward acceleration
(gravitational settling) in the region where the triggering took place has been observed.
According to the author, the same physical mechanism (steam film stripping effect) explained

in experiment 10 (Figure A. 3.) is responsible for the triggering.

For experiment 17 (Figure A. 6), triggering occurred at the lowest edge of the dispersed
melt region where the fraction of melt was high. When the triggening .occurred, the local
expansion was so fast that one of the cameras could not detect the propagation. However, the
other camera was able to detect the propagation, which took place in 0.6 millisecond. A
downward gravitational acceleration in the region where the triggering occurred has been
observed just before the triggering started. In this experiment, the propagation wave initiated
in the lowest part of the main melt water mixture could not penetrate to the small melt water
mixture region which was separated from the main mixture by a mass of water. This is
attributed to the fact that the shock wave cannot propagate in the water well. It should be
reinforced by the triggering of the other melt particles. If there are no melt particles nearby to

be triggered, the shock wave loses its strength.

For experiment 19 (Figure A. 7), the dispersion device has been placed on the 90 cm
deep-water pool. Propagation wave passed through the entire melt water mixture region in
0.75 millisecond. 0.75 millisecond after the first triggering the expansion started. In this
experiment, by chance an interesting phenomenon has been observed. In all of the other

experiments, the beginning of the triggering and subsequent propagation phenomena has been
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observed as a small dark region (small dark region characterizes steam). However, in this
experiment the triggering initiated as a bright light or a scattering of a cloud of very fine bright

particles. For all the experiments, generally, the speed of the camera changes from one frame

in 0.3 millisecond to one frame in 0.2 millisecond during the time period from the end of the
premixing to the end of the expansion stage. If a phenomenon occurs in less than 0.2
milliseconds, the camera may not detect this phenomenon. Let’s assume that this small time

interval during the phenomenon occurs is Ar. The probability of this phenomenon to be

detected by the camera having a speed of one frame in 0.2 millisecond is A? 0.5 - Depending

on the magnitude of Az, this probability can be very small. Although, it is impossible to
determine Af by using a camera having a speed of one frame in 0.2 millisecond, most
probably in the experiment 19 (Figure A. 7.), the actual instant when the triggering occurred
has been detected by chance. According to the author, the bright image could be the high

velocity fragmented melt particles.

For experiment 21 (Figure A. 8.), the dispersion device has been placed under the water
level. 0.72 millisecond after the triggering was initiated, the local expansion was observed.
Propagation took 0.96 millisecond. As a result of expansion, excessive steam production
pushed the untriggered melt particles away. It seemed that another triggering occurred in the
middle of the mixing region; and an independent explosion was initiated in the middle part of
the melt liquid steam mixture. Void fraction in the upper part of the mixture was high when
the triggering initiated; therefore, propagation of the shock wave couldn’t reach that region.
As a result, the melt particles in the upper part of the mixture couldn’t contribute to the

explosion.

In experiment 23 (Figure A. 9.), the melt has reached the bottom of the pool in three
columns. When the first column has reached the bottom, it simultaneously triggered at the
bottom. Local expansion started 0.28 millisecond after the triggering. Almost the same process
and the time scales were valid for the other two columns. The columns touched the bottom of
the pool one by one with 0.28 millisecond time intervals. The independent explosion of those
columns can be attributed to the fact that the pressure wave initiated by one of the columns
could not propagate to the other ones, since there were no melt particles to be triggered among

the columns to reinforce the propagation of the shock wave; film collapse on the neighboring

molten droplet is necessary.
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In experiment 23 (Figure A. 9.), shallow water pool is used. For the shallow water pool
case, the depth of the water is not enough to slow down the sinking melt until it hits the
bottom. According to the author, when the collision velocity is higher, it is more likely that a
small amount of water is trapped between the melt and the bottom of the pool. When the
trapped water is superheated until its temperature reaches the homogeneous nucleation

temperature, it expands in a very short time. This can be the mechanism of the triggering in

this experiment.

For experiment 24 (Figure A. 10.), CO, was dissolved in the water pool. After the main
mass of the melt entered the pool, the triggering initiated simultaneously by another bulk of
melt when it touched on the surface of the water where in this region of the water no melt
particles entered before. The pressure wave reached the longest distance inside the melt water
mixture in 2.1 milliseconds. Because of the lack of melt particles in the region between the
first triggering location and the main melt water mixture, the pressure wave could not reach all
parts of the mixture easily. 2.4 milliseconds after the triggering, the expansion of the main

melt water and steam mixture initiated.

In experiment 25 (Figure A. 11.), a more homogeneous melt water mixture is obtained
compared to the other experiments. The triggering occurred at the bottom of the mixture. 0.64
millisecond after the triggering, local expansion started. However, the propagation of the

shock wave continued after the expansion. The propagation took about 1.7 milliseconds.

In this section, only the experiments that steam explosion occurred have been examined.
Total 23 experiments have been performed. The ambient pressure was 0.1 MPa in 18
experiments. In 12 of those experiments explosion occurred. In another words, 66.6% of the
experiments resulted in steam explosion for 0.1 MPa ambient pressure. On the other hand,
only in one of the experiments explosion observed among the four experiments done under the
condition of elevated ambient pressure. More specifically, ambient pressures were 0.5,1.0,1.6
and 1.6 MPa for the four experiments. Only the one done under the condition of 0.5 MPa
ambient pressure resulted in steam explosion [35]. This result should not be evaluated as high
ambient pressure prevents steam explosion. Actually, the ‘probability of steam explosion

decreases with increasing the ambient pressure. According to the model suggested by the
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author in the previous sections, local steam production is necessary to accelerate the melt.
High ambient pressure reduces the possibility of having explosive local steam production; i.e.
reduces the probability of triggering. However, occurrence of triggering itself does not mean
that the mixture will explode. As is explained in detail, to obtain a large-scale steam explosion

a proper geometry of mixture, void fraction, the right ambient pressure and temperature of

both coolant and melt are important.

6.2. Evaluation of the Debris Size Distribution

In this subsection, the debris size distribution will be evaluated for two experiments
(Exp.5 and Exp.8 ) performed in the ALPHA facility of JAERL Since the increase in the total
area of the melt particles after the explosion leads to high heat transfer, it is important to
determine the total area increase. In experiment 5 (Figure A. 1.) -explosion occurred, the
debris is finer compared to the ones obtained in experiment 8 (explosion didn’t occur) (Table
6.2.). Considering that the same amount of melt (20kg) is used for both experiments, the
percentage of the total area increase caused by the fine fragmentation can be calculated from

the debris size distribution. Please note that because the explosion didn’t occur in

Table 6.2. Debris size distribution for exp.5 and 8 [44]

Mass Percentage (%)
Debris Diameter ( 47 ) Experiment 5 Experiment 8
(Explosion Occurs) (Explosion doesn’t
occur)

10 1.83 0
20-30-40 10 0.07
50-60-70-80-90 16.67 1.53

100 16 2
200-300-400 225 2.8
500-600-700-800-900 16.5 13.6
1000 16.5 80
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experiment 8, the melt break-up only took place in the premixing stage due to the

hydrodynamic forces caused by the sinking velocity of the melt.

The area enlargement caused by the explosion was compared with the non-explosion
case. It has been assumed that the geometry of debris is a sphere. If all the debris’s diameters

in a certain mass percentage interval are not constant, simply it is assumed that they are

equally distributed inside that certain range.
Nomenclature:

M, = Total mass

V, = Total volume

p = Density of the debris

v, = The volume of one debris having a radius (r)
x, = The number of debrises having a radius (r)
m,_ = The mass of one debris having a radius (r)

, = The total mass of all the debrises having a radius (r)

The surface area of a debris having a radius (1)

The total surface area of all the debrises having a radius (r)

M
4,
S,
S, = The total surface area of all the debrises

y, = The total mass percentage of the debrises having a radius (r)

Comparison of the final total surface areas for the explosion and non-explosion cases (Exp.5

and 8):

v =—xr’ (6.1)

m :ézrf.p (6.2)

xr'mr =Mr :MT‘yr (63)
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4 3
X 3mrp=pyy, (6.4)
3.y

X, = —V.
" 4mr (65
A =4rnr’ (6.6)
S, =x, 4, (6.7)

3y V,

S — ro T
- r (6.8)

_ Y,
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T experiment8 3VT (2 yr )
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r

From Table 6.2. and Equations (6.1-6.10), it can be calculated that the ratio of the total
surface area of all the debrises in experiment 5 (Figure A. 1) to that in experiment 8 is equal to
6.913. In another words, the final total heat transfer area in experiment 5 (Figure A. 1))
(explosion occurred) is only about 7 times greater than that in experiment 8 for the same initial
melt mass and volume. If the steam explosion is caused by the increased heat transfer area, the
steam production per unit time for a steam explosion experiment should only be about seven
times greater than that in the no-explosion case. This explanation is far from the actual
situation. Considering that the velocity of the expansion during a steam explosion experiment
is 40~70 m/s, there should be a more effective heat transfer mechanism resulting an explosive
steam production. The model suggested by the author involves high-speed fragmented

particles; therefore, convection will be the main heat transfer mechanism.
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7. CONCLUSION

An alternative fragmentation model, which is a combination of hydrodynamic and
thermal theories, has been developed for the triggering stage of the steam explosion
phenomenon. Concerning the hydrodynamic part of this fragmentation model, pressure
distribution over the moving melt has been taken into account instead of boundary layer
striping. To calculate the critical velocity of the moving melt, an empirical relation [31]
present in the literature has been utilized. Explosive steam production as a result of steam film
collapse, and, subsequent steam penetration into the melt constitute the thermal part of this
alternative fragmentation model. Under the conditions of the large-scale steam explosion
experiments previously done in the ALPHA facility of Japan Atomic energy Research
Institute [35], the model equations have been solved; and, the heat transfer coefficient (h)is
found as 25.182x10°Wm ™K™' at the instant when the fragmentation just starts. Note that the
heat transfer by means of radiation is also included in the convection term. The heat transfer
coefficient has been compared with the values present in the literature. The calculated heat
transfer coefficient value is at the same order of magnitude and slightly bigger than that is

present in the literature due to the reasons previously explained.

The critical relative velocity necessary to initiate the fragmentation process is calculated
as 0.775 ms™'. The author would like to put an emphasis on the fact that the motion of the
melt is a random vibration, such that a macro scale displacement of the molten droplet cannot
be observed at the triggering stage. Based on the heat transfer coefficient calculated by means
of solving the model equations, steam production per unit time is high enough to obtain a
shock wave, which is one of the necessary conditions to have a large-scale steam explosion. In
other words, at the triggering stage, steam water interface moves faster than the speed of
sound in the water for the given experimental conditions. Then the shock wave (propagation
wave) is created. For the calculation of heat transfer coefficient, an uncertainty analysis has
been done. Depending on the several parameters used in the model equations, an uncertainty
range for the heat transfer coefficient was found (25.182-28.2x10°Wm K ™'). It was indicated
that even the smallest value of the heat transfer coefficient (25.182x10°Wm™K™") in the

uncertainty range is high enough to initiate a shock wave.
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The speed of the camera is not high enough to detect the triggering of only one melt
droplet, which takes place much less than one millisecond. Therefore, there is no strong visual
experimental evidence to support this theory. However, in one of the large-scale steam
explosion experiments (exp. 19) previously done in the ALPHA facility of JAERI, a bright
light which looks like scattering of a cloud of very fine bright particles has been detected in
the interaction region where the triggering initiated. The author thinks that the bright light may
characterize the vibrating fragmented molten particles mentioned in the suggested model.

Since triggering occurs in a very short time, it may have been detected only in one of the

experiments by chance.

According to the model introduced in this Ph.D. thesis, an explosive local steam
production on the melt droplet where the film collapse occurs is necessary to get a propulsive
force. If the ambient pressure is increased, it will be more difficult to have an explosive local
steam production or violent boiling, which leads to the acceleration of the melt droplet. As a
result, high ambient pressure will reduce the possibility of triggering. This result is in good
agreement with the large-scale steam explosion experiments previously performed in the
ALPHA facility of JAERI (there is only one exceptional experiment) [35]. However, this
result should not give a misleading impression that high ambient pressure prevents steam
explosions! The correct conclusion is that a stronger trigger pulse (probably forced triggering)

1s necessary to initiate the propagation for the high ambient pressures.

Referring to the visual data of the ALPHA experiments [35], it has been observed that
the propagation of the shock wave is very difficult or impossible in the regions where the void
fraction rate is high. According to the experimental data the shock wave cannot propagate well
in the regions where the distances among the melt particles are long. Generally, all of the melt
particles have not contributed to the explosion; instead, some of them have been pushed away
by the large-scale expansion (steam production). In one of the experiments (exp.23) done in
the shallow water pool, the collision of the three melt columns with the bottom of the pool
triggered the subsequent explosions one by one. Of course, sinking velocity of the melt at the
instant of collision with the bottom of a shallow pool is higher compared to the case of a
deeper pool. According to the author, for the higher sinking velocities, since the coolant
beneath the melt has a certain inertia, it is more likely that a small amount of water can be
trapped between the melt and the bottom of the pool. Superheating of the trapped water until

the homogeneous nucleation temperature, and subsequent expansion should be the reason of
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triggering in the locations where the collisions occurred.

It has been observed that the sinking velocity of the mixture is not the same everywhere

in the interaction region. Generally, triggering occurs in the region where a local acceleration

(gravitational acceleration at the regions where the melt is densely located) is observed. This is
attributed to the fact that the combined effect of the drag force increased by the acceleration
and the buoyancy force due to the density difference between the steam film and the water
causes the steam film to collapse locally or to strip away. This mechanism can initiate

triggering by causing the water to contact directly with the melt.

Using the debris size distribution data of the ALPHA experiments [44], the ratio of the
total final surface area of all the fragmented particles for an experiment in which explosion
occurred to that of a no explosion experiment has been calculated. This value is about seven.
In other words, the final heat transfer surface area of a large-scale steam explosion experiment
is about seven times greater than that of a no explosion experiment for the same amount of
melt and water mass. Regarding to the qualitative examination of the large-scale steam
explosion experiments, the author observed that steam production per unit time at the
expansion stage of a steam explosion is thousands of times greater than the steam production
per unit time for a no explosion experiment. The author concludes that only seven times
enlargement of the heat transfer area cannot explain this huge amount of destructive steam
production per unit time. Therefore, an altemative approach that takes into consideration the

relative velocities, as in the case of the suggested theory, should be involved.
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APPENDIX: VISUAL DATA OF THE LARGE-SCALE
STEAM EXPLOSION EXPERIMENTS

In the following pages of this section, visual data of the large-scale steam explosion
experiments have been presented [35]. The researchers of the Severe Accident Research
Laboratory (SARL) of Japan Atomic Energy Research Institute (JAERI) previously have done
the large-scale steam explosion experiments. The experimental data accumulated since 1991
have been obtained by using the ALPHA (Assessment of Loads and Performance of
containment in a Hypothetical Accident) facility of Japan Atomic Energy Research Institute.
The author also contributed to the digitalization of the visual data of the large-scale steam

explosion experiments during his stay in Japan Atomic Energy Research Institute.

On the following pages, only the experiments in which explosion occurred have been
presented. Complete visual data can be seen in reference [35]. The vertical and horizontal
arrows indicate the location of triggering in the interaction region. Dark color regions
represent steam. On the visual data, triggering can be observed as a small dark spot. After that,
the dark spot becomes larger spreading the interaction region. The expanding dark region

characterizes the escalation or pressure wave.
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T=0. 00 mi | lisecond T=0. 80 millisecond

T=0. 27 millisecond T=1. 07 millisecond

T=0. 54 millisecond T=1. 34 millisecond

Figure A. 1. Experiment 5 con't
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T=1. 61 millisecond T=2. 41 millisecond

T=1. 88 millisecond T=2. 68 millisecond

T=2. 14 millisecond T=2. 95 millisecond

Figure A. 1. (Continued) con't
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T=3. 22 millisecond T=4.02 millisecond

T=3. 48 millisecond T=4.29 millisecond

T=3. 75 millisecond T=4. 56 millisecond

Figure A. 1. (Continued) con't
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T=4. 82 millisecond T=5. 63 millisecond

T=5. 09 millisecond T=5. 90 millisecond

T=5. 36 millisecond T=6. 16 millisecond

Figure A. 1. (Continued)
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T=-191. 52 millisecond T=-54.72 millisecond
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Figure A. 2. Experiment 9 con't
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T=0. 46 millisecond T=1. 14 millisecond

T=0. 68 millisecond T=1. 37 millisecond

Figure A. 2. (Continued) con't
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Figure A. 2. (Continued)

T=2.28 millisecond
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T=2.74 millisecond
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T=2. 96 millisecond

Figure A. 2. (Continued)
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T=-220. 90 millisecond T=-103. 40 millisecond

T=-197. 40 millisecond T=-56. 40 millisecond

T=-173. 90 millisecond T=0. 00 millisecond

Figure A. 3. Experiment 10 con't
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Figure A. 3. (Continued) con't
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Figure A. 3. (Continued) con't
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T=3. 08 millisecond T=3. 80 millisecond

T=3. 32 millisecond
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Figure A. 3. (Continued)
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T=0. 00 millisecond T=0. 60 millisecond

T=0. 20 millisecond T=0. 80 millisecond

T=0. 40 millisecond T=1. 00 millisecond

Figure A. 4. Experiment 11 con't
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T=1. 21 millisecond T=1. 82 millisecond

T=1. 41 millisecond T=2. 02 millisecond

T=1. 62 millisecond T=2. 22 millisecond

Figure A. 4. (Continued) con't
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T=2. 42 millisecond T=3. 03 millisecond

T=2. 63 millisecond T=3. 23 millisecond

T=2. 83 millisecond T=3. 43 millisecond

Figure A. 4. (Continued)
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T=-294. 35 millisecond T=-192. 85 millisecond

T=-274. 05 mi|lisecond T=-91. 35 millisecond

T=-253. 75 millisecond T=-10. 15 mill isecond

Figure A. 5. Experiment 16

con't
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Figure A. 5. (Continued)
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T=1.22 millisecond T=1.83 millisecond

T=1. 42 millisecond T=2. 03 millisecond

T=1. 62 millisecond T=2. 23 millisecond

Figure A. 5. (Continued) con't
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T=2. 44 millisecond T=3. 05 millisecond

T=2. 64 millisecond T=3. 25 millisecond

T=2. 84 millisecond T=3. 45 millisecond

Figure A. 5. (Continued)
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T=0. 00 millisecond T=0. 90 millisecond

T=1. 20 millisecond

T=0. 60 millisecond T=1.50 millisecond

Figure A. 6. Experiment 17 con't
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T=1.80 millisecond T=2.70 millisecond

T=2.10 millisecond T=3. 00 millisecond

T=2. 40 millisecond T=3. 30 millisecond

Figure A. 6. (Continued) con't
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T=3. 60 millisecond T=4.50 millisecond

T=3. 90 millisecond

T=4. 80 millisecond

T=4. 20 millisecond

Figure A. 6. (Continued)
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Figure A. 7. Experiment 19 con't
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T=2. 26 millisecond

T=1.76 millisecond T=2. 51 millisecond

T=2. 01 millisecond T=2.76 millisecond

Figure A. 7. (Continued) con't
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T=3. 01 millisecond T=3. 77 millisecond

T=3. 26 millisecond T=4. 02 millisecond
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Figure A. 7. (Continued) con't



84

T=4. 52 millisecond
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Figure A. 7. (Continued)
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Figure A. 8. Experiment 21 con't
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Figure A. 8. (Continued) con't
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Figure A. 8. (Continued)
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Figure A. 9. Experiment 23 con't
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Figure A. 9. (Continued) con't
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Figure A. 9. (Continued)
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T=3. 08 millisecond T=3.92 millisecond

T=3. 36 millisecond T=4. 20 millisecond

T=3. 64 millisecond T=4. 48 millisecond

Figure A. 9. (Continued)
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Figure A. 10. Experiment 24 con't
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Figure A. 10. (Continued) con't
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Figure A. 10. (Continued) con't
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Figure A. 10. (Continued) con't
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Figure A. 10. (Continued)
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Figure A. 11. Experiment 25 con't
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Figure A. 11. (Continued) con't
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Figure A. 11. (Continued)
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T=3. 82 millisecond T=4. 03 millisecond

Figure A. 11. (Continued)
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