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ABSTRACT
Heat transfer characteristics of a horizontal circular copper tube in an acoustic cavitation field with addition of nanometer particles were investigated. Results show that acoustic cavitation and nanometer particles have obvious influences on single-phase convection and boiling heat transfer. The effects of various operating parameters on the thermal transport process around the tube and the corresponding mechanism have been studied experimentally and theoretically. It is found that the heat transfer with or without boiling is observably enhanced by acoustic cavitation and nanometer particles. In the former case, the disturbance of single cavitation bubble and the impingement of cavitation bubble cluster result in a local thinning of the thermal boundary layer and an increase of actual boiling area, while in the latter situation, the addition of cuprum nanometer particles causes an elevation of the effective thermal conductivity of the fluid. Enhancement heat transfer by acoustic cavitation has shown to be a good way to reduce or eliminate boiling hysteresis of highly wetting liquid.
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1 Introduce

The demand of increasing heat flux for various high energy density equipment spurs heat transfer engineers to seek for more efficient cooling method in order to maintain the necessary thermal environment. A few of effective ways, including jet impingement explored by Ruch and Holman [1] and dielectric liquid (e.g. L12378) immersed cooling initiated by Zhou and Ma [2], have been developed for solid-liquid heat transfer enhancement. Acoustic cavitation generally refers to the inception of bubbles or vapor cavities induced by acoustical field in liquid[3] and is a very complicated physical phenomenon. In 1917, Rayleigh [4] firstly examined theoretically the behavior of an incompressible fluid in which he imagined a spherical void to be suddenly formed.

Heat transfer enhancement by acoustic cavitation utilizes energy released from collapsed micro-bubbles activated by ultrasonic wave in the liquid and, therefore, is substantially different with what utilizes ultrasonic mechanical vibration in the liquid without cavitation bubbles [5] as a macroscopical technique applied widely in the mid twentieth century. Although great efforts have been made to investigate the mechanism of acoustic cavitation [6] and its application in the industry, the experimental data pertinent to heat transfer are scarce in open literatures [7].

Single-phase convective heat transfer with acoustic cavitation was first examined by Bergles and Newell [8] and followed by Wong and Chon [9]. Recently, Nomura and Murakami [10] examined the influence of liquid streaming induced by ultrasonic vibration on heat transfer on the plain plate. Subsequently, Zhou and Liu [11,12] studied systematically the effects of the acoustic field parameters and nanometer particles on convective heat transfer around a horizontal circular tube and the variation of convective heat transfer coefficients with the acoustic intensity with constant heat flux respectively, and concluded that the enhancement ratio could be up to 4 with a cluster of cavitation bubbles impinging perpendicularly the tube surface. For boiling heat transfer with acoustic cavitation, the experimental data collected by Wong and Chon [9] indicated that the ultrasonic vibration effect became negligible in the well-developed nucleate boiling region. However, it was confirmed with Zhou and Liu [13] that boiling heat transfer around the horizontal copper tube was enhanced by acoustic cavitation due to the impingement and disturbance of cavitation bubbles, and to the effective dissipation of latent heat of vaporization with increased actual boiling areas.

On the other hand, recent research results reveal that the physical mechanisms of thermal transport in extremely small length and extremely short time could differ sensibly from those in the macro-scale world [14]. Nanometer material is a matter whose size is bounded below nanometer magnitude. It has wide application potential in the field of pottery plasticizing, magnetism, electrons and optical material due to the unusual characteristics held by nanometer material in the aspects of electricity, magnetism, light, heat and sensitivity. Up to now, the number of papers, which have been published to introduce nanometer particle effect on heat transfer, is limited [15,16], especially on boiling heat transfer of horizontal circular copper tube in an acoustic cavitation field [17].

Boiling hysteresis phenomena usually happen while smooth heat transfer surface is immersed in highly wetting liquids [2,13,18,19]. This is very harmful to safe cooling of electronic and microelectronic equipment. How to reduce or eliminate boiling hysteresis is another problem confronted to heat transfer researchers.

This study is mainly oriented towards the increase of single-phase convective heat transfer and the reduction or elimination of boiling hysteresis for a horizontal circular tube in an acoustic cavitation field. Included in the investigation scope are the effects of acoustic field parameters, nanometer particles and fluid subcooling on heat transfer characteristics of the copper tube. In order to understand fully the thermal transport mechanisms of heat transfer enhancement by acoustic cavitation, some Schlieren pictures of heat transfer with or without acoustic cavitation is obtained.

2 Experimental Apparatus and Procedure

The experimental apparatus and instrumentation are shown schematically in Fig. 1. The test chamber consisted of a cubical vessel made of stainless steel with inside dimensions of 200 mm×200 mm×230 mm. Two viewing windows were installed on opposite sides of the vessel for easy observation and take pictures of the test section. A horizontal copper tube with an electrical heating element inside passed through the other pair of wall 50mm above the vessel base. The annular gap between the internal heating element and the surrounding tube was fully filled with soldering tin after assembly to ensure safe operation and a uniform heat flux along the outside tube circumference. Both ends of the copper tube-heating element assembly were thermally insulated. The tube was always covered by at least 70 mm of liquid. The vapor was condensed on the surface of a tap-water cooled condenser installed at the top of the vessel and then returned to the pool by gravity. During the experiments, the heating element was powered by AC electricity from a variac power source. Two thermocouples located near the test section were used to measure the liquid pool temperature. All tests were carried out at atmospheric pressure.

The details of the copper tube-heating element assembly are shown in Fig. 2. The copper tube had an outer diameter of Ø20 mm, an inner diameter of Ø16mm and a length of 152 mm. The design minimized the heat loss and resulted in a uniformly distributed heat flux along the copper tube circumference. The heat flux was, therefore, calculated from the input AC power, using the measured voltage drop across the heating element and the measured current through it, with high precision even at lower heat flux conditions. The surface temperature was determined from the corrected arithmetic average of 8 nichrome-nisiloy thermocouples inserted into 1.5 mm×1.0 mm holes drilled parallel to the heat transfer surface inside the tube. All the thermocouples were connected to a Yokogawa Model 7501 programmable scanner with the generated emf measured with a Yokogawa Model 7563 digital thermometer with 6-1/2 digits.
The acoustic field was generated with an ultrasonic vibrator, which was operated by the electric current from an ultrasonic generator. The intensity of the acoustic field at the region of interested can, therefore, be expressed by three parameters, the ultrasonic source intensity, the vibrator's location (left, right or center) and the distance from the vibrator head to the horizontal plane containing the tube axis (termed the sound distance). Moreover, the effect of the acoustic field is characterized by the density and orientation of the cavitation bubbles at the bottom of the vibrator.

Boiling curves were obtained experimentally using the following procedure. The working fluid temperature and the acoustic field parameters were preset according to the test program before each run. Then, the power to the heating element was turned on with the heat flux initially increasing at 300~400 (W/m2)/min. When steady state was reached, the parameters were measured at that heat flux, and then the heat flux were increased further. Steady state was achieved 2~3 minutes after the power level was increased.

The uncertainties in the heat transfer coefficients, the heat fluxes and the wall temperatures were estimated not to exceed ±6%, ±5.5% and ±1%, respectively.
3 Experimental Results and Discussions

3.1 Single-phase convective heat transfer

With the increasing of the power to the test section assembly from zero gradually, single-phase convective heat transfer data were firstly obtained before the boiling inception of liquid. Three kinds of working fluids, namely water, ethanol and acetone, were tested carefully in this study. With the measured data, single-phase convective heat transfer coefficient of the horizontal circular copper tube to each tested liquids were determined, and then the augmentation ratios at different experimental conditions were obtained. This is helpful for us to look for an optimal situation of heat transfer enhancement by acoustic cavitation.

Fig.3 presented the effects of the acoustic intensity and orientation on single-phase convective heat transfer coefficient of the copper tube in the case of water being tested. All the tests were carried out with the sound distance of L=20mm and the temperature of working fluid of Tl = 292 K. Convection heat transfer was enhanced markedly with the elevating of the sound intensity from I = 0.0 A to 0.5A, and then to 1.0 A regardless of the sound orientation. With the vibrator’s head on the left side, this trend became weaker due to a limited transmission of the ultrasonic energy and an attenuation of the ultrasonic intensity with distance from the source. The results were the same with the vibrator on the right side.

Cavitation phenomena in liquid occur strongly when the output frequency of the ultrasonic generator is consistent with the inherent oscillation frequency of the ultrasonic vibrator. In an acoustic field with the vibrator on the right side and an intensity of 0.3 A, a cluster of cavitation bubbles as shown in Fig.4, which length is up to 5~10 centimeters, forms and moves downward onto the surface of the test section assembly after the vibrator was turned on, and is accompanied with strong cavitation noise. Cavitation bubbles grow up, merge and collapse incessantly in the way moving downward. It is considered that such cavitation bubbles creates disturbance to the relatively stagnant film of liquid near the copper tube surface as well as the increased bulk mixing in the liquid [9].

Fig.5 illustrated some Schlieren pictures of the upside copper tube heating process with or without acoustic cavitation. The acoustic field parameters and heat flux are given for each case with the vibrator on the center of the test section assembly. The boundary layer around the tube remains static condition at zero heat flux and acoustic intensity. Although the heat flux to the heating element is relatively high, as shown in Fig.5 (b), the liquid near the tube surface remains laminar flow. However, once the vibrator initiated, as seen in Fig.5 (d) with the same heat flux as that of Fig.5 (b), it appears that the transition of the boundary layer occurred quickly from laminar flow to turbulent flow. Both the disturbance of single cavitation bubble and the impingement of the cavitation bubble cluster cause a local thinning of the thermal boundary layer on the heat transfer surface. This resulted in the heat transfer enhancement of single-phase convection.

Variations of the augmentation ratio of convective heat transfer coefficient with the sound distance were depicted in Fig.6 for two working fluids. As shown in the figure, at fixed acoustic intensity of 0.5 A, the acoustic distance no doubt affects the heat transfer rates. However, the variation trends were different for water and acetone. Convection heat transfer coefficient of water turned to decrease after a maximum value at a sound distance of 40mm was reached. But it was not the case for acetone. The heat transfer coefficient to acetone varied up and down with the increasing of the acoustic distance. Generally, lower heat transfer coefficient corresponded farther vibrator location from the surface of the test section, and vice versa.

In the present study, the effect of the temperature of water on convective heat transfer rate was determined with acoustic intensity of 0.5A and distance of 20mm, respectively. The experimental data were collected at three temperature levels of Tl = 292K, 307K and 323K and the results were given in Fig.7. Generally, the local heat transfer rate enhances with decreasing fluid temperature because energy transport is driven by (Tw-Tl), which is related to the heat flux by Newton’s law of cooling [20]. However, in an acoustic cavitation field, heat transfer rate of single-phase convection elevated remarkably with the increasing pool temperature of water.

The lowest sound intensity, which can produce cavitation bubbles, is termed the cavitation threshold PB. It only indicates the degree of cavitation caused by a sound wave, not the cavitation effect. The cavitation threshold is related to the liquid static pressure Pl and the saturation temperature and can be expressed for most liquids as that in Ref. [21], which is:

         PB = 7×104(Tsat - Tl) + Pl                               (1)

For a given liquid, as the temperature increases the surface tension and viscosity decrease and the vapor pressure increases, which in turn reduce the cavitaion threshold which increases with increased liquid static pressure. Thus, according to Eq.(1), so more cavitation bubbles would generate at higher pool temperature at the head of the vibrator when the other conditions kept unchanged. The convective heat transfer process would be, therefore, enhanced sharply as observed in the experiments with water.

Different working fluids were tested to determine the effect of the thermophysical properties of the liquid on single-phase convective heat transfer. The tests were performed in an acoustic intensity of 1.0A and distance of 20mm, using water, ethanol and acetone as the working fluids, respectively. The results were presented in Fig.8. At fixed experimental conditions, convective heat transfer coefficient was remarkably enhanced for all the tested liquids, and yet the augmentation ratio differed notably from different thermophysical properties of working fluids. With acetone as the working fluid, the maximum augmentation ratio of 3.95 was reached at given acoustic intensity and distance. Table 1 listed some thermophysical properties of three kinds of working fluids. With the decreasing of the saturation temperature of the working fluid, as shown in the table, the saturation vapor pressure elevates and the surface tension decreases. According to Eq.(1), those are propitious to the occurrence of acoustic cavitation. Moreover, higher heat transfer coefficient of single-phase convection could be obtained with lower saturation temperature liquid as the working fluid [3].

Table 1  Some thermophysical properties of three kinds of working fluids

	Working fluid
	Tsat(K)
	Pv( ×104Pa) /300(K)
	σ(N/m)/300(K)

	Acetone
	329.7
	3.4
	0.0227

	Ethanol
	351.4
	0.7
	0.0238

	Water
	373.1
	0.4
	0.072


3.2 Fully developed nucleate boiling heat transfer

Experimental investigations were systematically performed to characterize the nucleate boiling heat transfer around a horizontal circular copper tube to acetone pool in an acoustic cavitation field. Included in the scope were the effects of the acoustic distance, orientation and intensity, the nanometer particles and the fluid subcooling on boiling curves and hysteresis phenomena. The results are generally presented in terms of the boiling curve, q" vs ΔTsat or h vs q".

The effects of the acoustic distance and orientation on nucleate boiling heat transfer were presented in Fig.9 (a,b) at fixed acoustic intensity of 0.3A. In order to demonstrate the heat transfer enhancement generated by acoustic cavitation, the pool boiling curves with same fluid subcooling of ΔTsub=16K is also presented in the figure. You and Simon et al [19] defined the wall temperature overshoot at the incipience of nucleate boiling as the maximum temperature difference (along a line of constant heat flux) between the surface temperature for increasing heat flux and that for decreasing heat flux. As shown in Fig.9 (a), boiling hysteresis with a temperature overshoot of 19K occurred at the experimental conditions. Only small cavities could function for trapping gases while the working liquid flooded plenty of large cavities due to small wetting angle of liquid. Once cavitation bubbles generated, the fully developed nucleate boiling heat transfer was enhanced regardless of the acoustic distance and orientation. This trend became weaker when the vibrator’s head shifted from the center to the right side. Moreover, boiling hysteresis disappeared for the former, while for the latter, it still appeared with temperature overshoot of 2~3K. When the vibrator situated on the right side, the high heat flux region of boiling curves shifted apparently to the left of the corresponding pool boiling curve with increased acoustic distance. Besides, the wall temperature overshoots, the incipient boiling superheat and the corresponding heat flux all decreased remarkably with comparison to the pool boiling heat transfer.

Now, we turn to review the Fig.5 again. As shown in the figure, although the power to the test section assembly is relatively high, the boundary layer around the tube still remains laminar flow without acoustic cavitation. Once the vibrator turned on, as seen in Fig.5 (b) and Fig.5 (d), it is clearly seen that the boiling incepts at a lower heat flux with the acoustic intensity of 0.3A and distance of 60mm and the number of bubble clusters detached from the tube wall increases sharply. Besides, it appears that the transition of the boundary layer occurs quickly from laminar flow to turbulent flow with the increasing acoustic intensity and heat flux, therefore, the region uninfluenced by updraft from heated tube surface reduces sharply and finally disappears shown in Fig.5 (f). Comparisons of the Schlieren pictures without acoustic field with those shown in Fig.5 (d,e,f) indicate that cavitation bubbles have a significant influence on the liquid flow around a horizontal copper tube, which in turn thin the thickness of the boundary layer and the wall boiling inception of nucleate boiling.

As shown in Fig.9 (b), it is obviously considered that single-phase convective heat transfer remains unchanged despite the vibrator on the right side. However, convective heat transfer is enhanced markedly with the vibrator on the center. With the increasing of the heat flux and the acoustic intensity, heat transfer coefficient of nucleate boiling with acoustic cavitation elevates with decreasing acoustic distance. Moreover, it is observed that cavitation bubbles covers the whole heat transfer surface when the vibrator situates on the center, therefore, higher heat transfer coefficient is obtained with same acoustic intensity and distance. But, it is obviously concluded that the heat transfer coefficients in high heat flux regions with acoustic cavitation are lower than that of pool nucleate boiling. The disturbance of cavitation bubbles flattens the transverse temperature gradient between the tube surface and the thermocouples immersed in liquid, therefore, the liquid temperature obtained remains higher at same measured conditions. Probably, some other factors should be taken into account as well. More work with additional test liquids is still required to clarify the influence of acoustic cavitation on heat transfer coefficient of nucleate boiling around the horizontal copper tube.

Experiments were also performed to study the effect of the acoustic intensity with the vibrator located on the right side, a subcooling of 16K and acoustic distance of 40mm. A total of three boiling curves with acoustic intensities of 0.0A, 0.6A and 0.9A were produced for this purpose as shown in Fig.10 (a,b). Normally pool boiling can be considered to represent the limiting case of zero sound intensity. Comparisons of the boiling curves with different acoustic intensity conditions indicated that the boiling incipience occurred at relatively low wall superheats, and that the high heat flux region of boiling curves shifted evidently to the left of the corresponding pool boiling curve with increasing acoustic intensity. Moreover, the wall temperature overshoot disappeared.
The theoretical results obtained by Zhou and Liu [13] indicated that, in the standard state, the incipient radius of cavitation nucleus was much less than that of cavities on heat transfer surface of copper tube, at which vapor embryo is activated to initiate ebullience. Thus, liquid cavitation can also occur within cavities on heat transfer surface of the copper tube. That is to say, when the heat flux increases gradually, vapor embryo, which could not be activated due to insufficient power to reach the minimum equilibrium, is activated with the action of cavitation bubbles. In this case, much power is dissipated by latent heat of liquid vaporization at the hot solid surface. When the acoustic intensity and the heat flux reach to certainty value, the boiling incipience appears without precursor and heat transfer is therefore enhanced. Augmentation ratio is mainly related to acoustic distance, orientation and intensity. When the vibrator was directed to one extremity of the hot tube, cavitation bubbles effect on the other end became weak. Cavitation degree of liquid around the hot tube surface weakens with increased acoustic distance. However, more vapor embryos on the heat transfer surface would be effectively activated with elevated acoustic intensity and resulted in a strong influence on nucleate boiling heat transfer curves. When this happened, boiling incipient superheat decreased markedly and hysteresis phenomena disappeared.

Discussions aforementioned refer only to some macro-phenomena caused by acoustic cavitation because all the surface temperatures represent the corrected arithmetic average indication of 8 nichrome-nisiloy thermocouples at the moment. In order to clarify further the effect of acoustic intensity, the variations of the heat flux to the heating element with the local wall temperature are depicted in Fig.10 (b) at two acoustic intensities of 0.0A and 0.9A. In the present study, as shown in Fig.2, T3 and T5 represent the boiling curves obtained from the upside and the downside of tube, respectively. For pool boiling, it was obviously concluded through the observation of each test that bubbles were generated only on the top of the horizontal circular tube. However, it is also true that many bubbles might not be seen only on the upside of copper tube, but also on the downside of it when the tube surface was impinged with cavitation bubbles. It is confirmed with Chowdhury and Winterton [22] that an increased number of active nucleation sites moved the nucleate boiling curve toward lower wall superheats ΔTsat. As seen in the figure, both local boiling curves, which obtained from the upside and the downside of the tube, are shifted to the left of the corresponding local pool boiling curves, respectively. The former is influenced by aforementioned factors together, yet the latter might be attributed to the activation of vapor embryo within cavities on the surface, which induced by a fraction of cavitation bubbles. So, the increase of actual boiling area might be a novel reason to explain the heat transfer enhancement caused by acoustic cavitation [13].

Nanometer particles are made of cuprum with diameter in the range of 80~100 nanometer. It dispersed uniformly under the action of cavitation bubbles for about 30 minutes after it was added to the pool of acetone. After this, the solution with nanometer particles is blue and turbid, therefore, it has a poor visibility. The tests were carried out to explore the effect of nanometer particles with the vibrator on the right side, acoustic intensity of 0.3A and distance of 40mm. The experimental data were collected at two fluid subcoolings of 18K and 27K and presented in Fig.11 (a,b). Heat transfer characteristics of the horizontal copper tube with or without nanometer particles were depicted in Fig.11 (a). At given experimental conditions, both single-phase convection and boiling heat transfer are enhanced notably due to the addition of nanometer particles. Moreover, higher augmentation ratios of heat transfer rates are gained at relatively high fluid subcooling. This is not the same as that with the addition of calcium carbonate nanometer particles. With the addition of nanometer particles in an acoustic cavitation, Zhou and Liu [17] found that heat transfer with or without boiling was obviously reduced due to the deposition of nanometer particles resulting in a smoother heat transfer surface. As seen also in the figure, at fixed fluid subcooling of 18K, boiling hysteresis with temperature overshoot of 1.3K occurs despite acoustic cavitation. However, it disappears due to the addition of three grams nanometer particles with same experimental conditions. Fig.11(b) illustrated the variations of the heat flux with the local wall temperature at given fluid subcooling of 18K. By comparing with the corresponding local boiling curves without nanometer particles, both the local boiling heat transfer curves, which obtained from the upside and downside of the tube respectively, shifted remarkably to the left, i.e., heat transfer were intensified due to the addition of nanometer particles.

By suspending cuprum nanophase particles in heating or cooling fluids, Xuan and Li [16] indicated that the heat transfer performance of the fluid could be significantly improved. The main reasons may be listed as follows: (a) The suspended nanometer particles increase the surface area and the heat capacity of the fluid. (b) The suspended nanometer particles increase the effective (or apparent) thermal conductivity of the fluid. (c) The interaction and collision among particles, fluid and the flow passage surface are intensified. (d) The mixing fluctuation and turbulence of the fluid are intensified. (e) The dispersion of nanometer particles flattens the transverse temperature gradient of the fluid. It seems that all of those will be intensified when the fluid with nanometer particles locates in an acoustic cavitation field. Thus, single-phase convection and boiling heat transfer around the copper tube can be enhanced markedly when the liquid with cuprum nanometer particles is used as the working fluid.

Information on the influence of subcooling on nucleate boiling heat transfer curves is relatively scant in open literature. Two boiling curves with subcooling of ΔTsub=14K and 27K were obtained at fixed acoustic intensity of 0.3A and distance of 40mm. It is seen from Fig.12 that the elevating of fluid subcooling can shift the boiling curve to the left obviously and increase the slope of boiling curves. This trend is consistent with the boiling heat transfer experiment results of jet impingement obtained by Ma and Bergles [18] and acoustic cavitation measured by Zhou and Liu et al [17]. This variation may be explained by the fact that with the increasing of subcooling a larger percentage of heat flow is transferred by single-phase convection, of which the heat transfer coefficient is lower than that of nucleate boiling. Besides, as indicated in Eq. (1), the cavitation threshold increases with the elevating of fluid subcooling, therefore, less cavitation bubbles generate at same measurement conditions.

4 Concluding Remarks

Experimental investigations were systematically carried out to study the effects of acoustic field parameters, fluid subcooling, thermophysical properties of the liquid and nanometer particles on single-phase convection and boiling heat transfer around a horizontal circular copper tube, using water, ethanol and acetone as working fluids, respectively. The most important findings of this study are listed as follows.

(1) Single-phase convective heat transfer was remarkably enhanced by acoustic cavitation, and the augmentation ratio varied with acoustic field parameters, liquid temperature and the thermophysical properties of the liquid. The disturbance of single cavitation bubble and the impingement of cavitation bubble cluster cause a local thinning in the thermal boundary layer of tube resulting in heat transfer enhancement.

(2) Boiling heat transfer could be notably intensified with the increasing of acoustic intensity and fluid subcooling, and the addition of cuprum nanometer particles regardless of boiling curves obtained from the upside and downside of the tube. However, it was found that heat transfer coefficient of nucleate boiling was reduced with comparison to that of the corresponding pool nucleate boiling.

(3) The reason of boiling heat transfer enhancement is that acoustic cavitation increases the actual boiling area besides the disturbance and the impingement of cavitation bubbles, and that the addition of nanometer particles causes an elevation of the effective thermal conductivity of the fluid, and that elevated fluid subcooling causes a larger percentage of heat flow to be transferred by single-phase convection.
(4) It has shown that heat transfer enhancement by acoustic cavitation is a good way to reduce or eliminate boiling hysteresis of highly wetting liquid.
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Nomenclature

I           the intensity of the acoustic field in terms of the input current to the ultrasonic vibrator, A 

L           the acoustic distance represented by the distance between the ultrasonic vibrator head and the central horizontal plane, mm

ΔTsub       fluid subcooling (Tsat – Tl ), K

ΔTsat        wall superheat ( Tw-Tsat ), K

q            heat flux, W/m2
h            heat transfer coefficient ( q/(Tw-Tl) ), W/(m2K)

T            temperature, K

Pl           liquid static pressure, Pa

PB           cavitation threshold, Pa

Pv           saturation vapor pressure, Pa

σ           surface tension, N/m

Subscripts

l             liquid

sat           saturation

w            heat transfer surface

0            reference case without acoustic cavitation

Figure Captions

Fig.1  Schematic layout of experimental system

Fig.2  Details of electrically heated test section assembly

Fig.3  Variations of convective heat transfer coefficient with the acoustic intensity and orientation

Fig.4  Cavitation bubble cluster in an acoustic cavitation field

Fig.5  Schlieren photographs

Fig.6  Variations of augmentation ratio of convective heat transfer rate with the acosutic distance

Fig.7  Single-phase convective heat transfer at different liquid temperature conditions

Fig.8  Effects of the working fluid properties on convective heat transfer coefficient

Fig.9(a,b)  Boiling curves at different acoustic distance and orientation

Fig.10(a,b)  Boiling heat transfer curves at different acoustic intensities

Fig.11(a,b)  Effects of nanometer particles on boiling heat transfer curves

Fig.12  Effect of fluid subcooling on boiling curves
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