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ABSTRAC1"' 

Recent studies have shown that the propagation of a vapor explosion in a stratjfied 

geometry is sustained, provided the degree of inertial confinement is sufficiently high. In 

the presl~nt study, the influence of boundary conditions on th~ propagation of a vapor 

explosion in a stratified tin/water system has been investigated experimentally. In one of 

two experiments, a propagating interaction was initiated, by an exploding wire triggger, 

in a channel fomled by two sections of 1.25 cm and 5 cm in width. The interaction failed 

consist.:ntly at the transition into the larger channel, due to the sudden lateral expansion. 

The oehavior of the interaction was also investigated in the absence of confining walls, 

accompli shed by triggeling it in the center of a cylindrical tank (27.30 cm in diametcr; 4 

kg of tin). The system's response to the trigger varied erratically : in just over half the 

cases un energetic interaction occured, while the initiation of an interaction failed in Ihe 

other attempts. Succes!lfully triggered interactions travelled radially oUlward, about 5 -

11 cm from the cente'r, at 30 - 60 mis, producing overpressures of 0.15 to 0.5 MPa. The 

tin debris analysis indlC'ated that on1y a thin layer of tin, -.86 mm deep, was involved in 

the interaction. This event is, however, suspected to be the result of an overdriven 

interaction, rather than a sustained propagation. The inherent difficulty in initiating a 

propagating interaction in the cylindrical geometry lies in the effect of the divergence of 

the flow. The energy yield/surface area of the event is of the same order of magnitude as 

that of single tin drop/water explosions and stratified tin/w'lter interactions in a narrow 

channel, suggesting that the energetics are not significantly influenced by the geometry. 

This interaction, in many cases, served as a "precursor" event for a second, more 

energetic interaction, initiated in the coarse mixture of water and molten lin fragmenls 

lofted in the wake of the nrst înteraçtion . 
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RESUME 

Les études récentes ont montré que la propagation d'une explosion de vapeur, en milieu 

stratifié, est autonome, sous réserve que le degré de confint~ment est suffisammt~nt 

important. Dans la première phase de cette étude, l'influence des conditions aux limites sur 

ce type de propagation a été expérimentalement observé plùs particulièn~ment pour une 

couche d'étain immergée dans de l'eau. L'explosion, initiée à l'aide d'url fil explosé, se 

propageait dans un réservoir de fonne allongée, comportant deuJ< sections de largeur de 

1."5 cm puis 5 cm. L'expansion brutale. due au ehatngement de section, conduisait, à 

chaque fois, à l'amortissement de l'explosion. Dans la seconde parde de l'étude, les effets 

de l'absence de confinement par les murs ont été aussi étudiés en amorçant l'explosion de 

vapeur au centre d'un réservoir cylindrique (<1> = 27.3 cm, 4 kg d'étain). Le comportement 

de l'initiation de la propagation était très erratique: dans environ la moitié des cas, une 

violente explosion fut observée, tandis que dans le reste des ca!;, la propagation ne 

s'amorçait pas. Lors de l'amorçage réussie, la propagation se déplaçait radialement. sur une 

distance de 5 à Il cm, à une vitesse de 30 à 60 T'l/s, et accompagnée d'une surpression de 

l'ordre de 0.15 à .5 MPa. Cependant, ce mode de propagat.ion est prob!'\blement le résultat 

d'une interaction surpoussée, plutôt qu'autonome. L'analyse des débris d'étain a montré 

que seule une couche mince d'étam, de l'ordre de 0.86 mm, contrib.Je réellement à 

l'explosion. La difficulté inhérente à l'amorçage de la propagation de l'explosion en milieu 

non confiné est due à la divergence de l'écoulemf.:iit. Le rapport densité d'énergie sur 

surface d'interaction étain/eau est dll même ordre de grandeur que celui d'une gouttelette 

d'étain dans l'eau, ou que celui d'une expiosion stratifiée étain/eau dans un canal étroit. Ce 

résultat suggère donc que J'énergétique n'est pas influencé de manière signifkative par la 

géométrie. Dans de nombreux cas, ce mode d'interaction servait de précurseur à une 

seconde explosion, beaucoup plus c;:nergétique, déclen(.~hée dans le nuage de fragments 

d'étain, en suspension dans l'eau, généré par le passage de la première explosion. 
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A Suface area of melt 
Bo Bond n~mber 
Cd Coefficient of drag 
F Force applied against water 
F(z) Potential function 
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Hw Water height 
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k Thermal conductivity of melt 
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1.0 INTRODUCTION 

In the event that a cold liquid and a relaùvely much hotter one come into contact there 

is the possibility of a violent explosion. This type of explosion resuIts from the sudden 

vaporization of the co Id liquid as it is heated by the hot ont.. The phenomenon is refelTed to 

as a vapor, steam, physical or thennal explosion. In particular, it is known as a rapid phase 

transition when the explosion involves a cryogenic liquid, and a fueVcoolant interaction 

when associated with a core meltdown in a nuclear reactor. 

There are a number of industrial scenarios where accidentaI vapor explosions have 

been reported, as described in the summaries of Buxton and Nelson (1975) and Reid (1985). 

These have occurred in foundries, primary aluminum and steel plants, paper mills, under 

circumstances involving the mixing of water with molten steel, aluminum or salt mixtures 

(smelt). Vapor explosions have also been observed in pouring liquefied natural gas (LNG) 

into water and therefore are a risk in the marine transport and harbor unloading of LNG. Of 

great concern today is the safety risk of nuc1ear reactors in the event of a loss of coolant 

accident. The overheating of the reactor core leads to the melting of the fuel, risking a 

thermal interaction between the hot molten fuel and the coolant. The violent vaporization of 

the coolant could produce over pressures of sufficient strength to rupture the reactor vessel, 

allowing the release of radioactive products. Finally, one of the most disastrous examples of 

a vapor explosion took place naturally in the last century, when huge amounts of water and 

lava mixed during the Krakatoa volcanic eruption. The result is noted as the largest 

telTestrial release of energy in recorded history. 

Typically, in such accident scenarios, the hot and cold liquids come into cont:\c( to 

form either a coarse mixture of fuel fragments blanketed in a vapor film and dispersed in the 

coolant, or a stratified mixture with a vapor film separating the two layers of liquids. The 

collapse of the vapor film (in both cases) brings the two liquids into direct contact. Very 

rapid heat transfer fo]]ows accompanied by fine fragmentation of the fuel, which produces 

particles in the range of 50-1 00 ~m. This fragmentation is an essential step because il 

provides the increase in surface area required for the characterisùc high heat transfer rate. As 

a result, rapid vaporization occurs, with little change in volume, yielding high pressures in 

1 
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the fonn of impulsive shock loading. The event is commonly summarized by the following 

four distinct phases through which a vapor explosion progresses (Corradini et al., 1988): 

1. Premixing The two liquids are initially at temperatures such that a 

thin vapor film forms effectively shielding the cold liquid 

from the hot one. 

2. Triggering The local collapse of this vapor layer, either due to 

an external disturbance or to a growing instability in the 

system (boiling dynamics), causes direct liquid-liquid 

contact entailing high heat transfer rates and local sharp 

pressure rises. 

3. Propagation This high pressure pulse can travel through the entire 

mixture resulting in a coherent energy release. The 

pressure pulse promotes the collapse of the adjacent vapor 

film and fine fragmentation and mixing of the two Iiquids . 

4. Expansion The sudden vaporization of the cold liquid produces high 

pressure vapor which can cause mechanical damage to the 

surroundings as it expands. 

The aim of the experimental and theoretical work carried out by vapor explosion 

researchers is to acquire a better understanding of the physical processes occurring within 

each of these four steps, in order to determine the necessary criteria for the onset and suppon 

of a vapor explosion, and the energetics associated with the event. To this end, different 

liquidmquid systems have been studied in a variety of configurations (single drop, coarse 

mixture of melt fragments in coolant, stratified mell/coolant layers). The basic mechanisms 

involved in the interaction have been identified and understood independently of one another. 

However, stilllacking is an understanding and description of the combined effects produced 

by the various mechanisms. Although many vapor explosion models have been put 

forward, none have been completely successful in accounting for a11 experimentaJ results, 

especially concerning large scale events . 

2 
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ln the sections to follow, theoretical aspects and the relevant experimental work 

penaining to the various stages of a vapor explosion are presented, ending with the aim of 

this panicular study. Comprehensive reviews of vapor explosion studies can he found in the 

works of Cronenberg and Benz (1980) and Corradini et al.(1988). 

1.1 Spoutaneous nucleation theory 

The spontaneous nucleation theory was proposed by Fauske (1973) as a criterion for 

the existence of a vapor explosion. The model considers that an explosive interaction is 

possible provided the interface temperaturt at the moment of contact exceeds the spontaneous 
nuc1eation temperature, Tsp. Based on conduction theory, the contact temperature at the 

interface, Ti, is detennined by the following expression: 

(1.1) 

where T is temperature, k and (l are the thermal conductivity and diffusivity respectively, 

and h and c subscripts denote the hot and cold liquids. 

As shown in fig. l, the nuc1eation rate remains low until the temperature of the liquid 

reaches a critical value. At this point minimum size, stable vapor embryos are produced, 

associated with a sudden increase in the nucleation rate. Wh en the vapor nucleation occurs 

in the bulk of the Iiquid, due to molecular density fluctuations, this temperature limit is called 

the homogeneous nucleation temperature. Il corresponds to the' limit of superheat and is 

approximated to be about 90% of the critical temperature. Wh en nucleation sites are 

available the limit of spontaneous nuc1eation is lower, resulting in heterogeneous nucleation 

of the liquid. In Fauske's theory, the vapor generation rate associated with this regime for a 

volume of liquid is presumed to he sufficientIy fast to produce shock waves. 

The strongest support of Fauske's spontaneous nucleation theory is found in 

experiments involving cryogenie liquids (Nakanishi and Reid, 1971; Enger and Hartman, 

3 
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1972). The spontaneous nucleation requirement was consistently valid with various 

mixtures and spill sizes. However, sorne experimental evidence is at a variance with this 

criterion. One example is the mixture of uranium dioxide (U02) and sodium (Na) used in 

liquid metal cooled fast-breed reactors. The contact interface temperature is weil below the 

spontaneous nuc1eation temperature of Na and therefore precludes the possibility of a vapor 

explosion. However, experiments carried out by Anderson and Armstrong (1972) have 

demonstrated that this pair does produce vapor explosions. The results indicale thal a vapor 

explosion does not occur immediately upon contact but after a finile delay. The delay, as 
suggested by Fauske (1973), is due to the superheating of Na globules in the U02, until they 

reach the spontaneous nucleation temperature. The subsequent rapid vaporization results in 

the explosions observed. In addition, the experimenls of Nelson and Buxton (1978) using 
uranium dioxide and iron (2000K) in water (300K), which gave an interface temperature Ti 

(1650K) greater than the crilieal temperature of water, pioduced vapor explosions. This 

result cannot be juslified on the basis of vapor bubble nucleation as the controlling 

mechanism. 

Although the spontaneous nucleation theory is subject to criticisms it nevertheless 

helped foeus attention in the understanding of thermal explosions. It is recognized that ils 

role may be very localized (i.e. involving the superheating of a very thin layer of coolant), 

yet to be clearly demonstrated experimenlally. A further hindrance in assessing Ihis theory is 
the difficulty in determining the actual T sn of a liquid, which is sensitive to the surface 

conditions, the presence of impuri ties, etc. 

1.2 Vapor film stability and triggering 

1.2.1 Vapor film formation 

The nuc1eation step associated with the heating of a liquid occurs because vapor 

embryo bubbles of a minimum size are produced. Below a crilical size they are unstable and 

tend to collapse. If a sufficiently large number of vapor embryos are generaled over a 

surface area (1 09/cm2), they can coalesce due to physical interference and form a vapor 

blanket separating the two liquids (Reid, 1983). The interface temperature required for such 

4 



• 

• 

• 

a film to fonn is the minimum film boiling temperature, in the case of a heated pool of Iiquid, 

or the Leidenfrost temperature, applied to discrete Iiquid drops. This temperature is 

identified on the heat fl!!1/. r.urve in fig.2, corresponding to the point of minimum heat flux or 

very long vaporization time. An example of this behavior has been observed in LNG/water 

experiments (Reid,1983). 1 hese two Iiquids interact explosively as predicted by the 

spontaneous nucleation theory, however, wh en the water temperature is significantly higher 

than Tsn , they rarely produce an explosion. In this case the high water temperature leads to 

the rapid establishment of film boiling, creating a thin vapor layer of low thermal 

conductivity which effectively shielàs the bulk LNG from the water. 

The film boiling regime represe:1ts a relatively quiet and inefficient mode of heat 

transfer. Il is characterized by a regular "pinching off' of vapor bubbles in rime and space 

which condense on the col der surface, while the hotter one feeds more heat to main tain the 

vapor layer. The thickness, which lies in the range of 10-8 - 10-5 m, is not typically uniform 

over the entire surface area due to instabilities associated with the boiling dynamics at the top 

surface (vapor bubble departures, vapor/coolant interface ripples) and any temperature 

gradients in the coolant or melt (e.g. variations in the melt thickness; edge heat losses) 

(Naylor, 1985). 

1.2.2 Vapor film destabilization 

Provided the interface temperature between the melt and the coolant is above the 

minimum film boiling or Leidenfrost temperature, a vapor blanket will fonn preventing direct 

liqllid-liqllid contact. The collapse of the vapcr film is referred to as the triggering event of a 

vapor explosion, initiating the direct contact of the liquids. The stability of the vapor film 

depends on the system conditions, such that the local or complete collapse may occur 

"spontaneously", due to the system's own fluctuations, or be triggered extemally by a 

disturbance genermed to the system. 

Spollta"eOllS trigger 

To the eye the vapor film appears continuous, however, studies by Yao and Henry 

(1978) have confirmed that brief random contacts appear throughout the film boiling regime. 

These become longer lasting and more numerous as the minimum film boiling temperature is 

approached, corresponding to a minimum vapor film thickness for which a stable film cannot 

5 
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be sustained naturally. The process of spontaneously triggered film collapse is described by 

the following three stages: 1) thinning of the vapor film; 2) penetration of tongues of liquid; 

3) spreading of the contact region (Bankoff, 19MO). 

Experimental observations of spontaneous film collapse between liquid pairs have 

been conducted by D:.lliforce et al. (1976). They investigated the spontaneous film collapse 

of molten tin drops released in water at various coolant and rnelt temperatures. The results of 

their study are summarized in fig.3, which identifies the conditions when spontaneously 

lriggered interactions occurred. The interaction zone is defined by three boundaries : the 

bottom horizonta 1 boundary marks the freezing temperature of water; the vertical boundary 

corresponds to u melt temperature of 57~K, relatively close to its freezing temperature 

(505K); and the diagonal boundary qualitatively separates conditions of thick ~md thin vapor 

films. They also measured dwell times before film collapse and noticed the time increased 

rapidly as the upper diagonal boundary of the interaction reglon was approa(.'hed. 1t is 

proposed that this delay represents the necessary time for the melt surface temperature to 

reach the limiting value for which the film becomes unstable. Corradini (1978) offcrs an 

interpretation of the upper diagonal boundary based on the time required for film collapse 

and that required to reach the saturation temperature of the water, at the film interface . 

During the film collapse lime, heat is transferred from the melt to the water such that it attains 

its saturation temperature. If the time for film collapse is shorter than the evaporation time 

then sufficient liquid-liquid contact is achieved resulting in an explosive interaction. 

However, if the time for film collapse is longer than the saturation time, the water will 

evaporate fast enough to reinforce the vapor film layer, preventing extended liquid-liquid 

contact. 

Exterllal tr;gger;ng 

The collapse of the vapor blanket can also he prompted by an external lTigger which 

generates a mechanical disturbance to the system. The disturbance, in the form of a shock 

wave, collapses the film locally and forces the two liquids into contact. The shock wave is 

characterized by its magnitude and duration (impulse) and must he sufficiently strong to 

completely collapse the film over the time period required for the vaporization of the cold 

liquid. In this manner a vapor explosion can be initiated. 

There are several ways to trigger thermal explosions externally. Board and Hall 

(1974) conducted experiments with tin contained in a shallow crucible under water. 

6 
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Intr.ractions were triggered by a pressure pulse of -1 MPa generated by rupturing a 

diaphragm connecting the pressurized apparatus to the atmosphere. In another experiment 

where tin was poured in a narrow trough, interactions were initiated by applying an impulse 

at one end of the trough by striking it with a hammer. The vibration of the rod generated 

shock waves which collapsed the vapor film. 

Frolich and Anderle (1980) investigated the initiation of a vapor explosion by high 

voltage discharge through an exploding wire. A spherical shock wave was generated 

(ranging between 2.0 and 6.0 MPa) cal.l'! .'Ji; the two liquids to come into direct contact. 

According to their hiJ!b speed c;park photography results, the shock wave did not fragment 

the moIten drop in film boilit.g, but merely produced a sufficient instability to disrupt the 

vapor layer. 

The requirements of the trigger naturally depend on the stability of the initial 

configuration. A more detailed look at the triggered film collapse was carried out by Naylor 

(1985) in his experimental studies of film destabilization over a heated brass rod. His 

findings reveal the existence of a thermal threshold above which permanent film 

destabilization is not achieved. As thr rad temperature increases, the coolant temperature for 

which complete collapse is possible decreases. Above the threshold only transient film 

collapse was observed as the film boiling regime was quickly re-established. 

Nelson and Duda (1982) also made trigger requirement inquiries for the case of 

molten iron-oxide drops (- 2000K) subjected to over pressures in water. The effect of the 

over pressures was investigated by varying the distance between an exploding wire and the 

drop. They reponed a threshold pressure of .4 MPa below which explosions could not he 

triggered. At the threshold pressures of .2 and .4 MPa, the y observed delays of up to 100 

ms before aetual film collapse. 

To date, the detailed role of film destabilization in a vapor explosion is not adequately 

understood. The presence of the vapor film delays the interaction, however, the oscillations 

of the film or sudden collapse can induce fragmentation of the melt. Bjomard et al. (1974) 

recorded the oscillatory pressure signals generated frorn tin/water interactions, and found that 

the duration frequency and magnitude of the pressure pulses were influenced by the initial tin 

and water temperatures. This suggested to them that the fragmentation mechanism is linked 

to the dynamics of the vapor film surrounding the drop. It is therefore perhaps one of the 

key steps in the initiation of a vapor explosion. 

7 
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1.3 Fragmentation and mixing 

Based on the characteristics of observed vapor explosions, the themlal energy 

transfer mu~t proceed over a very shon time period. The duration is in the order of ms 

corresponding to the time between film collapse and the high pressure generation. Such high 

rates of heat transfer imply that fragmentation and rapid mixing of the two liquids is an 

essential step. 

According to the classical diffusive h~at transfer ca1culations of Witte et al. (1970), il 

is shown that heat transfer rates 103 times tnat of nonnal boiling processes are required to 

account for the vapor production rates of a thennal explosion. Evidence of the required 

fragmentation is manifested by the fine partic1e debris collected following an explosion. In 

the event that a vapor explosion is not successfully triggered, the melt (if solid at ambient 

conditions) solidifies into one piece , i.e. no surface area enhancement. On the other hand 

the product of an energetic interaction is the finely fragmented debris. Debris analyses, 

perfonned in the experiments of Nelson and Duda (1982) using an opticallmage analyzer, 

revealed that fragments as small as 1-250 Jlm were produccd. Their calculations, based on 

projected surface areas, assuming partic\es of circular area, esumate that 2.9 mm iron-oxide 

droplets break up into millions of fragment .. 

Of peninent interest to vapor explosion studies is how the hot liquid breaks up in a 

time as short as that of the explosion. Since this is a fundamental aspect of the heat transfer 

stage it has stimulated much speculation. What "re the physical processes occurring during 

the observed delay time between triggering and the explosive interaction, which provide the 

conditions for the rapid vaporization? Many theories have attempted to answer this question. 

In general they are cJassified under two broad categories depending on the driving force for 

fragmentation: those related to hydrodynamic effects and those reJated to thermal effects. 

The following describes the physkal processes involved while a few of the most accepted 

fragmentation theories are described in App. A. Comprehensive reviews on fragmentation 

can be found in Cronenberg and Benz (1980) and in Corradini ~t al. (1988) . 

8 
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1.3.1 Hydrodynamic effects 

Hydrodynamic fragmentation takes effect when a molten droplet is subjected to 

velocity induced surface forces, sufficient to disrupt the cohesive action of surface tension. 

The potentia) to cause the break-up of the drop in this situation is expressed by the Weber 

number, We, which represents the ratio of inertial to surface tension forces. It is expressed 

as: 

(1.2) 

where Pc is the density of the cold Iiquid, U rel is the relative velocity between the two 

liquids, D is the drop diameter and (J is the interfacial surface tension. 

If the Weber number exceeds a critieal value then the inertial forces overcome the 

surface tension and the drop breaks up into smaller more stable drops. The break-up forces 

are euher due to one or a combination of possible fragmentation mechanisms. If two fluids 

having a common surface boundary are accelerated in a direction from the lighter fluid 

towards the heavier one, perpendicu)ar to the boundary. interface irregularities will tend to 

grow. This effect is known as Rayleigh-Taylor instability. The Kelvin-Helmholtz illstability 

arises at the interface between two fluids wh en a parallel relative velocity exists between 

them, inducing the layers to mix through the formation of eddies. And finally, material may 

be stripped off the drop due to the shearing effect of the tangential component of flow over 

the surface, which is termed boundary layer stripping. 

t;low induced drop break-up experiments have demonstrated the!le hydrodynamic 

effects for liquid drops in both gas and Iiquid mediums. However experimental evidence has 

shown that significant fragmentation occurs in situations where the velocity differentials are 

relatively small, as in single drop experiments. Therefore, it is not expected that 

hydrodynamic effects alone are responsible for the fragmentation observed, although can 

enhance the process. 

9 
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1.3.2 Thermal effects 

Fragmentation mechanisms involving heat transfer are grouped under thennal effecls. 

The processes involved are boiling dynamics which can produce sufficiently large forces lO 

disrupt the melt surface; internaI pressurization of the coolant as it penetrates, or is 

encapsulated by, the ndt; and solidification of the melt inducing thennal stresses on its shell, 

creating fissures through which melt is ejected. Experimental work by Dullforce el al. 

(1976), using tin and water, has shown that the degree of fragmentation is affected in 

particular by the initial metal temperature. They notice" that the extent of the fragmentation 

increased with the metal temperature. Complementing such observatiuns are the pressure 

data of ~jornard (1974). He recorded the pressures generaled durlng tin/water vapor 

explosions and also reponed an increase in intensity with higher melt tcmperatures. In both 

studies, the violence of the interaction increased up to a maximum melt temperature beyond 

which it dropped dramatically (i.e. ineffective vapor film collapse thereafter) . 

1.4 Propagation of vapor explosions 

The majority of vapor explosion investigations, experimental and theoretical, pertains 

to small sc;ale (single drop) events, focllsing on the understanding of the detailed physical 

processes governing the interaction. However, especially in light of industrial safety 

considerations, the study of vapor explosions requires larger scale experiments to investigate 

the characteristics of the interaction: ils propagation behavior and the energetics of such an 

event. Real-life incidents and experimental ob~ervations have demonstrated that large sCule 

vapor explosions can be very violent, causing severe damage to the surroundings. This 

implies that either the interaction is triggered everywhere at once, or spreads from a localized 

area of initiation. The latter case has proven to be true since most triggers produce only a 

local disturbance, responsible for the initiation of the interaction. There are typically two 

melt/coolant configurations through which an interaction can propagate: a homogeneous 

mixture of vapor blanketed melt fragments dispersed in the coolant, and a stratified mixture 

where the melt and coolant are initially St~parated by the vapor film. The features of a 

propagating explosion front can be appreciated through the following experimental work. 
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1.4.1 Experimental observations of propagation 

Course mixtures 

Briggs (1976) at Winfrith studied aluminurn/water and tin/water interactions using 20 

kg of molten metal. A coarse mixture of fuel fragments in coolant forrned in the lower half 

of the tank through which an interaction propagated rapidly, usually starting at the base of 

the tank. Propagation velocities in the order of 200 mis were recorded, characterized by over 

pressures reaching 40 MPa. Briggs reported difficulties in establishing the "right" initial 

conditions for a violent explosion as man y tests (-20) were unsucce:;5ful. 

Large seale coarse mixture explosions were performed at Sandia National 

Laboratories by Buxton and Benedick (1979), using thematically generated molten core melt 

simulant (iron alumina) and water in an open vessel. Most tests resuIted in a spontaneous 

explosion, producing over pressures between 2 - 7 MPa with conversion ratios averaging 

0.2 - 1.5 %. 

Board et al. (1976) also conducted coarse mixture ,experiments by dispersing 2 kg of 

tin along a 1 m long shock tube. A fast propagation front traveled up the tube at velocities of 

100-250 rn/s, generating over pressures of about 5 MPa (100 ms rise time; 100 ms pulse 

width). Based on the characteristics of the front and considering the "elocities to be in the 

order of the sound velocity in a two phase ru.: xture, they identified the propagating front as a 

shock wave. 

Stratified mixtures 

Board and Hall (1974) also conducted tin/water experiments in both a thin 

unconfined trough, immersed in water, and in a narrow channel (2.5.:1 cm wide). In both 

cases the tin was allowed to settle at the bottom forming a stratified water/tin configuration. 

The interaction was triggered at one end. The explosion behavior observed in the trough 

consisted of local interactions which slowly traveled along its length. In the case of the 

more confined channel, a continuous propagation was observed moving at - 50 mis along 

the length of the channel. They noted that the self-driven vapor blanket collapse allows the 

propagating fragmentation or mixing to occur, thus a sustained interaction. They also 

suggested that the more continuous propagation in the narrow channel is possible due to the 

increased dynamic constraint of the vessel. 
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Anderson et al. (1988) investigated the nature of stratified explosions in both 

horizontal and vertical geometries, using tin/water and freon/water mixtures. They 

discovered that the metastability of the honzontal configuration flllctllatcd uncomrollably. 

resulting in inconsistent responses to the trigger. To gain control over the stability 

conditions at the liquidlliquid interface, they placed a moveable dIaphragm between two 

vertical liquid columns, freon and water, and initiated the interaction at the bottom. 

Explosions propagated upward at 90-150 mis generating peak over pressures betwcen 0.2 

and 1.0 MPa. In an attempt to estimate how much material was involvcd in the intcrllction 

they calculated the total mixing depth. Assuming that two liquid layers of the S'Ulle thlckness 

mix and come to 100% equilibrium, a total mixing depth of 6 mm was required to gcnerate 

the measured over pressures. 

An investigation of scaling effects wa!! carried out by Bang and Corradini (1988, 

1990) in their stratified liquid nitrogen (LN2)/water and freon/water expcnmcnts. The vessel 

dimensions used were in width, length and height respectively : 2 5 x 20 x 65 cm and 6.4 x 

50 x 150 cm. The freon/water interactions were in general more violent than the LN2Iwater. 

and escalated in the larger vessel to velocities between 70-100 mis, producing overpressurcs 

varying from 0.2 to 0.8 MPa. It appeared that a vesllel longer than 150 cm would he 

necessary for a steady propagating front to develop. From their films thcy estllllatcd the 

depth of Il1termixing of the liquids to be < 1 cm The depth of the ovcrlymg hquid was 

reported to affect the propagation behavior by influencing the extent of intennixing. 

Stratified tin/water interactions have been studied by Clccarclli ct al. (1991) at MCGiII 

University. Propagating interactions were externally triggered at the end of a 1.27 cm wide 

channel, characterized by velocities of about 40 rrJs and pressures varying between 0.2 to 

0.9 MPa. They determined that a self-sustained propagation occurred when sufticient 

inertial confinement was provided by the mass of the overlying water. Self-sustained 

propagations were al ways observed at waler helghts above 12 cm, whcrca'l at lower waler 

heights « 5 cm ) propagations never occurred. 

Most recently Sainson et al. (1993) of Gaz de France invcstigated the behavior of a 

vapor explosion in an initially stratified LN2Iwater geometry. A relatively large experimental 

rig was used, 2.5 x.3 x.6 m in length, width and depth respectively. They discovercd thal 

the tendancy for an explosive interaction to propagate dcpended on the interface condition~: a 

wavy interface provided sufficient intermixing 10 sustain a propagation (-235 mis), whereas 
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a propagation never occured in a weil stratified system where an explosive interaction was 

limited to the trigger zone. 

Il is apparent from the experimental observations that an energetic, self-sustained 

vapor explosion propagation can occur in coarse mixtures, and also in stratified mixtures 

where it was formerly believed not possible due to the lack ofpremixing between the liquids. 

A number of questions arise of fundamental interest: what are the initial condition 

requirements for a propagation to develop; what are the controlling mechanisms which 

sustain the propagating front and what governs the amount of material involved in the 

interaction? The propagation in the coarse ;nixture is achieved as the pressure pulse 

generated by an I!xploding drop reaches an adjacent drop, causing its vapor film to collapse, 

fragmentation and ')ubsequent vaporization of the coolant. In the stratified geometry the 

vapor film insulating the coolant from the melt is continuous, but similarly the pressure field 

generated from a local interaction must be sufficient to sustain a continuaI collapse of the 

vapor film. The propagation of the interaction is limited by the lime for film collapse, 

mixing, transfer of thermal energy to the coolant and the subsequent vapor production. 

Because of the premixed condition in the case of the coarse mixture, the interaction is 

typically more energetic due to the larger surface area initially available, resulting in higher 

heat transfer raIes. It seems that, based on many studies (e.g. Board and Hall (1974), Bang 

and Corradini (1990), Ciccarelli et al. (1991» a qualitative criterion for the pressure wave to 

he self-sustained is that the inertial confinement of the system he large enough to provide the 

necessary t:oupling between exploded and adjacent unexploded areas. This requirement is 

illustrated ill Ciccarelli et al. (1991) where they measured pressure impulse decreases as the 

height of the water in the channel was lowered, as shown in fig.4. At sorne minimum water 

level, the pressure impulse is to weak (i.e. the pressure is relieved too rapidly) to sustain the 

continu"l vapor film collapse and the propagation fails. 

1.4.2 Theoretical modeling of vapor explosion propagation 

Two approaches have been adopted in the modeling of vapor explosions. One 

method is to consider the e{}uilibrium thennodynamics and calculate the maximum expansion 

work which can he done by the vaporized coolant. Hicks and Menzies (1965) evaluated this 

to he about 30% of the thennodynamic yield. This prediction is in fact significantly higher 

than the conversion ratios c"lculated in real events which fall in the order of a few percent. 

ln an effon to integr.ue the necessaT)' conditions for the occurrence of a vapor explosion and 
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the physical phenomena and rate processes involved, a more mechanistic approach to the 

modeling has been pursued, incorporating the presumed characteristics of the heat transfer 

and fluid dynamics. The common feature of these models is that the pressure and flow 

fields, resulting from the energy release zone, cause a spatial propagation of the interaction 

through the mixture. Thus strong hydrodynamic coupling between the interaction zone and 

adjacent unexploded region is required. The main difference between the se models lies in 

the fragmentation mechanism; how the surface area is enhanced as the pressure wave travels 

through the mixture. 

Among the models reviewed are Fauske's (1974) nucleation model which is single in 

requiring the spontaneous nucleation criterion, Colgate and Sigurgeirsson's (1973) self­

mixing model and Board and HaU's (1975) detonation model, upon which most subsequent 

modeling efforts are based. Finally Harlow and Ruppel 's (1981) work is presented, 

consisting of a preliminary demonstration that a self-sustained propagation at a liquidlliquid 

interface is theoretically plausible. 

Fauske's (1974) "Capture model" 

The fundamental idea behind Fauske's (1974) model is the spontaneous nucleation 
criterion, therefore requiring an interfacial temperature above Tsp, as described in section 

1.1. The concept is extended to account for large scale explosions as observed in the case of 

freon/oil mixtures. The model is composed of a capturing process and pre-explosion 

fragmentation stage. Essentially small droplets of coolant are "captured" and heated until 

they explode. The pressure wave generated, a shock wave, fragments larger drops to form a 

population of individual sm aIl droplets. When the number is large enough, the explosion of 

one droplet produces a pressure increase sufficiently elevated to "capture" and trigger the 

explosion of many droplets. The propagation mechanism is based on slow and incoherent 

shock wave fragmentation. Fauske enumerated three requirements for a vapor explosion: 

1) breakdown of the vapor layer permitting direct liquid-liquid 

contact 
2) immediate explosive boiling implying Ti must be > T sp 

3) proper inertial constraint for the process to escalate on an a lime 

scale required for a large mass explosion 
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Co/gate and Sigurgeirsson's (1973) dynamic mixing model 

Colgate and Sigurgeirsson (1973) proposed a theory on the mixing of molten lava 

and water, inspired by observations of seabed explosion craters. They suggested that a 

potentially explosive interaction occurs by a process of self-sustained mixing of the two 

liquids, resulting from the growth of instabilities. The event begins with an initial pressure 

release al the lava-water interface, large enough to "crater" the crust and drive a pressure 

wave radially along the interface. Because the pressure wave will travel faster in water than 

in the lava, an annular high pressure region will push down on the lava and back towards the 

rarefaction at the original point of cratering. This downward and inward acceleration of the 

lava waler intetface gives rise to both Rayleigh-Taylor instabilities, on account of the lighter 

water being'accelerated towards the heavier lava, and Kevin-Helmholtz instabilities resulting 

from the velocity shear. These instabilities promote the interpenetrating or mixing of the two 

Iiquids. Simple order of magnitude calculations showed that these mechanisms could lead to 

fragmentation. 

Board and Hall's (1975) thermal detonation model 

The analogy between a chemical detonation applied to a vapor explosion was fU'st 

suggesled by Board and Hall (1975), based on their stratified tin/water experiments (1974). 

The classical picture of a chemical detonation consists of a shock wave passing through a 

homogeneous mixture of reactants. The reactants are compressed adiabatically,leading to a 

sharp rise in temperature which provokes an extremely rapid chemical reaction if 1 a narrow 

zone behind the shock wave. The energy release from the chemical reaction sustains the 

shock wave as it propagates through the mixture of reactants. 

In an analogous manner Board and Hall (1975) proposed that the shock wave in a 

thermal detonation causes the fragmentation and mixing of both liquids. The high pressure 

generated from the rapid heat transfer sustains a steadily propagating shock wave through the 

mixture. Therefore the analogy 10 the temperature increase in a chemical detonation, 

initiating the chemical energy release, is the film collapse and rapid surface area increase 

(resulting from the velocity differentials induced by the shock wave) pr""'eding the heat 

transfer . 
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A criterion for the existence of thennal detonations is that they must satisfy the one­

dimensional conservation laws of mass, momentum and energy. Based on these laws and 
the equations of state, it is then possible to detennine the downstream equilibrium states 

without any knowledge of the mechanical and thennal processes occurring in the reaction 

zone. Such ca1culations are referred to as Hugoniot analysis, which dC"pend on the 

energetics of the interaction rather th an the kinetics of the processes involved. This analysis 

applied to vapor explosion waves assumes that the wave is steady and that equilibrium 

conditions exist at the interaction zone boundaries. 

The Hugoniot calcubtion specifies ail possible equilibrium end states corresponding 

to various propagation speeds of the wave itself. In the case of chemical detonations an 
added criterion is imposed to obtain a unique solution of the wave speed, called the 

Chapman-Jouguet (CJ) condition. This condition demands that the downstream equilibrium 

flow is sonie relative to the wave, corresponding also to the minimum wave velocity and 

entropy change. The choice of this solution is justified from stability arguments (although 

the existence of such a wave cannot be proven based on physical principles). The same 

procedure is used to detennine the wave speed solution of a thermal detonation although, 

without any knowledge of the wave structure, the stability arguments used to justify the 

solution choice may or may not he applicable. 

Board and Hall (1975) performed Hugoniot calculations to make quantitative 

predictions of the behavior of tin/water interactions. They considered a one-dimensional 

nonnal shock wave traveling through a homogeneous mixture in which ail of the hOI Iiquid 

interacts with ail of the cold liquid. They obtained steady-state solutions of wave speeds 

(-300 mis) and over pressures (-100 MPa), which were generally higher than those ever 

observed experimentally. In order for such waves to be sustained the fragmentation induced 

must occur over a sufficiently shon time scale such that the energy released goes into 

supporting the front. Board and HaU's fragmentation calculations are presented in Appendix 

B, shown to satisfy this requirement. 

The detonation model has evolved since the first steady-state calculations perfonned. 

Subsequent researchers have de"eloped models which do not require that aIl of the melt be 
fragmented at the end of the reaction zone, but rather introduce a new variable representing 

the fraction of melt that panicipates in the interaction. Also. transient models have been 

developed in an attempt to address more of the complexities of the physical processes 

occurring during a real vapor explosion. To date however, the propagation phase has been 
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rnodeled in an idealized homogeneous geometty and linle theoretical work has focused on the 

propagation in less ideal geometries (e.g. stratified media). 

Harlow and Ruppel's (1981) propagation calculations 

The objective of Harlow and Ruppel's calculations was to verify whether a self­

sustained propagating front could exist along a liquidlliquid interface. They incorporated the 

propagation mechanisms of Board and Hall's (1975) detonation model and Ochiai and 

Bankoff s (1976) splash theory (see A pp.A) into their conceptual picture of the propagation 

as shr)wn in fig.5. The wave configuration ttavels to the right at a constant speecl, with 

shock waves 51 and 52 traveling at a mu ch greater velocity through the liquids than in the 

vapor region. They implode the vapor film, causing the interface to be deflected inwards and 

producing the transmitted shock., 51' and 52'. The interface is stable until these transmitted 

shocks reach the opposite surface al point A. At this point Rayleigh-Taylor instabilities arise 

in the region denoted by A-B, causing the two liquids to mix. With the increased surface 

area, heat is transferred in the zone B-C. At point C, vaporization of the coolant occurs 

driving the two Iiquids apan and supplying the necessary energy to suppon shocks 51 and 

S2. Based on symmetrical shocks, they performed numerical simulations of the event, 

showing that film implosion could susta:n the mixing, heat transfer and explosive boiling 

typically characteristic of a propagating interaction. 
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1.S Objectives and outline of present study 

With the evidence provided by a number of experimental studies il is recognized that 

a self-sustained energetic explosion front can travel through an initially stratified fueVcoolant 

mixture. In order for the propagation to he continuai and self-sustained, a coupling 

mechanism must exist which communicates the disturbance generated locally to the adjacent 

stable area of the mixture. The disturbance is transmitted through the pressure field (and 

associated hydrodynamic flow) in the liquids although the precise mechanistic details remain 

elusive. 

The experimental observations of Ciecarelli et al. (1991), Board and Hall (1974) and 

Bang and Corradini (1990) have shown that a one-dimensional propagating front is self­

sustained provided the interaction is sufficiently confined. This was demonstrated in the 

narrow channel containing a critieal depth of water overlying the molten tin, creating a strong 

coupling. 

Still lacking, however, is an understanding of the physical mechanism~ goveming 

the propagation of the explosion front in a stratified mixture. As an initial investigation 

towards this goal, it is of interest to study the behavior of the interaction in the absence of 

boundary effects and discover whether an initially unconfined interaction can propagate. 

This can be accompli shed by initiating an interaction in the center of a large tank, the walls 

being remote from the early stages of the propagation. The aim of this study in panicular is 

to verify whether a self-sustained propl\gation does develop in a stratified geometry in the 

absence of confining walls, and to characterize its behavior. To explore this question an 

experimental investigation using tin and water has been carried out and is presented in the 

next sections as follows : 

Section Il describes the experimental apparatus and procedure 

employed to study the details of the interaction. 

Section m is a presentation of the experimental results. 

Section IV con tains a discussion of the results and observations . 

The conclusions drawn from this study are finally presented in section V. 
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2.0 EXPERIMENT AL F ACILITY 
AND INSTRUMENTATION 

The first step in the experiment is to fonn a stable stratified mixture of tin and water. 

When they are at their appropriate temperatl~res, the tin is released from the heated crucible 

into a water filled cylindrical tank. The interaction is triggered at the center of the tank. and 

the event is recorded using high speed cinematography, and fast response pressure 

transducers. 

A schematic diagram of the entire experimental set-up is shown ie fig.6. 

Approximately 4 kg of tin are melted in a graphite crucible and heated to about g()()OC within 

two 1250 W semi-cyhndrical -.:eramic ovens, placed face to face to forrn a closed cylinder. 

The temperature is monitored by a chromel-alumel thermocouple dipped into the molten tin. 

When the appropria!e tin and water temperaLures are attained, a conical graphite plug located 

at the bottom of the crucible is manually lifted. The tin flows through a 2.54 cm diameter 

Teflon tube directed into the water fi lied cylindrical tank, fonning a -1 cm thick layer of tin at 

the base. Due to the large amounts of molten tin used, the cylindrical tank is enc10sed in a 1 

m steel spherical pressure vessel in order to prevent the violent dispersal of tin and water 

during the interaction. The vessel has vent holes in order to release the high pressure steam 

and windows (30.5 cm in diameter) for the visualization. One window is located on the top 

of the vessel and two others are positioned one on each side of the vessel. The cylindrical 

tank, shown in fig.7, is constructed of a 33.0 cm diameter base with a recessed 29.2 cm 

diameter in which a Teflon base is fastened. The Teflon base is high temperature resistant, 

reducing the heat losses of the tin. The aetual area over which the tin layer spreads is 27.30 

cm in diameter. The wall of the container is made of .317 cm Lexan sheet bonded at its 

edges. In light of the destructive nature of the explosions, this construction proved the 

simplest as the Lexan could he sealed baek together after each explosive interaction. The 

height of the tank is 23.0 cm. Prior to discharging the tin, the tank is filled with boiling 

water which is allowed to cool to the required temperature in the low 70's oC. 

The vapor explosion is externally triggered at the center by a shock wave which 

causes the initial film collapse. The spherieal shock wave is generated by discharging a high 

voltage capacitor,.2 - .4 JlF charged up to -20 kV, triggered bya switching spark gap. The 

energy is discharged through a thin copper wire attached to two electrodes, which are 
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immersed in the water 3.3 cm above the tin layer. Peak over pressures in the range of 2 

MPa are produced - 3 cm away from the trigger. To reduce the decay in the shock strength, 

a cylindrical Delrin tube was mounted over the electrodes, thus focusing the shock -1 cm 

above the tin surface. The trigger was activated after the molten tin had settIed at the bottom 

of the cylindrical tank, fonning a stable stratified layer. 

The pressure-lime history associated with the explosive interaction was recorded 

using fast-response piezo-electric pressure transducers. These transducers are PCB model 

113A24 with either 5 or 10 mY/psi nominal sensitivity and a 1 J.Ls response time. They are 

flush-mounted in water tight Delrin plugs which in turn are vertically mounted within brass 

cylinders extending into the water. As sl:Jwn in fig.6, six transducers are located 

symmetrically across the diameter, spaced 3.8 cm apan and suspended 3.7 cm above the tin 

stl,face. The pressure information is recorded with a PC-based data acquisition system, 

including a multi-channel A/D board, at a frequency of 1 MHz and 1 J.Ls resolution. The 

scope system is externally triggered by a Rugowski coil, activated by the high voltage 

discharge. 

The explosive interaction was visualized with a Hycam 16 mm high-speed camera 

running at 2000 frames/second. Kodak high-speed 500 ASA 7296 color movie film was 

used. The camera was aligned in either of two positions: one provided an overhead viewof 

the interaction through mirror deflection, the second vie,wed the interaction horizontally from 

the side. Lighting for the cinematography was furnished by two Lowel OP 1000 W flood 

lamps. located inside the pressure vessel, behind the cylindrical tank. Valuable information 

on the energetics of the interaction was also derived from the tin debris, collected after each 

trial and sieved to give the breakdown of fragment sizes. 
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3.0 EXPERIMENTAL RESULTS 

The experimental results presented in this section are divided into four main pans. 

They address the detennination of the initial conditions, the effect of the open geometry on 

the interaction characteristics, the triggering features of the interaction and the stability of the 

explosion front. 

3.1 Initial conditions 

The preliminary objective of the experiment was to obtain the initial conditions which 

allow the tin and water to fonn a stable, stratified configuration. As mentioned the vapor 

film stability is a function of the liquid temperatures and fonns when the interfacial 

temperature is roughly the minimum film boiling temperature, which is about 300°C for 

water. Above this temperature the vapor film develops immediately upon contact with the 

water, preventing excessive heat losses of the tin during its descent to the base of the tank. 

Of consideration in attaining a stable condition is also the turbulent delivery of the tin into the 

tank. At too Iowa water temperature a spontaneous explosion would occur with the abrupt 

contact of the tin and the water (film destabilization). The appropriate water temperatures for 

tin at -800°C were determined to he in the low 70'soC. These temperatures correspond to an 

interfacial temperature of -696°C, well above the minimum film boiling temperature of 

water. At higher water temperatures, T w > 75°C, the interaction was never niggered as the 

relatively thick vapor film could not he successfully destabilized. 

3.2 Characteristics of the interaction 

Information on the characteristics of the interaction were gathered for the 21 trials 

successfully performed, based on the high speed films, the pressure traces, and the tin 

debris. The most notable feature of the interaction was its highly erratic behavior : under the 

same experimental conditions three types of behavior were observed. In 9 of the trials an 

interaction was not triggered at ail and a spontaneous explosion occurred later on or the tin 

froze. In the event of a spontaneous explosion it took place 10's of seconds later, randomly 
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initiated during the transitional or nucleate boiling regime. In the other cases where an 
interaction was successfully initiated, either a single, somewhat concentric. radially 

propagating interaction was observed (4 out of 12 interactions), or the explosion consi~ted of 

a frrst interaction followed by a second more energetic one (8 out of 12 interactions). 

First interaction 

Although the event sometimes consisted of two interactions, il is tie frrst interaction 

which is of greater interest sillee it occurs in the stratitied configuration, whereas the second 

one propagates through a coarse mixture of lofted tin fragments and water. 

The interaction was fiJmed through the top window of the vessel, in order to 

distinguish the shape of the interaction front as it traveled from its central initiation point 

through the mixture. The resolution of the picture was relativel)' poor as the vapor bubbles 

produced during the film boiling regirne blurred the view through the water. Also, the 

intensity of the interaction front was rnild, further reducing the visibility. Under these 

circumstances a faint trace delineating the explosion front could he detected on sorne films 

and the ejection of the water, against the cross bar over the tank and against the side wall. 

was indicative of the front's motion. From this top view it was apparent that a somewhat 

concentric interaction front developed. This radially outward moving front had a certain 

degree of asymmetry, confinned by the unevenly timed thrust of water against the side of the 

tank. 

The profile of the growth of the interaction zone, visualized from the side of the tank, 

is reproduced from the high speed film in fig.8. The interaction, initiated at the center of the 

shematic, nppears as a cloud of vapor (the expansion zone marked by the black Hne) which 

grows spatially over time as the explosion front travels radially outward. The expansion 

zone is composed of a multi-phase mixture of molten and solidified tin fragments, water 

droplets and vapor. It is delineated by the interface separating the expanding high pressure 

vapor from the overlying water and the base of the tank. The rapid production of vapor, 

following the local interaction of tin and water, causes an upward thrust of water and 

generates a pressure field within it. This pressure impulse induces the co))apse of the 

adjacent vapor film. resulting in the spatial motion of the explosion. While such a profile is 

cJearly visible on the high speed films. the details of the dynamics within the vapor dome and 

. of the vapor film collapse process are not discernable: the sudden production of vapor al the 
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leading edge of the interaction blurs this view. The first interaction, which takes place within 

the first 18 ms in fig.8, does not travel across the entire surface area of the tin, but stops 

about 10 cm from the center. The front is inclined at roughly 15° in its fust stages of 

propagation, gradually becoming steeper (- 30°) as it reaches this distance, where it then is 

idle. 

The main characteristics of the first interaction : velocity of the propagation, 

overpressures and proportion of tin fragments smaller than 1 mm, are listed in Table 1. The 

pressure magnitudes recorded ranged between 0.15 and 0.5 MPa, represented by a typical 

pressure trace shown in fig.9. Transducers #1. 2 and 3 were located along a radius on one 

si de of the cylinder while transducers #4, j and 6 were positioned along a diametrically 

opposite radius. Evidence of a propagating event is suggested by the temporal shi ft. on; oth 

sides of the cylinder, of the pressure pulses in the radial direction. Such values present an 
idea of the order of magnitude of the over pressures generated, since the pressure 

transducers suspended above the tin surface are inherently intrusive to the hydrodynamic 

flow of the interaction, thus distort the prome of the pulse. The asymmetry effect is also 

apparent in this trace as the i'lteraction appears to travel earlier under pressure transducers 

#4, 5,6, than under transducers #1. 2, 3. Based on these traces and the films, the average 

velocities of the propagation felI in the range of 30 to 60 rn/s, with an average value of -50 

rn/s. It should be noted that the asymmetry of the explosion front introduces a tangential 

component to the hydrodynamic flow. Therefore, the velocities measured from the pressure 

traces could overestimate the actual radial propagation speed. 

ln the event of an explosion a range of tin fragment sizes are produced. indicative of 

the violence of the interaction. In general, approximately 6% of the total tin mass was 

fragmented to particles < Imm. The average fragment size breakdown for single interactions 

is given in fig.) O. This distribution shows that only a thin layer of tin participates in the 

interaction while the remaining tin solidifies into a disc at the base of the tank. The 

appearance of the surface of the disc also confirmed that the interaction sometimes 

propagated in a preferential direction, with the extent of fragmentation varying over the tin 

disc area. A photograph of a post-explosion tin disc is presented in fig. II, displaying an 
example of the more extensive fragmentation in one panicular area (right side of the disc). 
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Dynamics of a double interaction 

As noted above, many of the explosions consisted of two interactions: the second 

one being much more energetic and nestructive th an the frrst. The horizontal view offered an 

interesting account of the dynamics of the entire explosion. From this view it was observed 

that the frrst interaction traveled radially outward to sorne maximum radius, at which point it 

was halted. After a delay of about 20 ms, as seen in fig.S, a second interaction propagated 

throughout the en tire mixture, originating in the coarse mixture of tin fragments and water. 

During the time of the first interaction, the top suIface of the water was accelerated upward 

and then downward again to a minimum point, corresponding to the stan of the second 

explosion. For the occurrence of a second interaction, sufficiently hot molten tin fragments 

must he lofted in the wake of the first interaction, and sorne of the water must remain in the 

tank. There was no discernible pattern to predict the likelihood of the second interaction 

happening, except that it never occurred at water temperatures above 73°C. Evidence of the 

energetics is demonstrated by the tin debris size breakdown in fig. 10, which in comparison 

to a single interaction, indicates the more extensive fragmentation resulting from a double 

interaction. Fragments sma11er than 1 mm fonned 19% of the total debris versus 6% for the 

single interaction . 

3.3 Features of the initiation stage of the interaction 

A typical characteristic of the pressure traces recorded is a delay between the 

triggering and the actual commencement of the spatial propagation of the interaction. High 

speed films taken from the side view revealed that the initiation of the explosion was 

accompli shed by cyclical vapor bubble growths and collapses, fOllowing the generation of 

the triggering shock wave. Over a period of about 5-15 ms, vapor bubbles grow and 

collapse over the tin surface, escalating into an increasingly large disturbance in the vicinity 

of the trigger. This activity is noted during the first 5 ms in fig.S. However, the system 

displayed an erratic response, as o'lly 12 out of the 21 trials resulted in energetic interactions. 

In man y cases the initial disturbance generated by the trigger decayed without any significant 

effect. Thus, in an attempt to increase the effectiveness of the initial shock wave, it was 

thought that the initiation area ~hould be more confined. This wa~ accompli~hed by placi"g a 

thin Teflon disc (7 cm in diameter with a hole in the center) over the tube in which the 
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exploding wire was located, parallel to the tin surface. An initial successful triggering of the 

interaction only proved whimsical; this alteration did not work consistently. 

An alternative ide a to the method of triggering consisted of initiating an interaction in 

a confined area, which projected into the open, unconfined region. A narrow channel (1.9 

cm wide x 7.6 cm long) was added at the edge of the cylindrical tank as shown in fig. 12. 

The exploding wire was positioned at thl: edge of the tank inside the channel. Upon 

triggering an interaction was observed in the channel, however, it was not sustained as it 

reached the unconfined region of the tank; it failed immediately. 

The sm ail channel was replaced by a wedge, as depicted in fig. 13, in order to 

produce a stronger explosion front (larger disturbance) entering the unconfined region, while 

preserving the confined region for the initiation of the interaction. The wedge spanned half 

the diameter of the tank, 1.9 cm wide at its apex and 7.6 cm wide at the exit (23.6°). The 

trigger was positioned at the apex. Although a clearly visible interaction took place in the 

vicinity of the trigger, it did not develop into a propagation. 

3.4 Perturbation of the interaction front 

From the preceding results il is evident that the initiation of a propagating vapor 

explosion in an unconfined geometry is difficuh to achieve. Failure of the interaction to 

develop into a sustained propagation in a diverging geometry, the inability to transit from a 

narrow channel to the unconfined region or to develop in the wedge geometry bring to 

question the effect of an expansion perturbation on the interaction front. 

ln order to investigate this aspect more carefully, an experiment was devised to study 

the behavior of a propagating interaction front when subjected to a sudden perturbation. The 

experimental apparatus used is shown in fig.l4, consisting of two channels of different 

width, water-tight connected end to end. The idea is to investigate the behavior of the 

interaction as it travels from the narrow channel (1.25 cm) to the wider one (5.0 cm). The 

experimental procedure is much like that of the cylindrical tank experiment : the hot tin, 

heated to 750°C - 800°C, is poured into the water filled channels, at -85°C, and allowed to 

seule to form a stratified configuration, the interaction is then triggercd at the end of the 1.25 

cm channel, by HV discharge through an exploding wire. A steadily propagating interaction 
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develops. Windows in the side walls of the channels allow the event to be visualized using 

high speed photography (Hycam camera), and the over pressures generaled are recorded by 

5 piezo-electric pressure transducers, flush mounted along the side walls of both channels. 

Transducers #1, 2 and 3 are located in the narrow channel and transducers #4 and 5 are in 

the largerchannd, spaced from left 10 right as shown in fig. 14. 

A typical pressure trace of the three trials successfully performed is shown in fig.15. 

A propagating interaction is c1early recorded in the narrow channel, traveling al velocilies 

ranging between 35 and 45 mis which are characleristic of narrow channel stratified 

interaction propagations. However the sudden perturbation at the transition causes the 

propagation to fail in the wider channel, as testified by the absence of pressure rises for 

transducers # 4 and 5 . 
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4.0 DISCUSSION 

4.1 Highly confined propagation in a narrow channel 

The motivation to explore the behavior of the stratified tin/water interaction in a 

cylindrical geometry stems from earlier investigations by Ciccarelli et al. (1991), which 

confinned the imponance of inenial confinement in the suppon of a propagating interaction 

within a narrow channel. The consistent behavior of the interactions in the stratified media 

revealed sorne of the c.haracteristic features of a propagating interaction in a highly confmed 

geometry. These experimental findings provide a groundwork for the understanding of 

stratified vapor explosion propagations and the influence of inertial confinement on the 

propagatiol1. They are therefore first reviewed before extending to the unconfined condition 

in the cylindrical tank. 

4.1.1 Characteristic features of the propagating interaction 

The narrow channel interaction is triggered at one end of the channel and propagates 

along the entire length. with characteristic features exhibited by the high speed films and 

pressure records. From the Hycam reproductions of the propagating interaction shown in 

fig. 16, the interaction appears as a wedge-shaped front (inclined at -10°) which travels at a 

typical velocity of 40 rn/s. A schematic of the interaction is illustrated in fig.17. fonned by a 

high pressure leading edge and expansion zone in its wake. Following the local collapse of 

the vapor film. the water and tin come into contact and the subsequent heat transfer 

superheats a thin layer of water which undergoes a rapid phase change. The expansion of 

this high pressure vapor distorts the surface of the tin, and entrains molten and solidified tin 

fragments and water droplets downstream of the leading edge of the interaction. As the 

vapor expands and the water is thrusted upwards, a pressure and flow field is generated in 

the water ahead of the leading edge of the interaction. This disturbance causes the collapse of 

the adjacent film. resulting in the spatial propagation of the interaction. A typical pressure 

trace of the event is shown in fig.18. The pressure field in the water is described by the 

slow rise time of -1 ms and peak pressures ranging between 0.2 - 0.9 MPa. 
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4.1.2 Energetics of the interaction 

Based on the debris analysis following the explosive interaction only a small fraction 

of the initial tin volume panicipates energetically in the interaction. Assuming that fragments 

smaller than an arbitrary size of 1 mm contribute energetically to the interaction, the 

calculated tin layer thickness is < 2 mm. Funher fragmentation of the tin results from the 

hydrodynamic shear flow in the wake of the interaction zone, where the molten tin fragments 

lose their heat slowly and do not participate energetically in the interaction. An estimate of 

the explosion yield can he made, whlch represents the amount of thermal energy convened to 

mechanical energy. The mechanical energy can he calculated directly from the velocity of the 

slug of water, or indirectly based on the mechanical impulse impaned to the water, as 

described by the pressure profiles. Assuming one dimensional flow and applying Newton's 

first law to the slug of water, the velocity, V, can he determined as follows : 

AJPdt 
V = f Fdt = =.M m m m (4.1) 

where the impulse, l, is fpdt, A is the surface area over which the pressure pulse acts and m 

the mass of the slug of water. Substituting V into the expression for the kinetic energy then 

gives: 

2 2 
KE= mV = (AI) 

2 2m (4.2) 

The energy yield per unit surface area calculated from the vertical velocity of the water is 

0.31 J/cm2, and 0.26 J/cm2 based on the recorded pressure traces. The conversion ratio, 

defined as the ratio of the kinetic energy of the tin and water to the sensible enthalpy of the 

tin, may also he evaluated. Assuming the tin is set into motion with the same velocity as the 

water, a conversion ratio of .063% is obtained based on the total thermal energy of the tin. 

If only the thermal energy of the tin which participates energetically in the interaction is 

considered (Le. 2 mm deep), the conversion ratio is .37%. These low conv~rsion ratios, 

compared to those associated with coarse mixture interactions which are on the order of a 

few percent, reflect the limited surface area enhancement involved during the interaction . 
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4.1.3 Pressure field in the water using a potential now model 

The pressure field and associated hydrodynamic flow in the water, created by the 

propagating interaction, can be modeled using a mechanical analogy, suggested by Ciccarelli 

el al. (1991). Based on the observation that the explosion is nOI coupled to the leading shock 

wave generated by the trigger, which travels al 1500 mis in water, the flow field may he 

reproduced using a simple incompressible potential flow model. The interaction region 

appears shaped as a wedge, traveling al a relatively constant velocity along the channel. The 

schematic of the model is shown in fig.19 in a frame of reference moving with the 

interaction zC:le. 

A way from the wedge, the flow is assumed to be uniform, Uoo, hecoming deflecled 

vertically by the presence of the wedge at sorne distance R * ahead of il. Within this region, r 
< R·, the flow of water is approximated by flow over a solid wedge (inclined at _10°), as 

represented by the streamlines in fig.19. The pressure distribution in the water in the vicinity 

of the wedge can he obtained from the potential flow solution for the flow within a sector, 

given by: 

F(z) = -Uzn (4.3) 

which yields the associated velocity potential: 

cp = -um cos ne (4.4) 

where x/n is the sector angle (170°) and r <v x2 + y2) is the radial distance away from the 

apex of the wedge. 

The solution for the potential flow within a sector yields unbounded velocity far from 

the venex of the sector. The region of interest for the pressure field is that within R*, which 

may be estimated based on the experimental pressure traces. Using the characteristic rise 

lime of 1 ms and propagation velocity of 40 mis yields R * = 4 cm. Beyond R *, the flow is 
assumed uniform, Uoo. Using this boundary condition as weil as P = Poo at r = R*, the 

pressure field may be calculated according to the steady state Bernoulli equalion. The 

resulting pressure distribution is : 
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(4.5) 

The wedge analogy models the leading edge of the interaction as a point whereas, in reality, 

il is a region of finite size. Therefore the model does not reasonably represent the flow along 

the stagnation streamline. at this location. The pressure variation away From the apex of the 

wedge is shown in fig.20 at a height y = 1 cm above the tin layer, corresponding to the 

location of the pressure transducers. The shape of the pressure profile is similar to that 

recorded experimentally although yields a lower peak pressure of .12 MPa. at r = 1 cm. 

4.1.4 Effect of inertial constraint 

The role of the inenial confinement on the interaction was investigated by varying the 

height of the water overlying the tin layer. The impulse values for various water heights, 

calculated from the pressure profiles, are given in fig.4. As the water height or inenial 

constraint of the system is increased, the strength of the impulse produced in the water rises. 

The reason behind this trend is that the slower decay of the vapor pressure creates a stronger 

impulse (larger pulse 'Nidth). Since this expansion drives the flow of water ahead of the 

interaction front, a corr:spondiligly stronger pressure field is produced in the water. At a 

water height of 12 cm, a sustainer. propagating interaction was al ways observed. However, 

at a water height of 5 cm, the impulse produced was insufficient to sustain the vapor film 

collapse process, and the interaction failed. The rapid pressure decay shown in fig.21 

illustrates the failure of the propagation at a water height of 5 cm. 

4.2 One-dimension al vapor expansion mode. 

In order for the vapor film collapse process to he sustained, the impulse impaned to 

the water must he sufficiently strong. The expansion of the vapor provides the driving force 

for the hydrodynamic f10w in the water. and as seen above, is influenced by the boundary 

conditions which determine the inertial constraint of the system. One of the factors which 

might contribute to the failure of propagation at the lower water height in the narrow channel 
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is the rate of the pressure decay in the expansion zone. If the vapor expands too rapidly (i.e. 

the pressure decays sharply) a corresponding weaker impulse, determined by fpdt, is 

impaned to the wa!er. The expansion zone behind the leading edge of the propagating 

interaction is a complex, multi-phase mixture. The modeling of the expansion process is 

cenainly complex, however, using a simple one-dimension al model of the expanding vapor, 

the effect of the inenial constraint on the dynamics of the expansion may he illustrated. 

4.2.1 Model description 

The model consists of a onl.:-dimensional slug of water accelerated by a volume of 

high pressure vapor, as shown in fig.22. The motion of the interface separating the water 

and the vapor is govemed by two equations: the conservation of energy within the vapor and 

the application of Newton's first law to the water masse The time derivative of the 

conservation of energy equation gives : 

du =Q_W=Q_pdV 
dt dt (4.6) 

where U is the internaI energy, Q the heat flux and PdV the work done by the system. 

Assuming ideal gas behavior the internaI energy may be written in terms of the vapor 

pressure, P, and volume, V, as : 

(4.7) 

where A is the surface area of the interface, Y is the venical displacement of the interface 
(staning from sorne initial height Y 0) and y is the perfecl gas constant. Substituting these 

variables and simplifying the equation gives: 

dP _ "Y - 1 r. P"Y Y ----\l.--dt AY Y (4.8) 

The acceleration of the slug of water is described by : 

(4.9) 
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where Poo is the ambi~nt pressure, p is the water density, Hw the height of the water column 

and g the gravitational acceleration. 

The value for 'Y was chosen based on the results simulating the bubble vapor 

expansion surrounding a molten tin drop in water, which best matched the expcrimental 

observations (Ciccarelli, 1992). A value of 1.09 produced the most accurate results for the 

tin/water system and therefore is used here. Equations 4.8 and 4.9, non-Iinear of the second 

order, were solved by numerical integration using the Gear method. 

4.2.2 Results of the effect of inertial confinement 

The vapor expansion behavior was investlgated under different degrees of ineninl 

confinement, determined by the height of the overlying water. The initial conditions assume 

that a thin layer of water is superheated over a characteristic time period to a saturation 

temperature of 300°C, corresponding to a pressure of 8.6 MPa. This thin vapor layer, of 

initial volume A Y 0, is then allowed to expand, neglecting condensation effects. The duration 

of the heat transfer process is not known but can he estimated from experiments bilsed on the 

time between triggering and the stan of the vapor expansion. In the case of a tin drop in 
waler this time is in the order of 80 ~s (Ciccarelli, 1992). Assuming half this time is allotted 

to collapsing the vapor film, the time for heat transfer is -40 ~s. This gives an initial vapor 

film thickness of -50 ~m. 

Recall that propagations in the narrow channel occurred consistently at a water height 

of 12 cm, and always failed at a height of 5 cm. The vapor expansion dynilmics were 

evaluated at heights of l, 5 and 12 cm and the pressure variation with time is presented in 

fig.23. As seen the vapor expands very rapidly during the first -0.2 ms, slowing down as 

the interface approaches the maximum height. At this point, the vapor is overexpanded at a 

pressure of about .011 MPa, causing it to collapse. Under a lower water height (Iower 

inenia), the vapor expands more rapidly, attaining its minimum pressure in -.1 ms, for a 

water height of 1 cm, compared to -0.35 ms for a height of 12 cm. These results ilIustrate 

that the inenial constraint alone of the one-dimensional propagation in the narrow channel 

significantly allers the expansion behavior of the vapor, which affects the impuh.e, or the 

strength of the disturbance communicattd to the adjacent, stable vapor film . 
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4.3 Perturbation of the interaction front 

The sustained spatial propagation of the interaction is achieved by an effective 

transmission of the disturbance generated by the expanding vapor, through the water, to the 

mixture ahead of the interaction front. In the highly confined narrow channel (with adequate 

venical confinement), the propagating interaction was consistently sustaiiled. In order to 

acquire a broader under!ltanding of the characteristics of this propagating interaction, an 

experiment was perfonned to test the behavior of the interaction when subjected to a sudden 

penurbation, created by the abrupt transition from the n:UTOW channel (1.25 cm) to the wider 

one (5 cm). As the explosion front approaches the tran:iition, the change in geometry affects 

the pressure field in the water (divergence of the flow) and interferes with the transmission 

of the pressure disturbance, before the interaction front reaches this location. When the 

interaction front passes the transition point, the sideways expansion also introduces a 

curvature of the front. The additional expansion causes a sharper decay of the pressure in 

the water, resulting in a weaker impulse which is unable to sustain the vapor film collapse 

process. As observed, the propagation consistently fails under these conditions. The 

curvature effect on the pressure decay rate may be illustrated by comparing the pressure 

fields generateù in the water ahead of a planar and curved front, as shown in fig.24. The 

potential flow model for the flow over a wedge can be used to calculate the pressure field 

along the stagnation streamline in the case of a planar front moving at 40 rn/s, as described in 

section 4.1. The effect of the sudden expansion when the interaction transits into the larger 

channel may be represented by the pressure field generated by an expanding sphere, which 

decays inversely with distance from the sphere. A sphere diameter of 1 cm is chosen to 

simulate the curvature of the front when it emerges from the narrow channel, corresponding 

to a distance of .5 cm ahead of the wedge. The comparison of the two pressure distributions 

is ilIustrated in fig.25. The pressure in the water ahead of the front drops more rapidly with 

distance away from the sphere, causing a decrease in the strength of the impulse, apparently 

below the critical value required to sustain the vapor film collapse process. 

Another factor which can promote the failure of the interaction when suddenly 

penurbed is the stability of the interaction front itself. If the interaction front is unstable, the 

penurbation induced by the sudden lateral expansion could promote its breakdown, due to 

the growth of irregulr.rities in the forrn of local curvatures across ilS span. The decay of the 

propagating interaction depends on the evolution of the irregularities (or instabilities) of the 

front, i.e. whether the boundary conditions permit their growth or suppress them. To 
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independently test the stability of an interaction front an appropriate experiment would 

consist of initiating a propagating interaction in channels of various widths. and determine if 

there is sorne critical chann\!l width for which the propagation breaks down. Presumably. in 

a channel of crilical width. the wavelength associated with the unstable mode would be 

shoner than the width of the channel, and therefore could be sustained. In a narrower 

channel this wavelength wou Id he suppressed. 

A possible source of instability of the interaction front is related to the boiling 

dynamics of the steady state film boiling regime, which creates variations in the vapor film 

thickness over the surface area of the melt. During this period, vapor bubbles are constantly 

growing and "pinching off' as they become too large and condense out, producing a 

constantly tluctuating, wavy vapor layer. When the interaction front passes over this 

interface, there will he local differences in the vapor film collapse tirne and perhaps only 

partial collapse in sorne areas. Consequently, the pressure front becomes non-unifonn. A 

non-unifonn front impJies lateral pressure gradients and thus local curvatures of the front. 

The curvature effects weaken the pressure field in the water further reducing the 

effectiveness of the vapor film collapse process. The resulting loss in coherence of the 

energy release promotes the breakdown of the interaction front. 

4.4 Effect of the unconfined condition in the cylinder on 
the characteristics of the interaction 

4.4.1 Initiation of a propagating interaction 

The characteristic effect of the unconfined condition on the initiation of an interaction 

in a stratified configuration was the unpredictabJe hehavior of the system: under sirnilar initial 

conditions propagating interactions ranging in energetic intensity and no interactions at ail 

were observed. Such initiation problems have plagued other intermediatenarge scale vapor 

explosion studies (e.g.Sainson et aL, 1993; Anderson et aL, 1988), which resulted in a 

similar erratic response to the trigger. In ail cases, one liquid is poured into the other and 

allowed to seule to form a stratified layer, however, il is quite conceivable that the initial 

interface conditions vary from one trial to another. In fact, as Sainson et al. have noted, if 

there is sorne pre-mixing at the interface between the two liquids the initiation of a 

34 



• 

• 

• 

propagating interaction 1S more probable. The reason resides in the fact that the pre-mixing 

of the Iiquids presents a larger surface area, such that, following the collapse of the vapor 

film by the triggering shock wave, a greater amount of heat can he transferred to the water, 

creating a more energetic initial disturbance. 

The inconsistent hehavior in the present case was noticed to originate during the 

triggering stage. The shock wave generated by the trigger collapses the vapor film over a 

finite area and forces the two liquids into contact. From the evidence exhibited on the high 

speed films, there is a sudden generation of vapor which, however, does not initiate a 

propagating interaction. Rather, this initial disturbance grows, during the nex' few ms, 

through subsequent vapor bubble growths and collapses in the vicinity of the trigger. Then 

either a larger disturbance travels radially outward or the initial disturbance decays without 

effect. Possibly, the observed interaction which travels radially outward is not a "sustained" 

propagation, but rather an overdriven interaction resulting from the violent collapse of the 

vapor hubbles produced immediately following the triggering. The thrust of the collapse 

could generate a disturbance over a larger surface area of the tin, resulting in the collapse of 

the vapor film and more vapor production. However, there is no propagation mechanism to 

sustain the interaction over the entire surface area, therefore the interaction is spatially 

limited. 

One of the reasons preventing the initiation of a propagating interaction in the 

cylindrical geometry is the global curvature of the interaction front. The effect of this 

curvature on the pressure field generated in the water, ahead of the explosion front, may he 

iIlustrated using a potential flow model. The spatial growth of the interaction in the 

cylindrical geometry appears as a flatlened cone expanding in the radial direction. The 

associated flow field is not conveniently described, however, the characteristic feature, the 

divergence effect created by the radial expansion, may he exposed by considering the flow 

field produced by a cylinder expanding in the radial direction. The potential flow for the 

cylindrical model, as depicted in fig.26, is given by: 

~ = RR ln.!. 
R (4.10) 

where R is the radius of the cylinder, R is the radial propagation velocity and r the radial 

distance away from the cylinder surface. Similarly to the wedge model the solution for the 

potential flow outside the cylinder yields unbounded velocity far away from the surface of 
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the cylinder. Unlike the flow in the channel, the divergence effect creates an unsteady flow . 

Therefore it is not possible to determine a characteristic distance. R .... away from the leading 

edge (cylinder surface) within which the streamlines are affected, and outside of which the 

velocity is uniform. Such a distance changes with the radial position R of the cylinder. 

Using the unsteady Bernoulli equation : 

2 d~ P + l(V cp ) + - = constant 
P 2 dt (4.11) 

and the boundary condition P = Ps (stagnation pressure) at r = R • the following equation for 

the pressure distribution in the water is obtained: 

1 2 1 
21 I(R1 r 11 P(r) = Ps - pR - r) + ln - - -
1 2 R 21 (4.12) 

Compared to the pressure distribution associated with the wedge model, il is seen 

that the divergence effect of the flow introduces another parameter, the radius of the 

expanding cylinder (R). into the equation governing the pressure decay ahead of the 

cylinder. For the purpose of comparison with the pressure distribution created bya planar 

front. described by the wedge model. the imposed boundary condition is that the pressure al 

r = 1 cm matches that of the wedge model at the same location (0.12MPa). The pressure 

distributions are presented in fig.27. for the wedge and cylinders of various radii, R, both 

moving at 40 rn/s. The rate of pressure decay in the water depends on the radial position, R. 

of the cylinder : the decay is sharper at small radii, corresponding to the stronger effeel of 

curvature or divergence of the flow. As R increases the front begins to resemble a planar 

wave. thus accounting for the reduction in the rate of pressure decay ahead of il. The 

comparison of the pressure fields generated by the wedge and the cylinder illustrates the 

relative effect of the curvature of the front on the rate of the pressure decay. The essential 

feature is that curvature of the front weakens the flow field. especially at the smaller radii. 

The observed initiation difficulties and inability for a sustained propagation to develop 

therefore can be attributed to this effeet. 

On more speculative grounds. the erratic behavior of the interactions could also be 

the result of an unstable phenomenon, associated with the propagation of the explosion 

front. As mentioned in section 4.3. an unstable interaction front is sensitive to the boundary 
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conditions which determine whether a perturbation grows or decays. In the unconfined 

condition of the cylindrical tank, irregularitie~ in the shape of the front, or instabilities, are 

free to develop since there are no boundaries to suppress them. 

4.4.2 Energetics 

The mechanisms involved in the propagation of a stratified vapor explosion are 

inherently difficuh to identify because they occur on a very shon time scale. In order to 

discem the effect of the boundary conditions on the interaction, it is useful to tum to the 

energetics associated with the event. The energy yield of the interaction was evaluated in the 

manner presented in section 4.1, based on the impulse values calculated from the pressure 

records. The yield/surface area is given in Table 2, including the yieldlsurface area for the 

stratified water/tin propagating interaction in the narrow channel and a single tin drop 

explosion in water (Ciccarelli, 1992). 

The energy yield for the 0.5 g drop is less than twice as large than for the 4 kg 

stratified tin layer. The difference in initial surface area over which the interaction occurs is 

about three orders of magnitude. This suggests that the dynamic processes following the 

co])apse of the vapor film (mixing, rapid heat transfer and vaporization) occur at a similar 

rate in both cases. Considering also that the yieldlsurface area results of the drop, narrow 

channel and cylindrical tank are of the same order of magnitude, it seems that the boundary 

conditions of the system do not influence the energetics of the interaction significantly. 

An estimate of the amount of tin which participates energetically in the interaction 

was made based on the tin fragments collected following an interaction. Again, fragments 

sma])er than 1 mm in size were considered to form the effective mixing depth of the 

interaction. The values 1"r the cylindrical tank and the narrow channel are also glven in Table 

2. The yieldlsurface area ratio of the narrow channel and cylindrical tank are roughly the 

sanle although the estimated effective mixing depth is more than twice as large in the channel 

lhan in the cylindrical tank. This is probably a consequence of the greater degree of 

confinement in the channel, resulting in larger vapor velocities in the wake of the interaction 

region. The tin is funher fragmented in this zone due to the hydrodynamic shearing action 

but loses ilS heat slowly such that it doesn't contribute to the energetics of the event. The 

conversion ratio, calculated based on the amount of tin which panicipates energetically in the 

interaction (i.e. -0.86 m.1'l deep), is 0.26%. 
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In contrast to the energetic explosion in a coarse mixture of meh fragments in 

coolant, the interaction in the stratified configuration results in a less coherent release of 

energy, due to the significantly smaller surface area available and the little fragmentation 

involved during the interaction. This was clearly observed in the experiments where there 

were two interactions. The second one, traveling through the mixture of lofted tin 

fragments, water and steam, was much more violent (higher over pressures and propagation 

velocities) than the first and produced considerably finer fragmentation of the tin. In this 

context, the frrst interaction can he described as a "precursor" event, creating the appropriate 

conditions for a second more energetic interaction . 
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s.o CONCLUSIONS 

The characteristics of a propagating interaction through a stratified tin/water mixture 

in a narrow channel were previously reported by Ciccarelli et al. (1991). Their study 

showed that sufficient inertial constraint is es senti al to sustain a propagating interaction, 

provided by the height of the water above the tin layer. The effect of boundary conditions on 

the dynamics of the interaction was further investigated in the present study and was found 

to play a significant role in the self-sustained propagation of a strati!ied tin/water interaction. 

Using a one-dimensional model of the expansion of a vapor region below a column 

of water, il was shown that the rate of the pressure decay in the vapor decreases with 

increasing water height. The slower pressure decay results in a stronger impulse, which 

drives the flow ahead of the leading edge of the interaction, generating the pressure and flow 

field in the water required to sustain the vapor film collapse process. 

The OUl",ome of a sudden lateral expansion on the interaction front in a channel was 

investigated experimentally. A propagating interaction was initiated at one end of a channel, 

fO!'med by two sections of 1.25 and 5 cm in width. The sudden perturbation to the 

interaction at the sudden transition from the narrow channel to the wider one caused it to fail 

eonsistently. To illustrate the effect of curvature of the interaction front, which develops as it 

transits into the larger channel, the pressure decay in the water ahead of the curved 

interaction front was evaluated and compared to that ahead of a pl anar front. The pressure 

decays at a faster rate with distance ahead of the curved front, indicating that the additional 

expansion produces a weaker impulse in the water, inadequate to sustain the collapse of the 

vapor film. 

The effeet of the absence of confining walls on the explosive interaction between 

molten tin (4 kg) and water, in a stratified geometry, was experimentally investigated in a 

cylindrical tank, triggered at the center. The systems response to the trigger varied 

erratically, resulting in both violent interactions and no interaction at aIl, with almost equal 

frequency of occurrence. Successfully triggered events consisted of either a single or double 

interaction. The first interaction traveled radially outward 5 - Il cm from the center, at 30-

60 mIs. producing over pressures of 0.15 to 0.5 MPa. This event however was suspected to 
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be the result of an overdriven interaction, resulting from the violent collapse of vapor 

bubbles generated during the first few ms following triggering, and thus not a truly sustained 

propagation. This interaction often served as a "precursor" event for a second, more 

energetic one, initiated in the coarse mixture of water and melt fragments lofted after the 

passage of the first interaction. The resulting fragmentation of the tm reflected the violence 

of the interaction: 6% vs. 19% of the total tin mass was fragmented to particles < 1 mm in 

size, for the single and double interactions respectively. 

The difficulties encountered in initiating a propagating interaction are related to the 

curvature effeet created by the boundary conditions, This effect was illustrated through a 

comparison of the pressure distributions associated with the potential flow models for the 

flow over a wedge, representing a planar front, and an expanding cylinder. The divergence 

of the flow in the cylindrical case produœs a sharper pressure decay in the water ahead of the 

interaction front, resulting in a weakér impulse. 

Considering that fragments smaller than an arbitrary size of 1 mm parlicipate 

energetically in the interaction, the thickness of the layer of tin involved III the single 

interaction is estimated to be 0.86 mm. The energy yield/surface area of the Interaction, 

calculated based on the pressure impulse dPdt) Impaned to the water, i~ 0.30 J/cm2, givmg a 

conversion ratio of thermal to mechanical energy of 0.26%. Comparison of the yieldlsurfilce 

area with that of a single exploding tin drop (0.5 g) in wilter, ilnd a stratified tin/willer 

interaction in a narrow (1.25 cm wide) channel, shows that the yields ilre of the same ordcr 

of magnitude, suggesting that the rate of the dynamic processes occurring are simllar, and 

thus the energetic are not significantly influenced by the geometry . 
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Table 1 Characteristics or single interactions. 
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Fig.ll Photo of remaining tin dise following a single interaction. 
Interaction did not travel over entire surface area as 
shown by non-uniform dispersal of fragments. 
(Line at bottom right is eut made during removal 

from tank.) 
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Fig.18 Pressure recorded during propagating interaction in narrow 
channel. Space between ttansducers is 10.2 cm. 
(Ciccarelli et al.) 
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Fig.24 Schematic of propagating interaction subject.ed to a sudden 
change in confinement, creating curvaturc of the interaction 
front. 
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Table 2 Effect of geometry on interaction energetics. 

Geometry YieldiSurface Arca for 
Single Interaction (J/cm2) 

Single Drop (.5 g) .55 
Narrow Channel .31 t 
Cyhndrical Tank .30 § 

*definition of mixing depth corresponds to the fraction of the 
mass of tin fragmented ID particle sizes less than 1 mm 

testimated from the kinetic energy imparted to the watcr SIUb 
above the tin layer 

§estimated by integrating the pressure profiles recorded 

Effective Mixing Dcpth lor 
Single Interaction· (mm) 

-
2.0 
.M6 
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APPENDIXA 

A.t Hydrodynamic fragmentation models 

Boundary layer stripping 

Taylor (1965) first proposed a boundary layer stripping model for a drop in a 

coolant flow. By vinue ofthe shear forces exened on the upwind drop surface hs surface 

layer is set into motion, convecting a boundary layer of mass to the equator. At this point 

the inertia of the layer surpasses the drop surface tension forces causing mass to be 

stripped away. 

WQve crest stripping 

This means of mass stripping arises from the growth of waves on the upwind drop 

surface due to interface instability. The upwind drop surface is subjected to drag forces 

which induce an acceleration. Since the acceleration is directed from the lighter liquid 

(coolant) to the heavier one (melt), surface penurbations will tend to grow in the manner 

of Rayleigh-Taylor instabilities. Also the relative flow between the drop and the coolant 

is a source of Kevin-Helmholtz instabilities on the drop surface. As the instability waves 

grow in amplitude they are convected towards the drop equator by the coolant flow. This 

flow erodes the wave crests producing mist of fine droplets which follow the flow. 

Funher, when the wave amplitudes reach sorne fraction of the penurb:ttion wavelength 

they break off from the drop surface before passing the equator. 

CatastroplJic break-up 

The flow of the coolant over the drop creates a pressure difference over ilS 

surface. the pressure being higher at the stagnation point than at the drop equator. This 

pressure difference causes a flattening of the drop perpendicular to the flow. In addition, 

the coolant flow over the drop surface gives rise tu Rayleigh-Taylor in!ltabilities. When 

• these amplitudes grow to the size of the f1attened drop they pierce the drop breaking il up 
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into much smaller ones. These in turn continue to be eroded through wave crest 

stripping. 

A.2 Thermal fragmentation models 

Symmelrie film eollapse 

Drumheller (1979) presented a fragmentation model based on the coolant impact 

on a drop in film boiling. The impact is due to the passage of a shock wave which causes 

the symmetric collapse of the vapor film around the drop. The vapor film is compressed 

and condenses at the interface, producing a condensation wave which moves inward to 

the drop surface as ail of the vapor is condensed. Following this wave is the cold liquid 

which impacts against the drop surface. This impact generates a shock wave within the 

drop which converges at the drop center, generating a reflected shock wave which travels 

radially outward. The associated pressure gradients drive the material in the center of the 

drop outward. The pressure drops sharply at the center, falling to zp,ro, resulting in 

extensive fragmentation of the drop. 

Splash '''eory model 

The splash model of Ochiai and Bankoff (1976) is a self-mixing theory for the 

initiation and early propagation of vapor explosions. In this model random local contact 

between the melt and coolant occur due to capillary instabilities of the vapor film. The 

contact above the spontaneous nucleation temperature produces vapor bubbles which 

coalesce into a high pressure layer at the drop surface. This local high pressure exens an 

impul'1e on the drop surface, producing an annular je: of melt directed towards the 

vapor/coolant interface. The subsequent impact of the annular jet on the coolant induces 

funher melr/coolant contact, resulting in an escalatioll of the interaction. 
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Coolantjelting model 

A number of fragmentation rnodels have considered that the fragmentation of a 

melt drop can be achieved through the entrapment and rapid vaporization of coolant 

within the melt. Buchanan (1973) proposed such a model based on coolant jet 

penetration into the melt. Initially, a vapor bubble exists on the drop surface and 

collapses asymmetrically. This collapse forms a jet of coolant which impacts against the 

drop surface, and if sufficiently strong, penetrates the drop surface. The coolant jet mixes 

with the melt causing the contact surface area to increase exponentially based on a vonex 

ring fonnation mechanism. If nucleation sites are available, the coolant is heated to its 

saturation temperature and evaporates. In the absence of nucleation sites, the jet is 

continually heated to its homogeneous temperature. In both cases a v~lpor bubble forros 

within the drop and expands causing the fragmentation of the drop in that area. At its 

maximum expansion the vapor bubble collapses re-initiating the process. Thus the 

fragmentation of the drop is accompli shed through a cyclical vapor bubble growth and 

collapse process . 

Entrapment model 

The liquid entrapment model was suggested by Long (1957). It is especially 

applicable to large scale interactions where molten material is poured into a tank, landing 

on the base. It is proposed that the coolant may become entrapped between the melt and 

the tank base. The coolant can then he superheated rapidly and boil explosively, 

generating a pressure wave which fragments the melt. 

Shrinking sllell model 

ln contrast to the models previously described, Zyszkowski's (1976) shrinking 

shell model suggests that the molten material fragments due to solidification effccts. 

During solidification, it is proposed that the thennal stresses induced are greater than the 

yield stress of the drop. As the drop shell shrinks, the internaI pressure increases ejecting 

molten material through cracks and fissures on the solid surface. Heat is then transferred 

through these small jets to the cold Ihuid, resulting in the cooling of the drop core. With 

large enough heat transfer rates, a vapor explosion may occur. However, in most vapor 
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explosion conditions, the interface temperature between the melt and coolant exceeds the 

freezing point of the melt, therefore ruling this out as a possible mechanism. 

A recent comprehensive investigation of the fragmentation mechanism of a 

molten drop in water was performed by Ciccarelli (Ph.D, 1992). using X-ray and high 

speed photography. The radiographs showed that, during the first vapor bubble 

expansion surrounding a molten tin drop, fine filaments of metal are ejected from the 

drop surface and break up into small fragments which are dispersed in the vapor phase 

medium. Upon the collapse of this vapor bubble, the surface of the drop is highly 

convoluted. resulting in a second. more energetic vapor bubble expansion due to the 

enhanced surface area available for heat transfer. 
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APPENDIXB 

Question of fragmentation 

A key aspect of the detonation model is whether the inherent fragmentation 

process is adequate to sustain the shock wave. More precisely, does the necessary 

fragmentation take place over a sufficiently short time scale so that the energy released 

goes into supponing the front. The fragmentation mechanisms integrated into the 

detonation models are almost aIl based on differential velocity break up, considering 

boundary layer stripping, Rayleigh-Taylor instability or a combination of both. 

Board and Hall (1975) used the data of Simpkin and BaIes (1972) on the break-up 

of liquid drops behind a shock front. The correlation predicts that a drop of diameter D, 

density Pd, in a flow velocity U and density Pc, breaks up in a time t b as given by the 

following dimensionless lime T* : 

where the Bond number, Ba, is given by 

Bo = 

= 22 Ba -1/4 

3 u
2 

D Cd 

8 0 

(B.l) 

(B.2) 

where Cd is the effective drag coefficient (taken as -2), s is the surface tension of the 

drop and a is the acceleration. For the energy release to he efficient in sustaining the 

shock wave, it must be completed hefore the velocity of the coolant and fuel drop)ets 

equalize. For a constant rate of acceleration, the lime for the velocities to equilibrate is 

given by 

= u 
9 (B.3) 

The acceleration, g, is induced by lhe coo)ant flow and can he eva)uated by considering a 

• single fuel droplet in a flow of coolant at a velocity U : 
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9 = 
Cd 7t (D / 2 ) 2 ( 1 /2 ) Pc U

2 

4/3 7t (D 12) 3 Pd 

Substituting (B.4) into (B.3) gives 

= 
(B.4) 

(B.5) 

The condition then for an efficient energy release is that tb <: teq. For tin 

droplets 1 cm in diameter in water this condition is satisfied for Bo > 104. Board and 

Hall (1975) calculated the CJ condition of the tin/water system, yielding a Bond number 

of 105 directly behind the shock front. Since this value is greater th an 104 they concluded 

that a thermal d~tonation is possible with fuel fragmentation induced by Rayleigh-Taylor 

inslability. 

The correlation of Simpkin and Baies (1972) implemented in Board and Hall's 

(1975) model is based on the break-up of liquid drops in air. Such data was initially used 

by vapor explosion workers however il was later recognized that the drop break-up in a 

Iiquid/liquid system could be fundamentally different. Patel and Theofanous (1981) 

studied the fragmentation of mercury, gallium and acetylene tetra bromide drops in water. 

Their results suggested thal the break-up was much faster than observed in previous 

experiments, giving the following correlation for the dimensionless break-up time : 

T* = 1. 66 Bo -1/4 == .4 (B.6) 

Their work therefore also confirmed that the fragmentation was sufficiently rapid to 

suppon a detonation. However subsequent work (e.g. Baines and Butley,1979) revealed 

longer break-up times in the order of 4.0, doser to those of gas/liquid systems. Such 

discrepancies have been attributed to a degree of arbitrariness as to the definition of the 

break-up time. 




