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‘SUMMARY 

Vapour explosions resulting from the interaction 
of molten metals with water have been violent 
enough to cause loss of life. Widespread research 
has been initiated to study the cause of these 
explosions. 

In this work, vapour films are examined to provide 
information relevant to vapour explosion phenomena. 

Experiments have been performed to gain information 

on film boiling heat transfer from solid and liquid 
metals to coolants and to examine the physical 
characteristics and stability of vapour films, 
The bulk of the experiments involved the quenching 
of solid copper in water and organic (methanol, 
ethanol, n-propanol, acetone, chloroform and carbon 
tetrachloride) coolants and the quenching of liquid 
tin and liquid copper in water. 

Transient calorimetry techniques were used to gain 
heat transfer data, and electrical techniques were 

used to examine the stability of vapour films. The 

capacitative properties of vapour films were examined, 
and estimates of vapour film thickmesses were made. 

Results from the experiments were discussed in the 

context of self-triggered (spontaneous) explosions 
and externally triggered explosions. 
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GHAPTER ONE 

INTRODUCTION 

When a hot liquid comes into contact with a cold 

vaporisable liquid, a violent explosion may occur. 

These explosions are known as vapour explosions or 

fuel-coolant interactions, the hot liquid being the 

fuel and the cold liquid being the coolant. Inter- 

actions in which the fuel is molten metal, and the 

coolant is water have become a source of concern due 

to the number of molten metal-water explosions in 

industry which have been violent enough to cause loss 

of life. An early example of one such accident can 

be seen in a casualty list printed in 18261) which 

records the deaths of fifteen people. Records of 

these explosions are incomplete but the scope of the 

problem can be appreciated by noting that in 1975 

there were 327 reported molten metal-water explosions 

in the UK, the most violent of these being at the 

British Steel's plant at Seunthorne >) in which 

eleven people were killed. ‘The explosion was thought 

to have occurred due to an interaction between molten 

steel and water. 

The Aluminium Association of America collected records,



which they acknowledge as being incomplete, for the 

years 1944 to 19759), Their list shows that during 

these years in North America, there were 75 molten 

metal-water explosions in which a total of 32 people 

were killed. These explosions were usually the product 

of interactions between water and molten aluminium, 

The records do however include interactions involving 

molten iron, steel, copper and zinc. 

Research programmes have been initiated in an attempt 

to find the cause of molten metal-water explosions. 

The first empirical work was published by Long\4) 

in 1957. 

Long performed experiments in which molten aluminium 

(usually 50 1b) was dropped into water held in a steel 

tank, The explosions that occurred were characterised 

by a violent bursting action, closely followed by a 

loud noise and a shock wave. Quantities of finely 

divided aluminium were formed along with a small 

white cloud of aluminium oxide, 

It was noted that in order for an explosion to occur, 

the molten aluminium had to reach the base of the 

water tank, When the base of the tank had been 

intentionally covered in oil, grease or paint,



explosions never occurred, whereas coatings of rust 

or lime increased the likelyhood of an explosion. 

It was found that no explosions occurred when the 

temperature of the water was above 60°C. Explosions 

that occurred at lower water temperatures could be 

prevented by the addition of soluble oil to the water. 

In the experiments, there was no visible flash and 

never more than a slight cloud of aluminium oxide. 

Therefore, the exothermic reaction 

, 2AL + 3H50 eas A1,05 + 3H 

was not considered to be significantly involved 

in the interactions. 

Epetein’?) studied the kinetics involved in the 

system of a condensed metal phase with water vapour, 

and the calculations indicate that the only way 

the timescale of a vapour explosion (less than 10 ms) 

could chemically occur would be for every water 

molecule striking the metal surface to react, forming 

metal oxide and hydrogen. Since this is a limiting 

case, it is unlikely to occur. Vapour explosions 

are generally held to be physical in nature. The 

energy for the interaction is assumed to come from



the excess heat in the metal, which is transferred 

with rapid vapourisation of the coolant, and the 

formation of finely divided metal debris. 

Large scale interactions (metal mass between 2.5 

and 7 kg) have been investigated by Alexander, 

Chamberlain and Page(®) Molten aluminium, brass, 

copper and east iron were poured into water held in 

a steel tank. The metal-water interactions were 

initiated by the detonation of a cordtex charge 

attached to the outside of the water tank, The 

cordtex could be detonated whilst the metal was 

falling through the water, or when the metal arrived 

at the tank base. It was found that the efficiency 

of the explosion, measured by the deformation of a 

crush block upon which the water tank rested, was 

not dependent on the amount of cordtex used, as long 

as the amount had been sufficient to start the explosive 

process, The efficiency of the explosions was found 

to increase as the metal superheat increased and as 

the water temperature increased. 

Large scale experiments, whilst providing situations 

similar to those found in industry, and giving scope 

for experiments involving high energy triggers, are 

extremely expensive. Research programmes in which



small scale interactions are observed in the labor- 

atory are more mumerous than large scale interaction 

programmes. 

Many small scale experiments have been performed in 

which quantities of liquid metal (often less than 

20g) were dropped into water, the resulting inter 

action being observed photographically. Konuray!) 

performed experiments in which liquid tin was used, 

and observed that the liquid tin could spontaneously 

explode as it fell through the water. Such explosions 

were not found to occur when the water temperature 

was above 60°C (sometimes called the coolant cut-off 

temperature). ‘This temperature behaviour has been 

confirmed by Dullforce, Buchanan and Reakover’>) 

and by Pool J) Konuray noted similar behaviour 

with other low melting point metals (Thallium, 

Indium and Bismuth). Pool observed that lead could 

spontaneously explode in room temperature water, 

in contrast to the higher melting point metals copper 

and aluminium, Pool also noted that molten tin did 

not spontaneously explode in carbonated water, 

formamide or n-propanol,.



Some idea of the extent of the fragmentation that 

can occur during vapour explosions is given by 

experiments performed by Nelson and Duda‘19) , in 

which an iron oxide drop, 2.9 mm in diameter, 

initially at 2000°K, is dropped into water and then 

made to undergo a vapour explosion by triggering 

the explosive process using an exploding bridgewire 

held in the water. Their experiments show that an 

iron oxide particle can fragment into about two 

million particles in a few milliseconds,



CHAPTER TWO 

THEORETICAL ASPECTS OF VAPOUR EXPLOSIONS 

It is assumed that the energy for a vapour explosion 

comes from the excess heat in the molten metal. 

This energy is transferred from the metal in a few 

milliseconds, with rapid vapourisation of the coolant 

and fragmentation of the metal. 

In order to examine vapour explosion phenomena, the 

way in which heat can be transferred from a metal 

to a coolant and the way in which a liquid metal 

can fragment have to be examined, 

In this chapter, the theories of boiling heat trans- 

fer with particular reference to the film boiling 

regime and the experiments which have given inform- 

ation on the appearance, stability and thermal 

characteristics of vapour films are discussed. The 

fragmentation models are discussed in section 2.2, 

the objectives of this thesis being presented in 

section 2.3.



2.1 Boiling Heat Transfer 

When a surface is submerged in a liquid such that 

the surface has a temperature in excess of the liquid 

saturation temperature, boiling may occur, It has 

been found that the amount of heat that travels from 

a surface to a boiling liquid depends on the temper- 

ature difference between the surface and the liquid. 

The relationship between the rate of heat transfer 

from the surface and the temperature difference has 

been studied by Ruler yema GD) and Farber and Scorah' 12). 

Their experiments show that different regimes of 

boiling are identifiable. A graph showing the general 

relationship between the heat transfer coefficient (h) 

and the temperature difference (aT) between the 

surface and the saturated liquid is shown in Fig 2.1. 

For low values of ST, any vapour that is formed exists 

as vapour bubbles. At high values of AT, a distinct 

vapour phase between the surface and the liquid 

forms. 

In order for a bubble to form in a liquid, a surface 

of separation has to be formed. Kelvin has shown 

that as a result of surface tension, the pressure 

inside such a bubble Py and the liquid pressure 

outside Py are related by the equation



Fig 2.1 The Boiling Curve 
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where ris the radius of the bubble and O is the 

surface tension of the liquid. This equation implies 

that it is impossible for bubbles to be created, 

since as r tends to zero, PY-Py tends to infinity. 

Vapour bubbles can however be created by homogeneous 

and heterogeneous nucleation (covel2))< 

Homogeneous nucleation is a process in which molecules 

of liquid which have high energy compared to the 

average, cluster together through collision and 

initiate the formation of a vapour bubble. Kenrick, 

Gilbert and Wismer' !4) have experimentally measured 

the maximum superheat of water to be 170°C. Buchanan 

and Dullforce( 19) note that generally, water is 

extremely difficult to superheat. In order to super- 

heat water by more than 10°C requires careful 

preparation, i.e. the water has to be boiled for 

several hours and has to be kept under vacuum. This 

is because heterogeneous nucleation invariably occurs, 

due to dust and dissolved gas present in the liquid 

and imperfections in the heater surface, which can 

provide sites for the nucleation of vapour bubbles. 

Thus, unless the heater surface is scrupulously 

clean and the liquid completely degassed, heterogeneous 

10



nucleation will occur. In the following discussion 

of nucleate boiling, it is assumed that the vapour 

pubbles are formed by heterogeneous nucleation, 

If the heater is a few degrees above the liquid (also 

referred to as the coolant) saturation temperature, 

vapour bubbles are formed. An increase in the 

temperature of the surface causes more bubbles to 

be formed from more nucleation sites. When the 

surface loses heat by this process, i.e, effecting 

a change of phase of the coolant at preferred 

nucleation sites, the system is said to be in the 

nucleate boiling regime. 

In this regime, any liquid which is directly in 

contact with the heater surface exists in a super— 

heated condition. Rohsenow and clark(16) postulate 

that the vapour bubbles agitate the quiescent regions 

of liquid adjacent to the heater surface, This 

results in high heat transfer rates from the surface 

to the liquid. 

Cryder and Pineivouse: i.) boiled a number of liquids 

on a horizontal brass plate and showed that for a 

variety of liquids boiling in the nucleate boiling 

regime, the heat transfer coefficient h, could be 

1



related to the temperature difference AT by the 

expression 

h = const . AT°? meaeee) 

In this regime, the heat tranfer rate is a function 

of the surface roughness. Herencon io) boiled 

pentane on horizontal copper plates of varying surface 

roughness : and observed that for a given temperature 

difference between the plate and the pentane, a plate 

which had a rougher surface resulted in heat being 

transferred from the plate at a higher rate. 

When the temperature difference between the submerged 

surface and the coolant reaches a sufficiently high 

value, the bubbles are formed so rapidly that they 

cannot all get away from the surface, and they start 

to coalesce. ‘This coalescence means that less liquid 

is able to flow onto the surface to take any major 

part in the heat transfer, and thus the heat transfer 

coefficient starts to fall. 

The point of maximum heat flux is sometimes called 

the "First Crisis" or "Burnout" point, since when 

heaters such as electrically heated filaments reach 

12



this point, a rise in temperature causes a decrease 

in heat flux sometimes causing the heater to burnout. 

zupert 19) assumed that the burnout point corresponded 

to a Helmholtz instability which occurred due to the 

relative velocities of the liquid streams flowing 

onto the surface and the vapour streams going away 

from the surface. From this assumption, Zuber obtained 

an expression for the maximum heat flux on horizontal 

heaters such that 

omax 7 Bee? E foul -g)} M4 E + b/R] : 
++ (2.3) 

= the maximum heat flux 

Ie = density of the vapour 

L = latent heat of vapourisation of the coolant 

o = surface tension between the liquid and 

the vapour 

g = acceleration due to gravity 

ta density of the liquid 

This equation estimates that at atmospheric pressure, 

the burnout heat flux in saturated water from a 

horizontal heater is 1.1 wn 2, 

Ded and piecreras 20) took Zuber's approach and applied 

13



it to spheres and showed that the ratio Gees deme Fp)? 

of the burnout heat flux for spheres and the burnout 

heat flux for horizontal surfaces could, for saturated 

coolants, be expressed as 

Imax 1.734 tore —mek = sete when 0.1< r ¢ 4.26 
Imax F ae 

and 

q, 
a when fr > 4.26 
Gnax F a 

where 

r = R fag-e)/o} 2 (224) 

and Ris the radius of the sphere 

When the temperature difference increases from the 

temperature difference corresponding to the maximum 

heat flux, the resulting boiling becomes unstable. 

This unstable region of boiling is referred to as 

transition boiling or partial film boiling. Berenson ie) 

describes this region of boiling as a mixture of 

unstable film boiling and unstable nucleate boiling. 

Westwater and Santenpeless!? observed this regime 

14



of boiling using high speed photography. Their 

observations show that the vapour is formed by 

explosive bursts at random locations, The decreasing 

heat flux of this regime reaches a minimum referred 

to as the "Second Crisis", This point corresponds 

to the onset of film boiling, the situation in which 

the heater is separated from the coolant by a film 

of vapour, 

An example of film boiling is the Leidenfrost(22) 

phenomenon, in which water droplets can "dance" on 

a very hot surface. The droplets do not evaporate 

quickly since an insulating vapour layer forms 

between the hot surface and the droplet. 

Once a stable vapour film (sometimes called a vapour 

planket) forms, a rise in heater surface temperature 

produces a rise in the heat flux leaving the heater 

surface. The heat leaving the surface is conducted 

across the vapour film by the vapour molecules, the 

conducted heat being capable of producing vapour. 

As the surface temperature increases, the contrib- 

ution made by radiative heat transfer can become 

important. 

Bromley‘2>) derived a theory for film boiling ina 

15



saturated coolant, using assumptions and equations 

similar to those used by Nusselt, who theoretically 

estimated the heat transfer rates present when 

vapours condense on cold surfaces. An account 

of Nusselts theory is given by Monrad and Badger‘ 24) | 

Bromley considered the heat transfer rates that would 

be expected from horizontal and vertical tubes sub- 

merged in saturated coolants. The assumptions used 

by Bromley were 

1 The liquid is separated from the hot tube 

by a continuous vapour film, 

2 Heat travels through the film by conduction 

and radiation. 

3 Vapour rises under the action of buoyant 

forces. 

4 The vapour-liquid interface is smooth in the 

section where most of the heat is transferred. 

5 The rise of the vapour is retarded by the 

viscous drag of the tube. 

6 The latent heat of vapourisation is the major 

item in the heat supplied to the vapour film, 

| The kinetic energy of the film is negligible. 

8 The vapour-liquid interface is smooth and 

continuous and is not affected by a variation 

in the vapour-liquid surface tension. 

16



9 It is permissible to use an average value for 

the temperature difference between the hot 

tube and the boiling liquid, and treat it as 

a constant around the tube. 

10 The coolant is at its boiling point at the 

vapour-liquid interface. 

11 It is satisfactory to evaluate all physical 

properties of the vapour at the arithmetic 

mean temperature of the hot surface and the : 

boiling liquid. 

The equation for the heat transfer coefficient 

obtained by Bromley for a vertical tube undergoing 

film boiling in a saturated coolant was 

3 91/4 k = 
h = 0.943 { EMI Beto 25) 

Ly Py At 

where 

h = heat transfer coefficient 

k, = vapour thermal conductivity 

Py = vapour density 

ie = liquid density 

g = acceleration due to gravity 

L_ = height of the tube undergoing film boiling 

Py = vapour viscosity 

AT = temperature difference between the tube 

and the coolant 

ut



and 

re ‘ 0.34 “v an}? 

where 

cm = specific heat capacity of the vapour 

L = latent heat of vapourisation of the coolant 

Bromley performed experiments using various heater 

surfaces, and concluded that the heat transfer co- 

efficients were independent of the nature of the 

heater surface as long as the contributions made to 

the overall heat transfer coefficient by radiative 

heat transfer were neglected. Similarly, Berenson’ '?) 

concluded that the surface roughness does not affect 

the heat transfer as long as the film thickness is 

greater than the surface roughness height. 

When using horizontal tubes, Bromley noted that 

horizontal tubes submerged one inch below the 

coolant surface gave the same heat transfer co- 

efficients as those which were not totally submerged 

(one sixth part being exposed) in the coolant. ‘The 

vapour escaped freely from the horizontal tube 

18



partially submerged, in contrast to the totally 

submerged tube where the vapour left the vapour- 

liquid interface as vapour bubbles, which set up 

convection currents in the coolant. 

(25) observed that equation (2.5) Hsu and Westwater 

predicted heat fluxes that were too low if turb- 

ulence of the vapour in the film occured, They 

- suggested that when using Bromley's model, it is 

only reasonable to assume that the flow of vapour 

is viscous when the height of the vertical tube is 

less than lo, where 

Oo gh 
BA 2 _BySRe* 2 

Lyise = 2eaT { 2 renee’ | neet226) 

Re* was taken to be 100 and was assumed to correspond 

to the vapour flow Reynolds number which had to be 

exceeded for turbulence of the vapour to occur. 

They obtained this value for Re* by considering the 

Prandtl-Nikuradse universal velocity profile. An 

account of this profile can be found in reference 

(26). Fig 2.2 is a diagram showing the postulated 

film boiling model of Hsu and Westwater. In the 

laminar sublayer, the temperature was assumed to 

fall linearly, and the vapour velocity follow the 

relation put forward by Bromley. In the turbulent 

19



Fig 2.2 The Film Boiling Model Of Hsu And Westwater 
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core, the vapour velocity was considered to be a 

constant, the temperature of this vapour assumed to 

be equal to the boiling point of the coolant. 

The models of Bromley and Hsu and Westwater only 

considered the situation where the coolant was at 

its boiling point. 

Awberry (2!) considered the case of a thin submerged 

horizontal plate undergoing film boiling in sub— 

cooled coolants. Heat was assumed to travel across 

the vapour film by conduction and radiation, the 

heat arriving at the vapour-liquid interface being 

carried away by convection into the coolant. The 

vapour in the film was assumed to condense rather 

than evaporate during the process. 

The equation obtained for this film boiling was 

a = BCR - 7,3 (Kee Bo /S)9 
weclleq) 

where 

= heat flux 

vo = boiling point of the coolant 

qT, = bulk temperature of the coolant 

21



k = thermal conductivity of the coolant 

«% = cubic expansivity of the coolant 

g = acceleration due to gravity 

ec = specific heat of the coolant 

4 = kinematic viscosity of the coolant 

B = 0.0015 when the thermal quantities are 

measured in calories 

All the variables associated with the coolant are 

estimated at the temperature a(25+T,) - The right 

hand side of equation (2.7) is a function of the 

rate of heat transfer from the vapour-liquid interface 

to the coolant. 

The film boiling models discussed do not give any 

information on vapour film stability. They imply, 

in contrast to experiment, that a heater with a temp- 

erature only slightly above the coolant boiling 

point will be capable of sustaining a vapour film, 

The question of vapour stability was considered by 

(28) who formulated an analysis based on a Berenson 

Taylor instability near the minimum film boiling 

point on a horizontal surface submerged in a saturated 

coolant. Berenson's expression for the heat transfer 

coefficient (h ) near the minimum heat flux is 
erit 

is



ie 0.425 
2 (R-B) Le PR \ 1/4 Sh 
pat (250/600 — 0) 

aes) 

Bo is a conversion factor, 32.2 1v,ft/1b sec’, and 

c@ is the surface tension of the coolant. 

This result differs from Bromley's in that the term 

(g,0/e(f, - @))2 is present in place of L, for the 

vertical tube. 

Spiegier‘2?) considered the film destabilisation 

temperature (2) in terms of thermodynamics rather 

than hydrodynamics by assuming that T> corresponded 

to the maximum metastable temperature to which the 

coolant can be heated. This temperature, computed 

from the Van der Waals equation of state is 

27 Tenses wee (209) 

where ae is the critical temperature of the coolant. 

Experiments to provide information on film boiling 

heat fluxes, and film destabilisation temperatures, 

have been performed by many workers using quenching 

techniques. Heaters, often spheres, with a thermo- 

23



couple mounted inside, have been quenched in the 

coolant. The heater cools initially surrounded by 

a vapour film which collapses at temperature The 

The heat fluxes from such experiments are computed 

using the equation 

Bee( 2210) 

A
e
 

t
h
 

where 

q = heat flux 

m = mass of the heater 

Cp = specific heat capacity of the heater 

Pr W area of the heater exposed to the coolant 

cooling rate of the heater in the coolant 

Dullforce(79), who quenched a 19.5 mm diameter steel 

sphere in water at various subcoolings, correlated 

his data to show that in the film boiling regime 

ar ( $= 1000 = 21-563 exp ( 0.0724 TL, ) 

and 

dt ( GE )q50 = 10-753 exp ( 0.0965 To, ) 

24



where (49/4) 999 is the cooling rate of the sphere 

when the sphere temperature was 1000°K, (aT/at) 75 

being the corresponding value at 750°K. Toud is 

the subcooling of the water. 

Dullforce noted that the film destabilisation temp— 

erature was higher in cold water than in hot water. 

From Dullforce's data, it can be seen that the mean 

film breakdown temperature was approximately 540° Cc 

in 20°C water, the corresponding temperature being 

about 320°C in 80°C water. A linear relationship 

between the mean vapour collapse temperature and 

the water subcooling was observed. 

This linear relationship has also been observed by 

Konuvay. D) who quenched a one inch diameter stainless 

steel sphere in water. The film breakdown temperature 

in 50°C water was found to be about 61 o°c, the 

corresponding temperature for 80°C water was roughly 

330°C. Konuray noted that the addition of a small 

amount of Teepol to the water slightly lowered the 

film collapse temperatures. 

Experiments on the heat transfer from liquid metals 

to water have been performed by Hoxleys2 2 in which 

the cooling rate of liquid tin, lead and aluminium 
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held in a crucible have been recorded. An account 

of Boxley's experiment is presented in the Appendix. 

It was noted that the heat transfer rates were 

not dependent on the metal used. 

In order to examine the nature of vapour films 

during quenching, Bradfie1a‘32) connected the vapour 

film into an electric circuit and observed the current 

flow which occurred when the coolant contacted the 

metal. Bradfield quenched a 2.375" diameter, 538°C, 

chrome plated copper sphere in 80°c water and noted 

that intermittent liquid-solid contact could occur 

during stable film boiling. Bradfield also observed 

that the area of the sphere in contact with the 

coolant decreased as the sphere cooled in the nucleate 

poiling regime. ‘This decrease was assumed to be 

due to the onset of bubble formation. 

Experiments have been performed to observe the 

cooling of spheres as they travel through water. 

Waif ora‘ 33) performed experiments in which a 6.35 mm 

diameter nickel sphere was quenched in water, the 

relative velocity between the sphere and the water 

being 1.2 to 1.5 ms'', ‘the highest heat flux recorded 

in these experiments was 8.9 uwm72, obtained with an 

oxidised sphere (initially at 800°C) in 40°C water. 

At high water subcoolings, Walford observed three 

different types of vapour film, 
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These were 

1 A smooth and stable laminar film which in 

some tests changed to 

2 A fine turbulent film in which the vapour 

layer became opaque and less than 15 microns 

thick in the direction of sphere travel. On 

further cooling this changed to 

3 A coarse turbulent film in which there were 

large disturbances at the vapour-liquid 

interface. This collapsed into violent 

nucleate boiling. 

At low water subcoolings (5-20°C), with the initial 

sphere temperature less than 500°c, it was found 

that a large spherical cavity formed around the 

sphere. The sphere moved through this cavity until 

it touched the vapour-liquid interface at which 

point, vapour production produced another cavity. 

Oscillating vapour films were observed by Board et 

414135) who investigated transient film boiling 

over a 0.01 mm thick nickel foil which was heated 

by a pulsed ruby laser. When the foil temperature 

was below 450°C, an oscillating vapour film was 

observed. The frequency of oscillation increased 

linearly from 5 to 15 kHz as the water subcooling 

was varied from 25°C to 75°C. 
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For temperatures above 400°C, and moderate subcoolings, 

a thin vapour film with "rapidly moving irregularities", 

was observed. As the level of subcooling was further 

decreased, a stable thick blanket was observed. At 

low subcoolings, the heat fluxes observed were con- 

sistent with conduction across a pure laminar film, 

given by 

(2 ) 
ee peel 2ett) 

& 

where 

q = heat flux 

ky = thermal conductivity of the vapour 

a = temperature of the foil 

ce = boiling point of water 

& = vapour film thickness 

At high subcoolings, the observed heat fluxes were 

up to an order of magnitude greater than those given 

by equation (2.11). They suggested that the vapour 

film was in the form of a two phase layer. 

28


