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Triggered Fragmentation Experiment with Sodium, 
Silicone Oil and Pentane * 

Summary 

Within the analysis of severe hypothetical fast breeder accidents the conse

quences of a fuel-coolant-interaction have to be considered, i. e. the thermal in

teraction between hot malten fuel and sodium. For the detailed understanding 

of the fragmentation du ring the thermal interaction of a hotliquid droplet with 

a cold fluid a series of experimentswas performed with sodium and silicone oil as 

a hotliquid and pentane as cold easily volatile fluid. For the precise observation 

of the reaction an efficient high speed camera with a maximum recording fre

quency of 1·105 f/s was used. So the fragmentation caused by boiling phenom

ena could be observed. The pictures were used to estimate quantitatively e. g. the 

volume of the reaction zone and its expansion rate. By a special measuring device 

for the firsttime results on the time dependent portion of the liquid within the 

reaction zone could be gained. Basedon the measured results of the experiments 

the course of a typical reaction, which can be devided into six phases, is presented 

and physically explained in this report. The influence of experimental parameters, 

as pressure of the external trigger and temperature of the hotliquid droplet, was 

investigated and from this the role of both the homogeneaus nucleation tem

perature and the external trigger for the reaction was deduced. A model for the 

fragmentation is presented too. By this model the fragmentation of the hot dro

plet and its mixing with the surrounding fluid are explained by the instability of 

the boundaries due to the high pressure build up at local direct contact. Basedon 

the fragmentation model two numbers are deduced, which characterize the vio

lence of the boiling fragmentation tobe expected. Thesenumbersare applied on 

U02 and sodium. Thesematerialsare in contact du ring a real fuel-coolant interac

tion. Hence these materials tend to a mild boiling fragmentation only. 

* English translation of KfK 3701, April1984 



Getriggertes fragmentationsexperiment mit Natrium, 
Silikonöl und Pentan 

Zusammenfassung 

Bei der Analyse von schweren, hypothetischen Schnellbrüterstörfällen sind die 

Auswirkungen einer BNR, d. h. thermischen Reaktion des heißen Brennstoffs mit 

Natrium zu berücksichtigen. Zum detaillierten Verständnis des entscheidenden 

Fragmentationsvorgangs bei der thermischen Wechselwirkung eines heißen Flüs

sigkeitstropfens mit einer kalten Flüssigkeit wurden Versuchsreihen mit ~-Jatiium 

und Silikonöl als heiße Flüssigkeit und Pentan als kalte leichtflüchtige Flüssigkeit 

durchgeführt. Zurgenauen Beobachtung des Reaktionsvorgangs, die durch Sie

devorgänge bedingte Fragmentation eingeschlossen, was bei bisherigen Arbei

ten nicht gegeben war, wurde eine leistungsfähige Hochgeschwindigkeitskamera 

mit einer maximalen Aufnahmegeschwindigkeit von 1·105 B/s eingesetzt. Diese 

Aufnahmen wurden zu verschiedenen quantitativen Abschätzungen wie Volu

men der Reaktionszone sowie deren Wachstumsrate verwendet. Mit einer beson

deren Methode konnten zum ersten Mal Ergebnisse zum zeitabhängigen Flüssig

keitsanteil in der Reaktionszone gewonnen werden. Basierend auf den Meßer

gebnissen wird in diesem Bericht ein typischer Reaktionsvorgang, der in sechs 

Phasen unterteilt werden kann, dargestellt und physikalisch begründet. Die Ein

flüsse von Versuchsparametern, wie externer Triggerdruck und Temperatur des 

heißen Tropfens, wurden untersucht und daraus die Rolle der homogenen Keim

bildungstemperatur und des externen Triggers bei der Reaktion klargestellt. Ein 

Fragmentationsmodell wird ebenfalls vorgestellt. Nach diesem Modell sind Frag

mentation des heißen Tropfens und Vermischung mit der umgebenden Flüssig

keit durch Grenzflächeninstabilitäten aufgrunddes hohen örtlichen Dampfdruck

aufbaus an Direktkontaktstellen zu erklären. Basierend auf dem Fragmentations

modell werden zwei Kennzahlen über die zu erwartende Heftigkeit der Siede

temperaturen abgeleitet. Diese Kennzahlen werden auf die bei einer BNR vorlie

gende Materialpaarung U02-Na angewendet. Demnach neigt diese Materialpaa

rung nur zu einer milden Siedefragmentation. 
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1. lntroduction 

Nuclear reactor safety has been a subject of investigation for many years. This in

cluded research on the problern of hypothetical core meltdown accidents (HCDA), 

i.e. accidents during which hot, molten fuel and fuel elementmaterial (corium), 

with a temperature far above the boiling point of the coolant (sodium, water), 

may come into contact with the coolant. Any contact between a hotliquid and a 

cooler, volatile liquid may induce violent, coherent vapour explosions releasing 

large amounts of energy which may cause the reactor tank to fail. 

Serious vapour explosion accidents involving the killing or wounding of humans 

and loss of costly equipment are known to have occurred in the metai industry, 

the paper industry, andin liquid natural gas handling. 

ln a nuclear reactor, the consequences of a coherent vapour explosion would be 

serious, as large amounts of radioactive materials would be released into the en

vironment in case of reactor tank failure. A HCDA involving a coherent vapour ex

plosion might be caused by 

uncontrolled increase of reactivity 

failure of the cooling and emergency shutdown systems. 

ln order to prevent these initiating events from happening and from developing 

into a HCDA, nuclear reactors are equipped with redundant and diversified safety 

systems /1/. Fora better understanding of the risks involved in a reactor accident, 

safety analyses like WASH 1400 and the "German Risk Study" were carried out. 

The German Risk Study showed, e.g., that the probability of a vapour explosion 

occurring in a LWR is less than 2 x 10-6 per annum, i.e. the occurrence of a coher

ent vapour explosion during a reactor accident cannot be totally excluded al

though it is highly im probable /2/. 

For these reasons, there have been many experimental studies on vapour explo

sions, and a number of theories for their physical interpretation have been for

warded. ln spite of this, the basic mechanisms and influencing parameters of a va

pour explosionstill arenot completely understood. 

A vapour explosion is defined as a sudden evaporation of a cool liquid by fast 

heat transfer from a very hot liquid, accompanied by high pressure build-up. lt is 

also referred to as "thermal explosion" or "fuel-sodium interaction". A sudden 

evaporation process with high pressure build-up takes place only if the time of 

1 



heat transfer is shorter than the expansiontime of the vapour/liquid mixture. This 

intensive mixing, i.e. the fragmentation of the hot liquid, is a key factor in a va

pour explosion. 

ln the present study, the fragmentation mechanism will be investigated experi

mentally, and the results will be analyzed and discussed. Chapter 2 will start with 

a survey of important experimental and theoretical studies on fragmentation and 

vapour explosion and an outline of the present state of knowledge. The problems 

to be solved will be defined,. and the goals of the present investigation will be 

stated. Chapter 3 will describe the experimental set-up and methodology, while 

Chapter 4 will present the experimental findings and Chapter 5 the discussions 

and physical explanations of the main results based on the records of fragmenta

tion as filmed by a high-speed camera. The influence of the main experimental 

parameters and material characteristics will be discussed. Chapter 6 will present 

the main results of this investigation and the conclusions drawn therefrom. 

2. Review of lmportant Earlier Studies, and Goals of these Studies 

2. 1 Vapour Explosion 

A vapour explosion is caused by a process of extremely fast heat transfer between 

a hot and a cold liquid, leading to sudden evaporation of the superheated cold 

liquid. lt may comprise several events. Bankoff /3/ and Cronenberg /4/ proposed 

the following chains of events for the initiation of a vapour explosion, which are 

generally accepted today: 

First, coarse premixing of the two liquids without rapid heat transfer in a sta

ble film boiling phase (initial phase). 

Collapse of the vapour film causing direct contact between the two liquids 

(trigger phase). 

Intensive mixing of the two components, so-called fragmentation, followed 

by rapid heat transfer with violent evaporation of the cold liquid and pres

sure build-up (escalation phase). 

Propagation of the reaction across the whole premixed region (propagation 

phase). 

ln the initial phase, there is a quasi-thermal insulation effect of film boiling, en

abling the hot liquid to penetrate deeply into the cold liquid without being 
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cooled down noticeably. This penetration causes an inclusion effect (constraint of 

vapour expansion) which may prevent fast pressure relief. Without this constraint 

high pressure build-up due to evaporation of the cold liquid is impossible. Coarse 

pre-mixing therefore is a precondition for subsequent propagation of the reac

tion, i.e. for the occurrence of a coherent vapour explosion. 

The vapour film collapses as a result of an external disturbance and a spontane

aus film boiling instability. During film boiling at low temperature, i.e. near the 

minimumfilm boiling temperature, spontaneaus local direct contact occurs more 

frequently /5,6/. On the other hand, an externalshock wave or an intensive flow is 

required for making a vapour film collapse during film boiling, where the tem

perature of the hotliquid is far above the critical temperature of the cold liquid. 

There is uncertainty as yet over whether the direct contact between the two liq

uids may in itself initiate the further reaction. 

The following two processes are possible after direct contact: 

Heat transfer du ring direct contact may heat the cold liquid to above its boil

ing point, causing sudden evaporation and fragmentation of the hot liquid 

(boiling fragmentation). 

With an externalshock wave acting as trigger, a relative velocity or accelera

tion are induced between the two liquids as a result of their different densi

ties. This relative velocity and acceleration may cause a so-called hydrodyna 

mic instability, leading to fine fragmentation of the hot liquid. This way, the 

surface available for direct contact is considerably increased, and fast heat 

transfer to the cold liquid becomes possible. The shock wave may be further 

enhanced by rapid evaporation (hydrodynamic fragmentation). 

The result in both cases isahigh pressure build-up in the escalation phase, which 

disturbs the still uninterr~pted film boiling process and thus maintains the reac

tion. 

Fig. 1 shows a simplified representation of the sequences of events according to 

Cronenberg /4/. General necessary and sufficient conditions in which a thermal in

teraction will induce a vapour explosion can be derived from this: 

First, thermal energy must be available, with the hot liquid having a tem

perature higher than the boiling temperature of the cold liquid in order to 

cause evaporation. 
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Coarse mixing must take place, with both components separated by a vapour 

film. 

Direct liquid-to-liquid contact must take place as a result of a mechanical or 

thermal perturbance. 

The reaction mixture must be prevented from expanding by an inclusion ef

fect in order to cause ~ feedback followed by escalation of the vapour explo

sion. 

These processes and conditions have been investigated in many experimental and 

theoretical studies. The main results of studies will be presented in the following 

chapters. 

2. 1. 1 Theoretica/ Models of the Vapour Explosion Process 

Hicks and Menzies /7/ presented an upper Iimit, i.e. a conservative estimate of the 

mechanical work potentially released during a vapour explosion. This model as

sumes spontaneaus complete thermal equilibrium between the hot and cold liq

uid, and isentropic expansion of this mixture to a given final pressure, releasing 

mechanical work. During the expansion process, all components are assumed to 

be in thermodynamic equilibrium at any time; the model is therefore known as 

llequilibrium modelll. 

The calculations show: 

There is a mass ratio of hotliquid to cold liquid at which maximum mechani

cal work is released, e.g. 0.1 for UO/Na. 

The maximum releaseable mechanical work is a function of the final pressure 

of the system. A lower final pressure, of course, means higher efficiency. For 

UO/Na and a final pressure of 1 bar, the efficiency is 30%. 

This model has many variations: ln the II adiabatic model II of Anderson and Arm

strang /8/, instead of the thermal equilibrium the thermal insulation resulting 

from the vapour film forming between the two liquids is considered. Results show 

that the mechanical work will be lower by up to 50%. ln a real reactor, cold struc

tures or other materials rnay act as a heat sink and reduce the rnechanical work 

released still further. 
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lf the processes of fragmentation and heat exchange du ring the reaction are con

sidered as weil, an even more realistic estimate is obtained. For example, Caldaro

la /9/ presented a model in which these processes are described by given fragmen

tation and heat exchange times. However, this model requires specific experi

mental data to permit a reliable prediction of the processes, as its results are 

largely dependent on the two time parameters. 

ln other vapour explosion models, the processes of fragmentation and/or rapid 

vapour generation are considered as weil. 

The coherent vapour explosion model presented by Board, Hall, and Hall /10/ 

states an analogy to chemical detonations. The reaction mechanisms are de

scribed as follows: ln a reactive mixture consisting of a hot and a cold liquid, the 

hotliquid is finely fragmented by a shock wave, thus increasing the contact sur

face of the two liquids to such an extent that extremely rapid heat-up (1 o-s s) of 

the cold liquid takes place. Sudden evaporation of the superheated cold liquid 

follows, causing a pressure increase, which in turn feeds the shock wave, i.e. the 

reaction may propagate through the whole mixture without losing force. 

ln analogy to the chemical detonation, in which energy is released by combus

tion, this model replaces heat supply to the cold liquid by a fragmentation pro

cess, i.e. the hot liquid is fragmented independent of heat transfer. Board and 

Hall thus presented a type of hydrodynamic fragmentation mechanism, with a 

relative velocity between the two liquids behind the shock front. The important 

fact is that the fragmentation takes place faster than the slowing-down of the 

relative motion und er the effect of two-phase frictional forces. 

Results of calculations with this detonation model show that the energy conver

slon efficiency may be higher than assumed in the equilibrium model. However, 

this requires a very high trigger pressure up to 700 bar and a reaction pressure of 

15,000 bar for the UO/Na system. 

The detonation model first presented by Board and Hall is limited to steady shock 

waves. Forthis reason, more recent models based on transient processes are to 

determine the minimum trigger required for initiating a detonation. 

The calculations show: 

A trigger of 10 bar is sufficient for initiating a detonation wave in the AI/H 20 

system /11/. 
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ln the UO/Na system, a vapour explosion cannot be excluded in case of pre

mixing with stable film boiling /11/. 

lf the trigger pressure is very low, the length of the premixed region may not 

be sufficient for a significant pressure increase /12/. 

These results still depend strongly on the fragmentation models used. Fauske 

/13,14,15/ presented a physical explanation of some vapour explosion experi

ments in a model assuming the following sequence of events: 

lnitially, coarse mixing of the hot and cold liquid takes place while the hot 

phase is in the film boiling state {initial phase). 

The hot and cold liquid are made to directly interact by a disturbance {trigger 

phase). 

lf the contact temperature is higher than the spontaneaus nucleation tem

perature, sudden evaporation ofthe cold liquid in the superheated state may 

take place, with simultaneaus fragmentation of the hot liquid {escalation 

phase). 

Fastrelief of the built-up reaction pressure must be prevented by inclusion so 

that local pressure increase will cause large-area collapse of the vapour film. 

This induces a chain reaction of rapid heat transfer, evaporation and en

hanced pressure build-up with enhanced fragmentation (propagation 

phase). 

According to this so-called "spontaneaus nucleation model ", the UO/Na system 

is not susceptible to violent vapour explosions as its contact temperature is too 

low /14/. Fauske's model is criticized on the following grounds: 

The model comprises no quantitative assessment of the expected energy re

lease. 

There is no detailed description of the expected fragmentation mechanism. 

The model is not valid for some experimental findings, e.g. of water/freon ex

periments /24/. 

Ochiai /16/ and Anderson /17/ presented further, illustrative models which stress 

the contribution of spontaneaus instabilities during the escalation phase. So far, 
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however, there was nothing to prove the importance of the spontaneaus nuclea

tion temperature du ring vapour explosion or fragmentation. 

2. 1.2 General Results of Vapour Explosion Experiments 

Many vapour explosion experiments have been carried out so far. Most of them 

can be classified in three categories: 

-Pouring experiments, both droplet-scale and large-scale, 

- Shock tube and injection experiments, 

-Simulation experiments inside and outside the reactor. 

The following results were obtained: 

(1) Al/water and tin/water pouring experiments /18, 19,20,21/. 

All experiments leading to violent vapour explosions started with film boiling 

in the coarse mixing phase. 

Violent vapour explosions appear to be triggered by the collapse of the va

pourfilm. 

A vapour explosion propagates like a detonation, with a propagation rate in 

the order of 100- 200 m/s. 

There is a so-called "thermal interaction zone" (TIZ), a weil defined region 

comprising combinations of temperatures of the two components at which a 

violent explosion may take place. The upper Iimit may be extended by apply

ing an external trigger. 

ln the THERMIR experiments /22/, apart from the coherent reactions also inco

herent and local reactions were observed. 

The Al/water system always reacts more violently than the tin/ water system. 

(2) The existence of a TIZ was proved by water/freon and oil!freon experiments. ln 

the oil/freon system /23/, the TIZ is clearly located between the homogeneaus 

nucleation temperature T HN and the critical temperature. On the other hand, 

violent reactions were observed in the water/freon systemalso at contact tem

peratures lowerthan THN /17,24/. 
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(3) lf small volumes of Na were introduced into molten U02, reaction energies 

werehigher than vice versa /25/. 

(4) ln the shock tube experiment /26/, a higher reaction pressure was measured 

once in the UO/Na systems, but the rise time was much lower than expected 

from the detonation model. 

(5) Violent reactions in the corium* /water and in the UO/water systems cannot 

be excluded, although the contact temperature may be far from the TIZ /27/. 

(6) Simulationexperiments with U02 (fuel) and Na (coolant) had different results. 

ln some cases, the reaction pressures were very high, i.e. up to 600 bar /28/ or 

200 bar /29/. lt is uncertain whether a vapour explosion really did take place. 

The high pressure may be due to the high vapour pressure of the fuel. 

ln spite of the many large-scale pouring experiments and simulation experiments, 

practically no clear answer is given on what fragmentation and heat transfer 

mechanisms prevailed behind the shock front du ring propagation of the reaction. 

Further selective and costly experimentswill be required for this. 

2.2 Fragmentation Modelsand Experiments 

The fragmentation process is the most important of all processes of a vapour ex

plosion. lt was investigated in a number of experimental and theoretical studies, 

some of which will be described in the following chapter. 

2.2. 1 Hydrodynamic Fragmentation 

This model was introduced for explaining the initiation of the thermal detona

tion. lf a shock wave passing through the surrounding fluid (gas or liquid) impacts 

on a droplet, the droplet may be fragmented due to the following interactions 

with the shock wave: 

The distribution of dynamic pressure on the droplet surface may cause defor

mation of the droplet. lf the droplet is deformed beyond a given point, with 

the surface tension acting in the opposite direction, fragmentation may occur 

(impact fragmentation). 

*malten mixture of reactor structural materials and U0
2 
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Und er the effect of viscosity, the tangential component of the flow at the dro

plet surface induces a transverse force which moves the boundary layer of the

droplet. As a result, the boundary layer may disintegrate into droplets (bound

ary layer stripping). 

Various hydrodynamic instabilities may generate waves at the droplet surface 

causing droplet fragmentation: 

i) Rayleigh-Taylor instability due to high acceleration from the lighter to the 

heavier component 

ii) Kelvin-Helmholtz instability due to relative velocity at the boundary layers 

iii) Capillary waves resulting from the combined effect of flow pressure and 

surface tension. 

The relative velocity between the two components and the droplet acceleration 

caused by the drag force resulting from the relative velocity have decisive influ

ence on these effects. As the relative motion between the two components be

hind the shock front results from the difference in density or, more precisely, 

from the acoustic impedance (p x C), this theory is frequently applied to droplet 

fragmentation in a gas flow, where the density ratio may be quite high. 

There is the problern of whether this droplet fragmentation mechanism also ap

plies in a system of two liquids, as stated by Board and Hall. To answer this ques

tion, Pate! and Theofanous /30,31/ carried out a number of experiments in which 

a mercury dropletwas fragmented in a water-filled shock tube. They found that 

the dropletwas fragmented in about a tenth of the time as predicted even by the 

theory based on the Rayleigh-Taylor instability for the water dropletfair system. 

Bains /32/ reported similar results for mercury and water, although his droplet 

fragmentation times differed from those of Pate I and Theofanous. 

On the other hand, the theoretical study of Schriewer /33/ on hydrodynamic frag

mentation points out that the processes characterized by Rayleigh-Taylor and 

Kelvin-Helmholtz instabilities as weil as by boundary layer stripping alone are too 

slow for fragmentation in liquid/liquid systems for certain triggers. Therefore, a 

valid physical explanation of the results obtained by Pate! and Theofanous or 

Ba ins is stilllacking. 
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2.2.1 Boiling Fragmentation (Thermodynamic Fragmentation) 

Sudden evaporation of the superheated cold liquid in the point of direct contact 

may cause fragmentation of the hot liquid. Two evaporation patterns are possi

ble, i.e. violent transition boiling /34,35/ or spontaneaus nucleation /36/. Fauske's 

vapour explosion model combines spontaneaus nucleation with the contact tem

perature hypothesis. Recently, Wey /37/ showed in an experiment with tin and 

water that bubble regions existed on the contact surfaces already 1 ms before 

pressure build-up. ln his interpretation, this suggests that the dynamic effect in

ducing a disturbance of the surface, i.e. fragmentation, is not caused by sponta

neaus nucleation but rather by normal bubble growth. 

Colgate /38/ speculated that the Kelvin-Helmholtz instability caused by vapour 

flow in the region of bubble growth may contribute to fragmentation. Corradini 

/39/ combined boiling fragmentation with hydrodynamic effects. ln his model, 

fragmentation is described by the following sequence of events: 

Non-symmetrical collapse of the vapour film 

Aceeieration of the hotliquid by pressure build-up due to sudden evaporation 

in the contact region 

Rayleigh-Taylor instability as a result of this acceleration 

Mixing of the two liquids and further escalation of the reaction. 

Although it may be speculative in character, this model is the first quantitative 

description of boiling fragmentation processes as influenced by thermal effects. 

A number of the models proposed are of the "bubble collapse" type, in which the 

kinetic energy of a jet of the cold liquid, which may be generated du ring collapse 

of a full-grown bubble, contributes to fragmentation /40/. Caldarola /41/ assumed 

a similar mechanism for quantitative modelling of fragmentation due to bubble 

collapse. So far, this model has not been validated by experiments. 

Other fragmentation models are based on different effects, e.g. entrainment of 

cold liquid in the hot liquid, thermal stresses due to solidification of the hot liq

uid, gas release, etc. Although they may help to explain some of the experimental 

findings, it is difficult to accept these mode!s for a general explanation of the 

fragmentation process. 
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2.3 Problem Definition and Goals of the Present Study 

The many studies on fragmentation and vapour explosion have raised new prob

lems. Notall of these can be answered here, but some points for further research 

will be mentioned which are the subject of this investigation. 

Full-scale hydrodynamic fragmentation requires a certain degree of relative 

velocity between the two components. This relative velocity cannot be pro

vided by external triggers alone, that are frequently used in vapour explosion 

experiments. At least in the early phase of the explosion, in which the shock 

wave has not yet developed sufficiently, a boiling fragmentation mechanism 

must be dominant. 

Vapour explosions in oil/freon and water/freon systems cannot be explained 

by hydrodynamic fragmentation alone, as the density ratio, or rather the ratio 

of acoustic impedance, is nearly unity. Boiling fragmentation must be domi

nant here. 

ln the most recent results presented by Ando /42/ of his experiments with Cu 

droplets in water using a high-speed camera, neither non-symmetrical bubble 

collapse nor water jets were observed, but white spots and eruptions were 

visible on the surface of the Cu droplet. 

These findings prove the possibility of boiling fragmentation taking place, but 

the following problems remain unresolved: 

An accurate description of the fragmentation process on the basis of visual ob

servations is not available. 

The criterion of the spontaneaus nucleation temperature has not been veri

fied by visual observations. 

There is a threshold for external triggers beyond which fragmentation may 

take place /42/. This raises the question of the function of the external trigger. 

For example, the trigger may serve only to cause direct contact between the 

two liquids, or it may have other effects as weil. 

To transfer the results to real reactor conditions, it is very important to know 

the materials' main thermophysical properties characteristics influencing frag

mentation. Experiments so far have been unable to answer this question. 
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Theseproblems define the goals ofthe present experimental investigation, which 

is to provide fundamental information on the interaction between the hot and 

cold liquid: 

Description of the thermal reaction process under the aspect of pure boiling 

fragmentation . 

Above all, the use of an efficient high-speed camera will enable visual observa

tions of fragmentation processes. The experimental geometry, with a single hot 

droplet in a cold liquid, facilitates evaluation. Among the data evaluated will be 

the reaction pressure, the volume, the growth rate of the reaction zone, the rate 

of mixing with the cold liquid, and the liquid fraction in the reaction zone. For the 

last-mentioned parameter, the present investigation was the first to provide re

sults. The time curve of the liquid fraction characterizes the reaction process. A 

physical explanation of the process is given on the basis of visual observations. 

The density ratio of the two liquids should be near 1 in order to minimize the hy

drodynamic instabilities acting between the liquids. 

Proof of the validity of the spontaneaus nucleation temperature criterion 

So far, this criterion has been discussed only on the basis of recorded pressure sig

nals. ln the present study, it will be investigated also by visual observations using 

a high-speed camera. 

lnvestigation of the parameters influencing fragmentation. 

Not only the temperature conditions but also external disturbances appear to be 

an important influencing factor in fragmentation. An external, trigger is required 

for a parametric investigation of this influence. Due to the use of different combi

nations of liquids with different thermophysical properties, the effects of these 

on the boiling fragmentation process can be investigated. The findings and dis

cussions of our study will be compared with earlier investigations. 
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3. Conduct of Experiments 

3.1 Conception of Experimental Set-Up 

3. 1.1 Selection of Experimental Materials 

The experimental materials were selected with a view to the following require

ments: 

The cold, volatile liquid simulating the reactor coolant should have a critical 

temperature as low as possible but should remain in the liquid state also at 

room temperature. 

The cold liquid must be transparent in ordertopermit filming. 

The hotliquid simulating the molten fuel must be capable of being heated up 

without noticeable evaporation to a temperature Ievei high enough to have a 

temperature at contact with the cold liquid close to, or higher than, the criti

cal temperature of the cold liquid. 

The hot and cold liquids should have similar densities. 

No chemical reaction must take place between the two liquids. 

ln view of these requirements, the following systems were selected: 

Hot liquid: Sodium (molten) or silicone oil (DC710) 

Table 1 lists the main thermophysical properties. Sodium is particularly advanta

geaus as it permits experiments in a wide temperature range; it is stable even at 

high temperatures and has good thermal properties. Posttest examinations and 

analyses can be carried out on the fragments. The experiments must be carried 

out in the absence of oxygen, which makes the sodium experiments more difficult 

than the silicone oil experiments. On the other hand, the silicone oil/pentane sys

tem is frequently chosen for experiments ofthistype /15/; it is similar to the well

known oil/freon system. 

Preliminary experiments proved that no chemical reaction takes place between 

the selected substances. 
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3.1.2 Experimental Set-Up 

Fig. 2 shows the experimental set-up for sodium droplets. A plexiglass vessel (1) of 

30 x 30 x 200 mm is filled with pentane. The upper gas plenum (2) is filled with ar

gon or helium. The sodium is introduced into the heating tube (3} by distillation 

and heated to the desired temperature by an electric heater. Singlesodium dro

plets are separated by pressing them through a sintered metal disk (4} using ar

gon gas of about 10 bar. The arrival of the droplet in the recording field of the 

high-speed camera is determined by Iaser photocell switchoff (5}. Via two adjust

able lag elements (6,7}, first the flashlights (8} for the camera are connected, 

which need about 60 s to reach full power, and then the trigger for generating 

the shock wave. The external triggerwas generated by an exploding wire: a sus

pended silver wire with a diameter of 0.025 mm (9} was made to evaparate by a 

sudden condenser discharge. Depending on the desired trigger size, the condens

er capacitywas between 1 and 2 pF and the valtage between 1 and 2 kV. The trig

gertime for the fast electric circuitry (Ignitron} (1 0} is less than 2 ps. 

Fig. 3 gives a detailed picture of the recording field ofthe sodium/pentane experi

ment. The experimental vessel has a size of 30 x 30 mm. One of the two pressure 

transducers (A} protrudes into the experimental vessel, while the other is moun

ted directly on its wall. The distance between the envisaged droplet center and 

the pressure transducer is 7.5 mm for transducer A and 15 mm for transducer B. 

The wire for the wire explosion is suspended 20 mm below the horizontal center 

line of the pressure transducers. The wire is about 10 mm long. The droplet diam

eter is between 6 mm and 8 mm depending on the experiment; in most cases, it is 

around 7 mm. The pentane column above the droplet is 25 mm. 

The silicone oil/pentane experiment has smaller dimensions, with an experimen

tal vessel of 20 x 20 mm. Transducers A and B are located at 5 mm resp. 10 mm 

from the droplet center. The wire for generating the trigger pressure is 15 mm 

below the horizontal center line of the pressure transducers and has a length of 

about 10 mm. The droplet diameter is 3 to 4 mm. The pentane column above the 

droplet is about 15 mm high. 

Fig.4 shows the sodium distillation and gas supply system. There are valves for 

evacuating the whole system and filling it with argon. The sodium distillation sys

tem consists of the sodium container (1}, the supply tube (2}, and the valve and 

the sodium heating tube (3}. The system has autonomaus electric heaters, so that 
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each section can be heated as desired. This facilitates sodium distillation and 

transport from the sodium container into the heating tube. 

The experimental set-up of the silicone oil droplet system follows the same princi

ple. The experimental vessel is slightly smaller, i.e. 20 x 20 x 150 mm, and the dro

plets are smaller than the sodium droplets. lnstead of using a Iaser, the arrival of 

the droplet in the recording field is indicated by an ultrasonic barrier (Viscolux 

USG 3). 

3.2 Measuring System 

3.2. 1 Temperature, Pressure and Film Recording 

The temperature of the hotliquid was measured by two thermoelements, one of 

which was installed on the inner wall of the heating tube and the other on the 

outer wall of the sintered metal disk. ln the sodium experiments, the two mea

sured values differed by only a few degree C. ln the silicone oil experiments, an 

additional thermoelementwas installed on the inner wall of the sintered metal 

disk. The temperature difference across the disk was less than one degree C. As 

the reaction temperature could not be measured accurately, it was approximated 

analytically after the experiment (see Appendix A). 

The dynamic pressure curves of the trigger and the fragmentation process were 

recorded by two pressure transducers (Kistler 603 B) installed on the wall of the 

experimental vessel. The curves were recorded by an oscillograph and photo

graphed after the experiment. The two pressure transducers were arranged at 

different distances from the projected reaction site. lf the measured values of a 

reaction pressure event were to differ, the actual reaction pressurewas to be de

rived by an analytical procedure (Appendix B). 

The high-speed camera used was a Cordin Daynafax 374 A, with a maximum tak

ing speed of 105 pictures per second. The total recording time is 4 ms for 1 x 105 

pictures per second. The high-speed films provide valuable information, e.g. time 

curves of the reaction zone volume, its growth rate, and the acceleration of the 

two-phase boundary. ln the experiments, the exploding wire was arranged in the 

recording field in order to record the explosion time. 
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3.2.2 Determination of the Liquid Fraction in the Reaction Zone 

By measuring the movement of the liquid around the reaction zone, the liquid 

volume confined in the reaction zone can be determined at any given time. This 

was done as follows: 

As shown in Fig. 5, a mobile, thin aluminium foil or a silver wire coil is suspended 

near the envisaged reaction site. This foil or coil follows the motion of the sur

rounding liquid. Assuming that the inertia of the foil equals the inertia of the liq

uid, the motion of the foil or coil will equal the motion of the liquid. 

By measuring the motion of the liquid surrounding the reaction zone, a quantita

tive assessment of the liquid volume inside the reaction zone is possible. A spheri

cally symmetrical expansion zone is assumed: 

(1) 

(2) 

where 

Rv 1 : Initialdroplet radius 

Rv2 : Radius of the reaction zone after a given time 

RL: Initial radius of the sphere, characterized by the distance of the foil or coil 

from the center of the reaction zone 

X: Motion of the liquid. 

lf the two volumes ~Vv and ~VL differ, the difference must be identical with the 

volume of the cold liquid participating in the reaction. The result is the liquid vol

ume in the reaction zone: 

(3) 

The liquid fraction is 

(4) 

The possibility of a liquid volume being confined in the rapidly expanding reac

tion zonewas predicted theoretically by Beirak /43/. 
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3.2.3 Fragment Size 

Post-test investigations were carried out on fragments of the sodium droplet. As 

sodium fragments tend to oxidize rapidly, only the fragment size and nurober 

were determined. The fragments removed from the vessel after the experiment 

were poured into a glass dish and distributed evenly. They were then photo

graphed from above. From the enlarged picture, the diameters of the fragments 

were measure<], and the fragments were counted. 

3.3 Experimental Parameters 

The most important experimental parameters are the contact temperature re

sulting from the droplet temperature and the external trigger pressure. The con

tact temperature is calculated according to /14/: 

(5) 

with ß = 0 representing the thermal effusivity. TT and TF are the tempera

tures of the droplet and the cold liquid, respectively. TF was kept constant. 

There is no generally applicable value of the spontaneaus nucleation tempera

ture. As Fauske showed in /13/, it is a function of the surface characteristics of the 

two liquids. ln a liquid-to-liquid contact, especially between liquids soluble in 

each other, it is often substituted by the homogeneaus nucleation temperature 

T HN' which is a purely physical property of the cold liquid. 

The modified Berthelot equation of state and thermodynamic considerations 
Iead to 

T HN = (27 /32)213 T Kr (6) 

Beyond this temperature Iimit, no metastable state can exist. 

The homogeneaus nucleation temperature can also be determined using molecu

lar kinetics. Molecular fluctuations are assumed to destabilize the superheated 

liquid, i.e. above a given temperature THN so many growing nuclei are formed 

that rapid transition from the metastable state to the stable two-phase state will 

take place. 
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The nucleation rate J can be approximated as 

J oo N exp ( - W I kT) (7) 

N: Number of molecules per unit volume 

W: The reversible work required for bubble formation 

k: Boltzmann constant (1.3804 x 23-10 J/K) 

lf W/kT, i.e. the so-called "Gibs number", exceeds a given value (about 11.5 ac

cording to /44/), the nucleation rate will increase rapidly. W is practically a func

tion of the temperature, so that the homogeneous nucleation temperature can 

be calculated from the Gibs number. The two homogeneous nucleation tempera

tures resulting from thesedifferent approaches are nearly identical, e.g. 145 oc 
for pentane. 

To meet Fauske's criterion, the hot liquid must be heated to a temperature high 

enough to ensure a contact temperature higher than T HN' The experimental 

range for the hot droplet temperature was determined on this basis: 

(1) 120 oc < sodium-temperature < 400 oc 

Using equation (5) and the physical properties compiled in Table 1 contact tem

peratures of the Na/pentane system are approximated by T K ::::: 0.95 ·T T" 

(2) 200 oc < silicone oil temperature < 350 oc 

resp. 110 oc < contact temperature < 180 oc 

The temperature of pentane is always assumed to equal room temperature, i.e. 

around 20 oc. 

Some preliminary experiments were necessary for determining the external trig

ger pressure required. The result for the sodium/pentane system is 

(3) 2 bar< trigger pressure PTr < 15 bar 

ln the silicone oil/pentane system, the reaction can be initiated by a small trigger 

pressure, e.g. 1 bar. 
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3.4 Experimental Procedure 

The experiments were carried out as follows: 

The whole system is filled with argon gas or partly evacuated. 

Sodium is transferred from the sodium container into the sodium heating tube 

by distillation. Silicone oil is filled into the heating tube by hand. 

The vessel is filled with pentane. 

The hotliquid is heated up in the heating tube to the desired temperature Iev

ei, at which the temperature is kept constant. 

The film drum of the camera is set at the desired taking speed, normally 80 

000 pictures per second. 

The condensers for exposure and for initiating the wire explosion are charged. 

Other elements, e.g. the Iaser barrier, the retarding elements and the oscillo

graph are set in ready position. 

The aperture of the camera is opened. (The camera drum rotates too fast for 

film exposure with normal light) 

By opening the electromagnetic valve 1, see Fig. 2, a single droplet is pressed 

through the sintered metal disk. 

lmmediately after the droplet has fallen, the electromagnetic valve 2 is 

opened in order to relieve the pressure in the heating tube and prevent fur

ther droplet formation. 

The subsequent experimental process is controlled automatically by the electron

ic control system. Fig. 6 gives a schematic representation of the sequence of 
events. 

As soon as the droplet has reached the envisaged reaction site, the flashlights 

are switched on, and after a certain delay the wire explosion is initiated and 

the oscillograph is triggered. 

A series of pictures is taken during a recording time of about 4 ms, which 

equals the flash exposure time. 
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The reaction pressure curve is measured by pressure transducers, recorded by 

the oscillograph, and photographed. 

After a number of experiments with identical experimental parameters, the 

fragments are removed via the valve arranged below the experimental vessel. 

3.5 Error Assessment 

The physical data determined in this experimental study are bound to have some 

uncertainties, owing to the limited accuracy of the instruments and amplifiers 

used. ln addition to these systematic measuring errors, there are subjective errors 

made by the observer du ring evaluation due to the incapability of interpolation 

of the human eye and to blurring of the film. These two sources of errors are 

discussed in the following estimate without making a clear distinction between 

them. 

(1) Temperature T T 

Systematic errors in temperature measurements result from 

deviations from linearity of the thermocouples in the measuring range, 

< 1 oc 

inaccuracy of the digital reading, 

Total error /öT/ < 1.8 oc 

(2) Pressure P 

The error in pressure measurement comprises the following components: 

deviation from linearity of the pressure transducer 

deviation from linearity of the amplifier 

reading error on the recorded picture 

This corresponds to 

Total error I öplp I 

< 0.3% 

<1% 

< 0.25 mm 

< 2.5% 

< 3.8% 

The distance between the measuring site and the reaction site will, of course, 

make the measured value differ to some extent from the real reaction pressure. 

The discussion in Appendix B will enable a comparison between the measured 

value and the actual reaction pressure. According to this the actual reaction 
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pressure should be higher by a factor of 1.2 than the value measured by 

transducer A. 

(3) Synchronisation 

There are two common causes of errors in the synchronisation of the recorded 

pressure curve and the pictures of the high-speed camera: 

the time resolution of the high-speed films 

0 < t
0 

< 12.5 ps (at 80 000 pictures per second) 

the reading error on the pictures of the pressure curve, ltJ < 3.1 ps. 

Total error: -3.1 ps < t 
0 
< 15.6 p s. 

The error resulting from the deviation of the sound velocity is negligible as the 

distance between the exploding wire and the pressure measuring site is very short 

(about 10 mm). 

(4) Evaluation of the high-speed films 

The high-speed films were projected onto a surface with a millimeter grid and 

then evaluated. The picture is enlarged four times as compared with the film. The 

main source of error is in reading. The maximum reading error of the enlarged 

picture is 0.2 mm, i.e. öx = 0.05 mm, on the original film. 

The average error of a function f of a number of measured values xK can be 

approximated by /45/: 

(8) 

The relative errors are: 

-Total volume of the reaction zone (after 100 ps) 

'fVv = rr;2 D~~Dv = 3~ 
· Vv Dv 

(1.75 %) (9) 

- Growth rate of the reaction zone (after 100 ps) 
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{13.2 %) {10) 

- Aceeieration of the interface of the cold liquid in the reaction zone (after 100 p.s) 

{23.4%) { 11) 

- Volume of cold liquid in the reaction zone. Application of equation {8) to 

equation (3) results in 

:: 7t:~f~1/4(0~2 + 0~1) + 16 [(RL +X )
4 + RtJ 

n:/6 (o~2 - o~1 ) - t.nJ3 [(RL •.xr- Rr J 

After 150 p.s, the result is 33.6%. 

-Liquid fraction FF. Equation (4) results in 

The derivation with equation {8) is 

~ ..,..__. ".._.... ,......._, 
= ) VF + ~lA V v = S VF + 2 ~ Vv 

After 150 ps, the result is 36% . 

{12) 

(13) 

(14) 

The diameters and liquid motion yalues used here were derived from the 

experimental data for sodium/pentane, see Fig. 12. 8oth the growth rate and the 
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acceleration reach a peak value after 100 ps, while the liquid fraction FF has a 

peak after 150 ps. After this peak value, all relative errors decrease; for example, 

the relative errors of the liquid volume VF and the liquid fraction FF after 500 ps 

have decreasec;f to 10.5 % resp. 12.7 %. The time curves of the reactions indicate 

such clear trends, as the subsequent experimental results will show, that 

conclusions from, and interpretations of, the experimental findings are possible 

in spite of these errors. 

4. Experimental Results 

4.1 General Remarks 

4. 1. 1 Boiling Pattern 

Two different boiling patterns were observed in the experiments without 

external trigger and du ring immersion of the sodium droplet into pentane: lf the 

droplet temperature is above a given value - here, about 140 oc -, the vapour

liquid interface and the droplet surface have a smooth Iook. Before the droplet 

reaches the bottom of the vessel, some vapour bubbles are separated which are 

about equal in size to the droplet itself. Theseobservations suggest film boiling. 

Below 140 °(, the droplet is surrounded by a thicker multi-bubble region, so that 

its contour becomes blurred. Bubbles are formed and separated more frequently 

than in the former case. This observation is interpreted as a typical sign of some 

type of pool boiling or transition boiling. 

These two boiling patterns are proved by observations with the high-speed 

camera, see Chapter 4.2.2. The minimum film boiling temperature of 140 oc is 

compatible with the result of Spiegler's film boiling experiment using pentane 

/46/. 

ln case of silicone oil droplets, only film boiling was observed. lt should be noted, 

however, that the bulk temperature of the silicone oil dropletwas always higher 

than the minimum film boiling temperature, although the contact temperature 

was lower in some instances. The thickness of the vapour film is 0.1 to 0.2 mm as 

estimated by the high-speed films (taking speed 3000 pictures per second). 

4. 1.2 Charac:teristic Trigger Pressure Curve 

The external trigger is one of the most important experimental parameters. 

Therefore, the characteristic features of the trigger pressure had to be known 
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before carrying out the experiments. As the trigger pressure wave is generated in 

our experiments by an exploding wire, the trigger pressure Ievei can be altered by 

modifying the electrical energy applied to the wire, i.e. the condenser voltage. 

Fig.9 shows a typical trigger pressure signal curve. A trigger pressure wave 

normally has several peaks. The first peak is recorded after a rise time of a few 

microseconds, followed by a second peak. The natural frequency of the pressure 

transducer is 400 kHz, so that rise times shorter than 2.5 ps cannot be measured 

accurately. This event of two high peaks, Iasting around 30 ps in all, is viewed as a 

"trigger pressure pulse". After this, the pressure drops to nearly system pressure. 

At 50 ps after the first peak, there is a third peak amounting to nearly one third 

of the first peak and Iasting for ab out 10 ps. This pressure peak is viewed as being 

caused by reflection of the first peak from the pentane surface, as it takes about 

50 ps for the first peak to return to the measuring site after reflection from the 

pentane surface. After a still smaller fourth peak, there is a phase of negative 

pressure whose absolute value equals the fourth positive peak. The negative 

pressure lasts for about 80 ps, while the absolute pressure keeps decreasing. The 

subsequent pressure up to 0.8 ms after the onset of the trigger pressure wave is 

several times lower than the first "trigger pressure pulse" and assumes negative 

values. 

As the external trigger is an experimental parameter, it should be characterized 

by one or several variables. Table 2 presents a number of trigger pressure pulses 

as characterized by important parameters. "Pressure" means the height of the 

trigger pressure pulse, "Impulse" the time integration, JPdt, and JPdV the 

mechanical work produced by the wire explosion as estimated by evaluation of 

the high-speed films. These four values are proportional. The qualitative curves of 

the different trigger pressures are similar. 

4. 1.3 Description of the Experiments 

Tables 3 and 4 show the experiments and the main experimental parameters for 

the sodium/pentane and silicone oil/pentane systems. "Temp." is the measured 

temperature of the sodium droplet resp. the estimated temperature of the 

silicone oil droplet. "Trigger pressure" is the height of the so-called "trigger 

pressure pulse", see Chapter 4.1.2. "Reaction pressure" is the maximum reaction 

pressure, and "Delay" the delay betvl{een the first trigger pressure peak and the 

reaction pressure peak, see Chapter 4.2.1. "Impulse ratio" is the ratio between 

the impulse of the reaction pressurepulse and the im pulse of the trigger pressure 

pulse. These three values were estimated from the recorded pressure signals, 
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while 11 Fragmentation II was derived from observations of the high-speed films. 

II analyzed 11 indicates that a high-speedfilm was evaluated. A detailed evaluation 

of the high-speed films for the purpose of determining the time curves of the 

reaction was carried out only for the sodium/pentane system. Apart from the 

experiments listed in the tables, further series of experiments were carried out on 

both systems; in most of these cases only the reaction pressures were recorded. 

The values of Tables 3 and 41ead to the following general statements: 

There is a lower threshold of the external trigger for initiating a reaction or 

droplet fragmentation. 

The reaction process is determined both by the droplet temperature and the 

trigger pressure. 

ln the silicone oil/pentane system, always smaller external triggers are 

required for initiating a reaction. 

The impulse ratios of the silicone oil/pentane system are several times higher 

than those of the sodium/pentane system. 

To explain the first statement, the experimental points of the two parameters 

"droplet temperature" and 11 external trigger pressure 11 are shown in Figs. 7 and 

8. The two pictures show: There is a minimum trigger pressure, Prr,min' which must 

be reached in order to initiate a reaction. P rr.min in both systems is seen to depend 

on the droplet temperature resp. the contact temperature which is a function of 

the droplet temperature (cf. equation 5). The minimum value of Prr,min is obtained 

araund T1 = T HN' i.e. the homogeneaus nucleation temperature of pentane. Prr,min 

increases in both directions of the droplet temperature. The results obtained with 

the different experimental parameters and their discussions will be presented in 

more detail in Chapter 4.3. 

4.2 Reaction Process 

4.2. 1 Reaction Pressure Curve 

The measured pressure curves of the reaction show important characteristics of 

the reaction process. Fig.10 compares the pressure curve of the reaction of the 

sodium/pentane system, taking test V15 as an example, with the trigger pressure 

curve (without reaction). Curves A and B were measured by the corresponding 

pressure transducers (Fig.3). As seen in Fig. 10, the first pressure peak has a rise 

time of 2- 3 p.s which is due to the natural frequency of the transducer (400kHz). 
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The first pressure pulse, with 2 peaks, lasts for about 30 J:.lS. Du ring this time, the 

curves for the trigger pressureplus reaction and for the trigger pressure alone are 

completely synchronized. This pressurepulse therefore is called "trigger pressure 

pulse" or "trigger pressure range". After this, the curve including the reaction 

has another pressure peak with a Ionger rise time of 20 J:.lS and a total time of 60 

to 80 ps, i.e. several times Ionger than the trigger pressurepulse itself. This Ionger 

time is the feature that clearly distinguishes the trigger pressure pulse from the 

pressure generated by the thermal reaction between droplet and liquid. This 

second result is referred to as "reaction pressure". lt should be noted that the 

peak of the reaction pressure is higher in Curve A than in Curve B owing to the 

geometric arrangement of the pressure transducers. As shown in Fig. 3, 

transducer Ais closer to the expected reaction site than transducer B. Using both 

signals and the computer code SING /54/ {cf. Appendix B), the real reaction 

pressure in the reaction site can be approximated. lt is deduced from Fig. B-1 that 

the reaction pressure in the reaction site should be higher by only a factor of 1.2 

than the value measured by transducer A, i.e. the pressure pulse recorded by 

transducer A is a good representation of the reaction pressure at the droplet 

surface. 

The delay time of the reaction pressure peak related to the first trigger pressure 

pulse peak is about 50 ps. No delay times in the millisecond range were observed, 

i.e. the reaction of the sodium/pentane system should correspond in atl cases to 

Ando's /42/ "prompt fragmentation" pattern. The impulse ratio in test V15 is 

araund 1.5 {cf. Table 3), the impulse ratios in the tests with different experimen

tal parameters vary between 0.4 and 1.7. 

Fig. 11 shows typical pressure curves of a reaction with silicone oil and of a trigger 

alone of nearly the same size. ln the trigger curve there is a pressure peak of se

veral microseconds, followed by a pressurepulse of about 20 ps which is only half 

as high as the first peak. These two result from the wire explosion. ln the pressure 

curve of the reaction, the firstpulse {trigger pressure pulse) is followed by a pres

sure increase with several free peaks, with maximum pressure after about 40 J:.lS. 

The pressure then decreases during more than 250 J:.lS. The two pressure curves 

comprising and excluding the reaction are distinguished by this pressure increase, 

which is identical with the reaction pressure in the silicone oil experiment. "De

layed Fragmentation" with delays in the rnilliseconds rangewas not observed for 

Siliconedroplets either. 
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A direct comparison of the pressure curves of sodium droplets and silicon oil 

droplets is impossible, owing to the different droplet sizes and to the different 

geometries of the experimental vessels. lt can be stated, however, that the pulse 

ratio of the reaction pressure to the trigger pressure pulse is several times higher 

in the silicon oil/pentane system than in the sodium/pentane system, see Tables 3 

and4. 

4.2.2 Reaction Process According to the High-Speed Films 

Fig. 12 shows the time curves of a typical fragmentation experiment for sodium 

droplets at T1 = 150 oc, Prr = 10 bar. All values except the pressure curve were ob

tained by direct evaluation of the high-speed film. The top diagram shows the 

time curves of the reaction pressure and the total volume of the reaction zone, 

Vt = (4/3) n R3 v2 the centrat diagram the time cu rves of the velocity and accelera

tion of the boundary of the reaction zone, and the bottom diagram those of the 

liquid fraction and the mixing rate in the reaction zone. The reaction zone is de

fined as the net expandingvolume, ß.Vv, cf. equation (1) and Fig. 5. The values in 

the bottom diagram were estimated by the method described in Chapter 3.2.2. 

Fig. 13 presents a series of pictures of this high-speed film. Thetakingspeed was 

8000 pictures per second. Pictures No.1-13 are in the original order, while the pic

tures beyond No.14 were selected. The times refer to the period atter the arrival 

of the trigger pressurepulse at the droplet. 

Fig. 14 is an idealized representation of the growth of the reaction zone volume 

du ring the reaction as observed on the pictures. lt also shows the liquid volume in 

the reaction zone. Thesediagrams and the series of pictures help to divide the re

action process into the following six phases, each of which is marked by a Roman 

numeral (see Fig. 12). 

(I) Film boiling 

Time: about 1 ms before arrival of the trigger pressurepulse 

Pictures: Picture No. 1 on Fig. 13 

The picture is described as follows: The contour of the droplet surface is dark but 

smooth. Although the vapour film is not visible, film boiling is assumed to occur. 

The centrat light spot on the droplet is a reflection of the flashlight. No move

ment or deformation of the droplet was observed in this phase. As the droplet 

falls at a rate of only about 0.5 mm/ms in the film boiling phase, no falling move-
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ment can be observed. Direct interaction between droplet and liquid is not ob

served in this phase; this phase therefore corresponds to the initial state before 

the reaction takes place. 

(II) Film collapse and direct contact 

Time: From the arrival of the trigger pressurepulse t6 about 50 JlS. 

Pictures: No. 2 to 5 

The collapse of the vapour film takes place so fast that it cannot be observed ac

curately on the pictures. Within three pictures, i.e. pictures No. 1 to 3, i.e. du ring a 

period of about 25 JlS, sections of the droplet surface become white and silver

coloured. On Picture 2, this change of colour has occurred in the bottom hemi

sphere of the droplet. On its top hemisphere, there is a relatively thick vapour 

space of irregular, i.e. not round, contour which diminishes in size du ring Pictures 

3, 4, and 5. At the same time, there is a progressive change of colour from silvery 

white to a du II white in the central section of the droplet. 

Neither a marked pressure increase nor a significant growth of the reaction zone 

were noticed in this period. There is no measurable liquid fraction in the reaction 

zone. The observed change of colour of the boundary layer from dark to silver is 

assumed to be caused by a decrease in the vapour film thickness or even by local 

direct contact between droplet and liquid. The film collapse takes place within 

this period of about 25 ps, i.e. it is too fasttobe recorded on the pictures. The du II 

white belt observed in the central section of the droplet at a later stage reflects 

the local evaporation caused by direct contact. Changesofthis type do not always 

start in the bottom section of the droplet, where the triggerfront impacts first, 

but often in the central section of the droplet as in our experiments, especially if 

the trigger pressure is relatively low. This observationwill be taken into account 

in the discussion of the mechanism initiating the reaction. 

(111) Suddenevaporation and fragmentation 

Time: 50- 125 JlS 

Pictures: No. 5- 11 

ln the early stage of this phase, Pictures 5-7, du II white spots continue to spread 

on the droplet surface. After 100 JlS, on Picture 9, the whole droplet surface has 

turned to dull white. Small-scale eruptions are observed in the upper section of 
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the droplet but there is no visible deformation of the droplet itself. The reaction 

zone expands in all directions. 

As seen in Fig. 12, the reaction pressure increases, and the growth of the reaction 

zone accelerates. Shortly before 100 p.s, the peak value of 1.2·105 m/s2 is 

reached. After a short delay of about 30 ps, the peak of the radial growth rate of 

the reaction zone follows, i.e. about 8 m/s. At the end of this phase, the reaction 

pressure drops to system pressure, and negative acceleration values are obtained. 

The minimum value is at- 4 ·104 m/s2• The liquid volume does not increase until 

after a delay of 87.5 p.s (Picture 8}, reaching a peak value of 56% within a period 

of 50 ps. Du ring the period in which the liquid volume increases, the whole dro

plet surface becomes a dull white (Fig. 11, Pictures 9, 10, and 11). This observation 

corresponds to the increase of the liquid fraction in the reaction zone as a result 

of mixing with the liquid. This approximation is the firstquantitative proofthat 

mixing of vapour with the surrounding liquid really does take place. 

Point B on Fig. 12 indicates the liquid volume that could evaportate if the total 

thermal energy of the droplet is assumed to contribute to the evaporation of the 

liquid. For further discussions of this point see Chapter 5.1.5. 

Referred to the whole course of the reaction, the reaction pressure and accelera

tion, the expansion rate of the reaction zone, and the rate of mixing with the liq

uid all reach peak values in this third phase. lt is therefore assumed that du ring 

this Phase II I, which lasts for about 75 ps, the main reaction processes take place, 

i.e. evaporation of the heated liquid, fragmentation of the droplet, and mixing 

with the liquid. Forthis reason, this phase is referred to as "sudden evaporation 

and fragmentation ". 

(IV) Transitionphase 

Time: 125- 200 p.s 

Pictures: No. 11 - 15 

No visible changes in the structure of the boundary layer of the reaction zone are 

observed in this period. The reaction zone continues to expand in all directions, 

and the small-scale eruptions already observed in Phase 111 get more violent. 

The reaction pressure drops to system pressure, with no further pressurepulse oc

curring. The acceleration of the phase boundary, which assumed negative values 

at the end of Phase II I, returns to the positive range. The second peak of the accel

eration is about 4·104 m/s2, i.e. only one third of the peak value measured in 
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Phase 111. lt assumes negative values again after 30 ps. At the onset of Phase IV, 

the growth rate slows down to 5.5 m/s and then increases again. There is a second 

peak of 6.5 m/s which is clearly smaller than the first peak of Phase 111. The liquid 

fraction in the reaction zone is reduced from 56 % to 40 %. The mixing rate de

creases from 6 m/s to 2 m/s. 

(V) Slow mixing and expansion 

Time: 200- 500 ps 

Pictures: No. 15- 19 

The surface of the reaction zone is not as smooth as before; especially at the end 

of Phase V (Pictures 18, 19), small "projections" protruding into the surrounding 

liquid arevisible on the reaction zone surface. Theseare estimated to be several 

tenths of millimeters in diameter; they arevisible in the pictures as white spots on 

the boundary layer of the reaction zone. The contour of the reaction zone gets in

creasingly blurred, as is clearly seen at the end of Phase V. 

The reaction pressure obviously does not exceed the system pressure (Fig. 12), 

while the growth rate of the reaction zone remains constant at 6 m/s in the peri

od between 200 and 400 ps, i.e. the reaction zone volume keeps increasing. The 

mixing rate increases again, causing also the liquid volume to increase. The sec

ond peak of the mixing rate is at 4 m/s, i.e. less than the first peak of 6.5 m/s in 

Phase 111. lt is therefore assumed that the mixing process of Phase V has other 

causes and mechanisms than in Phase 111. 

The characteristic feature of Phase V is the further growth of the reaction zone 

and of the liquid volume in the reaction zone, without any significant reaction 

pressure being built up. This phase therefore was named "slow mixing and ex

pansion". 

(VI) Condensation 

Time: 500 psto about 1 ms 

Pictures: No. 20 and 21 

ln the period after a time of 500 ps, the interface between the liquid and the re

action zone becomes increasingly blurred in the high-speed pictures. At the same 

time, sodium fragmentsarevisible for the first time, whose positions partly corre

spond to the "projections" on the surface of the reaction zone observed in Phase 
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V. The fragments are observed as white spots on the pictures, especially on Pic

ture No. 21. 

Du ring the first 100 ps of Phase VI the reaction zone volume and the liquid frac

tion increase only slightly (Fig. 12). 8oth the growth rate of the reaction zone and 

the mixing rate decrease to zero, entailing in the following a reduction of the re

action zone volume and of the liquid fraction in the reaction zone. The maximum 

growth rate (R) remains lower by a factor of 7 to 8 than the maximum growth 

rate of Phases III or V. As the reduction of the reaction volume is caused by vapour 

condensation, we refer to Phase VI as "Condensation". 

ln some cases, a second reaction (not shown in Fig. 13) takes place after the first 

reaction has terminated or du ring the shrinking phase of the reaction zone. The 

pressure build-up du ring this second reaction is too small to be visible. The high

speed pictures show that a second fragmentation of the still unfragmented part 

of the droplet takes place. 

4.2.3 Summary 

The observed processes and characteristic features of a typical reaction of sodium 

and pentane were described in order to illustrate the reaction process. The reac

tion process can be summarized as follows: 

Areaction pressure builds up with a certain delay (about 50 ps) after impact of 

the trigger pulse. The pressure build-up time, i.e. about 80 ps for sodium dro

plets and about 250 ps for silicone oil droplets, is Ionger than the triggerpulse 

(about 20 to 30 ps) 

The impulse ratio is several times higher for the silicone oil/pentane system 

than for the sodium/pentane system. 

The reaction process for the sodium/pentane system comprises the following 

stages: 

(I) Film boiling 

(II) Film collapse and direct contact 

(111) Suddenevaporation and fragmentation 

(IV) Transition phase 

(V) Slow mixing 

(VI) Condensation 
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As the reaction zone grows, it mixes with the surrounding liquid and therefore 

contains a certain volume of non-evaporated liquid. 

Fragmentation of the droplet takes place mainly du ring Phase 111. 

Mixing with liquid takes place mainly in Phases 111 and V. The mixing mecha

nisms of the two phases have different causes. 

4.3 lnfluence of Experimental Parameters 

4.3. 1 Time Curves for Different Experimental Parameters 

Figs. 15 to 18 present the experimental results for sodium droplets obtained with 

different experimental parameters. All figures are presented in the same manner 

as in Fig.12. 

Fig. 15 shows the time curves of the main parameters of the reaction process for a 

lower droplet temperature of 120 oc and an identical trigger pressure of 10 bar. 

The film shows no film boiling during the first phase; instead, there is a typical 

transition boiling pattern with large vapour bubbles. Once the external trigger 

has impacted on the droplet, the reaction pressure first increases with a delay of 

about 60 ps comparable tothat in Fig. 10. However, the reaction pressure is nar

rewer by a factor of 3 and lower by a factor of 2 than the reaction pressure for the 

higher droplet temperature of 150 oc in Fig. 12. The acceleration of the phase 

boundary and the growth rate of the reaction zone increase as weil. Almost si

multaneously, the mixing rate increases, followed by the liquid fraction in the re

action zone. This is clearly a Phase 111 pattern, but the peak values of acceleration, 

growth rate and mixing rate are significantly lower than for the high droplet 

temperature of 150 °( (Fig. 12). After this, the pressure drops to system pressure, 

paralleled by the other parameters. This pattern corresponds to Phase IV. Phase V 

shows a constant growth rate of the reaction zone and the recovery of the mixing 

rate, but the peak value of the mixing rate in Phase V is only half as high as in 

Fig. 12. ln general, we may state that the reaction or fragmentation are milderat 

the lower droplet temperature (120 °() than at the higher droplet temperature 

(150 °C} if the same trigger is applied. 

Fig. 16 shows the reaction for a higher droplet temperature (400 oC) and the same 

trigger of 10 bar. This reaction, too, follows the six phases of Fig. 12 for a droplet 

temperature of 150 oc. The maximum reaction pressure is 8 bar as compared with 
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12 bar at 150 oc. The acceleration and the growth rate of the reaction zone are 

smaller, paralleled by the mixing rate and the liquid volume. Mixing with the liq

uid at 400 oc during Phase V as in Fig. 16 is more pronounced than at 120 °(, al

though the reaction in both cases is relatively mild as compared with the violent 

reaction at the droplet temperature of 150 oc. 

Comparisons were also made between experiments with different external trig

ger pressures. Fig. 17 shows the evaluated reaction process for a trigger pressure 

PTr = 4 bar and a droplet temperature TT = 180 oc and Fig.18 that for PTr = 8 bar 

and TT = 180 oc, i.e. identical droplet temperatures. Allmaximum values estimat

ed for the higher trigger pressure of 8 bar are higher by a factor of 1.5 to 2 than 

for the lower trigger pressure, with the exception of the volume ratio VN
0

. The 

difference was highest for the reaction pressure pulse, the acceleration of the re

action zone growth rate, and the rate of mixing with the liquid, i.e. in Phase 111. 

This suggests that an external trigger influences not only the collapse of the va

pour film but also the evaporation and fragmentation phase. 

ln spite of these differences, the time curves of the growth rate, reaction zone ac

celeration, liquid mixing rate, and liquid volume were similar in all experiments. 

The six phases described in Section 4.2.2. are observed in all cases and are there

fore considered tobe generally valid. 

4.3.2 Reaction Pressure and Delay Time 

ln order to illustrate the effect of the droplet temperature on the reaction, the 

maximum reaction pressure (Fig. 19) and the maximum rate of mixing with the 

liquid in Phase III (Fig. 20) are presented for the sodium/pentane system. The two 

diagrams read as follows: 

At a trigger of 10 bar, reaction pressures and mixing rates are significantly 

higher (by a factor around 1.5) in the temperature range between T HN and T Kr 

than outside this temperature range. 

At a trigger of 4 bar, reaction pressures are in the same range (3 to 4 bar). 

These values are constantly lower than for a trigger of 10 bar at identical dro

plet temperatures. 

The higher reaction pressure of about 10 bar also results for a higher droplet 

temperature of 360 oc if a higher trigger of 15 bar is used. 
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The mixing rate for a lower trigger of 4 bar is only half as high as the mixing 

rate at 10 bar. This evaluationwas madeonly for a droplet temperature of 
180 oc. 

Fig. 21 shows the maximum reaction pressure of the siliconeoil/pentane system for 

each droplet temperature.The trigger pressure was nearly constant (0.8 to 1.3 

bar). The points are derived from a series of experimentsnot described in Table 4. 

The droplet temperatures were corrected by the method described in Appendix 

A. They correspond to the droplet temperature prior to the incidence of the trig

ger pressure pulse. According to Appendix A, especially the drop of the surface 

temperature of the silicon oil droplet du ring film boiling should not be neglected. 

Here, too, the reaction pressure is shown to increase significantly if the contact 

temperature T K is higher than T HN = 145 oc. The reaction pressure has a peak at a 

contact temperature of 180 oc. This peak value differs from the lower values for 

lower contact temperatures by about a factor of 2.5. At contact temperatures 

higher than 180 °(, the measured reaction pressures decreased. lt was observed 

that after the reaction, unfragmented sections of the droplet remain in the film 

boiling state, owing to the fact that only part of the droplet takes part in the re

action in the first place. This phenomenon is called II partial fragmentation II. The 

resulting reaction pressure therefore is lower than for lower contact tempera

tures. ln the silicon oil experiments, it was impossible to heat the droplet to a 

temperature, which resulted in a contact temperature higher than the critical 

temperature of pentane, i.e. 197 °(, so that the range of measurement is limited. 

Still, there is a trend showing a significant reduction of the reaction pressures in 

the temperature range near T Kr as referred to the contact temperature. This trend 

is compatible with the results ofthe sodium experiments (Fig. 19). 

The delay time, i.e. the time between the trigger peak and the reaction pressure 

peak, isanother important parameter. Roughly, it comprises the following phys

ical processes: Vapour film collapse, initial interactions between the hot droplet 

and the cold liquid caused by heat transfer and evaporation of the superheated 

liquid, and reaction pressure build-up. The delay time is a characteristic param

eter reflecting the effect of an external trigger on the reaction pressure build-up. 

lts size has decisive influence on the violence of the reaction in its initial phase. 

Figs. 22, 23 show the delay times as functions of droplet temperature and trigger 

pressure, respectively, for the sodium/pentane system. Fig. 22 shows that the de

lay time has a minimum around T Kr· This function is inverse to the reaction pres

sure function (Fig. 19). Fig. 23 sh_ows this even more clearly. A shorter delay time ' 

will result from a more violent interaction between droplet and liquid, e.g. as a 
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result of higher heat transfer from the hot droplet to the cold liquid. This more 

violent interactionwill cause a higher reaction pressure build-up. 

Fig. 24 shows the delay time as a function of the contact temperature for the sili

cone oil/pentane system. Like in the experiments with sodium, the delay time de

creases with the contact temperature up to TK = 180 oc. Compared with the re

sults for sodium/pentane, the delay times of silicone oil/pentane appear to be 

shorter (average delay 40 ps). As already mentioned, experiments with a contact 

temperature above 180 oc were impossible for the silicone oil/pentane system, so 

it remains unclear whether there is an increasing trend in the delay time above 

T Kr" 

4.3.3 Summary 

The influence of the different experimental parameters is summarized as follows: 

Reactions are the mostviolent in the temperature range T HN < T K < T Kr' with 

high reaction pressures and mixing rates with the liquid as referred to a given 

trigger pressure. This range therefore has the highest energy yield. lt is more 

or less identical with the well-known "Thermal interaction zone" (TIZ). 

Apart from initiating the reaction, the external trigger also determines the 

whole reaction process up to the build-up of the reaction pressure as a result 

of evaporation of superheated liquid and droplet fragmentation. 

Fora full-scale droplet reaction at an extremely high droplet temperature, i.e. 

far beyond T Kr of the liquid as referred to the contact temperature, a higher 

external trigger pressure is required. 

A violent reaction accompanied by a high reaction pressure results in a short 

delay time. 

4.4 Energetic Aspects of the Trigger and the Reaction 

For the sodium droplet experiments evaluated in the pictures, the thermodynam

ic work of the reaction can be estimated by integrating PdV. This procedure can 

also be used for estimating the whole thermodynamic work of the trigger re

leased during the wire explosion. However, only a small fraction of this trigger 

work is available to the reaction between the hot droplet and the cold liquid. Ta

ble 5 compares thermal energies (not considering the solidification enthalpy) and 

reaction works for some typical experiments with sodium droplets. 
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These examples show that higher droplet temperatures and triggerswill increase 

the reaction work. The total trigger work itself is higher than the corresponding 

reaction work. However, the effective fraction of the trigger work, which can be 

estimated by multiplication with the cross section factor, is much smaller than the 

reaction work, amounting to only one tenth to one fifth of the reaction work. 

This means that the trigger work alone is too small to initiate a full-scale reaction. 

Thermal energy has a dominant effect, although the conversion factor ofthermal 

into thermodynamic work is quite small, i.e. around 0.3 %. 

4.5 Analysis of Sodium Droplet Fragments 

The sodium fragments solidify after the reaction and can be analyzed. The frag

ments tend to be fine and spherical although some large fragments with diame

ters larger than 1 mm were found. This clearly indicates that fragmentation took 

place prior to solidification of the sodium. 

Figs. 25 and 26 show the results of the fragment analysis. The external trigger 

pressure in all cases was around 10 bar; droplet temperatures were 120 °(, 150 °C, 

200 °(, and 400 oc. Fig. 25 shows the fragment mass fractions for each group of 

fragments. At droplet temperatures of 120 oc and 400 oc, there is a 50 % fraction 

of fragments with diameters larger than 1 mm. This is twice as much as at 150 oc 
and 200 oc. Further, the fraction of smaller fragments, i.e. 0.2 to 0.5 mm, is several 

times larger at 150 oc and 200 oc than at 120 oc and 400 oc. This is illustrated even 

more clearly by assuming an average diameter D, which is shown to be clearly 

smaller for 150 oc and 200 oc {about 1.2 mm) than for 120 oc and 400 oc {about 1.5 

mm). Fig. 26 additionally shows the fractions of different groups of fragments. 

The fraction of fragments up to 0.5 mm in diameter is !arger for 150 oc and 200 oc 
than for all other droplet temperatures. 

These results of the fragment analysis suggest that a violent fragmentation reac

tion resulting in fine fragments really took place in the temperature range be

tween 150 oc and 200 oc. This temperature range is related to the "thermal inter

action zone" {TIZ), in which violent reactions with high reaction pressures and 

mixing rates with liquid were observed. 

36 



5. Discussion of the Experimental Findings 

5.1 Physic:al Explanation of the Reaction Processes 

Experimental findings concerning the reaction process and its dependence on the 

experimental parameters were described in the last chapter. Apart from the 

qualitative description, also a quantitativestatementwas possible within certain 

Iimits, i.e. a relatively high measuring error (:::::: 30%) and underthe assumption of 

spherical symmetry. The following chapters will give a plausible physical explana

tion for each phase of the reaction process. ln some cases, plausible hypotheses 

were introduced for an explanation. 

The film boiling and condensation phases (Phases I and IV) are excepted as film 

boiling requires no explanation and the condensation processes have hardly any 

direct relation to droplet fragmentation and mixing with the liquid. 

5.1.1 Trigger Pressure Front Propagation and Kinetics of Vapour film Collapse 

(Phase II) 

The vapour film collapse du ring film boiling was found tobe induced by the trig

ger pressure. This chapter attempts to find out the mechanism dominating this 

process. This is very important for developing a theory on the first interaction be

tween the droplet and the surrounding liquid at a later stage, as this interaction 

may be a function of the contact mode. 

The shock front of a wire explosion propagates in the liquid at approximately 

sonic speed. This shock front is referred to as "trigger pressure front". The pres

sure ratio Pr/Psys has maximum values of 1.7 and 9.6 for sodium and silicone oil, 

respectively, i.e. the shock front is small. lt is assumed that the collapse of the va

pour film is caused by the motion of the liquid and/or by the elevated system pres

sure behind the shock front. 

The motion of the liquid (cf. Fig. 27), whose velocity is determined tobe 

Ff- Po tfr u- - -'---
- C Po - C Po 

( 15) 
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causes a motion of the interface between the liquid and the vapour film. The real 

film collapse is influenced by various additional factors, e.g. local variations of va

pour film thickness, interface waves caused by liquid acceleration, etc. These mi

croscopic effects are an obstacle to the development of precise models of vapour 

film collapse. This chapter therefore will present and discuss only macroscopic 

models of vapour film collapse on the basis of the two mechanisms observed. 

As Fig.27 shows, the droplet is enveloped in a vapour film prior to the arrival of 

the trigger pressure front. As soon as the trigger pressure front arrives at the 

boundary between the vapour and the surrounding liquid, this interface begins 

to move (first mechanism). lnstead of eq. (15), which applies to single-phase con

ditions, this velocity is determined by the following equation: 

(16) 

Fig. 28 shows the calculated phase boundary velocity as a function of the trigger 

pressure. A trigger pressure of 10 bar corresponds to a phase boundary velocity of 

2.7 m/s. 

With a vapour film thickness of 0.2 mm, as found in the silicone oil experiment, 

the time until contact between the droplet and the liquid would be at least 75ps. 

This calculated interval is much Ionger than that of the observed process of va

pour film collapse (Chapter 4.2.2., Phase II). Observations showed that the droplet 

changed colour from dark to white or silver (Fig.13) within 25 ps, i.e. the first 

model is not compatible with the experimental findings. lt is concluded that the 

first mechanism is negligible in the process of vapour film collapse. 

At sonic speed the trigger front passes through the vicinity of the droplet in 

about 7 ps. As long as the triggerpulse lasts, high pressure is maintained in the vi

cinity of the droplet. This high pressure may induce spherically symmetric film col

lapse (second mechanism). A model of spherically symmetric collapse was pre

sented by Drumheller /47/. His model is based on the following assumptions: 

Spherical symmetry, incompressible liquid, non-viscous liquid, no consideration of 

finite geometry around the droplet. An attempt at assessing the kinetics of the 

vapour film collapse was made by a simplified recalculation. ln addition, a further 

simplification was introduced, i.e. no temperature increase from heat transfer at 
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the liquid boundary layer. Fig. 29 shows a schematic representation of the calcula

tion geometry. The equations applied are 

Rayleigh Equation: 

• • • 
Rv Rv + 3/2 Rv == ( Pv - ~ys ) I PF 

(17) 

Mass transfer due to evaporation and condensation: 

(18) 

Equation of state: 

( 19) 

With Rv = Rr + Sand substituting Pv in equation 18 using equation 19, one ob
tains: 

.. 3 •2 
( S + Rr ) S + L S = { Pv - Psts )I Pv (20) 

(21) 

The increased system pressure Psys of the trigger front is modelled by the mea

sured trigger pressure, which lasts for about 30 p.s, with a step approximation of 

the real pressure curve for greater simplicity. The evaporation or condensation 

coefficient a is assumed to have the value 0.1. 

Fig.30 presents an example for malten iron oxide in water calculated with the 

above simplified model as compared with the results of Drumheller. The two re

sults are comparable in spite of a slight difference especially at the end of the ob-
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servation period, possibly due to the effect of heat transfer, which was not con

sidered in the simplified model. ln view of the fact that the temperature differ

ence between sodium or silicone oil droplets and pentane is several times smaller 

than the temperature difference between malten iron oxide and water, the sim

plified model is applicable for describing the process of vapour film collapse in 

the experiment with sodium or silicone oil droplets. 

Fig. 31 presents a calculated example for the sodium/pentane system. The vapour 

film, which is assumed to be 0.2 mm thick, collapses within less than 25 ps. This is 

weil compatible, e.g., with the experimental result of Chapter 4.2.2., i.e. a change 

of colour of the droplet within 25 ps after impact of the trigger pressure front. 

The mean shock velocity of the surrounding liquid at the droplet is about 7.5 m/s, 

i.e. more than twice as high as the velocity of the interface at the front Stagnation 

point of the droplet resulting from liquid motion behind the shock front (2.7 m/s, 

see above). This comparison shows that the spherically symmetric motion of the 

surrounding liquid towards the droplet is dominant. For a smaller trigger pres

sure, e.g. 4 bar, the collapse time is calculated to be about 30 ps. The observed 

change of colour of the droplet in test V.19 at a trigger pressure of 4 bar took 

place after the impact of the trigger pressure front. This difference remains with

in the error of time correlation, (Chapter 3.5). ln general, the observed vapour 

film collapse timestend to be smaller than the calculated values, possibly due to 

the fact that the real vapour film thickness was less than the assumed value of 

0.2mm. 

These considerations suggest that a macroscopic explanation of the vapour film 

collapse process is possible using the spherically symmetrical model applied to the 

conditions of increased system pressure behind the shock front. 

The modelling of the real vapour film collapse must be structured more finely, 

with greater emphasis on the local differences in vapour film thickness and 

boundary surface waves (Rayleigh-Taylor instability) resulting from slowing of 

the liquid motion. Fig. 31 shows the rapid pressure increase in the vapour film be

fore impact on the droplet, Fig. 32 shows the vapour pressure immediately before 

impact as a function of the trigger pressure. ln a real system, this higher pressure 

must have a slowing-down effect on the liquid which will initiate the Rayleigh

Taylor instability. These two effects firstpermit only local direct contacts between 

the droplet and the liquid, or even formation of a vapour jet may be formed due 

to the Rayleigh-Taylor instability. The vapour film collapse time remains un-
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changed, however, as the Rayleigh-Taylor instability will not become effective 

until the final stage of vapour film collapse. 

After film collapse, direct contact takes place between droplet and liquid, accom

panied by contact heat transfer. The heat flux is 

1 1 1 1 ar 
q = -r;r ' n,. + n[ rr {22) 

By time integration and consideration of the total contact surface, the total heat 

Q transferred from the droplet to the liquid is shown tobe 

a = l.,L ( 1 ~ _1 r,l\ rrr 
-Pt "K ßr (\: (23) 

i.e. heat transfer increases with the size of the contact surface AK and the contact 

time tK. This heat transfer is the first interaction between droplet and liquid; the 

heat transferred to the liquid is an important source of energy for the subsequent 

reaction. For example, a larger amount of heat will initiate a moreviolent reac

tion with higher reaction pressure build-up and faster growth of the reaction 

zone. Considering that at identical temperature conditions a higher trigger pres

sure, e.g. 8 bar, will initiate a moreviolent reaction with higher reaction pressure 

and a higher reaction zone growth rate than a lower trigger of 4 bar (Figs. 17 and 

18), it is clear that the external trigger has an important function in this type of 

heat transfer. These arguments suggest that a higher trigger pressure will also 

enlarge the contact surface and/or prolang the contact time. 

1.2 Boundary Surface lnstabilities (Phase 111) 

The vapour film collapse is followed by local direct contact between droplet and 

liquid. The liquid in the point of contact is superheated by direct contact heat 

transfer and evaporated. Especially if the contact temperature is higher than the 

spontaneaus nucleation temperature, spontaneaus nucleation will result in a sud

den evaporation. Evaporation of the superheated liquid causes pressure build-up 

to saturation pressure corresponding to the contact temperature in the point of 

direct contact. This local high vapour pressure has a recoil effect on the two liq

uids, i.e. the droplet and the surrounding liquid, and at the sametime drives va

pour flows along the boundary surfac;e. This may result in two kinds of boundary 

surface instability as shown schematicaily in Fig. 33. One of these, the Ray!eigh

Taylor instability (R-T), may be caused by the high acceleration induced by the va

pour (light phase) in the two liquids (heavy phase). The other, i.e. the Kelvin

Helmholtz instability (K-H), results from the local relative velocity between the 
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vapour and the boundary surface of the liquid. Both the R-T and the K-H instabil

ity refer to the vapour pressure resp. the vapour velocity. Fig. 33 also gives a plau

sible representation of vapour pressure distribution and vapour velocity. The va

pour pressure reaches a peak in the center of the local point of contact and de

creases towards the vicinity of the point of contact. The distribution of the vapour 

flow velocity is in the opposite direction. The R-T instability is effective in the cen

ter of the point of contact and the K-H instability in its vicinity. The boundary sur

face waves resulting from these two instabilities, whose growth is faster than the 

decrease in vapour pressure, enable fragmentation of the droplet and mixing 

with the liquid. 

According to Kelvin, as cited in /33/, there is the following equation for the 

growth rate of boundary surface waves with the direction of ar as shown in 

Fig. 33: 

(24) 

lf y 2 > 0, the amplitudes of the waves may grow exponentially. The first element 

on the rhs of this equation refers to the K-H instability, the second to the R-T in

stability. From this equation, the following characteristic values are derived for 

boundary surface waves: 

Critical wavelength Rayleigh-Taylor Ke I vi n-HeIm h o ltz 

(25) 

The wavelength with the fastest growth is 

3 
2 A.kr 

(26) 

The growth rate for Äm is 
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y= {27) 

II Critical wavelength 11 refers to the shortest possible wavelength, "wavelength of 

fastest growth II to the wavelength with the maximum growth rate. 

The acceleration of the droplet interface resulting from the high vapour pressure 

is 

R_, 
R L 
T 

(28) 

where Listhat thickness of a layer within the droplet, 0 < L < R, which later par

ticipates in fragmentation. 

Fig. 34 (A) shows the most unstable wavelength for each vapour pressure or Land 

the growth time constant calculated for this wavelength using eqs. {27) and {28). 

lf the vapour pressure is near the critical pressure of pentane, the most unstable 

waves occur at A. = 50 to 100 pm. The corresponding growth time constants (Fig. 

34 (B)) being between 1 and 10 ps are short enough to permit droplet fragmenta

tion. 

The vapour flow can be calculated assuming a steady isentropic change of phase. 

K-1 p -1<'-

K [1- (~) J - 2 cp Pv K - 1 Pv 
{29) 

where cp is the friction coefficient, with values between 0 and 1. 

Fig. 35 presents calculated results for the Kelvin-Helmholtz instability based on 

eqs. {25) , {26), {27), and {29). For example, with tp= 0.1 the most unstable waves 

are at 5 to 10 pm. The growth rate constant is 0.1 - 0.5 ps. These figures suggest 

that the K-H instability may cause droplet fragmentation. 

The calculated examples apply to instabilities at the droplet boundary surface. 

The described mechanism of boundary layer instability was also applied to the 
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surface of the cold liquid. As the surface tension of pentane is lower by a factor of 

10 than the surface tension of sodium, the surface of pentane must be much more 

unstable. This boundary surface instability, in turn, is a precondition for mixing of 

the cold liquid in the reaction zone. lt is apparent that the two phenomena, i.e. 

fragmentation and mixing, should be linked closely. The fast evaporation of the 

superheated liquid, the resulting acceleration of bo1:h liquid surfaces, and the lo

cal vapour flows cause fragmentation of the droplet and mixing with the liquid. 

The calculations show on the other hand that the two instabilities have different 

effects and are effective at different times, see Table 6: 

The K-H instabilities propagates rather quickly parallel to the boundary layer. 

The fragments resulting from the K-H instability should be several times small

er than those resulting from the R-T instability. 

The R-T instability acts rather more slowly, and the fragments are coarse as 

compared with the K-H instability, but the growth time constant is small 

enough to induce fragmentation. 

For these reasons, no vapour flow and no K-H instability will occur once the re

action field covers the whole surface area of the droplet. This is reflected in 

Pictures 9 and 10 and Fig. 13, in which the whole surface ofthe droplet has be

come a du II white. 

The conclusions are: 

The K-H instability is important only during fast expansion of the reaction 

field, with very fine fragmentation and mixing. 

The R-T instability causes fragmentation and mixing after the reaction field 

has spread across the whole droplet surface. 

As the K-H instability spreads very rapidly, it was impossible, by means of the 

high-speed pictures taken, to identify the events proceeding at the small droplet. 

lts effect on the real fragmentation and mixing process appears to be rather low. 

ln a system comprising a large volume of hot liquid, the K-H instability should 

have an important effect as the fast growth of the reaction field may at the same 

time induce high vapour pressure build-up. 
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On the other hand, in the small-scale droplet experiments, fragmentation and 

mixing are based mainly on the R-T instability as far as optical observations were 

possible. 

The acceleration of the two-phase boundary derived from film observations can 

be used for calculating a mixing rate of the surrounding cold liquid due to R-T in

stability: 

{30) 

As A.Kr is the critical wavelength, 

(31) 

The mixing rate per unit area of the droplet surface therefore is 

(32) 

in which A ::::::: 4·Ac in accordance with Corradini. Ac is the total surface area of 

direct contact; its value here is 0.5. 

Fig. 36 compares the theoretical mixing rates with the experimental findings 

based on the peak value of the mixing rate in Phase III (Fig.12). ln spite of a slight 

deviation of the experimental results, trends are similar and in good agreement 

for A = 2. This suggests that the optically observable processes of mixing with the 

liquid and droplet fragmentation can be explained by the R-T instability. 

This is supported by the fragment analysis. Mostfragments are in the range of 

0.05 to 0.5 mm in diameter, i.e. the fragment diameters expected for the R-T in

stability. The presence of smaller fragments suggests that a K-H instability effect 

cannot be excluded. 
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Droplet fragmentation enlarges the whole droplet surface as weil as the area of 

direct contact between the droplet and the liquid. This Ieads to further interac

tions between droplet and liquid in the form of heat transfer, evaporation of the

superheated liquid, and pressure build-up in the vapour space. Pressure build-up 

continues until the pressure build-up from liquid evaporation and the pressure 

decrease from the expansion of the reaction zone are in equilibrium. The possibil

ity of repeated direct contact between droplet and liquid decreases as the reac

tion zone grows, and the pressure drops again after reaching a peak. 

5. 1.3 Transition Phase and Slow Mixing (Phases IV, V) 

After reaching peak values in Phase 111, the vapour pressure and the acceleration 

of the two-phase boundary decrease. Transition to Phase IV takes place (Fig.12). 

lnteractions may still occur but with the growth of the vapour space the number 

of direct contact events between the droplet, fragments, and liquid continues to 

decrease, strongly reducing the evaporation rate and the reaction zone growth 

rate. At the same time, the boundary layer between the liquid and the reaction 

zone returns to the stable state as the direction of liquid acceleration is reversed. 

This slowing-down of the boundary layer motion causes an increasing relative ve

locity between the boundary layer and the fragments which, due to inertia, main

tain a higher velocity in the direction towards the boundary layer. Droplet frag

ments thus impact on the boundary layer and may submerge in the liquid, caus

ing higher heat transfer between the fragments and the liquid and thus, eventu

ally, additional evaporation. The developing multiphase region makes the reac

tion zone expand, and a new boundary is formed. This, of course, means further 

mixing with the liquid. 

This process was clearly observable on the high-speed films although no quantita

tive data are available. "Projections" on the reaction zone surface in the direction 

of the liquid (described in Chapter 4.2.2., Phases IV,V) are interpreted as fragment 

immersion events. 

The preceding discussions have proved that immersion of fragments in the sur

rounding liquid must be viewed as the main mechanism of reaction zone growth 

in Phase V. lt is maintained until the fragmentscool down. 

Fig. 37 gives a schematic representation of the processes of Phases I to VI as de

scribed in the preceding chapters. The fragmentation mechanism of Phase 111 is 

based on hydrodynamic processes, i.e. the formation of boundary layer waves, 
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but thesearenot caused by externalshock waves or by a relative velocity but by a 

thermodynamic effect of pressure build-up as a result of local evaporation. The 

model assumption discussed here therefore refers to a thermal fragmentation 

process. 

5. 1.4 Estimation of Minimum Mixing Energies 

The preceding chapters have shown that mixing of surrounding cold liquid in the 

reaction zone takes place in Phases 111 and V and have presented a plausible expla

nation. This chapter will discuss the mixing process from the energetic view, i.e. if 

and in what conditions mixing with the liquid may occur. 

Cho et al. /48/ presented a method for assessing the energy required for a simpli

fied hypothetic fragmentation process. This method was applied without modifi

cation for estimating the energy required for mixing of the liquid. The following 

assumptions were made: Allliquid particles are identical in size, spherical shape, 

and velocity. No interactionstake place between the particles. As Fig. 38 shows, 

the mixing process comprises the following phases: 

1) Fragmentation phase 

The energy required for the formation of a number of N smallliquid particles 

is 

(33) 

2) Motionphase 

Finely dispersed liquid expands and moves through the vapour space. This re

quires kinetic energy and produces friction work. Theseare calculated by 

(34) 

(35) 

in which l 0 is the average the mixing distance. 

By introducing the liquid volume VF as the sum of the volumes of the N liquid par

ticles we obtain 
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Ecr = 3 \t.-dF/RF 

Eki::: VF ,q:.U~/2 
~ = VFCo{3/8) A;u; L0/RF 

(36) 

ln the calculations, UF is replaced by the mixing rate per unit of area V F/4rrR 2 F and 

L0 by the thickness S of the reaction zone. For RF, the value estimated regarding 

the R-T instability is assumed. The following values are obtained: 

E = 1.5 ·1 o-4 J a 

EKi = 5.4·10•3 J 

ER = 2.6 ·10•3 J 

The thermal energy of the droplet without the heat of fusion is 

(37) 

for sodium and Tr = 150 oc. 

This suggests that the estimated mixing energy is very small not only as compared 

with the available thermal energy but also with the thermodynamic energy of the 

reaction (see Table 5). From the energetic view, this proves that mixing of the liq

uids is easily reached in this geometrical set-up. 

5. 1.5 Interna/ Energy Balance of the Reaction Zone 

The finely dispersed liquid particles in the reaction zone act as a heat sink for the 

hot droplet or its fragments. To evaporate these particles a certain heat is re

quired. To understand the energy balance, it is useful to determine the part of 

the mixed liquid that can be evaporated with the thermal energy of the droplet. 

This is done by approximation. 

The thermal energy of the droplet available for heating and evaporation of the 

liquid is 

(38) 
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ForTT = 150°C,ETisintherangeof64J. 

The liquid volume that can be evaporated with Er is 

(39) 

With the available data, a value of about 0.27 cm 3 is obtained. 

Fig.12 shows this liquid volume in the reaction zone in Point B. lf the total ther

mal energy contained in the droplet is available for evaporation of the liquid, no 

further liquid can be evaporated in the reaction zone beyond Point B. ln other 

words, the amount of liquid in the reaction zone beyond Point B acts as a heat 

sink for vapour in the heat balance. This liquid, which in all probability consists of 

small droplets, has a large total surface and may therefore be the main contribut

ing factor to heat transfer between vapour and liquid. The conclusion isthat in a 

real reaction, due to the internal heat sink the reaction zone should collapse ear

lier than in a predicted reaction in which mixing with the surrounding liquid is 

not taken into account. Further, in case of mixing with liquid the reaction zone 

will not grow as much as in a model without mixing. 

5.2 lnfluence ofthe Homogeneaus Nucleation Temperature (THN Criterion) 

The findings of the sodium droplet experiments have shown the reaction to be 

_ moreviolent if the droplet is heated beyond T HN of pentane. The results with sili

cone oil confirm that the reaction pressurewill increase significantly at a contact 

temperature beyond T HN" As the high reaction pressure is accompanied by fine 

fragmentation of the droplet and intensive mixing with the cold liquid, it is clear 

that T HN has an important part in boiling fragmentation. 

These findings and their interpretation are compatible with the results of earlier 

publications. ln the silicone oil droplet experiments of the present study, the fol

lowing reaction processes were observed in detail using high-speed films (Figs. 39 
and 40): 

- Case 1 TK < THN Fig. 39 
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After vapour film collapse, a smalllocal mixing region started to form which grew 

until the whole surface area of the dropletwas covered. At the same time, the 

mixing region expanded du ring a period of about 300 ps. 

-Case2 TK >THN Fig.40 

After the incidence of the trigger pressure wave, the whole surface was initially 

covered by a white layer corresponding to the reaction zone. This Iasted for about 

50 ps, after which the reaction zone started to grow quickly. 

The following simple mechanism is assumed: lf T K > T HN' the superheated liquid 

evaparates without delay, i.e. fast vapour pressure build-up takes place in several 

local points of direct contact. The results are a high reaction pre~sure and violent 

instabilities, causing droplet fragmentation and intensive mixing with the liquid. 

The experimental findings, i.e. high-speed films and reaction pressure measure

ments {Figs. 19 and 21) show that Fauske's criterion is an important thermal pre

condition for a violent vapour explosion. However, a reaction with droplet frag

mentation in the temperature range below T HN cannot be completely excluded 

{Fig. 19). Reactions less violent than those at higher droplet temperatures did in

deed take place, i.e. the T HN criterion is not a necessary but only a sufficient ther

mal condition foraviolent thermal reaction. 

5.3 lnfluence of the Extemal Trigger Pressure 

The experimental findings show that the trigger pressure required for initiating 

the reaction between the droplet and the surrounding liquid is a function of the 

droplet temperature (Figs. 7 and 8). ln the temperature range above T HN as re

ferred to the droplet temperature {sodium droplet) or contact temperature (sili

cone oil droplet), the trigger pressure required increases with the droplet tem

perature. This is explained as follows: 

Publications in this field have shown that the stability of film boiling is deter

mined by the temperature difference between the reacting materials. Yao /6/ 

observed that the number of spontaneaus local intermittent direct contact 

events between the two materials during film boiling decreased as the tem

perature of the hot material increased. This applies in particular to tempera

tures above the critical temperature T Kr of the cold liquid. 
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Conditions should be similar with an external disturbance as, in our case, the 

trigger wave. Due to the higher temperature, moreliquid is evaporated prior 

to direct contact, which will delay or even prevent the film collapse and subse

quent direct contact which initiate the reaction. 

At temperatures below THN' the required trigger size increases with the decreas

ing droplet temperature, suggesting compensation of the lower thermal energy 

of the droplet by the external trigger. 

On the other hand, experimental findings show (Figs. 7 and 8) that the sodium 

droplet requires an external trigger of at least 3 bar while 1 bar is sufficient for 

the silicone oil droplet. Further, at a contact temperature near T HN the tempera

ture of silicone oil droplets is higher than the temperature of sodium droplets. As

suming that the external trigger induces only the collapse of the vapour film, a 

reaction should take place in both systems, i.e. Na/pentane and silicone 

oil/pentane, at identical minimum triggers. This is not the case. 

Further, also the reaction curves for two different trigger pressures and identical 

droplet temperatures (Figs. 17, 18 in Chapter 4.3) indicate that an external trigger 

pressurenot only induces the reaction but dominates the whole reaction process. 

These facts suggest that the external trigger not only serves to establish direct 

contact between the two liquids, i.e. the droplet and the surrounding liquid, but 

that important dynamic and/or thermal interactionstake place as weil. These may 

be explained as follows: 

Explanation 1 

As described in Chapter 5.1.1, the mechanism of vapour film collapse is as follows: 

The system pressure increases after the shock wave has passed the droplet in the 

film boiling state, causing a spherically symmetric collapse of the vapour film. The 

following events are conceivable: 

ln addition to its spherically symmetrical movement, the surrounding liquid 

moves also in the direction of the trigger. 

As the liquid collides with the dropiet, the reiative velocity reaches a peak 

near the droplet equator vertical to the direction of motion of the trigger 

wave. 
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- This relative velocity causes the two liquids, i.e. the droplet and the surround

ing liquid, to mix as a result of hydrodynamic effects, e.g. boundary layer Strip

ping. 

The high-speed films show that the reaction field originates at the droplet equa

tor at the onset of the reaction, especially if the trigger is small. lt must therefore 

be assumed that the first mixing at the droplet equator is due to hydrodynamic 

effects. This assumption will be investigated in the following. 

Shortly after contact between the droplet and liquid, the velocity development in 

the two boundary layers with different initial velocities (see sketch) is given by 

the momentum equations: 

(40) 

y 

~ua-

Liquid 
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From eq. {40), the boundary surface velocity UK can be derived: 

(41) 

The result is the shearing stress acting on the boundary layer: 

{42) 

The initial relative velocity U0 at the droplet equator results from eq. {16): 

(43) 

For an external trigger of 10 bar acting on a sodium droplet and t = 10 ps we ob

tain-.; = 160 N/m2• This value is higher than the surface tension 2a/RT' which is cal

culated as 50 N/m2 , i.e. boundary layer stripping should occur. This may possibly 

cause enlargement of the contact surface, i.e. higher heat transfer between the 

two liquids. 

Explanation 2: 

ln his experiments on a non-melting, heated metal wire in water, lnoue /49/ 

found that the characteristics of heat transferwill change at a trigger pressure 

threshold value as soon as the film boiling collapses after trigger impact. lf the ex

ternal trigger pressure is above this threshold Ievei, heat transfer from the hot to 

the cold material is several times higher than below this threshold Ievei. The heat 

transfer has a peak at a certain trigger pressure if the contact temperature is near 

the critical temperature of water. 

The results of this study with regard to the delay between the trigger pressure 

peak and the reaction pressure (Figs. 22, 23, 24) show: 

The higher the trigger, the shorter will be the delay time and the higher the 

reaction pressure. 
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At a certain trigger pressure and T Kr' the delay time reaches a minimum value 

while the reaction pressure has a peak. 

This is qualitatively weil compatible with lnoue 's findings and indicates that the 

external trigger has the same function in both series of experiments. 

Fig. 41 is a simple representation of the mechanism of an external trigger. 8oth 

cases, i.e. premixing as a result of boundary layer stripping or enhanced heat 

transfer by direct contact, cause the mean temperature of the cold liquid in the 

superheated boundary layer to rise. The higher temperature of the liquid induces 

a higher vapour pressure, which causes a moreviolent reaction. 

5.4 lnfluence of the Main Material Properties on the Fragmentation Process 

The preceding chapter attempted to explain the mechanism of droplet (i.e. hot 

liquid) fragmentation and mixing with the surrounding cold liquid. This chapter 

will discuss the effects of the reaction systemmaterial properties on the fragmen

tation process and attempt a prediction of the fragmentation behaviour of the 

material systems used in nuclear reactors. 

As shown in the preceding chapter, a thermal reaction involving droplet frag

mentation and mixing with the surrounding liquid comprises several phases, of 

which the third phase (Phase 111) is the most important. This phase is dominated by 

the two instabilities of the boundary layer (see Chapter 5.2.2.). The growth rates 

of these two instabilities, i.e. the Rayleigh-Taylor and the Kelvin-Helmholtz insta

bility are determined using eq. 27: 

The higher these two growth rates, the moreviolent will be the fragmentation of 

the hot droplet, causing a violent vapour explosion. With local direct contact be

tween the hot and cold liquids, the vapour pressure will increase as a result of 

sudden evaporation of the cold liquid. ln theory, the pressure may continue tö 
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rise to the saturation pressure of the contact temperature; in reality, however, 

the rise is slowed down by the fast expansion process. The average pressure there

fore is assumed to be proportional to the saturation pressure. According to Cor

radini /39/, P eff = 1/4 Psat {T K), i.e. in this case 

{44) 

The acceleration of the droplet surface ar and of the vapour flow PvU/ is deter

mined by P v· Eqs. 28 and 29 result in 

Pv 
aToc

PT 
2 -

Pv Uv oc Pv 

{45) 

{46) 

Eqs. {27), {44), (45), and {46) and the assumption Pv ~ Pr result in the following 

equations: 

( )3/4 P sat 
3/4 

p sat T K 
'YRT oc 1/4 p 1/2 

- ( 1/3 2/3 ) 
O'T T (J'T PT 

(47) 

( )3/2 P sat 
3/2 

P sat T K 
'YKH oc 1/2 

- ( 2/3 1/3 ) 
O'T PT O'T PT 

{48) 

P sat P sat 

The expressions l/3 213 and 2/3 P 1/3 
O'T PT O'T T 

may be viewed as characteristic values of the violence of boiling fragmentation to 

be expected. These characteristic values are higher if 

1) the saturation pressure (M.P.1) increases with the contact temperature, and 

2) the surface tension and density (M.P.2) of the hotliquid decrease. 

These material properties, M.P.1 and M.P.2, can thus be directly related to the 

violence ofthe boiling fragmentation. 

Table 7 lists the characteristic values for different systems of materials. This table 

shows relatively higher figures for those systems in which violent explosive reac

tions were observed under certain conditions. There isasimple explanation of the 

different results of fragmentation experiments with different material systems. 
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ln molten metal/water, violent fragmentation takes place, /19/, /290/, /21/, /22/ 

due to M.P.1. 

ln water/freon, mineral oil/freon, or silicone oil/pentane, violent fragmenta

tion takes place in spite of the lower Saturationpressure ofthe cold liquid /23/, 

/26/ due to M.P.2. 

ln copper/water, fragmentation due to M.P.2 is initiated more easily if the 

copper surface is oxydated /50/. 

ln silicone oil/pentane, the impulse ratio between the reaction pressure and 

the trigger pressure is higher than in sodium/pentane; due to M.P.2. 

This shows a relationship between the main material properties, Psat and aT, and 

the violence of the boiling fragmentation. 

The calculated characteristic values for the UD/pentane systemaresmall as weil, 

which is assumed tobe due to the low contact temperature resp. the lower Satu

ration pressure of Na and the rather high density of U02• lt is therefore assumed 

that the reaction between molten U02 and Na should be mild, with coarse frag

mentation of U02• On certain conditions, the Na may be heated to near its critical 

temperature. lf small Na volumes penetrate into large U02 volumes, the contact 

temperature may increase with the Na temperature and may reach the critical 

temperature, as the temperature of molten uo2 is far above the critical tempera

ture of Na. ln this case the reaction may be violent but incoherent due to its con

tact mode, as no coarse mixing can be expected in the initial phase. 

ln the UO/water system, on the other hand, violent boiling fragmentation may 

take place if the external trigger is high enough to overcome stable film boiling 

as a result of the high temperature difference. 

The violence of fragmentation is related to the fineness of the fragments. The 

fine fragments result from the more violent fragmentation. To verify this state

ment, Fig. 42 compares the analyses of fragments of different material systems. 

The mass fractions of the fine fragments of Na/pentane and UO/sodium /51/ are 

comparable, while systems of Cu (oxydized)/water /42/ or UO/water /28/ yield 

very fine fragments. This comparison is weil compatible with the predictions of 

eqs. 47 and 48 and with the experimental findings. 
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6. Summary and Condusions 

ln this study, experiments on boiling fragmentation in a thermal reaction were 

carried out, and the results were presented, analyzed, and discussed. Single dro

plets heated up dropped into a liquid where they were made to react in these ex

periments. The reaction was found to beathermal interaction between the hot 

droplet and the cold, volatile liquid. lf a large number of hot droplets is present in 

a cold liquid, violent vapour explosions with high pressure build-up may occur un

der certain boundary conditions. The experiments are characterized as follows: 

The use of a high-speed camera with a taking speed up to 105 frames per second 

enabled more detailed observations of the processes than in earlier investiga

tions. ln order to reduce the hydrodynamic effects between the hot droplet and 

the cold liquid, suitable experminental systems were chosen, i.e. sodium or sili

cone oil droplets and pentane as the cold liquid. The density ratio of these sys

tems is around 1. One of the experimental parameterswas the trigger pressure 

wave required for initiating the reaction. The experiments yielded new findings 

on the reaction process with boiling fragmentation of the hot droplet, and the 

following conclusions can be drawn: 

ln both systems, i.e. sodium/pentane and silicone oillpentane, a reaction with 

fragmentation occurs only if the external trigger pressure exceeds a given thresh

old. This required trigger pressure has a minumum value if the contact tempera

ture between the hot droplet and pentane is in the range of the homogeneaus 

nucleation temperature of pentane. After detailed visual evaluation of the high

speed films in consideration of the measured, highly transient pressure curves, 

the triggered reaction can be divided into the following phases, in which differ

ent physical processes are dominant: 

(I) Film boiling 

(II) Film collapse and direct contact 

(111) Suddenevaporation and fragmentation 

(IV) Transition 

(V) Slow mixing 

(VI) Condensation 

Areaction pressure resulting directly from the thermal interaction and an acceler

ated growth of the reaction zone were measured only during Phase 111 (sudden 

evaporation and fragmentation); it accounts for only one tenth of the whole re-
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action time, that is about 1 ms. lt is assumed that also the droplet fragmentation 

takes place in this phase. Visual observations of the high-speed films show that 

fragmentation is initiated by evaporation of the superheated liquid in the points 

of direct contact. The boundary layer instabilities in the region of fast pressure 

build-up, i.e. the Rayleigh-Taylor and Kelvin-Helmholtz instability, determine the 

further fragmentation process of the droplet. 

Further, the evaluation of the high-speed films showed intensive mixing with the 

surrounding liquid in Phase 111 (Sudden evaporation and fragmentation). This was 

measured quantitatively for the firsttime by recording the motion of the liquid 

surrounding the reaction zone. lt is assumed that the initiating mechanism is 

identical with the mechanism causing droplet fragmentation. At the end of Phase 

IV (Transition) and in Phase V (Siow mixing), a further diffusion of liquid into the 

reaction zonewas observed, although at a mixing rate several tim es lower than in 

Phase 111. The finely dispersed liquid confined in the reaction zone causes further 

evaporation and thus further growth of the reaction zone in Phase 111. ln the later 

Phases V and VI (Siow mixing and Condensation), however, the mixed liquid not 

only enhances vapour condensation in the reaction zone, but also acts as internal 

heat sink for the droplet and its fragments. The heat balance clearly indicates 

that the thermal energy of the droplet is not sufficient for evaporating the total 

volume of mixed liquid, which may account for up to 60% of the total reaction 

zone volume. A quantitative statement on the effects of the mixed liquid on the 

reaction process was not possible, but it was shown qualitatively that the effects 

of liquid mixed into the reaction zone must not be neglected in future models of 

vapour explosion. 

The high-speed films showfurther details of the reaction process, the intensity of 

fragmentation, and the pressure build-up: lf the contact temperature was above 

the homogeneaus nucleation temperature, THN, the reaction area spread across 

the whole droplet surface prior to the expansion of the reaction zone. This is as

sumed to be the cause of the higher reaction pressure measured. lf the contact 

temperature was below THN, there was no fast expansion of the reaction area but 

only local growth of the reaction zone, e.g. slightly above the central area of the 

droplet. The latter was accompanied by lower pressure build-up. The two differ

ent results show the important function of homogeneaus nucleation in the devel

opment of the reaction zone resp. in reaction pressure build-up. With an increas

ing temperature difference between droplet and liquid, i.e. at a contact tempera

ture far above the critical temperature TKr of the liquid, stable film boiling can be 

· interrupted only by a significant increase of the trigger pressure. ln this case, a 
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full scale thermal reaction or fine boiling fragmentation can be initiated only 

with the aid of a high external trigger. lf these arguments are applied to the ma

terial systems encountered after a serious hypothetical accident (HCDA), i.e. mol

ten U02 and sodium or molten U02 and water, the following results aretobe ex

pected: 

U02/sodium 

As the contact temperature will always be lower than the THN of sodium, only lo

cal growth of the reaction zone and only mild pressure build-up aretobe expect

ed after direct contact. 

U02/water 

ln a system of U02 heated high above its melting point and water, a contact tem

perature far beyond T Kr may result, i.e. fast expansion of the reaction zone across 

the droplet surface is possible, accompanied by high pressure build-up, but only if 

a high external trigger causes the stable vapour film to collapse. 

Further, the experimental findings suggest that the trigger required for initiating 

a reaction is a function of the material system. lf the trigger exceeds this given 

threshold, it will cause the vapour film around the droplet to collapse and will 

also have an important influence on the further interactions between the react

ing liquids. This study gives two reasons for this: Due to the relative velocity be

tween the droplet and the surrounding liquid in Phase II (Film collapse and direct 

contact), boundary layer stripping occurs in the points of contact. Also, the heat 

transfer in the points of contact changes considerably, favouring sudden evapora

tion with high local vapour pressure build-up. Fora quantitative modelling, how

ever, a more precise description of vapour film collapse and of the interaction be

tween the two liquids behind the triggerfront will be required. 

Based on the new findings obtained in this study on boiling fragmentation pro

cesses and on the analysis of the most important boundary layer instabilities, an 

attempt was made to determine two characteristic values for the expected reac

tion patterns of different material systems. These characteristic values are a sim

ple representation of the main physical properties, i.e. density, surface tension 

and saturation pressure referred to the contact temperature: 

) 
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The higher these characteristic values the more violent will be the boiling frag

mentation. As expected, the characteristic values of the sodium/pentane system, 

whose rather mild reaction is accompanied only by coarse fragmentation, are 

lower by a factor of 2 than those of, e.g., the Al/water system in which a violent 

reaction with fine fragmentation was observed. The following statements were 

derived from applying these characteristic figures to the UO/sodium and 

UO/water systems: 

UO/sodium 

As the characteristic values of the UO/sodium system are in the same range as 

those of the sodium/pentane system, only a rather mild boiling fragmentation is 

expected. 

UO/water 

ln the UO/water system, on the other hand, the higher characteristic values (i.e. a 

factor of 1.5 as compared to sodium/pentane), a moreviolent boiling fragmenta

tion must be expected. The characteristic figures are comparable with those of 

Cu/water and Sn/water, which cause violent reactions with fine fragmentation. 

However, the repeatedly stated condition, i.e. collapse of the stable film boiling 

of the UO/water system induced by a high external trigger, must be met addi

tionally. 
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7. Appendix A 

Droplet temperature curves du ring film boifing 

-Silicone oil-

While the hot droplet is immersed in the cold liquid, its surface temperature de

creases due to heat transfer du ring film boiling. Todetermine of the contact tem

perature between the two liquids, as accurate as possible, this temperature drop 

was assessed by the following integral method: 

Fig. A-1 shows the assumed temperature distribution. lnitially, the temperature 

distribution is flat (Tr0). After a certain delay, the surface temperature of the dro

plet decreases (Tr5) as heat is transferred through the vapour film. The tempera

ture distribution within the thermal boundary layer of the droplet is assumed to 

have a parabolic function, i.e. 

liu-T(r) 

Tro- Trs 

The energy balance in the thermal boundary layer is: 

where 8 = k/p cP = thermal diffusivity 

The energy balance at the droplet surface is 
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hFB = heat transfer coefficient 

From eqs. (A-1) and (A-2), the following dimensionless quantities are obtained: 

DifferentiationofT with respect to timet gives: 

,.._,. ".....J 

dT _ 60 T 
df - -------------------

(1-R)[(1-R l n~-2+ 3R ... 6) +JJ1 -(1i!~(3R
2+4R+3) 1 

Nu,- -Tr 

lntroducing 

,.._ 
,__R _ · 4T -1- ~ ,..._ 

Nur(1-T) 

and considering that 1-R ~ 1 and T4 resp. T5 ~ 1, one obtains: 

dT _ 15 Nu/ 
d'f -· 50 Nürf + (9ü'Nür- 56 tf2 

i.e. 

(A-4) 

(A-5) 

(A-6) 

(A-7) 

(A-8) 

According to Frederking /53/ the Nusselt number for film boiling in case of spheri

cal symmetry is 

(A-9) 

62 



in which Ra* is the modified Rayleigh number; the result is 

{A-10} 

. ,-._; 

where Grand Pr are the Grashof number and Prandtl number, respect1vely. NuT 

can be calculated on this basis. 

{A-11} 

After entering the material data, the result for silicone oil is 

~ 

NuT = 4.4 . (A-12) 

Fig. A-2 shows the temperature drop and the growth of the thermal boundary 

layer as a function of time. As film boiling on average lasts about 50 ms until the 

impact of the trigger pressure wave, the temperature drop is found to be 15% of 

the temperature difference T ro ~ T F' with the thermal boundary layer in the dro

plet growing by up to 16% of the droplet radius. 

- Sodium-

The above method of estimating the droplet temperature drop du ring film boil

ing is not applicable to sodium droplets. There isasimpler method, i.e. the "point 

approximation" as the thermal conductivityOf sodium is high enough to assume a 

flat temperature distribution in the droplet. 

The temperature drop is characterized as follows: 

{A-13} 

or 

{A-14} 
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lf tFB = 50 ms and hFB = Nu kJ2Rv = 220 W/m 2K are applied, the temperature 

drop is only 0.7%, i.e. the temperature drop during film boiling is negligible in 

the case of sodium. 

The temperature drop resulting from radiative heat transfer and from the heat 

required for generating the vapour film at the onset of film boiling is negligible 

as weil. 
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8. Appendix B 

Approximation of the pressure in the reaction site 

ln order to estimate the difference between the pressure in the measuring point 

and the pressure in the reaction site, a calculation was made using the three

dimensional code "SING" /54/. This code, which assumes the liquid to be incom

pressible, models the spatial pressure distribution by a point source along the po

tential flux. 

Fig. B-1 presents the result of a pressure distribution calculation as referred to the 

cross section of the experimental vessel at which two pressure transducers are 

mounted. The horizontal axis is the distance from the center of the vessel, while 

the vertical axis is the corresponding relative pressure. One of the pressure trans

ducers is installed at 7.5 mm from the center, while the other is mounted flush 

with the wall at a distance of 15 mm (see Fig. 3). According to the calculation, the 

two measured values ought to differ by a factor of 1.28. 

The factor derived from the measurements has an average value of 1.21 (see Figs. 

9-11). The two factors areweil compatible. Further, the reaction pressures in the 

reaction site according to Fig. B-1 should be higher by a factor of 1.2 than the 

pressures measured by transducer A, i.e. the measured values are a good practical 

representation of the reaction pressures on the droplet. The reaction pressures 

are assumed tobe evenly distributed across the whole reaction zone. They cannot 

be compared with the very high vapour pressures resulting in local points of con-
, tact. 
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9. Nomendature 

Symbol Definition Unit 

A Factor of the direct contact surface 

Ac Fictitious fraction of the direct contact surface 

AK Total direct contact surface m2 

c Soundvelocity m/s 

'o Friction coefficient 

cP Specific heat at constant pressure J/kg K 

D Diameter m 

E Energy J 

e Energy density J/m3 

FF Volume fraction of mixedliquid in the reaction zone 

öf Error 

g Aceeieration due to gravity mh/ 

h Heat transfer coefficient W/m2K 

J Nucleation rate 1/s 

K = 2 n/A., circular wave number 1/m 

k Boltzmann constant J/K 

k Thermal conductivity W/mK 

L Length m 

M Molar weight kg/mol 

N Number 

Nu Nusselt number 

p Pressure N/m2 

Q Energy 

q Heat flux W/m2 

R Gas constant J/mol K 

R Radius m 
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RF Radius of the liquid particle m 

Ra, Ra* Rayleigh number 

s Vapour film thickness m 

SF Probable error 

T Temperature oc 

THN Homogeneaus nucleation temperature oc 

t Time s 

u,U Velocity m/s 

V Volume m3 

w Bubble formation energy J 

wm Heat of melting J/kg 

Wv Latent heat of evaporation J/kg 

X Length m 

X Motion of the surrounding liquid m 

Greek symbols 

Symbol Definition Unit 

a Evaporation and condensation coefficient 

ß Therma I effusivity J/m2Ks 112 

y Growth rate of boundary surface wave 

B, ß. Difference m2/s 

e Temperature diffusibility 

K = '/'v' ratio of specific heats capacities m 

a Wavelength 

AKr Critical wavelength of boundary layer instability m 

Am Fastest growing wavelength of boundary layer 

instability m 

11 Dynamic viscosity kg/ms 

V Kinematic viscosity m2/s 
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n Circular constant 

p Density kg/m 3 

a Surface tension N/m 

1; Shearing force N/m2 

cp Friction coefficient 

(i} Circular frequency 1/s 

Subscripts 

eff effective 

F cold liquid 

FB film boiling 

G boundary layer 

K contact 

Ki kinetic 

Kr critical 

L immediate environment of hot droplet 

min minimum 

R friction 

sat Saturation 

sys system 

t total 

T hot droplet 

TB thermal boundary layer 

RS droplet surface 

RT Rayleigh-Taylor 

KH Kelvin-Helmholtz 

Tr Trigger 

V vapour 

a surface energy 
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0 

1, 2, i 

Superscripts 

(1) (2) 
I 

•• 

initial 

time curve 

medium 1, 2 

dimensionless 

first derivation with respect to time 

second derivation with respect to time 
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Tab. 1: Properties of experimental materials 

Silicone oil Sodium Pentane 

Boiling temperature at standard - 880 36 
atmosphere (0 C) 

Critical temperature (0 C) - 2235 197 

Critical pressure (bar) - 256-400 34 

Homogeneaus nucleation - 1600- 1900 145 
temperature (°C) 

Thermal conductivity (\IV/Km) 0.14 62 0.12 

Specific heat (J/kg K) 1560 1250 2250 

Density (kg/m3 ) 850-900 880 630 

Thermal effusivity (J/m2 s 112 K) 450 7800 375 

Heat of evaporation (J/kg) - 3.6 ·106 3.6·105 

Sudacetension (N/m) 0.02 0.14 0.01 

Dynamic viscosity (m/s) 0.27 0.2 ·10-3 0.23 ·10-3 

Soundvelocity (m/s) -900 2500 1170 

Table 2: Charaderistic values of a typical trigger pressure pulse 

Number Electrical Pressure Impulse fPdV 
Energy (J) (bar} {Pa.s) (J) 

1 0.4 1.6 - -

2 0.49 2.4 1.3 1.5 10-2 

3 0.64 4.0 20 3.6 1 o-2 

4 0.81 5.0 24 5.o 1 o-2 

5 1.0 6.4 30 - -

6 1.4 8.0 40 1.2 1 o-2 

7 2.0 11.0 52 2.2 -
i 

8 2.5 15.0 62 2.2 1 o-2 



Table 3: Results of the experiments for different test conditions in the 
sodium/pentane system 

Test Temp. Trigger Reaction Delay Impulse Fragmen- Film 
No Pressure Pressure Ratio tation 

oc PTR(bar) P v(bar) JlS taken analysed 

V1 120 2 - - - - - -
V2 120 4 - - - - 0 -
V3 120 5 2.8 60 0.56 partly 0 -
V4 120 5 2 70 0.4 partly 0 -
V5 120 10 6.2 60 0.744 yes 0 Fig.15 
V6 120 10 6.0 60 0.55 yes 0 0 

V7 135 2 - - - - 0 -
V8 130 4.5 3 60 1.0 yes 0 -
V9 130 7.5 5 50 0.9 yes 0 -

V10 140 1.5 - - - - 0 -
V11 140 3 2 50 1.6 yes 0 -
V12 142 8 7.5 50 1.25 yes 0 -
V13 155 2 - - - - 0 -
V14 150 4 2.5 50 1.1 yes 0 -
V15 150 10 11.0 50 1.5 yes 0 Fig. 12 
V16 150 10 10 40 1.5 yes 0 -
V17 160 2 - - - - 0 -
V18 175 2 - - - - 0 -
V19 180 4 3 60 0.75 partly 0 Fig. 17 
V20 180 8 6 45 1.0 yes 0 Fig. 18 
V21 295 3.5 - - - - -
V22 200 3.0 - - - - -
V23 200 10 12 20 1.6 yes 0 -
V24 200 10 10 30 1.3 yes 0 0 

V25 220 3 - - - - 0 

V26 220 4 4.2 50 1.7 partly 0 

V27 220 8 8 35 1.4 yes 0 

V28 250 4 - - - - 0 

V29 260 9 6 40 1.0 - 0 

V30 290 5.5 4 60 0.7 yes 0 

V31 305 5 4 65 0.8 partly 0 

V32 300 9 6 50 0.9 Yes 0 0 

V33 340 4.5 - - - - 0 

V34 360 7 4 70 0.6 partly 0 

V35 360 10 6 60 0.8 yes 0 0 

V36 360 15 10 55 0.7 yes 0 

V37 370 5.5 2.2 60 0.4 partly 0 

V38 400 6 - - - -
V39 400 8 5.5 65 0.7 yes 0 

V40 400 10 7 55 0.93 yes 0 Fig. 16 
V41 400 10 7 60 0.7 yes 0 0 



Table 4: Results of the experiments for different test conditions in the 
silicone oil I pentane system 

Test Temp. TK Trigger Reaction Delay Impulse Fragmen- Film 
No Pressure Pressure Ratio tation 

oc oc (bar) (bar) ]lS 

VS1 190 ( 115) 2.0 2 - 1.0 yes Fig. 39 

VS2 180 ( 115) 1.0 - - - - -

VS3 200 (127) 51.0 - - - - 0 

VS4 210 (133) 0.5 - - - - 0 

VS5 210 (133) 1.0 - - - - 0 

VS6 210 (133) 1.5 1.2 30 4 yes 0 

V 57 220 (138) 0.5 -- - - - 0 

VS8 220 (138) 7.5 1.2 25 3 yes 0 

VS9 220 (138) 2.5 2.2 25 - - -

VS10 235 (145) 2 2.5 25 5.6 yes 0 

VS11 240 (150) 0.5 0.4 30 3 - -

VS12 245 (150) 1.5 1.2 20 5.4 yes Fig. 40 

VS13 247 (155) 1.2 1.4 20 7.3 - -

VS14 260 (160) 1.0 0.8 40 2.6 yes 0 

VS15 260 (160) 1.6 2.0 20 5.3 yes 0 

VS16 270 (165) 0.5 - - - - -

VS17 275 (108) 1.2 2.3 10 9.6 yes -

VS18 275 (168) 2.2 2.5 10 5.7 yes 0 

VS19 290 (176) 2.0 2.2 10 8.8 yes 0 

VS20 310 (185) 1.0 - - - - -

VS21 310 (185) 1.5 - - - - -

VS22 310 (185) 3.0 3.2 20 6.7 yes 0 



Table 5: Comparison between thermal energy and reaction work for the 
sodium/pentane system 

V.19 V.20 V.36 

Droplet temperature T T (
0 C) 180 180 360 

Triggerpressure PTr (bar) 4 8 15 

Thermal energy Eth (J) 11 27 32 

Trigger work (J) 3.~ ·10-2 1.2 ·1Q-l 2.2 ·10-1 

Reaction work (J) 5.6 ·10-3 s.1 ·1 o-2 8.6 ·10-2 

Droplet-to-vessel cross 

section factor 3.3 ·1 o-2 6.0 ·10-2 3.1 ·1 o-2 

Table 6: Comparison of the two instabilities 

Characteristic feature Rayleigh-Taylor Kelvin-Helmholz 

Driving mechanism Aceeieration of the Impulse of the 

boundary surface vapour flow 

Expected wave length for Psat 50-100 pm 1-10pm 

Expected growth rate smaller larger 

Expected growth time constant 1-10pm 0.1-1pm 

Direction with respect to boundary surface normal parallel 



Table 7: Charaderistic values (eqs. 47 and 48) for different material 
systems, with P in N/m2, 6 in N/m, and ~in kg/m3 

Combination 
Psat(T K) 5 Psat(T K) 5 

hotl cold ( =}T K) 1/3 2/3 xiO 2/3 1/3 xi 0 
(J' p (J' p 

Silicone oil I Pentane (THN """T ) Kr 0.7-1.4 2.3- 4.9 

Water I Freon-22 (T HN """T ) Kr 0.8- 1.3 2.0-3.3 

Aluminium IWater (T Kr) 1.3 1.7 

Tin IWater (T Kr) 0.72 1.6 

Copper I Water 

(Cu oxydized) (T Kr) 0.85 1.6 

Copper I Water 0.56 1.0 

Sodium I Pentane (T HN """ T Kr) 0.35-0.71 0.61-1.2 

U02 IWater (T Kr) 0.77 1.6 

U02ISodium (T Kr) 0.25 0.33 

T HN = 1900° c 0.8 1.6 
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Fig. 39 High-Speed Pictures Recorded for the Silicone 
Oii/Pentane System (1) 
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Fig. 40 High-Speed Pictures Recorded for the Silicone 
Oii/Pentane System (2) 
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