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PREFACE
 

For more than 40 years, Advances in Heat Transfer has filled the information 
gap between regularly published journals and university-level textbooks. The 
series presents review articles on topics of current interest, starting from 
widely understood principles and bringing the reader to the forefront of the 
topic being addressed. The favorable response by the international scientific 
and engineering community to the 42 volumes published to date is an 
indication of the success of our authors in fulfilling this purpose. 

In recent years, the editors have published topical volumes dedicated to 
specific fields of endeavor. Examples of such volumes are Volume 22 (Bioen­
gineering Heat Transfer), Volume 28 (Transport Phenomena in Materials 
Processing), Volume 29 (Heat Transfer in Nuclear Reactor Safety), and 
Volume 40 (Transport Phenomena in Plasma). The editors intend to continue 
publishing topical volumes as well as the traditional general volumes in the 
future. Volume 32, a cumulative author and subject index for the first 32 
volumes, has become a valuable tool to search the series for contributions 
relevant to their current research interests. 

The editorial board expresses its appreciation to the contributing authors 
of Volume 42, who have maintained the high standards associated with 
Advances in Heat Transfer. Finally, the editors would like to acknowledge 
the efforts of the staff at Academic Press and Elsevier, who have maintained 
the attractive presentation of the volumes over the years. 

xi 
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Acoustic Wave Induced Flows and Heat Transfer 
in Gases and Supercritical Fluids 

BAKHTIER FAROUK *, YIQIANG LIN, and ZHIHENG LEI 

Department of Mechanical Engineering and Mechanics, Drexel University, 
Philadelphia, PA 19104 

I. Introduction 

Acoustic waves can be generated in a compressible media by various 
sources. Usually acoustic waves are generated by mechanical vibrations, 
such as wall/surface vibration or shaking of a chamber. They can also be 
created by thermal perturbations, such as rapid heating/cooling, combustion, 
by special arrangement of heat sources and sinks, and so on. In this chapter, 
we focus on the acoustic waves in fluids that are induced either by wall/surface 
vibrations or by the rapid heating of a confining surface, and the associated 
convection and transport phenomena under different gravity conditions. 
It is well known that sound sources may generate an acoustic field in 

which the particle velocities are not simply sinusoidal, and a pattern of 
time-independent vortical flows or steady circulations is often found in the 
body of compressible media. These second-order steady flow patterns are 
known as acoustic streaming, which always have rotational characteristics. 
The streaming velocity increases with the sound intensity. Acoustic stream­
ing may be effective in accelerating certain kinds of rate processes and 
has applications in localized micro-mixing, convective cooling, acoustic 
compressors, micro-fluidic devices, acoustic levitation, ultrasonic medical 
diagnostic devices and ultrasonic cleaning of contaminated surfaces. 
Acoustic streaming also attracted a lot of attention in the past due to its 
effect on the heat transfer enhancement. 

When a confining boundary wall/surface is subjected to rapid temperature 
increase, the fluid in the immediate vicinity of the boundary gets heated by 
conduction and tends to expand. The sudden expansion of the fluid due to the 
energy input, constrained by the inertia of the unperturbed media creates a 
local pressure disturbance, which then leads to the production of a pressure 
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wave. The pressure wave generated from the hot wall impinges on the oppo­
site wall, and is reflected back. The wave repeatedly traverses between the 
walls, and its amplitude eventually damps out due to the viscous and thermal 
losses within the fluid and wall boundary [1]. The fluid velocities induced by 
the acoustic wave may be sufficient to cause a convective heat transfer mode. 
Consequently, the fluid is heated more rapidly than it would have been by 
pure conduction. In normal gravity conditions, the velocities generated by the 
acoustic waves may also affect the development of buoyancy-induced flow, 
because the velocities in both modes are expected to be of the same order. 
Hence, the interaction between a thermally induced acoustic wave and gravity 
creates an interesting problem, particularly at reduced gravity environments. 

Previous studies show that though the heat transfer effects of such waves 
are usually not appreciable under standard conditions, they may be very 
significant when other modes of convection are weak or absent, such as 
under zero-gravity conditions, or when the fluid is close to its thermody­
namic critical point [2]. Because of the high density and compressibility 
character of the high-pressure fluid, strong thermally induced acoustic 
waves can be produced and heat transfer effects of these waves become 
significant even when the system undergoes a small temperature variation. 
The thermally induced acoustic waves may also cause unwanted distur­
bances in static processes like cryogenic storage systems, which involve 
rather weak diffusive and convective transport of heat, especially in a 
reduced-gravity environment. 

The thermal-acoustic interactions are found in many natural phenomena 
and industrial applications, such as thermoacoustic refrigerators and 
engines. All of these and other applications involve mechanically or ther­
mally driven acoustic fields in chambers with various media. A sound wave 
in a compressible fluid is usually regarded as consisting of coupled pressure 
and motion oscillations, but temperature oscillations are also present. For 
instance, when the sound travels in small channels, oscillating heat transfer 
occurs along the channel walls. For intense sound waves in pressurized 
gases, the acoustic energy can be harnessed to produce powerful engines, 
pulsating combustion, heat pumps, refrigerators, and mixture separators. 

The interactions between a standing wave and a stack (thin low-
conductivity parallel plates) or between a traveling wave and a regenerator 
(conductive wire-mesh screens) introduces one of the important industrial 
applications: thermoacoustic engines and refrigerators [3]. A thermoacous­
tic engine absorbs heat at a high temperature and exhausts heat at a low 
temperature while producing acoustic power as an output. A thermoacous­
tic refrigerator works in the opposite way. It absorbs heat at a low 
temperature, and requires the input of acoustic power to exhaust heat to 
a high temperature. 
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In this chapter, the important transport phenomena resulting from 
mechanically driven acoustic waves and thermally induced acoustic waves 
under the microgravity and normal gravity conditions are also considered. 
The fundamental characteristics of these problems are investigated and the 
results show interesting features. The chapter first focuses on the flow 
patterns and energy transport in high-intensity sound fields driven by pure 
mechanical vibrations in gas-filled resonators. Thermally induced pressure 
waves and associated convective flows for different kinds of fluids under 
different pressures are considered next. The interactions between flow fields 
generated by acoustic waves and the buoyancy induced flows in different 
heating enclosures are studied. Finally, the generation and propagation of 
thermally induced acoustic waves in supercritical carbon dioxide are con­
sidered. Recent results on the generation, propagation and decay of ther­
mally induced acoustic waves in supercritical carbon dioxide are presented. 

A. MECHANICALLY DRIVEN ACOUSTIC WAVES 

Mechanically driven sound waves are sometimes associated with second-
order, steady, circulatory fluid motion, viz. acoustic streaming flow struc­
tures. Acoustic streaming is a net mean flow generated by sound. Acoustic 
streaming can be classified on the basis of the different mechanisms by which 
the streaming is generated [4]. Rayleigh streaming [5] is referred to as 
“boundary layer driven” streaming inside a standing wave resonator, as 
the shear viscosity close to a solid boundary is responsible for the induced 
flow. Rayleigh streaming also describes the mean fluid motion outside the 
boundary layer, where it is often referred to “outer streaming”. Schlichting 
streaming (also known as “inner streaming”) is the mean flow motion inside 
the boundary layer of a standing wave field. The size of Schlichting stream­
ing vortices is estimated to be l/4 � D. Here, D is approximately equal to 

(2�/!)1/21.9�� where �� = is the viscous penetration depth. Inner and outer 
streaming can be formed inside a channel where the acoustic wave propa­
gates longitudinally or there is oscillation of solid boundary wall inside the 
bulk medium. Eckert streaming is driven by dissipation within the fluid 
volume and is predominant in the high frequency range. This kind of 
streaming has been used in ultrasonic applications and can be referred to 
as “bulk dissipation driven” streaming. 
Andres and Ingard [6,7] analytically investigated acoustic streaming 

around a cylinder and discussed the distortion of the streaming flow patterns 
as a function of sound intensity, under different Reynolds numbers. Lee and 
Wang [8] studied the effect of compressibility on the streaming pattern. Lee 
and Wang concluded that compressibility could affect the inner but not the 
outer streaming flow for the flow between parallel plates, but that for two or 
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three-dimensional objects, such as a cylinder or a sphere, the compressibility 
also affects the outer streaming pattern. They used the limiting velocity at 
the edge of the inner streaming layer as a slip boundary condition to solve 
for the large outer streaming for the different geometries. 
The effect of compressibility on acoustic streaming near a rigid boundary 

was investigated by Qi [9]. Qi tried to resolve an existing inconsistency: while 
the compressibility is a necessary condition for the propagation of acoustic 
waves, previous analyses of acoustic streaming were limited to incompres­
sible fluids. This inconsistent description is due to adapting the incompres­
sible boundary layer solutions obtained by Schlichting to solve acoustic 
streaming near rigid boundaries. Qi’s results showed that the consideration 
of compressibility leads to a larger streaming velocity outside the boundary 
layer. The effect was found to be significant in gases, but not in liquids. The 
study was extended to investigate acoustic streaming in a circular tube [10]. 

Vainshtein [11] combined the problems of Rayleigh streaming and Cou­
ette flow and investigated the effect of streaming on shear flow. Menguy and 
Gilbert [12] studied nonlinear acoustic streaming in a guide with a perturba­
tion calculation using asymptotic expansions. A noticeable distortion of the 
acoustic field due to the fluid inertia was demonstrated and a comparison of 
slow and nonlinear acoustic streaming was presented. Andrade [13] experi­
mentally studied the streaming flows occurring outside the boundary layers 
in a tube and around cylindrical and spherical obstacles. The outer stream­
ing structures were visualized in air around a cylindrical rod immersed in a 
standing sound wave. The fluid particles flow towards the cylinder from 
above and from below, and move away in both directions parallel to the 
acoustic oscillations (horizontal). 

The phenomenon of flow reversal in the circulation occurring in the 
vicinity of oscillating cylinders was experimentally observed by West [14]. 
The results of this investigation showed that, as soon as the amplitude of the 
excited sound wave exceeds a critical value, the direction of the circulation 
near the cylinder reverses and streaming outside the boundary layer forms. 
Holtsmark et al. [15] studied the vortices in air near a cylindrical rod in a 
Kundt’s tube. The streaming in and outside the boundary layer was 
observed. The boundary layer streaming structures around a cylinder were 
visualized by Raney et al. [16] in a water-glycerin mixture. Coppens and 
Sanders [17] measured the acoustic wave in a resonator. They found that the 
microphone output waveforms become irregular when the sound intensity 
increases. A similar measurement was carried out by Cruikshank [18]. This 
kind of non-harmonic wave shape is believed to be the non-linear source of 
the acoustic streaming. 
Trinh and Robey [19] investigated the streaming flows associated with 

ultrasonic levitators. In this experimental study, the streaming flow field was 
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caused by an ultrasonic vibrating wall of an enclosure. The circulation 
induced by the presence of a sample in the enclosure was studied. As initially 
described by Kempton [20] and Morfey [21], the mixing of several “lumps” 
of fluid with different temperatures can act as a sound source mainly due to 
the fact that the physical properties of the medium are not uniform. As 
another example, a heated surface can maintain large amplitude acoustic 
oscillations. Kempton [20] analytically examined the role of heat diffusion as 
an internal noise source. He considered a number of problems: sound 
induced by unsteady heat transfer from a solid body; fluctuation flow over 
a hot body, and unsteady heat transfer between gas streams. Morfey [21] 
analytically examined the radiation of sound from a free turbulent jet. The 
sound was generated due to thermal dissipation and composition gradient. 

Acoustic streaming has received attention as a heat transfer enhancement 
mechanism. Fand and Kave [22] used photography to study the streaming 
around a circular cylinder in standing wave tube. The experimental results 
showed that the streaming around the heated cylinder was much stronger 
than the isothermal streaming for the same geometry and sound intensity. 
The mean flow motion due to streaming not only contributes to the con­
vective heat transfer but also promotes the transition to turbulence. Richard­
son [23] analytically studied the effect of sound on natural convection along 
a horizontal cylinder which is immersed in sound fields. Later, Richardson 
[24] presented shadowgraphs for a heated horizontal circular cylinder, sub­
jected to transverse horizontal and vertical sound fields. The shadowgraph 
demonstrated the local changes in boundary layer thickness and heat trans­
fer coefficient. 

Engelbrecht and Pretorius [25] experimentally studied the influence of 
sound waves on the transition from laminar to turbulent flow in the bound­
ary layer associated with natural convection from a vertical flat plate with 
uniform heat flux. The transition has been shown to occur at a Grashof 
number lower than the normally cited value. Gopinath and Mills [26] esti­
mated the convective heat transfer from an isolated sphere in a standing 
sound field due to acoustic streaming in large streaming Reynolds numbers. 
The Nusselt number correlations for a wide range of Prandtl numbers were 
obtained. Later, Gopinath and Mills [27] extended their study to the air-
filled tube, modeling an acoustic levitation chamber. The flow was treated as 
incompressible. Analytical techniques were used along with a commercial 
numerical solver for the solution of the complete elliptic form of the equa­
tions governing the steady transport due to the streaming motion. 

Vainshtein et al. [28] performed a theoretical analysis on the heat transfer 
between two horizontal parallel plates in presence of a steady sonic wave 
propagated in the longitudinal direction. An acoustic Peclet number, which 
represents the interaction between heat conduction and forced convection, 
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was introduced, and the mean Nusselt number in terms of the Peclet number 
was derived. Mozurkewich [29] placed a heated cylindrical wire at a velocity 
antinode of a standing wave and measured the rate of heat transfer from the 
wire to the acoustic medium. The Nusselt number showed a distinctive 
variation with acoustic amplitude. A similar experiment was reported by 
Gopinath and Harder [30]. 

Recently Kawahashi and Arakawa [31] numerically studied acoustic 
streaming induced by finite-amplitude oscillation in a closed duct driven 
by a piston. The results showed velocity distributions in the oscillatory 
boundary layer and the change of the streaming profile due to the increase 
in the amplitude of oscillation, and the existence of a double layer near the 
duct wall. Kawahashi et al. [32] performed experimental studies on the 
interaction of acoustic streaming with natural convection in a closed rectan­
gular duct, and observed intensified steady streaming. Loh et al. [33] inves­
tigated the acoustic streaming induced by ultrasonic vibrations in an open 
space and the associated convection enhancement using both theoretical and 
numerical methods. Later, Loh and Lee [34] measured the heat transfer 
enhancement capability of acoustic streaming generated by ultrasonic vibra­
tion. The cooling effect was found to have a strong correlation with the gap 
size between the ultrasonic device and the heat source. The cooling effect was 
maximized when the gap corresponded to a multiple of the half-wavelength 
of the ultrasonic wave. 

Mozurkewich [35] measured the heat transfer within a cylindrical reso­
nance tube, mediated by acoustic streaming. For an empty resonator with 
heated wall segment, the radial heat flux varied with position in a manner 
consistent with the global streaming pattern within the tube. Wan and 
Kuznetsov [36] numerically studied the fluid flow and heat transfer due to 
acoustic streaming in the gap between two horizontal beams, the part of the 
lower of which is vibrating. By utilizing the perturbation method, the com­
pressible Navier-Stokes equations were decomposed into the first-order 
acoustic equations and second-order streaming equations. A similar problem 
was experimentally studied by Wan and co-workers [37]. The visualization 
clearly showed that vertical streaming could be induced by bimorph vibra­
tion, which enhanced the heat transfer between the heated surface and 
surrounding air. Hamilton et al. [38] derived an analytic solution for the 
average mass transport velocity generated by a standing wave which is 
excited by shaking the system harmonically between parallel plates. In 
their study, both the streaming structure and streaming velocity were 
described for various channel widths. They found that the inner vortices 
increase in size relative to the outer vortices as channel width is reduced, and 
the outer vortices disappear when the width of channel is less than 5.7. The 
analysis method was extended to a gas in which heat conduction and 
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dependence of viscosity on temperature were taken into account [39]. It was 
revealed that for channel widths 10–20 times the viscous velocity penetration 
depth, thermal effects may alter the streaming velocity substantially. For 
significantly wider or narrower channels, thermal effects influence the 
streaming velocity by only a few percent. 

Wang and Kuznetsov [40] analytically solved for the acoustic streaming in 
a channel bounded by one beam at rest and one beam vibrating at ultrasonic 
frequency. The flow field was found to be highly dependent on the aspect 
ratio. The classical theory of acoustic streaming is restricted to slow or linear 
streaming. It is assumed that in the second-order governing equations, any 
nonlinear term that involves a second-order quantity is negligible. As a 
result, the second-order equations are linear in the dependent variables. 
This is why it usually referred to as linear streaming. The numerical method 
that directly solves the Navier-Stokes equations provides a new method to 
overcome this limit. 

Yano [41] used an upwind TVD scheme to solve the full Navier-Stokes 
equation to investigate the turbulent acoustic streaming in a resonator. 
When M << 1 (and hence Re >> 1), shock waves are formed and the gas 
oscillation attains a quasi-steady state, where the magnitude of the streaming 
velocity is linearly proportional to the acoustic Mach number. Aktas and 
Farouk [42] directly solved the compressible Navier-Stokes equations by an 
FCT scheme. They classified acoustic streaming into classical streaming and 
irregular streaming. The transfer line between the two streaming patterns 
was determined by the two following non-dimensional variables: wall vibra­
tion amplitude and width of channel. Aktas et al. [43] numerically investi­
gated thermal convection in a two-dimensional resonator due to acoustic 
excitations induced by the vibration of the left side wall. In this case, the left 
and right walls were held at different temperatures. The mechanically 
induced periodic oscillations in the fluid were found to have an insignificant 
effect on the heat transfer characteristics of the system. 

B. THERMALLY INDUCED ACOUSTIC WAVES IN GASES 

Trilling [1] treated the problem of thermally induced sound fields in a 
semi-infinite body of a perfect gas, subjected to a step change in temperature 
at the solid wall. The one-dimensional compressible flow equations were 
linearized and a closed-form asymptotic solution was obtained using a 
Laplace transform technique. He also determined how sound intensity 
depended on wall temperature history by developing analytical solutions. 
Larkin was apparently the first to use the numerical method to study 

the thermally induced fluid motion in a confined medium as a result 
of step increase in temperature on one wall [44]. In his numerical model, 
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one-dimensional equations of motion, continuity and energy were consid­
ered, while the kinetic energy and dissipation terms were omitted. He used 
the explicit finite-difference scheme for the motion and energy equations, but 
an implicit scheme for the continuity equation. The acoustic nature of the 
fluid motion was observed, but the behavior of pressure oscillation was not 
completely captured due to high numerical diffusion. The fluid motion was 
observed to greatly increase the rates of both heat flow and pressure rise. 
Solutions to the problem of the response of a perfect gas in a slot to a 
monotonically varying temperature disturbance at the boundaries were 
developed by Kassoy [45] employing a variety of perturbation methods. 
Radhwan and Kassoy [46] studied the response of a gas confined between 
infinite parallel planar walls subjected to significant heat addition. Solutions 
were developed in terms of asymptotic expansions, valid only when the ratio 
of acoustic to conduction time scales is small. Numerical studies of one- and 
two-dimensional thermoacoustic convection in a confined region have been 
carried out by Ozoe and co-workers [47,48]. The compressible Navier-Stokes 
equations for a gas with constant viscosity and conductivity and negligible 
viscous dissipation were non-dimensionalized. Numerical solutions were 
obtained by employing a first-order upwind scheme. The pressure waves 
were captured, but it showed effects of substantial numerical diffusion. 
The effects of various parameters, such as gravity, viscosity, wall tempera­
ture, and fluid properties on the development of convection were discussed 
in their paper. 

A simplified model (the hyperbolic equation of conduction) for thermo­
acoustic motion was compared with the one-dimensional Navier-Stokes 
equations model of the phenomena, and limitations of the simplified 
approach were discussed by Brown and Churchill [49]. By using finer dis­
cretization, Brown and Churchill’s numerical results of one-dimensional 
compressible Navier-Stroke equations showed that rapid heating of a solid 
surface bounding a region of gas generates a slightly supersonic wave with 
positive amplitude in pressure, temperature, density and mass velocity [50]. 
Huang and Bau [51] solved the linearized equations for thermally induced 
acoustic waves in a semi-infinite medium, suffering step and gradual changes 
in the boundary temperature, by using a numerical inverse Laplace trans­
form method. They also solved equations of the nonlinear wave model by 
using a finite differences scheme modified with a Galerkin finite element 
interpolation in space. A similar theoretical analysis for thermally induced 
acoustic waves in a confined medium was repeated more recently by Huang 
and Bau [52]. Their results illustrated that thermally induced acoustic waves 
have a characteristic shape consisting of a sharp front and a long tail, which 
is different from the round symmetric wave shape predicted by the earlier 
numerical method. 
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Farouk et al. [53] used a control-volume-based flux-corrected transport 
algorithm to predict the early time behavior of thermally induced acoustic 
waves in a compressible-fluid filled cavity. In their numerical model, the 
temperature dependent fluid properties were used. Aktas and Farouk [54] 
recently studied the effect of gravity on the fluid motion generated by the 
thermally induced acoustic waves in a rectangular enclosure. The gravita­
tional acceleration was found to have a negligible effect on the behavior of 
thermal induced acoustic wave for early times. Only a uniformly heated 
sidewall was considered and the flow development of thermally induced 
acoustic waves under zero gravity conditions was not studied. 

The generation of thermally induced acoustic waves in gases has been 
studied experimentally by only a few investigators. Parang and Salah-Eddine 
[55] investigated the thermoacoustic convection phenomena in a cylinder con­
taining air in both normal and reduced gravity environments. In their resulting 
measurements of air temperature, no oscillations was recorded due to the small 
oscillation amplitude and low sample rate of measurement, but the air 
temperatures were found to rise much faster than in the computational results 
for the case of pure conduction. No pressure measurement was reported. 

Experimental measurements of pressure waves generated by rapid heating 
of a surface were reported by Brown and Churchill [56]. In their experiments, 
the rapid heating procedure was achieved by an R-C circuit. These pressure 
measurements in the wall of the closed chamber clearly demonstrated the 
generation of acoustic waves by rapid heating of a wall. 

C. THERMOACOUSTIC WAVES IN SUPERCRITICAL FLUIDS 

A fluid is called supercritical, when its temperature and pressure are above 
its critical temperature and pressure. Supercritical fluids exhibit a number of 
specific properties, such as large density, high conductivity, high specific 
heat, low viscosity and low thermal diffusivity, which make them intermedi­
ate between gases and liquids. For carbon dioxide, the critical temperature 
and pressure are 304.13 K and 7.3773 MPa respectively. At the critical point, 
the thermal conductivity of carbon dioxide achieves its maximum value. At 
any given pressure, the thermal conductivity also has a pseudo maximum at 
the corresponding critical temperature. The thermal conductivity in super-
critical region, especially near the critical point, is higher than that in the 
ideal gas region. 

The thermal diffusivity DT vanishes near the liquid-vapor critical point. 
Until recently this fact plus the usual equation of heat conduction 

@T ¼ DT H2T ðI � 1Þ 
@t 
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were seen by most researchers as the complete picture for the very slow 
relaxation times often observed in one-phase critical point experiments. In 
the one-phase region, these times are of the order of T � L2=DT , where  L is 
the characteristic length of the fluid’s container. However Straub and his 
coworkers [57,58] measured very short temperature equilibration times 
close to the critical point even when low gravity was used to suppress 
convection. This and related puzzles led to the realization that the diver­
gence of the fluid’s compressibility near its critical point significantly 
affects thermal equilibration [59–61]. The heat transport in a pure fluid 
near its critical point is thus strongly enhanced due to the very high 
compressibility, even though the thermal diffusivity near the critical 
point tends to zero. Beysens and co-workers [62] carried out quantitative 
interferometry experiments under microgravity conditions in sample cells 
filled with supercritical CO2 at different densities and temperatures around 
the critical point. They showed two interrelated mechanisms when the 
fluid was heated: a diffusing thermal boundary layer and fast adiabatic 
density increase in the bulk fluid via propagation of pressure waves. 
The border of the expanding thermal layer acts as a piston, and hence 
the phenomenon has been termed as the piston effect [62]. Further details 
of thermally induced acoustic waves and their characteristics are given in 
Section VI. 
The fundamental process associated with the piston effect is due to the 

propagation of acoustic waves in the near-critical fluid media. It is interest­
ing to note here that acoustic speed of a fluid close to its critical point is not 
small, even though the compressibility diverges at the critical point. For 
example, the sound velocity in SF6 close to its critical point (T – Tc = 0.01 K) 
is 50 m/s [63]. The high compressibility of the near-critical fluids with 
moderate acoustic speed give rise to the fast heat transport due to the piston 
effect. 

Recent experiments in the absence of effects due to gravity, and especially 
those in the NASA Space Shuttle and the International Space Station have 
ushered in a new era in our understanding of the property behavior 
and transport modes in fluids near their critical point. In order to investi­
gate the different aspects of the transport of heat in the absence of gravity 
[64], performed a thermal cycle close to and around the critical point of 
CO2 at critical density. Reduced gravity was provided during a 6-min flight 
of a sounding rocket (TEXUS 25). A cell was designed which allowed 
surface and bulk phenomena to be distinguished. The thermal cycle of the 
experiments in weightlessness started at Tc þ 2.5 mK where the authors 
studied the relaxation of the perturbations caused by liftoff in the fluid 
flow and density and temperature gradients. They also investigated the 
effect of a quench from Tc þ 2.3 mK to Tc þv1.3 mK and the expected 
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mechanism of heat transport by the piston effect was experimentally evi­
denced. In particular, they observed homogeneous thermalization, with a 
time of thermalization less than a few seconds in a cell with dimensions 
10.1 mm (diameter) and 9.025 mm (length). Regarding other related studies 
abroad the Space Shuttle [65], used a novel, over damped oscillator to measure 
the viscosity of xenon near its critical density �c and temperature Tc. In  
microgravity, useful data were obtained within 0.1 mK of Tc corresponding 

3 � 10–7to a reduced temperature T* = (T – Tc)/Tc = . The data directly 
reveal the expected power law behavior. The same group of researchers [66] 
reported viscoelastic behavior of xenon when the reduced temperature T* was 
less than 10–5. 

II. Mathematical Model and Numerical Methods 

A. OVERVIEW 

A sound field is formed by a series of compressions and expansions of a 
substance, which obey the laws of thermodynamics, heat transfer, and fluid 
mechanics. It is essentially characterized by the pressure p, corresponding 
density �, temperature T, and velocities. Hence, an accurate mathematical 
model must be able to describe the compressible behavior of the substance 
in question. In this study, the compressible form of the Navier-Stokes 
equations, including the conservation of mass, momentum and energy, 
along with a state equation, are used as the governing equations. 

B. MATHEMATICAL MODEL 

1. Conservation Equations in Two-Dimensional Cylindrical Coordinates 

In two-dimensional cylindrical coordinates (r, z), these equations can be 
expressed in the conservative form as 

@� 1 @ ð�rurÞ @ ð�uzÞ þ þ ¼ 0 ðII � 1Þ 
@t r @r @z 

@ ð�urÞ 1 @ ðr�ur 2Þ @ ð�uruzÞ @p 1 @ ðr� rrÞ @� rz ���þ þ ¼ � þ �fr þ þ � 
@t r @r @z @r r @r @z r 

ðII � 2Þ 
2@ ð�uzÞ 1 @ ðr�uruzÞ @ ð�uz Þ @p 1 @ ðr� rzÞ @� zzþ þ ¼ � þ �fz þ þ ðII � 3Þ 

@t r @r @z @z r @r @z 



� � 

� � 

� � 

� � 
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! 
þ þ ¼ þ þ ’ þ � f �V

@E 1 @ ðrurE þ rurpÞ @ ðuzE þ uzpÞ 1 @ ðrqrÞ @qz ! 

@t r @r @z r @r @z 
ðII � 4Þ 

Here, E is the total energy, and � is the viscous dissipation rate. The 
components of stress tensor � are 

1 @ðrurÞ @uz @urTrr ¼ l þ þ 2� ðII � 5Þ 
r @r @z @r 

1 @ðrurÞ @uz @uzTzz ¼ l þ þ 2� ðII � 6Þ 
r @r @z @z 

1 @ðrurÞ @uz ur
��� ¼ l þ þ 2� ðII � 7Þ 

r @r @z r 

@uz @ur
� rz ¼ � zr ¼ � þ ðII � 8Þ 

@r @z 

where the bulk viscosity �0 ¼ l þ ð2=3Þ� is assumed to be negligible and the 
second coefficient of viscosity l is set equal to �ð2=3Þ� (zero bulk viscosity). 
The components of the heat flux vector are written as: 

@T 
qr ¼ �  k ðII � 9Þ 

@r 

@T 
qz ¼ �  k ðII � 10Þ 

@z 

The viscous dissipation term is given as: 

@½ð� rrur þ � rzuzÞr� @½ð� zrur þ � zzuzÞr� 
� ¼ þ ðII � 11Þ 

@r @z 

An equation of state for perfect gas is used to relate the temperature to the 
other thermodynamic characteristics: 

p ¼ �RT ðII � 12Þ 
Here, R is the specific gas constant of the medium. For supercritical 
carbon dioxide, the p-�-T relations are obtained from the NIST Reference 
Database 12 [67]. 
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The definition of the speed of sound waves in compressible fluid is 
expressed as 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi v � u 

c ¼ 
cp @p � � u t ðII � 13Þ 
cv @� � 

T 

Here cp and cv are the specific heats at constant pressure and constant 
volume, respectively. For an ideal gas, this equation can be expressed as a 
function of temperature only: 

rffiffiffiffiffiffiffiffiffiffiffi 
cpc ¼ RT ðII � 14Þ 
cv 

The internal energy of ideal gas can be expressed using the following simple 
equation: 

P 
i ¼ ðII � 15Þ 

	 � 1 

Here, 	 is the ratio of specific heat. For supercritical fluids (Section VI), the 
internal energy 

i = f (p,�) and the relations are obtained from the NIST Reference Data­
base 12. 

In three-dimensional Cartesian coordinates (x, y, and z), these equations 
can be expressed in the conservative form as: 

@� @ð�uÞ @ð�vÞ @ð�wÞ þ þ þ ¼ 0 ðII � 16Þ 
@t @x @y @z 

@ð�uÞ @ð�uuÞ @ð�uvÞ @ð�uwÞ @p @ 2 @u @v @w þ þ þ ¼ �fx � þ � � þ þ
@t @x @y @z @x @x 3 @x @y @z 

� � � � �� � � �� 
@ @u @ @v @u @ @w @u þ 2� þ � þ þ � þ ðII � 17Þ 
@x @x @y @x @y @z @x @z 

@ð�vÞ @ð�uvÞ @ð�vvÞ @ð�vwÞ @p @ 2 @u @v @w þ þ þ ¼ �fy � þ � � þ þ
@t @x @y @z @y @y 3 @x @y @z 

� � �� � � � � �� 
@ @u @v @ @v @ @w @v þ � þ þ 2� þ � þ ðII � 18Þ 
@x @y @x @y @y @z @y @z 
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@ð�wÞ @ð�uwÞ @ð�vwÞ @ð�wwÞ @p @ 2 @u @v @w þ þ þ ¼ �fz � þ � � þ þ
@t @x @y @z @z @z 3 @x @y @z 

� � �� � � �� � � 
@ @u @w @ @v @w @ @w þ � þ þ � þ þ 2� ðII � 19Þ 
@x @z @x @y @z @y @z @z 

and considering zero bulk viscosity, �0 ¼ l þ ð2=3Þ� and setting l ¼ �ð2=3Þ�, 
we get 

2 3 
@E @ðEuÞ @ðEvÞ @ðEwÞ @ðpuÞ @ðpvÞ @ðpwÞ 4 5þ þ þ ¼ �ðfxu þ fyv þ fzwÞ�  þ þ
@t @x @y @z @x @y @z 

8 9 2 3 0 1 0 1 0 1 < =@ @u 1 @v @u 1 @u @w 2 @u @v @wþ 2�4 u þ @ þ Av þ @ þ Aw5 � �@ þ þ Au 
@x : @x 2 @x @y 2 @z @x 3 @x @y @z ; 

8 9 2 3 0 1 0 1 0 1 < =@ 1 @v @u @v 1 @w @v 2 @u @v @wþ 2�4 @ þ Au þ v þ @ þ Aw5 � �@ þ þ Av 
@y : 2 @x @y @y 2 @y @z 3 @x @y @z ; 

8 9 2 3 0 1 0 1 0 1 < =@ 1 @u @w 1 @w @v @w 2 @u @v @w 5 Aw 
@z : 2 @z @x 2 @y @z @z 3 @x @y @z ;þ 2�4 @ þ Au þ @ þ Av þ w � �@ þ þ

0 1 0 1 0 1 
@ @T @ @T @ @T þ @k Aþ @k A þ @k A ðII � 20Þ 
@x @x @y @y @z @z 

Here, E is the total energy and i is the internal energy and u, v, and w are the 
velocity components in the x, y and z directions respectively: 

1 2ÞE ¼ i þ �ðu2 þ v2 þ w ðII � 21Þ 
2 

C. NUMERICAL METHODS 

For the results presented in this chapter, the governing equations (except 
for the diffusion terms) are discretized using a finite-volume method based 
on the flux-corrected transport (FCT) algorithm [68]. FCT is a high-order, 
nonlinear, monotone, conservative and positivity-preserving method 
designed to solve a general one-dimensional continuity equation with appro­
priate source terms. This scheme has fourth-order phase accuracy and is able 
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to resolve step gradients with minimum numerical diffusion. The diffusion 
terms (the viscous term in the momentum equations and the conduction 
terms in the energy equation) were discretized using a second-order central 
difference approach. Time-step splitting was also used to couple all of the 
representative physical effects. 

No-slip boundary conditions were used at all solid walls. In the present 
computational method, the treatment proposed by Poinsot and Lele [69] was 
followed for implementing the boundary conditions for the density. 

1. Evaluation of Boundary Conditions 

A high-order non-dissipative algorithm such as FCT requires rigorous 
formulation of boundary conditions [70]. Otherwise, numerical solutions 
may show spurious wave reflections at the regions close to boundaries and 
nonphysical oscillations arising from instabilities. In the present computa­
tional method, the treatment proposed by Poinsot and Lele [69] was 
followed for implementing the boundary conditions for density. This 
method based on the theory of wave characteristics, avoids incorrect extra­
polations and overspecified boundary conditions. 

Along any solid wall, the density is calculated from 

@� 1 @p @unþ þ �c ¼ 0 ðII � 22Þ 
@t cw @n @nw w 

where the subscript w signifies the location of the wall, and n is the direction 
normal to the wall. 

Following the procedure described by Poinsot and Lele, the density along 
a vibrating wall (for ideal gases) is calculated by 

@� �	 @uw �	ðuw � cwÞ @u 	ðuw � cwÞ @p¼ þ � ðII � 23Þ 
@t cw @t cw @x c 2 @xw 

III. Mechanically Driven Acoustic Waves in Gas-Filled Enclosures 

A. OVERVIEW 

Interaction of acoustic waves in compressible fluids and solid boundaries 
creates challenging problems. It is a well-known fact that sound sources may 
generate a flow field in which the particle velocities are not simply sinusoidal 
and a pattern of time-independent vortical flows or steady circulations is 
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often found in the body of compressible media [71]. Sound at high intensity 
levels in gases and liquids is accompanied by these second order steady flow 
patterns known as “acoustic streaming”. These steady flows always have 
rotational character and their velocity increases with the sound intensity. 
However, even at the high intensity levels, the secondary streaming velocity 
magnitude remains smaller than the primary oscillatory particle velocity 
magnitude. 

While various analytical models are available for describing acoustic 
streaming phenomena, they are usually based on substantial approximations 
and the solutions are often limited to idealized conditions. The study of 
acoustic streaming started with the theoretical work of Lord Rayleigh [72]. 
He considered vortex flows occurring in a long pipe (Kundt’s tube) because 
of the presence of a longitudinal standing wave. Westervelt [73] obtained a 
general vorticity equation and developed a general procedure for evaluating 
the streaming velocity induced by acoustical disturbances that can be speci­
fied in a first-order manner by a wave equation—linear in the field variables. 
The treatment presented in the above study was not applicable to problems 
where the wave amplitudes are large and the field values cannot be described 
by a linear wave equation because of the fact that no first-order specification 
of the field exists. The vorticity equation was thus subject to the restrictions: 
solenoidal first order motion and irrotational first order motion. Andres and 
Ingard investigated low [7] and high Reynolds number acoustic streaming 
analytically and discussed the distortion of the streaming flow patterns as a 
function of sound intensity. Nyborg reviewed the theories for calculating 
steady streaming associated with sound fields. He worked out two illustra­
tive problems, both for rectilinear flow due to irrotational sound fields: the 
first deals with a single attenuated plane wave traveling down a tube and the 
second one deals with a pair of crossed plane waves. An approximate 
solution was also developed by Nyborg [74] for sonically-induced steady 
flow near a fluid-solid interface subjected to the condition of known 
irrotational oscillatory velocity distribution in the vicinity of the interface. 
The previously developed theoretical approaches are based on successive 
approximations to solutions of nonlinear hydrodynamic equations, where 
the first and second order solutions in each approximation must satisfy the 
boundary conditions. 

B. FLOWS IN AN ACOUSTICALLY DRIVEN RECTANGULAR ENCLOSURE 

A rigorous method for predicting acoustically excited flow fields in a 
resonator is described in this section [75]. A perfectly sinusoidal primary 
standing wave field in the domain of interest is assumed and the investiga­
tion is started from this point. The study [75] is specifically concerned with 
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the modeling of the actual physical processes, i.e. the formation of the 
sound field and streaming processes in the resonator. No pre-defined 
sound field in the computational domain is assumed for the simulation of 
acoustic streaming. Instead, we directly compute and fully describe the 
formation of the acoustic field in the domain. A rectangular enclosure filled 
with a compressible fluid is considered. The left wall of the enclosure is 
modeled as a rigid boundary, which vibrates harmonically in time repre­
senting the motion of a loudspeaker diaphragm or vibration of a commer­
cial ultrasonic mixer probe. The vibrating boundary is the acoustic source 
in this geometry and sound field in the enclosure is created by this source. 
We are able to model the physical processes including the compression of 
the fluid and the generation of the wave, acoustic boundary layer develop­
ment and finally the interaction of wave field with viscous effects and 
formation of streaming structures. We consider five different enclosure 
heights with various wall displacement values for the geometries considered 
in this study. This present model is a flexible tool that can analyze acoustic 
streaming in various geometries, and with different fluids. The results of the 
current study will also be a good reference and starting point for more 
advanced studies involving heat transfer analysis in acoustically induced 
flow fields with streaming. 

The pressure amplitude in the enclosure (see Fig. 1) is determined by 
adjusting the maximum displacement of the wall (XMAX). The calculations 
were started with the vibration of the left wall at x = 0 and with uniform values 
of pressure (101,325 Pa), temperature (300 K) and density (1.138 kg/m3) within 
the quiescent medium. For the duration of each cycle of the vibration of the 
wall, about 25,000 time steps were used for the explicit numerical scheme 
described earlier. 

The cases considered [75] are summarized in Table I. The dimensionless 
channel width (y0/��), the maximum displacement of the left wall (XMAX), 
and the aspect ratio of the enclosure (H/L = 2y0/L) are included in Table I 
for each case. 

FIG. 1. Schematic of the problem [75]. 
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TABLE I 
SUMMARY OF CASES CONSIDERED FOR ACOUSTIC STREAMING ANALYSIS [75] 

Case y0/�� XMAX (mm) H/L 

A 10 10 0.0358 
B-1 20 10 0.0716 
B-2 20 3 0.0716 
C-1 30 10 0.1074 
C-2 30 2 0.1074 
C-3 30 1 0.1074 
D-1 40 10 0.1432 
D-2 40 0.5 0.1432 
E-1 50 10 0.1790 
E-2 50 0.5 0.1790 
E-3 50 0.2 0.1790 

In the first case considered (Case-A), the enclosure half-width is the 
smallest (y0/�� = 10) and the maximum displacement of the wall was set to 
XMAX = 10 mm. Figures 2(a) and (b) show the pressure and velocity distri­
butions respectively along the symmetry axis (y = yo) of the enclosure at 
!t = 0, 
/2, 
, 3
/2 for Case A (during cycle # 100). Pressure distribution for 
!t = 2
 (not shown here) is identical to the curve given for !t = 0. Perfectly 
sinusoidal profile of the emitted wave by the oscillating wall is distorted due 
to viscous and nonlinear effects. At !t = 0 and !t = 
, the amplitude of the 
pressure waves reach a maximum value in the enclosure. At the beginning of 
the cycle (!t = 0), the pressure is maximum on the vibrating wall of the 
enclosure and decreases with distance from the wall and reaches a minimum 
at the opposite wall (x = L). In the middle of the cycle (!t = 
) the pressure 
profile is symmetric respect to vertical mid-plane (x = L/2) to the profile 
given for !t = 0 and reaches a maximum at the right wall. 

The pressure profiles given for different time levels intersect at approxi­
mately x = L/2 and creates a pressure node. Corresponding u-velocity profile 
for this case is given in Fig. 2 (b). Unlike the pressure field, velocity 
maximums and minimums are observed at !t = 
/2 and !t = 3
/2. The left 
wall is stationary at !t = 
/2 and !t = 3
/2. The primary oscillatory flow is 
periodic and the maximum value of the velocity is predicted to be approxi­
mately 12 m/s. Due to attenuation caused by viscous and nonlinear effects, 
both pressure and velocity profiles slightly differ from a perfect sinusoidal 
wave field. 

Predicted secondary flow field for Case-A is shown in Fig. 3 for the 
enclosure. This flow field is based on the average mass transport velocity 
values in the enclosure. The average mass transport velocity was given by 
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FIG. 2. Variation of (a) pressure and (b) u-velocity along the symmetry axis of the enclosure 
at four different instant (!t = 0, 
/2, 
, 3
/2) during the acoustic cycle # 100 (Case A) [75]. 

h�ui h�vi 
ust ¼ vst ¼ ðIII � 1Þ h�i h�i 

which describes the x- and  y-components of the streaming velocities, respec­
tively. Here h i indicates the time averaged quantities. 
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FIG. 3. Mean flow field in the enclosure at t = 0.005 s (Case A) [75]. 

The time averaging was applied during the 100th vibration cycle (between 
cycle # 99 and # 100) and gives the streaming velocity values near t = 5 ms. 
The streaming velocities calculated based on the time averaging during 150th 
(t = 7.5 ms) and 200th (t = 10 ms) cycles do not differ significantly from the 
values computed at t = 5 ms. Hence, the average mass transport velocities 
were assumed to be cycle-independent by this time (t = 5 ms). The maximum 
streaming velocity value is found to be approximately 0.06 m/s while the 
maximum instantaneous velocities reach 12 m/s in the primary oscillatory 
flow field in the enclosure. Four clockwise and four counter clockwise 
circulations are observed in the enclosure. Two of these vortical structures, 
namely inner streaming structures, formed at the vicinity of the bottom wall. 
The height of the circulatory flow structures (inner streaming) observed near 
the horizontal walls is characterized by the thickness of the acoustic bound­
ary layer. The streaming structures seen in the middle section of the enclo­
sure (outer streaming) have larger sizes. The horizontal length of both the 
inner and the outer streaming vortices is characterized by quarter wave­
length (l/4). Predicted streaming structures are in good agreement with the 
results reported by Hamilton et al. [38,39] in their recent studies. 
Figure 4 (a) shows the variation of the x-component of streaming velocity 

along the enclosure semi-height at x = 3L/4 for case A. In this figure, the 
vertical axis is the x-component of the dimensionless streaming velocity 
(ust/uR) and uR is the reference velocity given by uR = 3u0

2/16c0 where u0 is 
the maximum oscillatory velocity. This reference velocity value represents 
the maximum streaming velocity in case of a perfect sinusoidal waveform 
obtained by Rayleigh. Results from Hamilton et al. [39] are also included 
in the same figure (dashed curve). The predictions of the current study for 
Case A compare well with the results from Hamilton et al. [38]. Figure 4 (b) 
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FIG. 4. Variation of the streaming velocity along the semi-height of the enclosure (Case A) 
[75], (a) u-component of the streaming velocity at x = 3L/4 and (b) v-component of the streaming 
velocity at x = L/2. 

shows the variation of the y-component of streaming velocity along 
the enclosure semi-height at x = L/2. The vertical axis represents the 
y-component of the non-dimensional streaming velocity (vstx0/uRy0). 
The maximum difference between the predictions of the current study and 
the reference solution (dashed curve) [38] is approximately 10%. The results 
given in the reference solution are for a resonator in which the sound field is 
assumed to be formed by shaking the system with a harmonic excitation. 
Since the present study considers a resonator with a vibrating boundary, 
the resulting velocity fields slightly differ. 

In the next case considered (Case B-1), the enclosure height (y0/�� = 20) was 
doubled compared to Case A. The maximum wall displacement was kept the 
same (XMAX = 10 mm). Figure 5 shows the pressure distribution in the enclo­
sure for this case during acoustic cycle # 100. Pressure waves emanating from 
the sinusoidal displacement of the oscillating wall is strongly distorted by the 
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FIG. 5. Variation of the pressure along the symmetry axis of the enclosure at four different 
instant (!t = 0, 
/2, 
, 3
/2) during the acoustic cycle # 100 (Case B-1) [75]. 

nonlinear effects. Since we have a wider system (y0/�� = 20), the viscous effects 
are weaker and shear forces along the top and the bottom walls have less 
effect on the bulk of the gas. This leads to higher-pressure amplitudes and 
more “shock wave” type profiles in the enclosure due to less attenuation. 
Similar wave profiles were reported by Chester [76] and several other 
researchers for resonant gas oscillations in closed tubes. Corresponding 
flow structures based on the average mass transport velocity in the enclosure 
is shown in Fig. 6. The figure depicts the flow field in the bottom half of the 
enclosure. For this case, the secondary flow patterns are observed in the shape 
of irregular vortical structures. Several second order vortices form the stream­
ing flow field. Circulation loops apparently become unstable and non-
symmetric vortex patterns are observed. The inner streaming structures are 
destructed but visible. The maximum primary oscillatory flow velocity is 
predicted as 20 m/s while the maximum flow speed is 0.54 m/s in the second­
ary quasi-steady streaming flow field. For this case, we qualitatively compare 
our results with the predictions of Yano [41]. The aspect ratio of the enclosure 
0.07 is quite close to that of 0.1, considered by Yano. Yano’s definition of 
streaming Reynolds number can be expressed as 
XMAXc0/� using the present 
nomenclature. Based on this definition, streaming Reynolds number for Case 
B-1 is 699. This value is close to the minimum streaming Reynolds number 
(560) considered by Yano. However, the pressure amplitudes and the oscilla­
tory flows are much stronger in Case B-1, compared to those addressed by 
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FIG. 6. Mean flow field in the enclosure at t = 0.005 s (Case B-1) [75]. 

Yano. Yano’s computations demonstrate streaming structures localized near 
the tube wall. A number of vortices are visible in the bottom half of the tube 
distributed non-homogeneously and in skewed form. The streaming currents 
are not strong enough to position the vortex near two ends of the tube. The 
present computations show more homogeneous streaming pattern distribu­
tion in the enclosure due to larger streaming velocities. 

In the next case considered (Case B-2), we decreased the maximum wall 
displacement value to XMAX = 3 mm to reduce the sharp pressure and velocity 
gradients observed for Case B-1 in the enclosure. The enclosure height is kept 
the same (y0/�� = 20) as in Case B-1. Figure 7 compares the temporal varia­
tion of the pressure for Case B-1 and B-2 at the mid-point of the left wall at the 
end of 100th vibration cycle. The pressure amplitude reaches approximately 

112,000 

FIG. 7. Time evolution of left wall pressure at the mid-point (Case B-1, B-2) [75]. 
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FIG. 8. Mean flow field in the enclosure at t = 0.005 s (Case B-2) [75]. 

16 kPa with 10 mm maximum wall displacement (Case B-1) while it is 6 kPa 
with 3 mm maximum wall displacement (Case B-2). In addition, with higher 
wall displacement value (10 mm), the pressure waveform is much sharper and 
shock wave type profile is observed. For small wall displacement (3 mm), the 
pressure profile depicts slightly attenuated sinusoidal wave in the system. The 
temporal variation of the pressure at the left wall is characterized by sudden 
amplitude increase for Case B-1 while a more gradual increase is observed for 
Case B-2. Corresponding quasi-steady (time-averaged) flow structure in the 
enclosure for Case B-2 is shown in Fig. 8 at t = 5 ms. For this case, the flow 
patterns are observed in the shape of regular structures. The inner and outer 
acoustic streaming structures are clearly visible. The maximum primary 
oscillatory flow velocity is computed as 7 m/s while the maximum flow 
speed is 0.03 m/s in the secondary steady streaming flow field. 

For the next three cases the enclosure height was increased further 
(y0/�� = 30). In this geometry, XMAX = 10 mm, XMAX = 2 mm and  XMAX = 1 mm 
were considered as maximum wall displacement values for Case C-1, C-2 and 
C-3, respectively. The pressure profiles obtained for these three cases are pre­
sented in Fig. 9. Larger wall displacement creates higher-pressure amplitudes. 
In addition, the pressure gradients in the sound field increases with larger wall 
displacement. Sharp wave profile indicates the presence of higher harmonics in 
the wave field in addition to fundamental component, which describes a per­
fectly sinusoidal wave. The maximum pressure amplitudes are approximately 
19.2 kPa, 5.2 kPa and 3.1 kPa for Case C-1, C-2 and C-3, respectively. Figures 10 
(a), (b) and (c) show the instantaneous flow field in the enclosure for these cases 
at t = 5 ms which corresponds to the beginning of acoustic cycle # 101 (!t = 0). 
These are representative figures and although the flow direction changes during 
the acoustic cycle due to periodic oscillations, the nature of the flow structure is 
preserved. The maximum oscillatory flow velocities are 25 m/s, 6.8 m/s and 
3.6 m/s for cases C-1, C-2 and C-3, respectively. In Fig. 10 (a), a strongly two-
dimensional flow pattern is observed. Near the bottom wall, flow is uniform. 
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FIG. 9. Variation of the pressure along the symmetry axis of the enclosure at two different 
instant (!t = 0, 
) during the acoustic cycle # 100 for Case C-1 (XMAX = 10 mm), Case C-2 
(XMAX = 2 mm) and Case C-3 (XMAX = 1 mm) [75]. 

As the wall displacement amplitude decreases (case C-2), two-dimensional 
form of the transient flow field approaches to a one-dimensional form 
(Fig. 10 (b)) and a circulation pattern resulting from viscous interactions is 
present at x ffi 4 mm. For case C-3, the flow field is mostly one-dimensional 
except regions close to the bottom wall (Fig. 10 (c)). 
The time-averaged flow fields predicted for these three cases are given in 

Fig. 11 (a), (b) and (c). In Fig. 11 (a), the flow pattern in the enclosure in the 
form of number of vortical structures and five streaming structures are 
observed per quarter wavelength. This irregular streaming flow pattern is a 
result of two-dimensional transient (periodic) flow field (Fig. 10 (a)). The 
maximum streaming flow speed is 2.1 m/s. In Fig. 11 (b), three outer stream­
ing structures are observed per quarter wavelength while one inner streaming 
structure exists per quarter wavelength. The transform of oscillatory flow 
field from a two-dimensional form to one-dimensional form is reducing the 
number of streaming structures and the irregularity of the streaming field. 
The streaming pattern is steady but quite different from that of classical 
Rayleigh streaming. 
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FIG. 10. Oscillatory flow field in the enclosure at t = 0.005 s for (a) Case C-1; (b) Case C-2; 
(c) Case C-3 [75]. 
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FIG. 11. Mean flow field in the enclosure at t= 0.005 s for (a) Case C-1; (b) Case C-2;

(c) Case C-3 [75]. 
                    

The maximum streaming flow speed is 0.044 m/s. In Fig. 11 (c), two inner 
and two outer streaming structures are present in the system and the max­
imum streaming flow speed is 0.008 m/s. 

In the last three cases considered (Case E-1, E-2, E-3), the dimensionless 
enclosure height was chosen as y0/�� = 50. In this geometry we consider 
XMAX = 10 mm, XMAX = 0.5 mm and XMAX = 0.2 mm as maximum wall dis­
placements for Case E-1, E-2 and E-3, respectively. Figure 12 compares the 
temporal variation of the pressure for these three cases at the mid-point of 
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FIG. 12. Time evolution of left wall pressure at the mid-point for Case E-1 (XMAX = 10 mm), 
Case E-2 (XMAX = 0.5 mm) and Case E-3 (XMAX = 0.2 mm) [75]. 

the left wall at the end of the 100th vibration cycle. The pressure amplitude 
reaches a value of approximately 21.2 kPa for the 10 mm wall displacement 
(Case E-1), 2.5 kPa for 0.5 mm (Case E-2) and 1.1 kPa for 0.2 mm (Case E-3) 
wall displacements. In addition, with higher wall displacement value, the 
pressure waveform is much sharper and distorted. The temporal variation of 
pressure at the left wall is characterized by sudden amplitude increase for 
Case E-1 while a more gradual increase is observed for Cases E-2 and E-3. 
Corresponding streaming structures in the enclosure for all three cases are 
shown in Figs. 13(a), (b), and (c). All three figures demonstrate highly 
irregular flow structure for the nonlinear sound fields. For Case E-1, 
approximately four outer streaming rolls are observed per quarter wavelength. 
In Fig. 12 the pressure profiles seem linear for Case E-2 (XMAX = 0.5 mm) 
and for Case E-3 (XMAX = 0.2 mm) though the (weak) attenuation effects are 
present. However, the corresponding flow structures do not contain the 
classical streaming field having two inner and two outer vortices per half 
wavelength. Approximately four and half streaming rolls are observed per 
quarter wavelength for the cases E-2 and E-3. The pressure variations (Fig. 12) 
are weaker in the domain for cases E-2 (2.5 kPa) and E-3 (1.1 kPa) compared 
to the classical streaming cases A (Fig. 2, 9.6 kPa), B-2 (Fig. 7, 6 kPa)), and C-3 
(Fig. 9, 3.1 kPa) though weakly attenuated pressure fields predicted for all 
five cases. Similar behavior is observed also for the maximum velocity 
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FIG. 13. Mean flow field in the enclosure at t = 0.005 s for (a) Case E-1; (b) Case E-2; 
(c) Case E-3 [75]. 
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TABLE II 
CHARACTERISTIC RESULTS FOR THE CASES STUDIED 

Case uMAX vstMAX (m/s) Res Streaming structure 

A 12 0.06 73 Classical 
B-1 20 0.51 203 Irregular 
B-2 7 0.03 24.8 Classical 
C-1 25 2.1 317 Irregular 
C-2 6.8 0.044 23.4 Irregular 
C-3 3.6 0.008 6.6 Classical 
D-1 26.5 3.17 356 Irregular 
D-2 2.5 0.005 3.2 Irregular 
E-1 28 4.25 397 Irregular 
E-2 3 0.047 4.5 Irregular 
E-3 1.3 0.02 0.86 Irregular 

values (uMAX) in the oscillatory flow fields (Table II). These two points appear 
to be the major factor resulting in irregular streaming motion. When the 
enclosure is sufficiently high, (H/L > 0.14) Rayleigh streaming patterns 
are not observed even for small vibration amplitudes. Compared to narrow 
enclosures having oscillatory velocity amplitudes of the same order, wide 
systems are associated with larger streaming velocities and irregular flow 
structures. The maximum oscillatory flow velocities are 28 m/s, 3 m/s, and 
1.3 m/s for cases E-1, E-2 and E-3, respectively, while the maximum streaming 
flow speeds are 4.5 m/s, 0.047 m/s and 0.02 m/s. Since the thickness of the 
acoustic boundary layer is small compared to the enclosure height, inner 
streaming structures diminish. 

Figure 14 shows the variation of normalized pressure amplitude (Dp/Dp1) 
calculated at resonance with the modified acoustic Reynolds number 
(Rea

1/3/�). Here Dp indicates the amplitude of the pressure variation 
at the right wall (Dp = pmax – pmin) and Dp1 = 8	"p0/[
(	þ1)]1/2, where 
"= (
XMAX/L)

1/2 and p0 is the initial pressure. Acoustic Reynolds number 
is defined as Rea = c0XMAX/� and �=L/H is the dimensionless length of the 
enclosure. In this figure dashed curve indicates the values computed based 
on the correlation suggested by Alexeev and Gutfinger [77]. This correlation 
is given for 0.05 < " < 0.25. The data from present study (symbols in the 
figure) are in the range of 0.03 < " < 0.06. The pressure amplitude predic­
tions of the present study compare well with the above correlation [77]. The 
authors also reported recirculating flow patterns at each half of the tube 
resulting from acoustic streaming for "= 0.137 and H/L = 0.016. In their 
predictions, the direction of streaming at resonance was opposite to that at 
non-resonance frequencies, when gas oscillations are continuous. In the 
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FIG. 14. Normalized pressure amplitude at resonance versus dimensionless parameter 
Re 1/3

a /� [75]. 

present computations, we did not observe flow reversal for the circulatory 
structures having width of quarter wavelength for " £ 0.06 and H/L � 0.036. 

Merkli and Thomann observed similar irregular circulations resulting 
from the transition to turbulence in their experiments. They considered 
gas oscillations excited with non-resonant frequencies (the flow properties 
varied sinusoidally in time) in a tube and reported a number of vortices 
non-uniformly distributed in the tube for H/L ffi 0.01. In this study, the 
critical Reynolds number for transition was found as Ac = 2uMAX/(�!)

1/2 ffi 
400. The predictions of the present study differ from the observations of 
Merkli and Thomann especially for the distribution of streaming patterns. 
For the cases we considered, irregular streaming structures appear in 
uniform form in the enclosure. However, for the present computations, 
the maximum value of Ac is 40 and the time variations of flow properties 
are not sinusoidal. 

Some characteristic results obtained for each case and the forms of 
streaming fields are summarized in Table II. The maximum velocity in the 
oscillatory flow field (uMAX), the maximum acoustic streaming velocity and 
streaming Reynolds number (Res = u 2MAX/�!) are included in the table. An 
observation from this data is that the relative magnitude of the streaming 
velocity respect to the oscillatory flow velocity (vstMAX/uMAX) is much larger 
for irregular streaming conditions compared to classical streaming. 

The regions (defined by the aspect ratio of the enclosure and the max­
imum displacement of the wall amplitude) for which classical streaming 
patterns are shown in Fig. 15. The symbols in Fig. 15 indicate the cases 
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FIG. 15. Map of the cases considered as a function of the normalized maximum wall 
displacement and the enclosure aspect ratio. The symbols (¤) indicate the cases considered in 
terms of the geometrical condition and the normalized maximum wall displacement [75]. 

considered in terms of the enclosure aspect ratio and the normalized max­
imum wall displacement. The dashed line indicates the combinations of the 
aspect ratios and wall vibrational amplitudes that result in the formation of 
the classical acoustic streaming flow patterns characterized by two outer 
streaming vortices per half wavelength. Based on our results, the line 
defines the upper bound of the geometrical and vibrational amplitude 
conditions where the classical Rayleigh streaming patterns form. Clearly, 
both the vibrational amplitude and the height of the enclosure (wall 
induced viscous effects) play roles in the formation of the classical Rayleigh 
streaming structures. On the right hand side of the line, the acoustic 
streaming structures appear in complex and irregular forms. The number 
of streaming rolls increases as the enclosure height and the wall displace­
ment increases. 

The formation of pressure (acoustic) waves, acoustic-viscous boundary 
layer interactions and associated flows in a rectangular enclosure are studied 
by solving the unsteady compressible Navier-Stokes equations in 2-D Car­
tesian coordinate system. The acoustic field in the enclosure is created due to 
the harmonic vibration of the left wall. The effects of the maximum amount 
of wall displacement on the wave field and the formed flow structures are 
determined by utilizing a highly accurate flux corrected transport (FCT) 
algorithm. Observed primary oscillatory and secondary steady flow fields 
demonstrate the significant effects of the wall displacement and the enclosure 
height. Flow structure is strongly dependent on the pressure waveform in the 
enclosure. For a given enclosure height, increasing pressure amplitude 
induces stronger streaming motion (large ust/uR) and greatly changes the 
flow structures. Up to a certain enclosure height, the vibrational motion 
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causes steady streaming flows, which usually appear as two streaming, roll 
per half wavelength as reported in previous studies. However, when the 
enclosure height is increased beyond this limit, the streaming structures 
become irregular and complex. 

C. FLOWS IN AN ACOUSTICALLY DRIVEN CYLINDRICAL ENCLOSURE 

Acoustic streaming motion generated by finite-amplitude resonant oscil­
lations in an air-filled two-dimensional cylindrical enclosure was experimen­
tally studied and numerically simulated [78]. The oscillatory flow field in the 
enclosure was created by the vibration of one end of the cylindrical resonator 
(L = 325 mm, R=12.5 mm). The frequency of the wall vibration was chosen 
as f = 1062 Hz, such that the corresponding wavelength was equal to the 
length of the resonator. A standing wave was then generated in the closed 
tube. The pressure wave in the axial points was measured by a piezoresistive 
pressure transducer (Endevco #4428A). To simulate the flow field, the full 
compressible form of the Navier-Stokes equations in cylindrical coordinates 
was considered and solved by a highly accurate flux-corrected transport 
algorithm for convection terms and a central differencing scheme for the 
viscous and diffusive terms. In both of the experimental and numerical 
studies, outer acoustic streaming due to interaction of acoustic waves with 
viscous boundary layers was observed, and the effects of sound field inten­
sity on the formation of streaming structures were studied. 

1. Experimental Apparatus 

An experimental system was designed and constructed [79] for the inves­
tigation of the streaming motion in air. The resonator was a cylindrical tube 
made of Plexiglas. The inside diameter of the tube was 25 mm and the length 
was 295 mm. The acoustic chamber was mounted horizontally with the 
sound driver on the left end and an aluminum plug, which closed the right 
end. The source of sound waves in this system was a compression driver type 
loudspeaker (JBL 2426H). The sinusoidal driving signal of the acoustic 
driver was provided by a GoldStar FG-8002 function generator and ampli­
fied by a Crown CE1000 type power amplifier. 

An Endevco 8507C-1 series piezoresistive pressure transducer was used to 
detect and quantify the acoustic field. The transducer was installed in a 1/8” 
steel tube, which could be moved along the axis of the tube to measure the 
pressure at different locations. The cross-sectional area of the microphone 
was approximately one percent of the resonator area, therefore the error 
introduced by the presence of the probe in the sound field was assumed 
negligible. An Endevco 4428A pressure signal conditioner was used to 
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FIG. 16. The compression driver with the mounted resonator [79]. 

process the signal from the transducer and provide excited voltage. Finally, 
the pressure signal was collected by an NI 6052E DAQ system. 
Flow visualization experiments in the resonator were performed by utiliz­

ing a laser system and a smoke injection technique. The laser beam generated 
by a Spectra-Physics 120S Helium-Neon 15 mW laser system passes through 
a cylindrical lens. An expanded beam was then obtained to illuminate a thin 
horizontal layer of the resonator. An Aristo-Craft ART-29308 U-25B smoke 
unit was used to produce smoke in the system. The smoke was injected into 
the chamber from the driver side through an inlet hole (see Fig. 16). During 
the filling procedure, a small discharging hole on the other side of tube was 
opened to allow smoke to freely flow into the chamber. After the filling 
procedure was completed, both the filling and discharging holes were closed. 
A Canon ZR80 digital camera recorder was used to record and store the 
visualized flow patterns in the experiments. 

2. Experimental Results 

Figure 17 shows the sketch of the acoustic driver and the resonator with 
critical dimensions of the system. As the figure illustrates, the vibrating 
diaphragm of the driver is located 76 mm behind the driver end of the 
cylindrical chamber. 

The series of experiments were run under the following ambient condi­
tions: P = 0.1017 MPa, T = 297.15 K. First, a number of experiments were 
conducted to find a resonant frequency for the cylindrical chamber and 
driver geometry. Figure 17 indicates the variations of the pressure amplitude 
in the right wall of the tube with the driving frequency of the loudspeaker. 
The maximum pressure amplitude was received at approximately 1062 Hz. 
At this frequency, the pressure fluctuations in the cylindrical chamber 
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FIG. 17. Variation of pressure amplitude in the right wall with frequency of loudspeaker for 
driving power 22.4 mW (experimental) [79]. 

reached resonance. Since the speed of sound could be calculated from the air pffiffiffiffiffiffiffiffiffi 
temperature, c ¼ 	RT ¼ 345:54 m=s, the wavelength of the oscillations was 
given by l = c/f. Figure 18 shows the peak-to-peak pressure values along the 
axial direction for a loudspeaker power of 91.5 mW at 1062 Hz. The max­
imum pressure antinode (AN) was located in the middle of the resonator, 
with two minimum nodes (N) symmetrically located on the two sides. 
According to this rule, we were able to calculate the effective length of 
resonator to be about 325 mm (indicated by the vertical dashed line in 
Fig. 16), which is same as the length that we calculated from the wavelength. 
The pressure wave was not very symmetrical because the boundary condi­
tions and geometries of the two endplates are not the same. Figure 19 shows 
the root-mean-square pressure values along the axial direction for three 
different power values with the frequency held at 1062 Hz. While the 
root-mean-square pressure values decrease with decreasing loudspeaker 
power, the positions of the nodes and antinodes remain the same. 
The instantaneous pressure fluctuation on the node (z = 3L/4) is shown in 

Fig. 20 for three different power levels. A sinusoidal pressure wave was 
recorded when the power of loudspeaker was low. When the power was 
increased, the pressure wave could not keep its regular form and it became 
more and more skewed. This signifies the existence of acoustic streaming 
because the generation of steady vertical structures destroys the regular 
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FIG. 18. Peak-to-peak value of the standing pressure wave along the axis of the tube for 
loudspeaker power 91.5 mW and f = 1062 Hz (experimental) [79]. 

FIG. 19. RMS value of the standing pressure wave along the axis of the tube for different 
loudspeaker powers and f = 1062 Hz (experimental). 
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FIG. 20. Instantaneous pressure fluctuations at z = 21.5 cm (3L/4) for different loudspeaker 
powers and f = 1062 Hz [79]. 

harmonic pressure distribution. Figure 21 shows the frequency spectra of the 
pressure fluctuations at the right wall of the tube for a driving frequency of 
1062 Hz and a loudspeaker power of 91.5 mW. A strong first harmonic 
frequency was found at 1062 Hz, the driving frequency. Weaker higher 
harmonics are also present. 

For the flow visualization experiments, visualization results were recorded 
under driving frequency f = 1062 Hz and a loudspeaker power of 81.6 mW. 
The time evolution of the structures is presented here. Figure 22 (a) shows 
the separated flow field structure in the resonator. A sudden flow separation 
was observed in the middle section of the chamber once the standing wave 
was formed by the loudspeaker. Since the pressure is highest in this zone 
(lowest velocity), the smoke particles were pushed in both horizontal direc­
tions and formed the separated flow regions. A few seconds later, the 
formation of the streaming vortices was observed in the resonator. Figure 22 
(b) depicts this flow pattern in the half portion of the tube near the right 
fixed end. The length of clockwise and counterclockwise circulation was 
approximately a quarter wavelength of the standing sound field (as 
expected). The four vortices shown in Fig. 22 (b) were found to be nearly 
symmetric with respect to the resonator axis. 
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FIG. 21. Frequency spectra of the pressure fluctuations at the right wall of the tube for 
loudspeaker power 91.5 mW and f = 1062 Hz. 

FIG. 22. Schematic of the computational domain. 

3. Numerical Study 

The time-varying primary flow field in the resonator was numerically 
simulated. To simplify the computations, the resonator was modeled as a 
cylindrical domain whose length is from the driver end to the fixed end. To 
maintain high grid density (as required for the high resolution calculations 
here), the scale of the computational model is reduced to 1/10 of the 
experimental resonator (L = 32.5 mm and D = 2.5 mm). The schematic of 
the computational domain is shown in Fig. 23. Due to symmetry, only the 
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FIG. 23. Variation of pressure along the axis of the enclosure at four different instants with 
f = 10,620 Hz (computational): (a)Xmax = 4 mm; (b)Xmax = 10 mm. 

top half of the domain was considered for the simulations. Initially, the air 
in the chamber is considered as quiescent everywhere. At t > 0, the left wall 
starts to vibrate sinusoidally. The displacement of the vibrating wall is 
given as 

X ¼ Xmaxsinð!tÞ ðIII � 2Þ 
Here, Xmax is the maximum displacement; and w is the angular frequency of 
the vibration, ! ¼ 2
f . Since the computation domain is scaled down by a 
factor of 10 compared to the experimental system, the driving frequency for 
the computations was scaled up by a factor of 10 (f = 10,620 Hz) so that the 
wavelength l = L for both the measurements and the computations. 
The input power of the speaker is simulated by adjusting the maximum 

displacement of the left wall, Xmax. In the presented paper, the calculations 
are run for two values of Xmax: 10 mm and 4 mm. The initial conditions of the 
air are same as those in the experiment: P = 0.1017 MPa, T = 297.15 K. For 
every cycle of left wall vibration, about 28,778 time steps were used; the flow 
is found to be quasi-steady after 100 cycles. 
Figures 23 and 24 show the pressure and axial velocity distributions, 

respectively, along the axis of the tube at wt = 0, 
/2, 
, and 3
/2 for two 
driver amplitudes at f = 10,620 Hz. Both pressure and velocity profiles 
repeat as a cycle from !t = 0 to 2
, and the values at !t = 2
 are identical 
to those at !t = 0. The perfect sinusoidal profile of the input sound source 
is distorted by the viscous effects between the fluid and solid walls. Since 
the length of the enclosure is equal to the wavelength, the pressure profiles 
are symmetrical with respect to the vertical mid plane. At the beginning of 
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 30  

FIG. 24. Variation of axial velocity along the axis of enclosure at four different instants 
with f = 10,620 Hz (computational) [79]: (a)Xmax = 4 mm; (b)Xmax = 10 mm. 

the cycle (!t = 0), the amplitude of the pressure wave is maximum at the 
two walls of the enclosure and minimum at the middle of the enclosure. 
When !t = 
, the maximum pressure appears at the middle of the enclosure 
and decreases to both of the walls. For the axial velocity profiles, the value 
changes with time at the left wall due to the vibration of the wall, and is 
stationary at the right wall. It has a zero point near the mid zone of the 
enclosure. 

Figure 25 shows the root-mean-square pressure values along the axial 
direction for different vibration amplitudes and f = 10,620 Hz. These profiles 
are similar to those for the experiments: there is one maximum pressure 
antinode (AN) in the middle of the resonator, with two minimum nodes (N) 
symmetrically located on the two sides. In addition, the absolute values are 
found to increase with increasing left wall vibration amplitude. 

Figure 26 compares the temporal pressure distribution at the location 
3L/4 for two left wall vibration amplitudes with f = 10,620 Hz. The time inter­
val shown in the figure is one cycle. The standing wave is found to be irregular. 
The larger the wall vibration amplitude is, the more irregular it becomes. 

The time-averaged (steady acoustic streaming) flow fields are shown in 
Fig. 27 (for the top half of the cylindrical enclosure) for two different 
vibrational amplitudes and f = 10,620 Hz. The mean velocity is based on 
the average mass transport velocity in the enclosure. The average mass 
transport velocity is given by 

uz;mean ¼ 
h�uzi 
h�i ; ur; mean ¼ 

h�uri 
h�i ðIII � 3Þ 
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FIG. 25. Computed RMS value of the standing pressure wave along the axis of the tube for 
different left wall vibration amplitudes. 

FIG. 26. Computed instantaneous pressure fluctuations at 3L/4 for different left wall 
vibration amplitudes. 
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FIG. 27. Mean flow field in the resonator in the symmetric computational domain, 
f = 10,620 Hz (computational): (a)Xmax = 4 mm; (b)Xmax = 10 mm. 

Here, h i indicates time-averaged quantities. The time average is applied 
during the 100th cycle of the pressure wave. As in the experimental results, 
four circular flow patterns are observed in each (top or bottom) half of the 
resonator. The four vortical structures are equally arranged along the axial 
direction, and the rotational directions of the neighbor vortices are opposite. 
Due to the large diameter of the resonator, R=�� ¼ 57:6, only the outer 
streaming is generated, and no inner streaming is observed. 
The comparison of the root-mean-square values of the standing pressure 

wave along the axis of the tube for the computational and experimental 
results is shown in Fig. 28 where l = L for both cases. For the experiments, 
loudspeaker power was 66.1 mW, and for the computations, wall vibration 
amplitude was Xmax = 4 mm. Since direct measurement of the loudspeaker 
vibrational amplitude was not possible, the applied power was varied until 
reasonable agreements were obtained for the computations done with the 
above vibrational amplitude. The experimental and computational results 
are found to agree well. 

4. Conclusions 

The formation of acoustic standing waves, acoustic-boundary layer interac­
tions, and associated flows in a cylindrical resonator are studied by experimental 



43 ACOUSTIC WAVE INDUCED FLOWS AND HEAT TRANSFER 

0 

100 

200 

300 

P
 (

P
a)

 

400 

500 

600 

700 

800 

900 

1000 

Experiment 
Computation 

0	 0.25 0.5 0.75 1 

z /L 

FIG. 28. Comparison of RMS value of the standing pressure wave along the axis of the tube 
for computational and experimental results. 

and numerical methods. The dimension of the computational model is reduced 
to 1/10 of that of the experimental setup and the computational frequency is 
increased to 10 times the experimental value, so that l = L for both the experi­
ments and the computations. The computational and experimental results 
demonstrate the same characteristics of the standing wave characteristics and 
acoustic streaming and match each other very well. For the studied resonator 
characteristics, the pressure wave is found to be distorted from the perfect 
sinusoidal profile and the outer streaming structures are observed. 

D. INTERACTIONS OF MECHANICALLY DRIVEN ACOUSTIC WAVES WITH HEAT 

TRANSFER IN A RECTANGULAR CHAMBER 

Heat transfer in differentially heated enclosures has been studied exten­
sively in the past both experimentally and computationally. However, the 
effects of acoustically driven oscillatory flow fields on the convective heat 
transfer processes have been primarily studied experimentally. A detailed 
understanding of thermal energy transport in these problems is challenging. 
Sound sources whose elements move essentially sinusoidally may generate 
a flow field in which the particle velocities are not simply sinusoidal but 
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a pattern of steady vortices (streaming) is often found in the body of the 
irradiated fluid. Sound at high intensity levels in gases and liquids are 
accompanied by these second order steady flow patterns. 

Acoustic streaming is often observed where a standing wave is formed in a 
resonator driven by vibrating surface. With suitable design, this steady 
vortex flow can be employed for cooling of electronic systems in micro-
gravity environment where free convective flows in fluids are greatly reduced 
or eliminated. Such flows can also aid mixing processes in containers and 
augment heat and mass transfer from resonator walls. Acoustically 
enhanced convection can be significant zero- or micro-gravity environments 
where conduction is the only heat transfer mode. 
In this chapter, acoustic streaming generated by standing waves and the 

associated heat transfer in gas-filled closed enclosures is investigated numeri­
cally. To simulate the flow field, the full compressible form of the Navier-
Stokes equations is considered and solved by a highly accurate flux-corrected 
transport algorithm. In the numerical model, temperature-dependent heat 
conductivity and viscosity are taken into account. The study is focused on 
the channels having intermediate widths (30–50 times the viscous penetration 
depth). The simulations are run for different wall temperature conditions: 
Tt = Tb = T0 and Tt = TbþDT. 

1. Problem Geometry 

A two-dimensional rectangular enclosures filled with nitrogen is considered 
(Fig. 29). The left wall of the enclosure vibrates harmonically, either comple­
tely or partially. The vibrating wall boundary condition is thus the acoustic 
energy source in this geometry. The displacement of vibration is given as 
x = Xmax sin(!t), where ! = 2
f is the angular frequency. The length of the 
enclosure is chosen as L = 2x0 = 8.825 mm for all cases studied. The width of 
the enclosure (H) is varied in the cases studied. The frequency of the wall 
vibration is set as f = 20 kHz, and the corresponding wavelength of the sound 
waves is l = 17.65 mm based on the undisturbed enclosure temperature 
T0 = 300 K and pressure P0 = 1 atm. Hence for the cases studied, l = 2L. 

One of the important parameters in the resonator is the viscous penetra­
tion depth ��¼ ð2�=2
f Þ1=2 = 0.0158 mm. Here f is the frequency of the wall 
vibration and � is the kinematic viscosity of the fluid. Previous studies 
already showed that the ratio of the resonator width H over �� play an 
important role in the acoustic-fluid dynamic interactions. In the present 
study, the resonator widths are limited to the range: H (=2y0): 30�� to 50�� 

(Table III). In this width range, the behaviors of acoustic streaming are most 
significant. The width of resonator was kept small such that the viscous 
penetration depth �� can be well resolved in the simulation. 
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FIG. 29. Schematic of the computational domain [80]. (a) Entire left wall vibration; (b) Part 
left wall vibration. 

TABLE III 
LIST OF CASES STUDIED 

No. y0/�� x0/�� Xmax (m) H1/H DT (K) 

1A 279 0 
1B 20 1.0 � 10–5 1.0 20 
1C 60 
2 20 0.5 � 10–5 1.0 20 
3 20 1.5 � 10–5 1.0 20 
4 15 1.0 � 10–5 1.0 20 
5 25 1.0 � 10–5 1.0 20 
6A 20 1.0 � 10–5 0.4 0 
6B 20 
7 20 1.0 � 10–5 0.1 0 

In the present study [80], the aspect ratios of resonators L/H varied from 
11 to 18. The high aspect ratio is due to the order of wavelength l is much 
higher than that of viscous penetration depth ��. To investigate the interaction 
between acoustic waves (propagating primarily in the x-direction) and heat 
transfer (in the y-direction), the top and bottom walls are set at different 
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temperatures. As mentioned earlier, the vibrating left sidewall and the right 
sidewalls are thermally insulated. Typically, a grid size of 150 � 98 is used for 
the rectangular domain. Resolving the boundary layer in the computational 
method is essential for accurately simulating the formation of acoustic stream­
ing structures and heat transfer along the walls. For this reason, we employ a 
non-uniform grid structure. This structure has finest grids near the walls and 
the grid quality gradually decreases as the distance from the horizontal walls 
increases. For the present calculations, there are always 3–5 grids inside the 
boundary layer. To model the wall vibration, moving cell boundaries were 
considered for a few cells next to the left wall. The number of moving cell is 
chosen such that the maximum variation of a cell size is less than 25%. 

2. Results and Discussion 

a. Validation Results. To verify the numerical model and grid size, the numer­
ical model is first used to simulate the analytical results given by Hamilton [39] 
under the following conditions: Pr = 0.67, 	 = 5/3, y0 = 20��. The predicted 
steady streaming flow field (at the end of the 120th cycle) obtained by the 
present numerical method (where f = 20 kHz) for the conditions given in 
Hamilton et al. [39] is shown in Fig. 30. This cycle-averaged flow field is 

FIG. 30. End wall oscillation induced acoustic streaming (cycle averaged values for the 
120th cycle) [80] for conditions given by Hamilton et al. [39]. 
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FIG. 31. Comparison of the transverse distribution of x-component streaming velocity 
at x/x0 = 1.5 [80] with the results by Hamilton et al. [39]. 

based on the average mass transport velocity values in the enclosure. The 
predicted streaming pattern and size are similar to those given by Hamilton 
et al. (not shown here), except that, the left and right vortices are not 
symmetric along the middle vertical plane of resonator for the present calcula­
tions. In the present case, only the left wall vibrates, however for the results 
given in Hamilton et al. the entire resonator vibrates, albeit with the same 
frequency and amplitude considered in the present simulations. 

Figure 31 shows the comparison of the variation of the x-component of the 
cycle-averaged velocity along the enclosure height at x/(L/2) = x/x0 = 1.5 of 
the present model predictions with the results given by Hamilton et al. 
Figure 32 gives similar comparisons for the variation of the y-component of 
the cycle-averaged velocity along the enclosure height at x/(L/2) = x/x0 = 1.0. 
In these two figures, the cycle-averaged velocities are nondimensionalized by, 
which is Rayleigh’s result for the maximum streaming velocity in the center of 
a wide channel containing a pure viscous fluid. The maximum error that is 
found in Fig. 31 is 6%, which can be perhaps explained by the non-symmetric 
streaming structure due to the different wall conditions in the two studies. 

b. Parametric Case Studies. After the verification of the mathematical for­
mulation and the solution procedure, we investigate the effects of transverse 
acoustic waves on the convective heat transfer in the enclosure with imposed 
longitudinal temperature difference. Table III lists the cases reported in this 
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FIG. 32. Comparison of the transverse distribution of the y-component streaming velocity 
at x/x0 = 1.0 with the results by Hamilton et al. [39]. 

paper. For each case, the calculations were started by keeping the top and 
bottom walls at the same temperatures. After the system achieves steady 
state, then the top wall temperature is changed to investigate the interaction 
between heat transfer and acoustically driven flows. 

In the first case considered (Case 1A), the maximum displacement of the 
entire left wall vibration is set to x = Xmax sin(!t) with Xmax = 10 mm, and 
f = !/2
 = f = 20 kHz. The width of channel is set to y0 =20��. At first, the 
temperature of the top and bottom walls are kept at the initial temperature 
T0 = 300 K. The cycle-averaged steady state flow condition is achieved at 
about the 120th acoustic cycle. 

Figure 33 shows the pressure distribution along the horizontal mid-plane 
of the enclosure at !t = 0, 
/2, 
, 3
/2 (during cycle # 120) for Case 1A. 
These pressure profiles remain essentially the same at any other horizontal 
plane away from the bottom and top walls and this indicates the near-one­
dimensional character of the acoustic field in the bulk medium. The pres­
sure distribution for !t = 2
 (not shown in Fig. 33) is identical to the curve 
given for !t = 0. At !t = 0 and !t = 
, the amplitude of the pressure waves 
reach a maximum and a minimum value at the ends of the enclosure. At the 
beginning of the cycle (!t = 0), the pressure is maximum on the vibrating 
(left) wall of the enclosure and decreases with increasing distance from the 
wall and reaches a minimum value at x ffi L. The behavior is quite opposite 
at !t = 
 where the pressure is minimum on the vibrating (left) wall of the 
enclosure and increases with increasing distance from the wall and reaches a 
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FIG. 33. Variation of pressure along the horizontal mid-plane of the enclosure at four 
different instants (!t = 0, 
/2, 
, 3
/2) at the 120th cycle, isothermal top and bottom walls, 
y /� =20, X =1.0 � 10�5 
0 v max (CASE 1A). 

maximum value at x ffi L. The u velocity profiles given in Fig. 34 for !t = 0, 

/2, 
 and 3
/2, along the horizontal midplane show that the velocity node 
is formed at approximately x = L/2. Cycle-averaged (120th cycle) solutions 
from the present simulations predict steady streaming flows in the enclo­
sure. The predicted steady streaming flow field is shown in Fig. 35. At this 
stage, the predicted cycle-averaged velocity fields were found to be cycle-
independent. 

After the steady state is achieved (120th cycle), the top wall temperature is 
then increased to 320 K (DT = 20 K), while the bottom wall is still kept at the 
initial temperature (Case 1B). Figure 36 shows that cycle-averaged velocity 
field (121st cycle) changes drastically immediately after the heating is 
initiated. The steady streaming structure is destroyed due to the temperature 
change of the top wall. Instead, the gas flows from top to bottom, as heating 
of the top wall increases the local pressure in the upper part. The flow field is 
found to attain steady-state conditions again (in a cycle-averaged sense) by 
the 360th cycle. The new steady streaming flow field at the 360th cycle is 
shown in Fig. 38, where only two vortices (instead of the four shown in Fig. 36 
earlier) are found. Thus, the temperature difference between the top and the 
bottom walls affect the acoustically driven flow field in a significant way. 
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FIG. 34. Variation of the x-component velocity along the horizontal mid-plane of the 
enclosure at four different instants (!t = 0, 
/2, 
, 3
/2) in 120th cycle, isothermal top and 
bottom walls,  y0/�

5
v = 20, Xmax = 1.0 � 10� (Case 1A). 

FIG. 35. Cycle averaged flow field showing acoustic streaming at the 120th cycle, 
isothermal top  and bottom walls, y0/�v= 20, Xmax= 1.0 � 10�5 (Case 1A). 

Since the density, viscosity and conductivity values of the gas are temperature 
dependent, the symmetric streaming structure in Fig. 37 is distorted and we 
essentially have a rather asymmetric (cycle-averaged) flow field. 
To further study the effect of temperature difference on streaming velo­

city, we increase the top wall temperature to 360 K from 320 K (Case 1C). 
For the three different heating cases (1A, 1B and 1C), x-component of the 
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FIG. 36. Streamlines (cycle-averaged) immediately after differential heating along the top 
and the bottom walls,  at 121st cycle, y0/�v = 20, X 5

max = 1.0 � 10� (Case 1B). 
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FIG. 37. Acoustic streaming in 360th cycle, differential heating along the top and the 
 bottom walls, y0/�v = 20, Xmax = 1.0  10�5 (Case 1B). �

cycle-averaged streaming velocity profiles along the vertical-plane at x = 3L/4 
are given in Fig. 38, and the y-component of the cycle-averaged streaming 
velocity profiles along the vertical-plane at x = L/2 are shown in Fig. 39. 
Compared with the unheated case (1A), velocity profiles change dramatically 
due to the streaming structure changes for cases 1B and 1C. The streaming-
velocity components also increase when the top wall temperature increase. 
Consequently, differential heating increases the strength of acoustic stream­
ing, though the symmetrical structure found in Fig. 35 is destroyed. 
The cycle-averaged temperature contours are shown in Fig. 40 for 

Ttop =320 K (Case 1B). The effect of the cycle-averaged flow field (Fig. 41) 
on the temperature field is evident. The variation of cycle-average tempera­
ture along the vertical plane of the enclosure at three different locations 
(x = L/4, L/2, 3L/4) are given in Fig. 41 (Case 1B) along with the conduction 
profile for no acoustic perturbation. The heat transfer to the horizontal walls 
is found at the middle of resonator, where the mean streaming flow is 
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FIG. 38. x-component of the cycle-averaged velocity along the vertical-plane at x=3L/4 for 
different heating conditions along the top and bottom walls (Cases 1A, 1B and 1C). 

FIG. 39. y-component streaming velocity along the vertical-plane at x = L/2 for different 
for different heating conditions along the top and bottom walls (Cases 1A, 1B and 1C). 
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FIG. 40. Cycle-average temperature contours, at the 360th cycle, differentially heated top 
and  bottom walls, y0/�v = 20, Xmax = 1.0  10�5 (Case 1B). �

FIG. 41. Variation of cycle-averaged temperature along the vertical plane of the enclosure 
at three different locations (x = L/4, L/2, 3L/4), at the 360th cycle, differentially heated top and 
bottom walls, y 5 

0/�v = 20, Xmax = 1.0  10� (Case 1B). �

strongest. The cycle-averaged Nu values along the top and bottom walls are 
found to be 0.998 and 1.231, respectively. The asymmetry is due to the 
acoustic power input from the left wall vibration. The acoustic power 
input to the system is converted to thermal energy by the viscous dissipation, 
which increases the bottom wall heat load, compared to the top wall. 
Considering the temperature dependent thermal conductivity, Nu number 
is 0.975 for the case of steady heat conduction (no wall vibration). Hence, the 
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acoustic streaming increases the Nu number by 2.4% in the top wall and 
by 26.3% for the bottom wall for the geometry considered here. 
To further study the effects of wall vibration amplitude on the heat 

transfer, simulations are run for different amplitudes: Xmax = 0.5 � 10–5 m 
(Case 2) and Xmax = 1.5 � 10–5 m (Case 3) with DT = 20 K. For the different 
wall vibration amplitudes, there is no significant difference on the streaming 
structure compared to the results obtained for case 1B (Xmax = 1.0 � 10–5 m). 
The corresponding cycle-averaged (360th cycle) temperature contours are 
shown in Figs. 42 and 43. For lower acoustic power input (Case 2), the 
isotherms are similar to those obtained for the heat conduction case. For higher 
acoustic power input (Case 3) compared to Case 1B, the temperature field 
undergoes further distortion to accommodate the larger acoustic power input. 

Cases 4 and 5 are run for different channel widths y0 = 15��, and  25�� 

respectively with DT = 20 K. In this range, the predicted streaming structures 
do not change much compared to results obtained for Case 1B. However the 

FIG. 42. Cycle-average temperature contour, in 360th cycle, differentially heated top and 
bottom walls, y0/�v = 20, Xmax = 0.5 � 10�5 m (Case 2). 

FIG. 43. Cycle-average temperature contour in 360th cycle, differentially heated top and 
bottom  walls, y0/�v = 20, Xmax = 1.5 � 10�5m (Case 3). 
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FIG. 44. Cycle-average temperature contour, at the 360th cycle, differentially heated top 
and  bottom walls, y0/�v = 15, Xmax = 1.0 � 10�5 (Case 4). 

FIG. 45. Cycle-average temperature contour, in 360th cycle, differentially heated top and 
bottom  walls, y0/�v = 25, Xmax = 1.0 � 10�5 (Case 5). 

temperature contours for y0 = 15�� (Fig. 44) and y0 = 25�� (Fig. 45) show 
significant differences. For a larger enclosure height, the acoustic power 
input is higher and the temperature field shows more distortion. The effect 
of enclosure height on Nu number is given in the Table IV. Nu along the 
bottom wall increases significantly with the increasing channel width, but the 
Nu along top wall does not change much. To compensate for the energy 
addition by the vibrating wall, the heat addition from the hot wall to the 
fluid is lesser than the heat removal from the bottom wall. 

Next, we discuss a more realistic system where the vibration of the left wall 
is limited to the central part of the wall. To investigate this kind of problem, 
we vibrate the part of left wall vibration: H1/H = 0.4 and 0.1, in the cases 6 
and 7. The schematic is given in Fig. 29 (b). 
Figure 46(a) shows the cycle-averaged flow field (360th cycle) for Case 6, 

where 40% of the left wall vibrates, under unheated (isothermal top and 
bottom walls) condition. In the bulk zone, four outer streaming and four 
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Case 

1B 
4 
5 

TABLE IV 
EFFECT OF ENCLOSURE WIDTH ON NU 

y0/�� Top wall 

20 0.998 
15 1.016 
25 1.098 

Bottom 

1.231 
1.114 
1.395 
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FIG. 46. Acoustic streaming, at 120th cycle, isothermal top and bottom walls, y0/�v = 20, 
X 5
max = 1.0 � 10� , differentially heated top and bottom walls, partial (40%) left wall vibration, 

(Case 6A). 

inner streaming rolls are observed, similar to the case of the full wall vibra­
tion (see Fig. 35). However, two other additional vortices are found near the 
central vibrating part of the left wall. The steaming patterns near the left wall 
are enlarged in the Fig. 46 (b), which clearly shows the effects of the partial 
vibration on the flow field. 

Following earlier simulations with full wall vibration (Cases 1A and 1B), 
the top wall temperature is now increased to 320 K, while the bottom wall is 
held at 300 K (Case 6B). The cycle-averaged flow field (after an additional 
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FIG. 47. Acoustic streaming, at 360th cycle, y0/�v = 20, X 5
max = 1.0 � 10� , 40% of left wall 

vibrating (Case 6B). 

360 cycles) is given in Fig. 47. The results are similar to those reported earlier 
in Fig. 37 (for the full wall vibration). The effect of the partial wall vibration 
is only limited to the vicinity to the left wall, considering. Figure 48 shows 
the temperature contour in the steady state. It is closed to the results of heat 
conduction, because of the weak streaming velocity. 

FIG. 48. Cycle-average temperature contour, in 360th cycle, heating, y0/�v = 20, 
Xmax = 1.0 � 10�5, 40% of left wall vibrates (Case 6B). 
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FIG. 49. Acoustic streaming, in 120th cycle, isothermal top and bottom walls, y0/�v = 20, 
Xmax = 1.0  10�5, 10% of left wall vibrating (Case 7). �

In Case 7, the vibrating part of the left wall is further deceased to 10%. The 
acoustic streaming when the top and bottom walls are kept at the initial 
temperature is shown in Fig. 49. The streaming structure becomes irregular 
from the case of whole wall vibration, because of stronger nonuniform 
boundary condition in the left wall and weaker acoustic streaming in the field. 

3. Conclusions 

The structure and strength of acoustic streaming excited by wall vibration, 
the effect of heating on acoustic streaming, and acoustic streaming induced 
thermal convection process in a nitrogen-filled closed enclosure were studied 
numerically. The formation of pressure (acoustic) waves and associated 
thermal and flows phenomena are dominated by the unsteady compressible 
Navier-Stokes equations with temperature dependent viscosity and conduc­
tivity. The steady second-order acoustic streaming is predicted by mechani­
cally induced periodic oscillations in the fluid. After one wall temperature of 
the closed system is increased, the structure of the streaming is changed due to 
the nonuniform fluid properties. Furthermore, the streaming velocity 
increases when the temperature of the heated wall is increased. Hence, heating 
is another way to increase the acoustic streaming, other than increasing the 
amplitude of wall vibration. To a closed system, the wall vibration has mixed 
effects on the heat transfer along the walls. First, the mean velocity induced by 
acoustic streaming can enhance the heat transfer. Second, the acoustic power 
input to the system adds a new heat load to the cooling plate. Therefore, 
acoustic streaming is not always conducive to cooling down the hot source. 
Finally, the effect of partial wall vibration is studied. The nonuniform wall 
condition is found to be the significant effect on streaming structure. Acoustic 
streaming introduces an additional convective heat transfer mode into 
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systems in a zero gravity environment where it is assumed that conduction is 
the only heat transfer mode. The model developed can be a valuable tool in 
the optimized design of heat exchangers with acoustically enhanced perfor­
mance and other applications of acoustic streaming. 

IV. Numerical Study of Thermally Induced Acoustic Waves in Gases 

A. INTRODUCTION 

The physics of thermally induced acoustic waves and the effects of gravity 
on the flows induced are considered in this section. First, the early time 
behavior of acoustic waves produced by rapid heating in carbon dioxide gas 
are studied for initial pressures ranging from 0.1 MPa to 8.0 MPa. Here we 
try to understand the effects of the variation of fluid properties with pressure 
on the generation, propagation and damping of thermally induced acoustic 
waves. Then the flow fields generated by thermally induced waves under 
different gravity conditions are studied. The effects of gravity are investi­
gated under two categories: sidewall heating and bottom wall heating. 

B. THERMALLY INDUCED ACOUSTIC WAVES IN ATMOSPHERIC AND HIGH 

PRESSURE GASES 

1. Property Variations 

An earlier study [54] showed that the behaviors of thermally induced 
acoustic waves are somewhat different for different gases, due to the varia­
tion of their properties. It is known that the effect of pressure on other 
thermodynamic properties is very small when the gas pressure is low. How­
ever, for a high-pressure fluid such as a real gas or super-critical fluid, the 
effect of pressure cannot be neglected. In this section, we investigate the 
behavior of thermally induced acoustic waves for carbon dioxide gas under 
different initial pressures. The pressure range is from 0.1 MPa to 8 MPa. 
For high-pressure gas and super-critical fluid, the P-�-T relations are quite 

different from the ideal gas law, and the internal energy and sound speed are 
functions of temperature and density (or pressure). Instead of using published 
correlations for high pressure gases, which are limited in applicability, we use 
the NIST Standard Reference Database 12 [81] to  evaluate the  P-�-T relations 
and other thermodynamic properties for real gases and supercritical fluids. 

Figure 50 gives the variation of density for carbon dioxide as a function of 
pressure (from 0.1 to 8.0 MPa) for different temperatures. The density is 
strongly nonlinear with respect to pressure. Figure 51 shows the variation 
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FIG. 50. Variation of density for carbon dioxide as a function of pressure at constant 
temperatures. 
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FIG. 51. Variation of internal energy for carbon dioxide as a function of pressure at 
constant temperatures. 
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FIG. 52. Variation of sound speed for carbon dioxide as a function of pressure at constant 
temperatures. 

of internal energy as a function of pressure at different temperatures. It is 
interesting to observe that at high pressure, the internal energy is not only a 
function of temperature, but also a function of pressure (density). The other 
thermodynamic properties, such as sound speed, viscosity and heat conduc­
tivity are also shown in Figs. 52–54. All fluid properties show strong depen­
dence on pressure, and these relationships become more dramatic when 
pressure approaches the critical point, Pcrit = 7.377 MPa, Tcrit = 304.128 K. 

To use the data provided by the NIST Standard Reference Database 12 in 
our computational model, polynomial fits were obtained to build the prop­
erty equations in the specific data regions. The six relation equations are 
used in the numerical models: P = f(T, �), i = f(T, �), c = f(T, �), � = f(T, �), 
k = f(T, �), T = f(i, �). 

2. Problem Statement 

The effects of pressure on the thermally induced acoustic waves are 
reported for a two-dimensional cavity (L = 0.001 m) containing carbon diox­
ide. As shown in Fig. 55, the sidewalls of the cavity are held at specified 
temperatures and the horizontal surfaces are thermally insulated. Initially, 
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FIG. 53. Variation of viscosity for carbon dioxide as a function of pressure at constant 
temperatures. 

FIG. 54. Variation of heat conductivity for carbon dioxide as a function of pressure at 
constant temperatures. 
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FIG. 55. Geometry and boundary conditions of the problem. 

the fluid is quiescent (u = v= 0 everywhere) at a constant temperature and 
pressure (P0 and T0). At the given time, the temperature along the left 
vertical wall is raised impulsively or gradually, while the right wall is kept 
at the initial temperature. This triggers a thermally induced acoustic wave in 
the medium. The temperature history of the left wall is governed by the 
following equation: 

Tmax � T0 � �
t 
hTLðtÞ ¼ T0 1 þ 1 � e ðIV:1Þ 

T0 

In Eq. (IV.1), Tmax is the maximum temperature that the heated left wall can 
attain. The increase rate of the wall temperature can be controlled by varying 
the time constant �h value in Eq. (IV.1). All the cases presented in this 
section were carried out for a zero gravity condition. 

3. Results and Discussions 

To study the behavior of the thermally induced acoustic wave for different 
fluid pressures, eight cases are simulated, as shown in Table V. For all cases, 
the initial temperature in the enclosure is assumed to be 310 K and the right 
wall temperature was impulsively raised to 320 K. For Case 1, P0 = 0.1 MPa 
where ideal gas assumptions can be used. From Case 2 to 7, the initial 
enclosure pressure is increased gradually and P0 = 8 MPa for Case 8. For 
this case (T0 = 310 K, P0 = 8 MPa) carbon dioxide exists as a supercritical 
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TABLE V 
LIST OF COMPUTATIONAL CASES 

Case T0 (K) P0 (MPa) Properties table Tmax (K) �h (s) 

� (kg/m3) T (K) 

1 
2 
3 
4 
5 
6 
7 
8 

310 
310 

310 

310 
310 
310 

0.1 
1 

3 

5 
7 
8 

1.62–1.90 
16.9–18.4 

55–61 

78–120 
170–221 
210–450 

308–324 
308–324 

308–324 

308–324 
308–324 
308–324 

320 
320 

320 

320 
320 
320 

3.57 � 10–7 

3.57 � 10–7 

7.14 � 10–7 

3.57 � 10–7 

3.57 � 10–7 

3.57 � 10–7 

fluid. The density and temperature ranges showed in the table were used to 
construct the property relations from the NIST Reference Database 12. 

The time constant �h = 3.57 � 10–7 s for Case 1. For this Case, the ideal gas 
law applies. Figure 56 shows the computed pressure variation at the mid 
point of the enclosure for Case 1. Results are shown for the cases where the 

FIG. 56. Variation of pressure at the mid point of the enclosure: (a) ideal gas law and 
 (b) NIST database, case 1 (P0 =0.1 MPa, �h = 3.57 � 10�7 s). 
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P-�-T relation is either obtained from the ideal gas law or the NIST Refer­
ence Database 12. The two relations predict the same wave speed and very 
similar wave shape. The pressure in the middle point remains unchanged 
until the acoustic wave reaches it. The local pressure rises almost instanta­
neously, and then decreases gradually. After the pressure wave passes the 
middle point, it hits the right wall and then is reflected. Eventually, these 
repeated oscillations are damped due to viscous dissipation. The overall 
pressure in the chamber increases because of the energy input to the system 
by the heated left wall. 
For the remaining cases (high pressure), we obtained the P-�-T and other 

property relations from the NIST Reference Database 12. Figure 57 shows 
the variation of pressure with time at the mid point of the enclosure for 
Case 3 (P0 = 3 MPa, T0 = 310 K). The corresponding of time variation of 
x-velocity component at the middle point is given in Fig. 58. 
The effect of the rapidity of the wall heating process on the thermally 

induced wave behavior was investigated and the results are shown in Fig. 59. 
The heating rate is controlled by selecting the value of �h in Eq. (IV.1). The 
rapidity of the wall heating process has a very significant effect on the 
strength of the pressure wave. 

FIG. 57. Variation of pressure with time at the mid point of the enclosure, P0= 3 MPa, 
�h = 3.57 � 10�7 s (Case 3). 
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FIG. 58. Variation of velocity with time at the mid point of the enclosure, P0 =3 MPa, 
�h = 3.57 � 10�7 s (Case 3). 

FIG. 59. Variation of pressure at the midpoint of the enclosure for different heating rates, 
P0 = 3 MPa (Cases 3, 4 and 5). 
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FIG. 60. Variation of pressure at the mid point of the enclosure for different initial 
 pressures, �h = 3.57 � 10�7 s (cases 1, 2, 3, 6, 7 and 8). 

The effect of the initial pressure on the thermally induced acoustic 
wave is shown in Fig. 60 for cases 1–3 and 6–8 (Table V). All six cases 
have the same initial temperature, maximum wall temperature and heat­
ing rate. Carbon dioxide is at supercritical conditions for Case 8. 
Although the shapes of pressure wave are very similar for all cases, 
stronger acoustic waves are observed when the initial pressure is higher. 
The pressure also increases faster in cases with higher initial pressure. 
It is also observed that the waves damp out much faster for higher 
initial pressure conditions, because of higher viscosity. No qualitative 
difference is observed for Case 8 (supercritical fluid conditions). It is 
noted that initial conditions for Case 8 (P0 = 8MPa,  T0 = 310 K) is not 
near the critical point (Pcrit = 7. 377 MPa, Tcrit = 304.128 K). The beha­
vior of thermoacoustic waves near the critical point are further explored 
in Section VI. 

Figure 61 shows the variation of temperature at the mid point of the 
enclosure for the above cases as shown in Fig. 60. It is interesting to 
note that the strongest temperature wave occurs when P0 =0.1 MPa, then 
that the wave amplitude decreases with initial pressure increase until 
the weakest temperature wave is observed in the case with P0 = 3MPa.  
After that, the temperature waves become stronger with initial pressure 
increase. 
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FIG. 61. Variation of temperature at the mid point of the enclosure for different initial 
 pressures, �h = 3.57 � 10�7 s (Cases 1, 2, 3, 6, 7 and 8). 

C. INTERACTIONS OF THERMALLY INDUCED ACOUSTIC WAVES WITH BUOYANCY 

INDUCED FLOWS: SIDE-WALL HEATED ENCLOSURES 

1. Problem Statement 

The flow field generated by a thermally induced acoustic wave and the 
effect of gravity on this field are studied in a square enclosure filled with 
nitrogen gas at 1 atm. and 300 K. The heating is applied on the left wall of 
the square enclosure, which has a side of length L = 13 mm (Fig. 62). The 
horizontal walls of the square enclosure are adiabatic. Initially the gas and 
all of the walls are in thermal equilibrium (T = TR everywhere). At later 
times t > 0, the left-wall temperature is increased to TL (TL > TR), either 
suddenly or gradually. We examine the effects of increases in temperature 
that are either spatially uniform or nonuniform. 

2. Results and Discussion 

Numerical simulations of the flows generated by thermally induced acous­
tic waves were performed in a square enclosure filled with nitrogen gas at 
1 atm. and 300 K [82]. Results were obtained for four cases: uniform 
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FIG. 62. Geometry and boundary conditions of the problem. 

impulsive heating without gravity, uniform gradual heating without gravity, 
spatially nonuniform gradual heating without gravity, and spatially nonuni­
form gradual heating with gravity. 

Results of a prior investigation [53] on the very short time behavior of the 
thermally induced acoustic waves generated by impulsive and gradual heat­
ing of a wall were in very good agreement with the results given in the 
literature. In the present study, longer time behavior of the velocity fields, 
produced by either step impulsive heating or gradual heating of the left wall 
was investigated under zero- and normal-gravity conditions. In the numer­
ical scheme, “impulsive heating” can be approximated by changing the value 
of the temperature in the first time step. In the present computations, the 
first time step is small, 2.81 � 10–8 s, compared to the characteristic acoustic 
and diffusion times of the system. 

a. Uniform Impulsive Heating at Zero Gravity. For impulsive heating, the 
temperature of the left wall is given as 

TLðtÞ ¼ T0½1 þ A� ðIV:2Þ 

where the overheat ratio A is given by 

TL � T0A ¼ ðIV:3Þ 
T0 

and is equal to 1/3 for all cases presented for spatially uniform wall heating. 
The variation of pressure at the mid point of the enclosure is shown in 

Fig. 63 for early times; a distinctive peak is observed whenever the thermally 
induced acoustic wave crosses the mid point. This wave periodically reflects 
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FIG. 63. Variation of pressure at the mid point of the enclosure for three grid sizes, under 
spatially uniform impulsive heating, zero gravity [82]. 

from both sidewalls as seen by the multiple peaks. We have shown earlier 
that the strength of the pressure wave is strongly correlated to the overheat 
ratio and that the pressure oscillations damp out with increasing time. 
Computational cells were nonuniformly distributed with fine grids near the 
boundary, and the ratio of the maximum to minimum grid size was 5.0. The 
results for a resolution study using three mesh sizes, 201 � 201, 241 � 241 
and 281 � 281, are also shown in Fig. 64; the initial time step was, however, 
the same for all three mesh sizes to represent identical impulsive heating for 
all cases. From this figure, a mesh size of 241 � 241 was found to be adequate 
for the present computations. The time variation of the pressure and the 
x-component of the velocity at the mid point of the enclosure are shown in 
Fig. 65 a short time after the impulsive heating. The x-component of the 
velocity fluctuates between positive and negative values, depending on 
the direction of the oncoming pressure wave. 
The velocity vectors in Fig. 65 show the flow field that developed from the 

wave motion created by impulsive heating at two different instants (25.78 
and 100 ms). Due to spatially uniform heating and zero-gravity conditions, 
the flow field is essentially symmetric along the horizontal mid plane. Flow 
structures develop along the top and bottom left corners due to viscous 
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FIG. 64. Variation of pressure and the x-component of velocity at the mid point of the 
enclosure for early times, under spatially uniform impulsive heating, zero gravity. 

interactions between the solid surfaces and bulk fluid. The strength of the 
flow field decreases considerably at 100 ms compared to its value at 25.78 ms. 
In Fig. 66, we show the temporal variation of the x-component of the 
velocity at the mid point for 100 ms. The thermally induced acoustic wave 
undergoes many reflections from the sidewalls during this period. The dark 
regions reflect the highly oscillatory nature of the flow field. The x-velocity 
component decays with every reflection and by 100 ms, the value becomes 
quite small; however, a flow field still exists within the enclosure as shown 
earlier in Fig. 65(b). 

b. Spatially Uniform Gradual Heating under Zero Gravity. The thermal 
inertia of walls and heating systems as well as unavoidable heat losses to 
the environment make it difficult in practice to generate a step change 
(impulsive heating) in the wall temperature. Here we study the effect of 
more gradual heating by using an exponential expression for the wall 
heating: 

h � 	i � t TLðtÞ ¼ T0 1 þ A 1 � e �h ðIV:4Þ 
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FIG. 65. Velocity vectors at two different times, under spatially uniform impulsive heating, 
zero gravity [82]: (a) 27.58 ms; (b) 100 ms. 

FIG. 66. Variation of the x-component of velocity with time at the mid point of the 
enclosure, under spatially uniform impulsive heating, zero gravity. 

Here, �h is a time constant. For impulsive heating, �h tends to zero. Figure 67 
shows the variation of the pressure and the x-component of the velocity at 
the mid point for early times with gradual wall heating and a time constant 
�h ¼ 5� c, where �c is the travel time of sound waves over the length of the 
enclosure. In the same figure, the variation of the left wall temperature with 
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FIG. 67. Variation of pressure and the x-component of velocity at the mid point of the 
enclosure for early times, under spatially uniform gradual heating with �h = 5�c, 0 g.  

time is shown. Comparing Fig. 67 with Fig. 62 we note that for gradual wall 
heating, the thermally induced acoustic wave is much weaker. As shown in 
Fig. 67, the pressure values at the mid point increase continuously; however, 
discrete jumps in its value are observed each time the wave crosses the center. 
The effect of gradual heating on the x-component of the velocity is interest­
ing. The velocity component still fluctuates with time, but does not reverse 
sign as in Fig. 62, and hence the damping rate is slower in this case. 

Figure 68 shows velocity vectors at two different times (25.78 and 100 ms) 
for the case described above. The velocity field is found to be similar to that 
for the case of impulsive heating; it is symmetric along the horizontal mid 
plane, and decays with time. 

c. Spatially Nonuniform Gradual Heating at Zero Gravity. For the spatially 
nonuniform gradual heating situation, the left wall temperature is now given by 

L � y � t �hTLðtÞ ¼ T0 1 þ 2A� 1 � e ðIV:5Þ 
L 

where a linear variation of the spatial temperature distribution is considered. 



6 

5
 
4
 

3
 
2
 

1
 
0
 

Y0.005 m/s 0.005 m/s 

0 
1 

2 
3 

4 
5 

6 
7 

8 
9 

10 
11 

12 
13 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 0 1 2 3 4 5 6 7 8 9 10 11 12 13  
t = 25.78 ms t = 100 ms X	 X 

(a)	 (b) 
13 

12 
11 

10 
9 

8
 
7
 

Y

74 B. FAROUK ET AL. 

FIG. 68. Velocity vectors at two different times, under spatially uniform gradual heating 
with �h = 5�c, zero gravity: (a) 27.58 ms; (b) 100 ms. 

Figures 69 (a)–(d) show the development of velocity vectors from 0.074 ms 
to 100 ms. At 0.074 ms (Fig. 69 (a)), all fluid flows in the direction nearly 
normal to the vertical wall because the pressure disturbance is generated in 
the horizontal direction. Figure 69 (a) also shows that the horizontal velocity in 
the lower region of the enclosure (with higher wall temperature) is higher than 
that in the upper region, which demonstrates that the acoustic wave-induced 
flow is proportional to the temperature increase on the wall. Later, 7.37 ms, 
there is a recirculating flow pattern at the left top corner, as shown in Fig. 69 
(b). With increasing time, this vortical flow field grows and covers the entire 
enclosure. Even at 100 ms, the flow field is quite strong. We saw earlier that 
spatially uniform gradual heating can generate a longer lasting flow field than 
impulsive heating with the same overheat ratio. Here we see that the strength of 
this flow field can further be enhanced with spatially nonuniform heating. 

d. Spatially Nonuniform Gradual Heating under Normal Gravity. Now we 
consider the effect of gravity on the flows induced by acoustic waves. The 
conditions considered here are identical to those considered above, albeit at 
normal gravity conditions. Figures 70 (a)–(d) show the development of 
velocity vectors in the enclosure from 0.074 ms to 100 ms. At t = 0.074 ms, 
Fig. 70 (a), and t = 7.37 ms, Fig. 70 (b), the predicted flow fields are similar 
to the results shown in Figs. 69 (a) and (b) under zero-gravity conditions. 
The buoyancy-induced flow takes comparatively larger time to develop than 
the thermoacoustic wave-induced flows. The flow field shown in Fig. 70 (c) 
at t = 25.78 ms shows the signs of a developing buoyancy-induced flow along 
the left lower corner of the enclosure. With increasing time (t = 100 ms, 
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FIG. 69. Velocity vectors at four different times, under spatially non-uniform gradual 
heating with �h = 5�c, zero gravity: (a) 0.074 ms (b) 7.37 ms (c) 25.78 ms (d) 100 ms. 

Fig. 70 (d)), this vortical flow field enlarges and covers the entire enclosure. 
The overall strength of the flow field in the enclosure at t = 100 ms under 
zero-, Fig. 69 (d), and normal-, Fig. 70 (d), gravity conditions are quite 
similar. The directions of the vertical flows, however, are in opposite direc­
tions. With increasing time, the flow field under normal-gravity conditions 
will represent a purely buoyancy induced flow field, and the flow field under 
zero-gravity conditions will damp out. 

3. Conclusions 

Table VI summarizes the results for the cases studied. Impulsive heating is 
found to generate strong thermoacoustic waves; however, the damping rate for 
the resulting velocity field is high. Gradual heating conditions studied produce 
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FIG. 70. Velocity vectors at four different times, under spatially non-uniform gradual 
heating with �h = 5�c, normal gravity: (a) 0.074 ms; (b) 7.37 ms; (c) 25.78 ms; and (d) 100 ms. 

weaker acoustic waves but they tend to produce flow fields that can sustain for 
longer periods. Spatially nonuniform heating is found to produce faster flows 
in the region with higher heating and eventually results in recirculating flow 
fields in the enclosure. For the conditions studied, the effect of gravity on the 
flow fields is only evident after about 25 ms from the start of the heating 
process. Buoyancy induced flow field strength at 100 ms was similar to that 
obtained by thermally induced acoustic wave-induced flow at zero gravity. 

D. INTERACTION OF THERMALLY INDUCED ACOUSTIC WAVES WITH BUOYANCY 

INDUCED FLOWS: BOTTOM-WALL HEATED ENCLOSURE 

1. Problem Statement 

In this section, the interactions of thermally induced acoustic waves with 
the buoyancy induced flow are reported for bottom heated rectangular 
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TABLE VI 
SUMMARY OF THE MAIN OBSERVATIONS [82] 

Case Description Observations from results for Observations from results at 
short times longer times 

1 Uniform impulsive 
heating at zero gravity 

2 Spatially uniform 
gradual heating under 
zero gravity 

3 Spatially nonuniform 
gradual heating at 
zero gravity 

4 Spatially nonuniform 
gradual heating under 
normal gravity 

1. Strong thermally induced 
pressure waves 

2. Horizontal velocity 
component reverses sign 
after reflection from a 
sidewall 

1. Weak thermally induced 
pressure waves 

2. Horizontal velocity 
component fluctuates in 
value after reflection from a 
sidewall but does not 
reverse sign 

1. Pressure waves are 
insensitive to the variation 
of the heating rate along the 
vertical direction 

2. Horizontal velocity 
component values are 
higher at the lower region 
of the enclosure (higher 
heating rate) 

1. Effect of gravity is not 
observed 

2. Pressure waves are 
insensitive to the variation 
of the heating rate along the 
vertical direction 

3. Horizontal velocity 
component values are 
higher at the lower region 
of the enclosure (higher 
heating rate) 

1. Essentially one-dimensional 
flow field is developed in 
the enclosure 

2. The damping rate for the 
flow field is high 

1. Two-dimensional flow field 
is developed in the 
enclosure, near the corners 
of the heated wall 

2. The damping rate for the 
flow field is slow and the 
flow field appears to be 
quasi-steady 

1. Two-dimensional counter­
clockwise vortical flow field 
is established 

2. The damping rate for the 
flow field is low 

1. Effect of gravity (buoyancy) 
becomes evident 

2. The counter-clockwise flow 
field created by spatially 
nonuniform heating is 
replaced by a strong 
clockwise vortical flow 

3. Overall strength of the flow 
field at 100 ms is similar to 
that observed in Case 3. 

enclosures [83]. We consider enclosures with varying aspect ratios: 
H/L = 0.5, 1.0 and 5.0. The vertical walls of the rectangular enclosure are 
considered to be insulated. Initially the gas and all walls are in thermal 
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equilibrium (T = T0 everywhere). At t > 0, the bottom wall temperature is 
increased rapidly to a value Tb (Tb > T0) in the following manner: 

Tmax �T0 � �
t 
hTbðtÞ ¼ T0 1 þ 1 � e ðIV:6Þ 

T0 

Meanwhile, the top wall is held at the initial temperature (Tt = T0). In Eq. 
(IV.6), Tmax is the maximum temperature that the heated bottom wall can 
attain. The rate of increase of the bottom wall temperature can be controlled 
by varying the time constant � value in Eq. (IV.6). This is important because 
the temperature increase rate has a significant effect on the strength of a 
thermally induced acoustic wave, according to previous studies [53]. For all 
calculations reported in this paper, the value of ðTmax � T0Þ=T0 is set to 1/3. 
To study the effect of gravity on the flow field generated by a thermally 
induced acoustic wave, the computations were carried out for different 
gravity conditions, viz., þ1.0 g, 0 g and –1.0 g. 

2. Results and Discussion 

Numerical simulations of thermally induced waves and buoyancy induced 
flow were performed in a rectangular enclosure filled with air. The initial 
pressure of air is 1 atm., and the initial temperature (T0) is 300K. 
The bottom wall is heated to 400 K (Tmax) at different heating rates 
(varying �h), while the top wall is kept at the initial temperature. Results 
were obtained for the following seven cases (Table VII) to study the effects of 
gravity, heating rate, and aspect ratio (H/L) on the flow field and the heat 
transfer characteristics. For all cases studied, the width of the enclosure was 
considered to be L = 0.02 m. 

For a mesh-resolution study, the computational results for the variation of 
temperature with y at the middle plane of the enclosure at t = 1.27 s, using 
three different mesh sizes, 80 � 80, 100 � 100 and 120 � 120, are shown in 
Fig. 71 for Case 1 (see Table VII). The time step (2.81�10–8 s) was the same 
for all three mesh sizes. From this figure, a mesh size of 100 � 100 was found to 
be adequate for the present computations for cases with H/L = 1.0. For cases 
with non-unity aspect ratios (Table VII), the mesh sizes were adjusted such that 
the grid density is approximately the same as found in the base case. 

a. Effects of Gravity. Simulations were carried out for identical conditions 
with three different values of �, viz., 1.0 g, 0 g, and –1.0 g (Cases 1, 2 and 3, 
respectively). The aspect ratio of the enclosure is fixed at 1.0 for all of 
the above three cases, and the time constant of the heating process is also 
kept at 5.76 � 10–5 s. This value is given by the time for an acoustic wave to 
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TABLE VII 
LIST OF COMPUTATIONAL CASES 

L(m) H/L Heating rate �h (s) GrH Gravity � (g) 

1 0.02 1.0 5.76 � 10–5 5.27 � 104 þ1.0 
2 0.02 1.0 5.76 � 10–5 – 0 
3 0.02 1.0 5.76 � 10–5 5.27 � 104 –1.0 
4 0.02 1.0 2.88 � 10–4 5.27 � 104 þ1.0 
5 0.02 1.0 1.15 � 10–2 5.27 � 104 þ1.0 
6 0.02 0.5 5.76 � 10–5 6586 þ1.0 
7 0.02 5.0 5.76 � 10–5 6.59 � 106 þ1.0 

FIG. 71. Variation of temperature with y along the horizontal mid plane of the enclosure at 
t =  1.27 s (H/L = 1, �h = 5.76  10�5 s, 1.0 g), by different grid sizes. � þ

travel from the bottom of the enclosure to the top under normal atmospheric 
conditions. 

The predicted variations of pressure at the midpoint of the enclosure for 
all three cases are shown in Figs. 72(a) and (b). A distinctive peak is observed 
whenever the thermally induced pressure wave crosses the mid point. 
This wave, traveling at slightly supersonic speed, periodically reflects from 
both sidewalls as seen by the multiple peaks. The shapes of the pressure 
waves are also found to be nearly same for the different gravity conditions at 
early times (Fig. 72 (a)). The pressure variations are plotted over a larger 
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FIG. 72. Variation of pressure (p – pi) with time at the mid point of the enclosure (H/L = 1, 
�h = 5.76 � 10�5 s), under different gravity conditions (þ1.0 g, 0 g and –1.0 g). 

time-scale in Fig. 72 (b) and the oscillations shown in Fig. 72 (a) are no 
longer noticeable in the figure due to the change of scale in the pressure axis. 
For all three cases, the pressure rise behavior is identical. Minor differences 
only appear when the slower response buoyancy induced flow starts developing 
at larger times for Case 1 (Fig. 72 (b)). For Case 1, the center point is at the 
middle of a developing vortical flow, thus causing the incipient pressure rise. 

The velocity vectors in Fig. 73 show the flow field developed by the wave 
motion due to the rapid heating of the bottom wall at an early time (t = 0.058 s) 

FIG. 73. Velocity vectors at t = 0.058 s (H/L  = 1, �h = 5.76 � 10�5 s), 1.0 g. 
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for Case 1. Due to spatially uniform heating, the flow field is essentially 
symmetric along the vertical middle plane. Flow structures develop along the 
top and bottom corners due to viscous interactions between the solid surfaces 
and bulk fluid. Results for Cases 2 and 3 (at t = 0.058 s) show essentially no 
difference from those shown in Fig. 73. The flow fields at a larger time 
(t = 0.58 s), however, start to display the distinct effects of gravity on the 
acoustic wave induced flow field, as shown in Figs. 74(a), (b) and (c) for 
Cases 1, 2 and 3, respectively. For the case of þ1.0 g two characteristic eddies 
are formed due to the bottom heated buoyancy induced flow. For the cases of 0 g 

 FIG. 74. Velocity vectors at t = 0.58 s (H/L = 1, �h= 5.76 � 10�5
 s): (a) þ1.0 g; (b) 0 g (c) –1.0 g. 
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FIG. 75. Variation of temperature with y at the mid point of the enclosure at t = 1.27 s 
(H/L = 1, �h =  5.76 � 10�5 s), under different gravity conditions. 

(Fig. 74 (b)) and –1.0 g, the flow fields generated by the acoustic waves are 
considerably damped, due to viscous diffusion. The dampening is further 
enhanced by the stratified density field that is created in the opposed gravity 
(�1.0 g) case. 

Figure 75 shows the instantaneous temperature profiles along the vertical 
mid plane for Cases 1, 2 and 3 at t = 1.27 s. In the cases of 0 g (Case 2) 
and �1.0 g (Case 3), the temperature profiles tend to be nearly linear, 
because heat conduction and acoustic compression and rarefaction influ­
ence the temperature distribution (no recirculating flow development). 
However, for the case of þ1.0 g (Case 1), sharp temperature gradients 
are observed near the two horizontal walls and an inversion to the tempera­
ture profile occurs near the middle of the enclosure due to a developing 
vortical flow. 

b. Effects of Heating Rate. Next, we studied the effect of heating rate (as 
characterized by the value of � in Eq. (IV.12)). Simulations were carried out 
for varying values of �h: 5.76 � 10–5, 2.88 � 10–4 and 1.15 � 10–2 s as shown 
in Table VII (Cases 1, 4 and 5, respectively). The aspect ratio of the enclosure 
is fixed at 1.0 and the value of � = þ1.0 g for all three cases. 

The variation of pressure at the mid point of the enclosure is shown in 
Fig. 76 for Cases 1, 4 and 5. The strength of the pressure wave and the 
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FIG. 76. Variation of pressure with time at the mid point of the enclosure (H/L = 1.0, þ1.0 g), 
under different heating rates. 

overall rate of pressure increase are found to be strongly correlated to the 
heating rate. The acoustic waves produced are rather weak when the heating 
rate is slower, as in Case 5 (�h = 1.15 � 10–2 s). 

For �h = 1.15 � 10–2 s, the development of the flow field at t = 0.058 s is 
shown in Fig. 78. At this early time, the fluid motion is limited to the 
vertical direction as dictated by the acoustic waves. Comparing the results 
shown in Fig. 77 to those shown in Fig. 73 (�h = 5.76 � 10–5, Case 1),  the  
strength of the flow field is found to decrease considerably when the time 
constant of the heating rate is increased from 5.76 � 10–5 s (Case  1)  to  
1.15 � 10–2 s (Case 5). Thus at early times, for both values of � , the flow 
field is dominated by the thermally induced pressure field and no buoy­
ancy effects are evident. 

Figure 78 shows the development of velocity vectors at t = 0.58 s for 
Case 5. The flow field begins to show the signs of a developing buoyancy 
induced flow. Two eddies are found to form near the bottom wall. 
Compared to similar results for Case 1 (Fig. 74 (b)), the velocity values 
are lower in Case 5 (Fig. 79). The strong acoustically induced flow field 
in case 1 excites the development of the buoyancy induced flow field in 
Case 1. The flow fields for Cases 1 and 5 will eventually become identical, 
as the acoustic waves damp out (as shown in Figs. 81(a) and (b) at 
t = 1.27 s). 
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FIG. 77. Velocity vectors at t = 0.058 s (H/L = 1.0, 
2

þ 1.0 g), under heating rate 
�h = 1.15 � 10�  s. 

FIG. 78. Velocity vectors at t = 0.58 s (H/L  = 1.0, þ1.0 g), under heating rate �h = 1.15 � 10�2 s. 

c. Effects of Aspect Ratio. Simulations were carried out for varying values of 
aspect ratio H/L = 1.0, 0.5 and 5.0 as shown in Table VII (Cases 1, 6 and 7, 
respectively). The time constant of the heating rate is �h = 5.76 � 10–5 s and  
the value of � = þ1.0 g for all three cases. The early time variation of pressure 
at the mid point of the enclosure is shown in Fig. 80 for Cases 1, 6 and 7. 
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FIG. 79. Velocity vectors at t = 1.27 s (H/L = 1.0, þ1.0 g), under varying heating rates: 
(a) �h = 5.76 � 10�5  s (b) �h = 1.15 � 10�2 s. 

FIG. 80. Variation of pressure with time at the mid point of the enclosure 
 (�h = 5.76 � 10�5 s, þ1.0 g), for different aspect ratios. 



 
 

 

 

10 

(b) 0.01 

(a) 

y 
(m

m
)

5 

0 

0.01 

100 

80 

60 

40 

20 

0 

y 
(m

m
) 

0 5 10 15 20 0  5 10  15 20 

x (mm) x (mm) 

86 B. FAROUK ET AL. 

 FIG. 81. Velocity vectors at t = 1.27 s (�h = 5.76 � 10�5 s, þ1.0 g), under different aspect 
ratios: (a) H/L=0.5 (b) H/L=5.0. 

For an enclosure with the smallest aspect ratio (H/L = 0.5), the acoustic 
waves reverberate in the enclosure with a higher frequency and the pressure 
increase at the mid point is rapid. For larger aspect ratios, the above fre­
quency decreases, as does the rate of increase of pressure at the mid point of 
the enclosure. 

The flow fields at t = 1.27 s for Cases 6 and 7 (which have non-unity aspect 
ratios) are shown in Figs. 81(a) and (b). The corresponding plot for Case 1 
was shown earlier in Fig. 81(a). In all cases, two eddies created by the 
buoyancy induced flow form near the bottom wall. In the case of H/L = 5.0 
(Case 7) the eddies only affect the lower part of the domain, with the rest of 
the domain unaffected. For the tall enclosure (Case 7), the flow field was 
computed for an extended time. The velocity fields at t = 3.8 s and 7.02 s are 
shown in Figs. 82(a) and (b) for Case 7. A multicellular flow field develops 
for this case. 

d. Conclusions. Interaction of the flow fields in an enclosure generated 
by acoustic waves (created by rapid heating of the bottom wall) and the 
buoyancy effects were studied by solving the unsteady compressible 
Navier-Stokes equations. The rapidity of the wall heating process is directly 
proportional to the strength of the pressure waves induced. The thermally 
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F . 82. Velocity vectors for H/L=5.0, � = 5.76 � 10�5 
IG h s, þ1.0 g, at (a) t = 3.8 s; (b) t = 7.02 s. 

induced waves create an essentially one-dimensional oscillatory flow in the 
enclosure, which damps out with time. The buoyancy induced flow is devel­
oped slowly compared to the acoustic wave-induced flows. In addition, the 
strength of the thermally induced waves has significant effects on the temporal 
development of the buoyancy induced flow. The stronger acoustic wave 
induced by faster heating will delay the development of buoyancy induced 
flow. It is also observed that the thermally generated flow field and the buoy­
ancy induced flow field are both affected by the aspect ratio of the enclosure. 

Acoustic waves can be generated in an enclosure by rapid heating of a wall 
for ideal gas, real gas or supercritical fluid. Similar pressure wave shapes are 
observed for all compressible fluids. However, the strength of pressure wave 
increases when the initial pressure increases, because of the variation of 
thermodynamic properties. The rapidity of the wall heating process is 
directly proportional to the strength of the pressure waves induced. Impul­
sive heating is found to generate a strong thermally induced acoustic wave; 
however, the damping rate for the resulting velocity field is high. Immedi­
ately after the heating, the thermally induced wave creates an oscillatory 
flow in the enclosure’s flow field, which will then damp out with time. 
The buoyancy induced flow is developed slowly in comparison with the 
acoustic wave-induced flows, but it will reach at the steady state eventually. 
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In addition, the strength of the thermally induced wave has a significant 
effect on the temporal development of the buoyancy induced flow. It is also 
observed that the thermally generated flow field and the buoyancy induced 
flow field are both affected by the aspect ratio of the enclosure. 

V. Experimental Study of Thermally Induced Acoustic Waves in Gases 

A. INTRODUCTION 

The behaviors of thermally induced acoustic waves generated by the rapid 
heating of a bounding solid wall in a closed cylindrical tube are investigated 
experimentally. In the experiments, a resistance-capacitance (R-C) circuit is 
used to generate a rapid temperature increase in a thin nickel foil located at 
one end of the closed cylindrical tube. The thermally generated pressure 
(acoustic) waves are generated inside the tube, and undergo repeated reflec­
tions at the two ends of the tube and gradually decay. The time-dependent 
gas pressure variation in the tube and the voltage and temperature histories 
of the foil are recorded by a fast-response measurement system. Finally, the 
measurement results are compared with the numerical results. 

B. EXPERIMENTAL APPARATUS AND PROCEDURE 

The realization of a rapid increase of a wall temperature is of significant 
interest in the experimental design. The temperature increase rate does not 
only influence the character of thermally induced acoustic waves, but it also 
determines whether the wave generated can be detected by a sensor. With the 
knowledge gained from past work [56], we utilize a direct-current heating of 
a metal-foil covered end-piece of a plastic tube by means of an R-C circuit. 
A schematic of the experimental setup is shown in Fig. 83. 
A plastic tube with an inside diameter of 38 mm and a length of 201 mm is 

used for studying the thermally generated acoustic waves. A nickel foil 
completely covers one end of the tube and is attached with a mica end­
piece. A similar mica plate is used at the other end of the tube. These mica 
plates ensure rigid reflecting surfaces for the pressure waves. In addition, 
flexible EPDM (ethylene propylene diene monomer) rubber plates and thick 
plastic plates are added at the back of the mica plate and anchored with the 
tube to ensure a good seal for the tube. The foil is anchored by two long 
copper bars that serve as connection wires and supports for the foil. 
The cross-sectional dimensions of the copper bars are 70 mm � 70 mm. 
This minimizes the voltage drop through the copper bar, and guarantees 
that the electric current flows through the foil evenly. 
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FIG. 83. Schematic of the experimental set up [79]. 

A very thin nickel foil (thickness is 6.0 mm, electrical resistivity is 
6.84 � 10–8 �-m) is used in the present study for rapid heating of its surface. 
A silicon-control-rectifier (SCR), (Littelfuse, model: TO-218X) with a 2.5 ms 
triggering time is used to fully discharge the capacitor. This arrangement 
provides a rapid rise of the foil temperature for generating the acoustic 
waves in the surrounding gas along the tube. Some other advantages of the 
R-C heating system include good repeatability and easy control of heating 
rate and maximum temperature increase. The details of the apparatus and 
circuit elements are listed in Table VIII. 
In the experimental setup, the dimensions of the foil (attached around a 

circular mica end-piece) are 42 mm � 50 mm � 6.0 mm. The electrical resis­
tance of the foil is calculated to be 0.014 �. By carefully calculating every 
component in the R-C circuit, the circuit efficiency E ¼ Rfoil=Rtotal is found to 
be about 53%. Several capacitors rated at 18.0 mF, 27.0 mF and 56.0 mF are 
used for the measurements. The circuit time constant, �RC ¼ Rtotal 	 C is 
hence 0.0005 s, 0.00071 s, and 0.0015 s for capacitances of C = 18.0 mF, 
27.0 mF, and 56.0 mF used in the circuit, respectively. 

Two different types of pressure probe (see Fig. 84) are used to measure 
and monitor the thermally generated acoustic waves in the tube. A conden­
ser microphone (12.7 mm Brü el & Kjær model 4193) and a piezoresistive 
pressure transducer (Endevco model 8507C-1) are used. The probes are 
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TABLE VIII 
SPECIFICATIONS FOR THE EXPERIMENTAL SYSTEM [79] 

No. Part Make and model Specification 

1 Capacitors Sprague Antex A8 18, 27 and 56 mF 
2 SCR Littelfuse TO-218X Max trigger time: 2.5 ms 
3 Foil Nickel, 0.006 mm thick, 99.95%, 

resistivity 6.84 � 10–8 �-m 
4 Thermocouple Omega Bare-8-E-12 12.7 mm dia. E-type 
5 Pressure probes B&K 4193 with UC0211 2 mV/Pa 

adaptor 
Endevco 8507C-1 2.1 mV/KPa 

6 Data acquisition board NI 6052E 333 kHz 

(a) Brüel & Kjær microphone (b) Endevco pressure transducer 

4 Conductor cable 
Housing
 

Diaphragm
 

Backplate 
SoundSound 
fieldField 

0.020 (.51) DIA 
Vent vent tube 

Wall of 
Wall of enclosure 

enclosure 

FIG. 84. Details of the pressure probes [79]. (a) Bru el & Kjær microphone. (b) Endevco 
pressure transducer. 

¨

mounted transversely on the plastic tube (see Fig. 93), with the sensing 
surfaces flush with the tube inner wall. The probes are thus directly exposed 
to the gas and minimally interfered with the pressure wave propagation. The 
gaps between the probe boundaries and the holes are sealed by Dow Corning 
832 non-corrosive sealant. The Brü el & Kjær condenser microphone was 
chosen because of its high sensitivity, fast response, and wide frequency-
response band. For the Brü el & Kjær condenser microphone, the detection 
system also included a low-frequency adaptor (UC0211), a microphone 
preamplifier (model 2669) and a conditioning amplifier (ZN 2690). The 
piezoresistive pressure transducer, Endevco 8507C-1, is used to measure 
the variation of the total pressure (sum of the static and dynamic 
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components) in the tube. The Endevco 8507C-1 piezoresistive pressure 
transducer is powered and conditioned by a 4428A signal conditioner. 
The sensitivity of the Endevco transducer is, however, not sufficient to 
allow the measurement of the small dynamic pressure fluctuations in the 
tube due to the sudden heating of the foil. Use of these two pressure 
transducers allow us to probe the thermally induced acoustic waves in 
greater detail than reported earlier. 
The Brü el & Kjær 4193 condenser microphone (see Fig. 84 (a)), consists of 

a metal housing, inside of which a delicate and highly tensioned diaphragm 
is placed ahead of a back-plate. The distance between the diaphragm and the 
back-plate changes if there is any pressure difference between the micro­
phone housing and the tube volume exposed to the diaphragm. The corre­
sponding capacitance variation is converted to pressure signal by the 
microphone cartridge (not shown). To eliminate the influence of static 
pressure variation and protect the diaphragm, the microphone housing is 
connected to the tube medium by a static pressure equalization vent hole 
(Fig. 84 (a)). The narrow vent hole ensures that the static pressure of the 
microphone housing follows the pressure variation in the tube. The vent hole 
was designed [84] to equalize the static pressure variations without suppres­
sing the low-frequency components of the dynamical acoustic pressure 
which are to be measured. The time constant of the microphone’s pressure 
equalization system is about 0.1 s; therefore, frequencies below 10 Hz are 
affected by the vent hole. The Brü el & Kjær 4193 microphone is thus suitable 
for measuring the dynamic pressure variation when the static pressure in the 
tube remains constant or varies slowly. 

The Endevco 8507C-1 piezoresistive pressure transducer, shown in Fig. 84 (b), 
on the other hand, measures the variation of resistance due to the pressure 
difference between the two sides of the piezoresistive element. One side is 
exposed to the gas in the tube and the other side communicates with the 
outside ambient via a vent tube. 

Other than the pressure measurements, the temperature and voltage drop 
histories of the foil (after the capacitor is discharged) are also recorded in our 
measurements. Previous numerical studies [54] of thermally generated acous­
tic waves by a rapidly heated surface show that the early temperature 
behavior of the heated surface (during the first several micro-seconds) has 
a significant influence on the behavior of the acoustic wave generated. 
Hence, we pay special attention to the measurement of the foil temperature 
at early times after the capacitor is discharged. Chromel-constantan type E 
thermocouples with a diameter of 12.7 mm are used for their fast response 
time. The attachment of thermocouple on the foil is also critical. Silver 
adhesive (503, Electron Microscope Science) was chosen after evaluating 
many other brands of adhesives, mainly for its high thermal conductivity 
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and ease of applicability. Due to its heat capacitance, the adhesive slows 
down the response time of the thermocouple at very early times. The signals 
from the thermocouple probe are conditioned by an Omega Omni Amp IIB­
E conditioning amplifier. The amplifier not only amplifies the weak signal 
from the thermocouple, but also isolates the high-frequency electrical dis­
turbance by its interior signal conditioning circuit. Although the amplifier 
eliminates the electrical disturbance at early times, it does not accurately 
record the peak value of the temperature rise of the foil (due to signal 
conditioning by the Omega Omni Amp IIB-E amplifier). 
The analog temperature, pressure and voltage measurements were 

recorded, digitized and saved through a National Instrument SCB-68 term­
inal block and a 6052E data acquisition (DAQ) board. High sample rate 
(333 kHz) of the 6052E DAQ board guarantees that the signals are recorded 
with high fidelity. The data acquisition system also provides a voltage output 
to a relay to control the triggering time of the SCR. 
Before each experiment, all devices were powered up and run such that the 

warm-up time requirements were met. All modules and devices were checked 
for the reliability of the experiment. The capacitor was charged up to a 
desired voltage V0, which was measured by an HP 34401A multi-meter. 
The LabView 7.0 software was used to record the signals of temperature, 
voltage and pressure in the experiments, and to provide controlling signals. 
The SCR was triggered to initiate the experiment. At this point in the 
experiment, the capacitor is discharged causing rapid heating of the foil. 
The foil temperature gradually falls after the initial rapid rise. For most 
experiments, data were collected for about 5.1 s. After one experiment was 
carried out, the experimental conditions were initialized before the next set 
of measurements was made. Each experiment was repeated several times in 
order to confirm the measurements. 

C. EXPERIMENTAL RESULTS AND DISCUSSION 

Approximately one hundred experimental runs were carried out with the 
test rig using air at ambient conditions (p0 = 1 atm., T0 = 299 K). The nickel 
foil used for the rapid heating was 6.0 mm thick. Several capacitors rated at 
18.0 mF, 27.0 mF and 56.0 mF were used for the measurements. For a given 
capacitor, a number of different charging voltages V0 were applied. 

Figure 85 exhibits the transient voltage drop across the foil with C = 27.0 mF 
and V0 = 30 V. The response shows a typical R-C circuit discharge behavior. 
The foil voltage reaches the peak value at about 0.00003 s, and then it gradually 
decreases to zero by about 0.005 s. The foil voltage is about 37% of the peak 
value at approximately t = 0.0011 s. This is close to the calculated circuit time 
constant, �RC ¼ Rtotal 	 C = 0.00071 s for C = 27.0 mF. 
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FIG. 85. Transient voltage drop across the foil at C = 27 mF and V0 = 30 V.
 

The corresponding temperatures measured by the thermocouple are 
shown in Figures 86(a) and (b). At early times (for t < 0.02 s) the measured 
temperature rise rate is found to be much slower than the corresponding 
voltage discharge rate. The temperature rise in the foil depends on the heat 
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FIG. 87. Experimental trace of pressure (p – patm) wave measured by the B&K microphone, 
C = 27 mF, V0 = 30 V [79]. (a) Early time; (b) Later time. 

gain and loss to the air. It is also noted that during the capacitor discharge 
period, the electromagnetic disturbance is high, and the thermocouple can­
not respond during the initial discharge period (for about t < 0.005 s). 
Figures 87(a) and (b) show the trace of the pressure wave measured by 

the Brü el & Kjær microphone under the following conditions: C = 27 mF, 
V0 = 30 V. The probe records a peak when the acoustic wave sweeps past 
the probe diaphragm during its motion from the heated side to the 
unheated side. The next peak indicates the reflected acoustic wave that 
now travels from the unheated side to the heated side. During the first 
several acoustic cycles (Fig. 87(a)) the wave shape shows steep fronts with 
long tails, which is consistent with the previous studies [53]. Due to viscous 
dissipation and energy losses, the characteristics of the acoustic wave pro­
file, i.e., sharp peaks and steep fronts, gradually disappear. The measured 
Mach number of the acoustic wave is about M = 1.03. The pressure varia­
tion recorded by the Brü el & Kjær 4193 microphone over a longer period of 
time (about 5.1 s) is presented in Fig. 87(b). It is interesting to observe that 
the probe records pressure values lower than the ambient value (that is, 
non-physical values) beginning at about t = 0.6 s. The anomalous result is 
traced to the inherent construction and operational features of the Brü el & 
Kjær condenser microphone. The existence of the narrow vent hole 
(see Fig. 84 (a)) causes the non-physical results at longer times. While the 
Brü el & Kjær microphone is suitable for the measurement of dynamic 
pressure where static pressure remains constant, it is not designed for the 
measurement with varying static pressure. When the foil is first heated, it 
heats the gas inside the tube, so the static pressure increases. Therefore, the 
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static pressure inside the tube increases to a maximum value, then decreases 
to the initial value in several seconds as the heat is lost to the outside 
environment from the wall. As the diameter of the vent hole connecting 
the microphone housing to the pressure field in the tube is very small, the 
static pressure inside the microphone housing varies more slowly than that 
in the enclosed pressure field. Within some time period, the static pressure 
inside the microphone housing becomes greater than that of the air in the 
tube, causing the pressure readings to fall below zero (from t = 0.6 s to 
t = 4.2 s in Fig. 87 (b)). Finally, the static pressure difference between the 
microphone housing and the tube is eliminated (due to the cooling of the 
system), and the pressure measurement will become equal to zero, as dis­
played in Fig. 87(b) as time approaches t = 5.0 s. 

As mentioned earlier, a second pressure probe, the Endevco 8507C-1 
piezoresistive pressure transducer, was also used in the experiments. In 
contrast to the Brü el & Kjær 4193 microphone, the vent hole of the Endevco 
8507C-1 pressure transducer is exposed to outside the test section (see Fig. 84 
(b)), so the variation of static pressure inside the test section does not cause 
any anomalous results. The unfiltered measurements made by the Endevco 
probe are shown in Figs. 88(a) and (b), for the same experimental conditions 
used to produce Figs. 87(a) and (b). At early times, the pressure waves 
measured by both probes are quite similar, except the noise generated by 
the Endevco probe is much higher and causes distortion in the signal. More 
interestingly, the two measured pressure shapes are very different for longer 
times (compare Figs. 87(b) and 88(b)), for reasons discussed above. 
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FIG. 88. Experimental trace of pressure wave (p – patm) by the Endevco pressure transducer 
(unfiltered) at C = 27 mF, V0 = 30 V [79]. (a) Early time; (b) Later time. 
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FIG. 89. Comparison of pressure (p – patm) measurement by the Bru el & Kjær microphone 
(unfiltered) and Endevco pressure transducer (filtered) at C = 27 mF,V0 = 30 V. 

¨

To decrease the noise in the Endevco probe results, the signal is digitally 
filtered by using a third-order Butterworth method. The comparison between 
the measurements by the two pressure probes, using the filtered results for the 
Endevco probe, is given in Fig. 89. No apparent negative (lower than ambient) 
pressure signal is found for the Endevco probe, due to its construction and 
measurement principle. From our experiments, we find the Brü el & Kjær 
microphone to be useful for the measurements of the dynamic pressure wave 
(provided that there is no variation in the background static pressure), while 
the Endevco pressure transducer is useful for the measurement of the overall 
pressure variations where there is less fluctuation in the pressure field. 

A series of measurements were carried out where the capacitor “charge 
voltage” was varied. Figure 90 shows the effects of the charge voltage on the 
temporal decay of voltage across the foil where C = 27 mF. The correspond­
ing temperature measurements are given in Fig. 91. Any change of the charge 
voltage of the capacitor only changes the electric energy stored in the capa­
citor; it does not affect the characteristics of the circuit. The variation of the 
maximum voltage drop across the foil with charge voltage is shown in Fig. 91 
with C = 27 mF. The relationship is found to be almost linear (Fig. 92). 

Figure 93 exhibits the effects of the charge voltage of the capacitor on the 
acoustic wave (early time) as measured by the Brü el & Kjær microphone 
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FIG. 93. Effects of charge voltage on the pressure (p – patm) wave (early time) as measured 
by the Bru el & Kjær microphone, C = 27 mF. ¨
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FIG. 94. Variation of the unattenuated amplitude of the acoustic wave with charge voltage, 
C = 27 mF. 

under similar conditions. Stronger acoustic waves are generated for higher 
charge voltages, because of the higher temperature increases rate. In 
addition, the static pressure increase is higher for higher charge voltage. 
The variation of the unattenuated amplitude of the acoustic wave with 
charge voltage is given in Fig. 94. The amplitude of the first pressure peak 
as measured in the middle of tube is plotted. Physically, the acoustic wave 
originates from the local pressure disturbance near the wall introduced by 
sudden gas temperature increase. The sudden gas temperature increase is 
due to the heat conduction from the foil that is rapidly heated. Therefore, 
the strength of the generated acoustic wave is found to vary almost 
linearly with the charge voltage. 

Figure 95 shows the effects of the capacitor value, or capacitance, on the 
voltage decay rate across the foil at V0 = 30 V as the capacitor is discharged. 
The corresponding temperature measurements are given in Fig. 96. The 
capacitor value not only changes the amount of electric energy stored in 
the capacitor according to the relationship Q ¼ CV , but also changes the 
discharge character of the circuit. 

Figure 97 exhibits the effects of capacitor value on the acoustic wave 
(early time) as measured by the Brü el & Kjær microphone under similar 
conditions. The higher capacitor values result in high energy input from 
the foil,  so  the acoustic wave generated is stronger, with higher static 
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FIG. 95. Effects of capacitance on the voltage drop across foil at early times, V0 =30 V. 

440 

T
 (

K
) 

420 

400 

380 

360 

340 

320 

300 

C = 18 mF 

C = 56 mF 
C = 27 mF 

0 1 2 3 4 5 
Time (s) 

FIG. 96. Effects of the capacitance on the temperature response of the foil, V0 = 30 V. 

pressure increases. The variation of the first peak of the acoustic wave 
with capacitance (as measured at the midpoint of the tube) is given 
in Fig. 98. 



101 ACOUSTIC WAVE INDUCED FLOWS AND HEAT TRANSFER 

200
 

150
 

C = 18 mF  
C = 27 mF  
C = 56 mF  

0.004 0.005 

P
 (

P
a)

 

100
 

50
 

0 
0	 0.001 0.002 0.003 

Time (s) 

FIG. 97. Effects of the capacitance on the acoustic wave (early time) measured by the
 
Bru el & Kjær microphone at V0 = 30 V.
 ¨

20 

P
 (

P
a)

 35 

30 

25 

40 

45 

20 25 30 35 40 45 50 55 60
 
Capacitance (mF)
 

FIG. 98. Variation of the unattenuated amplitude of the pressure (p – patm) wave with
 
capacitance at V0 = 30 V.
 



102 B. FAROUK ET AL. 

1. Estimation of Experimental Uncertainty 

Several independent measurements were performed for the completion of 
the experimental study. These measurements are as follows: gas pressure in 
the tube (as measured by the Brü el & Kjær 4193 microphone and the 
Endevco 8507C-1 pressure transducer), foil temperature as measured by 
the fine thermocouple, and voltage decay across the foil. All measurements 
are recorded by the NI 6052E DAQ board. The accuracy of the NI 6052E is 
+4.747 mV for the range of voltage measurements made by the 4193 micro­
phone, +0.479 mV for the 8507C-1 pressure transducer measurements, and 
+0.242 mV for the thermocouple measurements. 

There are two sources of error in the Brü el & Kjær 4193 microphone 
system: +0.2 dB from the 4193 microphone itself and +0.1 dB from the 
2690 signal conditioner. With the error introduced by the DAQ board, the 
total maximum error for the pressure measurements made by the Brü el & 
Kjær 4193 microphone is estimated to be +0.15 Pa. There are also two 
sources of error in the Endevco 8507C-1 pressure transducer system. 
The uncertainty of the Endevco 8507C-1 pressure transducer is 0.25% of 
the “full scale output” (6895 Pa); also, the 4428A signal conditioner has an 
uncertainty of 0.2% of the “full scale output”. The total uncertainty of the 
8507C-1 pressure transducer system is +31.03 Pa. 

The errors in the thermocouple measurements include +0.045�C error 
from the cold junction compensation, 0.01%/�C instability from the ampli­
fier, +0.02�C error from conversion relation, and +0.08�C DAQ board 
error. Consequently, the total temperature error is 0.145�C plus 0.01% of the 
reading value. The only error in the voltage measurement is from the DAQ 
board, which is +7.47 mV. 

The uncertainty associated with the experimental data is estimated by 
using the method recommended by Kline [85]. Both the transient pressure 
measurements by the Brü el & Kjær 4193 microphone and voltage measure­
ments exhibit very high degrees of consistency and very low uncertainties. 
For the 4193 microphone measurement, the uncertainty, with a 95% con­
fidence level, is 0.75% for the experimental case with the lowest charging 
voltage and capacitance. The corresponding uncertainty is 0.07% for the 
voltage measurements. The transient pressure measurements by the Endevco 
8507C-1 pressure transducer show significant noise, due to the uncertainty 
being close to the amplitude of the pressure fluctuation. The maximum 
uncertainty is +1.0% for the temperature measurements. 
The ambient temperature for all runs is within +0.6% of 299 K, and the 

ambient pressure is within +1% of the standard atmospheric pressure. The 
error associated with the variation of the ambient conditions is considered to 
be minor. 
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2. Comparison of Numerical and Experimental Results 

To simulate the presence of possible leakage in the experimental tube, part 
of the side boundary was also considered as being open, as shown in Fig. 99, 
in some of the calculations. A 50 � 1000 (r � z) grid size is used for all 
calculations as the problem is essentially one-dimensional (in the z-direction) 
for the short time-scale considered. A very fine mesh in the axial direction 
allows us to capture the characteristics of the thermally induced acoustic 
waves. In the simulations, we provide the transient temperature history of 
the foil as the temperature boundary condition for the heated wall. Defining 
the transient temperature history of the foil is rather challenging. We used 
the experimental measurements of both voltage and temperature decay 
to develop the thermal boundary condition for the heated wall for the 
numerical simulations. 

a. Temporal Foil Temperature. The experimental measurements of both 
voltage and temperature decay were used to develop the thermal boundary 
condition of the heated wall for the numerical simulations. Limited by the 
properties of the used thermocouple, its contact with the foil and the electric 
noise of the discharging circuit, the thermocouple in our experiments can not 
accurately measure the foil temperature at very early times. The foil voltage 
measurements and the electric energy input into the foil were used to develop 
the temperature decay rate at very early times. 
Figure 100 gives the foil voltage measurements and the foil temperatures 

calculated from the foil voltage measurements for the case of V0 = 30V and 
C = 27 mF. In the calculation of temperature (from the voltage measure­
ments), an energy balance equation for the foil is considered: 

@T V ðtÞ2 

�c�A ¼ þ qloss ðV:1Þ 
@t Rfoil 
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FIG. 100. Measured foil voltage and calculated foil temperature at early times, C = 27 mF 
and V0 = 30 V. 

Here, c is the specific heat of the foil, A is the foil area, qloss is the total heat 
loss of the foil to the ambient environment, and V(t) is voltage response of 
the foil. Here, we consider two cases: (a) no heat loss, qloss = 0, and (b) heat 
loss by radiation, qloss¼qrad ¼ �
bðTfoil � TambientÞ 

where � is the absorptivity of the foil (0.36) and 
b is the Stefan-Boltzmann 
constant. 

The above equation was numerically solved by an explicit scheme. From 
the calculated temperature profiles (with and without heat loss), we find 
from Fig. 100 that the heat loss term has only a slight effect on the foil 
temperature during the temperature rise time (within the initial 0.001 s). 
Figure 101 shows the comparison of the calculated foil temperature 

(with radiation heat loss) from the voltage measurements and the thermo­
couple temperature measurements. As stated earlier, the thermocouple 
data were conditioned by an Omega Omni Amp IIB-E conditioning 
amplifier. The adhesive (silver paint) used also slows down the response 
of the thermocouple. These effects perhaps cause the measured tempera­
ture data at early times to be under-predicted. For larger values of time, 
somewhat different reasons cause the discrepancy between the measured 
and predicted values of the temperature. There are several sources of heat 
loss, such as convective heat loss to air and conduction losses to the 
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FIG. 101. Calculated foil temperature (with radiation heat loss) and thermocouple 
measurements, C = 27 mF and V0 = 30 V. 

copper bars and the mica plate, that were not considered in Eq. (V.1). 
Independent experiments in simple systems confirm that the temperature 
measurements at larger values of time (t > 0.1 s) are accurate. 
A polynomial fit of the measured data was obtained for t > 0.1 s. We 

extend the polynomial fit for the measured temperature decay from 
t = 0.1 s to t = 0.0001 s, as shown in Fig. 102. We show the temperature 
profiles shown in Fig. 101 one more time in Fig. 103 albeit for early times 
(0 > t > 0.01 s). For the experiments, the foil temperature increases 
rapidly and then gradually decays. The predicted temperature increase 
of the foil (from the voltage measurement) meets the extrapolated curve 
of the temperature decay at about t = 0.0007 s. This is close to the calcu­
lated circuit time constant, �RC ¼ Rtotal 	 C = 0.00071 s for C = 27.0 mF as 
discussed earlier. 

The constructed temperature profile for the foil is shown in Fig. 104 for 
0 > t > 4.4 s. The initial temperature rise for the foil when 0 > t > 0.0007 s is 
given as 

8 �	 	 X 
T ¼ a0 þ ai 
 cosði 
 1000 
 t 
 wÞ þ bi 
 sinði 
 1000 
 t 
 wÞ þ 297:636 

i¼1 

ðV:2Þ 
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FIG. 102. Extrapolation of measured foil temperature, C = 27 mF and V0 = 30 V.
 

FIG. 103. Extrapolation of measured foil temperature, C = 27 mF and V0 = 30 V.
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FIG. 104. Measured and calculated foil temperature history C = 27 mF and V0 = 30 V. 

where a0 = 140.3, a1 = –60.57, a2 = –34.98, a3 = –22.27, a4 = –13.28, a5 = –6.817, 
a6 = –2.757, a7 = –0.7334, a8 = –0.05938, b1 = –30.39, b2 = –13.74, b3 = –2.497, 
b4 = 2.769, b5 = 4.091, b6 = 3.337, b7 = 1.943, b8 = 0.7773, w = 2.393 

When 0.0007 s > t > 4.2 s, 

a 
T ¼ þ 297:636; ðV:3Þ 

10t þ b 

where a = 50.92, b = 0.3704 
The above corrected temperature history (Eqs. (V.2) and (V.3)) for 0 > t > 

4.2 s was used as the temperature input in our numerical simulations for the 
experimental case where V0 = 30V and C = 27 mF. The method was used to 
obtain foil temperature histories for other cases with different charge vol­
tages and capacitances. 

The numerical model described earlier was used to obtain the predictions 
of the flow and pressure fields in the tube driven by rapid heating of the foil. 
For the pressure at the mid point of the tube wall, the comparison of the 
numerical and experimental results is given in Fig. 105(a), where V0 = 30 V 
and C = 27 mF. In the first several acoustic cycles (t < 0.002 s) the numerical 
and experimental results have an excellent match. The thermal boundary 
condition for the foil was switched from Eq.(V.2) to Eq. (V.3) at t = 0.0007 s. 
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FIG. 105. Comparison of experimental and computational pressure waves, C = 27 mF and 
V0 = 30 V. (a) Early time. (b) Later time. 

The good agreement between the computational and experimental pressure 
results demonstrates that the method for considering the transient foil 
temperature is reasonable. 

The comparison for the long time scale is shown in Fig. 105 (b). In the 
numerical model, all walls are considered smooth and rigid, and also the 
system is assumed to be sealed perfectly. The numerical results correctly 
predict the pressure wave speed and amplitude of dynamic pressure fluctua­
tions to be the same as the experimental results. The pressure in the compu­
tational study is, however, found to be larger than the experimental 
measurements. In the experiments, the acoustic energy is partially absorbed 
by the walls when the wave hits one. There is also the possibility of the 
existence of leakage in the experimental setup. We repeated the simulations 
with a small opening at the side boundary (0.1% of the tube length). The 
computational pressure results considering the leakage are also shown in 
Fig. 105 (b). Compared to the sealed case, the pressure response in this case 
is much closer to the experimental results. 
Figure 106 shows the comparison of experimental data and numerical 

predictions for three cases: C = 27 mF and V0 = 25 V, C = 27 mF and 
V0 = 35 V, and C = 56 mF and V0 = 30 V. The computational and experi­
mental results are found to have the same acoustic speeds and similar wave 
shapes. The comparisons between the computational and experimental 
results on the unattenuated amplitude of the acoustic wave (the first peak 
measured in the middle of the tube) for different charging voltages are given 
in Fig. 107. In all the different cases, the computational results are found to 
be close to the experimental results. The maximum deviation between the 
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FIG. 106. Comparisons of experimental and computational pressure waves at the middle of 
the tube for different charging voltages and capacitances. 

experimental measurements and numerical predictions is about –7%, for the 
case of V0 = 45V and C = 27 mF. The computational results are always 
found to slightly under predict the experimental results. The reason the 
computational results are always a little bit lower than the experimental 
results may be that the parameters that used in the numerical model are 
slightly different from the real value. For example, the thickness of the metal 
foil plays a significant role in the numerical model. However, the value given 
by manufacturer has +10% toleration. Therefore, it is possible that the 
input of our numerical model is not totally same as the experimental setup. 

3. Conclusions 

Experimental measurements were carried out to characterize the genera­
tion, development and decay of thermally induced acoustic waves in a cylind­
rical tube. In the experiments, the development and the decay of pressure 
waves inside the tube were investigated by two different pressure probes, and 
the different results are explained by the physics of the probes. The strength of 
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FIG. 107. Comparison of experimental and computational results on the unattenuated 
amplitude of acoustic wave at the middle of the tube at C = 27 mF. 

the unattenuated amplitude (the first peak) of the acoustic wave produced is 
found to be linearly dependent on the temperature increase rate of the foil at 
early times. At early times, the computational and experimental results are an 
excellent match. The experimental measurements and numerical results for 
the pressure evolution, however, do not match well at larger times. This is 
perhaps due to the presence of leaks in the chamber and damping due to the 
walls (considered rigid in the simulations). However, the physical features of 
the computational and experimental results are in good agreement. 

VI. Thermally Induced Acoustic Waves in Supercritical Fluids 

A. INTRODUCTION 

In general, near-critical fluids have higher thermal conductivities and 
densities than gases, and the compressibilities are much higher. The use of 
the van der Waals equation of state for the numerical simulation of the 
piston effect was recently studied by Wagner et al. [86,87] for near-critical 
fluids by using the SIMPLE algorithm [88]. Unfortunately, the authors do 
not indicate the heating rate at the left wall. The thermally induced acoustic 



  

  

  t > 0 t > 0 
T1 Tr 

Supercritcal CO2 

X 

T i,P i 

t = 0 

L 

111 ACOUSTIC WAVE INDUCED FLOWS AND HEAT TRANSFER 

wave development, propagation, and reflection etc. were also not explicitly 
predicted, although they found that the van der Waals equation of state 
under-predicted the magnitude of the pressure wave significantly, as com­
pared to the predictions using the NIST database 12 [67]. 

The generation and propagation of thermally induced acoustic waves in 
supercritical carbon dioxide are investigated [89] via a high-order numerical 
scheme. The generation, propagation and dissipation of the thermally 
induced acoustic waves in a supercritical carbon dioxide filled layer are 
predicted. A one-dimensional problem is considered where supercritical 
carbon dioxide is contained between two infinite parallel plates. The NIST 
database 12 was used to obtain the �-p-T relations for supercritical carbon 
dioxide as well as the internal energy i = f(�,T) and thermal conductivity, and 
viscosity relations k = k(�,T), �= � (�,T) 

A confined layer (0.01 m) of supercritical carbon dioxide (p >pcr; T > Tcr 

where pcr = 7.377 MPa and Tcr = 304.1 K) is considered. The left wall is 
impulsively heated/cooled to initiate the thermally induced acoustic waves 
(see Fig. 108). The right wall is held at the initial temperature. The thermally 
induced acoustic wave generated is studied as a function of space and time. 
The one-dimensional continuity and the compressible form of the Navier-

Stokes equations are used to describe the generation and propagation of 
thermally induced acoustic waves in supercritical carbon dioxide: 

@� @ð�uÞ þ ¼ 0 ðVI:1Þ 
@t @x 

FIG. 108. Schematic of the problem geometry. 
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@ð�uÞ @ð�u2Þ @p @�þ þ ¼ ðVI:2Þ 
@t @x @x @x 

@ð�eÞ @ @ @qþ ½ð�e þ pÞu� ¼  ½u� � � ðVI:3Þ 
@t @x @x @x 

Where t is time, � is density, u is the velocity component, e is the total energy, 
p is pressure, and q is the heat flux. 

2Here e ¼ i þ u =2, and  i is the internal energy. The equation of state is 
represented as p = f (�, T). 

The component of the heat-flux is written as follows, where k is thermal 
conductivity and T is temperature: 

@T 
qx ¼ � k ðVI:4Þ 

@x 

The stress component � is given as: 

@u @u 4 @u 
� ¼ l þ 2� ¼ � 0 þ � ðVI:5Þ 

@x @x 3 @x 

where m is the dynamic viscosity, l is the second coefficient of viscosity and 

�0 ¼ l þ ð2=3Þ� is the bulk viscosity. 

B. EQUATION OF STATE AND THERMODYNAMIC PROPERTIES OF SUPERCRITICAL 

CARBON DIOXIDE 

The equation of state describing the p-�-T relation of supercritical fluids is 
complicated. It has been shown earlier [90] that the van der Waals equation 
do not represent the properties of supercritical carbon dioxide accurately 
near the critical point. In this study, we used the NIST Standard Reference 
Database 12 for the p = f(�,T) relations and for evaluation of other thermo­
dynamic properties of supercritical carbon dioxide. Variation of pressure for 
carbon dioxide as a function of temperature and density near the critical 
point is shown in Fig. 109, where the p-�-T relation is strongly nonlinear, 
especially near the critical point. Polynomial fits were used in the present 
study to represent, the p = f(�,T), i = f(�,T), k = k(�,T) and �= �(�,T) data 
provided by the NIST Standard Reference Database 12. The temperature 
range considered for the developed polynomials is 304.15–312.5 K, and the 
pressure range is 7.38–8.2 MPa for all the polynomial fits. The pressure 
deviation for the fitted data form the original NIST data ranges from 
0.00002% to 0.01%. The viscosity deviation for the fitted data from the 
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FIG. 109. Variation of pressure for carbon dioxide as a function of temperature and density 
near the critical point. 

original NIST data ranges from 0.00001% to 0.001%, the thermal conduc­
tivity deviation ranges from 0.01% to 9%, and the acoustic speed deviation 
ranges from 0.0004% to 3%. The fitted internal energy deviation from the 
original NIST data ranges from 0.0001% to 0.6%. 
Figure 110 shows the variation of thermal diffusivity of supercritical 

carbon dioxide as a function of temperature and pressure near the critical 
point. It is noted that the thermal diffusivity is very low near the critical 
point. Figure 111 shows the variation of internal energy i = f(�,T) and  
Figure 112 shows the variation of the bulk viscosity of carbon dioxide 
near the critical point. 

C. NUMERICAL RESULTS FOR SUPERCRITICAL CARBON DIOXIDE 

Numerical simulations for thermally induced acoustic waves in super-
critical carbon dioxide were carried out for 8 cases, which are summarized 
in Table IX. The supercritical carbon dioxide media confined within two 
parallel plates is initially considered to be quiescent. 
A thermally induced acoustic wave is generated by a step increase/ 

decrease in the temperature at the left wall dictated by the initial time 
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FIG. 112. Variation of the bulk viscosity of carbon dioxide as a function of temperature 
and pressure near the critical point. 

TABLE IX 
DESCRIPTION OF CASES 

Case Ti[K] Tr[K] Tl[K] pi[MPa] Bulk viscosity 

1 310 310 312 7.9 Zero 
2 310 310 308 7.9 Zero 
3 308 308 309 7.7 Zero 
4 308 308 307 7.7 Zero 
5 306 306 306.5 7.5 Zero 
6 306 306 305.5 7.5 Zero 
7 310 310 312 7.9 Non-zero 
8 310 310 308 7.9 Non-zero 

step of the computations. The temporal variation of the left wall 
temperature is: 

Ti for t ¼ 0
T1ðtÞ ¼  

T1 for t > 0 

The results presented are for the early behavior of thermally induced 
acoustic waves in terms of pressure and other variables. The computational 
domain (1.0 cm) was discretized with 300 grid points. We simulated multiple 
wave reflections and wave damping within a short computational time. 
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1. Parametric Results 

Figure 113 shows thermally induced acoustic (pressure) wave profiles at 
four early different times for Cases 1 (sudden heating) and 2 (sudden cool­
ing). The sudden heating causes a pressure peak while the sudden cooling 
produces a pressure valley. As one gets closer to the critical point, the non­
linearity of p-�-T relation is more prominent. So finer meshes and longer 
computing time are needed for cases closer to critical point. As shown in the 
figure, the pressure waves were generated along the left heated/cooled wall 
traveled towards the right wall with a wave speed of about 197 m/s. This 
predicted wave speed is close to the value obtained from the NIST database 
12. Unlike the characteristic “long tails” of the thermally induced acoustic 
waves in ideal gases, the pressure wave signatures in Fig. 113 show a 
symmetric profile, due to the high density of the supercritical fluid. 
In Fig. 113, the arrows depict the direction in which the waves are moving. 

The four wave profiles (both for heating and cooling) at 0.1 cycle and 0.2 
cycle on the left are traveling towards the right wall. The other four wave 
profiles at 0.6 cycle and 0.7 cycle traveling left are after reflection from the 
right wall. As the wave travels within the two walls, the wave shapes become 
broader due to dissipation. 

FIG. 113. Thermally induced acoustic (pressure) wave profiles at four early different times 
within 1 cycle for Cases 1 and 2. 



117 ACOUSTIC WAVE INDUCED FLOWS AND HEAT TRANSFER 

310.4 

310.2 

310.0 

309.8 

309.6 
0 0.002 

0.1 cycle 0.2 cycle 0.7 cycle 

Case 1 
Case 2 

0.6 cycle 

0.004 0.006 0.008 0.01 

T
 (

K
) 

x (m) 

FIG. 114. Spatial variations of temperature waves at four early different times for Cases 1 
and 2. 

The spatial variation of the “temperature” wave at four early times for 
Cases 1 and 2 are shown in Fig.114. Comparing Figs. 113 and 114, we see 
that temperature waves and pressure waves exhibit similar shapes, and travel 
under the same local sound speed. Thin thermal boundary layers start to 
form at the left wall, which expand slowly toward the right wall with time. 

The temporal variations of pressure at the center point at early time for 
Cases 1 and 2 are shown in Fig. 115. Rapid temporal variations of the 
pressure are predicted as the thermally induced acoustic wave arrives at 
the midpoint after being generated from the left wall and then reflected 
from both walls. Two observations can be made from this figure. First, the 
amplitude of the pressure waves are progressively damped as the energy is 
dissipated in the media. Secondly, the pressure in the bulk fluid gradually 
increases for Case 1 and decreases for Case 2 as the waves travel back and 
forth and undergo dissipative losses. These two observations can be more 
clearly shown in Fig. 116, which shows the temporal variations of pressure at 
the center point for a longer period (0.1 s) for Cases 1 and 2. Another 
interesting observation from Fig. 116 is that the temporal variations of 
pressure at the center for Cases 1 and 2 are not symmetric, although these 
two cases undergo symmetric temperature changes at the left wall. For the 
same initial state, a cooling case generates stronger thermally induced acous­
tic waves than a heating case, as the wave amplitude is determined by the 



� � 

118 B. FAROUK ET AL. 

7,920,000 

7,915,000 

7,910,000 

7,905,000 

7,900,000 

7,895,000 

7,890,000 

7,885,000 

7,880,000 

7,875,000

Case 2 

Case 1 

P
 (

P
a)

 

0 0.0005 0.001 0.0015 0.002 

t (s) 

FIG. 115. Temporal variations of pressure at the center point at early time for Cases 1 and 2. 

value of (@p@T) � which decreases with increasing temperature. For the cases 
studied, a temperature decrease (at constant density) produces a larger 
change in pressure than a corresponding temperature increase. 
The spatial variations of temperature at t = 0.025 s, t = 0.05 s, t = 0.075 s 

and t = 0.1 s for Cases 1 and 2 are shown in Fig. 117. At these times, the 
thermally induced acoustic waves have reverberated within the domain tens 
of thousands of times and the wave amplitudes have damped out consider­
ably, heating/cooling the bulk fluid homogeneously. This demonstrates the 
existence of the so called piston effect in supercritical fluid due to rapid 
heating/cooling. The thermal boundary layers keep expanding as the bulk 
fluid temperatures increase/decrease. Figure 118 shows the spatial tempera­
ture variations for cases 1 and 2, and also for conduction solutions of Cases 1 
and 2 at  t = 0.1 s. The effects of thermally induced acoustic waves in tem­
perature equilibration are evident. For the conduction solutions, the thermal 
boundary layers expand slowly and the bulk temperatures remain essentially 
unchanged even after 0.1 s. Comparing between thermally induced acoustic 
wave results and conduction results after longer times shows the piston effect 
clearly. 
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FIG. 116. Temporal variations of pressure at the center point until 0.1 s for Cases 1 and 2. 

Simulations for other cases with initial states closer to the critical point 
(pcr = 7.377 MPa and Tcr = 304.1 K) were also carried out. We show the 
temporal variations of pressure at the center point until 0.1 s for Cases 3 
and 4 (Pi = 7.7 MPa and Ti = 308 K) in Fig. 119, and for Cases 5 and 6 
(Pi = 7.5 MPa and Ti = 306 K) in Fig. 120. These two figures demonstrate 
that as the thermally induced acoustic waves progressively damp out, they 
heat/cool the bulk fluid homogenously. The simulations for the above cases 
prove the existence of piston effect [91] in the supercritical region. 
Temporal variations of pressure at the center at early time for cases 5 and 

6 are shown in Fig. 121. Figure 122 shows the spatial variations of tempera­
ture at t = 0.025 s, t = 0.05 s, t = 0.075 s and t = 0.1 s showing the piston effect 
for Cases 5 and 6. As the acoustic waves are dissipated, the bulk fluid is 
heated/cooled homogeneously. 

In cases 1–6, simulations were carried out for zero bulk viscosity. Cases 
for non-zero bulk viscosity were also simulated in this study. The conditions 
for Cases 7 and 8 are the same as in Cases 1 and 2 respectively, except 
non-zero bulk viscosity values are considered. Figure 123 shows temporal 
variations of pressure at the center for Cases 7 and 8. Figure 124 shows 
spatial variations of temperature at t = 0.025 s, t = 0.05 s, t = 0.075 s and 



 

   

   

   

   

   

   

   

   

T
 (

K
) 

310.2 

310.1 
t=0.010s 
t=0.075s Case 1 
t=0.050s 
t=0.025s 

Case 2 

310.0 

t=0.025s 
t=0.050s 
t=0.075s 

309.9 t=0.010s 

309.8 
0	 0.002 0.004 0.006 0.008 0.01 

x (m) 

120 B. FAROUK ET AL. 

FIG. 117. Spatial variations of temperature at t = 0.025 s, t = 0.05 s, t = 0.075 s and t = 0.1 s 
for Cases 1 and 2. 

t = 0.1 s for Cases 7 and 8. Through comparing Figs. 123 and 115, 
Figs. 124 and 116, we see that the effect of non-zero bulk viscosity can be 
neglected in these two cases. There are two reasons for this. The first is that 
in this study all cases are one-dimensional. The effect of bulk viscosity may 
be more evident in a two or three dimensional flow problem. The second 
reason is that the computed non-zero bulk viscosity value is not very large 
compared to the molecular viscosity in Cases 7 and 8. The bulk viscosity 
effects will be stronger as the initial state of the fluid is closer to the critical 
point. 

2. Conclusions 

The generation and propagation of thermally induced acoustic waves in 
supercritical carbon dioxide are investigated by numerically solving a fully 
compressible form of the Navier-Stokes equations. The NIST Standard 
Reference Database 12 [67] was used to generate the polynomial fits to 
represent the equation of state and other thermodynamic properties for 
supercritical carbon dioxide. The numerical algorithm used here based on 
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FIG. 118. Spatial temperature variations for Cases 1 and 2, and for conduction solutions of 
Cases 1 and 2 at t = 0.1 s. 
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FIG. 119. Temporal variations of pressure at the center point until 0.1 s for Cases 3 and 4. 
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FIG. 120. Temporal variations of pressure at the center point until 0.1 s for Cases 5 and 6. 
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FIG. 121. Temporal variations of pressure at the center point at early time for Cases 5 
and 6. 
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FIG. 122. Spatial variations of temperature at t = 0.025 s, t = 0.05 s, t = 0.075 s and t = 0.1 s 
showing the piston effect for Cases 5 and 6. 
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FIG. 123. Temporal variations of pressure at the center point until 0.1 s for Cases 7 and 8. 
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FIG. 124. Spatial variations of temperature at t = 0.025 s, t = 0.05 s, t = 0.075 s and t = 0.1 s 
for Cases 7 and 8. 

the FCT algorithm, along with the theory of characteristic-based wall 
boundary conditions for density, provided the higher-order accuracy needed 
to resolve the wave. 
The details of thermally induced acoustic wave generation, propagation 

and decay in supercritical fluids were presented. In this study, non-zero bulk 
viscosity was included in the computational model, however no effect of 
bulk viscosity was found for the one-dimensional cases considered. 

VII. Experimental Study of Thermally Induced Acoustic Waves 
in Supercritical Fluids 

A. INTRODUCTION 

The behaviors of thermally induced acoustic waves, in high pressure and 
supercritical carbon dioxide, generated by rapid heating of a bounding solid 
wall in a closed cylindrical tube were investigated experimentally. In the 
experiments, a thin aluminum foil attached to one end of the cylinder is 
heated by a resistance-capacitance (R-C) circuit, which is controlled by a 
silicon-controlled rectifier (SCR). The rapid heating of the aluminum foil 
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generates a thermally induced acoustic wave in the closed cylinder, in which 
the thermally induced acoustic wave keeps traversing between the two ends 
and undergoes many reflections before it is fully damped out. The time-
dependent pressure variations in the cylinder is measured by a microphone 
located at a specific point on the side of the cylinder, and the temporal 
temperature variations of the aluminum foil are measured by a thermocouple 
attached to it, along with a fast-response data acquisition system (DAQ). 

B. EXPERIMENTAL APPARATUS AND PROCEDURES 

Carbon dioxide is chosen as the working fluid, due to its good character­
istics, such as non-toxicity, non-flammability, inexpensiveness, and benign 
critical temperature (304.13 K) and critical pressure (7.3773 MPa) [92]. The 
thermally induced acoustic waves are generated and travels within a cylinder 
filled with supercritical carbon dioxide, while the DAQ system, the sensor 
cables and wires must be connected to a data logging system (a personal 
computer). 

Figure 125 shows the schematic of the experimental system used. Carbon 
dioxide is stored in a tank, and in order to increase the carbon dioxide 
pressure, a hand pump is employed to pressurize the carbon dioxide in the 
supercritical chamber until the destination pressure is reached (the destina­
tion pressure is above the supercritical pressure). The reason to choose a 
hand pump is that it is able to compresses a fluid within a small volume to 
develop high pressure. A hand pump also enables us to accurately regulate 
the pressure inside the supercritical chamber manually. 

1. Generating Thermally Induced Acoustic Waves 

Based on the past experimental work [93,94], an R-C circuit is employed 
to rapidly heat a metal foil attached to a end of the cylinder by means of 
direct-current heating. The schematic of foil heating is similar to that 
described in Section V.B earlier. Lin and Farouk [94] used 6.0 mm thick 
Nickel foils to generate thermally induced acoustic waves, because with a 
thinner foil, the heating is faster and the maximum temperature of the foil is 
higher, resulting in stronger thermally induced acoustic waves. In this way, a 
better measuring accuracy can be achieved. 
In the experimental setup, the dimensions of the foil (attached around a 

circular mica end-piece) are 42 mm � 50 mm � 6.0 mm. The electrical resis­
tance of the foil is calculated to be 0.014 �. By carefully calculating every 
component in the R-C circuit, the circuit efficiency " = Rfoil/Rtotal is found to 
be about 53%. Several capacitors rated at 18.0 mF, 27.0 mF and 56.0 mF are 
used for the measurements. The circuit time constant, �RC ¼ Rtotal 	 C is hence 
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0.0005 s, 0.00071 s, and 0.0015 s for capacitances of C = 18.0 mF, 27.0 mF, 
and 56.0 mF used in the circuit, respectively. Thermally generated acoustic 
waves are generated and travels within a cylinder of a 1 in diameter. During 
an experiment, the circuit connecting the capacitor and the foil is switched 
on by the SCR, which is triggered by the triggering circuit. 
The critical temperature and pressure for carbon dioxide are 304.13 K and 

7.3773 MPa, respectively. In order to achieving supercritical state, we needed 
to heat the carbon dioxide from the room temperature (generally 295 K) to 
supercritical temperature value, and also to pressurize the carbon dioxide 
form a CO2 tank to supercritical pressure value. A Thermolyne.5 � 40 heat­
ing tape was used to heat the supercritical chamber from the lab room 
temperature (generally 295 K) to the destination temperature (above the 
critical temperature). Rupture discs were employed to make sure that the 
pressure within the system will never be above a specific value. 

For the experiments of thermally induced acoustic waves in supercritical 
carbon dioxide, the probes are in a high pressure zone, while the data needs 
to be transmitted to the DAQ card, which is in an atmospheric region. In 
order to measure the thermally induced acoustic pressure waves in the 
supercritical chamber, the microphone is connected with the preamplifier 
through a screw thread on the preamplifier. A cable connects the preampli­
fier and the amplifier, which is connected with the DAQ card. 

C. EXPERIMENTAL RESULTS AND DISCUSSION 

The experimental initial conditions (pi = 7.69 MPa and Ti = 307 K) were in 
the supercritical region (close to the critical point). At the beginning of an 
experiment, the supercritical chamber was slowly heated by a heating tape, 
which is wound round the chamber, to the set value (Ti = 307 K). After the 
desired temperature was reached, the power of the heating tape was adjusted 
in order to maintain the desired initial temperature. Before the capacitor was 
discharged to generate thermally induced acoustic waves, the supercritical 
chamber was maintained at the initial temperature for some time to ensure 
steady state within it. 

Figure 126 shows the temporal variation of the foil temperature 
(V0 = 35 V). The foil temperature increases rapidly to the maximum value at 
early times (for less than 0.04 s after the beginning of the capacitor-discharge). 

The pressure wave (V0 = 35 V) in the supercritical carbon dioxide is shown in 
Fig. 127. During the first several acoustic cycles (Fig. 127 (a)) the wave shape 
shows the same steep fronts followed by some noises as in gases (Section V). 
The noise in the data is caused by the uneven foil surface and unsmooth internal 
surface of the cylinder. The measured acoustic speed is in a good match 
with value predicted by the NIST Standard Reference Database 12 [92]. 
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FIG. 126. Temporal variation of the foil temperature (V0 = 35 V). (a) Early time. (b) Longer 
time scale. 

FIG. 127. Temporal variation of pressure (p – pi) wave (V0 = 35 V). (a) Early time; 
(b) Longer time scale. 

The effect of capacitor charging voltage on the foil temperature was 
studied in the supercritical carbon dioxide experiments (pi = 7.69 MPa and 
Ti = 307 K). Figure 128 shows the temporal variations of pressure (p – pi) 
wave for different capacitor charging voltages. In Fig. 128 (a), we see that 
the wave speed and the wave shape are the same for different capacitor 
charging voltages. At the early time the wave amplitude is found to be 
dependent on the foil temperature increase rate, which is determined by 
the capacitor charging voltage. 
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FIG. 128. Temporal variations of pressure (p – pi) wave (showing the effect of the capacitor 
charging voltage). (a) Early time; (b) Longer time scale. 

1. Comparison of Numerical and Experimental Results 

Comparison of numerical and experimental results for thermally induced 
acoustic waves in supercritical carbon dioxide at early time was carried out. 
A 0.01-m-long one-dimensional problem geometry was employed for the 

numerical simulation (see Section V), although the length of the cylinder 
filled with supercritical fluids in experimental is 0.257 m. The problem is 
essentially one-dimensional at early time. The mesh size was 500 and the 
Courant number (ðcDt=DxÞ) was 0.4 for the numerical simulation. In the 
numerical model, the temperature boundary condition is determined from 
the experimental measurements. 
Figure 129 compares the experimental and computational pressure waves 

(V0 = 35 V). The vertical axis is pressure (p – pi) and the horizontal axis is the 
non-dimensional time tc/L, where  t is time, c is acoustic speed and L is length. 
The pressure wave speed  and amplitude  predicted in the numerical results 
compare well with the experimental results. Furthermore, as the wave travels 
between the left and right walls, the predicted pressure rise of bulk fluid compares 
well with the measurements. The measurements are a bit noisy due to the uneven 
foil surface. Each wave peak in the experimental results is wider than that in the 
numerical results. The B&K microphone actually measures the average pressure 
within the region covered by the diaphragm, while the numerical results show the 
pressure right at the center cell of the computational domain. 

2. Conclusions 

Experimental measurements were conducted to characterize the genera­
tion, propagation and damping of thermally induced acoustic waves in 
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FIG. 129. Comparison of experimental and computational temporal variations of pressure 
at the center between the left and right walls in supercritical carbon dioxide (V0 = 35 V). 

supercritical carbon dioxide (pi = 7.69 MPa and Ti = 307 K). In the experi­
ments, the generation, propagation and damping of pressure waves for 
different capacitor charging voltage were investigated, and the strength of 
the thermally induced acoustic wave was found to be dependent on the 
temperature increase rate of the foil at early time. Low frequency distur­
bances was observed in both early time and longer time pressure profiles, due 
to the fluid flow within the supercritical chamber induced by the non­
uniform temperature field caused by the heating tape. At early times, the 
computational and experimental results are in good agreement. 

VIII. Summary and Conclusions 

Acoustic waves in compressible media are generated by two kinds of 
sources: rapid heating of the media, and mechanical vibration along a 
bounding/immersed solid wall. The chapter reviews the recent computa­
tional and experimental work on interactions of acoustic waves with viscous 
and conducting fluids. The flow field, and heat transfer associated with both 
types of generation method are characterized by measurements and simula­
tions. The effect of gravity on the propagation and decay of the acoustic 
waves are also reviewed. 
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For high-intensity standing waves driven by wall vibration, the second-
order steady acoustic streaming due to acoustic-boundary layer interactions 
are investigated both experimentally and numerically. The convection 
induced by acoustic streaming is found to have a marked effect on heat 
transfer. In turn, the wall temperature variation also change both the struc­
ture of acoustic streaming and streaming velocity due to the nonuniform 
fluid properties. 

An experimental setup is described that allowed us to characterize acoustic 
waves and visualize the flow field produced. The developed computational 
models provide dynamic simulations of the transport phenomena driven by 
the interactions of acoustic waves with viscous flows and heat transfer. The 
models have been verified by the experimental data, and various simulation 
results in both Cartesian and cylindrical coordinates are presented in the 
chapter. The models developed can be used as flexible design tools in 
industrial applications. 

The generation, propagation and damping of thermally induced acoustic 
waves in an enclosure (filled with a gas or with supercritical carbon dioxide) 
were studied by experimental and numerical methods. In both experimental 
and numerical investigations, thermally induced acoustic waves were gener­
ated by rapidly increasing the wall temperature of the enclosure, and the 
strength of the pressure waves was found to be directly proportional to the 
temperature increase rate. The computational and experimental results are in 
good agreement with each other. 

The numerical model developed for thermally induced acoustic waves was 
applied for a high pressure carbon dioxide. Simulations of thermoacoustic 
waves were obtained in enclosures with initial pressure values varying from 
0.1 MPa to 8 MPa and an initial temperature of 310 K. The pressure and 
temperature values considered include ideal, real gas and supercritical states 
of carbon dioxide. The pressure wave shapes observed in both real gas and 
supercritical states are quite similar to those observed for an ideal gas. 
However, the strength of the pressure waves increase with increasing initial 
pressure, which is explained by the variations of fluid properties with 
pressure. 

The effects of the thermally induced acoustic phenomena on the transient 
natural convection process in an enclosure were studied by solving the 
unsteady compressible Navier-Stokes equations. The effect of gravitational 
acceleration was found negligible for early times. As the acoustic waves lose 
their strength, buoyancy induced natural convection currents dominate the 
flow field. The development of buoyancy induced flow is however, strongly 
affected by the strength of the thermally induced acoustic wave. It is also 
observed that the thermally generated flow field and the buoyancy induced 
flow field are both affected by the aspect ratio of the enclosure. 
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The generation, propagation and decay of thermally induced acoustic 
waves in supercritical carbon dioxide gas are also reported. A numerical 
study was carried out to investigate the characteristics of these waves in near-
critical (super) carbon dioxide gas. The equation of state and property 
variations of the fluid were obtained via NIST Reference Database 12. 
Experimental measurements of thermoacoustic waves in supercritical carbon 
dioxide are also reported. 
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84. Brü el & Kjær (2006). Acoustic Transducers: Pressure-Field Microphones. http://www. 
bkhome.com 



136 B. FAROUK ET AL. 

85. Kline, S. J. and McClintock, F. A. (1953). Describing uncertainties in single-sample experi­
ments. Mech. Eng. 75, 3–8. 

86. Wagner, H. and Bayazitoglu, Y. (2002). Thermal disturbances in near critical fluids. 
J. Thermophys. Heat Transf. 16, 273–279. 

87. Wagner, H., Hos, P., and Bayazitoglu, Y. (2001). Variable property piston effect. 
J. Thermophys. Heat Transf. 15, 497–503. 

88. Patankar,	 S. V. (1980). “Numerical Heat Transfer and Fluid Flow”. Hemisphere, 
Washington, DC. 

89. Lei, Z. and Farouk, B. (2007). Generation and propagation of thermally induced acoustic 
waves in supercritical carbon dioxide. In “ASME International Mechanical Engineering 
Congress and Exposition.” pp. 1–8, Seattle, Washington, DC. 

90. Gillis, K. A., Shinder, I. I., and Moldover, M. R. (2004). Thermoacoustic boundary layers 
near the liquid-vapor critical point. Phys. Rev. E 70, 1–19. 

91. Zappoli, B., Amiroudine,	 S., Carles, P., and Ouazzani, J. (1996). Thermoacoustic and 
Buoyancy-driven transport in a square side-heated cavity filled with a near-critical fluid. 
J. Fluid Mech. 316, 53–72. 

92. Lemmon, E. W., Peskin, A. P., McLinden, M. O., and Friend, D. G. (2000). NIST Standard 
Reference Database 12: Thermodynamic and Transport Properties of Pure Fluids, 
Version 5.0. National Institute of Standards and Technology. 

93. Brown, M. A. and Churchill, S. W. (1995). Experimental measurements of pressure waves 
generated by impulsive heating of a surface. AIChE J. 41, 205–213. 

94. Lin, Y. and Farouk, B. (2008). Experimental and numerical studies of thermally induced 
acoustic waves in a closed enclosure. AIAA J. Thermophys. Heat Transf. 22, 105–114. 



ADVANCES IN HEAT TRANSFER VOL. 42 

Characterization Methods of High-Intensity
 
Focused Ultrasound-Induced Thermal Field
 

RUPAK K. BANERJEE1,2,* and SUBHASHISH DASGUPTA1 

1Department of Mechanical Engineering, University of Cincinnati, Cincinnati, OH 45221 
2Department of Biomedical Engineering, University of Cincinnati, Cincinnati, OH 45221 

I. Introduction 

High-intensity focused ultrasound (HIFU) is a minimally invasive medical 
procedure which has shown considerable potential for a variety of therapeu­
tic applications. Some of the medical applications of HIFU include thermal 
ablation of tumors and uterine fibroids, vessel cauterization, thrombolysis, 
drug delivery, and gene activation (Curra and Crum [1]). HIFU ablation, 
unlike other minimally invasive hyperthermia techniques, is completely 
noninvasive with minimum patient recovery time (ter Haar [2]). 

Tissue damage via ultrasound is achieved by the conversion of the 
mechanical energy of acoustic waves to thermal energy as the ultrasound 
propagates through the tissue (Fig. 1(a)). Temperature rise of the order of 
40–60�C is achieved within a few seconds, causing immediate cell death or 
necrosis in the targeted region (ter Haar [2]). Since the size of the single lesion 
is small (few centimeters in length � few millimeters in width) in comparison 
to the tumor (Fig. 1), multiple sonications are typically required to comple­
tely destroy the tumor (Fig. 1 (b)). 

Unlike other hyperthermia techniques such as radio frequency (RF) and 
laser ablation procedures, during a typical HIFU procedure, a large 
amount of energy is deposited in a short duration causing sudden, drastic, 
and localized rise in tissue temperature. Cell necrosis time for a typical 
HIFU procedure is a few seconds, while it is of the order of several minutes 
for other hyperthermia techniques (Hariharan et al. [3]). Consequently, 
to prevent excessive or collateral tissue damage, the HIFU beam should 
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FIG. 1. Schematic of the HIFU tumor ablation procedure describing the formation of 
(a) single and (b) multiple lesions [2]. (c) HIFU lesions: MRI image showing different shapes of 
necrosed tissue volumes obtained using HIFU in an ex vivo porcine liver. A typical lesion is ellipsoidal 
in shape with more tissue ablated along the axis of the HIFU beam than in the lateral direction. 

be focused at the exact location with correct dosage level. Application 
of the correct dosage level is critical to avoid damage to sensitive tissues 
and organ systems anterior or posterior to the ultrasound focal region [4–6]. 
Several instances of nerve, skin, and bone damage have been reported by 
previous studies during HIFU treatments. Ren et al. [4] reported damage of 
sciatic nerve due to elevated temperature in the pelvic bone located in the 
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far field of the HIFU beam while treating uterine fibroids. Nell and Myers 
[5] showed that temperature rise at the bone surface can exceed the thresh­
old for necrosis even when the HIFU beam focus is more than 4 cm (�10 
times the beam width; Fig. 1 (c)) from the bone. Civale et al. [6] noted that 
when the targeted organ in the HIFU procedure is the liver or kidneys, 
ultrasound absorption in the ribs can produce damage to the skin. Several 
studies have also shown that presence of structures such as blood vessels 
near the vicinity of the HIFU ablation zone can act as a heat sink and 
minimize the efficacy of the ablation procedure [7–9]. Consequently, pre­
clinical evaluations of the thermal and acoustic field generated by the 
HIFU transducers, using computational, bench-top, in vitro, and in vivo 
animal experiments, are critical and necessary to ensure safety and efficacy 
of this new treatment modality. 

Pre-clinical testing of HIFU devices typically include the following 
elements: (1) measurement of ultrasonic power and focusing characteristics 
in a liquid medium and (2) measurement or prediction of tissue temperature 
distribution in a tissue or tissue-mimicking material by in vitro and in vivo 
measurements or by using computational modeling [10]. Temperature rise 
measurements made in tissue-mimicking materials or by using computa­
tional modeling are useful to demonstrate that the device is capable of 
producing enough heat to destroy tumor cells at the intended locations. 
This test is also essential to demonstrate that the temperature rise in 
nontargeted tissues, both proximal and distal to the targeted region, is 
below the prescribed safety limits. 
A majority of the commonly used pre-clinical testing methods for HIFU 

were derived from the standardized techniques developed for diagnostic and 
imaging ultrasound devices. The acoustic power and focal intensities at the 
highest HIFU levels (power �200 W, acoustic intensity > 1000 W/cm2) are 
several orders of magnitude more than the intensities (power < 3 W, inten­
sity < 100 W/cm2) used for diagnostic purposes [2,11]. Similarly, tempera­
ture rise obtained at HIFU energy levels is severalfold higher than the 
safety limit imposed for the diagnostic devices. Consequently, use of the 
diagnostic ultrasound testing methods for HIFU devices introduces 
complex issues such as sensor interference and damage due to cavitation 
and heating, sensor bandwidth limitations, and acoustic nonlinear effects. 
To address these issues, several HIFU-specific test methods are currently 
under development. 

The goal of this chapter is to present some of the promising new pre­
clinical testing methods developed for acoustic intensity and temperature 
measurements at HIFU energy levels. This chapter is broadly divided into 
two sections with the first section focusing on the free field characterization 
in the liquid medium and the second section on the thermal field 
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characterization methods in tissue-mimicking materials and ex vivo tissues. 
In the initial sections, the commonly used methods for measuring acoustic 
power, intensity, and thermal fields are presented with their limitations at 
HIFU power levels outlined. Subsequently, two new optimization-based pre­
clinical testing methods, one for free field and the other for thermal field, to 
characterize HIFU devices in clinically relevant power levels are presented 
and discussed in detail. 

A. HIFU FREE-FIELD CHARACTERIZATION IN LIQUID MEDIUM 

A preliminary step in the analysis of new medical devices involving high-
intensity ultrasound is the determination of the acoustic intensity field in a 
liquid medium (mainly in water). There are several national and interna­
tional standards available [12–15] to streamline the characterization of an 
ultrasound field generated by diagnostic and imaging ultrasound devices in 
the liquid medium. However, there are no such standards available for 
measuring HIFU fields (Harris et al. [16]). Currently, the majority of 
HIFU devices are characterized using standards written for low power 
diagnostic and imaging applications. 

1. Established Characterization Methods 

Medical ultrasound fields generated by focused transducers are usually 
characterized in water using (1) calorimetry methods, (2) hydrophones, and 
(3) radiation force balance techniques [11]. 

Calorimetry method. A method to measure the HIFU acoustic power in the 
liquid medium is the calorimetry method (Hallez et al. [17]). The method works 
on the principle that acoustic power dissipated in liquid is linked to increase in 
temperature of the bulk of the liquid, due to conversion of acoustic energy to 
heat. The temperature rise, dT, of the liquid as a result of HIFU sonication is 
measured using thermocouples. The power Pcal is given as Pcal ¼ mcpðdT=dtÞ, 
where m is mass of the liquid, cp is specific heat capacity and t is time. 

Hydrophones. Polyvinylidene fluoride (PVDF) hydrophones are used as a 
gold standard for measuring acoustic pressure fields generated by diagnostic 
and HIFU transducers. In this technique, a membrane or a needle PVDF 
hydrophone (Fig. 2(a) and (b)) with tip diameter ranging between 0.05 and 
1 mm is scanned across the focal region using a tri-axis positioning system. 
A scanning step size varying between 0.05 and 1 mm is used and the scanning 
motion is usually controlled by a stepper motor. Data obtained from hydro­
phone scans can be used to determine focal position, peak pressure, and 
width of the HIFU beam. The hydrophone measurements are typically made 
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(a) (b) 
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FIG. 2. (a) Piezoelectric ceramic hydrophone used to characterize physiotherapy equipment 
[16]: tip diameter = 1.6 mm. (b) PVDF membrane hydrophones [16]: membrane thickness = 
25 mm, spot size = 0.3 mm. (c) Radiation force balance. 

at lower transducer power levels than the output levels used in clinical 
therapy in order to avoid sensor damage. From the acoustic pressure 
(or intensity) field, total ultrasound power can be calculated indirectly 
by integrating the measured intensity over any plane perpendicular to the 
ultrasound beam. 

Radiation Force Balance. Direct measurement of total time-averaged acous­
tic power can be made using a radiation force balance (Fig. 2 (c) [18]). This 
instrument is essentially a weighing balance and consists of a highly absorb­
ing or reflecting target suspended in a water bath. The transducer to be 
calibrated is mounted directly above the target. When the ultrasound is 
turned on, the target experiences a net force arising due to the momentum 
associated with the ultrasound wave. The target is connected to a sensitive 
balance, which measures the force acting on it. From the measured force, 
acoustic power is obtained by multiplying it with the sound speed. However, 
radiation force balance can only measure the total acoustic power contained 
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in the beam and is not capable of obtaining the complete acoustic pressure or 
intensity field. 

Limitations. The calorimetric method discussed above assumes that (1) no 
ultrasonic energy leaves the container, (2) the amount of energy absorbed by 
the container walls is negligible, (3) heat transmission between the solution 
and the walls is negligible, and (4) the energy loss due to acoustic streaming 
is negligible. These assumptions make the reliability and accuracy of the 
power measurement method questionable. 

Though the radiation force balance and hydrophones techniques are well 
established and widely used, there are some well-known limitations in both 
these methods. As mentioned earlier, most of these methods are developed 
primarily for diagnostic ultrasound applications. Acoustic focal intensities at 
the highest HIFU levels (>1000 W/cm2) are several orders of magnitude 
greater than the intensities used for diagnostic ultrasound [2]. These high 
intensities introduce limitations which are summarized below. 

When the acoustic pressure near the focus exceeds the cavitation threshold 
of the medium (water), two main problems arise. The first is that dissolved 
gases are drawn out of solution producing bubbles. These bubbles can shield 
the sensor from the HIFU beam, thereby preventing accurate measurement 
of the acoustic pressure and intensity field. The second problem is that the 
collapse of these bubbles can ultimately damage the sensor itself. Sensor 
damage can also occur due to direct mechanical effects caused by large 
compressional and tensional forces. 

In addition, the energy absorbed by the sensor can add heat that may cause 
thermal damage to the sensor. Moreover, the sensitivity of the hydrophone can 
change significantly when heated close to its Curie temperature. As a result, at 
high output levels, i.e., at clinically relevant power levels, the intensity and the 
pressure fields obtained from this technique become unreliable. 

Another limitation of using hydrophones is that they can measure only the 
pressure field and the actual acoustic intensity is calculated based on the 
plane wave assumption. However, for strongly focused beams, the acoustic 
intensity is not proportional to the square of pressure field as the acoustic 
pressure and velocity are no longer in phase with each other. This will 
introduce significant errors in the calculation of intensity field. 
As mentioned earlier, hydrophone scan data are only obtained at low 

transducer output levels to prevent sensor damage. At these power levels, 
acoustic waves usually travel undistorted in water and the acoustic spectrum 
at the focus does not contain significant spread of frequencies. However, at 
clinically relevant power levels, pressure amplitudes of the acoustic pulses 
become very high and sound waves begin to propagate nonlinearly in water. 
This results in the distortion of sinusoidal waves and generation of higher 



CHARACTERIZATION METHODS OF HIFU-INDUCED THERMAL FIELD 143 

harmonics. Since the acoustic absorption coefficient of water is proportional 
to the square of the frequency of the sound wave, the higher harmonic 
components are absorbed faster than the fundamental frequency resulting 
in nonlinear losses. As a result, extrapolating the low-power hydrophone 
data to clinically relevant high power levels will not provide an accurate 
estimation of the ultrasound field. 

In addition, when the acoustic spectrum contains a lot of higher harmo­
nics, the frequency response of the hydrophone is no longer smooth and the 
output signal from the hydrophone becomes very different from the actual 
pressure waveform [11]. Several alternative measurement methods are being 
developed to overcome the existing limitations and characterize the ultra­
sound fields at high power levels. 

2. Alternate Characterization Methods 

Robust Hydrophones. One possible alternative being researched is devel­
opment of more robust sensors and hydrophones that can withstand high-
intensity sound fields emitted by HIFU beams. Shaw et al. [18] designed a 
novel minimally perturbing pyroelectric sensor to measure acoustic power 
emitted from HIFU transducers during the actual treatment procedure. The 
sensor, made from PVDF, is placed in the path of the beam and operates on 
the pyroelectric principle. A small fraction of the power in the ultrasound 
beam is absorbed by the sensor resulting in a temperature increase. Due to 
the pyroelectric properties of the membrane, there is a separation of elec­
trical charge which, when connected to an appropriate electrical circuit, can 
be measured. 

Instead of directly measuring the pressure field, Schafer et al. [19] scattered 
the ultrasound main field using a fused silica optical fiber with polyamide-
protecting coating. The scattered signal was then measured using a PVDF 
detector. Zanelli and Howard [20] developed a metal-coated hydrophone to 
minimize the risk of cavitation damage. The thin metallic coating over the 
piezoelectric sensing element provides a smooth outer surface which mini­
mizes nucleation sites for cavitation. Shaw et al. [21] developed a device that 
measured acoustic power by estimating buoyancy forces induced in castor 
oil placed in the path of the HIFU beam. Ultrasound was focused on a thin 
container filled with castor oil and sealed with acoustically transparent 
plastic membrane. The device measured change in the buoyancy of the 
castor oil when heated by the absorption of ultrasound from which total 
acoustic power was estimated. 

Currently, fiber-optic hydrophones are being developed and are com­
mercially available (RP acoustics, Leutenbach, Germany; Onda Corp., 
Sunnyvale, CA, USA) as a viable alternative for traditional hydrophones 
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FIG. 3. Raman spectroscopy images of fiber-optic hydrophones with different tip 
diameters [25]. 

[22–25]. The sensitive element for measuring pressure in this device is an 
optic glass fiber with tip diameter varying between 7 and 100 �m (Fig. 3 [25]). 
This device measures the Fresnel reflectance at the glass fiber tip caused by 
change in optical refractive index of the medium in the presence of sound 
waves. The laser light is coupled into the optical fiber which is placed in 
the path of ultrasound. With the ultrasound turned on, the acoustic 
pressure waves change the density and the optical refractive index of the 
medium surrounding the fiber tip. This causes modulation of the laser 
light signal reflected by the fiber tip and is picked up by the photodetector 
and converted to acoustic pressure data. Advantages of this device are 
small tip diameter (�7 �m [23,25]), large bandwidth (up to 150 MHz), and 
low cost of optic fiber which can be easily repaired, if damaged, by 
recleaving. In addition, Morris et al. [24] developed a technique that 
can simultaneously measure both acoustic pressure and temperature 
using these hydrophones. 

Nonintrusive Alternate Characterization Methods. Measurement techniques 
discussed above involved developing sensors which are more robust and 
accurate than the conventional hydrophones and radiation force balances. 
An alternative approach to overcome the sensor-induced inaccuracies would 
be to eliminate the use of sensors in the beam and nonintrusively measure 
the acoustic power and intensity field. One such commercially available 
noninvasive method is the schlieren imaging technique [26,27] which utilizes 
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changes in the optical index of refraction to qualitatively define the ultra­
sound field. Unlike hydrophones, which capture pressure information only 
at one point, the schlieren system can image the entire focal region of the 
ultrasound beam instantaneously. Consequently, the visual display of HIFU 
field provides a quick and comprehensive overview of the transducer per­
formance. However, for quantitative evaluation, the pressure field must be 
reconstructed tomographically. 

3. Acoustic Streaming-Based Method 

To obtain quantitative estimation of the ultrasound field nonintrusively, 
the present authors developed a new noninvasive method which is capable of 
determining the acoustic power and intensity field at drive levels where 
conventional hydrophones become unreliable [28,29]. This new method is 
based on a phenomenon called acoustic streaming, which is the bulk fluid 
movement generated when an acoustic wave propagates through a viscous 
fluid medium. As the ultrasound propagates through the medium, it gets 
attenuated due to the viscous dissipation of energy in the medium. The 
momentum lost by the ultrasound wave is gained by the streaming fluid. 
The first step in the method involved measuring the streaming velocity. As 

depicted in Fig. 4(a), the streaming velocity was measured using digital 
particle image velocimetry (DPIV). An iterative numerical algorithm 
(Fig. 5) was employed to back calculate the acoustic intensity field giving 
rise to the measured streaming field (Fig. 4 (b)). The algorithm is briefly 
outlined below. 

The power output for the transducer to be characterized was assumed to 
be unknown. For the first iteration, a guess was made for the acoustic power, 
enabling the Khokhlov–Zabolotskaya–Kuznetsov (KZK) acoustic wave 
equation to be solved. From the KZK equation, the axial component of 
the driving force Fz was calculated from the equation: 

2� � 2� p�2 p2 

Fz ¼ p2 ¼ I where I ¼ ¼ ; ð1Þ2ð�0c0Þ �0c0 �0c0 2�0c0 

where � is the absorption coefficient of the medium, I is time-averaged 
acoustic intensity, p is acoustic pressure, and “�” indicates average value. 
The continuity and momentum equation incorporating Fz were then solved 
to obtain the first iterate of the velocity field. Streaming velocity 
fields obtained from both experiment and computation were then used 
as inputs to a Nelder–Mead multidimensional optimization algorithm 
(Matlab 2002). The objective function in this algorithm is: 
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FIG. 4. (a) Schematic of acoustic streaming experiment. (b) Streaming velocity contour. 
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X 

where n is the number of velocity nodes in the camera’s field of view. 
ErrorRMS measures the deviation of numerical velocity profile from the 
experimental values. The optimization routine then updated the power 
value and recomputed the acoustic field and fluid velocity field. An updated 
measure of the error was then computed. The entire procedure was repeated 
until the ErrorRMS was minimized. The power value of the last iteration was 
taken to be the transducer power. 
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FIG. 5. Flowchart summarizing the inverse methodology used to determine acoustic power 
and intensity from streaming velocity field. 

A HIFU beam axial intensity profile determined by the streaming techni­
que is compared with results from hydrophone scanning in Fig. 6(a). The 
streaming method matches the hydrophone within 10% at this low power, in 
terms of both the maximum intensity and the location of the secondary 
maxima. The total power predicted by the streaming method also matched 
the power predictions based upon radiation force balance (Fig. 6 (b)). 
Though this noninvasive acoustic streaming technique allows characteriza­
tion of HIFU transducers to be performed in an intensity range that may be 
harmful to conventional hydrophones, it can only be used to characterize the 
HIFU transducer in a liquid medium. Since the properties of tissue can vary 
significantly relative to water, especially the absorption and the absorption 
frequency dependence, noninvasive techniques for characterizing transdu­
cers in tissue-mimicking materials or in tissues are needed for improved 
characterization of HIFU transducers. 
The streaming technique as presented in this chapter was able to char­

acterize HIFU transducers when the acoustic power was less than about 
30 W, and the corresponding intensity less than around 1400 W/cm2. These 
intensities, though below the levels encountered in some HIFU procedures, 
nonetheless represent an important clinical range [9] and are above 
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FIG. 6. (a) Intensity vs axial distance along beam measured by back calculation using 
streaming and hydrophone scanning. (b) Acoustic power vs voltage measured by streaming 
and radiation force balance (RFB). 

intensities which may be damaging to conventional hydrophones. Hariharan 
et al. [9] label this intensity range as being just below the cavitation thresh­
old, the “moderate” intensity regime. 
The streaming method provides only the intensity distribution data mea­

sured in a free field. It does not give any information about the temperature 
field or the corresponding bio-effects which are the parameters of interest 
during the actual clinical procedures. Consequently, the temperature rise and 
the bio-effects have to be estimated computationally, using the measured 
intensity data, by solving bio-heat or energy equations [3,9]. 
The characterization methods discussed so far are applicable to liquid 

media which have significantly lower acoustic absorption than solid tissue 
media. In a tissue medium, acoustic energy is converted to heat, a phenom­
enon which is used for noninvasive therapeutic procedures. Hence, reliable 
and accurate methods are required to characterize the HIFU-induced ther­
mal field in solid tissue media. 

B. HIFU THERMAL FIELD CHARACTERIZATION IN TISSUE MEDIUM 

Characterization of the HIFU thermal field involves multiple assessments, 
including prescription of the intensity field, quantification of temperature 
rise (in spatial and temporal coordinates), and lesion volume in a tissue-
mimicking material or excised animal organ, determination of the location 
of the beam focus relative to the desired target and especially for phased 
arrays, and the angular orientation of the beam. Several methods for 



CHARACTERIZATION METHODS OF HIFU-INDUCED THERMAL FIELD 149 

assessing the HIFU-induced thermal effect in tissues or tissue phantoms are 
available. A popular cost-effective method to measure temperature rise is to 
use thermocouples embedded in excised tissues or tissue-mimicking materi­
als (Chen et al. [31], Huang et al. [32]) subject to direct HIFU sonication at 
selected intensity levels. However, the use of thermocouples is an invasive 
procedure and highly inconvenient in clinical practice. Besides, thermocou­
ple artifacts generated by interference of the thermocouples with the beam 
(Fry and Fry [33,34], Huang et al. [32], Morris et al. [35]) and manual errors 
in positioning the beam on the thermocouple junctions (O’Neill et al.[36]) 
affect the accuracy of the measured data. 
In view of inaccuracies associated with direct sonication of thermocouples 

by the beam, nonperturbing methods have been developed to assess the 
thermal field. The thermal field is measured without having to focus the 
beam directly on the thermocouple junctions to prevent artifacts (O’Neill 
et al. [36]). The temperature rise measured by thermocouples that are remote 
from the beam is used to back calculate important characterization para­
meters such as the beam location and angular orientation. Determination of 
the beam location and orientation enables prediction of temperature rise at 
desired locations within the tissue phantom including the temperature at the 
focus. 

A noninvasive method, avoiding the use of thermocouples, is to assess the 
temperature rise and lesion size by the MR thermometry and MR imaging 
methods (Dasgupta et al. [37], Qian et al. [38], Melodelima et al. [39], Anzai 
et al. [40]). HIFU ablations are performed on tissue samples positioned in 
the MRI scanner. In contrast to the method using thermocouples, the MRI 
thermometry method is used to noninvasively measure the spatial and 
temporal temperature rise and size of the HIFU lesion. 
The following section discusses the existing and improved methods to 

characterize the HIFU thermal field in greater details. 

II. HIFU Thermal Field Characterization 

A. INVASIVE METHOD 

1. Use of Thermocouples: Direct Sonication of Thermocouple Junction 

Thin wire thermocouples embedded in tissue-mimicking materials or 
excised tissues have been popularly used as a cost-effective method for 
measuring the HIFU-induced transient temperature rise. For temperature 
measurement the HIFU beam is focused on the thermocouple junctions at 
selected power levels. Using tissue-mimicking materials with thermocouples, 
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bench-top HIFU experiments have been performed. Huang et al. [8] used a 
tissue-mimicking material provided with an artificial blood vessel to deter­
mine the effect of blood flow on HIFU procedures and also studied the effect 
of acoustic streaming. The HIFU beam was focused on a thermocouple 
placed within the vessel. Temperature rise was recorded at varying flow 
rate to estimate the effect of flow on temperature rise. King et al. [41] 
developed a gelrite-based tissue-mimicking phantom which could accurately 
mimic the thermal and acoustic properties of the actual tissue. The material 
was embedded with thermocouples to study cavitation thresholds for HIFU 
procedures (Maruvada et al. [42]). More recently, Chen et al. [31] used a 
tissue-mimicking phantom with embedded thermocouples to study acoustic 
cavitation in HIFU ablation. The present authors measured temperature rise 
in a tissue phantom (King et al. [41]), modified to include an artificial blood 
vessel (Fig. 7 (a), with thermocouples embedded in the material close to the 
vessel (Fig. 7 (b)). The purpose of the study was to investigate the effect of 
blood flow on HIFU-induced thermal effects by comparison of temperature 
measured with and without simulated blood flow through the vessel. 
The beam was focused on thermocouple T1, 2 mm away from the vessel, 
at selected power levels 5, 10.3, 17.3, and 24.8 W. At each power level, 
sonications were performed at flow rates 0, 400, and 600 ml/min. Tempera­
ture rise was also recorded at thermocouples T2 and T3, which are 4 and 
6 mm away from the vessel, respectively. However, the method of tempera­
ture measurement using thermocouples suffers several limitations which are 
discussed below. 

2. Limitations in Use of Thermocouples 

The following limitations encountered in using thermocouples for HIFU 
studies have been reported by the present as well as previous researchers: 

Invasive Process. The insertion of thermocouples in real tissues is an invasive 
process and hence inconvenient in a clinical setting. For HIFU studies, thin 
wire thermocouples (of diameter 20–75 �m) are used. These are fragile 
thermocouples and vulnerable to breakage due to mishandling. Such tech­
nical difficulties associated with the use of thermocouples limit their use. 

Beam Positioning Error. For temperature measurement, the HIFU beam 
needs to be placed atop the thermocouple junction. A common method for 
positioning the beam is to move the beam until the position of maximum 
temperature rise during a brief sonication period is located. However, there 
exists a possibility of the beam to be displaced from the thermocouple 
junction during the manual positioning process. As noted by O’Neill et al. 
[36], this can lead to significant underestimates of temperature in HIFU 
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FIG. 7. (a) Photograph of fabricated tissue phantom. (b) Diagram of tissue phantom with 
artificial blood vessel and embedded thermocouples. 

applications, due to the small widths of the HIFU beams across which 
temperature profiles are steep. The present authors used the manual 
positioning procedure to place the beam on the thermocouple junction 
(7B). The beam was focused on thermocouple 2 mm from the vessel. Due 
to the beam positioning error, which varied from day to day, there was a 
wide variation of temperature rise under a similar setting of power level and 
flow rate conditions. Figure 8(a) shows the transient temperature profiles at 
flow rates 0 and 400 ml/min at power level 17.3 W, in order to quantify the 
effect of blood flow on temperature rise. There is a rise in temperature during 
the 30-s heating period followed by temperature decay when the transducer 
is powered off. As seen in Fig. 8 (a), there is a significant standard deviation 
of the data (�11%) about the average of 3 days, depicted in the form of error 
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FIG. 8. (a) Experimental transient temperature profiles at 2 and 4 mm thermocouples at 
power 17.3 W (blood flow rates: 0 and 400 ml/min). Data averaged over days 1, 2, and 3 (three 
trials per day). Standard deviation about average is shown by error bars. (b) Computed transient 
temperature profile as a function of beam-thermocouple displacement at power level 10.3 W. 
Indicates sensitivity of temperature rise to beam-thermocouple displacement. 
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bars. Furthermore, the error bars of the no flow (0 ml/min) and flow profiles 
(400 ml/min) overlap each other, making it impossible to quantify the 
decrease in temperature rise due to blood flow cooling effect, the goal of 
the investigation. The sensitivity of measured temperature rise to beam 
positioning error was confirmed by a numerical investigation. In Fig. 8 (b) 
transient temperature profiles computed at various beam-thermocouple 
displacements show that a displacement of just 0.5 mm causes a 13% 
[(24 – 21)/24�C � 100] decrease in measured temperature rise. The numerical 
study, in conjunction with experimental data, leads to the conclusion that 
beam positioning error in the use of thermocouples results in significant 
inaccuracy in temperature measurements. 

Thermocouple Artifacts. Several studies have revealed that temperature rise 
measured using thermocouples can be inaccurate because of thermocouple 
artifacts which impose an additional temperature rise over the temperature 
rise of the tissue material caused by pure absorption of acoustic energy. 
Thermocouple artifacts are primarily due to viscous heating, a phenomenon 
which was initially reported in the studies by Fry and Fry [33,34]. Hynynen 
et al. [43] performed experimental investigations to determine inaccuracies 
due to artifacts in HIFU-induced temperature measurements. When the 
temperature measurement errors were studied, even the smallest thermo­
couples showed some self-heating artifact and its magnitude depended on 
the probe size, material, structure, orientation, and the operating 
frequency. The experimental studies by Huang et al. [32] employed thermo­
couples to measure the temperature rise. Additionally, heating due to 
artifacts was measured by focusing the HIFU beam on a thermocouple 
in a low-absorbing medium. Figure 9(a), obtained from the studies by 
Huang et al. [32], shows that the measured profile (profile A) is higher 
than the calculated temperature profile (profile C) by almost three times, 
due to additional heating by artifacts. The calculated profile (profile C) and 
measured thermocouple artifact profile (profile D) were added to yield 
profile B, which was in close agreement with the measured temperature 
profile. More recently, Morris et al. [35] evaluated the proportion of 
thermocouple artifacts in temperature rise measured using thermocouples. 
A novel thin film thermocouple (TFT) was employed which could measure 
temperature rise without artifacts. The temperature rise measured using the 
TFT was subtracted from temperature measured using conventional thin 
wire thermocouples to estimate the artifacts. 

The present authors also found the experimental temperature rise to be 
higher than the computed temperature rise (Fig. 9 (b)) because of artifacts. 
During the cooling phase, the effect of artifacts no longer exist because of the 
absence of the beam on the junction, and there is a close agreement between 



 
 

 

 10 

30 

40 

50 

(a) 2 

1.8 a 
(a) measurement 

T
em

pe
ra

tu
re

 r
is

e 
(°

C
) 

1 

1.2 

1.4 

1.6 
b 

(c) calculation 
(d) TC artifact 

(b) calculation + TC
 artifact 

0.8 
c 

0.6 

0.4 d 

0.2 

0
0 

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 
Time (s) 

(b) (c)
60 

70Exp 0 ml/min17.3 W 
%

 A
rt

ifa
ct

 [(
T

 
−

T
 

)/
 T

 
] 

ex
p 

nu
m

ex
p 70% 5 WExp 400 ml/min 

66%60 10.3 W 
17.3 W 50 
24.8 W 

40 38% 

Num 0 ml/min 

Num 400 ml/min 

T
em

pe
ra

tu
re

 (
°C

) 

at 2 mm from 
20 vessel 

30 36% Heating Cooling
20 

at 2 mm from 10Heating Cooling vessel 
00 

0 10 20 30 40 0 10 20 30 40 
Time (s) Sonication time (s) 

154 R. K. BANERJEE AND S. DASGUPTA 

FIG. 9. (a) Measured temperature profile (using thermocouple) and calculated profile 
(Huang et al. [8]). (b) Experimental and computational transient temperature profiles at 0 and 
400 ml/min flow rates. Power level is 17.3 W. (c) Percent artifact vs sonication time. 

the numerical and experimental temperature decay profiles. Figure 9 (c) 
shows percentage artifact as a function of sonication time. Percentage 
artifact, given as % Artifact = {[(experimental temperature rise – numerical 
temperature rise)/experimental temperature rise] � 100%}, shows a sharp 
increase in the initial few seconds of sonication (66–70%) and is compara­
tively lower at the end of sonications (5–12%) which is still a significant 
amount of inaccuracy. It is also seen that the maximum percentage artifacts, 
within the initial few seconds, increase with power level. A similar relation 
between the proportion of artifacts and sonication time was observed by 
Morris et al. [35], though a lower range of power levels was considered. 
Overall it can be concluded that direct sonication of thermocouples by the 
HIFU beam leads to significant inaccuracies in the measured temperature 
data due to artifacts. 

The other source of thermocouple artifacts is mismatch of thermal con­
ductivity between the thermocouple junction and the surrounding tissue 
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material (Nell et al. [5]). The thermocouple junction is made of metals such 
as copper, constantine, and cromega which have higher conductivity than 
the surrounding tissue material. This causes a distortion of the induced 
thermal field. However, conductivity artifacts can be reduced by using 
thermocouples with smaller junction diameters. 

Localized Temperature Measurement. Thermocouples can measure tempera­
ture rise only at specific points where they are embedded or inserted and are 
not capable of measuring the temperature rise over the entire ablation zone. 
In order to determine the lesion size or to estimate the extent of tissue 
damage, it is required to record the spatial temperature rise at the HIFU 
focal zone, which necessitates an array of thermocouples to be inserted in the 
tissue. It is inconvenient to insert too many thermocouples in ex vivo or 
in vivo animal tissues to measure the spatial temperature rise. 

The above limitations in the use of thermocouples call for improved 
methods to measure HIFU-induced thermal effects for field characteriza­
tion. Improved and alternative methods to characterize the HIFU thermal 
field are discussed in Sections II and III. 

B. NONPERTURBING METHOD 

An improvement in HIFU characterization studies is the development 
of nonperturbing methods, to assess the thermal field in a tissue medium. 
In this method direct sonication of thermocouple junctions is avoided to 
prevent artifacts in the temperature data. The beam is focused at locations 
off the thermocouple junctions and the temperature rise at the remote 
junctions is measured. O’Neill et al. [36] performed HIFU sonications within 
an array of six thermocouples in the same plane. The artifact-free tempera­
ture rise measured by the thermocouples was used in a curve-fitting techni­
que to extrapolate the temperature rise at the focus. As a result, temperature 
rise at the focus was more accurately estimated. 

1. Inverse Method: Application in Heat Transfer Analysis 

The present authors employed the inverse heat transfer method, a non-
perturbing iterative method, to predict the temperature rise within a tissue-
mimicking material (King et al. [41]). The method has been successfully 
applied outside ultrasound applications. For example, Farhanieh et al. [44] 
back calculated the heat transfer coefficient in a partially filled rotating 
cylinder, on the basis of the error between the measured and estimated 
temperatures on the shell. More recently, Paredes et al. [45] used a feedback 
strategy to solve an inverse heat transfer problem to back calculate the 



156 R. K. BANERJEE AND S. DASGUPTA 

unperturbed formation temperature (UFT) in well bores. The feedback 
system used the error between the measured and estimated temperatures 
during the well shut-in process to obtain the UFT. 

2. Inverse Method: Application Specific to HIFU Studies 

A few researchers have applied the inverse method specifically to HIFU 
studies. As discussed above, Hariharan et al. [28] employed an inverse 
algorithm to back calculate the acoustic intensity on the basis of the 
HIFU-induced streaming velocities measured in a liquid medium. More 
recently, an inverse heat transfer method to predict the temperature rise in 
a tissue phantom was developed by the present authors. Details of the 
method are discussed below. 

Thermocouples Remote from Beam. In the inverse method, HIFU sonications 
were targeted at selected locations within a 3D array of eight thermocouples 
embedded in a solid medium or the tissue phantom. Direct sonication of the 
thermocouple junctions was avoided to overcome the possibility of artifacts 
corrupting temperature measurements. 

Figure 10(a) shows the tissue-mimicking material (King et al. [41]) held in 
a cylindrical test section. An array of eight thermocouples (T1–T8) was 
embedded in the material (Fig. 10 (b)), forming a 3D array. Thermocouples 
were arranged in four layers with two thermocouples in each layer separated 
by a distance of 4 mm. Each layer is 2 mm from the adjacent layer. 
The HIFU beam was positioned at selected targets within the array while 
avoiding direct sonication of thermocouples. The transducer was operated at 
selected power levels, 5, 17.3, and 24.8 W, at each target; the temperature rise 
at the thermocouples T1–T8 was recorded. 
The location of the HIFU beam in a tissue medium is an important 

parameter in assessment of the thermal field as it influences the 
temperature rise in the tissue. The inverse method, discussed next, uses 
the temperature rise measured at the remote thermocouples to back 
calculate the location of the beam with respect to the thermocouple 
array using an iterative approach. 

Derivation of Beam Location and Angular Orientation. Figure 11 depicts the 
inverse heat transfer optimization algorithm in the form of a flowchart. As a 
first step, the beam location, which is an unknown parameter, was assumed 
and is supplied to the algorithm as an initial prediction. Based on the initial 
beam location temperature rise, Tnum was numerically calculated at selected 
thermocouples such as T3, T6, and T7, forming a subarray. The following 
method was employed to calculate the temperature rise at T3, T6, and T7. 
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Tissue-mimicking Material 
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(b) 

HIFU transducer 

T1 

T2 
T4 

T3 
HIFU T5 
beam 

T6 

T8 

T7 

Tissue phanton 

FIG.10. (a) Tissue-mimicking material or tissue phantom held in test section. (b) Schematic 
of thermocouples embedded in tissue phantom. 

a. Calculation of HIFU Heat Source. Sound propagation was modeled using 
the linearized KZK parabolic wave equation: 

@ @p D @2p c0 @2p 1 @p� ¼ þ : ð3Þ3@t @z 2c @t2 2 @r2 r @r0 
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Assume beam location (initial prediction) 
(xi, yi, zi) 

Compute HIFU temperature rise, ΔTnum, at 
thermocouple nodes based on beam loca­

tion 

Compute optimization error metric %, δ*, at 
subarray nodes 

Measure temperature 
rise, ΔTexp, at 

Thermocouple junctions 

Is δ min? 

Final location (xf, yf, zf) 

Refine assumption for 
beam location 

Yes 

No 

FIG. 11. Flowchart depicting inverse heat transfer algorithm. 

Here, p is the acoustic pressure, t is the retarded time, c0 is the speed of sound 
in tissue, r is the radial distance from the center of the beam, and D is the 
sound diffusivity of tissue. Equation (3) was solved using the KZK Texas 
finite-difference code (Lee et al. [46]) to obtain the pressure field, p (r, z). 

The time-averaged acoustic intensity I (r, z) was calculated from the pressure 
field using the relation Iðr; zÞ ¼< p2 > =�0c0, �0 being the mean density. The 
HIFU-induced power deposition rate, Q, was then calculated from the relation: 

Q ¼ 2:�:I ; ð4Þ 
where � is absorption coefficient of tissue. 

b. Calculation of Tissue Temperature Rise. To determine the tissue tempera­
ture rise T(x, y, z, t), the heat equation was solved: 

ð�0cpÞ
@T ¼ 

@ 
k 
@T þ Q; ð5Þ 

@t @xj @xj 

where cp is the specific heat and Q is the absorbed energy obtained from 
Eq. (4). Equation 5 was solved using the Galerkin finite-element (FE) 
method as implemented in the FIDAP software (Fluent Inc., 10 Cavendish 
Court Lebanon, NH 03766 U.S.A). 
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The optimization error metric, d, between the measured temperature rise, 
Texp, and the computed temperature rise, Tnum, corresponding to the 
assumed beam location was calculated. d is given as: 

vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi u 
n t¼150s1 X 1 u X ðTðn; tÞ � Tðn; tÞ Þ2 t exp num

� ¼ 2 ; ð6Þ 
n 

1 
150 

t¼1s Tðn; tÞnum 

where n is the number of thermocouples used to derive beam position. d is 
calculated over 100 s of heating and 50 s of the cooling profiles. 

Next, the optimization algorithm refined the beam location, using the 
Nelder–Mead scheme (Nelder and Mead [47]), to reduce d. In this way a 
series of iterations were performed until d dropped to a minimum value. The 
location corresponding to minimum d value was taken to be the converged or 
derived location of the beam. In both the inverse methods (Hariharan et al. 
[28] and present study), the Nelder–Mead multidimensional optimization 
algorithm (Lagarias et al. [48], Matlab 2008) was used. Besides determining 
the location of the beam in three dimensions, the algorithm was also 
employed to calculate the angular orientation of the beam. The algorithm 
was modified to include the beam angle as an additional parameter, which 
was optimized in a series of iterations in order to minimize the error metric, d. 

Results. The results of applying the inverse method is depicted in Fig. 12. Fig­
ure 12 (a) is a schematic showing the position of the thermocouples in the tissue 
phantom. The focal locations derived by the inverse method (black diamonds) 
are compared with the targeted coordinates (unfilled diamonds), in Fig. 12 (b) 
(z-coordinate) and Fig. 12 (c) (x,y coordinates). For example in case 1, the target 
location is (0,0,0) which is in between T5 and T6 thermocouples and in the plane 
containing these thermocouples. The derived location is shifted to (0.25,0,3). In 
addition to plotting convenience, the axial (z) and  transverse  (x,y) positions  are  
separated due to the fact that the transverse coordinates have a much stronger 
influence on the temperature field than the axial coordinate, given the small 
transverse beam dimension relative to the axial size. (For the HIFU transducer 
used in the experiments, the –6 dB beam width is 1.7 mm in the radial direction 
compared to 24 mm in the axial direction.) The difference between the targeted 
axial coordinates and the derived axial coordinates is approximately 3 mm for all 
three cases (Fig. 12 (b)). The radial [= (x 2 þ y 2)0.5] difference varies between 
about 0.25 and 0.5 mm (Fig. 12 (c)). The inverse method is also extended to 
enhance its capability to derive the angular orientation of the beam. This is 
important in the characterization of transducers with phased arrays. 

With knowledge of the beam location, the artifact-free temperature rise 
at desired locations within the phantom is predicted. In the calculations, 
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FIG. 12. (a) Schematic diagram of HIFU ablation procedure with thermocouple array. (b) 
Targeted and derived axial (z) beam location for cases 1, 2, and 3. (c) Targeted and derived 
radial (x,y) beam location for cases 1, 2, and 3. (d) Measured and predicted (inverse method) 
temperature profiles at thermocouples T1 and T5. 

a subarray of n = 3 thermocouples, T3, T6, and T7, was used to derive the 
3D beam location. The measured and predicted transient temperature pro­
files at thermocouples T1 and T5, not used in the calculations, are shown in 
Fig. 12 (d), for the case where the targeted focal location is midway between 
T5 and T6 (case 1). The temperature prediction error metric, ", at thermo­
couples T1 and T5 is approximately 4%, indicating the efficiency of the 
inverse method in predicting temperature rise in the tissue phantom. 

C. NONINVASIVE METHOD 

This section describes the imaging-based thermal field characterization 
methods that are suitable for measuring temperature during in vivo animal 
experiments or during actual clinical procedures. 



Main control computer Degassed 
water device 

256-Element 
therapeutic Therapeutic 

phased array bed 

Image acquisition 

β 
α x 

DiagnosticDiagnostic ultrasound image 
probe 

256-Channel phased-array 
driving system z x 3D robotic 

y positioner 

Robotic electrical controller 

CHARACTERIZATION METHODS OF HIFU-INDUCED THERMAL FIELD 161 

1. Diagnostic Ultrasound 

Diagnostic ultrasound can also be used for monitoring HIFU treatment 
procedures. HIFU and conventional diagnostic ultrasound imaging can 
be synchronized to develop a system for real-time visualization of HIFU 
treatment. The system was tested in vivo in pig liver by Vaezy et al. [49]. 
The HIFU application resulted in the appearance of a hyperechoic spot at 
the focus that faded gradually after cessation of HIFU exposure. The dura­
tion of HIFU exposure needed for a hyperechoic spot to appear was 
inversely related to the HIFU intensity. 
Figure 13 shows an image-guided 256-element phased-array ultrasound 

surgery system (Lu et al. [50]). The system employs an extracorporeal 
therapy transducer, a 256-element phased-array applicator, for noninvasive 
focused ultrasound surgery. A diagnostic ultrasound device is introduced in 
the system for image guidance in surgery. The therapeutic phased arrays 
combined with the diagnostic probe are mounted in a water bag of degassed 
water, below the center of the therapeutic bed. The ultrasound is directed 
upward, and the degassed water provides acoustic coupling between the 
transducer and the patient. The integration of the therapeutic transducer 
and the image probe mounted on the 3D robotic positioner can move in 
three dimensions to target and identify tumors precisely. The surgeon can 
perform the ultrasound surgery conveniently on the current diagnostic image 
in the main control computer through the surgery procedures of 3D naviga­
tion, targeting, and monitoring. The main control computer with the main 

FIG. 13. The schematic block diagram of an image-guided 256-element phased-array 
focused ultrasound surgery system. 
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operative program controls the main subsystems: the 256-channel phased-
array driving system that drives the 256-element phased array, the robotic 
electrical controller that controls the 3D robotic positioner’s movement, the 
image acquisition that acquires the image from the diagnostic ultrasound 
image system, and the degassed water device. 

2. Thermography Method 

Thermal imaging can be used to investigate the localized heating effect of 
HIFU, to monitor temperature rise in real time. In order to visualize ther­
mally induced protein coagulation, a phantom of polyacrylamide (PAA) gel 
containing fresh egg albumin was used by Song et al. [51] as a tissue-
mimicking material. A high-resolution thermal camera was positioned 
directly over the samples to record thermal fluctuations. Two modes of 
ultrasound were investigated, i.e., continuous wave and pulsed wave. 
Through imaging processing and thermal analysis, the temperature profile 
of the phantoms during HIFU heating was obtained, and the optimized 
parameters for protein coagulation were identified. The experiments have 
shown that thermal imaging is an effective way to measure the bioheating 
effect of HIFU. 

The experimental setup used by Song et al. [51] is illustrated in Fig. 14. 
A Merlin thermal camera with high resolution of 320 � 256 pixels focal plane 
arrays and 25 mm lens (FLIR Systems Inc., Boston, MA, U.S.A) was posi­
tioned directly over the phantoms to record the HIFU heating. The camera 
was able to measure the temperature difference as small as 0.018�C. A 
specially constructed HIFU tank was devised to quickly obtain the exact 
focal point on the phantom sample. This development dispenses with the 

Thermal 
camera 

Sono 
chamber 
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transducer 

Water 
tank 

Computer 

Signal 
generator 

RF 
amplifier 

FIG. 14. The schematic block diagram of an image-guided 256-element phased-array 
focused ultrasound surgery system. 
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need to search, locate, and position with the membrane hydrophone. A 
specially constructed sono – chamber was devised to hold the gel phantoms, 
and acoustic energy could pass through the chamber without attenuation. 
The water temperature was 37�C. 

Two modes of ultrasound waves, i.e., continuous and pulse waves, were 
compared to investigate the HIFU heating effect in term of temperature 
difference measured by the thermal camera. The continuous wave was at a 
frequency of 1.0 MHz, with different amplitudes. The pulsed wave was at the 
same frequency of 1 MHz, with 0.5, 1.0, 2.0, and 3.0 V amplitude, but only 
1000 pulses within 1 s. 

When PAA gel containing egg white was subjected HIFU irradiation, the 
focal lesion of the phantom was heated and finally coagulated. It was easy to 
confirm the development of a white color of the coagulated lesion under 
direct observation, with the increase of electrical power, the diameter of the 
coagulated area increased from 0 to 5.33 mm There were no temperature 
changes for samples 1 and 2 under continuous wave, and no temperature 
change was recorded for any sample under pulsed wave. But there was 
dramatic heating effect starting from sample 3, the most powerful heating 
was observed with sample 8, the maximum temperature reached nearly 60�C 
at 60 s (Fig. 15 (a) and (b)), and then temperature dropped slightly after that. 
Under visual observation, the hot spot turned white and some of the gel was 
even blown off by the intensive heat generated by HIFU. 

The high-resolution thermal camera was used in the experiments of HIFU 
heating, to monitor the phantom temperature in real-time, noncontact, and 
noninvasive way. Different parameters for HIFU irradiation were evaluated, 
and it was of interest to note that HIFU continuous wave of 0.5 V amplitude, 
or below, demonstrated no significant heating, therefore no protein 
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FIG. 15. (a) Thermographic results of HIFU heating of continuous wave. (b) Heating effect 
of continuous wave ultrasound. 
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coagulation, while the highest temperature was recorded nearly 60�C in a  
confined coagulation area by continuous wave of 2 V amplitude. 

3. Magnetic Resonance Imaging Method 

A relatively recent and noninvasive method to monitor thermal therapeutic 
procedures such as radio-frequency (RF) and HIFU therapy is use of the 
magnetic resonance imaging (MRI) technique (Fig. 16(a)), for both thermo­
metry and imaging (Qian et al. [38]). In the investigations led by Anzai et al. 
[40], the feasibility of MRI-guided RF ablations was evaluated for the 

FIG. 16. (a) Photograph of experimental setup showing HIFU transducer aligned with 
tissue sample in the MRI machine. (b) Schematic of experimental setup. 
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treatment of brain tumors. Bohris et al. [52] employed the MRI method in 
HIFU ablation studies and validated the results by comparing the tempera­
ture maps with fiber-optic measurements in heated muscle tissue. The accu­
racy of the MR method for temperature measurements was found to be 
better than 1�C. Hynynen et al. [53] tested the feasibility of MRI-guided 
HIFU ablation of benign fibroadenomas in the breast. HIFU ablation under 
MRI guidance was performed with 64 transducers at 4.6 MHz to create 
lesions on 47 porcine liver samples in experiments performed by Melodelima 
et al. [39]. There was an 11% agreement between the HIFU-induced lesion 
sizes measured visually and using MR thermal dose maps. 
Ultrasound imaging does not provide the high-resolution images, 

real-time temperature monitoring, and adequate post treatment lesion 
assessment required for fast and effective therapy. In contrast to ultrasound, 
MRI offers excellent soft tissue contrast, noninvasive temperature measure­
ment techniques, and 3D imaging capabilities. In a separate study, the 
present authors validated the temperature measured by the MR thermome­
try method by comparing with the histology data and the numerical calcula­
tions. The MRI-monitored HIFU experimental setup used in our validation 
study is depicted in Fig. 16. The signal generator (Agilent technologies 
33220A) generates a signal of required frequency. The signal is magnified 
by the amplifier (Amplifier Research 100A200B) which powers the transdu­
cer. The power input to the transducer is monitored by the oscilloscope 
(Model 54615B, Agilent). Freshly excised tissue samples are held in a Plexi 
glass tank containing degassed water and subject to HIFU ablations at 
selected power levels and sonication times. Experiments are performed in 
the 3T MRI SIEMENS scanner. The induced temperature rise and lesion 
size are measured by the scanner as described in the following sections: 

Noninvasive Temperature Measurement. In the present study, MRI-
monitored HIFU ablations were performed at varying sonication times, 20, 
30 and 40 s, at a constant acoustic power level of 70 W. Prior to each sonica­
tion, three-plane localization imaging was performed to determine the posi­
tion of the tissue with respect to the HIFU transducer center. Temperature 
measurement was performed based on the proton resonance frequency (PRF) 
shift thermometry (Ishihara et al. [54], De Poorter et al. [55], Rieke et al. [56]). 

Prior to the execution of the HIFU ablation experiments, the MR proce­
dure required calibration for temperature measurement. The PRF method 
uses changes in the phase of gradient echo images to estimate the relative 
temperature change DT, as given by: 

’ � ’ baselineDT ¼ ; ð7Þ 
��B0TE 
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where � is the PRF change coefficient for aqueous tissue, � is the gyromag­
netic ratio, B0 is the main magnetic field (= 3.0 Tesla), TE is the echo time, 
and �baseline is the initial phase before heating. �baseline was the phase angle of 
a pixel outside the heated area which corresponded to the base temperature 
of 22�C. 

Figure 17(a) shows schematic of the experimental setup used to calibrate 
the scanner. The aim of the experiment was to determine the constant 
of proportionality relating magnetic phase change to temperature rise. 

FIG. 17. (a) Experimental setup used in caliberation of MRI scanner for temperature 
measurement. (b) MRI calibration curve showing linear relationship between magnetic phase 
angle (D�)  and temperature rise (DT) (R2= 0.975). 
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This constant is the product of �, �, B0, and TE in Eq. (7). To record 
temperature of an insulated copper–constantine fine wire, thermocouple 
(diameter 0.075 mm) was inserted in the tissue. The tissue was held in an 
MRI compatible test section and heated by hot air through a duct at the 
base. The temperature rise of the tissue was recorded by the thermocouple 
and the corresponding phase shift was recorded by the scanner every 2 s. 
The phase shift at each time point was obtained by averaging the phase 
shifts over pixels around the thermocouple junction and not on the junction, 
to avoid junction artifacts in the signal. The pixels chosen were very close to 
the junction to ensure that they experienced the same temperature rise as 
the junction. In this way it was ensured that a reliable MR signal was 
obtained at each time point. Figure 17 (b) shows the calibration curve 
relating phase change and temperature rise. The linear relationship 
y = 3.8373 � (R2 = 0.975) was found between the magnetic phase change 
and the temperature rise. The calibration experiment was repeated three 
times to ensure repeatability of the results. The standard deviation of 
the data was within 6% of the average. 
Figure 18(a) and (b) shows the HIFU-induced transient temperature 

profiles in the liver sample at sonication times 20 and 40 s, respectively. 
When the transducer is powered on during the ablation procedure, there 
is a rise in temperature. This is followed by decay in temperature when 
the transducer is powered off. The calculated profiles (shown as solid 
lines) are compared to the experimental profiles (shown as black sym­
bols). The error bars seen in the experimental data represent the standard 
deviation of the data about the mean of three measurements and is 
within +5�C. The measured average temperature rise after 20 s ablation 
is 62�C and that after 40 s is 72�C. The measured and the computed 
temperature rise at the end of the heating phase are within 11% 
[(70 – 62) / 70  � 100] agreement at sonication time 20 s (Fig. 18 (a)) 
which indicates the capability of the MRI scanner to assess the HIFU-
induced temperature field within acceptable accuracy. At the highest 
sonication time of 40 s, the measured temperature rise is limited to 
�72�C (above a room temperature of 20�C), whereas the computed 
temperature rise is 83�C, indicating a 13% agreement. This is attributed 
to boiling of the tissue at higher energy levels, studied by Khokhlova 
et al. [57], which is not accounted for in the computations. In this study, 
noise filtering was achieved by using a low-pass filter, as recommended in 
the studies by Oshiro et al. [58]. Noise is caused by RF sources such as 
the RF amplifier used in the study. However, due to the filter used in the 
study, the temperature rise could be recorded even when the  electronic  
components were powered on, which was not possible in the initial 
experiments without adequate filtering. 



  

(a) 
100
 

T
em

pe
ra

tu
re

 r
is

e 
(°

C
) 

90
 

80
 

70
 

60
 

50
 

40
 

30
 

20
 

10
 

0
 

Computational 
Experimental 

70 W: 20 s 

Heating Cooling 

0  10  20 30 40 50 60
 

Time (s)
 

(b) 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

T
em

pe
ra

tu
re

 r
is

e 
(°

C
) 

Computational 
Experimental 

Cooling 

70 W: 40 s 

Heating 

0  10  20  30  40  50  60  70  80 


Time (s)
 

168 R. K. BANERJEE AND S. DASGUPTA 

 

FIG. 18. Temperature rise as a function of time for (a) 20 s and (b) 40 s ablations at 70 W 
power. Numerical and experimental (MR) temperature data compared. 

Lesion Size Measurement. MRI was used for imaging the HIFU-induced
 
lesions at selected depths within the tissue. Figure 19 shows MRI-recorded
 
lesions in the liver sample at sonication times 20, 30, and 40 s at three
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FIG. 19. MRI images of lesions (in white) and numerically generated lesions (black outline) 
are superimposed for 20, 30, and 40 s sonications at three depths. 

different depths (rows 1, 2, and 3) within the tissue. Rows 1, 2, and 3 
correspond to intensity levels: 1704, 1220, and 817 W/cm2. The MRI lesions 
are compared to the calculated lesion contours (shown as black outlines). It 
is seen that at a given depth, the size of the lesion increases with sonication 
time. Also lesion size at a given sonication time decreases with depth from 
the tissue surface. This is because with increasing depth there is an increase in 
the attenuation of HIFU energy by the intervening medium between the 
focus and the tissue surface. It is also seen that the lesions at high-intensity 
levels (row 1) possess a tadpole shape instead of the typical cigar shape. This 
is attributed to the redistribution of HIFU energy by bubbles formed as a 
result of tissue boiling, a phenomenon observed by Khokhlova et al. [57]. 

After the ablation experiments, the liver samples were subjected to histol­
ogy examination of the exposed tissue zones. Figure 20(a) shows the magni­
fied view of the lesion boundary. The tissue region subjected to HIFU 
exposure appears as a continuous smudge of cells indicative of coagulative 
necrosis and is clearly demarcated from the surrounding undamaged tissue 
which appears as a collection of discrete cells. Thus, the examination 
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FIG. 20. (a) Magnified view of lesion boundary. (b) Histology image of lesions at sonication 
times 20, 30, and 40 s. 

  40  

confirmed the occurrence of coagulative necrosis within the ablated zones. 
Figure 20 (b) shows lesion images obtained from the histology study at 
sonication times 20, 30, and 40 s. These images were used to measure lesion 
size as a function of sonication time. Hence, besides MRI lesion size was also 
determined from the histology study. 

The MRI-monitored HIFU studies were useful in quantification of the 
lesion size as a function of sonication time. Figure 21(a) shows the computed 
and imaged lesion size as a function of sonication time. In row 2 (intensity 
1220 W/cm3), lesion size increases from 0.22 cm3 at 20 s to 0.58 cm3 at 40 s 
sonication time, which indicates a nonlinear dependence of lesion size on 
sonication time. It is also seen that with increasing depth from the surface, 
lesion size decreases at a constant sonication time. Thus, row 1 lesions are 
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FIG. 21. (a) HIFU lesion volume vs sonication time for numerical and MR methods. (b) 
Lesion volume for different sonication times, as determined by histology, numerical simulation, 
and MR imaging. 

larger than the lesions in rows 2 and 3. This is because of decrease of focal 
intensity with depth. 

In Fig. 21 (b), lesion size obtained from three methods, histology, numer­
ical, and MRI, are compared at sonication times 20, 30, and 40 s in row 2. 
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It is seen that there is a 13% agreement among the lesion size obtained by 
using all the three methods. Hence, this is for the first time that all the three 
methods were used to determine the HIFU lesion size as a function of 
operating parameters like sonication time and acoustic intensity. 

Validation of Computational Models. Computational modeling is an impor­
tant tool in HIFU studies for predicting the induced thermal effects. Several 
studies have used numerical models to calculate the HIFU-induced tempera­
ture rise and lesion size (Hariharan et al. [9]). For reliable prediction of the 
thermal effects, it is necessary to validate the models. Subsequent to the 
MRI-monitored HIFU studies, computations were performed to calculate 
the temperature rise and lesion size in the excised liver, at the selected 
sonication times 20, 30, and 40 s. Equations 3–5, as described before, are 
solved to obtain the transient temperature rise in the tissue medium. The 
transient temperature field was used in thermal-dose and lesion-volume 
calculations. Thermal dose, used for calculation of lesion size, was computed 
throughout the tissue medium, using the method developed by Sapareto and 
Dewey [59]. They showed that an exponential relation exists between the 
tissue temperature and the exposure time required to coagulate the tumor 
cells. The thermal-dose parameter is expressed as: 

t¼tfinal Z 
t43ðx; y; zÞ ¼  R43 � TðtÞdt; ð8Þ 

t¼0 

where t43 is the thermal dose at the reference temperature of 43�C, and tfinal 
is the treatment time. 

T(t) is the temperature (in degree Celsius) as a function of time obtained 
experimentally, and, 

( )
0:5 if  TðtÞ � 43oC

R ¼ :
0:25 otherwise 

According to this relation, thermal dose resulting from heating the tissue to 
43�C for 240 min is equivalent to that achieved by heating to 56�C for 1.76 s. 
The bounding surface of the HIFU lesion was taken to be the surface where 
the thermal dose attained a value of 240 equivalent minutes at 43�C. The 
lesion volume is the amount of tissue within the surface. He et al. [60] found 
that the thermal-dose threshold values and the R values are different for 
different urological systems. In principle, the threshold established for the 
particular organ and species should be used in thermal-dose calculations. As 
these values are often not available, a value of 240 equivalent minutes is 
usually used. For example, in the HIFU ablation studies by Righetti et al. 
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[61] involving excised livers, a thermal dose of 243 min (�240 min) was used 
as the threshold for cell necrosis. 
The temperature rise and lesion volume obtained from the calculations 

were compared with results of MRI thermometry and a 13% agreement was 
found (Figs. 18 and 21). Thus, besides measuring the temperature rise and 
lesion volume noninvasively, the MRI and histology methods were also 
useful in validating results of computational methods. 

III. Future Direction 

In order to ensure safety of patients during HIFU therapy and to enhance 
effectiveness of the procedure, proper characterization of HIFU devices, for 
accurate prediction of the induced thermal field, is necessary. The MRI 
thermometry method and the inverse heat transfer method have both been 
found useful in the characterization of the HIFU thermal field. Such 
methods will be useful to device manufacturers as well as regulatory bodies 
like the FDA, to better evaluate the performance of HIFU devices. 
However, the present studies can be extended or modified for enhancing 
the accuracy of thermal field characterization. 

A. IMPROVEMENT IN CALCULATIONS: ACCOUNTING FOR BOILING, CAVITATION, 
AND NONLINEARITY 

The computational method to calculate temperature rise and lesion size, 
under a given set of operating parameters, is usually limited by the assump­
tion of linearity and the inability to treat cavitation or boiling. The compu­
tational method employed by the present authors has the capability to 
calculate the HIFU-induced temperature rise and lesion volumes within 
acceptable accuracy especially at low or moderate energy levels. The authors 
feel that for a greater accuracy in predicting temperature rise and lesion size 
at high energy levels, in future HIFU studies, the computational method 
should account for boiling, cavitation, and nonlinearity. The HIFU heat 
source can be modified to account for the redistribution of energy due to the 
bubbles. 

B. EXTENSION OF INVERSE HEAT TRANSFER METHOD: CALCULATION OF 

INTENSITY AND ACOUSTIC ABSORPTIVITY 

The inverse method developed in the study derives the location of the 
HIFU beam. The method can also be applied to derive other variables, such 
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as the acoustic power. In this instance, it is essential that a nonlinear 
propagation model be used by the optimization scheme. The propagation 
model, used in recent studies, is the linearized KZK algorithm, but any 
appropriate propagation model can be incorporated into the inverse proce­
dure. In the iterative procedure, the acoustic power would be combined with 
the focal coordinates as a fourth parameter. Alternatively, a subsequent 
optimization based upon power can be performed once the focal coordinates 
have been determined, though any influence of the power on the focal 
position would not be captured adequately. 
Disclaimer: The mention of commercial products, their sources, or their 

use in connection with material reported herein is not to be construed as 
either an actual or an implied endorsement of such products by the US 
Department of Health and Human Services. 
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I. Introduction 

A. NEEDS FOR PLASMA WATER TREATMENT 

1. Cooling Water Management 

Water is used as a cooling medium in large centralized air-conditioning 
systems as well as in thermoelectric power plants. In both cases, the cooling 
water plays an essential role in removing heat from condensers. Since the 
evaporation of pure water is the basic means to remove heat from the 
condensers, the concentration of mineral ions in circulating cooling water 
increases with time, resulting in hard water within a week even if soft water is 
used as makeup water. Hence, a part of the circulating water is periodically 
or continuously discharged in order to maintain the proper concentration of 
the mineral ions in circulating cooling water in the form of blowdown. 

Thermoelectric power plants produce about half of the nation’s electricity. 
According to the US Geological Survey’s (USGS) water use survey data [1], 
thermoelectric generation accounted for 39% (136 billion gallons per day 
[BGD]) of all freshwater withdrawals in the nation in 2000, second only to 
irrigation (see Fig. 1) [1]. Furthermore, the average daily national freshwater 
consumption for thermoelectric power generation is predicted to increase 
from the current 4 BGD for the production of approximately 720 GW elec­
tricity to 8 BGD for 840 GW in 2030 (see Fig. 2) [2]. 
In the cooling water management, it is important to distinguish between 

water withdrawal and water consumption. Water withdrawal represents 
the total water taken from a source, while water consumption represents the 
amount of water withdrawal that is not returned to the source. Freshwater 
consumption for the year 1995 (the most recent year for which these data are 
available) is presented in Fig. 3. Freshwater consumption for thermoelectric 
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Domestic, 1%Public supply, 13% 

Mining, 1% 

Irrigation, 40% 

Livestock, 1% 

Aquaculture, 1% 

Industrial, 5% 

Thermoelectric, 39% 

FIG. 1. U.S. freshwater withdrawal (2000). Source: USGS, Estimated use of water in the 
United States in 2000, USGS Circular 1268, March 2004. Add-up may not be equal to 100% due 
to rounding. 
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FIG. 2. Average daily national freshwater consumption for thermoelectric power 
generation 2005–2030 (predicted). Source: DOE/Office of Fossil Energy’s Energy & Water 
R&D Program, 2008. 

uses appears low (only 3%) when compared with other use categories (irriga­
tion was responsible for 81% of water consumed). However, even at 3% 
consumption, thermoelectric power plants consumed more than 4 BGD [1]. 

A modern 1000-MW thermoelectric power plant with 40% efficiency would 
reject 1500 MW of heat at full load. This is roughly equivalent to 512 � 106 Btu/h 
and uses about 760,000 gal/min of circulating water based on 18�F temperature 
difference in condenser [3]. As heat is removed via the evaporation of pure water 
at a cooling tower, the need for the makeup water is about 7500 gal/min for the 
typical fossil plant, which  results in 10 million gallons a day [3]. 
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Commercial, 1% 
Thermoelectric, 3% 

Mining, 1% 

Industrial, 3% 

Livestock, 3% 

Domestic, 6% 

Irrigation, 81% 

FIG. 3. U.S. freshwater consumption (1995). Source: USGS, Estimated use of water in the 
United States in 1995, USGS Circular 1220, 1998. Add-up may not be equal to 100% due to 
rounding. 

One of the critical issues in the cooling water management is the condenser 
tube fouling by mineral ions such as calcium and magnesium. Since calcium-
carbonate (CaCO3) problem is most common in cooling water, one can use 
the term “calcium scale” to refer all scales caused by mineral ions. In order to 
prevent or minimize the condenser tube fouling, the cycle of concentration 
(COC) in wet recirculation cooling systems is often kept at 3.5. Since 
increasing the COC can reduce the amount of makeup water, the water 
consumption can be reduced with the increased COC. For example, if one 
can increase the COC to 8, the freshwater consumption can be reduced by 
approximately 25%, meaning that the makeup water can be reduced by 2.5 
million gallons a day in a 1000-MW thermoelectric power plant. 

Since the amounts of mineral ions in circulating cooling water primarily 
depend on the COC, the condenser tube fouling also depends on the COC. 
Hence, the issue in the cooling water management is to increase the COC 
without the condenser fouling problem. The present review deals with an 
innovative water treatment technology utilizing plasma discharges in water, 
with which one can increase the COC without the fouling problem in 
condenser tubes. The key issue is how to precipitate and remove mineral 
ions such as calcium and magnesium from circulating cooling water so that 
the CaCO3 scales can be prevented at the condenser tubes and at the same 
time the COC can be increased. 

2. Water Sterilization 

The availability of clean water is an issue that has paralleled the continual 
increase in water consumption due to both global population growth and the 
economic development in a number of developing countries. From a global 
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perspective, an estimated 1.1 billion people are unable to acquire clean safe 
water [4]. As estimated by the Environmental Protection Agency (EPA), 
nearly 35% of all deaths in developing countries are directly related to 
contaminated water [5]. The need for improved water treatment exists on 
both political and humanitarian dimensions. Contaminated water can be 
attributed to a number of factors, including chemical fouling, inadequate 
treatment, deficient or failing water treatment, and poor distribution system. 
An additional cause of contamination is the presence of untreated bacteria 
and viruses within the water. Even in the United States, the increased 
presence of Escherichia coli (E. coli), along with various other bacteria, has 
been a cause for concern. 

In an effort to inactivate bacteria, there are several commercially available 
methods such as chemical treatments, ultraviolet (UV) radiation, and ozone 
injection technologies. The experimental success and commercialization of 
these water treatment methods are not, however, without deficiencies. With 
regard to human consumption, chemical treatments such as chlorination 
could render potable water toxic. Although both UV radiation and ozone 
injection have been proven to be practical methods for the decontamination 
of water, the effectiveness of such methods largely depends upon adherence 
to regimented maintenance schedules. It is because of these deficiencies that 
the importance of research and development of new and improved water 
treatment methods continues to grow. 

B. PREVIOUS STUDIES ON THE PLASMA WATER TREATMENT 

In recent years, there is an increasing interest in the study of pulsed electric 
breakdown in water and other liquids as it finds more applications in both 
industry and academic researches. A large number of papers and conference 
contributions were published during the last few years. High-voltage (HV) 
electrical discharges in water have been shown to be able to induce various 
reactions including the degradation of organic compounds [6–13], the 
destruction of bacteria and viruses [14–19], the oxidation of inorganic ions 
[20–25], and the synthesis of nanomaterials and polymers [26–29]. The reac­
tions are usually thought to be initiated by various reactive species, UV 
radiation, shockwaves, high electric field, or intense heat produced by pulsed 
electric discharge. The concentration of the reactive species and the intensity 
of the physical effects largely depend on the discharge type and solution 
properties. 

Locke [27] published a comprehensive review on the application of strong 
electric fields in water and organic liquids with 410 references in 2006. They 
explained in detail the types of discharges used for water treatment, physics 
of the discharge, and chemical reactions involved in the discharge in water. 
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More recently, Bruggeman and Leys [29] published another review paper on 
non-thermal plasma in contact with water. They discussed three different 
types of plasmas: direct liquid discharges, discharges in gas phase with a 
liquid electrode, and discharges in bubbles in liquids. A different excitation 
method for each type was discussed individually. In addition, plasma 
characteristics of the different types of plasma in liquids were discussed. 
Currently several research groups around the world actively study plasma 
discharges for water treatment, which will be briefly discussed next. 

Schoenbach and his colleagues at Old Dominion University have studied 
the electrical breakdown in water with submillimeter gaps between pin 
and plane electrodes by using optical and electrical diagnostics with a 
temporal resolution on the order of 1 ns [30–34]. By using a Mach–Zehnder 
interferometer, the electric field distribution in the pre-breakdown phase was 
determined by means of the Kerr effect, which indicates a change in the 
refractive index of a material. Values of electric fields in excess of computed 
electric fields, which reached over 4 MV/cm for applied electrical pulses 
of 20 ns duration, were recorded at the tip of the pin electrode. The results 
of this research have found bioelectric applications in the construction 
of compact pulse power generators. 

Locke and his colleagues at Florida State University have qualitatively 
studied the production of reductive species by pulsed plasma discharge in 
water using different chemical probes [35–37]. They showed that the forma­
tion of primary radicals from water decomposition occurred in the discharge 
zone. The immediate region surrounding the discharge zone was responsible 
for radical recombination to form products that diffused into bulk water 
where the radicals participated in bulk phase reactions. The rate of the 
formation of reductive species in the pulsed streamer discharge increased 
as the input power to the system increased, offering a possibility that in a 
mixture of aqueous contaminants some pollutants or a component of certain 
pollutants could degrade by reductive mechanisms, thereby increasing the 
degradation efficiency of the process. 

Graves and his colleagues at the University of California, Berkeley, pre­
sented a unique method to inactivate microorganisms in 0.9% NaCl solution 
(i.e., normal saline solution) by means of microplasmas [17]. They employed 
E. coli bacteria to investigate the disinfection efficiency of the device. The 
device consisted of a thin titanium wire covered by a glass tube for insulation 
except for the tip of the wire and ground electrode. Microbubbles could be 
formed at both electrodes from the application of an asymmetric high-
frequency, high voltage. Repetitive light emission was observed in the vicinity 
of the powered electrode. More than 99.5% of E. coli was deactivated in 180 s. 

Sato and his colleagues at Gunma University, Japan, studied the environ­
mental and biotechnological applications of HV pulsed discharges in water. 
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A pulsed discharge was formed in water by applying a HV pulse in point-to­
plane electrode systems [38–42]. They found that bubbling through a hollow 
needle electrode made it possible to raise the energy efficiency in the decom­
position of organic materials by reducing the initial voltage of the discharge. 
Oxygen gas bubbling was found to be effective for the decomposition because 
of the forming of active species originating from oxygen gas. 

Sunka and other researchers from the Institute of Plasma Physics, 
Academy of Sciences of the Czech Republic, developed a pulsed corona 
discharge generator in water using porous ceramic-coated rod electrodes 
(shown in Fig. 9) [43–45]. They studied the properties of the ceramic layer 
and its interaction with the electrolyte and reported that surface chemistry at 
the electrolyte/ceramic surface interface was an important factor in generat­
ing electrical discharges in water using porous ceramic-coated electrodes. 
Initiation of the discharge in water using these types of electrodes depended 
on the surface charge of the ceramic layer in addition to the permittivity and 
porosity of the ceramic layer. The surface charge could be determined by the 
polarity of applied voltage, and pH and the chemical composition of aqu­
eous solution. By applying bipolar HV pulses to eliminate possible build-up 
of an electrical charge on the ceramic surface, large-volume plasma could be 
produced in water in the range of kilowatts. 

Recently, Yang and his colleagues from Drexel Plasma Institute, Drexel 
University, reported the formation of liquid-phase non-equilibrium plasma 
in water. Since plasmas were only considered to exist through the ionization 
of gases, people had believed that plasmas in liquids must have been gener­
ated inside gas-phase bubbles produced through intense local heating or via 
cavitation and could be sustained within those bubbles. For the generation 
of non-equilibrium plasma in liquids, a pulsed power system was often used 
with 32–112 kV pulse amplitude, 0.5–12 ns pulse duration, and 150 ps rise 
time. The measurements were performed with a 4Picos ICCD camera with a 
minimum gate time of 200 ps. It was found that discharge in liquid water 
formed in a picosecond time scale, and the propagation velocity of the 
streamers was about 5000 km/s. The reduced electric field E/n0 at the tip of 
the streamer was about 200 Td. Both the propagation velocity and the 
reduced electric field in the test were similar to the streamer propagation in 
gas phase, indicating that the plasma could be formed in liquid phase 
without phase change. The details of the experiment will be discussed later. 

C. PROCESS OF CONVENTIONAL ELECTRICAL BREAKDOWN IN WATER 

Although a large number of studies were conducted on electric discharges 
in gases, studies on the electric breakdown in liquids have been limited by the 
high density of liquids and a short mean free path of electrons, therefore 
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requiring a very high electric field E/n0. The critical breakdown condition for 
gas can be described by the Paschen curve, from which one can calculate the 
breakdown voltage. A value of 30 kV/cm is a well-accepted breakdown 
voltage of air at 1 atm. When one attempts to produce direct plasma discharge 
in water, a much higher breakdown voltage on the order of 30 MV/cm is 
needed based on the Paschen curve due to the density difference between air 
and water. A large number of experimental data on the breakdown voltage in 
water showed, however, that the breakdown voltage in water was of the same 
magnitude as for gases. In other words, the breakdown of liquids can be 
performed not at the extremely high electric fields required by the Paschen 
curve but at those that only slightly exceed the breakdown electric fields in 
atmospheric-pressure molecular gases. This interesting and practically impor­
tant effect can be explained by taking into account the fast formation of gas 
channels in the body of water under the influence of an applied high voltage. 
When formed, the gas channels give the space necessary for the gas break­
down inside water, explaining why the voltage required for the breakdown in 
water is of the same magnitude as that in gases. 
To generate electrical discharges in water, usually one needs to have a 

pulsed HV power supply. Water is a polar liquid with a relative permittivity 
of " r = 80. The electrical conductivity of water ranges from about 1 mS/cm 
for distilled water to several thousand mS/cm for cooling water, depending 
on the amount of dissolved ions in water. Given that a specific water is 
exposed to an electric pulse with a duration of Dt, when Dt >> "r " 0/�, where 
" 0 is vacuum permittivity and � is the conductivity of water, the aqueous 
solution can be considered as a resistive medium [28]. For such a long electric 
pulse, the electrolysis of water takes place with the production of hydrogen 
and oxygen. For the case of a much shorter pulse duration, i.e., when 
Dt << "r " 0/�, water behaves as a dielectric medium [28], and a high applied 
voltage will lead to the breakdown of the solution. 
High electric field strength can usually be achieved by using needle elec­

trodes with sharp tips, from which electric discharges in water usually start. 
If the discharge does not reach the second electrode, it is called a partial 
discharge (also called pulsed corona discharge, in analogy with the 
discharges in gases), and branches of such a discharge are called streamers 
(see Fig. 4 (a)). However, the nature of the discharges in liquids and the 
mechanism of streamer formation are much less understood, and may be 
completely different from those for discharges in gases. If a streamer reaches 
the opposite electrode, it makes a conductive channel between the two 
electrodes. Furthermore, if the current through the discharge is very high 
(above 1 kA), it is usually called an arc discharge. While an arc discharge is 
usually continuous, the transient phase of the arc discharge is referred to as a 
pulsed spark discharge. 
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(a) (b) 
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FIG. 4. Images of plasma discharge in water: (a) pulsed corona; (b) pulsed arc, produced 
at Drexel Plasma Institute. 

TABLE I 
SUMMARY OF THE CHARACTERISTICS OF PULSED CORONA, PULSED ARC, AND PULSED SPARK
 

DISCHARGE IN WATER [26,27,46–55]
 

Pulsed corona Pulsed arc Pulsed spark 

Non-thermal discharge. 

High operating frequency 
(100–1000 Hz). 

Current transferred by 
slow ions. 

Streamer filaments do not 
propagate across 
electrode gap. 

A few joules or less per 
pulse. 

Weak to moderate UV 
generation. 

Weak to moderate 
shockwave. 

Relatively low current, i.e., 
peak current less than 
100 A. 

Thermal discharge. 

Low operating frequency 
(<1 Hz). 

Current transferred by 
electrons. 

Streamer filaments bridge 
electrode gap. 

Usually greater than 1 kJ per 
pulse. 

Strong UV emission. 

Strong shockwave. 

Large current with peak value 
greater than 100 A. 

Similar to pulsed arc, except for 
short pulse duration and low 
temperature. 

Pulsed spark is faster than pulsed 
arc, i.e., strong shockwaves are 
produced. 

Plasma temperature in the spark is 
around a few thousand K. 

The characteristics of pulsed corona and pulsed arc are summarized in 
Table I. In the partial discharge the current is transferred by slow ions, 
producing corona-like non-thermal discharges. In case of water with a high 
electrical conductivity, a large discharge current flows, resulting in a 
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shortening of the streamer length due to the faster compensation of the space 
charge electric fields on the head of streamers. Subsequently, a higher power 
density, i.e., a higher plasma density, in the channel can be obtained, result­
ing in a higher plasma temperature, a higher UV radiation, and the genera­
tion of acoustic waves. 

In the arc or spark discharges, the current is transferred by electrons. The 
high current heats a small volume of plasma in the gap between two electro­
des, generating quasi-thermal plasma, where the temperatures of electrons 
and heavy particles are almost equal. When a HV, high-current discharge 
takes place between two submerged electrodes, a large part of the energy is 
consumed in the formation of a thermal plasma channel. This channel emits 
UV radiation, and its expansion against the surrounding water generates 
intense shockwaves. The shockwave can directly interact with the microor­
ganisms in water. Of note is that the pressure waves can scatter microorgan­
ism colonies within the liquid, thus increasing their exposure to inactivation 
factors. For the corona discharge in water, the shockwaves are weak or 
moderate, whereas for the pulsed arc or spark the shockwaves are generally 
very strong. 

When the plasma discharge is initiated between two electrodes, the med­
ium between the two electrodes is ionized creating a plasma channel. The 
plasma discharge generates UV radiation and converts surrounding water 
molecules into active radical species due to the high energy level produced 
by the discharge. The microorganisms could be effectively inactivated, while 
the organic contaminants could be oxidized through contact with active 
radicals. The chemical kinetics of these reactions remains an area of signifi­
cant research [27,29]. Various active species can be considered as the bypro­
ducts of plasma discharge in water. The production of these species by 
plasma discharge is affected by a number of parameters such as applied 
voltage, rise time, pulse duration, total energy, polarity, the electric conduc­
tivity of water, etc. Among the active species, hydroxyl radical, atomic 
oxygen, ozone and hydrogen peroxide are the most important ones for the 
sterilization and removal of unwanted organic compounds in water. Table II 
summarizes the oxidation potentials of various active species produced by 
plasma in water, which ranges from 1.78 V (hydrogen peroxide) to 2.8 V 

TABLE II 
OXIDATION POTENTIAL OF ACTIVE SPECIES PRODUCED BY PLASMA IN WATER [56] 

Active species Hydroxyl Atomic oxygen (O) Ozone (O3) Hydrogen peroxide 
radical (OH) (H2O2) 

Oxidation potential 2.8 V 2.42 V 2.07 V 1.78 V 
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(hydroxyl radical). Note that fluorine has the highest oxidation potential of 
3.03 V, whereas chlorine, which is one of the most commonly used chemicals 
for water decontamination, has an oxidation potential of only 1.36 V. 

In addition to the aforementioned active species, the electrical breakdown 
in water produces UV radiation (both VUV and UV). VUV (i.e., vacuum 
UV), as the name indicates, can only propagate in vacuum because it is 
strongly absorbed by air or water. For pulsed arc discharge, the high-
temperature plasma channel can function as a blackbody radiation source. 
The maximum emittance is in the UVa to UVc range of the spectrum 
(200–400 nm) [28,55], as determined by the Stephen–Boltzmann law. Water 
is relatively transparent to UV radiation in this wavelength range. The 
energy per photon ranges from 3.1 eV to 6.2 eV. UV radiation has proven 
to be effective for decontamination processes and is gaining popularity as a 
means for sterilization because chlorination leaves undesirable byproducts in 
water. The radiation in the wavelength range of 240–280 nm may cause an 
irreparable damage to the nucleic acid of microorganisms, preventing proper 
cellular reproduction, and thus effectively inactivating the microorganisms. 

Alternatively, the photons can provide the necessary energy to ionize or 
dissociate water molecules, generating active chemical species. Recently, it is 
suggested that the UV system may produce charged particles in water such 
that charge accumulation occurs on the outer surface of the membrane 
of bacterial cell. Subsequently, the electrostatic force on the membrane 
overcomes the tensile strength of the cell membrane, causing its rupture at 
a point of small local curvature as the electrostatic force is inversely propor­
tional to the local radius squared [57–59]. 

Since one of the major applications of the plasma discharge in water is in 
the development of a self-cleaning filter to be discussed later in this review 
article, the ability for the discharge to generate shockwaves will be briefly 
summarized next. When a HV, high-current discharge takes place between 
two electrodes submerged in water, a large part of the energy is consumed on 
the formation of a thermal plasma channel. The expansion of the channel 
against the surrounding water generates a shockwave. For the corona dis­
charge in water the shockwaves are often weak or moderate, whereas for the 
pulsed arc the shockwaves are strong. The difference arises from the fact that 
the energy input in the arc or spark discharge is much higher than that in the 
corona. 

Similarly, between the arc and spark, the arc produces much greater 
shockwaves due to its higher energy input. The water surrounding the 
electrodes becomes rapidly heated, producing bubbles, which help the for­
mation of a plasma channel between the two electrodes. The plasma channel 
may reach a very high temperature of 14,000–50,000 K, consisting of a 
highly ionized, high-pressure, and high-temperature gas. Thus, once formed, 
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the plasma channel tends to expand. The energy stored in the plasma 
channel is dissipated via both radiation and conduction to the surrounding 
cool liquid water and mechanical work. At the liquid–gas phase boundary, 
the high-pressure build-up in the plasma is transmitted into the water inter­
face and an intense compression wave (i.e., shockwave) is formed, traveling 
at a much greater speed than the speed of sound. Note that the shockwaves 
have another benefit in the sterilization process through a good mixing of 
water to be treated, significantly enhancing the plasma treatment efficiency 
as in the aforementioned self-cleaning filter performance. 

However, the plasma discharge for water treatment is not without defi­
ciencies. One of the concerns in the use of a sharp needle as a HV electrode is 
the adverse effect associated with the needle tip erosion. In a point-to-plane 
geometry, a large electric field can be achieved due to the sharp tip of the 
needle with a minimum applied voltage V. For a sharp parabolic tip of 
the needle electrode, the theoretical electric field at the needle tip becomes 
E / V/r, where r is the radius of curvature of the needle tip. As indicated by 
the above equation, the electric field at the tip of the electrode is inversely 
proportional to the radius of curvature of the needle tip. Hence, the 
maximum electric field could be obtained by simply reducing the radius 
of curvature r, which is much easier than increasing the voltage as the 
maximum value of the voltage is usually restricted by the electric circuit as 
well as insulation materials used around electrodes. 

Sunka [60] pointed out that the very sharp tip anode would be quickly 
eroded by the discharge, and one had to find some compromise between the 
optimum sharp anode construction and its lifetime for extended operation. 
Also it was demonstrated recently that the erosion of electrodes at pulse 
electric discharge in water would result in the production of metal and oxide 
nanoparticles in water. These particles are very difficult to remove once they 
enter the drinking water system due to their nanometer sizes, and potential 
danger to human body is not clearly known. 
Another concern in the application of pulsed electric discharges in water is 

the limitation posed by the electrical conductivity of water on the production 
of such discharges [60]. In the case of a low electric conductivity below 
10 mS/cm, the range of the applied voltage that can produce a corona 
discharge without sparking is very narrow. On the other hand, in the case 
of a high electric conductivity above 400 mS/cm, which is the typical con­
ductivity of tap water, streamers become short and the efficiency of radical 
production decreases. In general, the production of hydroxyl radicals and 
atomic oxygen is more efficient at water conductivity below 100 mS/cm. 
Thus, this is one of the major challenges in the application of plasma 
discharges for cooling water management as the electric conductivity of 
most cooling water is at the range of 2000–2500 mS/cm. 
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II. Underwater Plasma Sources 

A. DIRECT DISCHARGES IN LIQUID 

Various electrode geometries have been studied for the generation of 
plasma discharges in liquid. Figure 5 shows some of the typical electrode 
configurations. Note that only the cases where both the HV electrode and 
ground electrode are placed in liquid are shown here. Among them, the 
point-to-plane geometry has been the most commonly used configuration 
(shown in Fig. 5 (a)). Also a point-to-plane geometry with multiple points 
was used to generate a large-volume corona discharge in water (Fig. 5 (b)). 
For pulsed arc discharges, a point-to-point electrode geometry was often 
used (Fig. 5 (c)). 

(a) (b) (c) 

(f)(e)(d) 

(g) 

FIG. 5. Schematics of electrode geometries used for plasma discharges in liquid: (a) single 
point-to-plane; (b) multiple points-to-plane; (c) point-to-point; (d) pin hole; (e) wire-to-cylinder; 
(f) disk electrode; (g) composite electrode with porous ceramic layer. 
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PLASMA DISCHARGE IN WATER 

As mentioned in the previous section, one of the concerns in the use of a 
sharp needle as the HV electrode is the tip erosion due to the intense local 
heating at the tip. To overcome the limitation of the needle-plate configura­
tion, “pinhole” electrodes (also called a diaphragm discharge, as shown in 
Fig. 5 (d)) with large surface areas were developed, where the HV 
and ground electrodes are separated by a dielectric sheet with a small hole 
[61–64]. When high voltage is applied on the electrodes, an intense electric 
field could be formed around the pinhole. Subsequently, a pre-discharge 
current could be concentrated in the small hole, leading to strong thermal 
effects, resulting in the formation of bubbles. Pulsed corona discharge occurs 
inside the bubbles at the pinhole because of the high electric field. The length 
of the streamers generated is decided by the parameters such as water 
conductivity, the size of the pinhole, flow velocity through the pinhole, and 
voltage polarity. Similar to the corona discharge in the point-to-plane geo­
metry, a pulsed arc discharge could be formed once the streamer bridges the 
two electrodes. Figure 6 shows (a) pulsed corona and (b) arc discharges 
through a pinhole produced at Drexel Plasma Institute. 
Another critical issue that researchers are facing is to increase the volume 

of an active plasma discharge region, for industrial applications with a 
large water flow rate. Clearly the point-to-plane electrode geometry would 
be difficult to scale up for such an industrial application. Also it is difficult 
to discharge uniformly at multiple pinholes. In order to effectively treat a 
large volume of water with plasma discharges, different approaches could 
be used including a wire–cylinder geometry (Figs. 5 (e) and 7), a disk 
geometry (Fig. 5 (f)), and a concentric cylinder geometry with a HV center 
composite electrode coated with a thin layer of porous ceramic (Figs. 5 (g) 
and 9). 

FIG. 6. Images of plasma discharges through a pinhole: (a) pulsed corona; (b) pulsed arc, 
produced at Drexel Plasma Institute. 
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FIG. 7. Time-integrated image of discharges generated using a wire–cylinder geometry 
in water, where tungsten wire and stainless steel mesh cylinder were used. Chamber 
dimensions: 44-mm ID, 100-mm length [65]. 

The geometry using multiple disks shown in Fig. 5 (f) utilized a number 
of thin circular stainless steel disk electrodes separated by dielectric layers 
to produce pulsed multichannel discharges in water [66]. The thickness of 
the disk electrodes was about 80 mm. The diameter of the acryl disk was 
slightly greater than that of the stainless steel disk so that pre-breakdown 
current was limited to a small area enclosed by a pair of the acrylic disks 
and the circumferential edge of the stainless steel disk. Such a confine­
ment of the current allowed water to be heated and evaporated in this 
small area, promoting the initiation of plasma discharges. The edge of the 
stainless steel disk was rounded such that the radius of curvature of the 
edge was about half of the disk thickness d. Hence, the maximum electric 
field at the edge was estimated to be E � 2U/d, staying relatively constant 
with a high-level value comparable to a point-to-plane geometry through­
out the discharge process. Furthermore, a large-volume plasma could 
be produced by stacking multiple disks together. Figure 8 shows 
photographs of pulsed multichannel discharge arrays generated with 
two stainless steel disks. 
As mentioned previously, Sunka and his coworkers developed a HV 

composite electrode coated with a thin layer of porous ceramic [28,43]. 
Such an electrode can be used in a wide variety of geometrical configurations, 
including wire–cylinder and planar geometry. The role of the ceramic layer is 
to enhance the electric field on the anode surface by the concentration of the 
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FIG. 8. Pulsed multichannel discharge array in water generated by two stainless steel disk 
electrodes separated by a dielectric layer [66]. 

pre-discharge current in small open pores so that a large number of discharge 
channels could be distributed uniformly and homogeneously on the electrode 
surface. The composite electrodes can be made in various dimensions, 
enabling the construction of reactors that can operate at average power 
in the range of kW. Figure 9 shows images of multichannel pulsed electrical 
discharges in water generated using porous-ceramic-coated metallic 
electrodes. 

FIG. 9. Multichannel pulsed electrical discharge in water generated using porous-ceramic­

coated metallic electrodes [43]. 
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B. BUBBLE DISCHARGES IN LIQUID 

In engineering applications of plasma discharges in liquids, high-
voltage, high-power discharges are often needed for the generation of 
breakdown in liquids as well as for desired processing. For example, 
high electrical current and/or high liquid temperature can sterilize water. 
In this case, the high energy supplied by a power source is first used to 
evaporate the liquid adjacent to the HV electrode, generating gas bubbles 
that are subsequently ionized by large electric fields caused by the high 
voltage. Liquid temperatures in such applications are usually high, at least 
locally near the breakdown locations, due to the excess power dissipated 
in the liquid. However, in some circumstances high temperature is not 
desired. For such applications, a non-thermal plasma system that can 
generate gas-phase plasmas in contact with liquids is often used. Since 
the gas-phase plasma can only interact with the liquid through the gas– 
liquid interface, a maximization of the interface area is usually desired, 
which can be achieved by using bubble plasmas, i.e., plasmas generated in 
small bubbles suspended in liquid. Note that the ratio of the area of 
gas–liquid interface to the total gas volume is inversely proportional to 
the radius of the gas bubbles. Many different configurations have been 
used as shown in Fig. 10 (a)–(e). 

Similar to direct discharges in water, the most commonly used configura­
tion is the point-to-plane configuration, where the point electrode was made 
of a small-diameter hollow tube to inject gas into water [67–70]. Different 
types of gas were used depending on applications. For example, oxygen gas 
was often used to promote the formation of oxygen radicals. 
Alternatively, gas was bubbled between two metal electrodes (Fig. 10 (b)). 

The discharge occurred between the electrodes by applying the HV, produ­
cing OH radical that was detected by a spectroscopic technique [71,72]. 
Another interesting discharge in liquid was to use a gas channel, inside 

which two metal electrodes were placed to generate plasma discharge 
(Fig. 10 (c)) [73,74]. The gas is continuously supplied through the hollow 
tube, flowing around the electrodes from both sides and exiting from the 
open ends at the middle of the reactor (see Fig. 10 (c)). The gases coming 
from the top and bottom merge into one where two point electrodes were 
closely positioned, forming a stable gas channel between the two metal 
electrodes. Subsequently, the generated discharge was an arc discharge 
which was cooled and stabilized by the surrounding water. 
Aoki and his coworkers [75] studied radio frequency (RF)-excited dis­

charges in argon bubbles in a dielectric covered metal rod and wire reactor 
(Fig. 10 (d)). First, bubbles were formed in front of the slot antenna (see 
black area in the figure) by microwave heating of water where water in an 
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FIG. 10. Schematics of electrode geometries for bubble discharge: (a) point-to-plane; 
(b) parallel plate; (c) gas channel with liquid wall; (d) RF bubble discharge [75]; (e) microwave 
bubble discharge [77]. 

evacuated vessel at a vapor pressure of 5 kPa was evaporated by a slight 
increase in the temperature above the boiling point (room temperature). 
In the second step, microwave breakdown took place inside bubbles filled 
with water vapor. In the third step, the bubbles containing the plasma moved 
up due to the upward force by buoyancy. After that, new water filled the 
vacant space in front of the slot antenna. These steps were successively 
repeated forming a large number of bubble plasmas. Microwave-excited 
plasma in water with or without externally introduced bubbles was studied 
by Ishijama (Fig. 10 (e)) [76,77] and Nomura [78–80]. 
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III. Dynamics of Non-Equilibrium Plasma in Liquid Water 

A. EXPERIMENT SETUP 

Typically, the electric breakdown of liquids is initiated by the application 
of high electric field on the electrode, followed by rapid propagation and 
branching of plasma channels. Usually plasmas are only considered to exist 
through the ionization of gases, and for all cases described above, the 
production of plasmas in liquids was believed to first generate bubbles 
through heating or via cavitation and sustain the plasmas within those 
bubbles. The question is, is it possible to ionize the liquid without cracking 
and void formation? 

To answer this question, Yang and his coworkers [81] used two different 
pulsed power systems. The first pulsed power system generated pulses with 
27 kV pulse amplitude, 12 ns pulse duration, and 300 ps rise time. The 
voltage waveform is shown in Fig. 11. The second system generated max­
imum 112 kV pulses with 150 ps rise time and duration on the half-height 
about 500 ps. The voltage waveform is shown in Fig. 12. Discharge cell had a 
point-to-plate geometry with the point electrode diameter of 100 mm. The 
distance between the point and plate electrodes was 3 mm. The measure­
ments were performed with the help of 4 Picos ICCD camera with a mini­
mum gate time of 200 ps and spectral response of 220–750 nm. Figure 13 
shows the schematic diagram of the experiment setup. 

0 

5 

10 

15

V
ol

ta
ge

 (
kV

) 20 

25 

30 

–2 0 2 4 6 8 10 12 14 16 

Time (ns) 

FIG. 11. Voltage waveform produced from the nanosecond-duration power supply used 
by Yang et al. [81]. 
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FIG. 12. Voltage waveform produced from the subnanosecond-duration power supply used 
by Yang et al. [81]. 
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FIG. 13. Schematic diagram of the experiment setup used by Yang et al. [81]. 

B. RESULTS AND DISCUSSIONS 

It was found that discharge in liquid water developed in nanosecond time 
scale. The diameter of the excited region near the tip of the HV electrode 
was about 1 mm. The discharge demonstrated a typical streamer-type 
structure, as shown in Fig. 14. No bubbling or void formation was observed. 
Thus, the discharge observed had a nature completely different from that 
of the discharges initiated by electrical pulses with a longer rise time [82]. 
Ishijima [77] reported that the pulses with 40 ns rise time and 18 kV ampli­
tude produced the velocity of discharge propagation about 2.5 km/s during 
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FIG. 14. Image of a nanosecond-duration discharge in water taken at a camera gate 
of 100 ms by Yang et al. [81]. 

the initial phase of the discharge. Both the shadowgraph and Schlieren 
images suggested that the branches were of gaseous nature. 
In the case of a short rise time, discharge propagation with a velocity of up 

to 200 km/s was observed during the very initial stage of the discharge, which 
corresponded to the moment of voltage increase (Fig. 15) [81]. Typical 
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FIG. 15. Images showing the dynamics of nanosecond-duration discharge emission and HV 
potential on electrode taken at a camera gate of 1 ns [81]. 
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emitting channel diameter was about 50 mm, and propagation length was 
0.5–0.6 mm for 27 kV. When voltage reached the maximum, the discharge 
stopped and the “dark phase” appeared (t = 6 –  9 ns  in  Fig. 15). During 
this phase, discharge could not propagate probably because of both space 
charge formation and electric field decrease. Voltage decrease on the HV 
electrode led to the reverse stroke formation and second emission region 
(t = 10–14 ns in Fig. 15). This means that the channels lost the conductivity, 
while the trailing edge of the nanosecond pulse generated a significant 
electric field and the excitation of the media. This effect can be considered 
as a proof that there was no void formation or phase transition during the 
first stage of the discharge. 

Discharge development in the case of 110 kV is shown in Fig. 16. It is clear 
that the plasma channel was generated during voltage increase time, i.e., less 
than 150 ps. Observed propagation velocity reached 5000 km/s (5 mm/ns) 
and was almost the same as the typical velocity of streamer propagation in 
air. Typical channel diameter was estimated as d = 50–100 mm, with the 
radius of curvature at the tip of streamer of about 20 mm. Thus, one could 
estimate the reduced electric field at the tip of the streamers to be about 200 
Td, if equi-potential was assumed between the plasma channel and the 
electrode. Again, this electric field strength was almost the same as the one 
at the tip of streamer propagating in air. Figure 17 shows the discharge 
geometry dependence on the pulsed voltage applied. The length of the 
channels decreased gradually with increasing voltage, a phenomenon 
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FIG. 16. Images showing the dynamics of nanosecond-duration discharge emission and HV 
potential on electrode taken at a camera gate of 0.5 ns [81]. 
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FIG. 17. Subnanosecond-duration discharge development for different voltages [81]. 

which, for fixed pulsed duration, indicated that the streamer velocity 
decreased. For voltage below 50 kV, discharges could not start during 
500 ps, and subsequently emission was not observed. 
In summary, the dynamics of excitation and quenching of non-

equilibrium plasma in liquid water were investigated, and the possibility of 
formation of non-equilibrium plasma in liquid phase was demonstrated. 
Based on these findings, it was concluded that the mechanism of the 
streamer development in liquid phase in the picosecond time scale was 
similar to the ionization wave propagation in gases [81]. 

IV. Analysis of Microsecond Streamer Propagation 

The study of liquid-phase non-equilibrium plasma in liquid water 
described above opens doors to new potential applications in the areas 
such as bacterial sterilization, organic compound destruction, and material 
synthesis. However, for most underwater plasma related applications, the 
more conventional microsecond-duration pulses could be used. Hence, it is 
important to get a better understanding of the key physical mechanisms of 
the breakdown process. In most cases, the electric breakdown of liquids is 
initiated by the application of a high electric field on the electrode, followed 
by rapid propagation and branching of streamers. The overall mechanism is 
complex as it involves different physical processes including field emission, 
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bubble formation, ionization, heating, vaporization, etc. Thus, it is difficult 
to include all the effects in a single analytical model. A number of proposed 
theories for the initiation of the breakdown of dielectric liquids are available 
in the literature [83–88]. The initial bubble formation could be attributed to 
pre-existing cavities in water, direct ionization, field assisted emission, or 
joule heating induced by local field emission. However, the exact mechanism 
is still unclear. 

Despite different mechanisms proposed, most initiation theories lead to 
the formation of a low-density region where self-sustained electron ava­
lanches take place. Thus, the next question is what the driving force is to 
sustain and expand the cavity to form complex geometrical structures. 
Similar to the initiation process, the propagation is complicated because it 
involves interactions between plasma, gas, and liquid phases of the media. 
Recent experiments demonstrated the existence of different modes of pro­
pagation, where both a primary streamer mode with a slow velocity and a 
secondary streamer mode with a high velocity were observed [82]. Several 
models were proposed to correlate electric field with streamer velocity 
[89–91]. Different effects, including liquid viscosity, trapping of positive 
and negative carriers in the conducting channel, and local electric charge at 
streamer head, were taken into account. But again, there is not yet a 
commonly accepted model. 

The objective of the present section is to develop a theoretical framework in 
order to better understand the propagation of streamers of electric discharge 
in water subjected to high voltage. The breakdown process is usually char­
acterized by two typical features of breakdown: rapid propagation of dis­
charge streamers and high tendency of branching and formation of random 
dendritic structures. Therefore, the present study consists of two components: 
quantitative model for possible mechanisms to produce the driving force 
needed to sustain and promote the propagation, and stability analysis of a 
single cylindrical filament with surface charges in an external electric field. 

Despite the fact that the mechanism is not fully understood, the propaga­
tion of streamers during electric breakdown of water clearly involves the 
displacement of adjacent liquid along their paths. The process requires a 
driving force, which is to be discussed in this section. Two quantitative 
models have been developed: one is based on the electrostatic effect on the 
streamer–water interface, and the other a more traditional local heating 
effect. Comparison is made to examine the validities of the two models. 

A. ELECTROSTATIC MODEL 

A schematic diagram of the present electrostatic model is shown in Fig. 18 (a). 
A thin needle electrode with a rounded tip is aligned perpendicular to a 
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FIG. 18. Initiations of (a) bubble formation and (b) cylindrical filament formation in water [92]. 

ground plate electrode. High voltage �0 is applied on the needle electrode. 
According to Kupershtokh, liquids could become phase unstable under a high 
electric field strength so that gas channels could form along electric field lines 
[93]. The time required for breakdown ignition in the channels can be esti­
mated as �b = (kI n0)

–1, where  kI is the direct ionization rate coefficient and n0 

is the molecule density [18]. Under atmospheric pressure, n0 is in the order of 
1019 cm–3, while  kI is in the order of 10–10 to 10–9 cm3/s in the reduced electric 
field E/n0 of 10

3 Vcm2 [94]. Hence, �b is in the order of 0.1–1 ns. For negative 
discharges, due to the higher momentum transfer collision frequency and thus 
a low mobility in the liquid phase, electrons tend to deposit on the gas–liquid 
interface and charge it negatively. For positive discharges, the high mobility of 
electrons would leave the interface charged positively. Under both circum­
stances, it is possible that the charged interface would be pushed to displace 
the liquid under external electric field by electrostatic force. 

A simplified calculation can be made to examine whether or not the 
electrostatic force would be sufficient to overcome the resistance of water at 
the interface. The pressure due to the surface tension, �, on a water interface 
of a spherical bubble with a radius of curvature r, can be approximated by the 
Young–Laplace equation p = 2�/r. With r � 1 mm and � = 72.8 � 10–4 N/m, 
the surface tension pressure is �15 kPa. The ultimate strength of water of 
approximately 30 MPa must be exceeded for rupturing the liquid [95]. 
Considering forces due to charged particles only and ignoring those due to 
field gradients and material property gradients, the electric force at the inter­
face becomes simply the electrostatic force, L, which is the product of charge 
density per unit area � and the electric field E, i.e., L = e�E, where e is 
the charge per electron. For E = 108 V/cm, � should have a value of 
1012 charges/cm2. For electrons with an average energy of 1 eV, the electron 
thermal velocity can be estimated as 6�107 cm/s. So a modest electron density 
of 1013 cm–3 will provide the flux necessary to charge the surface to the 
breaking point within 1 ns. Although these estimations for water rupturing 
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also neglect both loss mechanisms and the energy requirements to overcome 
the hydrodynamic resistance, the electrostatic mechanism still seems a likely 
candidate for streamer propagation, and such forces may dominate at 
nanosecond time scale. 

The growth of a plasma filament is determined by the conservation 
equations of mass, momentum, and energy. To quantify the breakdown 
process described above, the equations for the formation and propagation 
of the plasma-filled filaments are defined as [96] 

@� 2lðTÞT þ H � ð�uÞ ¼  ð1Þ 
@t DvHr 2 

0 

@u þ u � Hu þ 
1 
HP ¼ 0 ð2Þ 

@t � 

@ P u2 

ð�ðZ þ u2ÞÞ þ H � �u Z  þ þ ¼ �ðTÞE2 ð3Þ 
@t � 2 

where t is time; � and P are the radial density and pressure inside streamer, 
respectively; u is the velocity of streamer; T is the temperature; l is the 
thermal conductivity; DvH is the evaporation heat of water; r0 is the radius 
of streamer; Z is the internal energy of ionized gas; E is the electric field 
strength; and � is the electric conductivity. It is usually difficult to directly 
solve Eqs. (1)–(3) because of the high non-linearity of the equations. 

For simplification, the streamer is assumed to be a cylinder with a hemi­
spherical tip as shown in Fig. 18 (b). The reference frame is fixed on the tip. 
The radius of the filament is r0. Although it appears from photographic 
evidences that the filament is usually of a conical shape, the cylindrical 
approach is still a good approximation when the length of the filament is 
much greater than the radius. The electric conductivity � inside the filament 
could be described as 

2nee
� ¼ ð4Þ 

mven 

where m is the mass of electron and ven is the frequency of electron-neutral 
collisions. Note that ven is proportional to the gas number density and 
the value of ven/p is usually in the order of 109 s–1Torr–1 [94]. Sunka measured 
the broadening of the H� line profile, which is commonly used to characterize 
the density of plasma, reporting the electron density inside streamers during 
the initial phase of water breakdown, to be in the order of 1018 cm–3 [60]. 
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With water vapor pressure of 20 Torr saturated at the room temperature, the 
electric conductivity inside the filament can be estimated to be in the order of 
107 S/m, a value which is comparable to those for metals. So the filament 
could be regarded as equi-potential with the electrode, and thus could 
be treated as an extension of the electrode throughout the expansion. 
The external fluid provides drag force and constant external pressure for 
the development of the filament. Gravity is neglected here because the body 
force induced by gravity is much smaller than electric forces. 
The electric field outside a slender jet can be described as if it were due to 

an effective linear charge density (incorporating effects of both free charge 
and polarization charge) of charge density � on the surface. Since the charge 
density in liquid can be ignored comparing with that on the filament surface, 
one can have the following equation for the space outside the filament by 
applying Laplace equation in the radial direction: 

1 @ @F 
r ¼ 0 ð5Þ 

r @r @r 

with boundary condition � r=r0
=�0 and � r=R=0. R is the distance between 

anode and cathode. Since the filament could be regarded as an extension 
of the electrode, R decreases as the streamer propagates through the gap. 
Solving the above equation with an assumption of negative discharge, the 

radial electric field Er and local surface charge density �r can be written as 

@F F0Er ¼ ¼ �  ð6Þ 
@r r0 lnðR=r0Þ 

F0
�r ¼ "Er0 ¼ � " r " 0 ð7Þ 

r0 lnðR=r0Þ 

There is no analytical solution for the electric field at the hemispherical tip 
of the filament. A frequently used approximation is Ez ��0/r0. Here the 
equation for the electric field at the tip of a needle in a needle-to-plane 
geometry developed by Lama and Gallo was used [97]: 

2F0Ez ¼ �  ð8Þ 
r0 lnð4R=r0Þ 

Similarly, the local charge density at the tip is 

2F0
�z ¼ "Ez ¼ � " r " 0 ð9Þ 

r0lnð4R=r0Þ 
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From Eqs. (6)–(9), one can conclude that the radial direction electrostatic 
pressure E� exerted on the side wall of the streamer is weaker than the axial 
direction electrostatic pressure on the tip. Note that both electrostatic 
pressures are roughly inversely proportional to r0

2, meaning that at the 
initial stage of the filament growth when r0 is small, the electrostatic forces 
on both directions are strong and the filament will grow both axially and 
radially. A direct consequence of both the axial and radial expansions of the 
streamer channel is the launching of compression waves into adjacent liquids 
[82]. At some critical point, the electrostatic force reaches a balance with 
hydrodynamic resistance acting on the surface in the radial direction first, 
while the filament continues to grow in the axial direction. 

Experimentally recorded propagation speeds of the filaments varied 
depending on the measurement techniques, ranging from a few km/s to 
100 km/s [82,98,99]. In spite of the discrepancy observed by different groups, 
the propagation was clearly in the supersonic regime. Thus, the formation of 
shockwaves should be taken into consideration (see Fig. 19). The drag force 
on the tip of the streamer, which is a stagnation point, equals the force 
produced by the total hydrodynamic pressure: 

2� � � 1 1 
M2Phd ¼ P1 1 � þ �ðCM2Þ2 ð10Þ 

� þ 1 � þ 1 2 

where P1 is ambient pressure; P1((2� / � þ 1)M1
2 – (� – 1 /  � þ 1)) is the pres­

sure behind shock front; � is the specific heat ratio of water; M1 is the Mach 
number of streamer; M2 is the Mach number after the shock front; and C is 
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FIG. 19. Force balance for the electrostatic model proposed by Yang et al. [92]. 
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the speed of sound in liquid. The relationship between M1 and M2 can be 
written as [100] 

ð� � 1ÞM1
2 þ 2 

M2
2 ¼ ð11Þ 

2�M1
2 þ 1 � � 

Equating the hydrodynamic pressure to the sum of the electrostatic pres­
sure and the pressure produced by surface tension at the tip can give the 
following equation for streamer propagation: 

F0
2 2� � � 1 1 2 2� 

4" r " 0 2 
¼ P1 M1

2 � þ �ðCM2Þ þ ð12Þ 
r0 ln

2ð4R=r0Þ � þ 1 � þ 1 2 r0 

The balance between the electrostatic force and the force produced by the 
total hydrodynamic pressure in the radial direction can be given as 

F2
0 1 2 � 

" r " 0 ¼ P1 þ �ðCM2Þ þ ð13Þ
2r0 ln

2ðR=r0Þ 2 r0 

Note that there are three unknowns, M1, M2, and  r0, in the above equa­
tions. So it is possible to solve Eqs. (11)–(13) simultaneously, when the 
applied voltage �0 and the inter-electrode distance R are specified. 

To demonstrate the validity of the present model, the filament radius 
predicted by the model is shown in Fig. 20. For a typical inter-electrode 
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FIG. 21. Variations of Mach number of streamer as a function of applied voltage and inter-
electrode distance [92]. 

distance of 1 cm, the filament radius increases from 3 mm to 50  mm as the 
applied voltage rises from 5 kV to 30 kV. The value is comparable to typical 
experimental values. For example, An reported that the light emission from 
the discharge was restricted to a channel of 100 mm diameter, indicating the 
interaction of charged particles in the region [82]. 
Figure 21 shows the filament propagation speed as a function of �0 and 

R. The calculated propagation speed from the present model is around 
15 km/s, which is higher than the primary streamer speed but lower than 
the secondary streamer speed reported by An and his coworkers [82]. The 
Mach number increases moderately with the applied voltage, a phenom­
enon which is understandable from the point of view of energy conserva­
tion. The streamer propagation velocity is relatively independent of the 
inter-electrode distance. For an applied voltage of 30 kV, the Mach num­
ber increases from 11.2 to 12.3 when inter-electrode distance decreased 
from 10 cm to 0.1 cm. This is consistent with the known property of 
negative streamers as the previous experiment showed that for a given 
voltage the propagation velocity was relatively constant as the streamer 
crossed the gap, and while it increased as the streamer approached the 
plane electrode [91]. This phenomenon can be understood by Eq. (6): the 
inter-electrode distance R is decreased with the propagation of the strea­
mers; as a result the electric field at the tip of the streamer was increased, 
leading to a higher propagation speed. However, the amount of the 
increase in the electric field will not be significant because of the natural 
logarithm in the equation. 
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B. THERMAL MECHANISM 

In the electrostatic model described above, it is assumed that the transla­
tional temperature inside the streamer was low, and the electrostatic force is 
the only driving force for the growth of the filament. The assumption is valid 
only at the initial stage of the filament development, as the temperature will 
keep rising as the molecules gain more energy through electron-neutral colli­
sions. The heating time, � , is approximately � = �en þ �vt, where �en is the time 
for electron-neutral excitation and �vt is the time for vibrational-translational 
(v-t) relaxation. For electron-neutral excitation, �en = 1/	en = 1/(ne�ken), 
where 	en is the electron-neutral non-elastic collision frequency, ne is the 
electron density, and ken is the rate constant for electron-neutral collisions. 
ken can be expressed as ken = �envte, where �en is the cross section for vibra­
tional excitation of H2O molecules by electron impact and vte is the electron 
thermal velocity. 
For electrons with an average energy of 1 eV, the cross section for vibra­

10–17 2 3tional excitation is about � = cm [101]. ken is thus about 10
–8 cm /s as 

is typical (vte = 6 � 107 cm/s). Spectroscopic measurements indicated that the 
stark broadening of H� line corresponded to an electron density of about 
1018 –3 cm at a quasi-equilibrium state [60]. Thus, the typical electron-neutral 
excitation time can be estimated to be in the order of a few nanoseconds. For 
the v-t relaxation, �vt = 1/(nv�kvt), where nv is the density of vibrational 
excited molecules and kvt is the v-t relaxation rate coefficient. For water 
molecules at the room temperature, kvt is about 3 � 10–12 cm3/s [94]. Assum­
ing that nv is in the same order with electron density, �vt could be estimated 
to be in the order of several hundred nanoseconds, suggesting that heating 
can take place inside the filaments under sub-microsecond time scale due to 
the energy transfer from the electrons to the translational energy of the water 
molecules, and furthermore the propagation of the streamers can be caused 
by the continuous evaporation of water molecules at the tip. Here the energy 
dissipation is not considered, and the actual heating time might be longer, 
but still the local heating mechanism under the sub-microsecond time regime 
seems possible. 

To quantify the process described above, it is assumed that a small 
cylindrical portion of water (i.e., see shaded portion in Fig. 22) evaporates 
at the tip of the streamer during time Dt so that the length of the streamer 
grows from L to L þ 
L, as shown in Fig. 22. The diameter of the evaporated 
water cylinder is assumed to be 2re. There is no definitive value for pressure 
Pe inside the small vaporized portion given the extremely high temperature. 
However, Pe can be estimated to be in the order of 1000 atm because of the 
density difference between liquid water and vapor. Such a high pressure 
could provide the driving force needed for the growth of the filament. 
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FIG. 22. Force balance for the thermal model proposed by Yang et al. [92]. 

As in the previous section, one can get the force balance along the axial 
direction at the tip of the filament assuming a steady state condition as 

2k k � 1 1 2� 
P1 M1

2 � þ �ðCM2Þ2 þ ¼ Pe ð14Þ 
k þ 1 k þ 1 2 re 

The energy required for the evaporation of water can be calculated as 

Ee ¼ �VeðcpD T þ DvHÞ ð15Þ 

where � and cp are the density and specific heat of water, respectively, and Ve 

is the volume of evaporated water. Ve can be written as 

Ve ¼ �r2 � 
L ð16Þe 

After evaporation, the overheated and over-pressured water vapor will 
expand radially, while satisfying the force balance along the axial direction, 
until it reaches an equilibrium with the outside hydrodynamic pressure. The 
process can be regarded as adiabatic under a sub-microsecond time scale, 
and thus one can have the following equations: 

PeV �s ¼ P0V �s ð17Þe 0 

� ��sP0 " r " 0F2 
0¼ ð18Þ 

Pe �r0ðcpDT þ DHl � gÞ lnðR=r0Þ 
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where P0 and V0 are the pressure and volume, respectively, of the water 
vapor after the expansion; r0 is the radius of the filament after expansion; 
and �s is the specific heat ratio of the water vapor. The force produced by P0 

should be in balance with the forces created by both surface tension and total 
environmental hydrodynamic pressure as given below: 

1 2 l 
P0 ¼ P1 þ �ðCM2Þ þ ð19Þ 

2 r0 

Another set of equations can be obtained through the consideration of 
energy conservation. The energy required to vaporize water is the electric 
energy provided by the power supply. If the entire filament is viewed as a 
capacitor with capacitance C, the required energy can be calculated as 

CF2
0E ¼ ð20Þ 

2 

The capacitance of the cylindrical filament is 

2�""0L 
C ¼ ð21Þ 

lnðR=r0Þ 
So the energy change required to extend the length by 
L becomes 

�""0
LF2 
0
E ¼ ð22Þ 

lnðR=r0Þ 
By equating 
E to Es, one has 

sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"" 0F2 

re ¼ 0 ð23Þ 
�ðcpDT þ DHl � gÞ lnðR=r0Þ 

Assuming � � 1 due to the low compressibility of water, and rearranging 
Eqs. (11), (14), (18), (19), and  (23) to eliminate M2, re, and Pg, one can get a 
set of equations about M1 and r0 as follows: 

sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�C2 �ðcpDT þ DHl � gÞ lnðR=r0Þ P1M1

2 þ � Pe þ 2� ¼ 0 ð24Þ 
2M1

2 " r " 0r0F0
2 

� �ks
" r " 0F2
 

Pe 
�r0ðcpDT þ DHl � 

0 

gÞ lnðR=r0Þ sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�C2 �ðcpDT þ DHl � gÞ lnðR=r0Þ � P1 � � � ¼ 0 ð25Þ 
2M1

2 " r " 0r0F0
2 
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FIG. 23. Variations of filament radius as a function of applied voltage and inter-electrode 
distance [92]. 

For water vapor, �s can be assumed to be 1.3 [102]. For high-temperature 
underwater discharges, the translational plasma temperature was measured to 
be between 4000 and 6500 K [103]. An average value of 5000 K is used for DT in 
the present study. Figure 23 shows the Mach number of filament propagation, 
M1, as a function of �0 and R. The propagation velocity is about 50 km/s, 
which is higher than the secondary streamer velocity of 25 km/s reported by An 
[82], but lower than the value of 200 km/s reported by Woodworth and his 
coworkers [99]. The discrepancy in the two measurements probably comes 
from the different techniques used for the velocity measurements. The value 
of M1 remains constant for various values of �0 and R, indicating  that  the  
propagation velocity of the streamers is independent of either the applied 
voltage or inter-electrode distance. Similar phenomenon was observed pre­
viously [82,99], where the propagation velocity of secondary streamers was 
constant over a wide voltage range. Figure 24 shows the filament radius as a 
function of �0 and R. The radius increases slightly as the streamers approach 
the other electrode, while it decreases almost linearly as the applied voltage 
drops. The absolute value of r0 is about one order smaller than that obtained 
from the electrostatic model. This can be understood if one considers the energy 
requirements for the two mechanisms. For the evaporation of water, the energy 
needed to break the hydrogen bonds between water molecules should be much 
greater than that required to displace the same volume of water. 

The different models based on the electrostatic force and evaporation of 
water give different results of the streamer propagation speed and filament 
radius. The electrostatic model shows streamers with a larger radius and a 
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FIG. 24. Variations of the Mach number of streamer as a function of applied voltage and 
inter-electrode distance [92]. 

lower Mach number, while the thermal model demonstrates that the strea­
mers can move much faster but are thinner than those determined from the 
electrostatic model. The different findings from the two models suggest that 
different mechanisms might be associated with the different modes of the 
streamer propagation. At the initial primary streamer mode before any 
significant heat is generated, the electrostatic force might have played a 
major role. The appearance of the secondary streamer requires more time, 
during which the electron energy can be transferred to translational energy 
of water molecules and subsequently evaporation becomes the dominant 
force to drive the filament to move forward. The transition time between 
the primary and secondary streamers is in the order of 100 ns [82], a value 
which is in accordance with the heating time as estimated above. 

C. STABILITY ANALYSIS 

The breakdown process is usually characterized by two features: an initial 
development of thin discharge channels and a subsequent branching of these 
channels into complicated “bush-like” patterns. Apparently, the branching 
process is associated with the instability of the filament. In this section, the 
linear stability analysis of axisymmetric perturbation of a filament surface 
with a certain electric charge density is presented. As long as the wavelength 
of the perturbation is much smaller than the length of the filament, the 
stability characteristics can be approximated by considering perturbations 
to a charged cylinder of constant radius as shown in Fig. 25. H is the depth 
of wave influence, and u is the velocity of liquid relative to the disturbance. 
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The peak-to-peak amplitude and wave number of the disturbance are h and 
k, respectively. Then the surface of the perturbation can be represented by 
the following equation: 

h 
r ¼ r0 þ expðikz þ !tÞ ð26Þ 

2 

where ! is the oscillation frequency of the instability. To analyze the linear 
stability, the disturbance of the local electrostatic force, surface tension, and 
hydrodynamic pressure are considered following a geometrical perturbation. 
Generally, the surface tension tends to minimize the surface area and sub­
sequently stabilizes the disturbance, while the local enhancement of the 
electrostatic force tends to push the disturbance to grow. In the reference 
frame that moves together with the tip of filament, the effects of these three 
forces are considered separately for the pressure balance between the crest 
and trough along the stream line (see Fig. 19). 

1. Electrostatic Pressure 

According to Eqs. (6)–(9), the electrostatic pressure which can be 
described by the product of electric field and surface charge density is 
proportional to the square of the local curvature of the interface, which is 
different at the crest and trough of the perturbation. Thus, the electrostatic 
pressures at the crest and trough, PE,c and PE,t become 

�2 
cPE;c ¼ " r " 0F2 ð27Þ0 4 

FIG. 25. Schematic diagram of disturbance at the surface of filament [92]. 
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�2 
tPE;t ¼ " r " 0F2 ð28Þ0 4 

where " r is the relative permittivity of water and �c and �t are the mean 
curvatures at the crest and trough, respectively. The expression for the mean 
curvature can be written as [104] 

1 @zð@zrÞ 1 
� ¼ qffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi � ¼ � @zð@zrÞ ð29Þ

2 3=2 r r 1 þ ð@zrÞ2 ð1 þ ð@zrÞ Þ

Substituting Eq. (26) into Eq. (29), one can get expressions for Mc and Mt: 

1 h 
�c ¼ þ k2 ð30Þ 

r0 þ h=2 2 

�t ¼ 
1 � 

h
k2 ð31Þ 

r0 þ h=2 2 

Subsequently, PE,c and PE,t can be written as 

! 
�2 1 hk2 
cPE;c ¼ " r " 0F2 ¼ " r " 0F2 þ ð32Þ0 0 24 ð2r0 þ hÞ 2ð2r0 þ hÞ

 !
�2 1 hk2 
cPE;t ¼ " r " 0F2 ¼ " r " 0F2 � ð33Þ0 04 ð2r0 � hÞ2 2ð2r0 � hÞ

Thus, the electrostatic pressure difference between the crest and trough 
becomes 

" r " 0F2
0h " r " 0F0

2hk2 

DPE ¼ PE;c �PE;t ¼ � þ ð34Þ32r0 2r0 

2. Surface Tension 

The pressures due to the surface tension across the interface at the crest 
and trough can be written as 

1 h 
PT;c ¼ ��c ¼ � þ k2 ð35Þ 

r0 þ h=2 2 
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PT;t ¼ ��t ¼ � 
1 � 

h
k2 ð36Þ 

r0 � h=2 2 

Thus the pressure difference due to surface tension between the cress and 
trough becomes 

�h
DPT ¼ PT;c �PT;t ¼ �  þ �hk2 ð37Þ2r0 � h2=4 

Since r0 >> h, the above equation can be simplified as
 

�h

DPT ¼ �  þ �hk2 ð38Þ2r0 

3. Hydrodynamic Pressure 

When there is a disturbance on the interface of the filament, the flow speed 
of liquid will be perturbed in the depth of wave influence, inducing a 
hydrodynamic pressure difference DPH between the crest and trough: 

� �2 � �21 Du 1 Du
DPHD ¼ � u þ � � u � ¼ �uDu ð39Þ 

2 2 2 2 

where Du/2 is the perturbation in the flow speed caused by the shape of the 
wave. The dynamic pressure is related to the flow speed through Bernoulli’s 
equation. The pressure difference from the electrostatic force and dynamic 
effect of the flow has the sign opposite to that of the pressure difference due 
to the surface tension. For a balance between two kinds of oppositely 
directed pressure differences, one has 

�h " r " 0F0
2h " r " 0F0

2hk2 

�uDu þ 2 � �hk2 � 3 þ 
2r0 

¼ 0 ð40Þ 
r 2r0 0 

In order to solve Eq. (40), the perturbed flow speed Du must be expressed 
in terms of experimentally measurable quantities. The following derivation is 
inspired by Kenyon [105]. 

Assuming that the perturbed flow speed is constant over the depth of wave 
influence, the mass conservation equation through vertical cross sections 
between the crest and trough becomes 

Du h Du h 
u þ H � ¼ u � H þ ð41Þ 

2 2 2 2 

� �
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where H is the depth of wave influence. The above equation can be 
reduced to 

u � h ¼ Du � H ð42Þ 
The theoretical expression for H was given by Kenyon [106] as  

1 
H ¼ ð43Þ 

2�k 

Using Eqs. (42) and (43) to eliminate H and Du, Eq. (40) becomes 

" r " 0F2 � " r " 0F0
2k2 

0�!2 ¼ k �k2 þ � � ð44Þ3 22r r0 0 2r0 

Since this is a quadratic equation, there will be two different branches of 
the dispersion relation, and an instability occurs if Re(!) > 0. The first thing 
to note in Eq. (44) is that when the applied voltage �0 is equal to zero and the 
surface is flat, in other words, when the radius of the filament r0 goes to 
infinity, the above equation reduces to �u 2 = �k, which is the equation for the 
classic two-dimensional Rayleigh instability. 

Figure 26 shows the instability growth rate ! at a low applied voltage, 
where the process is in Rayleigh mode. The dashed line represents the classic 
Rayleigh instability for �0 = 0 and  r0 !1. For �0 6 r0 is finite, ¼ 0 and 
instability only happens at high wave numbers. When the voltage increases 
under this mode, the growth rate is decreased until fully suppressed at a 

 

FIG. 26. Instability growth rate ! at low applied voltages. k and ! are nondimensionalized 
using streamer radius r 3/g)1/20 and time scale t = (�r0 [92]. 
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FIG. 27. Instability growth rate ! at high applied voltages. k and ! are nondimensionalized 
as in Fig. 26 [92]. 

certain critical value. The physical explanation to this can be as follows: the 
Rayleigh instability occurs due to surface tension, a phenomenon which 
always acts to break a cylindrical jet into a stream of droplets; on the 
other hand, the electrostatic force, which is proportional to the square of 
the applied voltage, always acts on the opposite direction of the surface 
tension. When the applied voltage increases, the Rayleigh instability will be 
suppressed when the two forces are balanced. 
As the voltage continues to increase, the instability is dictated by the electro­

static mode, where the electrostatic force exceeds the force created by the 
surface tension and becomes the dominant force. Figure 27 shows the instabil­
ity growth rate ! at a high voltage. Both the growth rate and the range of wave 
number increase as the voltage rises. The physics of this mode is a consequence 
of the interaction of the electric field with the surface charge on the interface; 
surface tension is a parameter of less importance for this mode. The mechanism 
for the instability is that a perturbation in the radius of the filament induces 
a perturbation in the surface charge density and therefore a perturbation in 
the electrostatic pressure. At a high voltage, the perturbation is amplified by the 

�2fact that the electrostatic pressure PE is proportional to , causing 
the instability. In contrast to the Rayleigh mode, the instability in the electro­
static mode is unavoidable at low wave numbers (long wavelength). This may 
explain why the filament always tends to branch into bush-like structures. 

In conclusion, the electric breakdown of water involves both the genera­
tion and propagation of low-density channels through liquid. Different 
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physical processes and interactions between different phases of the media 
should contribute to the complexity of the problem. In the current section, 
different modes of the streamer propagation have been considered into 
simplified steps, with each step characterized by a driving force and the 
corresponding hydrodynamic drag. The effects of the electrostatic force 
and local heating on the streamer propagation have been analyzed using 
simplified assumptions. It is shown that both of them are dominant for the 
streamer propagation, but at different time scales. Furthermore, a linear 
instability analysis has been performed on a charged cylindrical streamer in 
an external electric field to understand the bush-like growth pattern of 
breakdown in liquid. It is shown that the stability may be caused by the 
competition between perturbations in the electrostatic pressure and surface 
tension caused by the disturbance of the streamer geometry. With increasing 
applied voltage, the electrostatic instability is found to grow whereas the 
classic Rayleigh instability is found to be suppressed. 

V. Application of Spark Discharge for Scale Removal on Filter Membranes 

In the next few sections, new developments of underwater plasma treat­
ment at Drexel Plasma Institute for various applications will be reported. 
First, the application of spark discharge for scale removal on filter mem­
branes is studied. In modern wastewater treatment, filters are routinely used 
for removing unwanted particles from water. Conventionally, microfiltra­
tion methods are used to remove suspended particles from water. Whenever 
a filter is used in a water system, the pressure drop across the filter gradually 
increases with time and/or the flow rate gradually decreases with time. This 
reduced performance of a filter is due to the accumulation of impurities on 
the filter surface, and the clogged area becomes sites for bacterial growth for 
further reducing the opening in the filter surface, increasing the pumping 
cost. Therefore, in order to continuously remove suspended particles from 
water, the filter must be replaced frequently, a process which is prohibitively 
expensive in most industrial water applications. To overcome the drawbacks 
of frequent filter replacement, self-cleaning filters are commonly used in 
industry. Although there are a number of self-cleaning filter technologies 
available on the market, most self-cleaning filters use a complicated 
backwash method, which reverses the direction of flow during the cleaning 
phase. Furthermore, the water used in the backwash must be clean filtered 
water, which reduces the filter capacity. Aforementioned drawbacks of 
the conventional filter technologies motivated the authors to develop a 
new self-cleaning filter using spark-generated shockwaves. 
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As illustrated in previous sections, strong shockwaves can be formed 
during the process of pulsed arc or spark discharge. The energy transferred 
to the acoustic energy can be calculated as [107] 

Z24�r
Eacoustic ¼ ðPðr; tÞ�P0Þdt ð45Þ 

�0C0 

where r is the distance from the spark source to the pressure transducer; �0 is 
the density of water; C0 is the speed of sound in water; and P0 is the ambient 
pressure. One can conclude that the pressure created by the spark discharge 
is much higher than ambient pressure at positions close to the source. 
Traditionally, the high-pressure shockwave is studied for HV insulation 
and rock fragmentation, while recently it has found more applications in 
other areas including extracorporeal lithotripsy and metal recovery from 
slag waste [108–110]. 

In order to validate the concept to use spark discharge for filter cleaning, 
an experimental setup was built where discharges could be produced in 
water, and pressure drop across a filter surface was measured over time at 
various spark frequencies and flow conditions. It was hypothesized that the 
energy deposited by the spark shockwave onto water–filter interface was 
enough to remove the contaminants having Van der Waals bonds with filter 
surface. The objective of the study was to examine the feasibility of a 
self-cleaning water filtration concept using spark discharges in water. 

A. EXPERIMENT SETUP 

An experimental system was designed to test the effectiveness of the self-
cleaning filter concept using spark discharges in water under various flow 
conditions. The system consisted of two parts: a flow loop with a filter to 
simulate a cooling-tower water system and a pulsed power system to produce 
spark discharges in water. A schematic diagram of the test loop is shown in 
Fig. 28. To simulate deposits on filter surfaces, artificially hardened water 
with hardness of 1000 mg/L of CaCO3 was made by adding calcium chloride 
(CaCl2) and sodium carbonate (Na2CO3) in proper proportions to tap water. 
To minimize the abrasion of mechanical parts by CaCO3 particles, a peri­
staltic pump (FPU259, Omega Inc., Stamford, CT) was used to circulate the 
hard water in the test loop. The flow rate in the test system was varied from 
50 mL/min to 400 mL/min using a valve in a flow meter. In all experiments 
5% of the untreated water was bypassed for the purpose of the creation of 
the tangential flow along the filter surface. It is of note that some tangential 
flow was believed to be necessary for the successful removal of the unwanted 
deposits from the filter surface using the spark-generated shockwaves. 
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FIG. 28. Schematic diagram of the testing loop used by Yang et al. [111]. 

Usually filters have to be cleaned or replaced when excessive amounts of 
foreign materials are accumulated on the filter surface. The decision to clean or 
replace a filter is often based on the changes in flow rate or pressure drop 
across the filter. When the pressure drop increases to a pre-determined value or 
the flow rate reduces to a pre-determined value, the filter is cleaned or replaced. 
In the present experiment, the pressure drop across the filter with a filter 
surface area of 25 cm2 was measured using a differential pressure transducer 
(PX137-015AV, Omega Inc., Stamford, CT). The analog signal from the 
pressure transducer was collected and digitized by a data acquisition system 
(DI-148U, Dataq Instruments, Akron, OH) and processed by a computer. 

A pulsed power system in the present study consisted of three components: 
a high-voltage power supply with a capacitive energy storage, a spark-gap 
based switch, and a discharge source immersed in water. A schematic diagram 
of the pulsed power system is shown in Fig. 29. The HV pulses were provided 
by a pulsed power supply. The power supply charged an 8.5-nF capacitor bank 
and the pulse was triggered by an air-filled spark-gap switch. Arc discharge was 
initiated in the switch from the overvoltage produced by the power supply and 
capacitor, and the spark gap made use of a very low impedance of arc to 
transfer high-power energy within nanoseconds. Power deposited into water 
was analyzed by measuring the current passing through the discharge gap and 
the voltage drop in the gap. For measurements of the current, a magnetic-core 
Pearson current probe was utilized (1 V/Amp þ1/–0% sensitivity, 10 ns usable 
rise time, and 35 MHz bandwidth). Voltage was measured using a wide band­
width 1:1000 voltage probe (PVM-4, North Star Research Corp., Albuquerque, 
NM). Signals from the current and voltage probes were acquired and recorded by 
a digital phosphor oscilloscope (DPS) (500 MHz bandwidth, 5 � 109samples/s, 
TDS5052B, Tektronix, Beaverton, OR). Acquired data were then integrated 
using a customized MATLAB code. 
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FIG. 29. Schematic diagram of a pulsed power system used in the study by Yang et al. [111]. 
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FIG. 30. Typical voltage and current waveforms of a pulsed discharge in water [111]. 

Typical voltage and current waveforms are shown in Fig. 30. A fast rise 
time (�8 ns) was obtained with the closure of a spark-gap switch. The peak­
to-peak voltage was 29.6 kV. The initial steep rise in the voltage profile 
indicated the time moment of breakdown in the spark gap, after which the 
voltage slightly decreased with time over the next 12 ms due to a long delay 
time while the corona was formed and transferred to a spark. The rate of the 
voltage drop over time depends on the capacitance used in the test. The 
current profile shows the corresponding histories which show initially sharp 
peaks and then very gradual changes over the next 12 ms. At t � 12 ms, there 
was a sudden drop in the voltage indicating the onset of a spark or the 
moment of channel appearance, which was accompanied by sharp changes 
in both the current and voltage profiles. The duration of the spark was 
approximately 3 ms, which was much shorter than the duration of the cor­
ona. It is worth to mention that the energy dissipated in electrolysis can be 
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comparable with, or even higher than, the energy deposited in spark, espe­
cially at high-conductivity water conditions, because of the conduction 
current. The pulsed energy stored in the capacitor Eb was about 2.0 J, 
which was calculated as 

Eb ¼ 0:5CV 2 ð46Þb 

where C was 8.5 nF and Vb the capacitor voltage was 21.5 kV. The value was 
much lower than the peak-to-peak electrode voltage because of the oscilla­
tion in electric circuit upon the closing of spark gap. By integrating 
the voltage and current, the energy deposited into spark discharge was 
calculated as 

Z t2 

Ep ¼ V ðtÞIðtÞdt ð47Þ 
t1 

where V(t) and I(t) are the voltage and current measured by the oscilloscope, 
respectively, and t1 and t2 are the starting and ending times of the spark, 
respectively. The result was approximately 1.9 J/pulse, showing most of the 
energy stored in the capacitor finally went into the spark discharge. 

The spark discharge source in water consisted of a stainless steel 316 wire 
electrode (anode) with a radius of 2 mm and an exposed length of 5 mm, and 
a stainless steel mesh which acted as both a filter surface and grounded 
cathode. The tip of the anode electrode was sharpened to 0.2 mm diameter to 
provide a field enhancement. The distance between the anode electrode and 
stainless steel mesh was 10 mm. The opening in the stainless steel mesh was 
10 mm. The electric conductivity of the tap water (provided by the City of 
Philadelphia) used in the experiment was approximately 400 mS/cm. The 
value was maintained at 1000 mS/cm after the introduction of CaCl2 and 
Na2CO3. No significant change was observed in the conductivity after the 
application of the spark discharge. 

B. RESULTS AND DISCUSSION 

Figure 31 shows the changes in the pressure drop under various flow rates 
ranging from 200 mL/min to 400 mL/min without spark discharge. The 
pressure drop for a flow rate of 400 mL/min was approximately 50 Torr at 
the beginning of the test, which approached to an asymptotic value of about 
400 Torr at t = 3.5 min, indicating that the filter was fully covered by the 
particles. In all three cases of different flow rates, the pressure drop slowly 
increased during the first 30 s. In the following 2–3 min the pressure drop 
increased rather rapidly, arriving at respective asymptotic values. 
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FIG. 31. Changes in pressure drop at three different flow rates with an artificially hardened 
water [111]. 

FIG. 32. Variations of pressure drop after one single spark discharge at three different flow 
rates with an artificially hardened water [111]. 

Figure 32 shows the long-time response of the pressure drop across the 
filter surface after one single spark discharge at three different flow rates of 
200, 300, and 400 mL/min. One could visually observe that some particles 



_ _

� � � � � � � �

� �

224 Y. YANG ET AL. 

were dislodged from the filter surface and were pushed away from the filter 
surface by tangential flow, and a sudden change in the pressure drop imme­
diately following the single spark discharge confirmed the removal of the 
deposits from the filter surface. 

The cleaning effect can be explained by the pressure pulse produced by 
spark discharge. A number of researchers studied the bubble growth by 
spark discharge in water [112–115]. One of the most effective models is 
Kirkwood–Bethe model as given below [107]: 

R_ :: 3 R_ : 2 R_ R_ R : 
1 � RR  þ 1 � R ¼ 1 þ H þ 1 � H ð48Þ 

C 2 3C C C C 

where C and H are the speed of sound of the water and the specific enthalpy 
at the bubble wall, respectively. R is the radius of the bubble wall. 
The overdots denote the derivatives with respect to time. By expressing 
the time derivative of specific enthalpy as a function of derivative of plasma 
pressure P inside the bubble, Lu showed that it was possible to solve P 
as [107] 

" � �1=2 
#ð2n=ðn � 1ÞÞ 

2 n � 1 n þ 1 
Pðr; trÞ ¼  A þ 1 þ G � B ð49Þ 

n þ 1 n þ 1 rC2 

where A, B, and n are constants (A = 305.0 MPa, B = 304.9 MPa, n = 7.15); 
r is the distance from the source of the spark to the pressure transducer; and 

H þ RR ðr � RÞ 
G ¼ R ; tr ¼ t þ ð50Þ 

2 C0 

Using the above equation, Lu simulated that for a spark discharge with 
energy of 4.1 J/pulse, the maximum pressure at a distance of 0.3 m could be 
up to 7 atm [107]. The cleaning effect was due to the rapid pressure change 
produced by a spark discharge. 

With a single pulse, it took approximately 3 min for the pressure drop to 
return to its asymptotic value after the application of the single spark dis­
charge. This suggests that one needs to repeatedly apply spark discharges to 
effectively remove the particles from the filter surface over an extended period. 

Figure 33 shows the changes in the pressure drop over time for three 
different flow rates. One spark discharge was applied every minute from 
the supply-water side (i.e., untreated water side) where the accumulation of 
suspended particles takes place. For the case of 300 mL/min, the pressure 
drop decreased from the maximum asymptotic value of 350 Torr to 230 Torr 
after the first spark discharge. Since water with particles was continuously 
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FIG. 33. Changes in pressure drop under repeated pulsed spark discharges with an 
artificially hardened water [111]. 

circulated through the filter surface, the pressure drop began to increase 
immediately after the completion of the first spark discharge as shown in 
Fig. 32. The second and third spark discharges further reduced the pressure 
drop to 170 and 125 Torr, respectively. The pressure drop again began to 
increase immediately after each spark discharge. The sixth spark discharge 
brought the pressure drop down to a value of approximately 65 Torr, and 
subsequent spark discharges almost resulted in the minimum value of the 
pressure drop. For the cases of 200 and 400 mL/min, similar trends of the 
changes in the pressure drop were observed. 

Figure 34 (a) and (b) shows the changes in the pressure drop under 
repeated pulsed spark discharges with frequencies of 2 and 4 pulses/min, 
respectively. Three horizontal arrows indicate the original asymptotic 
values for three different flow rates, which were the maximum pressure 
drop due to clogged filter surface by CaCO3 deposits. First spark discharge 
significantly reduced the pressure drop in both cases. After that, the rate of 
the reduction slowed down. The pressure drop oscillations because of the 
application of spark pulses reached quasi-steady conditions after about 10 
pulses for both cases. In these oscillations, the maximum pressure drop 
decreased to about 45% of its original asymptotic value, while the minimum 
pressure drop was close to that of the clean filter. These results demonstrate 
the validity of the present spark discharge method. Note that the present 
cleaning method using the spark discharge does not require a backwash to 
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FIG. 34. Changes in pressure drop under repeated pulsed spark discharges with frequencies 
of (a) 2 pulses/min and (b) 4 pulses/min [111] 

remove deposits from the filter surface nor stopping the flow. Furthermore, 
the present spark discharge method can maintain the pressure drop across 
the filter at a rather low value (i.e., almost close to the initial clean state), 
thus providing a means to save not only freshwater but also electrical energy 
for the operation of pump and required for the backwash in the conventional 
backwash system. 

Figure 35 shows the changes in the pressure drop over time with the anode 
electrode placed beneath the filter membrane (i.e., plasma discharge was 
applied from the treated water side). In this case, the momentum transfer 
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FIG. 35. Pressure drops across filter membrane under repeated pulsed spark discharges in 
water for the cases of electrode beneath membrane and electrode above membrane [111]. 

from the shockwave to particles on the filter surface was indirect and had to 
go through the membrane. Figure 35 clearly shows that the pressure drop 
did not improve significantly in this case, indicating that the cleaning effect 
was negligible comparing with the case when the electrode was placed at 
the untreated water side. The fact that the momentum transfer from the 
shockwave to the membrane was weak is actually good news. The low energy 
transfer rate means that the present spark discharge may not deform the 
membrane significantly and therefore will not damage the membrane, 
and has the potential to be applied in the cleaning of more delicate mem­
branes such as in a reverse osmosis as well as solid filters over an extended 
period of time. 

VI. Plasma-Assisted CaCO3 Precipitation 

As mentioned in the introduction section, thermoelectric generation 
accounted for 39% (136 BGD) of all freshwater withdrawals in the United 
States in 2000, second only to irrigation [1]. Each kilowatt-hour (kWh) 
of thermoelectric generation requires the withdrawal of approximately 
25 gallons of water, which is primarily consumed for cooling purposes. 

Since heat removal from condenser tubes requires the evaporation of pure 
water, the concentration of the mineral ions such as calcium and magnesium 
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in the circulating cooling water increases with time. Even though the 
makeup water is relatively soft, the continuous circulation eventually 
increases the hardness of the water due to pure water evaporation. 
These mineral ions, when transported through piping in ordinary plumb­
ing system, can cause various problems, including the loss of heat transfer 
efficiencies in condensers and pipe clogging due to scale formation 
[116,117]. Thus, in order to maintain a certain calcium hardness level in 
the cooling water, one must discharge a fraction of water through blow-
down and replace it with makeup water. In a typical cooling-tower 
application, the COC in cooling water is often maintained at 3.5. 
That means if the CaCO3 hardness of the makeup water is 100 mg/L, 
the hardness in the circulating cooling water is maintained at approxi­
mately 350 mg/L. If the COC can be increased through continuous pre­
cipitation and removal of calcium ions, one can significantly reduce the 
amounts of makeup and blowdown water, resulting in the conservation of 
freshwater. 

Various chemical and non-chemical methods are used to prevent scaling 
and thus increase the COC. Among them the scale-inhibiting chemicals like 
chlorine and brominated compounds were the best choice for the control of 
mineral fouling. Although it had a high success rate, there were also many 
disadvantages and concerns in their use. Aside from the high cost of 
chemicals, more stringent environmental laws increased the costs associated 
with their storage, handling, and disposal. These chemicals also pose 
danger on human health and environment with accidental spills or accu­
mulated chemical residues over a long period of time [116,118]. Thus, there 
is a need for new approach which is safe and economical from both 
environmental and cost points of view in cleaning and maintenance of 
heat exchangers. Physical water treatment (PWT) is a non-chemical 
method to mitigate mineral fouling with the use of electric or magnetic 
fields, catalytic surfaces, ultrasounds, or sudden pressure changes. Numer­
ous studies have been reported for the effectiveness of ultrasound [119], 
solenoid coils [120–122], magnetic fields [123,124], catalytic material 
[125,126], and electrolysis [127]. 

Herein the present study reports for the first time the pulsed-spark­
discharge-assisted precipitation of dissolved calcium ions in hard water 
system. By measuring the variations of calcium and bicarbonate ion 
concentrations, the solution pH, and the size and number of solid 
particles suspended in water, the effect of the spark discharge treatment 
on the nucleation precipitation of CaCO3 was studied. The morphology 
of the precipitates was examined by scanning electron microscopy 
(SEM), whereas their crystal structure was identified by X-ray diffraction 
(XRD). 
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A. EXPERIMENT SETUP 

1. Water Preparation 

To simulate the actual situations in the field, a closed-loop laboratory cooling 
tower was utilized in the study where Philadelphia city tap water was recircu­
lated to produce concentrated hard water. Figure 36 shows the schematic 
diagram of the cooling tower. The recirculation system consisted of a blower 
to supply air to the cooling tower, a heater to heat the air, a pump to circulate 
the water, and the cooling tower itself which was filled with Styrofoam balls 
used as strainers. As pure water evaporated in the cooling tower, the mineral 
ions such as calcium and magnesium were left behind and collected in the 
reservoir. Thus, with the continuous recirculation of hard water in the cooling 
tower, the concentration of mineral ions was gradually increased until desired 
CaCO3 hardness of 200–500 mg/L was reached. It usually took several days to 
obtain the desired concentration. The water pH resulting from this preparation 
was in the range of 8–10. A total of 100 L of concentrated hard water for each 
sample was prepared and kept in the reservoir and used for the whole duration 
of the experiment. The concentrations of cations and anions were analyzed, and 
Table III summarizes the chemical compositions of different water samples 
collected from the laboratory cooling tower. 

2. Pulsed Spark Discharge Generation System 

A pulsed power system was constructed to produce spark discharge 
directly in water. The system consisted of three components: a HV 
power supply with a capacitive energy storage, a spark-gap based switch, 
and a point-to-plain electrode system immersed in water. A schematic 
diagram of the pulsed power system is shown in Fig. 37. An 8.5-nF capacitor 
bank was charged by HV pulses provided by a pulsed power supply. 

Blower Heater 

Cooling tower 

Water reservoir 

Pump 

FIG. 36. Schematic diagram of the laboratory cooling tower used by Yang et al. [128]. 
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TABLE III 
CHEMICAL COMPOSITIONS OF WATER SAMPLES COLLECTED IN THE LABORATORY COOLING TOWER 

[128] 

Sample 1 Sample 2 Sample 3 

Ca2þ 96 128 167 

Naþ 156 230 297 
Mg2þ 8  13
Cl – 98 140 186 
SO4 

2� 176 269 362 
HCO3 

� 296 392 498 
pH 8.67 9.10 9.62 
CaCO3 hardness 279 378 492 

All values are in mg/L. 

 17  

FIG. 37. Schematic diagram of the pulsed power and water circulation system used 
by Yang et al. [128]. 

When triggered by an air-filled spark-gap switch, spark discharge was 
initiated between the electrodes from the overvoltage produced by the capa­
citor. The electrode system included a stainless steel 316 wire electrode as 
anode and a stainless steel disk as grounded cathode. The radius of the 
anode and the disk cathode was 2 and 40 mm, respectively. The radius of 
curvature at the tip of the anode was 0.2 mm. The distance between the 
anode and the disk cathode was 10 mm. 
Power deposited into water was analyzed by measuring the current pas­

sing through the discharge gap and the voltage drop in the gap. For mea­
surements of the current, a magnetic-core Pearson current probe was utilized 
(1 V/Amp þ1/–0% sensitivity, 10 ns usable rise time, and 35 MHz 
bandwidth). Voltage was measured using a wide bandwidth 1:1000 voltage 
probe (PVM-4, North Star Research Corp.). Signals from the current 
and voltage probes were acquired and recorded by a DPS (500 MHz 
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FIG. 38. Typical voltage and current waveform of the spark discharge in water used 
by Yang et al. [128]. 

bandwidth, 5 � 109 samples/s, TDS5052B, Tektronix). Acquired data were 
then integrated using a customized MATLAB code. 

Typical voltage and current waveforms are shown in Fig. 38. A fast rise 
time (�9 ns) was obtained with the closure of a spark-gap switch. The 
peak-to-peak voltage was about 24 kV. The pre-breakdown time, i.e., the 
time required before the spark formation was about 8.8 ms. During the 
pre-breakdown time, the energy was mostly consumed by ionic current 
due to the high conductivity of water samples. After that, the abrupt 
increase in current was observed. This may possibly indicate that spark 
was formed as the streamer reached the other electrode and formed the 
highly conductive channel. The full width at half maximum (FWHM) of 
the major current pulse during spark discharge was 1.1 ms. The typical 
peak-to-peak breakdown current was 98 A. It is worth to mention that the 
energy dissipated in pre-breakdown current can be comparable with, or 
even higher than, the energy deposited in spark, especially at high-
conductivity water conditions. The pulsed energy stored in the capacitor 
Eb was about 1.7 J, which was calculated by Eq. (46). By integrating the 
voltage and current, the energy deposited into the spark discharge was 
calculated as 

Z t2 

ES ¼ V ðtÞIðtÞdt ð51Þ 
t1 

where V(t) and I(t) are the voltage and current measured by the oscilloscope, 
respectively, and t1 and t2 are the starting and ending point of the spark, 
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respectively. Similarly, the energy dissipated in the pre-breakdown stage was 
calculated as 

Z t1 

Ep ¼ V ðtÞIðtÞdt ð52Þ 
t0 

where t0 is the time when the high voltage was applied. The value of Es and 
Ep was approximately 0.69 and 0.81 J/pulse, respectively, indicating that 
about 88% of the energy stored in the capacitor was deposited in water. 
The rest of the energy was possibly dissipated in the circuit during the 
discharge process. 

3. Water Treatment 

Water samples with different initial calcium hardness (i.e., Samples 1, 2, 
and 3) were treated by spark discharge in a polytetrafluoroethylene 
(PTFE) cylinder. In each run, 1 L of solution was exposed to the dis­
charge for 20 min. The frequency of the discharge was set as 2 Hz. Hence, 
the total energy deposited into 1-L water during a 20-min treatment can 
be calculated as about 3600 J. The temperature difference between before 
and after treatment was less than 1.5�C, so it can be concluded that no 
significant bulk heating was caused by the spark discharge. About 10 mL 
of the sample was extracted every 5 min for pH and ion concentration 
measurement. A filter with 0.5-mm pore size was used to remove sus­
pended CaCO3 from the sample. After that, calcium-ion concentration 
was analyzed by standard ethylenediaminetetraacetic acid (EDTA) titra­
tion, and concentration of bicarbonate ion was decided by total alkalinity 
test and phenolphthalein alkalinity test [129]. Untreated samples were 
collected from the stock solution at the same time intervals in order to 
evaluate the loss of calcium as a result of the natural precipitation 
process. 

After the 20-min plasma treatment, the water was spray circulated for 
12 h to degas the excessive carbon dioxide (CO2) dissolved in water and to 
observe the residual effect of the plasma. Then the water sample was 
treated again by the spark discharge for 20 min. The process was repeated 
for three times over a 36-h period until the hardness reaches an asymptotic 
value. The same experiments without plasma exposure were also carried 
out as reference. All the experiments were replicated three times and the 
average values were calculated. 

Before and at the end of each experiment, a laser particle counter 
(PC-2200, Spectrex, Redwood City, CA) was used to count the size distribu­
tion of particles in suspension. After that, the solids were filtered with a 
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pressurized filter (0.5-mm pore size) and dried in vacuum. SEM images and 
XRD analyses were carried out at Drexel SEM and XRD laboratories. SEM 
(XL30, FEI, Hillsboro, OR) images were obtained to examine the topogra­
phy of the deposits. Prior to each SEM examination, the deposit samples 
were coated with platinum through low-vacuum sputter coating in order to 
prevent the accumulation of static electric charge during the irradiation of 
electrons. XRD (D500, Siemens, Munich, Germany) analyses were con­
ducted to characterize the crystallographic structure of the scale deposits. 

B. RESULTS 

1. Effect of Immediate Plasma Exposure 

Figure 39 presents the variation of pH and calcium-ion concentration 
as a function of time and input plasma energy, and their comparisons 
with no-treatment cases. For the case of Sample 1, the calcium-ion 
concentration dropped from the initial value of 96–71 mg/L after 10 min 
of plasma treatment. After that, the hardness would reach asymptotic 
value and not decrease with further input of energy. Accompanying the 
drop of the calcium-ion concentration, the pH of the treated water sample 
decreased from 8.67 to 8.51, possibly because of the liberation of Hþ ions 
according to 

Ca2þ þ HCO � ! CaCO3 þ Hþ ð53Þ3 

Additionally, the ionization of water molecules by high-energy electrons 
from plasma discharge may also contribute to the decrease of the pH 
through the following reactions: 

H2O þ e ! H2O
þ þ 2e ð54Þ 

H2O
þ þ H2O ! H3O

þ þ OH• ð55Þ 
Samples 2 and 3, with initial calcium-ion concentration of 128 and 164 mg/L, 

respectively, showed a similar trend as Sample 1. The hardness was reduced 
by about 25% after 10-min treatment, with an energy input of approxi­
mately 1800 J/L. In comparison to the plasma-treated cases, no significant 
change was observed for the no-treatment cases. 

Figure 40 presents the variations of bicarbonate ion concentration 
with time determined by total alkalinity test and phenolphthalein alka­
linity test. Generally, the concentration of bicarbonate ion decreased 
during a 10-min stabilization period before reaching an asymptotic 
value. Similar to the concentration of calcium ions, bicarbonate ion 
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 FIG. 39. Variations of pH and Ca2þ hardness over time with and without plasma treatment: 
(a) Sample 1; (b) Sample 2; (c) Sample 3. See Table III for more information on the three samples [128]. 
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 FIG. 40. Variations of HCO�
3 over time for cases with and without plasma treatment [128]. 

concentration changed very little for energy input greater than 2 kJ/L. 
It was probably because the rate of precipitation reactions was limited 
by the diffusion rate of calcium and bicarbonate ions toward the 
reaction zone due to the high localization of the plasma discharge. 
In addition, the acidification of the anode vicinity by plasma induced 
Hþ generation (Eqs. (54) and (55)) could become detrimental to the 
precipitation process. 

Figure 41 shows the number of particles per unit volume of 1 mL as a 
function of particle size before and after plasma treatment. The results depict 
in general that before the treatment, the number of particles less than 10 mm 
was significantly greater than that of larger particles (greater than 10 mm). 
For example, for Sample 1 (Fig. 41 (a)), the number of particles with size 
between 1 and 2 mm was 17,048 before treatment as compared to 2445 for 
particles greater than 10 mm. After treatment, a significant increase in 
the number of particles was observed for all cases as compared to the 
no-treatment cases. For Sample 1, the number of particles with size between 
1 and 10 mm increased from 39,904 at the initial state to 77,680 at the end 
of the treatment, while the number of particles with size over 10 mm 
increased from 2445 to 3529. For Samples 2 and 3 (Figs. 41 (b) and (c)), 
particles smaller than 10 mm also made up the majority of the suspended 
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solids in water. The number of small particles (i.e., below 10 mm) after 
the treatment was significantly increased comparing with that obtained at 
no-treatment cases. 

Assuming that all the particles were in spherical shape for the purpose of 
mathematical estimation, the total mass of suspended solid contents m was 
calculated using the following equation: 

Nd ðd¼62mmÞ X �d3 

m ¼ � � � Nd ð56Þ 
6

Nd ðd¼1mmÞ 

where � is the density of the CaCO3 particle; d is the diameter of the particle; 
and Nd is the number of particles. � is taken as 2.7 g/cm3, which is the density 
of calcite. For Sample 1, the total mass of solid particles before the treatment 
was 64 mg/L, which corresponded to 64 mg/L CaCO3 hardness. The value 
increased to 104 mg/L after the plasma treatment, which means that the 
difference of a 40 mg/L of ionic content in water was transformed from the 
dissolved ionic states into solid content during the process. Aforementioned 
titration results from Fig. 39 (a) showed that the calcium ion hardness in 
water was reduced by 25 mg/L, equaling 62.5 mg/L of CaCO3 hardness. 
Considering that the resolution of the laser particle counter was 1 mm, 
which means that the precipitation of particles with less than 1-mm diameter 
was not taken into account, the results obtained by titration and laser 
particle counting was in good agreement, demonstrating that the calcium 
ions were transformed into CaCO3 solids during the process. For all three 
cases, the results are summarized in Table IV. 

Figure 42 (a) shows the SEM photographs of particles retrieved from 
Sample 1 without plasma treatment. Chemical composition of the particles 
was analyzed by energy dispersion spectrometer (EDS). Figure 43 shows that 

TABLE IV 
RESULTS OBTAINED BY LASER PARTICLE COUNTING [128] 

Sample 1 Sample 2 Sample 3 

Total number of particles before treatment, cm–3 42,349 38,587 47,034 
Mass of suspended particles before treatment 64 72 53 
Total number of particles after treatment, cm–3 81,710 71,340 105,846 
Mass of suspended particles after treatment 104 120 108 
Increase of solid mass in water 40 48 56 
Decrease of ionic CaCO3 hardness in water 62 67 75 

All values are in mg/L. 
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FIG. 42. SEM images of CaCO3 crystals obtained from: (a) untreated water; (b) plasma-

treated water [128]. 
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FIG. 43. Elemental composition of the particles shown in Fig. 41(b) obtained by energy 
dispersion spectrometer (EDS) [128]. 
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H (kJ/mol) 
G (kJ/mol) 

TABLE V 
THERMO-CHEMICAL DATA OF REACTIONS 1, 2, AND 3 [129] 

Reaction 1 Reaction 2 

48.26 –41.06 
43.60 –20.9 

Reaction 3 

12.36 
–47.70 

the particles were mainly composed of CaCO3, with slight amount of 
sodium and magnesium, as identified in Table V, together with the platinum 
coated prior to the SEM observation. The crystals exhibited the morphology 
close to the rounded vaterite form. However, XRD pattern, as shown in 
Fig. 44 (a), coincided with those of calcite. It was probably because of the 
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FIG. 44. XRD pattern of the CaCO3 crystals obtained from: (a) untreated water; 
(b) plasma-treated water [128]. 
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thermodynamically unstable property of the vaterite crystals. The prepara­
tion of water samples usually took several days. Possibly during this period, 
vaterite may have recrystallized into more stable calcite crystals without 
changing shape. 

Figure 42 (b) shows the photographs of the particles collected from the 
Sample 1 after the plasma treatment. The crystals demonstrated typical 
rhombohedron morphology of calcite. The formation of the calcite was 
confirmed by XRD shown in Fig. 44 (b). The mean crystal size of precipita­
tion test was about 5 mm after 20 min of the plasma treatment. For the 
treated water with high hardness (i.e., Samples 2 and 3), calcite crystals 
were also observed, and their size remained almost the same as that observed 
in Sample 1. The fact that the total amount of precipitates was increased as 
indicated by the laser particle counting suggests that the number of nuclei 
was significantly increased. That demonstrates that the plasma had induced 
chemical changes in the calcareous water during the treatment, which was 
implied later in the nucleation process during the precipitation test. 

2. Effect of Spray Circulation 

To disturb the acidic condition so that a higher level of hardness reduction 
could be achieved than the aforementioned asymptotic hardness, the treated 
water sample was spray circulated for 12 h to degas the excessive CO2 in the 
plasma-treated water. For Sample 1, the pH value increased from 7.74 to 
7.92 during this period, indicating releasing of CO2 gas from water solution. 
In the mean time, the hardness decreased from 190 mg/L to 160 mg/L (see 
two arrows in Fig. 45 (a)). After that, the water sample was treated again by 
the spark discharge for 20 min, and the hardness dropped from 160 mg/L to 
140 mg/L before reaching another equilibrium. At the end of a 36-h test, the 
hardness reached the final asymptotic value shown in Fig. 45 (a), which 
indicated an approximate 45% reduction from the initial hardness. Similar 
results were observed for both Samples 2 and 3 with hardness reductions of 
53% and 59%, respectively. For example, for Sample 3 with an initial 
hardness of 420 ppm, the final hardness was 170 ppm at the end of 36-h 
circulation with three brief daily plasma treatments. Note that when the 
12-h-interval 20-min plasma treatment was not used, the hardness of Sample 
3 increased to 440 ppm after 36-h circulation, 5% increase in hardness 
obviously due to the evaporation of pure water as shown in Fig. 45 (a). 

In summary, the hardness of water could be reduced by 45–59% by the 
combination of plasma discharges and spray circulation. Since the plasma 
treatment was applied for only 20 min in the 12-h interval, and spray 
circulation is a standard operation for cooling water in cooling tower, 
plasma discharge can be regarded as a “catalyst” for precipitation. 
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FIG. 45. Variations of (a) CaCO3 hardness; (b) pH value over time with plasma treatment 
and spray circulation [130]. 

C. MECHANISM STUDY 

1. Discussions of Possible Mechanisms 

This is the first time, to the authors’ knowledge, that the precipitation of 
dissolved calcium ions in water by the application of plasma discharge was 
studied. In this section, the possible mechanism for the plasma-induced 
CaCO3 precipitation is discussed. 

First, the effect of electrolysis, which is another hard water softening 
technology using electric energy, is examined. Gabrielli and his coworkers 
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studied the principle of softening process by electrolysis and showed that 
the precipitation was induced by the local pH increase near the vicinity of 
the cathode [127]. A model electrolyzer with an electrode area of 560 cm2 

was tested. Under the operating current density of 20 A/m2, applied 
voltage of 12 V and flow rate of 6 L/h, the Ca2þ hardness of the water 
sample was reduced from 96 mg/L to about 72 mg/L when a quasi-steady 
state operation was achieved. Hence, the energy consumption was calcu­
lated as 806 J/L. 

For the present spark discharge, electrolysis most likely took place during 
the pre-breakdown stage, as the current would be transferred by the ionized 
gas after the formation of the conductive channel between the two electro­
des. The same level of hardness reduction was achieved as in Gabrielli’s 
experiments after applying spark discharge in Sample 1 for 10 min, as shown 
in Fig. 39 (a). The energy dissipation in the pre-breakdown stage was 
calculated as 984 J/L based on the results shown in Fig. 38. However, it 
was difficult to estimate the exact amount of energy consumed by electro­
lysis, as multiple physical and chemical processes, including ionization, light 
emission, cavitation, and shockwave and reactive species formation, were 
initiated during the same stage. But certainly, only a fraction of 984 J/L 
energy was dissipated in electrolysis. 

Another factor that may subdue the effect of electrolysis is the mixing of 
the liquid caused by the formation of shockwaves. It may prohibit the 
formation of local high pH area near vicinity of the cathode. Therefore, 
the electrolysis-induced precipitation might be suppressed in the present 
experiment, and it could be concluded that the reduction of water hardness 
may not be the sole effect of the electrolysis, though it may contribute 
partially to the precipitation process. 
Next the chemistry behind the CaCO3 precipitation is described. The main 

reactions of precipitation and dissolution of CaCO3 in hard water system are 
[129] 

Ca2þ þ CO2 � � CaCO3ðSÞ ð57ÞðaqÞ 3 ðaqÞ 

and 

CaCO3ðSÞ þ Hþ � Ca2þ þ HCO � ðaqÞ ð58ÞðaqÞ ðaqÞ 3 

In a saturated condition, the forward reaction of the precipitation of 
CaCO3 does not take place as both calcium and bicarbonate ions are 
hydrated. When water is supersaturated and there is sufficient energy sup­
plied, the water molecules are disturbed or become freed from the ions, 
resulting in the precipitation of CaCO3. Equation (58) shows the dissolution 
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of solid CaCO3 by acid, a process that takes place during acid cleaning of 
scaled heat exchangers. 

Generally, one needs to concern with the above two reactions. In reality, 
precipitation and dissociation reactions are much more complicated. The 
recombination and crystalization rates of calcium and carbonate ions are 
controlled by three reactions. Reaction 1 relates the dissociation of bicarbo­
nate ions into the hydroxyl ions OH – and CO2 [131]: 

HCO3 
�
ðaqÞ � OH �ðaqÞ þ CO2 

ðaqÞ ðReaction 1Þ ð59Þ 
The forward reaction indicates the dissociation of the bicarbonate ions, 

which is the most critical step from the precipitation process. Of note is that 
the bicarbonate ions do not cause any harm in terms of scaling as long as 
they remain as bicarbonate ions. Reaction 1 shows the first step in the 
conversion of bicarbonate to carbonate ions. The presence of hydroxide 
ions is best indicated by a local increase in pH, and CO2 typically evolves 
from the water as a gas over time. 

In Reaction 2 hydroxyl ions produced from Reaction 1 further react with 
existing bicarbonate ions, producing carbonate ions and water [131]: 

HCO � þ OH � � H2OðlÞ þ CO2 � ðReaction 2Þ ð60Þ3 ðaqÞ ðaqÞ 3 ðaqÞ 

Reaction 3 is the reaction between calcium and carbonate ions, resulting in 
the precipitation and crystallization of CaCO3 particles [131]: 

CO2 � þ CO2 � � CaCO3ðSÞ ðReaction 3Þ ð61ÞðaqÞ 3 ðaqÞ 

Table V presents the thermo-chemistry of the above three reactions [129]. 
The values of DH and DG give some useful insights into the behavior of the 
system of reactions. The endothermic Reaction 1 is the most rate-limiting, 
since it needs a relatively large input of energy to continue in the forward 
direction based on the high enthalpy value. The Gibbs free energy is rela­
tively high; thus, this reaction will tend to form bicarbonate ions, unless this 
energy restriction is overcome. In order for hydroxide ions to be produced as 
a result of dissociation of the bicarbonate ions, the energy required for the 
reaction can be calculated as: 

48; 260 J 1 mol ¼ 0:801 � 10 � 19 J ðor � 0:5 eVÞ ð62Þ 
mol 6:02 � 1023ions 

To overcome the barrier, enough energy needs to be added to water so 
that the bicarbonate ions can be dissociated, and subsequently precipitating 
dissolved calcium ions to CaCO3 via Reactions 2 and 3. 
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Thus, it is clear that dissociation of bicarbonate ions plays an important 
role in the precipitation process, as observed in the experiments (Fig. 40). 
From thermodynamics, the reaction rate coefficient k for Reaction 1 is 

� Ea Tk ¼ Ae ð63Þ 
where A is a constant; Ea is activation energy for the reaction; and T is the 
system temperature (in the unit of eV). It is obvious that higher temperature 
will lead to higher precipitation rate. For example, when hard water is 
heated (i.e., volume heating) by boiling or microwave, the CaCO3 deposit 
can be usually observed in bulk solution or heated surface. 

For plasma treatment cases, the total input energy was on the level on 
kJ/L, so that no significant volume heating exists. However, direct pulsed 
spark discharges in water have been shown to generate a temperature up to 
5000–10,000 K (about 0.5–1 eV) inside the plasma channel [60], a phenom­
enon which is sufficient to induce direct pyrolysis of bicarbonate ions. The 
high-temperature zone is highly localized around the plasma channel, so that 
higher efficiency could be achieved over volume heating under same energy 
input level due to exponentially dependence of the reaction rate on the 
temperature. The maximum temperature depends on both plasma power 
and water properties. 

Furthermore, the thermal dissociation of bicarbonate ions may be 
enhanced by emission of UV light from the high-temperature plasma chan­
nel, which functions as a blackbody radiation source. Full-spectrum UV 
radiation was demonstrated to be produced from spark discharge [28]. The 
VUV (l = 75 – 185 nm) emitted would be absorbed by the water layer imme­
diately surrounding the plasma channel, leading to the expansion of the 
high-temperature zone [27]. However, the amount of solution that can be 
treated directly by the thermal process is still limited by the small volume of 
the high-temperature zone. 

Another factor that may contribute to the dissociation of bicarbonate ions 
is the electric field. There are reports about the increase of nucleation rate 
of different crystals when subjected to external electric fields [132–134]. 
Dhanasekaran and Ramasamy [135] studied the free energy required for 
the formation of a two-dimensional nucleus of any possible shape under 
electric field. They calculated the critical free energy for nucleation as 


2�2 

DG ¼ ð64Þ 
4kTðln � þ ’E2Þ 

where 
 is a constant depending on the geometrical shape of the nucleus; 
� is the interfacial tension; k is the Boltzmann constant; T is the 
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temperature; � is the supersaturation ratio; E is the external electric 
field; and ’ is defined as 

h� 	 i
1 � 1 2�" 0v sin2� þ ð" s � " lÞcos" s " l 

8�kT 

where v is the volume of the crystalline nucleus; � is the angle between the 
direction of the electric field and the nucleation surface; and " s and " l are the 
dielectric constant of the nucleus and solution, respectively. According to 
Dhanasekaran’s theory, the free energy for nucleation decreases as the 
strength of electric field increases at certain angles, which leads to higher 
nucleation rate. 

The effect of electric field could also be explained by the disruption of 
electric double layer of hydrated ions. Dissolved calcium and bicarbonate 
ions do not react at room temperature as both ions are surrounded by water 
molecules forming electric double layers. A number of researchers postu­
lated that the magnetic or electric field, if strong enough, might disrupt the 
electric double layer and initiate the precipitation [136–138]. In order for an 
electric field to directly affect the electric double layer near a negatively 
charged surface, one needs an electric field that provides force which is 
able to overcome the force in the electric double layer. Typically, there are 
approximately two electron volts across an electric double layer, and the 
Debye length for a dilute solution like water is about 10 nm [139,140]. Thus, 
the electric field required to directly affect the electric double layer becomes 
approximately 2 V/10 nm = 2 � 108 V/m. To initiate pulsed electric dis­
charges in water using a point-to-plane electrode system, it is necessary to 
have a high-intensity electric field at the tip of the point electrode, which can 
be calculated as 

V 
E » ð65Þ 

re 

where V is the applied voltage and re is the radius of curvature at the tip of 
the electrode. For the present system, V = 24 kV and re � 200 mm, leading to 
an electric field of 1.2 � 108 V/m, which is comparable to the electric field 
required to disrupt the hydration shells of the ions, and could possibly 
accelerate the dehydration process of ionic pair association. Additionally, 
unlike the highly localized thermal effect, the electric effect is not limited to 
the vicinity of the electrode tip. After the initiation of pulsed discharge, 
multichannel streamers with lengths up to several centimeters could be 
produced when propagating from one electrode to the other electrode. 
An and his coworkers [82] measured the radius of the streamers and inferred 
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that the electric field at the tip of the self-propagating streamers was more 
than 2 � 109 V/m. Subsequently, the bicarbonate ions may be dissociated 
along the propagation path of the streamers leading to the precipitation of 
CaCO3 in bulk water as described earlier. 

For the different saturation levels in different cases, it was hypothesized 
that the saturation level could be related to the localization of the beneficial 
effect of the plasma (electric field, heat, electrolysis), and the acidification of 
the solution by the plasma as described in Eqs. (54) and (55), which was 
detrimental to the precipitation. Dynamic equilibrium was possibly reached 
at different levels between the dissociation of HCO–

3, the rate of which 
depended on the property of the solution for different cases, and the produc­
tion of Hþ, which was largely decided by the input energy. 
Finally, the anticipated benefits of the current work are discussed from the 

economic point of view. For a modern 1000-MW fossil-fueled power plant 
with 40% efficiency, it would reject 1500 MW of heat at full load and uses 
about 2800 m3/min of circulating water based on 10�C temperature differ­
ence in a condenser [3]. As heat is removed via evaporation of pure water at a 
cooling tower, the need for makeup water is about 28 m3/min to compensate 
the loss through evaporation, wind drift, and blowdown [3]. Assuming that 
the makeup water is moderately hard with a CaCO3 hardness of 100 mg/L, 
the total amount of CaCO3 it brings into the cooling tower is 

28 m3 100 mg 2800 g 
m_ CaCO3 ¼ � ¼ ð66Þ 

min L min 

In a typical cooling-tower application, the COC is usually maintained at 
3.5. That means the hardness in the circulating cooling water is maintained 
at approximately 350 mg/L, and the blowdown rate can be calculated if the 
wind drift loss is neglected: 

qmakeup m3 

qblow down ¼ ¼ 8 ð67Þ 
COC min 

It has been demonstrated that the present pulsed plasma technology could 
continuously precipitate Ca2þ from water, and potentially allows a cooling 
tower to operate at a higher COC than the current standard due to the 
reduction in blowdown frequency. Ideally, zero blowdown could be 
achieved, if all the Ca2þ brought in by the makeup water is precipitated by 
the plasma; thus, the constant mineral concentration is maintained in the 
main cooling loop without blowdown. The energy cost, as shown earlier, is 
about 1800 J/L to achieve in average 25% reduction in water hardness. 
Assuming that the cooling water is treated in a side-stream loop, the flow 
rate needed is 
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m_ CaCO3 m3 

q ¼ ¼ 32 ð68Þ350 mg 
L � 25% min 

which is approximately 1.2% of the flow rate of the main loop. The power 
needed to treat the water in the side-stream loop can be calculated as 

1800 J � 32 � 103 L 
L minP ¼ ¼ 960 kW ð69Þ s60 min 

which is 0.1% of the full capacity of the 1000-MW power plant. In the mean 
while, the flow rate of makeup water can be reduced from 28 m3/min to 
20 m3/min, which equals a saving of approximately 11,500 m3/day, due to the 
elimination of blowdown. 

2. Effect of UV Radiation 

First, the effect of UV radiation on the precipitation process of calcium ions 
was studied. For spark discharges, the high-temperature plasma channel can 
function as a blackbody radiation source. The maximum emittance is in 
the UVa to UVc range of the spectrum produced by the spark discharge 
(200–400 nm), as determined by the Stephen–Boltzmann law. Water is rela­
tively transparent to UV radiation in this wavelength range. The energy per 
photon ranges from 3.1 eV to 6.2 eV, indicating the possibility of HCO3

– dis­
sociation through UV absorption. Severe mineral fouling was usually observed 
at the quartz sleeve of commercial UV lamps, where the build-up of the fouling 
material could be associated with the reactions between dissolved ions and UV 
radiation, although the mechanism was not fully understood [141,142]. 

To investigate this mechanism of the reaction between dissolved mineral 
ions and UV radiation, the present study constructed a special discharge 
chamber where a point-to-plane electrode system was placed in a quartz 
sleeve filled with distilled water, as shown in Fig. 46. The diameter of the 
quartz sleeve was 25.4 mm to avoid possible damages by shockwaves 
produced by the spark discharge. The quartz sleeve was found to provide a 
good UV window for the water samples while effectively trapping various 
chemical reactive species, heat, and other effects. Before each test, the quartz 
sleeve was cleaned using 0.1 N HCl solution to remove any possible CaCO3 

deposit from previous experiments. Test water samples were circulated out­
side the quartz sleeve and treated by the spark discharge produced inside the 
quartz sleeve for the same time periods as in the previous experiments. The 
results were compared to those obtained for the cases without the quartz 
sleeve, and no hardness reduction was observed for the samples treated 
by plasma separated by the quartz sleeve. This indicates that the process 
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FIG. 46. Modified discharge chamber to test the effect of UV on the precipitation of 
CaCO3 [130]. 

of calcium-ion precipitation was not triggered by the transfer of energy to 
water sample through UV radiation. 

3. Effect of Reactive Species 

From the emission spectrum of the pulsed discharge in distilled water, the 
formation of hydroxyl radicals and other reactive species by underwater 
plasma process was reported [60,143,144]. In case of hard water, OH radicals 
would react with bicarbonate ions to produce carbonate radicals CO•� ,3 
through the following reaction [145,146]: 

� 1ÞHCO � þ OH• � H2O þ CO• � ðk ¼ 8:5 � 106 M � 1s ð70Þ3ðaqÞ ðaqÞ 3ðaqÞ

Being a highly oxidizing species, CO•� is known to be active in the 3 
oxidation of some organic compounds by direct electron transfer to produce 
the corresponding cation radical and carbonate anion [146]: 

CO• � þ R � R•þ þ CO2 � ð71Þ3ðaqÞ 3ðaqÞ 

Hence, it is hypothesized that the reactive species produced by the spark 
discharge in hard water may transform the bicarbonate ions into carbonate 



249 PLASMA DISCHARGE IN WATER 

ions without going through Eqs. (59) and (60). To test this hypothesis, 
multiple layers of polyethylene meshes were placed close to the electrodes. 
Polyethylene is one of the most commonly used materials for active-species 
scavenger in water. Typical rates of the reaction between the OH 

M–1 –1radical and organic materials are in the order of 109–1010 s , about 
two orders of magnitude higher than that of the reaction between OH 
radicals and bicarbonate ions. Thus, the polyethylene mesh could serve as 
an effective scavenger screen to the radicals. The water samples were circu­
lated and treated for the same time period with all the other experimental 
parameters remaining the same as in the previous experiments. No signifi­
cant difference was observed in the calcium-ion concentration as compared 
to the results shown in Fig. 39. Therefore, it was also concluded that the 
reactive species were not responsible for the plasma-induced CaCO3 

precipitation. 

4. Effect of Micro-Heating 

To gain further insight into the structure of the precipitated calcium-
carbonate particles, morphological analysis and crystallization examination 
were performed by SEM and XRD, respectively. Figure 42 shows the 
particles retrieved from the untreated water sample. The crystals exhibited 
the morphology similar to round-shaped vaterite, although XRD data 
showed that the particles were in calcite form (not shown). Figure 5 (b) 
shows the particles retrieved from the plasma-treated water sample. 
The crystals demonstrated a typical rhombohedron morphology of calcite, 
suggesting different mechanisms of precipitation after plasma treatment. 
Natural CaCO3 precipitation is a complex process that has been 
studied extensively. It is known that CaCO3 exists in three crystalline 
polymorphs with different structures: calcite, aragonite, and vaterite. 
Among them, calcite is the most thermally stable form, and is the 
dominant polymorph of CaCO3 formed by the loss of CO2 or evaporation 
of natural calcium-bicarbonate solutions if temperature is the controlling 
factor (Siegal and Reams, 1966). The other two crystalline forms are 
metastable phases of CaCO3, which would transform to calcite sponta­
neously under normal conditions. The transformation process would be 
expedited on heating. Therefore, from the fact that calcite with a rhombo­
hedron morphology was formed during the plasma-assisted precipitation 
process, one may hypothesize that the precipitation may be temperature 
related. 

Direct proof of the validity of this hypothesis is difficult, as it is not easy 
to produce a local heating zone with temperature up to 5000–10,000 K in 
water without inducing other effects. In order to test this hypothesis, the 
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present study utilized a transient hot-wire method. When a thin wire 
immersed in a sample liquid is heated by electrical current (i.e., joule 
heating), the wire can play as an electrical heating element and produce 
an elevated temperature in the surrounding water. The transient hot-wire 
technique is widely employed today for the measurement of the thermal 
conductivity of fluids over a wide range of temperatures [148,149]. 
Although the temperature rise in the conductivity measurement is usually 
much lower than that in the spark discharge channel, the hot-wire method 
is still a good approximation as the duration of the high temperature 
produced by the spark discharge is relatively short (usually in ms) and the 
intense local heating would quickly be dissipated through the conductive 
and convective heat transfer in water. 
A platinum wire of 80 mm in diameter and 20 mm in length was used in the 

study. The resistance of the effective length of the wire was about 10 � at 
25�C. The power for the circuit for heating the wire was provided by a 
square-wave alternating voltage unit, with the voltage waveform shown in 
Fig. 47. The wire was heated during a duty cycle and cooled during an off-
duty cycle when V = 0. The temperature rise of the wire DT can be given by 
the following equation [150]: 

q 4kt
DT ¼ ln ð72Þ 

4�l a2C 

where l and � are the thermal conductivity and diffusivity of the liquid, 
respectively; q is the heat generation per unit length of the wire; a is the 
radius of the wire; C = ey � 1.781, y is Euler’s constant; and t is the time of 
heating. With R = 10 � and l = 20 mm, q can be calculated as 

FIG. 47. Schematic diagram and voltage waveform used in the transient hot-wire method 
used by Yang et al. [130]. 
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V 2 

R 2:5 � 104 W 
q ¼ ¼ ð73Þ 

l m 

Hence, the temperature rise at the end of heating period was about 825 K. 
The actual temperature rise would be much lower than the theoretical value 
due to the boiling of water. During the cooling period, the time constant for 
cooling was [151] 

�Vcp
� ¼ ð74Þ 

hA 

where �, V, cp, and A are the density, volume, specific heat, and surface area 
of the platinum wire, respectively, and h is the convection coefficient of 
water. Substituting the values for �, V, c , and A into Eq. (74), one can get p

�» 
100 
h 

s ð75Þ 

For water, the typical convective heat transfer coefficient h is 
300–10,000 W/(m2K) [151], which means under normal conditions, the time 
constant for cooling � << 1 s, and the wire would be cooled to room 
temperature during the cooling period. 
Figure 48 shows the effect of transient hot wire on the changes in calcium-

ion concentration for three different water samples. For all three cases, 
about 15% hardness decrease was observed for the similar level of energy 
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FIG. 48. CaCO3 hardness reduction versus input energy by the transient hot-wire method 
used by Yang et al. [130]. 
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FIG. 49. SEM images of CaCO3 scale obtained from hot-wire surface [130]. 

input despite the much lower temperature gradient compared to that in the 
plasma treatment cases. Considering the maximum 25% hardness drop in 
the case of the pulse spark discharge, one can conclude that the local micro-
heating can be one of the major pathways to the precipitation of calcium 
ions in hard water. 

White deposits were observed on the filament immediately after the appli­
cation of the pulsed voltage. At t = 15 min, the filament was fully covered by 
CaCO3 scale, when hardness reduction reached an asymptotic value. It could 
be attributed to the fact that the wire could not function as a hot surface in 
water anymore because of the accumulation of the thermal-insulating 
CaCO3 scale. The scale on the filament was examined using SEM and 
XRD as shown in Fig. 49. Rhombohedral shape calcite was observed, 
which was similar to the shape of CaCO3 particles collected in the 
plasma treatment cases. Figure 50 shows the number of particles per 1 mL 
water sample as a function of particle size before and after the hot-wire 
treatment for Sample 1. No significant increase in the number of particles 
was observed as compared to the no-treatment cases, possibly due to the fact 
that most of the CaCO3 precipitated on the hot-wire surface instead of in 
bulk water. 

5. Non-Thermal Effect of Plasma 

To study the influence of other products produced by plasma discharge 
and avoid the introduction of any thermal effects, a nanosecond pulsed 
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FIG. 50. Particle size distributions before and after transient hot-wire treatment [130]. 
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FIG. 51. Schematic diagram of the double spark-gap configuration used by Yang et al. 
[130]. 

power supply was constructed by adding another spark gap in the circuit as 
shown in Fig. 51. The second spark gap was built with an adjustable inter-
electrode distance to adjust the duration of the pulse so that one could 
remove the voltage from the load. The typical voltage and current wave­
forms are shown in Fig. 52. The pulsed source provided 20 kV pulses with 
about 10 ns in duration at a repetition rate of approximately 38 Hz. Details 
of the corona discharge produced were reported elsewhere [152]. Spectro­
scopy measurement through the expansion of H� emission line demon­
strated almost non-thermal condition inside the plasma channel, 
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FIG. 52. Typical voltage and current waveform produced by the circuit in the double spark-
gap configuration used by Yang et al. [130]. 

confirming that the effect of micro-heating on the precipitation of calcium 
ions was eliminated. 

Figure 53 shows the changes in calcium-ion concentration with the appli­
cation of the nanosecond corona discharge. Maximum 7% drop in the 
hardness was observed, demonstrating the possibility to trigger the precipi­
tation process through non-thermal discharges. The precipitation rate 

FIG. 53. Variations of CaCO3 hardness and pH over time for different energy inputs by the 
transient hot-wire method [130]. 
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FIG. 54. Particle size distributions before and after pulsed nanosecond discharge treatment 
[130]. 

decreased with time, reaching zero at t = 20 min. After that, the hardness 
value began to increase, possibly because precipitated CaCO3 particles began 
to re-dissolve due to the ionization of water molecules and subsequent 
acidification of the solution, as illustrated by Eqs. (54)–(55). Drop in pH 
was observed for all three water samples as shown in Fig. 53. 

Figure 54 shows the number of particles per 1 mL water sample as a function 
of particle size before and after treatment. A significant increase in the number 
of particles, especially for particles with diameter below 10 mm size, was 
observed, indicating the occurrence of precipitation in bulk volume. The 
particles suspended in the bulk volume were collected and examined using 
both SEM and XRD. Figure 55 shows a mixture of irregular and rhombohe­
dral shaped calcite. The former was probably pre-existing in the water sample 
before the plasma treatment. The rhombohedral shaped calcite was probably 
formed during the plasma treatment, which was in similar polymorph with 
CaCO3 particles collected in the regular spark discharge treatment. 

6. Further Discussion 

The present study proposes that the local micro-heating is the primary 
mechanism in the calcium hardness reduction by spark discharges. Since 
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FIG. 55. SEM image of CaCO3 particles obtained from water sample treated by pulsed 
nanosecond discharge [130]. 

one can easily precipitate supersaturated calcium ions in hard water by 
simply increasing water temperature (i.e., volume heating). Technically 
sound and simple, but it is not a real solution due to high cost. Hence, 
instead of volume heating, the present study attempted to dissociate the 
bicarbonate ions using spark discharges in water, which is referred as a 
local micro-heating. 

For comparison, one can calculate the numbers of OH – from both the 
volume heating and local heating in order to see the benefit of the local 
heating in the precipitation of calcium ions. The amount of OH – per unit 
time which one can produce from the dissociation reaction of bicarbonate 
ion, Eq. (9), is calculated as [94] 

nOH� ¼ nHCO � � k ð76Þ 
3 

where is the number of HCO� participating in the reaction and k is the 3 
reaction rate coefficient. According to the Arrhenius equation, the reaction 
rate coefficient k becomes 

k ¼ Ae � Ea =T ð77Þ 
where Ea is activation energy and T is the system temperature (in the unit of 
eV). Due to the exponential curve of the equation, the Arrhenius equation 
indicates that the higher the water temperature is, the faster the reaction will 
be. The present study utilized spark discharges in water. Hence, one can 
expect a very intense local heating of a small volume of water around the tip 
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of the electrode, significantly raising the temperature of the small volume of 
water near the tip. 

The important scientific issue is whether the spark discharge used in the 
study can dissociate HCO� without spending a large amount of electrical 3 
energy. One can examine two cases (i.e., volume heating and local heating) 
to find out which case produces more OH – for the exactly same amount of 
energy spent. 

For the volume heating, one can assume to heat the entire volume of water 
by one degree (e.g., from 300 K to 301 K). Then, the number of OH – one can 
produce for Ea � 1 eV becomes 

� Ea =TnOH� ¼ nHCO � � k ¼ nHCO � � Ae 
3 3 

� 11000=301 ¼ e¼ AnHCO � e � 36:5AnHCO � ð78Þ 
3 3 

For the local heating using spark discharge, one can assume to heat 1% 
of the entire water volume by 100 degrees (e.g., from 300 K to 400 K). 
The number of HCO3

– participating in the reaction is 1%, 
i.e., n0 

HCO3 
¼ 0:01 � nHCO3 , because spark discharge is assumed to heat only 

1% of the total water volume. Then, the number of OH – one can produce for 
Ea �1 eV becomes 

� Ea =T
0 � 11;000=400n0 ¼ n0 � k 0 ¼ n0 � Ae ¼ 0:01AnHCO3eOH� HCO3 HCO3 

¼ 0:01e � 27:5AnHCO3 ¼ e � 32AnHCO3 ð79Þ 
Comparing the number of the hydroxyl ions produced for the two cases, 

i.e., nOH� and nOH� , one can see that the local heating by spark discharge can 
produce about 100 times more OH– and thus 100 times more efficiently 
precipitate dissolved calcium ions in hard water than the volume heating. 
In conclusion, it has been demonstrated earlier that pulsed plasma dis­

charge can trigger the precipitation process of CaCO3 in hard water [128]. 
Equilibrium of calcium-ion concentration after approximately 10-min 
plasma treatment was observed in previous experiments. The possibility to 
shift the equilibrium and enhance the precipitation was demonstrated by 
degassing the dissolved CO2 from water through spray circulation. It was 
hypothesized that the precipitation process was associated with different 
effects produced by the discharge. Experiments were conducted showing 
that UV radiation or reactive species produced by the spark discharge 
was negligible for the precipitation process. The effect of micro-heating 
was tested using a hot-wire method, while the non-thermal effect of the 
plasma was investigated by application of a nanosecond pulsed electric 
discharge in water. 
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It was observed that both cases showed about 10% drop of calcium-ion 
concentration, indicating that the precipitation process may be associated 
with both the thermal and non-thermal effects of plasma in water. The 
morphology of the CaCO3 particles collected from the two experiments 
was in agreement with that collected from water samples treated by conven­
tional thermal spark discharge, indicating that the precipitation process may 
be associated with both the thermal and non-thermal effects of plasma. 
Further investigations are necessary to determine the detailed pathways of 
CaCO3 precipitation by pulsed plasma treatment. 

VII. Application for Mineral Fouling Mitigation in Heat Exchangers 

CaCO3 is the most common scale-forming mineral occurring in industrial 
water facilities. It is generally the first mineral to precipitate out either by 
heating or by concentrating water due to its relatively low solubility, 
although its concentration in source water significantly varies depending 
on locations. Control of CaCO3 scale is thus often the limiting factor in 
most industrial cooling water applications, as it decreases the efficiency of 
heat exchangers because of the insulating effect of the deposits. Further­
more, the formed deposits reduce the opening area in heat exchanger tubes, 
thus requiring more pumping power if one desires to maintain a constant 
flow rate [116,117,121,122]. A 0.8-mm layer of CaCO3 scale can increase the 
energy use by about 10% [153]. If one can prevent or mitigate fouling on 
heat transfer surfaces, it not only increases heat exchanger efficiency, but 
also reduces the expenses associated with the cleaning of fouled heat exchan­
gers. In addition to the benefit of reduced mineral fouling, the COC can be 
increased, resulting in water savings by reduced make-up and blowdown 
[118,119,154,155]. Blowdown is the water drained from cooling equipment 
to remove mineral build-up. 
Various chemical and non-chemical methods have been used to prevent 

the mineral fouling. Among them the scale-inhibiting chemicals like chlorine 
and brominated compounds were the best choices, as they had a relatively 
high success rate. However, there were also many disadvantages and con­
cerns in their use. Aside from the high cost of chemicals, more stringent 
environmental laws increased the costs associated with their storage, hand­
ling, and disposal. These chemicals also pose danger on human health and to 
the environment with accidental spills or accumulated chemical residues over 
a long period of time. Thus, there is a need for a new approach which is safe 
and clean from both environmental and cost points of view in cleaning and 
maintenance of heat exchangers. PWT is a non-chemical method to mitigate 
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mineral fouling, which utilizes electric or magnetic fields [156–158], catalytic 
surfaces [125,126], solenoid coils [159–161], or ultrasounds [118]. Numerous 
studies have been reported for the effectiveness of ultrasonic, solenoid coils, 
magnetic fields, catalytic material, and electrolysis. Recently, Yang and his 
coworkers [128] reported that oversaturated hard water treated by under­
water pulsed spark discharge may induce the precipitation of CaCO3 in 
supersaturated water and produce a significantly greater number of particles 
than the untreated water. Note that the precipitation of dissolved mineral 
ions takes place in the bulk water instead of on the heat exchanger surfaces. 
This is the key process for all PWT methods, as the particles suspended in 
water tend to form a soft coating on heat transfer surfaces. If the shear force 
produced by flow is large enough to remove the soft coating, mineral fouling 
can be prevented or mitigated. 

In this section, direct pulsed spark discharge generated in water is used to 
mitigate mineral fouling in a double-pipe heat exchanger. The new method 
of using microsecond-duration pulsed plasma in water is a major improve­
ment over the aforementioned PWT because these previous PWT methods 
produce induced electric fields in water, where the field strength is often very 
small (�1 mV/cm) due to involved physics laws such as Faraday’s law. In 
comparison, an electric field above 106 V/cm could be produced by pulsed 
plasma in water in the present study, leading to higher efficiency than 
previous PWT devices. 

A. EXPERIMENT SETUP 

The present study conducted fouling experiments in a heat exchanger by 
circulating artificially-prepared hard water through a simulated cooling-
tower system. Figure 56 shows the schematic diagram of the present test 
facility, which consisted of two separate loops for circulation of hot and 
cooling water, a pulsed spark discharge generation system, a cooling tower, a 
heat exchanger test section, pumps, and a data acquisition system. 

1. Heat Transfer Fouling Tests 

Figure 57 shows the schematic diagram of the counterflow concentric type 
heat exchanger. The length of the heat transfer test section was 600 mm. Hot 
water was circulated inside the inner tube, while artificial hard water (i.e., 
cold water) was circulated through the gap between the inner and outer tubes 
of the concentric heat exchanger. The inner tube was made of copper with 
internal and external diameters of 19.1 and 22.2 mm, respectively, while the 
outer tube was made of a clear acrylic tube for visual observation of scale 
deposits during the fouling tests with internal and external diameters of 28.6 
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FIG. 56. Schematic diagram of the experimental set-up used by Yang et al. [162]. 

FIG. 57. Schematic diagram of the heat transfer test section used by Yang et al. [162]. 

and 34.9 mm, respectively. The annulus gap formed between the two tubes 
had a cross-sectional area of 0.000255 m2. O-rings were used on grooves at 
the inlet and outlet sides of Teflon head blocks used for the mounting of 
copper tube to prevent any leakage between the hot water and the cold 
water. 

The cold water passed through the annulus gap flowing in the opposite 
direction at two different velocities (0.1 and 0.5 m/s), while hot water flowed 
inside the copper tube at velocity ranging from 1.0 m/s to 1.2 m/s. The 
Reynolds number at the cold-water side (i.e., annulus gap) varied from 
3000 to 15,000, whereas that at the hot-water side was varied from 43,000 
to 52,000. 

Four copper–constantan (type T) thermocouples were installed at the 
inlet and outlet sides of the counterflow heat exchanger (as shown in 
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Fig. 57) and temperatures measured every 1 min for a test period of 
24–48 h. The temperature values were sent to a data acquisition system 
for automatic data storage during the fouling test. The heat transfer test 
section, copper tube lines, plasma generation system, and other equip­
ment were all connected to ground to accurately measure temperatures 
as well as to prevent any adverse effects of static electricity. The inlet 
temperature of cooling water was maintained at 20 + 3�C by means of a 
mini cooling tower throughout the entire experiments, whereas the inlet 
temperature of hot water was maintained at 95 + 3�C using a hot water 
heater and re-circulating pump. 

The heat transfer rate, Q, was calculated from both hot- and cooling-water 
sides as 

DTh ¼ DTcQ ¼ ð80Þ_mhcp mccp_

the mass flow rates of hot and cooling water, where andmh mc 

respectively; cp is the specific heat of water; and DTh and DTc are the 
temperature differences between inlet and outlet of hot and cooling water, 
respectively. The heat transfer rates at hot and cooling water sides should 
be equal to each other under ideal conditions. In reality, the heat transfer 

_

rate in the hot water side was less, approximately 5%, than that in the 
cold water side as parasitic heat loss takes place to the surroundings in 
spite of insulation. Hence, the heat transfer rate measured from the cool­

_

ing water side was used to calculate the overall heat transfer coefficient. 
The heat transfer rate Q varied from 1.9 kW to 3.2 kW depending on the 
flow velocity at the cold-water side. 
The overall heat transfer coefficient U was calculated using the following 

equation [151]: 

QcU ¼ ð81Þ 
AoDTLMTD 

The heat transfer surface area Ao was calculated using the outer diameter 
of the copper tube (do = 22.2 mm) with an effective heat transfer length of 

are 

600 mm (i.e., Ao = � doLeffective). The log mean temperature difference, 
DTLMTD, was determined as follows [151]: 

ðTh;o � Tc;iÞ� ðTh;i � Tc;oÞDTLMTD ¼ h i ð82Þ ðTh;o � Tc;iÞln ðTh;i �Tc;oÞ 

The fouling resistance, Rf, was calculated using the following equation 
[151]: 
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1 1 
Rf ¼ � ð83Þ 

Uf Ui 

where Uf is the overall heat transfer coefficient for fouled states, while Ui is 
the overall heat transfer coefficient corresponding to the initial clean state. 
The latter (Ui) was determined using distilled water (without chemicals) and 
without the use of PWT device during the initial calibration run prior to the 
fouling tests with artificial hard water. All experimental procedures, materi­
als, equipment, and inlet temperature settings for hot and cold water sides 
were identical for all tests. 

Detailed uncertainty analysis using the present test method proposed by 
Kline and McClintock [163] has been provided elsewhere [164]. In summary, 
the flow rate measurement had 3% error, temperature measurements had 
1% error, heat transfer rate measurement had 4.4% error, surface area 
measurement had 0.2% error, universal heat transfer coefficient measure­
ment had 5.3% error, and fouling resistance measurement had 10% error. 

2. Pulsed Spark Discharge Generation System 

Figure 58 shows a schematic drawing of a spark discharge generation 
system used in the present study. The system consisted of two components: 
a discharge chamber utilizing point-to-plain electrode system immersed in 
water (left) and a HV power supply with a capacitive energy storage 
(right). In a typical experiment, an 8.5-nF capacitor bank stored energy 
(ECB � 2.65 J) at voltage (VCB = 25 kV) was discharged through a 5-mm 
electrode gap into the discharge chamber. The peak current of these pulses 
was about 90 A. Upon charging the electrodes, local ohmic heating created 
vapor microbubbles within the gap. The energy effectively delivered during 
the discharge process was estimated to be 2 J/pulse. These discharges simul­
taneously generated a localized hot spot, high electric field, and traveling 

Water Spark gap 

HV 

Plasma channel 

Ground 

AC 

Control 
broad 

Water 
inlet 

outlet 

FIG. 58. Schematic diagram of the discharge chamber and electric circuit used in the study 
by Yang et al. [162]. 
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shockwaves. The details of the electric circuit diagram and electric wave­
forms were discussed elsewhere [165]. 

3. Artificial Hard Water 

The hardness of water varied from 250 ppm to 500 ppm in the present 
fouling experiments. The desired water hardness was obtained by mixing two 
chemicals, CaCl2 and sodium bicarbonate (NaHCO3), to Philadelphia city 
tap water at right proportions. The chemical reaction occurring in the 
artificially-prepared hard water can be described as follows: 

CaCl2þ2NaHCO3 ! CaCO3þ2NaCl þ H2O þ CO2 ð84Þ 
To obtain the desired hardness in cooling water, the proportions as shown 

in Table VI were used. 
The hard water reservoir was first filled with tap water at a volume of 

250 L after cleaning. With the use of a bypass line, the tap water in the 
reservoir was continuously circulated (not through the whole fouling system 
setup, but only in the reservoir). CaCl2 powder was added to the reservoir 
with gentle stirring using an electric stirrer and was left for 10 min to 
dissolve. Subsequently, NaHCO3 powder was also added to the reservoir 
and was gently stirred. After 5–7 min, about 100 mL of water sample was 
taken out from the bottom of the reservoir and used for water chemistry 
measurements. The measurement results were used as the initial water hard­
ness (at time zero). Water samples of 100 mL were collected every hour at 
12–24 h intervals during each fouling test. 
During the fouling test, the artificial water in the reservoir was automati­

cally added to the reservoir of the cooling tower by gravity via a floating-ball 
valve, which was installed to control the inflow of make-up water to the 
cooling tower. Thus, the water volume at the cooling tower was maintained 
constant during the fouling test. Note that the blowdown was not used in the 
present study. 

TABLE VI 
AMOUNT OF CACL2 AND NAHCO3 USED IN ARTIFICIAL HARD WATER 

Tap water volume: 0.250 m3 Hardness (ppm) 

250 ppm 500 ppm 

Calcium chloride (110.98 g/mol) 
Sodium bicarbonate (84 g/mol) 

69.38 g 
105 g 

138.75 g 
210 g 
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4. Scanning Electron Microscopy (SEM) and X-Ray Diffraction (XRD) 
Measurements 

SEM images and XRD analyses were obtained from the fouled copper 
tubes by resident technicians at Drexel SEM and XRD laboratories. SEM 
(FEI XL30) images were obtained to examine the topography and geometry 
of CaCO3 scales. Scale samples of approximately 0.5 cm � 0.5 cm were 
obtained from fouled copper tubes for all cases by manually cutting through 
the tubes using a saw blade. The scale samples were coated with platinum 
through low-vacuum sputter coating in order to prevent the accumulation of 
static electric charge during the irradiation of electron. XRD (Siemens D500) 
analyses were conducted on scale powders taken from fouled copper tubes 
manually cut using a saw blade to characterize the crystallographic structure 
of the scale deposits for both no-treatment and plasma-treated cases. 

B. RESULTS AND DISCUSSION 

1. Cycle of Concentration (COC) 

The COC is often defined as the ratio of the dissolved solids in cooling-
tower water to those in makeup supply water. Figure 59 shows variations in 
COC over time for the case of 250-ppm hard water with a flow velocity of 
0.5 m/s. The value of COC increased almost linearly with time because of 
zero blowdown. The COC reached approximately 2.8 at the end of the 
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FIG. 59. Variations in cycle of concentration (COC) vs. time for 250 ppm hard water under 
no-treatment and plasma-treated cases with a flow velocity of 0.5 m/s [162]. 
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fouling test for the no-treatment case, whereas it arrived at 2.4 for the 
plasma-treated case. Since the hardness of the makeup water was 250 ppm, 
the hardness of circulating water became approximately 600–700 ppm at the 
end of the fouling tests for both cases. In addition, the COC value for the 
plasma-treated case was consistently smaller by about 0.3–0.5 than those for 
the no-treatment cases during the entire fouling test, reflecting the fact that 
the pulsed spark discharge was continuously precipitating calcium ions from 
water. Note that the COC for other cases studied in the study (i.e., at 
different flow velocities and different hardness) also reached approximately 
three at the end of fouling tests with zero blowdown, indicating that the 
water hardness was about 750 and 1500 ppm for 250 and 500 ppm cases, 
respectively, near the end of the test. Such extremely harsh fouling 
conditions were utilized in the study in order to expedite the fouling process 
and examine the performance and limitation of the pulsed spark discharge 
system. 

2. Fouling Resistance 

Figure 60 shows the results for the fouling tests obtained using water 
hardness of 250 ppm for the no-treatment and plasma-treated cases at a 
flow velocity of 0.1 m/s. Due to high water hardness, there was no induction 
period in both cases. An induction period is usually depicted by a straight 
horizontal line in the beginning of the fouling curve, which indicates lateral 

FIG. 60. Fouling resistances for 250 ppm hard water under no-treatment and plasma-

treated cases with a flow velocity of 0.1 m/s [162]. 
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spreading of scale deposits on heat transfer surface. In the present study, the 
artificial hard water that contained calcium and bicarbonate ions reacted 
quickly to the hot heat transfer surface, making immediate depositions of 
calcium salt particles on the surface as soon as the fouling test begun. 
The scale deposition involved the cumulative effect of a direct diffusion of 

dissolved calcium ions to the heat transfer surface and the deposition of 
precipitated calcium salt particles due to supersaturated conditions and 
accelerated precipitation of calcium salts by PWT [4]. The fouling resistance 
in the no-treatment case demonstrated a slow increase in the first 14 h of 
operation. At t = 15 h, the fouling resistance increased dramatically as the 
entire surface of copper tube was fully covered by mineral scales. After that, 
at t = 16 h, the fouling resistance began to rise as the thickness of the scale 
layer slowly increased until the end of test, indicating that the deposition rate 
of the scales was consistently larger than the removal rate during this period 
because of the slow flow velocity. 
The fouling resistance curves obtained in the cases of the plasma treatment 

depicted a completely different trend compared to that obtained for the no-
treatment case. The fouling resistance had a steep increase to a maximum 
value in the first 4 h of operation. Note that there are two different categories 
of fouling: particulate fouling and precipitation fouling. The former refers to 
the adhesion of suspended particles to the heat transfer surface in the form of 
soft sludge. This type of fouling can easily be removed by shear forces 
created by flow rather than those deposits produced from the precipitation 
of mineral ions directly on the solid heat transfer surface, i.e., precipitation 
fouling. It was demonstrated in the authors’ previous study that the pre­
cipitation of CaCO3 could be induced by application of pulsed spark dis­
charge in supersaturated hard water and thus creating a significantly greater 
number of CaCO3 particles than the untreated water [25]. Hence, much 
faster particulate fouling took place at the first several hours of the test, 
causing the dramatic increase in the fouling resistance. At t = 4 h, the fouling 
resistance showed a significant drop, indicating that large-scale pieces were 
dislodged due to the shear stress of the water flow. The similar particulate 
fouling build-up and dislodge process were repeated during the period 
between 9 and 12 h. The final asymptotic fouling resistance at the end of 
the test was 50% lower than that obtained from baseline test, clearly indicat­
ing the beneficial effect of the plasma discharge on the mitigation of mineral 
fouling. 

Figure 61 shows photographs of sections of fouled copper tubes for the 
no-treatment and plasma-treated cases, which were taken after the copper 
tubes were removed from the heat transfer test section and completely dried. 
Visual inspection on the fouled tubes indicated that there were thick scale 
deposits (>1 mm) over the entire tube surface for the no-treatment case. 
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(a) 

(b) 

FIG. 61. Photographic images of the scales for (a) no-treatment; (b) plasma treatment cases 
(CaCO3 hardness of 250 ppm and a flow velocity of 0.1 m/s) [162]. 

For the case of the plasma treatment, the scale deposits appeared to be much 
thinner than that observed in the no-treatment case. One could clearly see 
the copper-tone color of the tube at the end of fouling test for the plasma-
treated case, indicating that the pulsed spark discharge could significantly 
mitigate the scale deposits on the tube surface. 

Figure 62 shows the results for the fouling tests obtained using water 
hardness of 250 ppm for both cases at a flow velocity of 0.5 m/s with zero 
blowdown. The overall fouling resistance showed a significant drop compar­
ing with that obtained at 0.1 m/s, mainly because of the higher removal rate 
caused by a higher flow velocity. For the no-treatment case, the fouling 
resistance had a steep increase to a local maximum value in the first 3 h of 
operation. At t = 3 h, the fouling resistance stopped increasing and the value 
remained unchanged for the next 16 h, indicating that there must have been 
some balance between the deposition rate and removal rate for the no-
treatment case due to the higher shear stress produced by a high flow 
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FIG. 62. Fouling resistances for 250 ppm hard water under no-treatment and plasma-

treated cases with a flow velocity of 0.5 m/s [162]. 

velocity. At t = 19 h, the no-treatment case showed a significant drop in the 
fouling resistance. After t = 30 h, the fouling resistance showed slight up-
and-down trends with its mean value slightly decreasing with time till the end 
of the test. 

The fouling resistance curves obtained in the case of plasma treatment at 
0.5 m/s depicted similar trend as the 0.1 m/s case shown in Fig. 60 at the first 
20-h period, although at a much lower value. The fast rise and fall of fouling 
resistance observed in the first 6-h period indicated both accumulation and 
removal of particulate fouling on the heat exchanger surface. After t = 20 h, 
the fouling resistances slightly went up and down numerous times until the 
end of the test. The up-and-down trends of the fouling resistance clearly 
indicated that the old scales were repeatedly removed from the heat transfer 
surface as the new scales continued to develop. The surface was not fully 
covered by scales at the end of the test, and the final fouling resistance was 
reduced by 72% comparing to that for the no-treatment case. The improved 
efficiency in mitigating fouling observed in the plasma-treated case can be 
explained as follows: calcium ions were continuously precipitated to calcium 
salt particles by the spark discharge. Subsequently, particulate fouling took 
place as calcium particles adhered to the heat transfer surface, creating a soft 
sludge coating on the surface. The coating can be more easily removed due 
to high flow. Similar results were reported previously with a solenoid coil by 
Cho et al. [120–122], who showed better mitigation results at a high flow rate 
in the study. 
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FIG. 63. Fouling resistances for 500 ppm hard water under no-treatment and plasma 
treatment cases with two different flow velocities: (a) 0.1 m/s; (b) 0.5 m/s [162]. 

Figure 63 (a) and (b) shows the results for the fouling tests obtained for 
the case of water hardness of 500 ppm and flow velocities of 0.1 and 0.5 m/s 
for the plasma-treated and no-treatment cases. Due to high water hardness, 
the rate of increase in the fouling resistance was very steep for the no-
treatment case at 0.1 m/s, which reached the local maximum at t = 3 h.  
After this point, the fouling resistance significantly decreased till t = 5 h,  
indicating that the removal of scale particles was greater than the new 
deposits during this period, probably due to a reduced opening in the heat 
transfer test section by the scale deposits and subsequently increased wall 
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shear stress. Again, the similar cycle repeated during 5–9 h period. Note that 
the supersaturation level in the cooling water was extremely high so that 
there must have been a large number of suspended CaCO3 particles in water 
even in the no-treatment case, leading to particulate fouling on the heat 
transfer surface. Thus, one might expect that the scale deposits might have 
been soft, which helped increasing the removal rate. 
For the cases of plasma treatment, there was an induction period of 

approximately 3 h before a sudden but brief increase of fouling resistance, 
indicating that the heater exchanger surface was fully covered by the scales at 
t � 3 h. After t � 4 h the fouling resistance impressively remained constant till 
the end of the test. The asymptotic value for the plasma-treated case was 
about 88% lower than that for the no-treatment case. 

Figure 63 (b) presents the fouling resistance for the flow velocity of 0.5 m/ 
s, showing that there was also no induction period for the no-treatment case. 
As the velocity of cold water in the heat transfer test section was increased 
from 0.1 m/s to 0.5 m/s, there was less fouling deposit in general as the 
removal rate increased due to increased shear force, a phenomenon which 
was also reported by a recent study [111]. Note that at a high velocity, there 
was a high mass deposition rate. However, the shear force created by the 
flow increased such that the scales are more efficiently removed, resulting in 
reduced fouling resistances. An 87% drop in the fouling resistance was 
obtained for the plasma-treated case compared with the no-treatment case, 
again confirming the effectiveness of the plasma treatment of water on 
mitigating the mineral fouling. It is of note that even for the case of 
500 ppm, where the hardness became about 1500 ppm near the end of test 
with zero blowdown, the plasma-treated case could reduce the fouling 
resistance by 88 and 87% for flow velocities of 0.1 and 0.5 m/s, respectively. 

Figure 64 shows photographs of sections of fouled copper tubes for both 
no-treatment and plasma-treated cases for 500 ppm hardness water. The 
photographs taken for 500 ppm case were similar to those obtained for 
250 ppm case, but the scale was thicker due to the higher hardness and 
smaller flow velocity. 

3. Scanning Electron Microscope Images 

Figure 65 (a) and (b) shows SEM images of CaCO3 scales for both the no-
treatment and plasma-treated cases for 250 ppm hard water at a flow velocity 
of 0.5 m/s. The SEM images for the no-treatment case showed particles less 
than 10 mm in size, with sharp and pointed tips in crystal structures, whereas 
those obtained with plasma treatment showed particles of 15 mm in size and 
above, due to the precipitation effect of spark discharges, with blunt-edged 
crystals. The sharp and pointed crystal tips observed in the no-treatment case 
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(b) 

(a) 

FIG. 64. Photographic images of the scales obtained for (a) no-treatment; (b) plasma 
treatment cases (CaCO3 hardness of 500 ppm and a flow velocity of 0.1 m/s) [162]. 

FIG. 65. SEM photographs of the scales obtained for (a) no-treatment; (b) plasma-treated

cases (CaCO3 hardness of 250 ppm and a flow velocity of 0.5 m/s) [162]. 
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FIG. 66. SEM photographs of the scales obtained for (a) no-treatment; (b) plasma-treated 
cases (CaCO3 hardness of 500 ppm and a flow velocity of 0.1 m/s) [162]. 

are believed to be produced through precipitation reactions of mineral ions on 
the heat transfer surface, thus adhering to the heat transfer surface more 
strongly than blunt crystals observed in the plasma case. 

Figure 66 (a) and (b) shows similar SEM images (200�, 500�, and 1000�) 
of CaCO3 scales for the no-treatment and plasma-treated cases for 500 ppm 
hard water at a flow velocity of 0.1 m/s. The SEM images obtained from the 
no-treatment case showed a more organized regular structure, which can be 
attributed to the aforementioned particulate fouling on the heat exchanger 
surface. For plasma treatment, the images showed random rounded particles 
with a less organized structure. The size of the particles obtained from 
the plasma treatment case was slightly larger than that retrieved from 
no-treatment case. 

C. X-RAY DIFFRACTION TESTS 

CaCO3 is a crystalline substance that exists in three polymorphs: calcite, 
aragonite, and vaterite [166]. Each polymorph has a unique crystallographic 
structure with a unique XRD spectrum that serves as its fingerprint. The 
present XRD analyses were conducted to determine the crystallographic 
phase of scale deposits so that the focus was on spectrum peaks and not 
on the intensity. Figure 67 (a) shows the standard XRD spectra of the calcite 
phases of CaCO3 as a reference, which has a prominent peak of intensity at 
2� = 29.5�. 

Figure 67 (b) and (c) presents the results of the XRD analyses for the no-
treatment and plasma-treated cases at water hardness of 500 ppm and a flow 
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FIG. 67. XRD analyses of the scales for (a) standard calcite; (b) no-treatment; (c) plasma-

treated cases (500 ppm CaCO3 hardness and a flow velocity of 0.1 m/s) [162]. 

velocity of 0.1 m/s. The results were compared to the standard XRD spectra 
of CaCO3 given in Fig. 67 (a). For both cases, the peaks depicted that of a 
calcite crystal. Although most previous studies reported aragonite crystals 
for no-treatment cases [120,167], the present XRD result did not show 
aragonite for the no-treatment case. It can be attributed to the fact that 
even for the no-treatment cases there must have been a large number of 
suspended calcium particles in water in the present study due to extremely 
supersaturated states of cooling water and no blowdown in the study. Hence, 
even for the no-treatment case, one might expect to have a large number of 
suspended particles in water, thus leading to a calcite form of CaCO3 scales 
on the heat transfer surface. 

For the cases of plasma treatment, spark discharge would produce more 
suspended calcium particles in hard water than the no-treatment cases [128], 
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producing particulate fouling or calcite form of calcium crystal at the heat 
transfer surface. The XRD results for the no-treatment and plasma-treated 
cases at water hardness of 250 and a flow velocity of 0.5 m/s were similar to 
the results given in Fig. 67. 

VIII. Application for Water Sterilization 

Pulsed plasma technology is a cost-effective and environmentally friendly 
technology for the destruction of microorganisms in contaminated potable 
water and wastewater [27,168–170]. Plasma discharges in water can produce 
high electric field, strong UV radiation, shockwaves, ozone, short-living 
active species (•OH, •H, •O, 1O2, 

•HO2, O2
–, H2O2), and charged particles 

for the effective sterilization of water [171]. There are two main approaches 
of using high-voltage pulse discharges for water sterilization: one is to use 
high-energy pulses of � 1 kJ  [172] and the other is to use low-energy pulses 
of �1 J  [168,173]. The second approach is especially interesting due to the 
simplicity in designing the discharge system that can readily be integrated 
into a household water delivery system. It can also be developed into a 
portable water supply system for safe drinking water in remote areas and/ 
or underdeveloped countries. Next, recent advances in the plasma applica­
tions for water sterilization will be briefly reviewed. 

A. PREVIOUS STUDIES ON PLASMA-ASSISTED WATER STERILIZATION 

Schoenbach and his colleagues at Old Dominion University studied the 
feasibility of the use of electrical pulses in a microsecond range for the 
sterilization of biological cells for the past two decades [174–177]. For 
example, a 600-ns, 120-kV square wave pulse was used to generate pulsed 
corona discharge for bacterial (E. coli and Bacillus subtilis) decontamina­
tion of water. They reported three orders of the magnitude reduction in the 
concentration of E. coli (gram-negative bacterium) with an energy expen­
diture of 10 kJ/L. For B. subtilis (gram-positive bacterium), it took about 
40 kJ/L to reduce the three-order reduction. However, it was observed that 
plasma had no effect on B. subtilis spores. They attributed the phenomena 
to the accumulation of electrical charges at the membrane of the spores, 
which could shield the interior of the cell from the external electrical fields. 
Since the typical time required to charge mammalian cell membranes is on 
the order of 1 ms [178], microsecond pulses could not penetrate into cells 
once the membrane is charged. Hence, a short pulse in a nanosecond range 
might be able to penetrate the entire cell, nucleus, and organelles and affect 
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cell functions, thus disinfecting them, a hypothesis that needs to be 
validated. 

Researchers at the Eindhoven University of Technology, Netherlands, 
applied pulsed electric fields and pulsed corona discharges to inactivate 
microorganisms in water [179]. They utilized four different types of dis­
charge configurations, including a perpendicular water flow over two wire 
electrodes, a parallel water flow along two electrodes, air-bubbling through a 
hollow needle electrode toward a ring electrode, and wire cylinder with the 
application of 100-kV pulses with a 10-ns rise time and 150-ns pulse dura­
tion. Inactivation rate was found to be 85 kJ/L per 1-log reduction for 
Pseudomonas flurescens (gram-negative bacterium) and 500 kJ/L per 1-log 
reduction for Bacillis sereus spores. 

Researchers at the General Physics Institute, Russian Academy of Science, 
Moscow, studied if plasma systems could eradicate microorganisms such as 
E. coli and coliphages in water distribution systems [180,181] and reported 
that the active species, UV, ozone, and hydrogen peroxide effectively could 
sterilize bacteria in water. 

Sato and his colleagues at Gunma University, Japan, investigated the 
feasibility of using plasma discharges for sterilization and removal of organic 
compounds in water [46–49]. In particular, they studied the formation of 
chemical species and their effects on microorganisms and reported that 
hydroxyl radicals had extremely short lifetime of 70 ns and diffused only 
20 nm before they were absorbed in water. They also reported that hydrogen 
peroxide was produced through the recombination of hydroxyl radicals, 
rather than by electrolytic reaction. They measured the emission spectrum 
between 200 and 750 nm and found that the largest peaks were in the UV 
range, which were believed to be molecular emissions from hydroxyl radicals 
(see Fig. 68). 

Researchers at the University of Wisconsin, Madison, USA, studied the 
feasibility of using dense medium plasma reactors for the disinfection of 
water [52,53,172] and found that the UV radiation emitted from the electro­
hydraulic discharge was the lethal agent for the inactivation of E. coli 
colonies rather than the thermal/pressure shocks or other active chemical 
species. 

Akiyama and his colleagues at Kumamoto University, Japan, studied the 
possibility of using streamer discharges in water to produce high-energy 
electrons, ozone, other chemically active species, UV radiation, and shock-
waves [26,50,51]. A thin wire electrode was used to produce a large-volume 
discharge needed for industrial water treatments. Since the influence of the 
electric conductivity of water was found to be small, they speculated that 
bulk heating via ionic current did not contribute to the initiation of the 
breakdown process. 
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FIG. 68. Emission spectra from pulsed streamer discharge in distilled water with applied 
voltage of 14 kV [46]. 

Based on the previous researches, it is clear that plasma discharge has the 
ability to effectively inactivate microorganisms in water. A plasma-based 
water treatment system has a number of advantages compared to chemical 
or mechanical water treatment methods, such as minimal maintenance, 
low operating power, and minimal pressure loss through the discharge 
device. Therefore, a plasma-based water treatment can be implemented 
as a point-of-use water treatment system and in a large industrial water 
treatment system. 

B. TEST METHODS 

The present study examined the sterilization efficiency of a point-to-plane 
plasma discharge system. A spark-gap generator was used to produce a 
pulsed voltage capable of initiating desired breakdowns. 
Validation and characterization of the plasma discharge were conducted 

by measuring pH, conductivity, temperature, voltage, and current wave­
forms. To validate whether or not the present design effectively inactivated 
microorganisms, a series of experiments were conducted with active E. coli, 
which was considered as the most reliable measure of public risks in drinking 
water since its presence was an indicator of fecal pollution and the possible 
presence of enteric pathogens [140]. 
A non-pathogenic strain of E. coli bacterium, K12, was used in all 

experiments. Cell stocks of E. coli were prepared by incubating cultures in 
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Luria–Bertani–Miller (LB) broth (10 g of tryptone, 5 g of yeast extract, 10 g 
of sodium chloride per liter), for 20–22 h at 37�C. E. coli, obtained in a 
stationary phase, were then centrifuged at 3500 rpm for 10 min, washed twice 
in sterile spring water, and finally resuspended to population densities of 106 

and 108 CFU/mL of water. Two suspensions of different concentrations 
were chosen to check any dependence of initial bacterial concentration on 
D-value. Water whose conductivity varied from 100 mS/cm to 200 mS/cm was 
used in the experiments. Samples for determining the initial population were 
taken before applying the plasma discharge. 

To analyze the treatment results, serial dilutions of the samples were 
prepared using sterile water and enumerated using a spread-plate counting 
method. The 100-mL aliquots of diluted samples were spread on brain heart 
infusion (BHI) agar plates and incubated at 37�C for 12–18 h and the colony-
forming units (CFU) were counted. The effectiveness of the spark discharge 
in inactivating E. coli is often expressed as D-value, which is identified as the 
energy required to achieve one-log10 reduction in bacterial concentration at a 
specific plasma treatment condition [182,183]. 

C. RESULTS AND EFFECT OF PLASMA-INDUCED UV RADIATION 

ON STERILIZATION 

1. Inactivation of E. coli in Water by a Pulsed Spark Discharge 

Results from inactivation experiments with water having E. coli concen­
trations of 106 and 108 CFU/mL are given in Figs. 69 and Fig. 70, which 
show the survival curves obtained for these concentrations using spark 
discharge in water. 

For the case of an initial E. coli concentration of 106 CFU/mL, the 
D-value was found to be 14 J/L of water, while for the case of a higher 
initial concentration of 108 CFU/mL, a high D-value of 174 J/L was 
obtained. This indicates some dependence of the D-value on the initial 
bacterial concentration. As the initial bacterial concentration increased, 
the D-value also increased. Thus, it was postulated that this loading effect 
might have been due to the inability of UV radiation, produced by spark 
discharge, to reach E. coli through water lacking transparency. Also at a 
high concentration, E. coli could aggregate to each other, partially shield­
ing one another, thus preventing the active plasma species from effectively 
attacking them. 

In an attempt to optimize the spark discharge system for effective water 
sterilization, the energy per pulse was varied by varying the capacitance of 
the capacitor source. This was achieved by varying the number of capaci­
tors in the capacitor bank. Figure 71 shows the survival plot of E. coli for 



278 Y. YANG ET AL. 

100 

101 

102 

103 

104 

105 

106 

107 

C
on

ce
nt

ra
tio

n 
of

 E
. c

ol
i (

C
F

U
/m

L)
 

0 50 100 150 200 250 300 
Energy (J/L) 

 FIG. 69. Survival plot obtained for an E. coli concentration of 106CFU/mL. 
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FIG. 71. Survival plot of E. coli for different energies per pulse. 

different energies per pulse. The D-value obtained for an energy per pulse 
of 1.7 was 187 J/L. A low D-value of 98 J/L was obtained for an energy per 
pulse of 1 J. It may be assumed that only a portion of the energy input into 
water contributes to the inactivation of microorganisms, while the rest of 
the energy is dissipated into the water. For energies per pulse of 0.68 and 

The transmission spectrum for wavelengths between 200 and 300 nm was 
obtained for BP-9 solutions of concentrations 1, 3, 10, 30, 100, 300, 1000, 
and 3000 mg/L. Figure 72 shows the relative transmittance for various con­
centrations of the BP-9 solution. Intensities were normalized at 500 nm. It 
can be seen that the BP-9 solution of a concentration of 3 mg/L absorbed 
some portion of UV-C but transmitted a major portion of UV-B and UV-A. 
The BP-9 solution of a concentration of 30 mg/L absorbed a significant 
amount of UV-C and UV-B and some portion of UV-A. The BP-9 solution 
of a concentration of 3000 mg/L completely absorbed UV-A, B, and C. The 
concentrations 3, 30, and 3000 mg/L were, hence, selected for conducting the 

2. Role of UV Radiation in the Inactivation of Microorganisms 

0.34 J, D-values were 140 and 366 J/L, respectively. The optimized treat­
ment system corresponded to a minimum D-value of 187 J/L and energy 
per pulse of 1 J. 
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FIG. 72. Fluorescence spectra for different concentrations of BP-9 solution. 

present inactivation experiments. As a control, the sensitivity of E. coli to 
BP-9 was tested by exposing the bacteria with an initial concentration of 
1.44 � 107 CFU/mL to a BP-9 solution with a concentration of 7500 mg/L of 
water for 2 h. No change in bacterial concentration was observed. 

Figure 73 shows the survival curves for various concentrations of BP-9. 
It can be observed that the disinfection of E. coli in water was almost 
completely suppressed at a concentration of 30 mg/L of BP-9. These results 
are in agreement with the results of similar experiments done earlier by 
other researchers [184]. UV radiation is known to kill microorganisms in 
water [185,186]. DNA has an important absorption peak near 254 nm [187]. 
UV photons can cause irreparable damage to the bacterial DNA, thus 
inactivating them [182,188]. The present results indicate that UV radiation 
produced by spark discharge in water plays a major role in inactivating 
microorganisms. 

3. Comparison of Different Plasma Discharges for Water Sterilization 

The possible applications for plasma water sterilization span a wide range 
of areas and industries, including foreign aid and disaster relief, providing a 
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FIG. 73. Survival plot of E. coli for various concentrations of BP-9. 

TABLE VII 
COMPARISON OF DIFFERENT PLASMA DISCHARGES USED IN PLASMA-BASED WATER TREATMENT
 

METHODS
 

Pulsed arc Pulsed spark Pulsed corona 
discharge discharge discharge 

Energy per liter for 1-log 860 J/L 77 J/L 30–150 kJ/L 
reduction of E. coli 

Power requirement for household 0.326 kW 0.148 kW 11.4–56.8 kW 
(6 gpm) 

Power requirement for village 54.3 kW 4.9 kW 1892–9463 kW 
(1000 gpm) 

Efficiency Good Excellent Poor 
Central lethal biological agent UV and chemical UV and chemical Chemical radicals 

of discharge radicals radicals 

means for developing countries to sustain potable water sources, integrating 
into household water delivery systems in developed countries, and improving 
power plant wastewater treatment facilities. Table VII shows a chart com­
paring different plasma discharges found in plasma-based water treatment 
methods. The typical discharges applied in research can be found on two 
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ends of the spectrum: either a highly energetic thermal discharge, i.e., arc 
discharge, or a less energetic non-thermal discharge, i.e., corona discharge. 
The pulsed spark discharge used in the present study belongs somewhere 
between these two extremes. The properties of this type of discharge are 
quite unique and beneficial with regard to water treatment. First and most 
importantly, according to the present experiments it requires a very low 
power in comparison to other systems. A minimum D-value of 98 J/L was 
obtained, which means that the electric energy requirement was 148 W to 
achieve a 4-log reduction for a typical household flow rate of 6 gpm (22.7 L/ 
min). The low energy consumption enables the plasma water treatment 
system to be powered by solar cells or hand-crank power supplies in third 
world countries where electricity is a scarce commodity. Secondly, the pH 
and temperature of the surrounding water did not significantly change 
during the treatment, indicating that the energy of the discharge was not 
wasted in the form of bulk heating of water and was used very effectively for 
the treatment. Thirdly, the flow rates that can be treated by the present 
plasma discharge (i.e., pulsed sparks) could be significantly larger than other 
plasma systems. 

IX Final Remarks 

Plasma discharge in water is an interesting and relatively new topic for 
consideration from the standpoint of classical water treatment technologies 
and is gaining importance in modern technologies. One of the major advan­
tages of underwater plasma is that it combines different effects, including 
radical species (OH, O, HO2), molecular species (H2O2), UV radiation, 
electric field, and shockwaves, in a single process. The synergy between 
these effects is usually believed to provide a higher efficiency than traditional 
chemical treatment methods. Secondly, the in situ production of active 
chemical species eliminates the need of transportation, storage, and the 
residual remediation of external chemical sources. 

In this chapter the authors tried to consider all the major types of under­
water plasma sources and their uses at different conditions that influence the 
energy transfer between the plasma and surrounding liquids. Also different 
media that the plasma interacts with have a significant influence on the 
energy transfer. Such examples include the electric conductivity of water, 
dissolved ions, solid particles, solid surfaces, and living microorganisms. 
Surely, this area of research is too broad to be comprehensively considered 
in one chapter, but the present study attempted to give some general idea on 
the state-of-the-art in this branch of science. 
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