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Physics of thermohydraulic explosions

Ralf Buttner and Bernd Zimanowski
Physikalisch-Vulkanologisches Labor, Institut fBeologie, UniversiteWirzburg, Germany
(Received 14 November 1997

We propose a phenomenological model for explosive water-melt interactions. Thermohydraulic fracturing
was experimentally identified to be the main contributor to explosive energy release. We found experimental
evidence that the model is applicable for a variety of melt compositions with very different thermal and
rheological properties. The proposed mechanism does not require special premixing conditions. The pre-
explosive geometries yielding the most intensive explosions were found to be cm to dm sized water domains
entrapped by excess melt. First approximations to the thermal to kinetic energy conversion ratio show that the
identified process can explain the occurence and the damage potential observed in industrial accidents and
volcanic eruptions[S1063-651X98)02305-§

PACS numbgs): 62.10+s, 44.60+k, 62.20.Mk

[. INTRODUCTION melts, low superheated melts, and especially in the case of a
combination of these properties, the generation of a homo-
Intensive explosions can be observed during the contageneous premix becomes unlikely.

of a hot liquid with a cool liquid, if the temperature of the  In this work we present experimental results, which iden-
hot liquid exceeds the homogeneous nucleation temperatuffy @ thermohydraulic process during phase 3 of MkSkc.
of the coolant. This phenomenon was named the fuelll). In Sec. Il it is shown that this process is the main con-
coolant-interaction(FCI) [1]' respective|y’ “steam exp|o- tributor of explosion energy. A model of MFCI is introduced
sion” or “vapor explosion.” In the case of water and a hot in Sec. IV, which can explain the observed kinetic energy
melt the term mo|ten_fue|_coo|ant_interacti(ﬂMFC|) has release without a thermal detonation mechanism. In Sec. V
been introduced. Being a source of severe accidents in indu§onclusions are given and implications are discussed.
trial plants MFCI has been intensively studied by physicists

_and engineers over 'Fhe last 25 years. In volcanism MFCI was Il EXPERIMENTS
identified to play an important role in the course of explosive
eruptions[2]. In volcanism water and magma can form local mixes of

During MFCI a complex multiphas@n many cases also a cm to dm sized domains leading to highly energetic explo-
multicomponent system interacts under nonequilibrium sions[7]. Caused by the viscosity of magniato 1 Pa $
thermodynamic conditions. Due to the multidisciplinary and restricted differential flow speeds<20 m/s) hydrody-
character of the involved research groups a variety of experinamic mixing of water and magma on such a scale requires a
mental approaches have been followd}4]: single melt considerable time period>1s). Magma is a subliquidus
droplets in water, melt jets in water, shock-tube configurasystem and the typical overheat above solidus temperature
tions, prefragmented melt in water, stratification experi-rarely exceeds 150 K. Even if reduced heat transfer under
ments, and entrapped water in melt. MFCI commonly is destable film boiling conditions is assumed, cooling of the melt
scribed in four phasegphase 1 Hydrodynamic mixing of is so effective, that cm-sized magma domains dispersed in
water and hot melt under stable vapor-film boiling condi-water will solidify completely in less than a second and
tions; (phase 2 induction and propagation of rapid break- MFCI will be hindered 8]. Therefore, explosive premixes of
down of insulating vapor films{phase 3 escalative heat magma and water nearly exclusively form as dispersed water
transfer and superheating of water; gptiase 4quantitative  domains in excess mekentrapment configurationThe find-
vaporization and system expansion. ings presented here were obtained by performing mesoscale

In order to explain the high conversion ratio from thermal experiments in an entrapment configuration: test melts were
to kinetic energy, as deduced from experiments, accidentgrepared under atmospheric conditions in containmints
and volcanic eruptions, some authors introduced a thermaized crucibles within which then water was injected into
detonation modd]l5,6], assuming a positive feedback mecha-the melt. Entrapment experiments were performed using sili-
nism which couples phase 2 and phase 3. This mechanisroate compositiongremelted volcanic rocksion melts(car-
however, would require a homogeneous premixture resultingonates, sodium chlorigleand metal mel{tin). A detailed
from phase 1. In cases of high density melts, high viscosityescription of the setup is given [8].

In [10] premixing experiments with silicate melt have
shown that the intensity of explosions depends on the initial
* Author to whom correspondence should be addressed. Addresgater-melt ratio as well as on the differential flow speed
correspondence to Physikalisch-Vulkanologisches Labor, Instituthydrodynamic mixing energy Optimum premixes were
fir Geologie, UniversitaWurzburg, Pleicherwall 1, D- found to be water domains with wavy surfaces with volumes
97070 Wuzburg, Germany. FAX:+49-931-312378. Electronic ad- of 10 to 20 ml dispersed in excess melt. These were pro-
dress: zimano@rzbox.uni-wuerzburg.de duced by considerably low mixing energighfferential flow
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FIG. 1. Two pressure pulséas examplgswhich were found to o . . . s
have the potency of triggering an explosive water/melt interaction. 0 02 04 06 08 1.0

. normalized peak force
speed 4.2 mjsat low water-melt mass ratio€.03—-0.04.

The explosion intensity was found to be proportional to the FIG. 3. Peak pressure of the explosion shock wave plotted ver-
pre-explosive water-melt interface area. Thus, MFCI doesus the peak force component acting onto the container. The data
not require a highly fragmented and homogeneous watemot only reflects different melt compositions and temperat(sitis

melt premix. Water mass flux per unit time was found to becate melt: 1600 to 1700 K, carbonate melt: 1100 to 1150 K, salt
of minor influence, at least in the investigated range. Whermelt:_lﬂO_K, tin melt: QOQ to 1100_},<but also various container
water mixes with hot melt, thermally insulating vapor films (cru0|b_le sizes and material&eramics, quartz glass, steel, metal
form, which limit the heat flux between both medlziden- ~ Ceramics.

frost phenomenogn A quantitative collapse of these vapor . . . .
P o d b P scale of this phase was experimentally determined to be in

films is a necessary condition for MFQbhase 2 This col- h ; . | g .
lapse is experimentally achieved by application of triggert € ms range. Us.mg an approprlate melt c.omposm'on, It was
possible to identify and quantify the particles which were

signals, i.e., pressure pulses respectively shock wglBs . ; ; .
With the use of the experimental set{@] we investigated exclusively generated during this phd8é thus representing
the part of the melt which interacted thermally with water

the influence of wavelength and amplitude of the trigger sig-. - F. . . A )
nal onto the explosion intensity. A wide range of signals wa I.e., interactive me]t The shape and.S|ze distribution of thls
found to have the quality of a triggdsee Fig. 1 i.e., to particle population pointed to a brittle-type fragmentation

induce a complete vapor film collapse in a mesoscale premi?rocess' that acted under extremely high_ cooling rates
in such a way, that direct contact of water and melt is estab(> ,106 K/ $)- The total surface area of the partlc_les generated
lished quasicoherentl{12]. The explosion intensity, how- during this b.”ttle Process _has been determmed_and was
ever, depended on the intensity of the triggering sigaa found to be linearly proportional to the explosion intensity

Fig. 2). Influences of size and shape of the containment wer 4. SUCh a behavior was also reported from_ (_)ther fracture
not observed. experimentg 15]. The brittle process was verified by spe-

Phase 3 of MFCI is characterized by escalative interfac&'2/ly designed experiments using high-speed cinematogra-

growth of the thermally and mechanically coupled systemPhY, @nd two brittle mechanisms were identifiet?]: (a)

caused by fine fragmentation onwan scale[13]. The time formation of leading crackémm to cm scaledue to excess
water pressure, andh) a slower,um scaled melt fragmenta-

1.0 , , . , : , tion induced by strain build up in the melt during rapid cool-
ing

During phas 3 a major release of kinetic energy could be
08T T detected by(a) force transducers, elastically coupled to the
containment, an¢b) by pressure transducers in the surround-
ing air [9]. The mean signal speed in dimeasured at a
distance of 1.6 mwas 356 2) m/s, independent of the
explosion intensity in the investigated range. This signal
04l ] speed indicates a shock wave. The detected force si¢mals
and pressure signal®) show a linear proportionality, irre-
spective of(i) the locus of explosion in the containmefit)
02 r 1 size, geometry, and yield strength of the containment, and
(iii ) melt composition(see Fig. 3. Furthermore, the optical
, , , , , , records showed no detectable volume increase of the system
03 0.4 05 06 07 0.8 0.9 10 during phase 39], thus indicating a quasi-isochoric behav-
ior.

If brittle-type fine fragmentation of the melt during phase

FIG. 2. Relationship between trigger energy and peak force3 takes place, electrical effects resulting from contact elec-
component acting onto the container for the pressure pulse shown fificity should be expected. Therefore, specially designed ex-
Fig. 1 (dotted ling as an example. periments were performdd4]. It was found that character-
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FIG. 4. Electrical signal plotted vs the peak force component ) )
acting onto the container for three melt compositions: metal melt, FIG. 5. Flow-chart diagram of the phenomenological model of
ion melt, and silicate melt. thermohydraulic explosion.

istic electrical signals are produced during phase 3, which aréhock waves of known enerpyit was found to be in cas@)
linearly proportional to the explosion intensity and to the1.5 kJ and in caséb) 8 kJ. The fragmentation energy con-
total surface area of the particles generated by the britti€umed during phase 3 was calculated from the total surface
process. Additional experiments using the identical seture created, taken frop8]. Assuming a work of fracture for
[14] but other melt types also show linear proportionalities tocrack formation aftef15] of 1 kJ/nf a fragmentation energy
the explosion intensitysee Fig. 4 The different slopes can ©Of approximately 2 kJ in cas@) and 4.9 kJ in casé) was
be explained by specific material properties. The experimenfound. The kinetic energy release during the expansion
tal results point to a brittle-type fragmentation mechanism(phase 4 was optically determine@see aboveto be 0.5 kJ
with approximately spherical symmetry during phase 3 in allin case(@ and 0.7 kJ in caseb). Thus, the total kinetic
cases. It can be assumed, that the fragmentation mechanigfiergy release during the explosions was in ¢asé kJ and
described above is not only valid in the case of silicate meltdn case(b) 13.6 kJ. Now it is possible to estimate a minimum
and ion meltd9,12], but also in the case of metal melts. ~ conversion ratio for the explosion mechanism: 38.5% in case
The expansion phagphase 4, in contrast to phases 1-3, (8) and 48.7% in casé). These values, however, represent
could be observed directly using highspeed cinematograph{pcal conversion ratios taking into account only the interac-
in [9]. The kinetic energy released during phase 4 representdye melt. Considering the thermal energy of the total melt
only a minor part of the total energy release. The expansioNO|Ume used in the experiments minimum conversion ratios
history of experimental MFCI was simulated, substitutingup to 2% result.
the driving superheated steam by pressurized inertial gas

[9,14]. The driving pressures necessary to explain the ob- IV. EMPIRICAL MODEL
served bandwidth of experimental MFCI expansion phase
was in the range of 5 to 15 MPa. Based on the experimental results summarized above, a

model of the MFCI explosion mechanism can be developed
(see Fig. & If water contacts a melt of sufficiently high
temperaturdat system pressures well below the critical pres-
As a significant contribution of exothermal chemical re-sure of water explosive mixtures of water domains in melt
actions to the energy budget can be excluded in the expercan form in the stable film boiling regime. Depending on the
ments described above, the energy released during the expldieology of the melt, the interface enlargement is controlled
sions is delivered only by the thermal energy of theby the supplied hydrodynamic mixing energy. The degree of
respective interactive melt. As shown [ifl] the interactive  mixing in respect to the explosivity is limited: At high mix-
melt mass can be determined with high precision in the casimg energy the vapor film breakdown will become asynchro-
of the silicate test melt. The thermal properties of the comnous, due to increasing influence of hydrodynamic surface
position used in the experiments were measurdd@h The instabilities. In addition, the lifespan of the resulting smaller
following energy considerations are based on the experimerwater domains will be shortened by the increased heat flux.
tal data of explosions witll@) mean intensities antb) high  Prolonged mixing time will cause significant vaporization of
intensities, taken from9)]. water and subcooling of the melt. Therefore, an optimum
The maximum thermal energy availalfiee., the thermal pre-explosive mixture exists with cm to dm sized water do-
energy of the respective interactive melt mffs- 1650 K)  mains entrapped in excess melt. The energy of the resulting
assuming cooling to the initial water temperatur@ ( explosions is proportional to the pre-explosive water-melt
=290 K)] was calculated fofa) to be 10.4 kJ and fofb) to  interface area. The thermohydraulic explosion mechanism is
be 27.9 kJ. For the calculation of the explosion shock wavdriggered by the quasicoherent collapse of the vapor films of
energy the force transducer system was calibrdtezsing  the premix, synchronized by a pressure putagger signa).

IIl. ENERGY CONSIDERATIONS
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The optimum trigger signals are shock waves, because of V. CONCLUSIONS AND OUTLOOK

their supersqnic gualities. Direct contact betvyeen water gnd The experiments described above have shown that during
melt results in thermal and mechanical coupling of both lig-the thermohydraulically induced brittle fragmentation and
uids: heat flux and speed of sound increase by 1-2 magnheat transfer phase the major part of the totally observed
tudes. Due to system inertia and the large difference betweg@netic energy was released. The consequence of this brittle
the thermal expansion coefficients of water and melt, heatingeaction was the generation of shock waves in the surround-
of the water and cooling of the meltnder quasi-isochoric ing, representing a major damage potential of the experimen-
conditiong causes local pressure increase withi If the  tally generated molten-fuel-coolant interactions. Steam gen-
load pressure onto the melt exceeds a critical value the mediration and expansion, however, delivered only about 10%
reacts as a stressed solid body by the formation of cracks aof the totally observed kinetic energy, which also were re-
a mm to cm scale. Pressurized water will quickly intrude intoleased in a significantly longer time period. The commonly
these crackgleading cracks increasing the contact area and used term “steam exlosion” does not reflect these observa-
thus the heat flux. Extremely high cooling rates of the melt intions. Therefore, in this work we propose “thermohydraulic
the vicinity of the interface lead to high thermally induced explosion” for a more satisfying characterization of the phe-
stresses during the fast approach of the glass transition terfonemon. The short time inflative surface area generation by
perature. Triggered by the seismic energy released during termohydraulic fragmentation causes a surface dominated
formation of the leading cracks a second brittle-type frag€at transfer. Thus the thermal properties of the involved
mentation cycle is started ongan to mm scale. A fragmen- melts were of minor influence. Similar premix geometries

tation front thus forms which expands into the surroundingresu“ed in similar explosion intensities irrespective of the
melt following the propagation of the leading cracks at amelt composition. The experimental observations point to a

. . ..general validity of the thermohydraulic mechanism for ex-
considerably lower speed. Both fragmentation mechanlsmrglosive molten-fuel-water interactions.

lead to an escalative behavior of heat transfer thus generating The crucial condition for hazardous explosions was found

a positive feedback mechanism. Relaxation of the store be the synchronized direct contact between water and
structural energy in a short time period by these brittle PrOfnelt, leading to a thermal and mechanical coupling. A de-

cesses causes the explosion shock wave which can be dgsiopment of effective safety techniques thus should concen-

tected in the surrounding. This thermohydraulic mechanismyate on the prevention of this situation. If the formation of a
is terminated once the SyStem starts to eXpand. Vaporlzatl%btentia"y exp|osive premix cannot be exc|uded, efforts
of superheated water occurs and the system is thermally anghould be made to reduce either the speed of sound in the
mechanically decoupled. During the following expansionsystem or the heat flux or both. Future research is recom-
phase the superheated water vaporizes completely and theended on the effects of large geometries, i.e., escalation or
generated steam expands to ambient pressure, thus releasd@mping mechanisms in interacting premixes in the m range

kinetic energy.

or larger.
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