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Abstract  An experimental and measuring system of rapid transient explosive boiling was established. During the experiments, both pure liquid (acetone) and binary mixtures (various volume fractions of ethanol and acetone) were used as working liquids respectively, the temperature fields in a microsecond scale was measured, and the behavior of bubbles, including bubble formation, growth, departure and floating up were observed and captured by a microscope camera system. The extreme characteristics that differ from those in normal boiling are clearly revealed, like a large number of tiny vapor bubbles generate concurrently not only on the top surface of platinum film but also in the liquid layer that is adjacent to platinum film after the onset of laser irradiating. Compared with the normal boiling, bubble nucleation temperature is higher, bubble quantity is several orders of magnitude larger and the bubble transfer speed is more rapid. The working liquid species, volume fraction of the mixture, laser irradiation parameters (power density, pulse duration) have a significant impact on the boiling behavior. 
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Introduction     

    With the rapid advance of natural science and engineering towards the microscale course, especially with the rapid development of MEMS, people have paid great attention to thermal physical properties of microscale (time and space). However, when time or space scale is reduced to certain extent, some extreme behaviors that differ from those in normal case occur in practical process, many phenomena and laws are not descried by classical heat transfer theory. Exploring and developing basic heat transfer theory and experimental technology are very urgent. Because boiling heat transfer can release huge vaporization heat in lower temperature difference, so it has a great application foreground both in traditional and high-tech industries.

Explosive boiling means that boiling occurs in the very short time with high heat flux, it has attracted worldwide research attention because it is not only closely related to the disasters occurred in industries such as nuclear reactor, metallurgy, liquefied natural gases, superconductor, paper-making, but also closely related to the high technology applications such as laser cleaning, laser surgery, bubble jet printer and MEMS[1~4]. Study on the phenomena and characteristic of explosive boiling is necessary for control or utilization of explosive boiling in related industrious. Therefore, the investigation of explosive boiling has a great significance both in engineering and science.

    Since 90 years, a series experimental investigations on rapid transient explosive boiling of fine wires and thin film have been carried out by researchers, some extreme phenomena were observed[5~7]. However, the essential characteristics of explosive boiling still have not been understood clearly, such as the variation of temperature and pressure during the explosive boiling, condition and means of controlling the generation of explosive boiling. There is larger difference between the theory of homogeneous nucleation boiling based on the classical thermodynamics and the experimental results. Although some theories can roughly explain certain phenomena, effective controlling nucleation boiling is still a very difficult and key problem. Experimental and theoretical analyses of rapid transient explosive boiling were performed at the Institute of Engineering Thermophysics, Chinese Academy of Sciences, the extreme phenomena of vapor bubble formation and movement were roughly revealed[8~10]. However, the process is short lasting transient and too complex, our knowledge of explosive boiling is limited especially for the temperature variation, heat transfer mechanism, the formation and growth of vapor bubbles, further investigation is very necessary. Therefore, this paper aims at the rapid transient explosive boiling mechanism of various working liquids induced by a pulsed-laser irradiation, the influence of various factors on the boiling behavior, and reveal the essential difference of rapid transient explosive boiling from that of normal boiling.     

1 Experimental Set-up and Measuring Principle 
1.1 Experimental Set-up
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Fig.1 the schematic of the experimental set-up

    The experimental setup was sketched in figure 1. The heat source was a programmed pulsed-laser(NdYAG). Its wavelength is 1.06μm, the power density, pulse duration and spot diameter can be adjusted within ranges of 10~1.4x104MW/m2,1~30μs and 1~10mm, respectively. The platinum film resistor was used as specimen and immerged into a working liquid pool. The substrate of the specimen was a quartz cylinder with a diameter of 1.6mm. A layer of pure platinum of about 1µm thickness was sputtered under vacuum condition on the top surface of the quartz cylinder substrate. Silver thread was applied to connect the platinum film and the instrument for temperature measurement because it does no harm to platinum and can be made very thin to improve the measurement precision. The response time to the temperature variation was less than 1 µs, and the error of temperature measurement was within ±5℃. Other facilities included: a DL2700digital oscilloscope(sampling rate is 500MS/s), a computer, a high-voltage stroboscopic light(the duration of discharging is 0.5μs) , and a microscope camera system. 

1.2  Measuring Principle 

During the experiments, a platinum film resistor was immersed in a working liquid pool, and a short-pulse laser beam irradiated on its upper surface to heat the liquid rapidly. Therefore, platinum film resistor played two roles: one was absorbing laser beam and heating liquid, the other was measuring temperature. One of two pulse signals from the laser generator triggered oscilloscope to start recording the temperature variation of the platinum film, the other was for the delay unit of high-speed photography system to capture the vapor bubble behavior. Therefore, the voltage variation of platinum film resistor due to temperature change was immediately recorded by a high-speed digital oscilloscope, the formation and growth of vapor bubbles were recorded by a high-speed photography system and could be observed by microscope throughout the experiment. In order to gain a good contrast, photographing was carried out in a dark room, and the spark duration was actually the exposure time. Only one picture was taken during one laser irradiation. A series of bubble images were captured by changing the delay time with other experimental parameters unchanged. The behavior of explosive boiling was proven to be reproducible, so these images made by this method could be regarded as a series of successive exposures on the process. 

2.  Results and Discussion 

Rapid transient explosive boiling is very complicated, and it is closely related with laser heating condition(pulse duration, power density, spot diameter), working liquid species, optical properties of specimen surface etc. During the experiments, the temperature variations, the formation and transfer of the vapor bubbles were determined for various laser irradiation parameters and working liquids.
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(a)                                        (b)

Fig.2 the variation of temperature with different power density

    A series of temperature measurements were carried out by varying the laser irradiation parameters in the experiments. Figure2 shows the variation of temperature with time when the power density increased while the pulse duration and the spot diameter kept unchanged. It can be seen from the figure2(a), the temperature rises rapidly to its maximum within the duration of laser pulse, then drops steeply after the end of laser irradiation, and levels off afterwards. The higher the power density of laser, the higher the temperature. The maximum temperature reached about 520K when the power density was about 563MW/m2, the temperature rising rate was about 108K/s. Fig.2(b) gives a close look to the course of the temperature increase measured with the same heating condition as Figure2(a), the temperature variation within the duration of laser pulse and short time after the end of laser irradiation can be seen more clearly.
2.2 Bubble Behavior

In order to observe the behavior of the vapor bubbles during rapid transient explosive boiling, to study the effect of working liquid species, volume fraction of the mixture, laser irradiation parameters (power density, pulse duration) on explosive boiling, a series of experiments were performed when pure acetone and binary mixtures (various volume fraction of ethanol and acetone) were used as working liquids respectively.    
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Fig.3  photographs of vapor bubbles in explosive boiling 

for mixture liquid of 50% acetone and 50%ethanol 

(pulse duration was 5µs, power density was about 563 MW/m2)  

Fig.3 presents a series of photos of explosive boiling for binary mixture liquid(50%ethanol and 50%acetone) from 1µs to 999µs after the onset of laser heating, including the process of vapor bubble formation, growth, departure and floating up. Where pulse duration was 5µs, and power density was about 563MW/m2. Because ethanol and acetone almost do not absorb laser beam of 1.06μm wavelength, the laser beam directly irradiated to the top surface of platinum film resistor through the liquid, most of the energy was reflected by the surface of platinum film, less energy was used as to heat platinum film resistor, and then platinum film resistor heated the liquid. As shown in the Fig.3, a large amount of tiny vapor bubble clusters are generated simultaneously not only on the top surface of platinum film but also in the adjacent liquid because a great quantity of energy is accumulated in about 1µs after the onset of laser heating. At about 1µs, the temperature of platinum reached about 460K, this is far higher than normal boiling point, obvious homogeneous nucleation boiling is occurred. The clusters of tiny vapor bubbles prevent heat transfer from the platinum film to the liquid, as a result, the temperature of the platinum film resistor continues rising rapidly. Vapor bubbles clusters contract at the exterior as heat transfer to the around colder liquid. At about 80µs, bubbles on interface of bubbled clusters begin to depart, and the departure diameter is far less than that calculated with the classic Fritz formula. Bubble quantity is a few orders of magnitude larger than that in normal boiling, and the bubble transfer speed is more rapid. From 100µs to 999µs, tiny bubbles keep on departing and floating up, the velocity of bubble transfer is larger than that in normal boiling. At about 600µs, a few of larger bubbles formed through tiny bubbles collision and connecting, most bubble sizes are almost unchanged.
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Fig.4  photographs of vapor bubbles in explosive boiling for acetone 

(pulse duration was 5µs, power density was about 546 MW/m2)
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Fig.5  photographs of vapor bubbles in explosive boiling 

for mixture liquid of 90% acetone and 10%ethanol 

(pulse duration was 5µs, power density was about 556 MW/m2)
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0µs             50µs             80µs          100µs           200µs
Fig.6  photographs of vapor bubbles in explosive boiling 

for mixture liquid of 20% acetone and 80%ethanol 

(pulse duration was 5µs, power density was about 549 MW/m2)
    Fig. 4~6 are the photographs of vapor bubbles in explosive boiling for various liquid when pulse duration was 5µs, power density kept unchanged roughly. It can be seen from the figures that boiling behavior is weakened obviously with the increasing of ethanol added in acetone, such as bobbles amount is decreased greatly, the time of bubble departure and floating is delayed too. The main reason is that the boiling point of ethanol is higher than that of acetone, as a result, the boiling point of the mixture of ethanol and acetone is higher than that of the pure acetone. The more the volume fraction of ethanol, the higher the boiling point of the mixture，the higher the temperature of initial nucleation boiling, and the more the energy needed for boiling. Therefore, control or utilization explosive boiling can be realized by using binary mixtures of various volume fractions as working liquid.
Furthermore, it was discovered that boiling behavior is closely related to the power density, pulse duration and surface optical properties of platinum film resistor by a series of experiments. When power density and pulse duration are less, homogenous nucleation boiling does not take place, only heterogeneous boiling viz. normal boiling generates, the temperature of platinum film is relatively low, and a few of vapor bubbles are generated only on the top surface. When power density and pulse duration are increased to certain extent, viz. total energy is increased to certain value, a lager amount of vapor bubbles generate concurrently on the top surface and adjacent liquid at certain moment, homogenous nucleation boiling is occurred, viz. explosive boiling. With the increasing of power density and pulse duration, total energy of laser is increased, and the behavior of explosive boiling becomes intense. It shows that the amount of bubbles increase, homogenous nucleation boiling occurs earlier, the time of bubble departure and floating is earlier too, and the floating speed is larger. After long time of the end of laser heating, explosive boiling changed to normal boiling, a few of bubbles generate on the top surface of platinum, the remain time of bubbles on the top surface is longer, departure diameter is lager, and floating velocity is smaller.

3.  Conclusions

The experiments of rapid transient explosive boiling for various liquids and laser heating conditions were conducted. Following conclusions were obtained:
· The temperature rises rapidly to its maximum within the duration of laser pulse, then drops steeply after the end of laser irradiation, and levels off afterwards. The higher the power density of laser, the higher the temperature.
· In this paper’s experimental conditions, at about 1µs after the onset of laser heating, a large amount of tiny vapor bubble clusters are generated concurrently not only on the top surface of platinum film but also in the adjacent liquid, the temperature of nucleation boiling is far higher than normal boiling point, and obvious homogeneous nucleation boiling occurs.
· Compared with the normal boiling, bubble quantity is a few orders of magnitude larger, the bubble transfer speed is more rapid, and bubble sizes almost keep unchanged.
· Boiling behavior is obviously weakened with the increasing of ethanol added in acetone, such as bobbles amount decrease greatly, the time of bubbles departure and floating is delayed. As a result, control or utilization of explosive boiling can be gained by using binary mixtures of various volume fractions as working liquid.  
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