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Abstract: This study explores the mechanism behind the generation of pressure pulses on the outer surface of a molten metal droplet when immersed in water. The absence of any external trigger is assumed, and the droplet is surrounded by a vapor layer with surface hydrodynamic waves at the vapor-liquid interface. The study examines the heating conditions of a cylindrical column of water used to model a volume of cold liquid interacting with a hot metal surface, which explosively boils upon direct contact. Within the framework of classical homogeneous nucleation theory, the relationship between pressure pulse magnitude and rise time and the size of the contact area and surface temperature of the droplet is established. A criterion for determining the magnitude of the pressure pulse is derived, showing that significant pressure pulses occur within a narrow range of values for this criterion. Experimental investigations have been conducted to measure the key parameters—such as the duration and area of contact and pressure amplitude buildup—when room-temperature water comes into contact with a hot steel surface. The experimental results are compared with the theoretical predictions. Incorporating Skripov’s theory of explosive boiling into the model helps explain the relationship between the pressure pulse and contact area, only when the droplet surface temperature is near or exceeds the temperature of the maximum possible water superheating.
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Nomenclature



	C
	Speed of sound



	Cp
	Heat capacity at constant pressure



	D
	Diameter of contact spot



	L
	Heat of vaporization



	P
	Pressure



	R
	The radius of vapor bubble



	Rg
	Gas constant



	T
	Temperature



	T*
	Temperature in the liquid at the time of boiling



	Ts
	Temperature of saturation



	∆T
	Depth of entry into the metastable region



	a
	Thermal diffusivity



	h
	Height of a cylindrical volume of liquid



	k
	Thermal conductivity



	q
	Heat flux density



	r
	Radial distance in a cylindrical coordinate system



	t
	Time



	t”
	The boiling time of the entire liquid



	z
	Axial coordinate in a cylindrical coordinate system



	Greek Symbols




	αv
	Overheated vapor thermal diffusivity as a function of temperature



	θ
	Time from the beginning of the contact



	ρ
	Density



	υ
	Specific volume



	Ω¯
	The number of ready-made centers per unit volume



	Subscripts and Superscripts




	0
	Cooling water



	m
	Melted liquid droplet



	gr
	Contact area



	l
	Direction from water side



	υ
	Direction from vapor side



	n
	Normal direction to the surface



	s
	Spherical coordinate system



	′
	Water



	′′
	Vapor



	cent
	Center of hemispherical steel heated body



	surf
	Surface of hemispherical steel heated body



	bubble
	Bubble



	max
	Maximum value



	means
	Measured value



	del
	Delay



	cont
	Contact



	interphase
	Interphase




1  Introduction

The relevance of the study of the emergence and development of a pressure pulse on the high-temperature surface of a molten metal drop immersed in water (without an external trigger) is related to the problem of the occurrence of a vapor explosion in emergencies in various industries, including nuclear power and metallurgy. A detailed description of this problem, applied mainly to the safety issues of nuclear power plants, can be found in early review papers [1–3]. Modern information on this problem is presented in reviews [4–6]. The results of studies of steam explosions, as applied to metallurgy, are described in [7]. A review of works on the study of heat transfer peculiarities at steam explosions is presented in [8].

In the literature, there is a large amount of experimental data on the interaction of a drop of molten metal with a cooling liquid—usually water at room temperature. In experiments, mainly liquid tin drops falling into the sea [9] or ordinary [10–14] water as well as materials based on lead [13] and bismuth [15–17] have been used. Droplets made of copper [18,19] and iron melts [7,20] have been used to model processes at high temperatures. A comparative analysis of the fragmentation process of iron and corium droplets carried out taking into account heat transfer by radiation, is presented in [21].

In addition to nuclear power and metallurgy, steam explosions have been observed in the paper industry, as well as in the production and transportation of liquefied natural gas [22]. The results of a series of studies on modeling steam explosions in manufacturing paper are presented in [23–26]. In these experiments, performed with drops of table salt falling into the water, it is confirmed that spontaneous steam explosions can be initiated by the accidental crushing of a single drop. A distinctive feature of steam explosions in the interaction of liquefied natural gases with water is the absence (due to the low cryogenic temperatures of the coolant) of the influence of thermal radiation on the process of their occurrence. Possible vapor explosions in devices using liquid sodium as a coolant, such as fast reactors, are discussed in [27].

In most of the experiments performed, in addition to visual observations, temperature characteristics of the process and pressure pulses were measured. In some experiments [14,28,29], along with conventional video cameras, cameras operating in the range of X-rays were used, which made it possible to significantly improve image analysis by separating vapor from metal fragments. More than a dozen physical models devoted to droplet fragmentation can be found in the literature. Among them, one can single out the models based on: the penetration of coolant jets into the volume of the droplet [30], and its destruction due to both internal boiling (cavitation) [31] and thermomechanical stresses during abrupt cooling [32]. The above models describe the initial stage of the fragmentation process with different approximations and are mainly descriptive (and to some extent contradictory) in nature.

Droplets of melted material being immersed in water are surrounded by a vapor film, the boundary of which oscillates with great or small amplitude. Then, if there is a trigger (for example an external pressure impulse), the vapor film surrounding the droplet is destabilized. Thus, the oscillations of the phase boundary may reach a large scale and liquid may approach or touch the heated droplet surface. So, the explosive boiling of the liquid fraction contacting with the metal surface becomes possible. It leads to pressure impulse generation, which causes the fragmentation of the droplet. In addition, an initial pressure impulse generates an acoustic wave in the liquid and the melted droplet. This wave may affect the vapor films around neighboring particles of melted material. It may intensify the process of steam explosion. A detailed description of this behavior of the steam layer, as well as its explosive destruction, is described in [33].

The vapor film oscillations (without external trigger) may appear as a result of a hydrodynamic effect if the droplets are passed over by the liquid flow (instabilities of Kelvin-Helmholtz), or as a result of thermal processes that take place at the liquid-vapor phase boundary (in this case there is a wider circle of phenomena than Rayleigh-Taylor instability).

The object of this work is an investigation of the pressure impulse generation value, the conditions of its generation and the duration of explosive water boiling at the high temperature melted droplet surface (according to [34]). We think that, under some circumstances, this pressure impulse may be the trigger of steam explosion and may cause droplet fine fragmentation.

2  Model Description

When water contacts the melted droplet surface due to surrounding vapor film destabilization (the simplest model of the phenomenon is shown in Fig. 1), the pressure impulse may appear. It is connected with explosive boiling, and a rapid decrease in volume density is considered. The formed vapor bubble (expanding at the speed of sound) in some cases does not compensate for the increasing pressure.

[image: images]

Figure 1: Simplified scheme of water explosive boiling after vapor film continuity breakdown; 1—melted droplet, 2—vapor film, 3—cooling water

There is now a fairly large number of experimental studies of the effects of the vapor film surrounding a drop of heated metal when it enters a coolant. These experimental data, and several qualitative considerations by various authors, show that many mechanisms lead to the effect of the vapor film on the deformation (fracture) of the liquid metal droplet when it interacts with the surrounding liquid.

In the first part of this paper, an attempt is made to evaluate the effect of the vapor film during the transition of a liquid to a metastable state within the framework of the well-known V.P. Skripov model [34].

2.1 The Peculiarities of Heat Transfer Regime

Instabilities of vapor film surrounding the droplet, which may lead to direct contact between water and the hot surface of molten metal (as mentioned above), are described in works [8,35].

Consider heating a water cylinder and its contact with a hot droplet surface. The cylinder models the water volume (which has, in general, a more complicated form). Several mechanisms produce explosive boiling. One of them is related to pressure entry into the metastable zone, which is known to lead to boiling. A necessary condition for explosive boiling, according to [34], is a sufficiently deep entry into the metastable zone, since:

T∗−Ts=βLCp¯,(1)


where L, T*, Ts and Cp¯ are the specific heat of evaporation, temperature of superheated water, saturation temperature, mean heat capacity; β = 0.42 for water at atmospheric pressure. It means, in our case, that superheating must be about 200 K.

It was noted in [34] that the liquid can be superheated even in the presence of artificial centers if heating occurs quickly enough. Moreover, it is necessary to provide such a heating rate, which noticeably exceeds the heat consumption for evaporation on active centers. The analytical solution for two semi-infinite bodies was used to estimate the heating rate of the cylinder and to determine the temperature at the phase boundary. It was also used to determine the boundary condition on the lower surface of the cylinder, the temperature of which is assumed not to exceed the temperature of the limiting overheating of the coolant, as well as to verify the numerical solution for the case of zero heat flow on the side surface of the cylinder. The solution to this problem for the initial temperature distribution independent of the coordinate is found by [36]:

T−T0Tgr−T0=erf (Z),Z=z2aθ.(2)

The heat flux on the droplet surface is:

q1(0, θ)=k(Tgr−T0)πaθ.(3)

Conjugating by heat flux, temperature in the contact zone is:

Tgr=T0+(Tm−T0)1+((kρCp)0(kρCp)m)12,(4)


where θ, k, а, Tgr, Tm, T0, ρ, and Cp are the time from the moment of contact, thermal conductivity, thermal diffusivity, temperature at the interphase zone contact, molten droplet temperature, cooling water temperature, density, thermal capacity; index «0» refers to cooling liquid, index «m» refers to melted droplet, z—the coordinate normal to the droplet surface; T = T (z, θ) temperature as a function of time and coordinate normal to the droplet surface.

Figs. 2 and 3 (which illustrates calculations by Eqs. (3)–(5)) show heat flux density variation at the phase boundary and time dependency of temperature in the water cylinder at the z–coordinate 3 μm from the surface. The heat flux decreases several times (Fig. 2) during 1 ms (due to low water thermal conductivity) while the temperature of the metal surface and contact zone change slightly. However, the water cylinder becomes superheated for approximately 200 K at the mentioned coordinate.
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Figure 2: Heat flux dependence on time in contact zone (z = 3 μm; Tgr = 584 K)
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Figure 3: Droplet surface temperature dependence of time (z = 3 μm; Tgr = 584 K)

For a more exact definition of the temperature distribution of a water cylinder in contact with a droplet surface, the heat conduction equation was solved in cylindrical coordinates:

∂T∂t=av(1r∂∂r(r∂T∂r)+∂2T∂z2),


with the following boundary conditions:
 
z=0:T=Tgr;

z=h:T=T0;

r=rn:ql=qv,

where z, r, h, rn, T0, av, ql and qv are the coordinate normal to the droplet surface (z = 0 in the point of inter-phase contact), coordinate along the radius of cylinder (r = 0 at the symmetry axis), height of the cylinder, which is approximately equal to the vapor film thickness, cylinder radius, cooling water temperature, thermal diffusivity (here we considered as constant), heat flux densities at the lateral cylinder surface in liquid and vapor correspondingly.

To determine the boundary conditions on the side surface of the cylinder, the temperature distribution in the vapor film was found. The problem was solved in a one-dimensional approximation in polar coordinates taking into account the temperature variability of superheated vapor properties:

1rs∂∂rs(av(T)rs∂T∂rs)=0


where rs, av (T), T are the distance from droplet center, overheated vapor thermal diffusivity as a function of temperature, temperature as a function of rs in the vapor film.

For numerical calculation, the appropriate explicit schemes of second order for cylinder and polar coordinates were used [37].

Hereinafter, we determine the experimental heating period between the water contact with the droplet surface and the start of explosive boiling, which is measured by the fall of electrical resistance between the droplet and liquid. Correspondingly, the height of the water cylinder in a metastable state is determined, and the overheating satisfies the explosive regime conditions [34].

It is possible to calculate the radius of the sphere (R), the volume of which is equal to the volume of the water cylinder part in which explosive boiling is realized.

The parameter R is used in subsequent dimensionless analysis.

For example, for the following calculation, the temperature of the tin droplet was chosen so that the temperature of the interphase surface corresponds to the ultimate overheating water temperature 311K. Experimental waiting time is assumed to be 1 ms.

The results of calculations for the above example are represented in Fig. 4. The line (2) in Fig. 4 cuts part of the water cylinder heated to the metastable condition that satisfies the condition of explosive boiling [34].
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Figure 4: Temperature distribution (1) along the height of the water cylinder (h) at symmetry axis after 1 ms from water droplet surface contact; to the left of (2)—the zone of explosive boiling; (Tgr = 584 K, t = 1 ms)

2.2 Pressure Impulse

The time of superheated liquid explosive boiling out at the active centers, according to [30], is:

t′′=1φ1n(ρ′ρ′′34πΩ¯)13n,(5)


where Ω¯, ρ′ and ρ′′ are the number of active centers per volume unit, densities of liquid and vapor correspondingly.

The number of active centers to the moment of explosive boiling beginning is determined as an integral of nucleation speed according to classic theory of homogenous nucleation. Then (the Raleigh case): n = 1. In [30], the law of bubble growth is represented as: an asymptotical Raleigh law for bubble growth.

Rbubble=φtn;Rbubble=2ΔP3ρ′t.

For a first estimation, φ may be determined from the following considerations [38]:

∂P∂T=LT(ν′′−ν′)− Klaiperon −Clausius equation.

If we assume in the zone of heating ∂P∂T≈const≈ΔPΔT, then:

ΔP=ΔTLT(1ρ′′−1ρ′),(6)


where L is the heat of vaporization.

The formed vapor spherical bubble expands at the speed of sound, so we’ll describe the growth of its radius R as:

ΔR=Ct′′,(7)


here ∆R is the radius enlarging to the moment of the end of boiling or, putting new variables:

B=(34πΩ¯)13;x=(ρ′ρ′′)13,

We have:

ΔR=CBxφ=CBx2ΔTL3T(x3−1).(8)

Defining K, as:

K=CR(34πΩ¯)133T2ΔTL,(9)

We have the following equation:

(1+Kx(x3−1))3=x3.(10)

Since only positive x are of interest, it may be written:

1+Kx(x3−1)=x.

Then:

x3−1(x−1)2=1K=x2(x2+x+1)x−1=RC(4πΩ¯3)132ΔTL3T

or

R=x2(x2+x+1)x−1C(34πΩ¯)133T2ΔTL,(11)

where T, ∆T, L, C, Rg and K are the vapor temperature, the level of superheating, specific heat of vaporization, speed of sound, vapor gas constant and the dimensionless criterion K (9), which depends upon contact spot radius and droplet surface temperature.

Then the Eq. (10) is solved for x, and thus the vapor density is determined in the enlarged bubble to the end of boiling (ρ″) as a function of K. So, one can determine the pressure in the bubble (12), and it is the pressure impulse, which determines the following events:

P′′=ρ′′RgT.(12)

The duration of the impulse (the duration of pressure growth inside the bubble until it reaches maximum value) is:

t′′=123ρlΔTT(1ρ′′−1ρ′)(ρ′ρ′′34πΩ¯)13,(13)

Bellow the dependence of pressure impulse (Fig. 5) and duration of pressure growth in the bubble (time of boiling out) (Fig. 6) are given as a function of sphere radius (R), the volume of which equals the initial volume of the explosive boiling liquid. This dependence refers to the temperature of the contact zone to be the maximum water overheating level at atmospheric pressure and experimental time of water cylinder heating.
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Figure 5: Pressure impulse dependency upon R
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Figure 6: Time of pressure growth (the time of boiling out) in pressure impulse as a function of R

The dependence between vapor density and criterion K (Fig. 7) is physically restricted by the maximum possible vapor density at critical water temperature.
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Figure 7: Vapor density (at the end of boiling) dependency upon dimensionless parameter K

It should be noted that there are some problems with the model based on the mechanism described in [34]. One of them is related to the need to know the number of nucleation centers, which for various experiments is known with insufficient accuracy. Another problem is the need for the liquid to enter the metastable zone. In addition, the Skripov model does not take into account the influence of vapor film oscillations (small and with finite amplitude) on the development of instabilities not related to the metastable state of the liquid. Thus, the results presented here demonstrate the main difficulties of the droplet fragmentation model based on shock boiling theory [34]. However, there are other models available. Most notably, in reality, each type of boiling nucleation is heterogeneous. Therefore, the model must include either a heterogeneous factor (the value of which is usually unknown in advance) or there must exist an alternative model of heterogeneous nucleation.

Estimated calculations within the framework of the simplest V.P. Skripov model show its limitations. The essence of its limitations is that it is based on homogeneous nucleation liquid; therefore, a more detailed analysis of other mechanisms is required, some of which have been partially discussed, some of which have not. The analysis of such mechanisms is the aim of further research.

3  Experimental Data

Based on the results of experiments with metal balls [39–41], it can be assumed that the processes of destruction of vapor shells of the coolant near the superheated surfaces of solid and liquid metallic bodies develop similarly. Therefore, additional experiments modeling the initial stage of vapor film destruction on a hot liquid-metal drop and intended to verify the results of the above deductions were performed under conditions of explosive boiling of water on solid samples of hemispherical shape. Experiments using a similar measurement technique were performed earlier in [42].

The scheme of the experimental setup and the main measurements carried out on it are shown in Fig. 8. The working section was a cylindrical rod, the lower end part of which was made of stainless steel AISI 304. The end surface of the cylinder had the shape of a hemisphere with a diameter of 10 mm. The working section, thermally insulated over the entire surface, except for the hemispherical part, was heated by direct electric current, which was passed through an electrically insulated spiral wound on its surface.

[image: images]

Figure 8: Scheme of the experimental setup and main measurements. 1—sample; 2—thermocouple (K-type); 3—pressure sensor; 4—electrode; 5—water; 6—steam shell; 7—battery: 8—reference resistor; 9—video camera; 10—computer

The experiments were performed in the following sequence. In the initial (raised) position, the working section was heated in air to a temperature of ~773K. After that, the electric heater was switched off, and the hot working section was immersed in the bath filled with distilled water to the depth of the hemisphere radius with the help of a special coordinate device at a speed of several millimeters per second. This method of heating was a simple way to affect the mode of stable film boiling near the hot hemisphere, and also to allow explosive escape of the vapor film from the heated surface of the working section during the cooling process. Distilled water at room temperature (291K) (degassed using two-hour boiling) was used in the experiments.

Temperature measurements were made with the help of chrome-alumni thermocouples, the junction of which were placed in water, in the center of the hemisphere, and different parts of the working area. This made it possible to control with sufficient accuracy the value of heat flux density on the hemispherical surface in the film boiling mode. The estimated value of the temperature of the hot surface of the sample was determined computationally by solving the unsteady heat conduction equation.

In the experiments, pressure pulses were investigated, which were generated at the collapse of the vapor cavity in the process of cooling the working section. High-frequency piezoelectric transducers from PCB PIEZOTRONICS Model: HS113A28, which were located at a distance of 6 mm from the lower end of the hemisphere, were used as pressure transducers.

In addition to pressure transducers, the conductometric technique of determining the parameters of water contact with the heated surface was used in the experiments. The characteristics of this process (area and duration of contact) were determined by the change in the value of the voltage drop on the “exemplary” resistance, which is part of a closed electrical circuit consisting of a direct current source, two electrodes (one of which is the working area and the other is a copper plate placed in water), connecting wires, volumes of water and water vapor. In the absence of water contact with the heater, the total resistance of the circuit, determined by the electrical resistance of the vapor layer, is as large as possible, and the current and voltage drop across the reference resistance are minimal.

At the moment of contact of the heater with water in the measuring circuit the electric current increases sharply, the value of which varies depending on the contact area. The calibration dependence of the voltage drop across the sample resistance on the equivalent diameter of the contact area (Fig. 9) was obtained in a specially designed experiment in which the contact spot was modeled by the area of the end surface of a copper wire insulated from the sides. One of the ends of a piece of wire, which diameter in the experiments varied from 30 µm to 15 mm, was fixed on the hemispherical surface of the working area, and the other was immersed a few millimeters into water.
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Figure 9: Calibration dependence of the contact diameter on the voltage drop across the reference resistor

Based on the results of video observations (video recording frequency 1000 fps), it was found that the contact of the cooler with the hot surface takes place in the lowermost part of the hemispherical sample, where the thickness of the vapor shell is minimal. The experiments used National Instruments equipment, and the measurements were performed using the Labview software environment. The frequency of digitization of signals from pressure and contact sensors was 5 × 105 Hz.

A characteristic form of oscillograms of pressure Pmeas and the equivalent diameter of the contact spot Dcont, measured at three different temperatures in the center of the heated sample Tcent, are presented in Figs. 10–12. As can be seen from the presented graphs, for all three values of Tcent. There is a time delay tdel. Pressure curve relative to the oscillogram of the contact diameter. Table 1 presents the characteristic values tdel and the contact radius obtained taking into account the calibration dependence in Fig. 9. The same table presents the estimated temperatures of heated metal Tsurf and interphase Tinterphase, (at the moment of contact of water with a hot body) surfaces, as well as the pressure at the explosion point P, calculated taking into account the pressure drops according to the law Pmeas ~ P/r. Here r is the distance from the explosion point to the measurement point (in our case, r = 5 mm).
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Figure 10: Change over time of pressure (1) and diameter of contact (2) during the initial interaction of water (temperature T~293 K) with hot steel surface (549 K)
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Figure 11: Change over time of pressure (1) and diameter of contact (2) during the initial interaction of water (temperature T~293 K) with hot steel (599 K) hemisphere
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Figure 12: Change over time of pressure (1) and diameter of contact (2) during the initial interaction of water (temperature T~293 K) with hot (489 K) steel hemisphere
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The experimental results obtained confirm that the delay time of explosive boiling increases with increasing contact patch, which, in turn, decreases with increasing temperature of the hot surface. The dependence P (Tcent) has a maximum, that is, the pressure amplitude can change in different directions depending on the temperature of the hot surface.

As mentioned above, the comparison of experimental and analytical dependences is relatively restricted nevertheless, it may be marked that there is a good correspondence between pressure impulse value at various squares of contact at the surface temperature close to the temperature of the maximum possible temperature of water overheating. At the same time, the analytical period of pressure growth in pressure impulse is several times less than the experimental one.

The analysis of the experimental data on the pressure rise generated by the boiling liquid at its contact with the heated metal surface given in the current section shows that the model based on the transition of the liquid to a metastable state (explosive boiling) does not allow to describe the observed experimental results accurately enough, in particular, the sharp pressure rise in the boiling region is not clear enough.

4  Conclusions

The paper proposes and describes a model of pressure pulse formation on the surface of a high-temperature melt drop when it is immersed in water. The model is based on the explosive boiling of coolant at the wave crests generated at the vapor-liquid interface, where it comes into contact with a hot metal surface. Within the framework of the explosive boiling theory based on the classical concept of homogeneous nucleation, a criterion determining the magnitude of the pressure pulse and depending, in particular, on the size of the contact spot and the number of vaporization centers is determined. It is shown that significant pressure pulses occur in a rather narrow range of values of this criterion. Additional experiments have been carried out to determine the main parameters (duration and area of contact, pressure amplitude increase) of the contact of room temperature water with a hot steel surface. The theoretical relationship between the intensity of the pressure pulse and the volume of the boiling liquid, as well as the temperature of the droplet surface, has been established. These calculations enable the determination of the contact spot area corresponding to the observed pressure (P) in the experiment. It should also be noted that the proposed model has several disadvantages associated, in particular, with the absence in the literature of detailed information on the boiling centers, which are little known for specific experiments. In addition, the proposed model does not take into account the influence of both small and finite amplitude vapor film oscillations on the development of instability. The results obtained indicate the need for a deeper study of the nature of the vapor film instability since the area of the hot metal contact with the liquid formed as a result of wave motion largely determines the intensity of the resulting pressure pulse.
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Table 1: Characteristic values of the main interaction parameters
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