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THERMAL INTERACTION OF MOLTEN COPPER 
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Abstract-The experimental work was performed to study the thermal interaction between molten copper 
particles (in the range of temperatures from the copper melting point to about 1800°C) and water from about 
15p80°C. 

The transient temperatures of the copper particles and water before and during their thermal interaction 
were measured. The history of the phenomena was filmed by means of a high speed FASTAX camera 
(to 8000 f/s). Classification of the observed phenomena and description of the heat-transfer modes were 
derived. 

One among the phenomena was the thermal explosion. The necessary conditions for the thermal 
explosion are discussed and their physical interpretation is given. 

According to the hypothesis proposed in this paper, the thermal explosion occurs when the molten metal 
has the temperature of its solidification and the heat transfer on its surface is sufficiently intensive. The 
“sharp-change” of the crystalline structure during the solidification of the molten metal is the cause of the 

explosive fragmentation. 

NOMENCLATURE 

a, fi, y, quantities in formula (3); 

D,, d,, HB, HP, h,, h,, h,, dimensions in Fig. 2; 

F,F,,Fz, surface of the metal particle, and the 
surface of the contact of the particle with 
fluid and with the bottom of the vessel, 
respectively (Fig. 2); 

k, p, cP, L, thermal conductivity, specific weight, 

specific heat, and latent heat of fusion, 
respectively; 

AL thickness of the bottom of the vessel; 

Mkr* a large value of CI (the “critical value” in the 

thermal explosion accident); 

m (or mcu), 6 mass of the metal particle and its 
mean radius (calculated from the particle 
volume), respectively; 

q;, &, &, heat flux, heat-transfer coefficient and the 
slope of the temperature-time curve, 

respectively (k can be equal to: B, L, LW,. . . , 
and it describes the value on the specified 
segment); 

T,, To, temperature of the air (or inert gas), and 
water, respectively; 

%I, %c, Tbott, volume mean temperatures of the 
particle; in the levitation coil, at the moment 

*This work was performed in the Institut fiir Reaktorent- 
wicklung, Kernforschungszentrum Karlsruhe, West Ger- 
many, where the author was a Alexander von Humboldt- 
Foundation Fellow from 1 March 1972 to 31 December 
1973. 

of contact with water surface, and with the 

bottom of the vessel, respectively; 
T expl, thermal explosion temperature; 

T,, interface temperature between the hot and 
cold liquid at the moment of their contact; 

z, (Tm)i, (TmJi, indication of the thermocouple No. 
i(i= 1,2,3 ,..., 12), maximum value of this 

indication, and its extrapolated maximum 
value, respectively (Fig. 4); 

Tk, temperature in the point k of the 
temperature-time curve (k = B, C, E,. , e.g. 

T,-Leidenfrost point temperature); 
TM = TM(r), temperature of the metal particle 

where 5 means time; 
T melt, T,, melting and solidification point of the 

-metal particle, respectively; 

u, percentage of Cu, CuzO, CuO content or 
Cu/CuzO content in the metal particle, 
respectively; 

ct*,E,p, thermal expansion coefficient, Young’s 

modulus and Poisson’s ratio, respectively; 
5, [, 9, space variables according to the Fig. 13 ; 
or, Of, P> radial end tangentid stress, and pressure 

induced in liquid phase inside the solid shell, 
respectively; 

ATFB, duration time of the film boiling phase; 

A% duration time where k describes the space in 
Fig. 4; 

AT~(T~~~), levitation time of the particle in the 

levitation coil (“1” can be equal to: 

d, e,f, , according to Fig. 3); 
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ASS. ATS,I. As,,. duration time of the solidification 
of the metal particle, according to formulae 
(2). and (31. and cxtrdpolated value from the 
temperature~~time curve, respectively. 

Subscripts 

M. metal particle: 

0, water; 
111, maximum value; 
me. maximum extrapolated value. 

INTRODUCTION 

EXPLOSIVE thermal interaction of the molten reactor 

fuel with coolant is one of the possible phenomena 
which can cause a serious destruction of the nuclear 
reactor structure. Similar a phenomenon occurs 

accidentally in metal industry and its destructive effects 
have been described in literature [6,11]. 

The strong destructive power of the thermal explo- 
sion observed in the metal industry has resulted in many’ 
experimental and theoretical studies in this field [2,6,8, 
I9 22 and other] but the physical mechanism of the 

phenomenon is not yet completely understood. 
The thermal explosion may occur when hot molten 

material comes in contact with relatively cold liquid. 

The phenomenon is characterized by sudden fragmen- 
tation of the molten material, fast energy conversion 
and the accompanying pressure wave. 

A limited thermal explosion is rather simple to realize 
in a laboratory. A low melting metal is dropped in an 

open water tank and the following phenomena may be 
observed : 

1. Violent boiling; 

2. Spontaneous nucleation: 
3. Hydrodynamic fragmentation; 
4. Liquid surface instability; 

S. Liquid entrainment and entrapment; 
6. Pressurization in a shrinking shell; 

7. Chemical reaction. 

The following hypotheses based on these effects have 
been advanced to explain the thermal explosion 
phenomenon : 

Violent boiling hypothesis [ll 13, 17 and others]: 
The collapsing of the vapor film and the “explosive” 
transition from the film to the nucleate boiling 
(transplosion [ 17.191) generates forces which overcome 
the surface tension of molten metal, and causes its 
dispersal. Connected with the transplosion pheno- 
menon, the following fragmentation mechanisms are 
considered: (a) “resonance fragmentation” [17] caused 
by the pulsation resonance frequency of the vapor 
fihn and (b) high speed liquid jets which penetrate 
and disperse in the molten material [13]. 

Spontuneous nucleution hypothesis [ 181 
Upon mixing of cold liquid with molten metal, some 

liquid is entrained and wets the metal surface. 

Because of lack of nucleation sites. its temperature is 
raised to the temperature limit corresponding to the 

spontaneous nucleation. When this temperature is 
reached, vaporization is rapid and can produce shock 
wave. 

Hydrodynamicjragmentation hypothesis [14. 161 

The fragmentation occurs when the hydrodynamic 

inertial force exerted on the mass of molten metal 
overcomes the surface tension force at the contact 

of the metal with the cold liquid. This effect is 

described by the Weber number and should occur 
when the molten metal mass exceeds either the critical 
size, or the critical velocity. It can also appear above 
some critical temperature when the surface tension 
characteristic of the molten metal decreases with 

increase in temperature. 

Liquid surjbce instability hypothesis [9] 

According to Taylor’s instability theory [l] small 

wavelike disturbances formed on the liquid surface 

when it is accelerated in a direction perpendicular to 
its planes, would tend to increase in size without bound. 
Liquid will tend to jet out into waves of large 
amplitude (liquid spikes). The formation and growth 
of these spikes may be the initiative mechanism of the 
thermal explosion. 

Liquid entrainment and entrapment hypothesis [8. Y] 

Cold liquid is trapped inside the molten mass of 

metal or covered by it at the surface of the container. 
A pressure pulse caused by steam generation results in 
fragmentation and thermal explosion of the molten 
metal. 

Shrinking shell hypothesis [9, 10, 141 
The hot molten metal is encased in a thin shell 

on solidification. Pressurization due to induced thermal 

stresses causes the blowing of the enclosed molten mass 
apart. 

Chemical reaction hypothesis 

The thermal explosion is possible when free hydrogen 
is released from water during its chemical reaction 
with the hot molten metal. It has, however, been proved 

[9,11] that such a chemical reaction is not the cause 
of the thermal explosion. 

The foregoing hypotheses do not, however. fully 
explain the thermal explosion mechanism, and some 
questions arise when we compare these theories with 
experimental facts. 

In this paper, the results of experiments about the 
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thermal interaction between molten metal and water 
are presented. The necessary conditions for the thermal 
explosion are discussed and a physical interpretation 
is given. 

EXPERIMENTAL TECHNIQUE 

The purpose of the experiment is to explore the 
thermal interaction of small amounts of molten metal 
with a cold liquid and to measure their temperature 

a thermocouple in the levitation coil. The typical 
heating history of the metal particle is shown in Fig. 3. 
The levitation condition begins at the point b, and no 
mechanical support of the particle is then necessary. 
The temperature of the particle increases without any 
contact with its surroundings and the levitation time 
AT, determines its final value (in some of the tests this 
method was used for temperature approximation of the 
metal particle in the levitation coil). In the levitation 

Position ofthe 
thermocouples 
~o.l,“, in ceramic 

Ali dimensions in millimeters 

FIG. 1. Schematicdrawingof the experimental apparatus and the recording 
equipment. 
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FIG. 2. Model of the metal particle on the bottom of the experimental 
vessel. 

history during the interaction for various initial condi- coil, the following metals are melted: Ag, Al, Au, Cu, 
tions of both the substances. This is realized by means Nb, Pb, Sn, Zn and stainless steel [22]. 
of the levitation coil [3,5], and a small vessel with The hot molten metal particle is dropped down into 
thermocouples at its base (Fig. 1). The vessel is filled the vessel containing the cold liquid on shutting-off of 
with cold water, the temperature and volume of which thecurrent in the levitation coil resulting in the thermal 
are varied. interaction of both the substances. 

The small metal particle hangs on a thin wire or on In experiments with water, a plexi-glas vessel is used 
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to make the observation of the phenomena possible. 
The bottom of the vessel is made from a ceramic 
(Thermostix 2000) in which twelve thermocouples are 
installed (Figs. 1 and 2). Thermocouple No. 1. placed in 

the center of the bottom (Fig. 2). measures the 
temperature history of the metal particle. The thermo- 
couples Nos. 2-9 measure the temperature ofthe water, 

and thermocouples Nos. lo-12 measure the tempera- 
ture of the ceramic bottom itself. 

about 1800°C. For various copper particles, the shut-off 
temperature, T&r, (or levitation time Arr) in the levita- 
tion coil, the temperature of the water from about 15 to 
X0-C. the volume of the water from 10 to 50 cm”, and 
the distance between the levitation coil and the plexi- 

glas vessel from 1 to 14mm are varied. 
The phases of heating and cooling through which the 

individual metal particle passes in the experiments are 

as roliOws : 

Explosion 
(on the bottom Of the YeSSel) 

Typical temperature history 
,/ on the bottom of the test ~~5’2 

(sample No.lO-02,thermocoupleN.oI) 

/ 

/,’ 
‘Temperature hIstory 

, 
;’ 

in the levitation toll / 

FIG. 3. Typical temperature history of the copper-particle in the experimental apparatus. 
(a) Start of melting of the particle. (b) Start of levitation. (c) End of melting. (d-h) 
Heating in levitation condition. Cut-off of heating current (drawn for the sample No. 1042). 
AT,, = T,,,I - 7&, ATWat = TLC - &tt, where 7&l, T&, Tbott are temperatures of the particle: 
in the coil, at the moment of contact with water surface and with the bottom of the vessel. 

respectively. 

Standard Chromel-Alumel thermocouples of the 

grounded-type and 0.5 mm in O.D. encased in a steel 
sheath (4301) with MgO insulating material are used. 
Signals from the thermocouples are registered by a high 

speed digitizing system based on the Raytheon 703 
Computer. The 500 Hz frequency response is used in the 
measurements. Signals from the thermocouple in the 

levitation coil (of the same type as at the bottom of 
the vessel) are indicated by the single-channel servo- 
recorder and registered on the paper tape. Photo- 
graphic data are obtained using Fastax high-speed 
movie camera (to 8000 frames/s) and Bolex framing 
camera (32 frames/s). 

1. Heating above its melting point in the levitation 
coil. 

2. Fall in air (or inert gas). 
3. Entry into and fall in the water. 

4. Contact with the bottom of the vessel. 
5. Cooling and equalization of the metal tempera- 

ture with ambient temperature. 

Solidification of the metal begins during one of the 

above mentioned 225 phases. Fragmentation or 
thermal explosion may also or may not occur during 
one of these phases depending on certain conditions 
which are discussed later in this paper. 

A block diagram of the experimental arrangement is 
shown in Fig. 1. 

RESULTS OF MEASUREMENTS 

In these experiments, the copper particle takes a 

spheroidal form in air, and during its fall develops a 
velocity of about 70cm/s before it comes in contact 
with the water surface. 

The measurements with copper are presented below. Entry of the particle into the water can be quiet and 
Technically pure copper (ECU 999 Din 1708) particles connected with simultaneous formation of a steam-air 
weighing about 0.5g are heated in the levitation coil atmosphere around the particle (Fig. 6). The atmos- 
in the temperature range from its melting point to phere protects the particle surface and forces the water 
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in front of the particle out. Some flattening of the 
particle form is seen. 

A short distance below the water surface, a sudden 

thermal explosion of the copper particle can also 
occur. The author observed such a thermal explosion 
only for the levitation time Arl z 6.4 s (T,,il - 14OO”C, 
diameter of the vessel-40mm, distance between the 

vessel and the levitation coil-14mm, volume of the 
water-20-30 cm3, water temperature - 20°C). 

Strong (Fig. 8) and weak (Fig. 10) thermal explosions 

below the water surface are distinguished. On the high 
speed films, no vapor film can be seen between the 
particle and the water. The thermal explosion happens, 

however, about l+lms after the first contact of the 
particle with the water surface. This delay seems to be 
very important in understanding of the thermal 
explosion phenomenon. The front of the strong thermal 
explosion expands with the velocity of about 35 m/s. 
For the weak thermal explosion below the water 

surface, the copper particle can break up later at the 
bottom of the vessel (hydrodynamic partition) (Fig. 10). 
When, however, the particle splits into comparatively 
large particles during the thermal explosion, then these 
particles can again come together as they move further 
to the bottom. 

The interface temperature T, between the hot and 
cold liquid at the moment of their sudden contact is 
given by: 

where 

,G = (T,+aG)l(l+a) (1) 

a = (k, PM q,dk, p. cPo)o’5. 

For the copper-water contact at the respective 

temperatures 1100 and 2O”C, a = 14.5. In this case, 
the temperature T, is about 80°C lower than the 

temperature 7&. 
When no thermal explosion occurs during the fall 

in water, the particle moves quietly with velocity 
80-90cm/s. The vapor-air film moves ahead of the 

copper particle, and a steam-air “chimney” originates 
behind it. The “chimney” may remain till the copper 
particle comes to rest on the bottom of the vessel and 
even afterwards, and later on it pinches out. The copper 

particle flattens out at the bottom* and subsequently, it 
takes the spheroidal form again. Sometimes, the particle 
“dances” on the bottom and it touches the neighboring 
thermocouples before it settles on the thermocouple 
No. 1 (Fig. 4). The “dance” of the particle and delay 
in the thermocouple readings result in the temperature 

*For other metals, e.g. Ag, Pb, Sn, Zn, the molten metal 
particle solidified sometimes as a flat “plate” during this 
phase. Some rings (Helmholtz surface instability) [9] could 
be observed on the surface of such particles [22]. 

T, = ‘&bott ofthefirst particle contact with the bottom of 

the vessel not being known exactly. However, a certain 

maximum temperature (T,)i for the thermocouple No. 

1 is obtained, and from this the extrapolated 
maximum temperature (T,Ji is calculated (Fig. 4). It is 
assumed that (T,Ji = ‘I&,,,. The time which elapses 

between the shut-off of the current in the levitation 
coil and the first reading of the thermocouples at the 
bottom is about 60 ms. 

The spheroidal molten copper particle subsequently 
cools at the bottom of the vessel. This period is the 
longest one in the cooling history of the particle, and is 
about 2-25 s for various particles tested (Fig. 4). 

For the particle No. “i” (i = 1,2,3,. . .). the following 
phases during its cooling history are distinguished: 

(BL),-film boiling; 
(BCE),-particle is molten; 
(EF)i-solidification of the molten particle; 

(FLPWZ)i-particle is solid; 
(LP),-transition boiling (this phase is often reduced 

on Fig. 4 to one point, i.e. Li = Pi); 
(PW),-violent nucleate boiling; 
(WZ),-end of the violent nucleate boiling and 

beginning of pure convection. 

The heat-transfer history according to the above 

classification can be regarded as “normal” or “quiet”. It 
takes place usually for these metals which have the 
solidification temperature higher than the Leidenfrost 
temperature of the cooling liquid (i.e. TV = 7; > q.). 

Deviations from such a “normal” course are however 
possible, and various courses of the phenomena are 
observed. For a fixed geometry. the main factor in 

these experiments is the temperature of the particle 
at the first contact with water (TM = zt,). 

It is observed, that when the molten copper particle 

has already taken a spheroidal form at the bottom of the 
vessel the “normal” course of heat transfer follows. 

However, the thermal explosion or related phenomena 

take place during the cooling process of the metal 
particle when the temperature of the particle at its first 
contact with the bottom of the vessel has a value which 

is very nearly equal to the temperature ( Tbo& in Fig. 3. 
For such a case, at first, the “normal” heat transfer 
begins, and after a short period of time, we can 
observe:(i) thermal explosion, (ii) origination of “empty 
shell” or “fungus-form” particle, (iii) “shots” of molten 
metal. 

The range of these irregularities is shown in Fig. 7 
for the samples Nos. 13-10, 942, 13-35, 13-36 and 
13-33. The corresponding temperature readings are 
shown in Fig. 4. 

Figure4 shows the temperature history of the copper 
particle for the thermal explosion at the bottom of the 
vessel for the sample Nos. 13-35. The maximum 
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registered temperature of the thermocouple No. 1 is 
T,, = 1408’C and corresponding temperature Tmel = 

1454 C. After the time period Ar,,, 2 0,759s of the 
film boiling mode, thermal explosion occurs. It is 

observed that the heat transfer mode changes abruptly 
at the temperature Tl, = Tcx,,l = 1297°C. The tempera- 
ture T, sinks almost vertically to the temperature equal 
to 1022°C which is almost the solidification tempera- 

ture of copper. Such observations recur in these 
measurements for the thermal explosions at the bottom 
of the vessel, i.e. the temperature T(, 1 1300°C of the 

copper-water contact was measured several times. In 
Fig. 9 is seen the corresponding sequence of develop- 
ment of the thermal explosion at the bottom of the 

vessel. After 0.774 s from the first contact of the particle 
with the water surface (or 0.7.56s from the first 
contact with the bottom of the vessel). the vapor film 

disappears and the first “shot” of the molten metal 
is observed. After a delay of about 5ms, the full 
thermal explosion occurs. Thus, similar as in the case 

of the thermal explosion below the water surface, the 
delay between the direct contact of both substances 
and the thermal explosion is observed. 

The thermal explosion products after the strong 
thermal explosion have, partially the spherical form 

with diameters of about lO_100~. and partially 
“shattered” form of about 10~. 

At the temperature near to the temperature Thott cor- 
responding to the thermal explosion at the bottom, 
during the cooling history are observed: “shots” of 
molten metal (sample No. 13-10, and No. 942 in 
Fig. 7) or particles in the form of “empty shell” or in 

“fungus-form” (sample Nos. 13-33 and 13-36 in Fig. 7). 
The temperature history of the “fungus-form” 

particle (Fig. 4, sample No. 13-36) has some similarities 

to that of the thermal explosion at the bottom, 
namely, T,, = 139O’C, Tmr, = 1467 ‘C. The time of 

solidification is very short, and is equal to about 

AT,, = 0394 s. It iroves that the increase of the particle 
size takes place during solidification. The calculated 
timeofsolidification without the increase of the particle 

size is about As,,, = 1.2 s. The sequence from the film 

(Fig. 11) shows the growth ofthe particle at the bottom. 
It seems that the vapor film exists partly on the surface 

of the particle for some time after the start of the 
solidification of the particle. 

For the “normal” course of heat transfer, the vapor 

film exists around the particle for some time after the 
end of solidification of the particle. The solidified 
particle has the form of a spheroid with a small 
shrinkage cavity (sample Nos. 10-22, 13-05, 13-l 1 in 
Fig. 7). 

The plateau of the temperature T, in Fig. 4 for the 
“normal” course is proportional to the time of solidifi- 
cation. For the pure copper particle which can be 

considered as a lumped system, the following times are 
distinguished: AT,,-the extrapolated value of the 
solidification time obtained from the “idealized” 

temperature measurement, and AT,--- the calculated 

one obtained on the assumption of the continuity of the 
heat-transfer rate before and after the solidification of 
the particle: 

At, = LmcJ[F,cc(~s- 7;,)+F,k(7;- T,)/AI] (2) 

where F1, F2 are surfaces of the particle in contact 
with the fluid, and with the bottom of the vessel, 

respectively. 

These values are compared with the result of the 
simplified calculations according to the formula (for 

B >> ?) [7] : 

AZ,,! = r’L~/k( 7; - T>) (1+ 28) (3) 

where p = k/w; 11 = cp( rs - TJ/L ; k, cp. L, r are 
respectively: thermal conductivity, heat capacity, fusion 
heat, and radius of the copper particle; and c( is the 
heat-transfer coefficient. 

For the copper particle heated in the air, the copper 
oxide layer originates on the surface of the particle. 

The solidification point of this layer is higher as the 

solidification point of the pure copper (see Appendix). 
This causes a deflection of temperature history on the 
CE-section in Fig. 4. Such a deflection is not observed 
in experiments when the copper particle is heated in an 

inert gas. 

On the Fastax films, one can observe that the initial 
phase of the film boiling is unstable. The vapor film 

pulsates irregularly about the particle surface and a 
local direct contact of the molten metal with water is 
conceivable. The vapor film grows on a portion of the 
particle while it decreases in thickness at some other 

point. Next, the film boiling attains a stable character, 
but one can, however, distinguish between the following 
three types of courses: (i) one steam bubble of almost 

constant size surrounds the metal particle; (ii) one 
steam bubble exists which strongly increases in size or 
pulsates; (iii) several steam bubbles occur which depart 

from the metal particle one after the other. 
The heat-transfer rate is computed from the tempera- 

ture measurements as follows : 

and 

q; = mp D,jF (4) 

Q = [mc, D, - F&P, - T,)IAI]IF, (TM - T,) (5) 

where Dk = dT/dr is the tangent of the temperature 
curve. 

The heat flux q; as a function of the difference in 
temperature between the particle and the water is 
shown in Fig. 5. This graph is the summary of about 
100 measurements. Heat flux decreases continuously 



Molten copper-water interaction 

FIG. 5. Heat flux characteristic of the quenching of the molten copper-particles in cold water 
(K z 20°C). B-L, range of the film boiling; P-W, range of the intensive nucleate boiling; 
W-Z, range of the mild nucleate boiling and beginning of the pure convection; Li - Pi(i = 1,2,3,. .), 
transplosion for the individual particle i during its cooling history (BiLiPj&Z,); Bi, entry of the 

copper-particle in water; Leidenfrost point. 

Zero 

Molten metal-particle 

g.$gp& First contact with water 

~_ 
,F _I Water 

Steam- 
mixture Passage across woter 

Crash with bottom 

Ceramic bottom 

Convective currents 

zed position of the 
e on the bottom. 
on of the steam bubble 

FIG. 6. Schematic model of particle-entry in water 
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r 
bott’ 

T 

Sample No. 

Scheme of 

the particle 

Photogrophy 
ot the particle 9 , 

Icrn 

FIG. 7. Form of the metal particle after thermal interaction with water for various 

initial temperatures (Th,,tt) on the bottom of the vessel. 

Zero O-33m s 0.67m5 I OOms 

I.33ms P67ms 2-OOms 2.33ms 

FIG. 8. Sequence from a film showing development of a thermal explosion. 
Copper in water. 7& - 13oO’C. 7;, = 19.5’C. mcl, z 0.5g. Sample No. 13-04. 

during the film boiling regime from its initial value 
4;; - lo6 W/m2 in these experiments and it can 
approach the value qy, - lo5 W/m’ (the range BL in 
Fig. 5). Afterwards, stable film boiling ceases abruptly 
(transplosive [17]) and violent nucleate boiling begins. 

These measurements indicate that the transplosion 
can happen in any point (Leidenfrost point) of the 

film boiling regime during the cooling history of the 
individual particle “7. In Fig. 5, one can see, e.g. the 
points L,, L,,, LII for sample Nos. 13-05, 13-35, 
13-36, respectively. The other values can be found in 
Fig. 4. 

The transplosion from the film to nucleate boiling 
seems to have random character and it depends, e.g. 

on the geometry of the interaction zone, hydrodynamic 
conditions and the external disturbances during the 
boiling phase. Before the transplosion occurs, some 
destabilization of the vapor film is observed. Next. the 
vapor film is broken in the duration time well below 

0.3ms. A “cloud” of small air bubbles may disperse 

from the particle surface. Accoustic effects and strong 
disturbances of the surrounding water are observed. 
The thermocouples in the water record some tempera- 
ture peaks at that moment (Fig. 4). 

Sometimes, the transition boiling regime occurs 
between the film and nucleate boiling. 

The heat flux jumps from its value at the Leiden- 
frost point to its value in the violent nucleate boiling 



777.3 ms 777.6ms 776.5ms 779.1 rns 

779.4ms 779.7ms 700ms 700.3 ms 

FIG. 9. Sequence from a film showing development of a thermal explosion 
on the bottom. Copper in water. Tbott = 1454”C, To = 21”C, mcu z 0.5g. 

Sample No. 13-35. 

Zero 3ms 5ms 6ms 9ms 

13ms 22 ms 30ms 44 ms 50ms 

281 

FIG. 10. Sequence from a film showing development of a weak thermal explosion. Copper in 
Water. Tbott - 13OO”C, T, = 19,5”C, rncu z 0.5 g. Sample No. 8-03. 
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500ms 700 ms 900ms I.005 

XtOm5 x+75ms X+145ms X+270ms 

FIG. 11. Sequence horn the frame camera film and high speed film showing 
growth of the “empty shell” particle. Copper in water. Gorl = 1467’C, 

7;, = 21.3 c‘. MC,, = 0.5482 .g. Sample No. 13-36. 

phase (qew - l-5 106 W/m’, the range PW in Fig. 5). 

This value stays almost constant during this boiling 
regime. 

The violent nucleate boiling is followed by quiet 

nucleate boiling when the temperature decreases to 
about 120°C and next by pure natural convection of the 
nonboiling wat?er. The heat flux ceases quietly to zero. 

The measurements with water up to 80°C demon- 
strate the same character of the phenomena [22]. The 
observed thermal explosion has however some lower 

destructive energy, but it takes place under similar 
conditions as in the case of water at 20°C. 

DISCUSSION OF MEASUREMENTS 

The experiments, performed so far, have shown 
several possible modes of heat transfer which may 
appear during t&e thermal interaction of the molten 
metal with cold water. The most destructive of them 
and at the same time not explained completely is the 
thermal explosion. Some of the effects mentioned in the 
introduction to the paper are observed in these 
experiments. 

The entrainment and entrapment of cold water are 

indeed observed in these experiments (particularly with 
Al). But on the sequence of photographs of the 

thermal explosion below the water surface no such 

effects have been observed before the event. Hence 
the particles only flatten out, but the size of them remain 
constant. 

Because of the large surface tension and small size 
of the examined particles, the entrapment of the water 
is not very likely. Thus, the hypothesis based on these 

effects cannot explain the thermal explosion at a short 
distance below the water surface. 

The hydrodynamic fragmentation and the liquid 

surface instability are observed in some situations but 
they do not explain, e.g. the “shots” of the liquid 
metal and the thermal explosion at the bottom of the 
vessel. 

The transplosion phenomenon (and connected 
violent boiling theory) does not explain the delay 
between the direct contact of the molten metal particle 
with cold water and the thermal explosion which is 
observed on the high speed films. The transplosion 
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occurs indeed rapidly and is really connected with some the surrounding coolant. In these experiments in air 

pressure pulse but the observation of the thermal atmosphere such a pressurization can be explained by 
explosion sequence suggests more “intrinsic” character the existence of the copper oxide in the surface layer 

of fragmentation.* The spontaneous nucleation hypo- ofthemetal particle. The examination of the high speed 
thesis [17] can probably explain the thermal explosion films and temperature measurements show that these 
below the water surface but does not explain the “shots” appear in the temperature range between about 
thermal explosion at the bottom of the vessel. 125O’C and the solidification point of copper. Only 
Namely, the vapor film around the particle contains small “shots” and no thermal explosion was observed 
air, and it is unlikely that after the film collapse. no for copper-water interaction in these experiments when 
air nuclei remain and that the necessary water super- an inert atmosphere (Ar or NJ was used. This supports 
heating is possible. the pressurization model. 

Subcooling of the molten metO 1 mOSS 

Steam bubble (film) 
sudden change of the met01 structure 

Pressurization of o solidifying particle 
and release of the latent heat L ( L<<) 

\ 

Solidifi 
hot” of m 

Steam film 
water 

Instantaneous direct 
contact of molten metal 
with surrounding coldfluid 

ta>,M,,) 

I. Quiet lilm hodmg. 2 Local direct contact of cold 3. Orlglnatlon of “rmpty shell” 4. Thermal explosum after direct 
water with molten metal or “funeus-form” ~articlc. contact of all lor almost al11 
“Shot*” of molten metal. surfxe of the molten particle 

wth cold liquid (I’. r,, c Ty. 
2 1 2 ,M,,,. 

FIG. 12. Various possible modes of heat transfer during interaction of molten copper with cold water. 
T,, ~Y-temperature of the metal particle, and solidification temperature, respectively; a--heat-transfer 

coefficient, A4,, -a large value of 05 

The liquid surface instability phenomenon can cause 
transplosion of the vapor film and leads to the direct 
contact of both hot and cold liquids, but the existence 

of the delay between the event and the thermal 
explosion as well as such effects as the “shots” of 
small metal particles from the main one and the 

origination of the “fungus-form” particle are still not 
explained. 

The pressurization of the molten metal in a shrinking 
shell and the induced stresses can cause the ruptures of 
the shell and jetting of the small metal particles into 

*It is suggested [16], that some resonance fragmentation 
mechanism connected with the pulsation frequency of the 
vapor film exists, but in Figs. 8 and 10 no vapor film can 
be seen before the thermal explosion. 

Also, the origination of the “empty shell” or “fungus- 
form” particle can be explained by the expansion effect 

of the water steam in the partly solidified shell. Water 
could be sucked into the shell through one of the 
ruptures in the metal shell (Fig. 12). 

But on the other hand, the oxide layer on the surface 
of the particle has the lower thermal expansion 
coefficient than copper itself and this contradicts the 

facts mentioned above. However, the temperature 
gradients in a thin surface layer of the metal particle 
should be examined in detail. Additionally, preliminary 
experiments ofcopperrsodium interaction by use of this 
method in inert gas atmosphere show intensive frag- 
mentation of the copper particle with limited expulsion 
of sodium from the experimental vessel. 
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These observations indicate that the thermal explo- 
sion is caused by some internal process in the molten 

metal during the rapid solidification of the molten 
metal mass in a relatively cold liquid. The heat 
transfer at the surface of the molten metal mass should 
be sufficiently high (CI 2 MJ to subcool this metal 
below the solidification point. In such a case. when 

rapidly produced latent heat of fusion in a confined 

space cannot be transferred smoothly, the “swelling 
out” forces originate which involve the fragmentation 

of the metal. It should be noticed that if the molten 

metal mass is subcooled then both substances hot and 
cold exist in an unstable condition. 

The geometry of the reaction zone can have such a 

thermohydrodynamic characteristic that the direct 
contact of both liquids is possible only for some 

defined set of the thermohydrodynamic parameters. 

One of these may be the “thermal explosion tempera- 
ture”, as it is in these experiments. 

The direct contact of the molten metal with water 

can originate, e.g. by the entry into the water or by the 
collapse of the vapor film at the surface of the molten 
metal. Both such situations are observed in these 

experiments. 
The “direct contact” between both liquids when the 

temperature of the “hot” one exceeds the critical 

temperature of the “cold” one should be examined in 
further experiments. The“shots”ofmeta1 from the main 
particle and the formation of the “bridges” through the 

vapor film can produce such a contact. Also. the liquid 
surface instability and the following local changes of 
the heat-transfer intensity at the metal surface can 

favor such phenomena. 
The solidification of a substance is attended by 

changes of the physical properties such as the specific 

volume, the specific heat, the thermal conductivity and 
others, and by release of the latent heat of fusion. The 
unconstrained, disorder position of atoms in liquid 
state changes during the solidification. The atoms are 
arranged in the form of the fixed crystalline structure 

(Fig. 12). 
We can distinguish the “slow” and “fast” solidifica- 

tion [4]. The slow solidification process characterizes 
by the continuous growth of the solid phase and quiet 

change to the crystalline structure of the body 
considered [20]. 

The fast solidification may be connected with a sub- 
cooling of the liquid metal mass. 

The internal process which initiates the fragmenta- 
tion of the metal, can be the abrupt change of the 
crystalline structure during the solidification of the 
molten metal. 

After fragmentation of the metal comes to rapid 
vaporization of the surrounding cold liquid, and the 
thermal explosion appears. 

The delay between the “triggering shot” and the 

vapor explosion supports this hypothesis. 
The local thermal explosion can also cause further 

destruction of the vapor film when it is destroyed at 

one point on the surface of the molten metal mass, 
and this may trigger the full thermal explosion. 

CONCLUSIONS 

The measurement techniques used, permit an 
examination of the interaction of high temperature 
materials with a cold liquid. The transient heat flux 

and heat transfer coefficients can be derived from such 
measurements. 

According to the hypothesis proposed in this paper, 
the thermal explosion occurs when the molten metal 
solidifies and some internal mechanism in the metal 
itself causes the fragmentation of this metal. Such 

mechanism of fragmentation may follow, e.g. suffi- 
ciently high heat transfer at the surface of the molten 

metal mass. Structural changes and occurring of the 
intercrystal forces can cause stresses which initiate this 

fragmentation process. Increasing of the contact surface 
between the metal and the superheated water which is 
connected with the fragmentation of the metal, initiates 
the vapor explosion. 

Further experimental and theoretical works to prove 

this hypothesis would be useful. 
To explore the mechanism of the thermal explosion 

in a fast reactor. the tests with liquid sodium and 
molten structural materials and reactor fuel (stainless 
steel. U02, etc.), similar to that described above, are in 
preparation. 
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APPENDIX 

The copper particle, heated in the levitation coil oxides 
on the surface of the metal when heated above its melting 
point. The thickness of the oxide surface layer and an 
amount of oxide (CuaO at the inner and CuO at the outer 
zone) depends on the atmosphere, temperature and time of 
heating. The chemical analysis of the metal particle after 
thermal interaction in water shows the following weight 
percentages of the oxygen depending on the surrounding 
atmosphere during the heating phase: in argon -004 per 
cent, in nitrogen -0-05 per cent and about 2 per cent in air 
(- 1.85 per cent for the levitation time 5iev = 5.6 S, and 2.12 
per cent for TI~” = 9.6 s). 

The copper oxide has a higher melting point as copper 
itself, namely 

Ts..cuo = 1336°C or 1447°C. Tsicu,o = 1235°C. (23) 

The temperature history of solidifying particles shows that 
in the range C’E (Fig. 4), the solidification proceeds at the 
variable temperature. The percentage of the particle mass 
which has the variable solidification point can be calculated 
as follows: 

Ml.6 = cp (DH(. - D,.,) QEI.& (A.1) 

where L, is an average value of the latent heat of fusion 
between 49.2 Cal/g for copper and 94.2 Cal/g for Cu,O. The 
values of ucE reach -30 per cent (e.g. for the test 10-05, 
llcE = 26 per cent) and show a variation of the percentage 

of the copper oxide in the surface layer of the copper 
particle. 

Assuming a spheric form of the copper particle, a linear 
dependence of the copper oxide percentage along the particle 
radius beginning from someintermediate value x = r, of this 
radius (or dimensionless beginning from t = i where 
0 i i < 1, Fig. 13) and furthermore assuming that all the 

x 

FIG. 13. Origination of metal shell on the surface of the 
molten metal mass. T = T(u)---temperature distribution, 

u,-percentage of Cu, Cu,O, CuO, respectively, p, c,, o,- 
pressure induced in liquid phase inside the solid shell, nedial 

and tangential stress, respectively. 

oxygen is in Cu,O, the formula for the mass of the copper 
oxide in the particle follows: 

0, ’ 
fTu,o = i_q s x2(x - [)dx (A.2) : 

where 
w = 4Wdcu,o. 

The mass mcu,o can be calculated from the percentage of 
the oxygen in the particle and the formula (A.2) can be used 
to obtain the radius [: 

i=y[-d,+J(~“+(1/3)]+j[-~-J(~z+~3)]+1/9 (A.3) 

where 

1(1 = 219 

4 = -44127 + 2n1~~,~/3u~. 
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The numerical values calculated by means of both formulae 
(A.l) and (A.3) are in good agreement, e.g. for the IO-05 by 
means of the formula (A.3) c = 0.9 and I+.~ 1 23 per cent. 

The pressurization effect in the shrinking shell can be 
approximately calculated as follows [lo] : 

~AG(, E 
-(l -<‘)A\T 

p = i-St-p(441”-1) 

where: AT-sudden change of the particle temperature. 

Assuming hypothetically. the value Ax, = 10mh I/deg and 
AT = 1O’C the curves shown in Fig. 13 are obtained. It 
should be, however, noticed that the calculation model is 
based on thermoelastic considerations in the solidified shell 
which for the temperatures near the solidification point and 
for such extreme stresses is not valid. The model does not 

also regard exactly the conditions at the metal particle 
boundary. Additionally, the difference Ax, between Cu and 
CuzO has a negative sign and it should he proved when 
such a pressurization effect can be observed in the reality. 
e.g. between CuO and CuzO. 

INTERACTION THERMIQUE DU CUIVRE FONDU ET DE L’EAU 

R&um&Un travail exptrimental etudie I’int&raction thermique entre des particules de cuivre fondu 
(dans le domaine de tempirature compris entre le point de fusion et 1800°C) et de I’eau entrc 15 et 80 C. 

Les tempkratures des particules de cuivre et de I’eau sont mesurCes avant et pendant leur interaction 
thermique. On filme l’histoire du phCnom&e au moyen d’une camCra ;I grande vitesse FASTAX CjusquB 
8000 images/s). On en dCduit une classification des phtnomenes observ& et une description des modes 
de transfert thermique. 

Un ph&nom&e parmi les autres est I’explosion thermique. On discute les conditions nicessaires de 
l’explosion thermique et on donne leur interprktation physique. 

Selon I’hypothise propo& dans ce texte, I’explosion thermique a lieu lorsque le m&tal fondu attcint 
la temptrature de solidification et quand le transfert thermique h la surface est suffisamment intense. 
Le “changement brutal” de la structure cristalline durant la solidification du mttal fondu est la cause 

de I’explosion par fragmentation. 

THERMISCHE WECHSELWIRKUNG GESCHMOLZENEN KUPFERS MIT WASSER 

Zusammenfassung-Die experimentelle Arbeit wurde durchgefiihrt, urn die thermische Wechselwirkung 
zwischen geschmolzenen Kupferpartikeln (im Temperaturbereich zwischen dem Kupferschmelzpunkt und 
fiber 1800°C) und Wasser zwischen 15°C und 80°C zu untersuchen. Das zeitliche Temperaturverhalten 
der Kupferpartikel und des Wassers vor und wiihrend ihrer thermischen Wechselwirkung wurde 
gemessen. Der zeitliche Ablauf wurde mit einer Hochgeschwindigkeitskamera (FASTAX) gefilmt (bis 

8000 Bilder/s). Eine Einteilung der beobachteten PhPnomene und eine Beschreibung der W&-me- 
iibergangstypen wurde erreicht. Eines der Phlnomene war die thermische Explosion. Die dafiir 
notwendigen Bedingungen werden diskutiert und physikalisch interpretiert. Der hier vorgeschlagenen 
Hypothese zufolge tritt die thermische Explosion auf, wenn das geschmolzene Metall seine Restarrungs- 
temperatur hat und der Wtirmeiibergang an seiner Oberflsche geniigend intensiv ist. Der pliitzliche 
Wechsel der Kristailstruktur wlhrend der Erstarrung des geschmolzenen Metalls ist die Ursache der 

explosiven Zersplitterung. 

TEnflOBOE B3AMMOfiEtiCTBME PACrUlABJIEHHOti MEnM C BO,!lOti 

AHHoTaqHn - flpoeeneHo 3KcnepwMetlTanbHoe MccnenoeaHwe Tennoaoro a3aMhloilelicrBHs pac- 
nnasneHHoB Menu (B nMana3oHe TeMnepaTyp 0~ TO’IKM mlaBneHMfl Meall DO 18OOC) c1 ~onbl rlpM 

TeMnepaType OT 15 no 80 C. 
npOBO~kUIL,Cb ,,3Mepe,,MS HQ’CTaHOBMBLLIklXCR TeMWZpaTyp YaCTMU MeflU CI BOllin, LIO M BO RkX’LlIi 

MX Te”nOBOr0 63ailMOneACTBMH. BeCb IlpOlleCC 6bln CHIlT Ha “JleHKy C ~OMOUbK) BblCoKOCKo~~Ol”rtiO~ 

KaMepbl FASTAX (no 8000 @yi-/ceK). nposeneHa K,~accM@Kau~R b~a6nmnaeMblx ns.leplMir. H cneJallo 
0nwcatlHe BidnoB TennonepeHoca. 
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06cyNlatoTc~ HeO6xOnWMble ycnoem nnR OnHOrO 143 Ha6JIfORaeMblX SWIeHIJti, TennOBOrO 

B3pblBa, H aae~cw HX(~)H~HY~CK~R tiHTepnpeTaum 

Cornactio npennaraeMoi4 mnoTe3e TennoeoR B3pblBnpo~cxomiTnp~ Termepa-rypesamepnesa- 

HIISI pacmameHtioror4eTanna MnocTamYHo k4meHctikuiok4 lemloo6MeHe HauosepXHocm Meranna. 

LblcTpan KpwcTanm3auun npki 3aTsepnesatikiM pacnnasnetitforo MeTanna IlBnsreTc8 npwsti~oti 

B3pb18HoroncrcneprwponaHwn. 
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