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Chapter One: Introduction 

 

 There is an ever increasing requirement for effective heat dissipation to support 

accuracy, reliability and long life span of compact electronic devices especially for 

lightweight design constraints associated with the Department of Defense and NASA 

missions [1][2]. Heat dissipation needs are projected to rise well above 1000 W/cm
2
. 

Currently the best micro channel coolers work in the 100‟s W/cm
2
 well below this 

projected level. Typically micro channel coolers or reactors couple high-thermal 

conductivity metals such as copper to the surface of the high temperature electronic 

device. This metal base is fabricated from numerous metal sheets that have been etched 

by lithography to produce small parallel passage dimensions of 12.5 to 250 micrometers. 

The metal walls act as fins allowing a massive increase in heat flux area into the cooling 

fluid (i.e. water, ammonia refrigerants). 

 One method for achieving a higher flux density is to utilize the latent heat 

available during a phase change. Several researchers have proposed the use of two phase 

flow within micro channels to enhance heat flux densities [3][4]; however, the fluid flow 

regimes are often compromised by the magnified effect of surface tension causing 

bubbles to collect and halt the liquid flow. 
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 Our hypothesis is that a 0.5-0.8 bar acoustic field can be applied to micro-channel 

flows to allow operation beyond current dry-out conditions by managing bubble size so 

as to operate near phase change giving access to both latent and sensible heat transfer. 

Acoustic fields can also nucleate bubbles in the bulk, dislodge bubbles on the wall by 

acoustic streaming or mechanical agitation, as well as preventing the transition from 

bubbly to wedge flow. The aggregate improvement has the additional benefit of reducing 

pressure drop associated with friction factor by a factor of up to three [5]. 

Currently realization of multi-phase improvements is hampered by a poor ability 

to induce localized nucleation, the development of a gaseous insulation layer of wall 

bubbles and by dry out [5][6] conditions where the bubble size has grown to the height of 

the channel, plugging the main flow as a result, limiting the overall accessible flow rate 

and reducing heat extraction. It is already understood acoustic waves can cause cavitation 

in fluid flow [7]. Additionally the concept of how acoustic streaming can eject liquids [8] 

has been investigated in micro channels. However, little attention may have been paid to 

bubble management by rectified mass transfer. If the largest bubble size could be 

continually controlled to a fraction of the channel width, successful implementation 

would be achieved as volumetric flow rate would be sustained under any conditions 

ensuring a liquid layer at the channel wall.  

 In addition to micro channel coolers another promising application area, 

according to a recent article by Silva [9], are micro channel reactors used in constructing 

small scale automotive fuel cells, production of commodity chemicals and converting 
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waste to biofuels. This is confirmed in an article by Reuse [10] in which he states, 

“Micro-structured reactors are much more suitable for the distributed production of 

hydrogen compared to conventional systems. They are characterized by three 

dimensional structures in the sub-millimeter range.” Since our work focuses on 

improvements in a single micro channel it is relevant to all of the above applications 

because all have similar flow restrictions. Below is a figure from Reuse‟s paper showing 

a commercial micro channel reactor. 

 

Figure 1.1. (Fig 1 from Reuse[4] credit Research Center of Karlsruhe) (A) Micro-

channel plates, (B) Housing of the two-passage micro-structured reactor. 

 

Objective 

 The objective of this effort is to determine if bubble management is possible in 

micro channel coolers using low to moderate intensity ultrasound to improve heat transfer 
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rates and flow. To complete this task in a manner that would be reproducible in other labs 

as well as easily applied to a variety of micro channel operating conditions, three specific 

tasks were under taken. First, a probe suitable for reliably measuring the transient 

pressure field from an acoustic source was developed, calibrated and validated. Second, a 

simple model to describe rectified mass transfer was proposed to predict the change in 

bubble size as a function of forcing frequency and intensity. This model was validated 

using photographic data from rising bubbles and pressure measurements from the probe. 

Finally, the application of this rectified mass transfer to manage bubble sizes with low 

power acoustic sources attached to micro channel coolers was studied. 

State-of-the-art 

 In addition to the comprehensive review of this subject which presents CFD 

modeling of slug flow, and the advantages of multiphase operation of micro channel 

coolers by Gupta [6], the present state-of-the-art of micro channel cooler development is 

discussed in a recent survey article by Brandner, et. al. [11]. The characterizing parameter 

of these devices is hydraulic diameter: 

 
4 cs

h
ch

A
d

C
 (1) 

in which dh is the hydraulic diameter, Acs is the area cross-section of the channel and 

Cch is the wetted channel circumference. Micro channel coolers optimize hydraulic 

diameter by maximizing wetted surface as a function of cooler volume. The disadvantage 

of these small channel devices include: pressure drop to force the coolant through them 
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which consumes pumping energy, expensive machining or chemical etching needed to 

achieve minimal surface roughness for operation in laminar flow and fouling. 

 Recently, progress in micro channel cooler design has included concurrent and 

contra flow devices in three dimensional geometries, i.e. arrays. Because micro channel 

coolers can remove, or add, high quantities of heat and mass relative to their size, and can 

be located closer to the source requiring this, industrial applications especially in laser 

diode heat management have proliferated, and industrial interest in micro channel 

reactors is expanding due to the desire to replace the automobile engine with a fuel cell 

that can make its own hydrogen from gasoline, and in producing biofuel from waste as a 

green conservation measure. 

 The potential mechanisms for bubbly flow management in these devices are 

numerous. Many observations in the literature discuss condensation, fracture and splitting 

of bubbles using electric fields [12][13], hydrodynamic shear gradients [14] and acoustic 

forcing [15]. Additionally, acoustic fields producing streaming has been studied as a 

mechanism for enhancing heat transfer [16]. The electric field required to split 500 μm 

bubbles is on the order of 35 kV [12] thus has limited application in many industrial 

settings especially with conductive liquids. The hydrodynamic shear gradient option is 

difficult to achieve in low Reynolds number applications like those discussed above. 

Thus the acoustic forcing option appears to be the most diverse in application, but to our 

knowledge the majority of the literature in this area is directed to theoretical/analytical 

exploration of the process, or experiments that utilize high power conditions which are 
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unlikely to be adopted by commercial applications. Absent in the micro channel cooler 

literature is utilization of more subtle bubble management techniques like rectified heat 

and mass transfer. We hypothesis that bubble management can be obtained using 

significantly lower energy systems than are discussed in the literature. 

 Neither in Brandner‟s or Gupta‟s article, nor in their list of references, is 

improvement by insonation (or by impressed electric fields) mentioned as a means of 

overcoming the inherent disadvantages. Should ultrasonic insonation further enhance 

performance of these devices by the means given above, it‟s possible that industrial 

applications will increase.  

 Concerning flow resistance, a major factor for the operation of a micro channel 

coolers, Gupta [6] and Cubaud [5] among many others have studied flow regimes for 

two-phase flow in them concluding that flow passes from bubbly to wedging to slug 

(Taylor flow) then annular to dry. Of interest is the considerable increase in friction 

factor of a factor of three in transitioning from bubbly to wedging flow. Thus, if 

insonation has the effect of preventing smaller than channel height bubbles to grow or 

coalescence leading to wedging flow, then a major benefit is achieved in throughput for a 

given pumping energy. A similar benefit is achieved by eliminating bubble congestive 

blocking in channel corners. 
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Outline 

 Following are three chapters showing the progression of the research work in 

support of demonstrating the stated objectives. Chapter two concerns the development of 

an acoustic probe to quantify the magnitude of the acoustic fields that produce measured 

effects on bubble elimination and size change. This paper has been peer reviewed, then 

published (June 2012) in the Journal of Engineering and Applied Science.  

 Chapter three explains the mass transfer resulting from rectified bubble growth 

and shrinkage in an acoustic field with a thermodynamics model, and validates the model 

by experiments of insonated bubbles. Currently it is under peer review of the journal 

Bubble Science, Engineering & Technology. 

 Chapter four documents completed research work to apply our findings on bubble 

insonation to improving heat flux removal in milli and micro channel devices around 

boiling. This research has revealed thermal resistance improvements approaching 60 %; 

and a US patent is being sought for it by DU. A third journal paper on this work is in 

preparation.. 
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Chapter Two: Acoustic probe 

 

Introduction 

 There is a growing body of literature that documents the degradation of biological 

molecules from ultrasonic pressure waves [1][2][3][4][5]. For example, Wu [1] concludes 

that „cavitation is considered as a primary mechanism for the ionization of biomolecules.‟ 

He cites cavitation bubble collapse energy release as promoting chemical reactions and 

ionizations such as reported for polymerization of benzene and CO2. But, little is 

understood about how to control or mitigate degradation because of a lack of detailed 

fluid dynamic characterization of the system. Additionally, the use of ultrasonics to carry 

out unique chemistry for material fabrication is of current interest [6][7]. Gedanken [6] 

describes sonochemistry as one of the first techniques used to prepare nanosized 

compounds. He mentions, for instance, insonating Fe(CO)5 to get iron nanoparticles. 

Both research areas would benefit from a detailed understanding of the pressure field 

within the fluid system. Under these operating conditions measurements are necessary 

close to an ultrasonic source in contact with the liquid media. When close to an ultrasonic 

transducer driven by high voltage, probe designs are susceptible to electromagnetic 

interference (EMI) from EMR because the sensor connections act as an antenna. There is,
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 therefore, a need for a small acoustic field pressure probe that can resolve the temporal 

and spatial fluctuation of the field when submersed close to a radiating piezoelectric 

source. This work documents the design and calibration of such a probe, and then 

evaluates its performance relative to theoretical predictions within a system that contains 

both a primary wave and reflections. 

 Commercial hydrophones are intended for pressure field measurements distant 

from sources of acoustic radiation. However, when operated close to a high voltage 

source, the primary electromagnetic radiation (EMR) emanating from the source needs to 

be subtracted, if known, or filtered [8] to isolate the voltage signal resulting from the 

hydrophone‟s sensor. Prior knowledge of the phase delay and amplitude of the EMI at 

that location is required. Uncertainties in these assumptions will impart error onto the 

actual pressure field signal, especially when the signals of interest are more than one 

order of magnitude lower than the driving voltage signal.  

 Many hydrophones are also too large to work in small test cells. Commensurate 

with large size, such devices have unknown, or uncertain, acoustic centers to resolve to a 

point in space. 

 There are several novel approaches to modify hydrophone operation to address 

specific issues. For example, to resolve position specificity, others have used a PZT 

ultrasonic sensor attached to a 20 cm long tapered acoustic horn [10]. These long horns 

have the potential to amplify the EMI problems. Bushberg [11] demonstrates a metal 

cage partially surrounding the PZT element without grounding to help with measurement 
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noise. Neither of these completely shield the PZT probe from EMI from the primary 

ultrasonic transducer source. Therefore, although appropriate for distant measurements, 

these devices will exhibit signal contamination close to a contacting source. 

 An alternative approach to measuring the pressure field has been to use 

thermocouples or thermistors [12], which are designed to make the active element (i.e., 

tip) an energy absorber. These devices proved incapable of quantifying acoustic fields to 

the desired accuracy or repeatability (unpublished work). Pugin [13] also concludes that 

these devices provide only a rough approximation of local maxima and minima. 

Susceptibility to EMI is not discussed in any of these papers. Data taken in our lab shows 

the connecting lead wires of these systems act as effective antennas when placed close to 

the source. 

 Durkee [14] promotes the use of strips of aluminum foil to evaluate the field 

strength over a cross sectional area of an ultrasonic cleaning tank [13]. In principle, 

stronger pressure fields produce pitting of a thin aluminum foil after about 10 minutes 

exposure. This technique was tried following the recommended practice. It was found 

that pitting was not significant, and that neither test had any temporal resolution, and only 

the rigidly supported strip had spatial resolution. However, the technique is immune to 

EMI problems. 

 Witte [15] reaffirms the need for low cost acoustic field sensors and describes a 

disposable hydrophone. The device transforms acoustic pressure into electrical energy 

based on the Auger Effect, relying on conductive rather than piezoelectric materials as a 
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sensor. The device described targets the higher frequencies used in medical applications 

with the lowest test conducted at 540 kHz. The devices‟ susceptibility to electromagnetic 

interference (EMI) is unknown. 

 Employment of a screen wire Faraday cage surrounding a PZT element sensor has 

been reported previously by Felizardo‟s group [9] during an attempt to detect the shock 

wave generated by bubble nucleation. In this case the sampling frequency was below 

10 kHz. It was determined that the addition of a Faraday cage could induce noise into the 

preamplifier. A design that did not include preamplification within the probe assembly 

was not discussed. It is highly probable that lower frequency contamination observed 

could be eliminated with an alternate design. 

Objective 

 Since no simple inexpensive means of quantifying the acoustic field environment 

near the radiating source (within 10 cm) was found, the objective of this work was the 

design of an acoustic probe having an appropriately sized planar PZT disk within a 

grounded Faraday cage for quantitatively measuring the pressure waves emanating from 

a 44 kHz driven ultrasonic transducer submerged in water. A secondary objective was the 

development of an accurate calibration method which would enable quantitative temporal 

and spatial characterization of the pressure field. To assess whether both objectives were 

met the probe performance was compared to a simulated 44 kHz wave with reflections. 



14 

 

 This paper presents the construction of a probe that can resolve the temporal and 

spatial fluctuation of an acoustic pressure field near a radiation source. The probes‟ 

operating characteristics and methods for calibration are outlined. Then three measures to 

validate the sensor output are discussed: (i) comparison of the unshielded and shielded 

signals for magnitude and composition; (ii) comparison of experimental measurements to 

results by ray tracing; (iii) direct measurement of phase patterns. Finally, results from 

experimental measurements at multiple locations are provided as evidence that spatial 

differences can be resolved.  

Design, Fabrication And Characteristics Of Sensor 

Design 

 The probe assembly pictured in figure 1 was constructed for approximately 

$50 USD. The round 15 mm diameter, 0.9 mm thick PZT sensor was purchased from 

Steiner & Martins, Inc.. It is made from SM111 PZT4 material having resonant 

frequencies of (Thickness) 2.2 MHz ± 50 KHz and (Radial)135 kHz ± 5 KHz. The 

resonant impedance, Zm, is (Thickness) ≤1.55 Ω (Radial) ≤11 Ω, while the static 

capacitance is 3481 pF±15 % @ 1 kHz. The sensor is installed vertically, aligned with 

gravity. The disk is bonded by flexible Silastic to an electrically insulated pin (instead of 

a backplate) located on the centerline of a separately grounded, stainless-steel Faraday 

cage (tea stick infuser, Item # 800790, available from REI). A backplate is not needed in 

this application because its first resonant frequency (135 kHz) is much higher than the 

range of its intended use (20-80 kHz) so no attenuation of its resonant Q is required. A 
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front wear plate is also not needed since the sensor is protected by its Faraday cage, and 

long term, continuous use is not envisioned. No preamplifier is housed within the 

enclosure, because it is intended to be used within 2 m of a sensitive recording 

oscilloscope which serves as the preamplifier. Sensor connection wires are encased 

within a shielded instrument cable and mounted rigidly within the cage to reduce strain 

on the PZT disk. A separate ground wire for the Faraday cage is connected to the 

assembly, and is grounded at the recording oscilloscope ground. Probe signals are output 

in a shielded instrument cable terminated with a BNC electrical connector. 

-  

Figure 2.1. Image of sensor, sensor assembly and Faraday cage 

 

 Selecting cost effective PZT elements requires some characterization to ensure 

performance can be achieved within experimental tolerances. For example, planar disks 

are known to respond differently depending on their orientation with respect to the 

source. Characterization of 15 mm PZT radiation directivity can be approximated [16] 
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and is shown in Fig. 2. For a baffled disk (assuming the Faraday cage approximates a 

rigid baffle), the far field spatial pressure variation directivity factor is given by equation 

1: 

       
            

      
 

(1) 

where k is the wavenumber, a is the disk radius in meters, r is the vector to the far 

field point in meters, J1 is the Bessel function of 1
st
 kind, and θ is the angle from normal 

in radians. 

 

Figure 2.2. A polar plot of the normalized radiation reception pattern for the 15 mm 

PZT probe evaluated from 90 to 270 degrees for 20, 40, 60 and 80 kHz acoustic fields. 

 

 The results of the orientation dependency study, Fig. 2, demonstrate that a broader 

(more uniform) response is obtained for the lower frequencies presented within this work. 
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Moreover that precision alignment of the sensor and driving transducer face is also not 

required. 

 

 

Figure 2.3. Probe signal response as a function of frequency (e.g., 20, 40, 60, and 

80 kHz). Error bars represent a ± 0.2 E-05 volt uncertainty in the signal voltage 

reading which amounts to approximately 10 %. 

  

The frequency response of the probe is examined at the same four frequencies used to 

calculate angular response above to demonstrate that this PZT element will be excited by 

the intended driving transducer for determining the range of useful application. This is 

accomplished by measuring the voltage signal output of the probe along with the (RMS) 

power delivered to the radiating transducer at each frequency. The voltage squared output 

of the probe is adjusted to the same radiated power level, then the db response is 

computed as 10 log of the response relative to the response at 20 kHz. By convention, the 

sensitivity should be measured in an anechoic environment, but this is a difficult 

measurement to make because the reflective environment in the test tank, produced by 
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pressure reflections from the walls of the test cell, produce nodes and antinodes near the 

probe which are functions of frequency as is modeled later in this paper. To overcome 

this effect the measurements made for the sensitivity study were pre-echoic. This means 

that the output of the probe was recorded by a high speed memory scope in single sweep 

mode to capture the probe response before being influenced by reflections. Considering 

the probe – radiating transducer distance was 7 cm, and the speed of sound in water at 

20 C is 1481 m/s, the signal arrives at the probe in ~50 μs. But reflections from the 

nearest wall are at least 4 times this interval arriving after another ~200 μs. The 

measurements for Fig. 3 were taken before 100 μs thus avoiding the influence of 

reflections. The dB variation of probe response over 20-80 kHz is given in Fig. 3, 

showing a nearly flat response over the frequency range. This frequency response 

behavior is consistent with the findings of Lewin [17]. 

Sensor calibration 

 The transient and non-linear nature of the pressure field makes calibration of 

probes to measure the pressure magnitude difficult. The use of force measuring beams for 

calibration for other pressure sensors is not new, and has been reported by others 

[18][19]. It was decided to use a force beam apparatus that could be submersed in the 

water so as to directly measure the dynamic load of the transmitted signal at any desired 

frequency. Based on our prediction of the driving transducer‟s pressure load, a beam 

sufficiently flexible to deform under gram loads is selected. The flexible beam is a 12 cm 

long, 1.3 cm wide, and 1 mm thick copper strip sheared from a plate. An Omega 
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Engineering, Inc type KFG-3-120-C1-11L1M2R 120 Ω strain gauge is mounted 7 cm 

from the clamped end. A 15 mm PZT disk, identical to the probe‟s sensor, is attached to 

the tip of the flexible beam. It is important to create an identical target area, and to ensure 

that the strain gauge is not measuring the uncoupled vibration of a mass on its tip in 

addition to the acoustic field. 

 A Fluke model 8840A/AF precision digital desktop meter (accuracy = ± 1 mΩ) is 

used to quantify beam response to bending under a static (i.e., known mass) and dynamic 

(i.e., acoustic forcing) load. As constructed and under no load, the measured resistance is 

122.389 Ω, while a 20 g static load produces a resistance reading of 122.411 Ω. Because 

the strain gauge is a thin foil, a slight temperature dependence is expected and observed, 

which is overcome by multiple readings. The resultant, experimentally determined, 

calibration curve slope for the force beam strain gauge under a static load is 22 mΩ/g. 

 The forced beam response is also observed under dynamic loading conditions. 

The beam is insonated by both a 44 kHz ultrasonic transducer that is driven at 20 W 

(electrical) and positioned 2.5 cm from the transducer face, and by an identical (to the 

sensor and to the target) 15 mm ultrasonic transducer at 45 kHz and at the same distance. 

For clarity the setup using the larger source is shown in Fig. 4. The accompanying PZT 

element response is observed and directly correlated to the strain gauge output from the 

force beam in terms of V/Pa to complete the probe calibration. For both static and 

dynamic loads on the beam, direct measurement of the change in resistance of the gauge 

is done by allowing the gauge resistance to stabilize in time, offsetting the gauge to its 

rest value to read zero, and then quickly making the difference measurement. This 
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accounts for temperature drift and additional resistance from wires and connections, 

which can change over time. The procedure is typically done six times and the results are 

averaged. Voltage measurements from the gauge are not useful because the gauge and its 

wiring have the same antenna effect as an unshielded probe. This method of reading the 

strain gauge probably resolves the criticism of strain gauge beams raised in reference 18.  

 

Figure 2.4. Photograph of force beam calibration device with grounded target being 

insonated by a secondary standard transducer. 

Performance validation 

Experimental methods 

 Different test scenarios were experimentally explored to verify that (a) the probe 

design isolated the transducer voltage induced EMI sufficiently to use the measured 

signal without other filtering or isolation methods, and (b) the probe could measure the 

detailed pressure field produced by an ultrasonic source: 

1. Insonation of a single probe located between two continuous sine wave radiating 

transducers, one at 24 kHz, the other at 30 kHz (Fig. 5). The purpose is to study 
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the probe resolution of a complex acoustic environment, and to verify a phase 

shift in the detected signal. The latter objective is accomplished by displacing one 

of the radiating transducers 3 cm farther from the other while keeping the first 

transducer and the probe fixed in place. The results of these measurements 

(Fig. 6) are compared to an acoustic model of the expected field that accounts for 

the magnitude and phase contributions of chosen acoustic rays to the calculated 

field at the center of the probe sensor location. The chosen rays model direct 

radiation and 1
st
 reflections from the top, bottom, sides and back glass surfaces. 

Multiple reflections are not considered. 

2. Insonation of a single probe by a single transducer that is driven by a square wave 

to produce a complex field. The probe response is recorded with the Faraday cage 

grounded and ungrounded in order to quantify the degree of isolation from EMR 

when grounded (Fig. 7). Discrete Fourier Transforms are calculated from samples 

of these signals to produce a frequency spectra of the driving voltage signal, and 

of the transformed received signal from the grounded, and ungrounded probe, 

which helps establish that the grounded probe isolates the acoustic signal from 

induced EMR (Fig. 8). 

3. Two probes of this design are radiated by a continuous sine wave, then one is 

moved 2 cm with respect to the other to further study complexity resolution and 

associated phase change (Figs.9-10). Lissajous patterns are recorded to verify the 

detected phase change. These patterns are created by plotting on an oscilloscope 
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the response of one probe on the ordinate and the other probe on the abscissa. The 

gain of the two channels is the same.  

Experimental Apparatus 

 A 20 °C water-filled 8 L aquarium was used in the reported experiments to 

evaluate performance. The tank is glass-sided measuring 30 cm by 15 cm with a water 

height of 19.5 cm. The radiating transducers were 5 cm diameter by 0.3 cm thickness, 

PZT, SM111, planar mode vibration disks purchased from Steiner & Martins. These have 

a nominal natural frequency of 44 ±3 kHz and an impedance of < 8 Ω. Transducer 

driving signals were continuous sine waves in two experiments, and a square wave for 

the third. These were produced by a Leader, LAG 1208 Audio Signal Generator, and by a 

Victor VC 2002 digital frequency generator. Amplification of the driving signals was 

accomplished using a Crown Vs 1100, and a 240W dual channel amplifier, and recording 

was done with a Tektronix 2215 A 60 MHz oscilloscope. Signal detection was 

accomplished using probes of the design presented in this paper. A typical setup for 

testing is shown in Fig. 5.  
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Figure 2.5. Test cell and setup for verifying probe performance.  

Acoustic field model 

 A model approximation of the resulting wave form at the probe‟s sensor surface is 

computed from the one dimensional wave equation whose spatial and temporal 

amplitude, y, is given in equation 3 [20]: 
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The acoustic pressure amplitude at a location is the sum of the wave amplitudes 

arriving from the 24, 30 and 40 kHz components radiating from the transducers directly 

or by reflection, and accounted for by the index, n. Six rays were considered from each 

radiator: the direct ray from the face of the radiating transducer to the surface of the 

sensor along with reflected rays from the top, bottom, sides and back glass surfaces of the 

tank. The rays are counted by the index i in equation 2, and have an associated phase 

change given by υi in radians. λn are the wavelengths for each frequency component in 

meters, c is the acoustic velocity in water in meters per second, xi are the ray path 
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distances in meters and t is time in seconds. Ci are the relative amplitudes of each ray 

determined by the level of amplification of the driving voltages for the primary 

component, and by waveform analysis to size the induced coupling for the 40 kHz 

component. Unity reflection coefficients were used because the hard glass surface is 

purely reactive. Reflections from the far wall, and multiple reflections, are not included 

which are limitations in how well the model will fit the data. 

Results of Experimental Work 

Predicted vs. Measured Signal 

 The response of a single shielded probe in a complex field produced by two 

radiators is recorded. With respect to the bottom left front corner of the test tank, the 

probe sensor is situated on a centerline 7 cm from the bottom of the test tank that lies 

between a disk radiator at 6.5 cm and second disk radiator at 21 cm for the first 

measurement. Then the second transmitter is moved from 21 to 24 cm for the second 

measurement. These measurements of field pressure, along with modeled pressure for the 

same configurations, are shown in Figure 6. 
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Figure 2.6. Measured acoustic field compared to modeled field with probe between two 

radiating transducers. 

 

 The radiator at 6.5 cm is broadcasting a continuous sine wave at 24 kHz along 

with a much smaller 40 kHz signal from transducer resonance coupling to the driving 

voltage. The radiator initially at 21 cm, then at 24 cm transmits a 30 kHz sine wave along 

with its induced 40 kHz component. The top row graphs of Figure 6 are the 

corresponding modeled acoustic signal obtained by first order ray tracing. 

Shielded vs. Unshielded Probe Measurements 

 Figure 7 shows how shielded and unshielded probe measurements were made in a 

complex acoustic environment allowing the EMR and acoustic signals to be identified. 

The radiating source transducer is driven by a 50 Vpp, 40 kHz, square wave on terminals 

A and B from a signal generator described in the apparatus section. A portion of two 

cycles of this driving signal as recorded by an oscilloscope connected to A and B are 
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Forced nucleation 

 

 

Figure B.2 View of the 9.6 mm channel.  

 

In Fig B-2, large bubbles were produced in the heater block and are travelling 

from the top of the picture towards the bottom. The large bubbles shown are much larger 

than would be effected by the 28 kHz insonation. The red box shows a population of 

bubbles that have been nucleated and which have grown to resonant size. Subsequent 

frame analysis of this population of bubbles shows that having grown to resonant size 

they remain attached to the channel until one of several events occur: 

1. If the liquid surface layer diminishes in the channel so that the top of the 

bubble makes contact with the surface, the bubble will burst, or be rapidly 
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carried along with the flow. This is probably due to surface tension forces 

at the top of the bubble moving with the flow which pulls the bubble from 

it stationary contact. 

2. If another bubble approaches and makes contact, coalescence will usually 

result. Observation has indicated that such coalescence is more likely in an 

acoustic field probably due to forced contact. Often this has a cascade 

effect in which the larger coalesced bubbles make contact and coalesce 

again. When a sufficiently large bubble results, the surface tension bond to 

the channel is broken by drag and buoyancy forces, and the larger bubble 

is swept along with the flow. 

3. If a large vapor slug exits the heater it will sweep all the smaller bubbles 

in its path. 

Bubbles undergoing nucleation 

Two instances have been captured from the photo documentation sets in this 

insonated channel study. These are shown in Figs B-3 and B-4. In each case two enlarged 

photographs are presented that are 0.2 s apart (camera framerate). Black arrows mark the 

vacant spot before nucleation in the first photograph, then the nucleated bubble just as it 

appears. In both cases the first picture shows a blurred spot exactly where the nucleated 

bubble pops up. 
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Figure B.3 small bubble r = 0.221 mm created by nucleation in 28 KHz field. 

 

  
 

Figure B.4 small bubble r = 0.222 mm created by nucleation in 28 KHz field. 
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The nucleated bubbles appearing in Figs B-3 and B-4 are unique to insonation. 

This effect is not observed when the acoustic forcing field is turned off. In both cases the 

size of the initially nucleated bubble was the same within the accuracy of measurement. It 

is interesting to note that the Minneart resonance of both bubbles is 29.4 kHz when being 

forced near 28 kHz. Judging from the nucleated bubbles surrounding these, they will 

subsequently grow slightly. This behavior would be in agreement with the theory of 

Chapter 3. 

Conclusion 

 Insonation has been observed to nucleate vapor bubbles of a small size near the 

Minnaert frequency in channel flow. This is another heat removal mechanism associated 

with channel insonation providing a benefit linked to latent heat. Observation of this 

effect does not indicate that this would be a major mechanism compared to others 

studied. More work on the optimization of the use of intentional nucleation would be 

indicated. 
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Property Values 

Property values for the poled ceramic materials for these are given in Table D.2. 

 

 

Table D.2 Properties of piezoelectric materials used  

 

The property values of particular interest are d33 and d31 as these map voltage applied 

to the plated electrodes to displacement in length or width as shown in the diagram, D.3. 


