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Figure 7.8. Plot showing the temperature difference on the surface of the end-wall 

material at the center of the cylindrical container, non-dimensionalized using the 

temperature scaling . The data is for polyurethane end-wall material with mm, 

and lines correspond to acoustic intensity values of W/cm2 (A, red line), 2.11 

W/cm2 (B, green line), 4.44 W/cm2 (C, blue line), and 6.19 W/cm2 (D, black line).  
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7.3. Different cylinder heights  

 The flow transition discussed in the previous section is typical of acoustic-

streaming flows in this configuration for cases where the fluid depth H is of the same 

order as the transducer radius b, which is typified in our experiments for the case with 

10H mm. All four of the materials examined exhibited qualitatively similar flow 

regimes for this value of H. As the value of H increases significantly above the value of 

the transducer radius b, qualitatively different behavior can in some cases be observed, 

but the nature of the resulting flows is dependent on the end-wall material.   

 Figure 7.9 gives a comparison of the average velocity magnitude as a function of 

time for cases with 10H , 30 and 50 mm for the four different end-wall materials. The 

velocity magnitude generally increases for larger values of H, particularly in the initial 

acoustic streaming regime. A similar trend of increasing acoustic streaming velocity with 

height was observed in the computations of Marshall and Wu (2015), who attributed this 

trend to the fact that the acoustic streaming body force acts on the fluid over a longer 

time period for larger values of H.  While the cases with 10H  and 30 mm exhibit the 

sharp decrease in mean velocity magnitude characteristic of transition to the thermal 

convection regime, the velocity decrease for the cases with 50H mm is much smaller. 

In order to understand this behavior, velocity magnitude contour plots and streamlines at 

5.49t s (near the end of the experimental run) for cases with H = 50 mm and intensity 

0I 2.11 W/cm2  are shown in Figure 7.10 for the four different end-wall materials 

examined. It is noted that for the polyurethane and acrylic end-wall materials having 

lowest reflection coefficient (and hence higher acoustic streaming magnitude), the 
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transition to the thermal convection driven regime has not occurred and the flow still 

have a downward-oriented velocity along the cylinder axis near the impingement surface 

as is typical of acoustic streaming flows. The ability of acoustic streaming to dominate 

thermal convection in these flows is associated with the larger acoustic streaming 

velocity magnitude for larger values of H. Secondly, both the flow fields for both the 

polyurethane and acrylic end-wall materials have developed a secondary vortex loop 

close to the symmetry axis in the upper part of the flow, near the acoustic transducer. 

This secondary vortex loop is has opposite sign circulation to the primary acoustic 

streaming vortex. This secondary vortex ring is likely formed as a result of separation of 

vorticity generated along the cylinder side-wall or transducer boundary layer, which is 

convected toward the cylinder center by the acoustic streaming flow. The secondary 

vortex could also be influenced by non-uniformities in acoustic beam strength, with 

higher sound pressure near the outer edge of the beam, as discussed in the previous 

section. At any rate, the second loop is very weak compared to the primary acoustic 

streaming vortex.  
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Figure 7.9. Variation of mean velocity magnitude with dimensionless time for different 

end-wall materials with ultrasound intensity 0I  2.11 W/cm2 and transducer height H = 

10 mm (red line), 30 mm (green line), and 50 mm (blue line). The plots are made for end-

walls made of (a) polyurethane, (b) acrylic, (c) Pyrex, and (d) ceramic. The point at 

which the vertical velocity on the cylinder axis changes sign is indicated by a circle. No 

change is sign is observed for the H = 50 mm cases in (a) and (b). 

 

 The flow field with Pyrex end-wall material exhibits a strong upward flow all along 

the cylinder axis, despite the fact that the acoustic streaming vortex ring (in the lower part 

of the cylinder) has the same direction of rotation as for the flows shown in Figures 7.10a 

and b, and thus opposes the direction of flow along the cylinder center. A second vortex 

(b) 

(d) 
(c) 

(a) 
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ring is observed in the upper part of the cylinder close to the cylinder axis. This vortex 

ring is driven by the upward jet of fluid along the cylinder axis and the downward fluid 

motion on the outside of the cylinder, where the latter is forced by continuity. The case 

with ceramic end-wall material exhibits an interesting two-cell behavior. The lower cell 

exhibits an acoustic streaming vortex and downward axial flow, similar to the results in 

Figures 7.10a and b. However, the upper cell exhibits an upward axial flow with a vortex 

ring along the side of the axial jet, similar to the case in Figure 7.10c. As time progresses 

the upper vortex pair extends downward, expanding in size while the lower vortex pair 

shrinks.  Plots showing variation of the Grashof, Rayleigh, and Richardson numbers with 

time for the case with H = 50 mm and 0I  = 2.11 W/cm2 are shown in Figure 7.11 for the 

four different end-wall materials. There is a general trend for materials with lower 

reflection coefficients to have higher values of the Grashof and Rayleigh numbers due to 

the fact that a larger fraction of the incident acoustic radiation passes into the end-wall 

material.  An exception to this observation occurs for ceramic and Pyrex, however, where 

the much higher specific heat of Pyrex leads to a lower surface temperature even though 

a larger amount of energy is absorbed by the material than for ceramic. The values of 

Richardson number are about two orders of magnitude smaller than those recorded for 

10H mm due to the increase in velocity with increase in container height.  The Richard 

number for the Pyrex is seen to fluctuate far more than that for the other materials. These 

fluctuations are due that fact that the flow structure for the thermal convection flow for 

Pyrex is prone to changing over time, resulting in a surface temperature and velocity 

magnitude that fluctuate and do not approach a stable state. 



115 

 

 

      

      

 

Figure 7.10. Velocity magnitude contours and streamlines for the case with H = 50 mm 

and intensity 0I 2.11 W/cm2 at time 5.49t s. The plots are made for end-walls made 

of (a) polyurethane, (b) acrylic, (c) Pyrex, and (d) ceramic. 
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Figure 7.11. Plots showing the variation of (a) the Grashof and Rayleigh numbers and (b) 

the Richardson number with time for a case with H = 50 mm, 0I  = 2.11 W/cm2, and with 

polyurethane (blue line), acrylic (red line), Pyrex (black line), and ceramic (green line) 

end-wall materials. 
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CHAPTER 8: CONCLUSIONS FOR PART II 

 Ultrasound is often used to mix fluids in microwells and other small containers 

for biological and chemical assays. Ultrasonic mixing is convenient for such applications 

since it provides rapid mixing while avoiding possibility of contamination from physical 

stirring devices. The mixing can usually be accomplished in relatively short time periods, 

on the order of a few seconds, during which the flow field is dominated by acoustic 

streaming. Ultrasound is also used for various other applications in enclosed containers, 

such as to remove particles from a silicon disk or to deposit drug-loaded liposomes on 

human tissue, in which the time period required for the application is much longer, 

sometimes extending to minutes. In these latter cases, ultrasonic heating of the bottom 

surface of the container can be significant.  

 The current dissertation reports on an experimental study of the effect of bottom 

(or 'impingement') surface heating on the flow induced by ultrasound radiation. For short 

times, we observe formation of an acoustic stream driven flow with downward velocity 

(oriented toward the impingement surface) along the cylinder center. A velocity scale 

was derived for this flow showing that the velocity magnitude increases linearly with the 

acoustic intensity, after accounting for the reduction in intensity from sound reflection off 

the impingement surface. As the impingement surface heats up from absorption of 

ultrasound, a thermal buoyancy force develops that opposes the acoustic streaming body 

force within the fluid.  

 The effect of the combined acoustic streaming and thermal buoyancy body forces 

was examined for four different end-wall materials are examined (polyurethane, acrylic, 
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Pyrex, and alumina silica ceramic). For all of these materials, when the container depth is 

of the same order or less than the transducer radius, a transition to a thermal convection 

driven flow is observed to occur after a finite time (on the order of 5-25 s). This transition 

is typified by a decrease in the strength of the acoustic streaming flow, a reversal in 

direction of acoustic streaming along the cylinder axis, and eventually in reversal in sign 

of the acoustic stream vortex ring.  

 When the container depth is much greater than the transducer radius, the velocity 

magnitude in the initial acoustic streaming flow is observed to increase, in accordance 

with the fact that the distance over which the acoustic streaming body force acts on the 

fluid has increased. The response of these systems to long-time acoustic exposure is more 

complex than for more shallow containers, and it is observed to depend on the choice of 

end-wall material. For instance, in experiments with cylinder depth H = 50 mm and 

transducer radius 12b mm, cases with end-wall materials with small acoustic reflection 

coefficient have sufficiently strong the acoustic streaming flow that the thermal transition 

was never observed to occur within the experimental period (lasting about 166 s). 

However, in these cases a small secondary circulation cell is observed to form at the top 

of the cylinder, near the transducer, within which the direction of axial velocity changes 

from downward to upward. The thermal transition was observed to occur for cases with 

larger reflection coefficient, for which the acoustic streaming flow was weaker, so that at 

long time either the axial velocity was oriented upward, away from the impingement 

surface, or multiple cells are formed causing the axial flow to change sign at different 

heights.  
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 In applications in which ultrasound is used to either deposit particles onto a 

surface or remove particles from a surface, both the exposure time and distance of the 

transducer from the impingement surface, as well as the acoustic properties of the end-

wall material, should be carefully selected to achieve a desired flow type. In applications 

where the goal is to generate either strong shear along the impingement surface or to have 

a strong impingement jet, we have shown that a large separation distance relative to the 

radius of the transducer is desirable. If a relatively small separation distance is used for 

such applications, the acoustic streaming velocity magnitude is weak and the flow pattern 

can quickly transition to a thermal convective flow, with an associated dramatic reduction 

in both surface shear stress and impingement jet magnitude. Applications such as the use 

of  acoustic streaming to deliver particles or liposomes to a surface via fluid transport 

may see a significant decrease in delivery efficiency if the flow regime is such that the 

ultrasonic flow is dominated by thermal convection. Similarly, for applications in which 

ultrasound is used to remove particles from a surface, the shear stress generated at the 

impingement surface is the critical factor leading to lift-off of the particles. Tuning the 

ultrasonic flow setup to ensure the presence of an acoustic-streaming driven flow over the 

entire period of ultrasonic exposure will result in optimal particle transport for 

applications of this type. Similarly, the transition to thermal convection may explain why 

some applications involving particle transport to a surface seem to achieve a saturated 

state after finite time, such that little further particle transport occurs after this time (e.g., 

Ma et al., 2015). Our hypothesis, based on the results of this study, is that the effective 

particle transport occurs during the period of time in which the flow regime is dominated 
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by acoustic streaming, but then little additional particle transport is produced once the 

transition to thermal-convection driven flow occurs.  
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CHAPTER 9: FINAL CONCULSIONS AND RECOMMENDATIONS 

 This chapter summarizes all the research reported in the thesis, as well as 

formulates conclusions and recommendations based on the results.  The study presented 

examined two different flow fields for intended purpose of generating touch free methods 

for the deposition and removal of particles to and from a surface. The two methods 

examined for flow generation were (Part I) a central suction vortex surrounded by a ring 

of azimuthally angle jet and (Part II) an ultrasound source within a cylindrical space. For 

both of these methods the resulting flow field was examined in relation to the height of 

the flow source above the impingement plate and the flow rates generated.  The 

temperature difference between the fluid and the impingement surface of the 

ultrasonically induced flow was also examined using thermocouples.  The results were 

evaluated for their flow structure, shear at the impingement surface and how both varied 

with time and operating conditions.  In both experiments the shear stress and fluid 

velocity patterns were evaluated with the intention to ascertain how effective the 

generated flows would be at the removal and deposition of particulate from the 

impingement surface. Both methods were shown to be capable of generating shear forces 

along the impingement surface although the conditions used to generate the impingement 

flow were shown to have a significant effect on the magnitude and direction of the shear 

force.  For this reason the potential effectiveness of particle manipulation is highly 

dependent on the operating conditions of the evaluated methods.   

For the bounded vortex method the conditions which created the optimum 

conditions for particle removal involved a small separation distance between the 
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impingement surface and the nozzle and a high Reynolds number. The flow field 

generated by these conditions is dominated by a sepratrix which results in a split in the 

shear generated at the surface with the surface within the sepratrix being exposed to a 

radially inward shear while surfaces outside are exposed to a radially outward shear.  LIF 

and PIV imaging revealed that the nozzle’s ability to remove and capture particles was 

reduced by entrainment of fluid from the surrounding environment which resulted in the 

outward flow of the sepratrix.  As the separation distance between the nozzle and 

impingement surface increased this entrainment of outside fluid and a tendency towards 

generating turbulence further reduced the shear at the impingement surface.  Applications 

for this device could include the cleaning of hazardous materials such as asbestos due to 

the nozzle’s ability to remove and capture surface particulate. The possibility for 

developing the nozzle into a hand held device would allow for an ease of use which 

would facilitate the nozzles potential cleaning applications  

 The effectiveness of the acoustically driven at the removal and transport of 

surface particles was shown to be sensitive to both the separation distance between the 

impingement surface and the length of time the ultrasound is active.  The large separation 

distances were of importance in regard to particle manipulation since larger distances 

coincided with larger fluid velocities at the impingement surface.  The second important 

factor, the exposure time is of importance due to the heating of the impingement surface 

by the ultrasound.  The resulting temperature differential can generate buoyancy effects 

which result in lower velocity magnitudes at the impingement surface.  The acoustic 

characteristics of the end wall material, such as the acoustic reflection and absorption 

coefficient along with the specific heat were shown to have a strong influence on the time 
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scale in which the thermal turnover occurs.  Materials with low reflection, high 

absorption, and low specific heat characteristics were shown to generate the most thermal 

effects which result in significant buoyancy forces which can become the dominate.  The 

targeted delivery of particles and a better understanding of the optimum operating 

conditions for doing so has applications in fields such as medicine where ultrasound is 

use to deliver liposomes into a targeted tissue.  This type of targeted liposomes delivery 

also could be used in systems where chemicals need to be delivered to a surface but it is 

undesirable for the surrounding environment to be saturated in said chemicals. 

 The presented research demonstrates the uses and characteristics of two novel 

impinging flows with possible future research including extended study of these flow or 

the combination of the two.  A possible topic of future research of the bounded vortex 

nozzle would be to examine ways of changing the jet flows so as to generate a flow 

which is more analogous to a continuous annular jet.  The goal would be to reduce or 

eliminate the low velocity regions between the jets which allow for the entrainment of the 

surrounding fluid.  Along with this the effect of increasing the radius of the jet ring in 

order to enlarge to area exposed to could be a possible area of further research with a 

possible goal of observing if there is a potential drop off in particle collection with larger 

radiuses.  The research of acoustically driven flow could be expanded upon by 

performing experiments examining how mixing efficiency is effected by the time scale of 

the thermal turnover.  An explicit examination of particle removal of particles from the 

impingement surface may yield removal results which exceed the expected results from 

the measured shear stress alone since it has been shown in previous research that 

exposure to an ultrasound can decrease the force holding particles to a surface.  A nozzle 
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design which directly incorporated ultrasound sources in the area between the vortex and 

jets could further improve the bounded vortex nozzle’s ability in entrain surface particles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



125 

 

BIBLIOGRAPHY 

P. Agrawal, P. Gandhi, A. Neild, "Microparticle response to two-dimensional streaming 

flows in rectangular chambers undergoing low-frequency horizontal vibrations." Physical 

Review Applied, 2, 1-15, (2014). 

S. V. Alekseenko, P. A. Kuibin, V. L. Okulov, S. I. Shtork, "Helical vortices in swirl 

flow." Journal of Fluid Mechanics, 382, 195-243, (1999).  

S.L. Anderson, E.K. Longmire, "Particle motion in the stagnation zone of an impinging 

air jet." Journal of Fluid Mechanics, 299, 333-366, (1995).    

K. Bajer, H.K. Moffatt, "Theory of non-axisymmetric burgers vortex with arbitrary 

reynolds number." IUTAM Symposium on Dynamics of Slender Vortices, Aachen, 

Germany, Aug 31- Sept 3, 193-202, (1997). 

R. Barnkob, P. Augustsson, T. Laurell, H. Bruus, "Acoustic radiation and streaming 

induced microparticle velocities determined by microparticle image velocimetry in an 

ultrasound symmetry plane." Physical Review E, 86, 56307-56318, (2012). 

M. Bengtsson, T. Laurell, "Acoustic streaming – ultrasonic agitation in microchannels." 

Department of Electrical Measurements, Lund Institute of Technology, 939-942, (2003). 

P. Beran, F. Culik, "The role of nonuniqueness in the development of vortex breakdown 

in tubes." J. Fluid Mech., 242, 491-527, (1992). 

C. Bradley, "Acoustic streaming field structure: The influence of the radiator." Acoustic 

Society of America, 100, 1399-1408, (1996). 

J.M. Burgers, "A mathematical model illustrating the theory of turbulence." Advances in 

Applied Mechanics, 1, 171-199, (1948). 

A.A. Busnaina, H. Lin, "The physical removal of nanoscale particles from surfaces." IBM 

Microelectronics Division¸ (2000). 

M. Campbell, J. Cosgrove, C. Greated, S Jack, D. Rockliff, "Review of LDA and PIV 

applied to the measurement of sound and acoustic streaming." Optics & Laser 

Technology, 32, 629-639, (2000). 

S.S. Chang, J.A. Horman, A.B. Bestul, "Heat capacities and related thermal data for 

diethyl pthalate crystal, glass, and liquid to 360." Journal of Research of the National 

Bureau of Standards - A. Physics and Chemistry, 71A(4), 293-305, (1967). 

A.J. Chatterjee, "Multiple vortex formation in steady laminar axisymmetric impinging 

flow."  Computer & Fluids, 37, 1061-1076, (2008). 

H. Chattopadhyay, "Numerical investigations of heat transfer from impinging annular 

jet." International Journal of Heat and Mass Transfer, 47, 3197-3201, (2004).  

P. Chen, "Manufacturing of porous surfaces with micro-scale features for advanced heat 

transfer." Ph.D. dissertation, University of Michigan, Ann Arbor, (2008). 



130 

 

R. Wu, K. Cheng, "Thermal instability of Blasius flow along horizontal plates." 

International Journal Heat Mass Transfer, 19, 907-913, (1975). 

J. Wu, G. Du, "Acoustic streaming generated by a focused Gaussian beam and finite 

amplitude tonebursts."Ultrasound in Med & Biol, 19, 167-176, (1992). 

J. Wu, W.L. Nyborg, "Temperature rise generated by a focused Gaussian beam in a two-

layer medium." Ultrasound in Medicine and Biology, 18(3), 293-302, (1992). 

J. Xie, J. Vanneste, "Dynamics of a spherical particle in an acoustic field: A multiscale 

approach." Physics of Fluids, 26, 102001-102021, (2014). 

Z. Yang, S. Matsumoto, H. Goto, M. Matsumoto, R. Maeda, "Ultrasonic micromixer for 

microfluidic systems." Sensors and Actuators A, 93, 266-272, (2001). 

G.G. Yaralioglu, I.O. Wygant, T.C. Marentis, B.T. Khuri-Yakub, "Ultrasonic mixing in 

microfluidic channels using integrated transducers." Analytical Chemistry 76, 3694-3698, 

(2004).  

L. Yeo and J. Friend, "Surface acoustic wave microfluidcs." Annu. Rev. Fluid Mech. 379-

406, (2014). 

X.W. Zhang, Z.H. Yao, P.F. Hao, H.Q., Xu, "Study on particle removal efficiency of an 

impinging jet by an image-processing method." Experiments in Fluids, 32(3), 376-380, 

(2002). 

Z. Zhu, X. Zhao, G. Du, J. Wu, 1998, "Theory of acoustic streaming generated by 

ultrasonic lamb waves." Acoustical Society of America, 104, 86-90, (1998). 

G. Ziskind, L.P. Yarin, S, Peles, C. Gutfinger, "Experimental investigation of particle 

removal from surfaces by pulsed air jets." Aerosol Science and Technology, 36, 652-659, 

(2002). 

F. Zonta, C. Marchioli, A. Soldati, "Particle and droplet deposition in turbulent swirled 

pipe flow." International Journal of Multiphase Flow, 56, 172-183, (2013). 

 

 

 

 


