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KURZFASSUNG 

Ultraschall-induzierte Sedimentation ist die Folge einer Beschallung von 
Suspensionen, also in einer Flüssigkeit dispergierter Teilchen, mit stehenden Ultra-
schallwellen geeigneter Wellenlänge. Das Prinzip basiert auf sogenannten Schall-
strahlungskräften, welche Teilchen in bestimmten Regionen des Schallfeldes konzen-
trieren. Die entstehenden Agglomerate sedimentieren schneller als einzelne Teilchen. 

Ziel der vorliegenden Arbeit war es, diese Technik im Hinblick auf ihre 
Anwendung auf Hefezellen, speziell im Brauereiwesen, zu untersuchen. Demgemäß 
wurden Suspensionen von Bierhefe verwendet. 

Separationseffizienzen von bis zu 99,6% konnten bei der Verwendung eines 
Separationssystems, welches zur Zellrückhaltung bzw. –filtration bereits kommerziell 
eingesetzt wird, mit Suspensionen der Hefe Saccharomyces cerevisiae erreicht werden. 

Durch Analyse der Einflüsse von Prozessparametern, wie dispergierte Biomasse, 
elektrische Leistung und Volumenstrom, konnte ein Optimierung des Systems erreicht 
werden. Eine untere Schranke der Zellkonzentration von 5·106 Zellen pro Milliliter 
und eine obere Schranke des Durchflusses von 50 Liter Suspension pro Tag wurden 
als Grenzen für einen effizienten Betrieb des akustischen Filters identifiziert. 

Die Verringerung der effektiven akustischen Güte bei steigender Zellkonzentra-
tion wurde untersucht. Ein deutlicher Einfluss auf das Schallfeld im Resonator wurde 
ab 50 g pro Liter Biomasse festgestellt. 

Die zeitliche Entwicklung der Zellkonzentration am Filterausgang nach Einschal-
ten des Ultraschalls konnte mit einem mathematischen Modell beschrieben werden. 

Das Endprodukt der Fermentation, Äthanol, wurde als Hindernis hinsichtlich des 
Einsatzes der Ultraschall-induzierten Sedimentation identifiziert. Die Separations-
effizienz fiel bei einer Äthanolkonzentration von 12%(v/v), bedingt durch turbulente 
Strömungen im Filtersystem, auf null ab. Gleichzeitig erlitten die Zellen 
morphologische Schäden, über 90% der Zellen wurden bei diesen Experimenten 
getötet. Dabei wurden keine Hinweise auf transiente Kavitation gefunden. 

Die Turbulenzen konnten durch spezielle Eigenschaften von wasserreichen 
Äthanolmischungen erklärt werden. Der akustische Kontrast zwischen den 
dispergierten Hefezellen und solchen Mischungen verschwindet. Dies hat den 
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Zusammenbruch der räumlichen Ordnung der Zellen zur Folge, sie werden nicht 
mehr in den Druckknoten der stehenden Welle gehalten. 

Im normalen Betrieb des akustischen Filters, d.h. wenn diese Ordnung hergestellt 
war, wurden keine signifikanten Veränderungen der Viabilität der Zellkultur oder ein 
Auslaufen der Zellen festgestellt. Das Vorhandensein von Äthanol unterhalb der 
kritischen Konzentration bewirkte unter diesen Bedingungen ebenfalls keine 
Veränderungen dieser Art. Transmissions-Elektronenmikroskopie zeigte einige nicht-
letale Veränderungen der Zellvakuole durch den Einfluss des Ultraschalls. 

Die Viabilität der Zellen war nach einer einstündigen Beschallung in einer 
speziellen, nicht-resonanten Kammer, also in einer laufenden statt in einer stehenden 
Welle, um 25% verringert. Des Weiteren wurden ein Auslaufen der Zellen und 
morphologische Veränderungen beobachtet. Diese Ergebnisse legten nahe, dass der 
Einfluss des Schallfeldes im Bereich außerhalb der Druckknoten für die Schäden 
verantwortlich war, der genaue Mechanismus konnte nicht geklärt werden. 

Eine neue Methode zur detaillierten Untersuchung der räumlichen Anordnung 
von Teilchen aufgrund der Schallstrahlungskräfte wurde entwickelt. Die Verfestigung 
von Polymeren wurde während der Beschallung initiiert. Dies bewirkte das 
„Einfrieren“ der räumlichen Verteilung von Zellen in einem Gel-Block. Dieser wurde 
im weiteren Verlauf des Experiments zerschnitten und untersucht, es entstanden die 
ersten mikroskopischen Aufnahmen der inneren Struktur der Agglomerate. Hinweise 
auf bisher nicht beobachtete Anordnungen der Zellen wurden gefunden. 

Die Größenselektivität des Ultraschallfilters wurde verwendet, um die Konzen-
tration von Milchsäurebakterien Lactobacillus brevis in einer Hefesuspension zu senken. 
Dieser Mikroorganismus ist eine verbreitete Verunreinigung im Brauereiwesen. Mit 
der Gel-Technik konnte gezeigt werden, dass die Selektivität des Ultraschallfilters auf 
die unterschiedliche räumliche Anordnung der beiden Zelltypen zurückzuführen ist. 

Zum ersten Mal wurde der Einfluss der inhomogenen räumlichen Verteilung der 
Zellen auf das akustischen Verhalten des Resonators gemessen. Die Fixierung im Gel 
entkoppelt das Schallfeld von den Schallstrahlungskräften, der Vergleich mit 
gleichmäßig verteilten Teilchen zeigte eine Verringerung der effektiven akustischen 
Güte der Zellsuspension durch die räumliche Ordnung. 

Diese Arbeit wurde zum Teil vom TMR-Programm der Europäischen 
Kommission, Vertrag Nr. ERBFMRXCT97-0156, EuroUltraSonoSep, unterstützt. 
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ABSTRACT 

Ultrasonically Enhanced Settling is an effect applying to suspensions, i.e. particles 
dispersed in a liquid, being exposed to ultrasonic standing waves of appropriate 
wavelength. The principle is based on the fact that due to so-called radiation forces the 
particles are highly concentrated in certain regions of the sound field, thus building up 
aggregates that settle more rapidly than single particles. 

The object of this study was to exploit this technique in yeast technology especially 
in brewing. Therefore suspensions of brewer’s yeast were investigated. 

A separation system based on commercially successfully applied ultrasonic cell 
retention/filtration of mammalian cells was used and was shown to reach separation 
efficiencies of up to 99.6% for suspensions of Saccharomyces cerevisiae. 

Optimisation was achieved based on analysis of the influence on separation 
efficiency of the process parameters bio-mass load, electrical power input and 
suspension throughput. Boundary conditions like a minimum cell concentration of 
5·106 cells/mL and a maximum throughput of 50 L/day were identified for proper filter 
operation. 

The decrease of the effective acoustic quality factor of yeast suspensions when 
different cell concentrations were used was evaluated. It was shown that this effect 
influenced the acoustic field within the resonator at a biomass load of 50 g/L. 

The development of cell concentration at the filter outlet, from the time the 
ultrasound was switched on, was successfully described by a mathematical model. 

A limitation of applicability of Ultrasonically Enhanced Settling based on the most 
important fermentation end-product ethanol was identified. The separation efficiency 
was vanishing when turbulence occurred in the filter chamber in the presence of 
ethanol at a concentration of 12%(v/v). Furthermore the cells showed morphological 
damages in these experiments, over 90% of cells were killed during a sonication of one 
hour. No evidence of inertial cavitation was found. 

The turbulence was found to result from the special behaviour of the speed of 
sound of water-rich ethanol mixtures. The acoustic contrast between the yeast cells 
and the host liquid was diminished and thus the spatial ordering that usually keeps 
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the cells by immobilisation in the pressure nodes of the standing wave was 
suppressed. 

However, at normal operation of the acoustic filter, when the spatial ordering was 
established, no significant changes of the culture, i.e. decrease of viability or leakage, 
were detected, the presence of ethanol apart from the critical concentration did not 
influence this result. Transmission electron microscopy showed some non-lethal 
changes in the morphology of the cells’ vacuoles due to the action of the ultrasound. 

The cells’ viability was decreased to 25% after one hour when a suspension was 
exposed to a progressing wave, instead of a standing wave, within a specially 
designed anechoic sonication system. Additionally, leakage and morphological 
changes were observed. Results suggested, that the influence of the sound field in the 
pressure inter-nodal space was responsible for the damages, the exact mechanism 
could not be elucidated. 

A novel technique suitable for very detailed examinations of the spatial 
arrangement of particles due to acoustic forces was developed. Gelation of polymers 
was initiated during sonication, therefore the spatial distribution of the cells could be 
“frozen” within a gel-block, which subsequently was cut and examined. This 
procedure delivered for the first time light micrographs of the aggregates’ inner 
structures along with evidence of to date unexplained phenomena. 

The size selectivity of the ultrasonic filtration system was used to reduce a 
common contamination in brewing, Lactobacillus brevis. This feature could be 
explained exploiting the novel gel-technique by the different spatial arrangements of 
yeast and bacteria. 

Furthermore the influence of the inhomogeneous spatial arrangement of the cells 
on the acoustic behaviour of the resonator was successfully measured for the first 
time. The spatial distribution of the cells was fixed in gel and therefore decoupled 
from the sound field and its forces. Comparison with gel in which the cells were freely 
suspended delivered a decrease of the effective acoustic quality factor by the ordering. 

The work was supported in part by the European Commission’s TMR Programme, 
Contract No. ERBFMRXCT97-0156, EuroUltraSonoSep. 
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PREFACE 

This thesis came partly into being during EuroUltraSonoSep, an European 
Commission’s Training and Mobility of Researchers (TMR) Programme. This network 
comprised of university departments and institutes from physics, biosciences and 
microbiology, two companies developing, manufacturing and selling ultrasonic 
separation devices and a company-like institute from the field of disposal and 
environmental technologies. Scientists interested in different topics like scale-up of 
existing ultrasonically enhanced settling technology, application of the principle in 
areas as distant as waste-water treatment and medical diagnosis, exploitation in 
micro-gravity environments, development of new devices and the exploration of new 
fields of use, collaborated over a period of more than three years. The wide range of 
expertise and the commitment to work together, share experience, and sometimes the 
necessity to take a different point of view, created an interdisciplinary environment 
that was a very fruitful soil for new ideas and approaches. 

This circumstances influenced the work presented here written by a physicist 
educated at the Institute of General Physics at the Vienna University of Technology 
working in the laboratory of the Department of Industrial Microbiology at the 
University College of Dublin. As both regimes were present they found their way into 
this thesis. Especially the fact of the particles dealt with being living cells, which might 
not act/react in the predictive-by-equation way physicists are used to, took a while to 
be picked up and maybe has not been understood with all its consequences yet. 

This has as well influenced the scientist-to-be. The scientific method comprises 
observation, explanation and experiment1, however in every-day physics the former two 
use to arrive hand in hand. One concept that emerged from this was to have physical 
theory deliver hypothesises that were tested experimentally to “interrogate” cells 
exploiting microbiological methodology. However the procedure did not always lead 
to explanations as the causal connection taken as a basis was unknown. The lesson 
adopted was that a well established “it is” represents a very valuable stage as the 
“why” can be too far to reach at the time. 
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INTRODUCTION 

The first description of the concentration of particles suspended in a fluid in the 
pressure nodal regionsi of an acoustic standing wave dates back more than a century. 
Kundt and Lehmann reported the phenomenon when using it for the visualisation of 
an ultrasonic field2. The effect obviously arises from forces acting on the particles 
when a dispersion is irradiated with ultrasound, the so-called radiation forces. The 
general source of these forces is the spatial gradient of the sound waves’ acoustic 
pressure. Hence the relation between the sound wavelength and the particle diameter 
is of great importance, the phenomenon is size-dependent. The direction and strength 
of the forces is influenced by the compressibility – which itself is a function of the 
material properties speed of sound and mass density - of each component of the 
mixture. The coefficient representing this dependency is called acoustic contrast. A 
more detailed description will follow. 

The principle has been shown to work with all combinations of liquid or gaseous 
carrier fluids and solid, liquid and gaseous “particles”3,4 – for obvious reasons with the 
exception of gas-gas systems. Thereby suspensions are dispersions of solid particles in 
liquids, while a liquid-liquid system is called emulsion, an important example is oil in 
water. The nomenclature for gaseous carriers is smoke if solid particles are dispersed 
and fog or mist when liquid droplets are present in the gas (air). Of the greatest 
practical importance are hydrosols, i.e. dispersions based on water, and aerosols with air 
as the carrier medium. 

Most of the applications employing the principle of particle concentration in the 
nodal regions of a standing wave use a set-up where the cavity of an acoustic 
resonator contains a suspension. When the volume is irradiated with ultrasound the 
initially homogeneously distributed particles are driven into the nodal regions of the 
standing wave field. Solid particles in water travel into the pressure nodes whilst gas 
bubbles or oil droplets are concentrated in the displacement nodes. The reason for this 
is the mentioned dependency of the forces on the compressibility, or in other words, 
the acoustic contrast in water is positive for solids and negative for gases and oil. 

                                                           
i In literature sometimes “loop” or “displacement/velocity anti-node” are found to denote the region of 

vanishing acoustic pressure in a standing wave. 
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Typically it does not take more than a few seconds until a spatial distribution like in 
Figure 2 is reached. 

The formation of a standing wave in a resonator is shown in Figure 1. A wave is 
emitted by a sound source, the transducer, in the direction towards a reflector (a). The 
incoming and reflected waves are both progressing but their superposition is 
stationary (b), i.e. does not change its location over time and therefore is called a 
standing wave. The amplitude distribution or the envelope describes the maximum of 
displacement or pressure for a given location (c). Under certain boundary conditions - 
very simplified when an integer number of half-wavelengths fits between the two 
terminating surfaces transducer and reflector - resonance is observed, the amplitude of 
the sound field becomes large. If the transducer emits a plane wave, i.e. the locations 
of equal phase are on a plane in space, the pressure nodes of the resulting standing 
wave will be planes as well. 

 

 

 

Transducer Reflector

 

Figur
(a)
 
(b)
nodal region 

 
(c)
 

e 1 A standing (radiation pressure) wave composed as the superposition of a 
progressive wave and its reflection (a), the superposition is stationary (b). The 
amplitude distribution is called envelope (c) . 
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The line pattern of Figure 2 represents the pressure nodes of the standing wave 
field, the picture is taken perpendicular to the direction of sound propagation, the 
parallel planes of concentrated particles are half a wavelength apart. 

Recently, the properties of ultrasound standing waves have been used to design 
retention systems able to immobilise particles in specific regions of the suspension5,6. 
These systems have already proved to perform flow filtration of cell suspensions and 
are already successfully used in biotechnology7 and in diagnostic as reliable sample 
concentration systems8. 

One of the most interesting fields of application of ultrasonic plane wave fields is 
the micro-manipulation of biological cells. Reports during the last decade showed the 
exertion of acoustic radiation forces on various cell lines to be gentle and not 
decreasing viability. Potential applications employing the principle to biological 
material especially for cell separation and filtration have been identified for animal 
cells9,10, hybridoma11-13, red blood cells14 and even DNA15. 

 
Figure 2 Suspended yeast cells concentrated in the pressure nodal planes of a standing 

ultrasonic wave of 2.2 MHz (horizontal direction of sound propagation). 

Another cell system used for a number of studies in the regime of ultrasonic 
particle manipulation and ultrasonic separation principles was yeast16-23. This micro 
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organism with a diameter in the range of 4-10 µm is of advantage as a biological 
model for a couple of reasons. Firstly it is of spherical shape and therefore close to the 
ideal spheres used in the mathematical theory of ultrasonic particle manipulation. 
Furthermore it is easy to cultivate and save to handle. The particles used in the 
experiment in Figure 2 were yeast cells of the strain Saccharomyces cerevisiae. This 
particular strain is one of those among the family of yeasts which is attractive for 
another reason than those just mentioned. Saccharomyces cerevisiae is also known as 
brewer’s yeast. 

The origins of beer are believed to be in ancient Babylon 8,000 years ago, where it 
was used for religious purposes. The French chemist Joseph Louis Gay-Lussac found 
1810 the reaction equation describing the production of alcohol out of sugar: C6H12O6 

 2(CO2 + C2H5OH), i.e. the glucose is broken up into two molecules of carbon dioxide 
and two molecules of ethanol. Later in the 19th century Louis Pasteur (1822-1895) 
realized that it was the yeast that was carrying out the fermentation, i.e. the formation 
of ethanol, flavour components and carbon dioxide out of the wort, a mixture of 
barley, malt, hop and water. 

The ecological competence of brewing yeast cells is affected by 
process/environmental stresses such as high osmotic pressure, high sugar and end 
product concentration24. The brewing industry is therefore seeking new methods of 
improving the stress resistivity of yeast cells. Immobilised cell technology has been 
shown to increase microbiological cell stress tolerance by the creation of 
heterogeneously spatially organised microenvironments as protective barriers for the 
yeast cells25,26. 

The traditional way to remove yeast cells in brewing industry is to exploit the 
yeast’s ability to adhere in clumps under certain conditions. These either settle at the 
bottom or float at the top of the fermentor or in more sophisticated vessels27-29. 
Preferably flocculation is induced at the end of the fermentation process, the yeast can 
then be retrieved easily after it has finished its work. 

Flocculation is a reversible reaction of a yeast culture to the environment, 
especially to environmental stresses like physical as temperature or (bio)-chemical as 
pH changes30. 

Attempts to utilise ultrasound for separation/filtration purposes in brewing have 
been made earlier, but the technology has been considered to need further 
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examination31-33. However, since then the scale-up of the technology has progressed, 
perfusion filtering systems capable of 300 L/d and more are in the market (250L BioSep 
AppliSens, Applikon Dependable Instruments bv, Schiedam, The Netherlands). 

Brewing is a money loaded industry today and therefore a promising target for 
ultrasonic separation systems, however, yeasts are important in other fields of 
biotechnological environments as well, e.g. for the production of enzymes and 
proteins in the pharmaceutical industry34. 

The ultrasonic separation technology nowadays is at a stage where applications of 
practical importance become visible. The main advantages of cell filters based on this 
technique are the complete absence of moving parts and therefore no filter cakes or 
filter fouling. The systems can be hot-steam sterilised in-situ, the used materials such 
as stainless steel and glass are bio-compatible. Furthermore an extensive literature on 
the theory of the interaction of ultrasonic waves with particles exists, and highly 
advanced piezoelectric transducers and driving electronics are available.  

Therefore this work is focussing on the ultrasonic separation principle applied to 
hydrosols of yeast with the target to 

• examine the existing technology from the point of cell filtration of yeast 
suspensions 

and to 

• identify potential applications in brewing and yeast technology. 
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THEORY OF ULTRASONIC PARTICLE 
MANIPULATION 

The following theoretical introduction is supposed to go into as much detail as 
seems necessary for the evaluation or explanation of the results presented later. In 
particular a one-dimensional description in the direction of sound propagation is used 
for the plane, longitudinal wave fields examined. The overview is guided by the 
exceptional good presentation given by Gröschl6. 

When a suspension is irradiated with an ultrasonic wave field various forces are 
exerted on the dispersed particles. The displacement of the liquid over time, i.e. the 
displacement velocity, results in a hydrodynamic force, however, when averaged over 
one period of the exciting wave in linear approximation35 this force is zero. 

The explanation for the observed effects was 1934 delivered by King36. He 
integrated the radiation pressure exerted by a plane standing acoustic wave over the 
surface of a rigid sphere in an ideal, i.e. non-viscous fluid. This derivation taking 
second order effects from the scattered sound field into consideration led to a non-
vanishing time-averaged force displacing the particle. This effect is called the axial 
primary radiation force to express that it is originating from direct (primary) interactions 
of the particle and the initial sound field in direction of sound propagation (axial). 

A description of the axial primary radiation force of a plane standing wave 
showing good agreement with experimental data was delivered by Yosioka and 
Kawasima37 as 

( ) ( ) ( )32ˆ4 , sin 2     .s sF ka Kπ ρ λ σ= ⋅ ⋅Φ kx  (1) 

Equation (1) for the axial primary radiation force  of a standing wave - the angle 
brackets refer to the time-averaging over one period of the cycle - was derived when 
Kings rigid particle was replaced by a compressible sphere in a host fluid of the mass 
density 

sF

ρ . The other symbols in equation (1) are the particle’s radius a, the wave 
number k (which is angular frequency divided by the speed of sound, hence k =ω /υ ) 
and the amplitude  of the standing wave field’s velocity potential Φ̂
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( ) ( ){ }ˆ     .i t kx i t kx
s e eω ω− +Φ = Φ +�  (2) 

Equation (2) expresses the standing wave as the superposition (compare Figure 1) 
of an incoming wave and its reflection. 

The term sin(2kx) in equation (1) reflects the half-wavelength pattern of the nodes. 
The acoustic contrast factor of the standing wave ( ),sK λ σ  describes the strength and, 

by its sign, the direction of the axial primary radiation force. The acoustic contrast 
factor  is a function of the material properties of the particle and the host liquid sK

( ) 2
1 5 2 1,     ,
3 2 1sK λλ σ

λ λσ
− = − + 

 (3) 

where λ = 0ρ / ρ  is the ratio of the mass densities and σ = 0υ /υ = /  the ratio of 
the speeds of sound, the subscript 0 denotes the respective value for the particle. 
According to this, a solid particle like a cell is driven into the pressure nodes whilst air 
bubbles or oil droplets are concentrated in the displacement nodes. 

k 0k

The description of the axial primary radiation force in equation (1) is valid in the 
limiting case and , i.e. the particle must be small compared to the 

wavelength and 

1ka� 0 1k a�

)(1Oλ = which means that the mass densities of the particle and the 

liquid must be of the same order of magnitude. 

For arbitrary sound fields Gor’kov delivered an equation where the radiation force 
FG can be expressed as the gradient of a radiation force potential Φ , hence G

( ) ( )

( ) ( ) ( ) ( )2

   with

3 1 11     ,
2 1

G G

potkin
G

F x x

x V E x E xλ
λ λσ

= −∇ Φ

−  Φ = − − −  +   

 (4) 

where V means the particle volume, kinE  and potE  are the kinetic and potential 
energy densities of the unperturbed sound field respectively38. It has to be mentioned, 
that equation (4) is the one-dimensional simplification of Gor’kov’s original formula 
which was defined for the whole three-dimensional space. It is easily shown that for a 
plane standing wave with the total, kinetic and potential energy densities 
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( )

( ) ( ) ( )

( ) ( ) ( )

2 2

2

2

ˆ     and

sin     ,

cos     ,

s s

kin
s s

pot
s s

E x k

E x E x kx

E x E x kx

ρ= Φ

= ⋅

= ⋅

 (5) 

equation (4) leads to equation (1). Again  is necessary for equation (4) to 
hold and the particle radius a must fulfil the additional conditions 

1ka�

2 ˆ   and      ,a aµ
ρω

� � u  (6) 

where µ is the shear viscosity of the host liquid and  equals the displacement 
amplitude of a fluid particle. Equation (4) is not valid for sound fields with low 
gradients of the kinetic and potential energy densityi. 

û

As equation (4) allows to examine general situations defined by the energy density 
distributions the influence of amplitude gradients in directions perpendicular to the 
sound propagation direction can be assessed. This is an important matter for real 
resonators as the boundaries of the resonator, uneven amplitude distributions over the 
surface of the transducer and divergence of the wave rather lead to standing fields like 

( ) ( ) ( ) ( )ˆ, , sin sin     ,devu x y t u y kx tω=  (7) 

with  describing the deviation, i.e. the non-uniformity of the amplitude in 
direction y. It has to be emphasized that nevertheless one deals with a plane wave, i.e. 
the phase of the wave is unaffected and therefore the surface of equal phase is flat! 

( )ˆdevu y

The transverse primary radiation force emerging from a situation like this acts in the 
direction y perpendicular to sound propagation x and can be derived from equations 
(4) and (7) as 

( )

( ) ( ) ( ) ( ) ( )2 3 2 2
2

,

ˆd 3 12 1ˆ sin 1 cos .
3 d 2 1

y

dev
dev

F x y

u y
a u y kx kx

y
λπ ρω
λ λσ

=

−  ⋅ ⋅ − −  +   

 (8) 

                                                           
i This is the case for plane progressive waves which will be discussed later. 
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( ,yF x y)  is sometimes as well called Bernoulli force. For a small spherical particle 
the amplitude distribution in its vicinity can be approximated by 

( )
ˆ

ˆ ˆ     ,y
dev

u
u y u y

a
= +  (9) 

wherein the centre of the particle is assumed at y=0 and ˆ ˆyu u+  is the amplitude at 

the particle’s surface. If this particle is dense, i.e. 1λ �  and its position is in the 
pressure node where the second term in the brackets of equation (8) vanishes the 
transverse primary radiation force can be written as 

2 2 ˆ ˆ     .y yF a uuπρω=  (10) 

Equation (10), which was derived by Benes39 by a different approach, results in a 
concentration of the particles at regions of maximal amplitude within the pressure 
nodal planes. 

The so-called secondary radiation forces are brought about by additional (secondary) 
sound sources, e.g. an excited particle, and therefore surface as particle-particle 
interactions. In other words, they describe the effect on one particle in the sound field 
emitted or scattered by another particle and vice versa. Because of their early 
investigations in 1871 and 1909, respectively, these forces are sometimes called after 
König40 or Bjerknes41. 

Crum delivered in 1971 an expression where the force that would act on a rigid 
sphere and the contribution due to its compressibility were added42 yielding the total 
force on liquid droplets. For a situation where both the distance d between the two 
particles and their radii a are small in comparison to the wavelength, hence  and 

, Weiser43 obtained 
1ka�

1kd�

( )
( ) ( )

( ) ( ) ( )
2 22 2

0 06 2
4 2

3cos 1
4     

6 9iF x a v x p x
d d

ρ ρ θ ω ρ β β
π

ρ

 − − −
 = −
 
 

2 ,

 

(11) 

for the interaction of two identical compressible spheres in a standing wave field. 
In equation (11) 0β and β  denote the compressibility of the particle and the host 
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liquid respectively, and θ  is the angle between the direction of sound propagation and 
the line connecting the particle centres. In the special case of the particles being 
biological cells the effect of this secondary radiation force is a repulsion between the 
cells that have been brought very close together in a sound field, e.g. in the pressure 
node of a standing wave. This may lead to a fine structure which was observed by 
Weiser for red blood cells. 

( )kx

1    .

The importance of this is, that cells which are immobilised in a separation system 
as described are not forced to touch each other or to form dense clumps but to keep a 
certain distance from each other. Therefore the supply of nutrients and oxygen is 
ensured as the host liquid is still present around the cells. 

It was already reminiscent that in a real resonator the standing wave field might 
not be comprehensively described by equation (2). Due to the presence of particles, 
divergence of the wave or absorption in the side walls, but mostly because of the 
viscosity of the liquid, the acoustical wave field is subjected to losses. This influences 
lead to an exponential decrease of the amplitude for both the incident and reflected 
wave while progressing through the cavity of the resonator. This decrease can be 
accounted for the displacement u  like �

( ) ( ) ( ){ }2ˆ,     ,eff effx l xi t i t kxu x t u e e e eα αω ω− ⋅ − ⋅ −− += +�  (12) 

where l is the length of the resonator. The effective absorption coefficient effα  of 
the resonator is the sum of the viscous absorption coefficient α of the liquid alone44 
and othα , which represents the mentioned additional losses. The viscous absorption 
coefficient is connected to a quantity called the acoustic material quality factor Q like 

    for    Q
2
kQ
α

= �  (13) 

The acoustic quality factor is defined as the ratio between the energy stored in the 
resonator and the dissipated energy per period or power loss. Equation (13) can be 
rewritten expressing an effective acoustic quality factor  by means of the effective 
absorption coefficient: 

effQ
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    .
2 eff oth

eff

k
Q

α α α= = +  (14) 

 
Figure 3 Standing and progressive waves contributing to a quasi-standing wave field. 

This is a behaviour brought about by sound attenuation. 

The consequence of absorption as described by equation (12) is an acoustic field 
called a quasi-standing wave, expressing that due to the decrease of the amplitude of 
the wave while travelling through the resonator the superposition of the incident and 
reflected waves is not a purely standing wave anymore. The situation can be described 
mathematically by the superposition of a standing wave and an additionally present 
progressive wave which moves from the transducer to the reflector. Qualitatively the 
amplitude of the standing wave is increasing from the transducer reaching its 
maximum in the vicinity of the reflector. For the progressive wave the exact opposite 
is true, in that the amplitude has its maximum at the transducer and decreases in 
direction of the sound propagation. Unlike the standing wave the progressive wave 
actually vanishes at the reflectori, Figure 3 shows the circumstances. 

                                                           
i This is only true for 100% reflection, which is assumed in this work. 



Theory S.Radel, Ultrasonically Enhanced Settling: The effects [...] on suspensions of [...] S.cerevisiae. 20  __________________________________________________________________________  

The expression for the axial primary radiation force of the progressive wave37 is 

( ) ( )62ˆ2 ,     ,p pF ka Kπ ρ λ σ= ⋅ ⋅Φ  (15) 

with the acoustic contrast factor of the progressive wave  pK

( )
( )

( )
2

2
2 2

1 1 2 2, 1     .
3 91 2pK λλ σ λ λ

λσλ
 + = − + −  +   

 (16) 

In comparison to the axial primary radiation force of the standing wave in 
equation (1) where one finds the factor (  equation (15) delivers an exponent of six 
for (ka). Together with the limitation , that is necessary for equation (15) to hold 
as well, this means that the axial primary radiation force exerted by a progressive 
wave is in most cases much weaker than that of a standing wave. However, this will 
have to be looked into closer later in this work. Figure 4 gives an overview of the 
various forces exerted on a particle within a separation system as discussed. 

)3ka
1�ka

The connections between mechanical and electrical properties for piezoelectric 
structures were assessed among others with electro-acoustic equivalent circuits45,46 
and transfer matrix approaches47-49. The separation systems employed in this work 
were developed applying a one-dimensional transfer matrix model for layered 
resonators formulated by Nowotny50. Typically, resonators for particle manipulation 
are built up like shown in Figure 5. A piezoelectric ceramic (lead-zirconium titanat, 
PZT) with two electrodes is glued to a glass carrier. The sound is emitted into one or 
more liquid layers which are terminated by a reflector. 
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( , )yF x y

( )sF x

( )iF x

( )ˆ
devu y

Figure 4 Acoustic radiation forces exerted on a particle in a separation system. 

The linear theory of piezoelectricity defines the quantities stress T and dielectric 
displacement D by the spatial derivativesi of displacement u and electric potential ϕ  

as 

d d     and
d d
d d     ,
d d

uT c e
x x
uD e
x x

ϕ

ϕε

= +

= −
 (17) 

where c, e and ε  are the material properties elastic stiffness constant, piezoelectric 
constant and dielectric constant, respectively. The basic idea of the model is that the 
connection between the values of u(l), T(l), ϕ (l) and D(l) at the boundary at x=l of a 
given homogeneous material layer of the thickness l can be described by means of a 
transfer matrix M  from the values of u(0), T(0), ϕ (0) and D(0) at the opposite 
boundary at x=0, hence  

                                                           
i Due to the restriction to one dimension, tensor and vector quantities here reduce to scalars. 
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0

    with        .

uu uT u uD

Tu TT T TD

u T D

Du DT D DD
x l x

u u M M M M
T T M M M M

M M M M
D D M M M M

ϕ

ϕ

ϕ ϕ ϕϕ ϕ

ϕ

ϕ ϕ

= =

    
    
    = =     
              

M M  (18) 

The components of M  depend only on material constants, layer thickness and on 
the angular frequency ω , the explicit expressions were reported by Nowotny50. The 
whole resonator (compare Figure 5) can subsequently be described by a total transfer 
matrix  as the product of the transfer matrices of the respective layers totM

   .tot E P E C L R= ⋅ ⋅ ⋅ ⋅ ⋅M M M M M M M  (19) 

With the conditions of vanishing stress and dielectric displacement, i.e. T=D=0 at 
the boundaries x=0 and x=L with L being the length of the whole structure one gets 

0

0 0
    ,

0 0

tot

x L x

u u

ϕ ϕ

= =

   
   
   =
   
      
   

M  (20) 

and therefore 

0 (0) (0)    ,
0 (0) (0)    .

Tu T

Du D

M u M
M u M

ϕ

ϕ

ϕ

ϕ

= ⋅ + ⋅

= ⋅ + ⋅
 (21) 

Equations (21) deliver a relation between the displacement and the electric 
potential on the outer electrode of the resonator 

( ) 1
(0) (0)    ,Tu Tu M M ϕ ϕ

−
= − ⋅  (22) 

and an expressioni of the electrical admittance Y in dependence of the angular 
frequency ω . The model is not limited to the physical layers like in Figure 5, but 

                                                           
i The reader is again referred to the original work50 for explicit expressions. 
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equation (18) can be adjusted to the needs of higher resolution in that thinner sub-
layers of arbitrary length 1n nl x x −′ = −

( ) x

 are introduced and computed like 

( )

1

1

n n

n

x x

u u
T T

D D
ϕ ϕ

−

−

= =

 
 
 
 
  
 

   .n n

x x

x x

 
 
  = −
 
  
 

M  (23) 

Therefore it is possible to examine the whole structure starting with appropriate 
boundary conditions at the outer electrode followed by the stepwise evaluation of the 
active, piezoelectric layer. Subsequently the primary quantities 

( ) ( ) ( ),  ,   andu x T x x Dϕ  can be calculated over the whole length of the resonator 
yielding their spatial distribution in discrete steps of the length l . ′

  

x1 x 2 x 3 4xx = 0

C L RP EE

T

Figure 5 Layered resonator comprising a transducer T, i.e. PZT ceramic P with two 
electrodes E glued to a glass carrier C, a liquid layer L and a reflector R. 

The most elegant way to account for the previously mentioned losses is the use of 
complex notation in the model. As a starting point Hooke’s law 

    ,T cS=  (24) 

can be re-written51 to consider viscoelastic damping in adding a term representing 
the change of the strain over time which is influenced by the viscosity, hence 

    .ST cS
t

µ ∂
= +

∂
 (25) 
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In the case of harmonic acoustic waves with time dependence i te ω  one finds the 
time derivative for any physical property in a multiplication by iω  and therefore 
equation (25) delivers 

    with
c=c+     ,
T cS i S cS

i
ωµ

ωµ
= + =� � �� �

�
 (26) 

where  means the complex stiffness constanti. Using the definition of the acoustic 
material quality factor Q 

c�

   ,cQ
ωµ

=  (27) 

the complex stiffness constant can be expressed by 

11     .c c i
Q

 
= + 

 
�  (28) 

Similarly, complex expressions exist for the sound velocity υ  and the dielectric 
constant ε  

( )

1= 1+i     for    Q 1    ,
2Q

1 tan     ,i

υ υ

ε ε ϑ

 
 
 

= −

� �

�
 (29) 

with ϑ  being the dielectric loss angle specified by the manufacturer of the 
piezoelectric ceramic. It already has been shown in equations (13) and (14) how 
additional losses can be expressed by using effective material quality factors or 
absorption coefficients, however, they are frequency dependent and therefore subject 
of measurements. The advantage of the complex notation is that all calculations can be 
carried out like before to establish knowledge about the now complex physical 
quantities . Therefore an electrical measurement of the 
complex admittance Y

( ) ( ) ( ) ( ),  ,   and u x T x x D xϕ� �

( )

��

ω�  at the transducer electrodes enables one to assess the 

                                                           
i The tilde (~) is used to mark complex quantities throughout this work. 
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effective acoustical attenuation within the resonator experimentally regardless of its 
origin. 

The connection of the radiation force potential of equation (4) and the theoretical 
model just presented is made by the acoustic energy density. The Poynting vector for 
piezoelectric media representing the energy flow density is given by 

( ) ( ) ( ) ( ) ( )( ) ( ) ( )1= -     with    = .
2

x v x T x x i D x v x i uϕ ω ω
∗∗ Π +  

� �� � �� x⋅ �  (30) 

where ( )v x�  is the displacement velocity, the asterisk denotes the complex 
conjugation. The real part of equation (30) is the true energy flow density in [W/m²], 
the imaginary part delivers peak reactive energy flow density. The true energy flow 
density of a stationary process is time-averaged and therefore the mean total stored 
energy density can be expressed as 

( ) ( ) ( ) ( ) ( ) ( ){ }1 d    .
4 d

E x v x v x T x S x D x
x
ϕρ ∗ ∗ ∗ = + ℜ −  

��� �� �  (31) 

The first term of equation (31) represents the kinetic energy density, the first 
spatial derivative of ( )xϕ�  can be found using equations (17). 

In those layers one is interested in when considering particle separation, typically 
no electrical field is present, hence equation (31) can be simplified to 

( ) ( ) ( )

( ) ( ) ( ) ( ){ }1    .
4

potkinE x E x E x

v x v x T x S xρ ∗ ∗

= +

 = + ℜ 
��� �

 (32) 

This delivers the mean kinetic and potential energy densities needed for the 
calculation of the radiation force potential in equations (4) and therefore subsequently 
yields the primary radiation force according to Gork’ov. 

As mentioned the quality factor Q is defined as the ratio of stored energy and 
power loss, hence 

     .loss

EQ
P

ω=  (33) 
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Using the power loss density delivered by Poynting’s theorem 

( ) ( ) ( ) ( ){ }1 d     ,
2 d

lossP x T x S x D x
x
ϕω ∗ ∗= ⋅ℑ −�� �  (34) 

one had to integrate over the considered layer L, e.g. the liquid layer between 
 and  (compare Figure 5) like 2x x= 3x x=

( )
3

2

d      ,
loss

x
loss

L
x

P A P x x= ⋅∫  (35) 

where A is the cross sectional surface of the resonator perpendicular to the 
direction of sound propagation. However the total power loss within the layer has to 
be the difference between the respective values of the true energy flow at the layer 
boundaries and therefore 

( ){ } ( ){ }( )2 3     ,
loss

LP A x x= ℜ Π − ℜ Π� �  (36) 

which is an expression easier to evaluate than equation (35). Together with 
equation (33) one finds the total stored energy in the liquid layer in dependence of the 
acoustic quality factor and the power loss to be 

( ){ } ( ){ }( )2 3     .L
L

QE A x x
ω

= ℜ Π − ℜ Π� �  (37) 

Finally an important quantity from the practical point of view shall be defined. 
The only energy source is the electrical driving signal at the transducer electrodes. 
Therefore the total energy loss per period loss

totE  multiplied by the oscillation 
frequency 2f ω π=  has to be equal to the true electrical power input . This can be 
derived from the pointing vector asi 

true
elP

( ){ }0     .
2

true loss
el totP E A xω

π
= = ⋅ℜ Π�  (38) 

                                                           
i Electrical power quantities are by definition time-averaged. 
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On the other hand the true electrical power input is defined as a function of the 
electrical admittance  

{ }21 ˆ      ,
2

true
elP U Y= ⋅ℜ �  (39) 

where  is the voltage amplitude at the transducer. The connection between the 
electrical measurement and the calculated result of the described model as of equation 
(30) is completed by the apparent electrical power input  and its electrical 

definition and the relation to the Poynting vector: 

Û

app
elP

( )2
0

1 ˆ    .
2

app
elP U Y A x= ⋅ = ⋅ Π� �  (40) 
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MATERIALS AND METHODS 

M1 Statistical definitions 
The calculation of the standard deviation was performed by 

( )2

1

1

1. .     with        ,
1

n

i n
i

i
i

y y
s d y y

n n
=

=

−
= =

−

∑
∑  

(41) 

where n is the number of trials,  are the measured values and iy y  is the mean of 
the measured values. 

The quality of the fit of a model was assessed by the value of the regression 
coefficient R calculated using 

( ) ( ) ( )

2

2
2 2

1

ˆwith        and        ,

= −

= − = − ∑∑ ∑ i
i i i

SSER
SST

y
SSE y y SST y

n

 (42) 

where  again are the measured values and  are the values calculated from the 

model. 
iy ˆ iy

Where appropriate the means of a number of trials were compared using the 
Student’s t-distribution. This common method tests a null hypothesis of equal means, 
i.e. the resulting probability p gives the ratio of all possible populations which actually 
have equal means. Hence, a value of P<0.05 indicates different means for a significance 
level of 95%. 

If knowledge existed which of two means was supposed to be higher - for instance 
because a certain stress was applied longer on living cells - a so-called one-tailed t-test 
taking just half of the distribution into account was used. The test quantity t for two 
experiments A and B is given by 
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2 2
    .

. . . .

−
=

+

A B

A B

A B

y y
t

s d s d
n n

 
(43) 

A subscript “1” or “2” of the given values will indicate a one-tailed or a two-tailed 
t-test. 

M2 Cultivation and handling of suspended micro-
organisms 

M2.1 Saccharomyces cerevisiae 
One colony was retrieved from a plate with a loop and seeded in malt extract 

broth (0.4 g in 40 mL H2O). This inoculate was left overnight in a 30°C incubator 
provided with a orbital shaker table (150 rpm). Subsequently, 5 mL of this culture 
were added to 95 mL of fresh malt extract broth (2 g in 100 mL H2O) and let grow for 
24 hours in the same incubator. 

The culture was centrifuged at 3800 rpm in a Sorvall centrifuge for 10 minutes and 
the precipitate was re-suspended in 100 mL saline (0.9 g NaCl in H2O) or water. An 
appropriate volume of 99% ethanol (EtOH) was added to the sample suspension to 
reach the respective alcohol concentration, when required. 

Sample preparation was carried out in a sterile environment. 

M2.2 Lactobacillus brevis 
A colony was  retrieved from a plate using a loop and seeded in MRS broth 

(Oxoid) followed by 24 hours growth in an incubator at 30°C. Centrifugation and re-
suspension were performed in the same manner as for yeast cultures. 
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M3 Chemical and microbiological assays 

M3.1 Measurement of inertial cavitation by a method to pick-up 
free radicals 

The presence of free radicals due to ultrasound treatment was assessed using the 
method described by Coakley52. The basic mixture used was 1.7 g KI, 0.5 mL CCl4 and 
0.15%(w/v) starch on 100 mL of water or 12%(v/v) EtOH-water mixture. To test the 
reactivity of the iodine-starch mixture 30%(v/v) H2O2 was added as external source of 
free radicals, deep blue colour was detected in each case. 

The suspensions for the cavitation tests were pure water and 12%(v/v) EtOH-water 
respectively, both without and with suspended yeast cells at a concentration of 
107 cells/mL. Each of the four suspension was sonicated in the separation system at 
30 W, 50 W and 70 W for 10 minutes at 2.2 MHz. This treatments were performed one 
after the other without changing the filling. 

Cell debris was expected to influence the optical density measurement and 
therefore the samples were centrifuged for 10 minutes at 9000 rpm (microfuge, Denver 
Instruments) to settle the debris. Afterwards the optical density of treated sample and 
untreated control was measured using a spectrophotometer (UNICAM Heλiosα UV-
Visible v2.03) at 565 nm. 

M3.2 Haemacytometer 
The sample of cell suspension was retrieved and put into a standard 

haemacytometer. Under a standard light microscope the cells within ten squares - 
Figure 6 shows two of them – were counted for both sides of the haemacytometer. The 
mean of both counts multiplied by 25,000 gave the cell concentration in cells/mL. 

Image analysis assisted method 

Due to the high number of samples for the experiments in chapter R1 the 
described method was adjusted to allow computer aided counting. A camera 
connected with the microscope was used to take a picture of two squares of the 
heamacytometer. Using standard image enhancement methods the picture was 
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modified (Figure 6) to make it accessible to automatic counting. The number of 
squares counted and the method of calculations were the same as before. 
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Methylene blue technique 
 sample was diluted with a batch of methylene blue solution. The number of 
lls over the number of total cell population was assessed by haemacytometer 
 (M3.2). The dye is reduced in a viable cell, non-viable cells therefore appear 

er the microscope. Hence the data of the cell viability are given as percentage 

100% 1     .
 

= ⋅ − 
 

blue

total

Nility
N

 (44) 

Ultraviolet-absorption 
 sample was collected from the resonator after treatment and centrifuged for 
tes at 9000 rpm (microfuge, Denver Instruments). The supernatant was then 
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retrieved with a pipette and put into a quartz cuvette. The optical density was 
measured at a wavelength of 280 nm with a spectrophotometer (UNICAM Heλiosα 
UV-Visible v2.03). The system was calibrated with the optical density of water to be 
zero. 

M3.5 Plate counts 
The samples were diluted with sterilized physiological saline (0.9%(w/v) NaCl) 

until the number of cells in an equivalent of 100 µL was in the range of one hundred. 
The equivalent was spread with a glass rod on malt extract agar plates (50 g per 
1000 mL H2O). The number of colonies (colony forming units, CFU) growing at 30°C 
for 5 days provided an index of reproductive ability of the cells after treatment. 

M3.6 Fluorescent vacuole membrane stain 
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suspension and after 3 minutes the cells were centrifuged and the pellet was re-
suspended in 1 mL Hepes pH 7.5. 

Using a conventional haemacytometer the samples were evaluated under the 
microscope. Only cells with a visible isolated vacuole were counted to be undamaged. 
Cells that were fluorescing indifferently and cells that did not show any fluorescence 
were accounted to be damaged (Figure 7). The result was given as percentage of 
undamaged cells like the viability in equation (44). 

M3.7 Study of cell viability, integrity, ability to reproduce and 
morphology 

Each experiment was conducted with an individually grown (see M2.1) 
population for treated samples and controls. 

Cells were retrieved from the shaker table and spun down after which the growth 
medium was removed and the cells were re-suspended in distilled water at a 
concentration around 5·106 cells/mL. 

For each time-point (15, 30 and 60 minutes) the separation system in batch set-up 
(see page 40, Figure 9, left hand side) and a similar chamber were filled, but a sound 
field (2.2 MHz, true electrical power input 24 W) was applied only in the separation 
system. During irradiation both chambers were thermally connected through the 
cooling circle, i.e. the output of the cooling circle of the sonicated system was 
connected to the input of the cooling circle of the sham-treated system to provide both 
active volumes with the same temperature development. As part of the cells sediment 
at the bottom of the active volume where no sound field exists the field was switched 
off every 15 minutes and the suspension was mixed for 30 seconds. The experiments 
were carried out in triplets, in the study with cells instationary phase the number of 
experiments was four. 

Subsequently the viability of the samples was measured with the methylene blue 
technique, cell integrity/leakage was assessed with optical density at 280 nm, the 
number of cells able to replicate on a malt extract agar plate was counted and the 
vacuole integrity of the cells was examined. 
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M4 Polymerisation techniques 

M4.1 Polyacrylamide 
Cells were suspended in a gel mixture containing 30 mL Acrylamide (ProtoGel, 

National Diagnostic), consisting of 30%(w/v) Acrylamide; 0.8%(w/v) Bis-acrylamide), 
22.4 mL Tris-HCl buffer at pH 6.8 (Sigma), 16.8 mL H2O and 0.6 mL Sodium Dodecyl 
Sulphate 12%(w/v) (BDH Ltd), achieving a final cell concentration of approximately 
6·107 cells/mL. The polymerisation process was initiated immediately after the cells 
reached their final locations within the bands (pressure nodal planes of the sound 
field), by adding 150 µL of Ammonium Persulfate 10% (Sigma) and 150 µL of TEMET 
(N,N,N,N-tetramethylethylen-diamine, Sigma). The complete polymerisation of the 
mixture inside the chamber took up to 1 min at a temperature that was maintained at 
35°C by a cooling system.  

M4.2 Agar 
5%(w/v) malt extract agar was prepared sterile. Freshly grown yeast cells were re-

suspended after the agar had cooled to below 40°C. Freshly grown yeast cells were 
then suspended and the suspension put into the separation system in batch set-up. 
Gelation was brought about by further cooling while the ultrasonic field was applied. 
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M5 Evaluation of the acoustic field within a resonator 

M5.1 Basic concept 
The one-dimensional model introduced previously50 can be used to calculate the 

acousto-electric environment, i.e. the acoustic and electric field quantities of the 
multilayer resonator used for the separation system. However, to do so one must feed 
the various material parameters of the resonator’s layers into the model. Usually some 
parameters are given by the manufacturers of the parts of the resonator, e.g. the 
piezoelectric ceramic, others are not easily to find out or even unknown, like the 
effective acoustic quality factors of suspensions. 

The solution to this is to use the connection in equation (38) between the acoustic 
field within the resonator and the electrical properties accessible at the transducer’s 
electrodes. A highly accurate measurement system yielding appropriate information is 
available at the Institute of General Physics in Vienna54. The measurement system 
basically consists of a frequency source and a vector voltmeter delivering the real and 
imaginary parts, the conductance and the susceptance respectively, of the complex 
admittance in the vicinity of resonance peaks very accurately. The quality factor Q of a 
resonance can be approximated by 

    ,sfQ
f f+ −

≅
−

 (45) 

where sf  is the series resonance frequency, i.e. the frequency of the maximum 
conductance, and f− , f+  denote the frequencies of minimum and maximum 
susceptance respectively. 

To assess a resonator two basic steps are performed alternating: first the 
admittance spectrum over the interesting frequency range is measured and 
subsequently the model is used to fit this measurement with respect to the resonance 
frequencies and their quality factors. 

The starting point is empty resonator where the admittance spectrum is influenced 
mainly by the transducer. At the next stage the resonator is filled with a liquid of well 
known properties, usually pure, distilled water. The following, second fit includes the 



Materials and Methods S.Radel, Ultrasonically Enhanced Settling: The effects [...] on suspensions of [...] S.cerevisiae. 36  __________________________________________________________________________  

influence of the liquid layer and the reflector, material parameters determined before 
with the empty resonator should not be changed anymore. Finally a liquid or 
suspension of unknown acoustic properties can be examined: the adjusted parameters 
of the model when fitting a further measurement of the resonator filled with the liquid 
in question yield the effective acoustic quality factor and the speed of sound. 

M5.2 Determination of the effective acoustic quality factor Qeff of a 
yeast suspension 

As a theoretical derivation or estimation was not practicable6 the dependency of 
the effective acoustic quality factor of a yeast suspension on the amount of suspended 
bio-mass was measured. To reduce the influence of resonator layers other than the 
liquid layer, a frequency range not including the resonance peaks of the transducer 
was chosen. In this range the quality factor of the resonances is quite independent of 
the transducer, i.e. the effective acoustic quality factor of the suspension layer needed 
for the model calculations can be approximated by the resonance quality factor 
obtained from the admittance measurement6. 

The electrical admittance spectrum of a resonator comprising a rectangular glass 
cuvette with a PZT ceramic glued to one wall was measured in the interesting 
frequency range of 1.8 MHz to 2.8 MHz, empty and for a filling of distilled, degassed 
water. These data were simulated afterwards based on material parameters from 
literature for the ceramic, glass and water layers, respectively. 

Subsequently, fillings of 1 g/L, 52.5 g/L and 110.9 g/L yeast-water suspensions 
were used as the liquid layer instead of the pure water. The results of the 
measurements were simulated as above, except the speed of sound and acoustic 
quality factor of the suspension have now been varied to fit the measurements. 

M5.3 In-situ measurement of the admittance spectrum 
The high precision admittance measurement system described above works at 

negligible power levels. For the measurements at true electrical power input settings 
in the working range of the Ultrasonically Enhanced Separation (UES) system a 
different device, the Frequency Power Synthesizer FPS 2540 (Sonosep Technologies, 
Canada) was used. It was controlled by a computer program delivering the drive 
voltage and current amplitudes and the electric phase angle. This type of 
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measurement was not used to be fitted because of limited accuracy. However, the 
comparison between measurements of different settings (electrical power) or fillings 
(cell concentration in the suspension) was useful to deliver information about 
phenomenological changes in the UES system. 

M6 Transmission electron microscopy 
Yeast cells for electron microscopy were prepared by centrifuging each sample at 

3500 rpm for 10 minutes and re-suspended overnight in 2% Glutaraldehyde (Sigma) in 
0.1 M phosphate buffer pH 7.4 The suspension was centrifuged to yield a pellet. The 
pellet was then treated with a solution of 2% osmium tetroxide (OsO4) for 1 hour. The 
samples were washed in phosphate buffer and de-hydrated twice with 70% EtOH for 
15 minutes each time, then twice with 90% EtOH for 15 minutes each time and finally 
three times in absolute EtOH for 20 minutes each time. Propylene oxide was then 
added twice for 10 minutes each time and subsequently replaced by a 50% solution of 
propylene oxide and epon for 1 hour at 300C. The samples were embedded overnight 
in epon at 600C. Ultra-thin sections were stained in 6% uranyl acetate for 20 minutes, 
and 0.4% lead citrate for 10 minutes and then observed using a transmission electron 
microscope (Jeol 2000) at 80 kV acceleration voltage. 
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RESULTS 

R1 Ultrasonically Enhanced Settling: Effects of process 
factors on separation efficiency 

R1.1 Introduction 
One utilisation of particle manipulation by ultrasonic radiation which has been 

developed during the last decade up to successful application in industrial 
environments is the Ultrasonically Enhanced Settling (UES)5,7,20,23,55-57. The principle 
here is it to locally increase the particle concentration by a standing ultrasonic field, 
which results in loose aggregates stabilised by the ultrasound within certain regions. 
The terminal sedimentation velocity  tv

( )ρ ρ

µ

⋅ −
= ⋅2     .

18
p l

t p

g
v d  (46) 

can be derived from Stokes’ law of friction58. Equation (46) shows v  to be 
proportional to the diameter of a settling sphere  squared, with a coefficient 
comprising the product of the gravitational constant 

t

pd
g  and the buoyancy, i.e. the 

difference of the mass densities of the particles ρp  and the liquid ρl  divided by the 
liquid’s viscosity µ . An increase of d  therefore leads to an increase of . This 
subsequently delivers an increase of sediment per time. Thus the build up of 
aggregates by ultrasound enhances the settling. 

p tv

Figure 8 shows the stages of the UES technique: in the beginning the particles are 
freely distributed in the liquid (a). After the ultrasonic field has built up the axial 
primary radiation force according to equation (1) drives them into nodal planes (b), 
which appear periodically in the direction of sound propagation. It depends on the 
acoustic contrast given in equation (3) between particle and liquid if this force points 
towards the pressure nodes or towards the displacement nodes for a given 
suspension, cells however are driven into the pressure nodes. The transverse primary 
radiation force further concentrates the particles within these planes (c). This force 
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perpendicular to the sound propagation direction is a result of an uneven amplitude 
distribution over the transducer’s surface59. In case of multi-wavelength resonators as 
used throughout this work this leads to columns of aggregated particles in the 
direction of the sound propagation (d). Finally these aggregates settle at the bottom of 
the vessel (e) due to their increased effective density as described. 
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systems is oriented horizontally as the consequently vertical nodal planes allow an 
upward streaming of the clarified liquid between the settling aggregates. 

 
Figure 9 Separation system in batch mode (left) and in flow-through set-up (right) on 

top of a reservoir, e.g. a bio-reactor. The ultrasound is emitted from the 
transducer (Trd), passing a cooling volume (C) and the active volume (AV) 
holding the suspension and finally reflected at a reflector (Ref). 

The experiments described in the following were designed to study the UES for 
the case of yeast/saline suspensions in respect to the influence of process parameters 
on the separation efficiency, i.e. the ability of the filter to remove particles/cells. 
Measurements were aiming on the examination of the separation efficiency 
development after the ultrasound was switched on. The interest was to identify 
possible potentials but as well limits that the technique has in the regime of yeast 
technology.  

Chapter R1.2 is concerned with measurements of the separation efficiency of UES 
on varying process parameters60. Results for different bio-mass loads and electrical 
power inputs will be compared for the separation systems in flow-through and batch 
mode. Additionally for the former the throughput has been varied over the whole 
working range of the system. 

In chapter R1.3 it has been looked at the influence of the amount of suspended 
cells, the bio-mass load, in connection with the true electrical power input on the 
ultrasonic field in a more theoretical way. The measured quantity was the acoustic 
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quality factor of the resonator which carries information about how strongly an 
ultrasound wave is damped when excited into a yeast/water suspension. This was 
used to calculate the energy density within the active volume thus delivering 
information about the influence of cell concentration and power input on the 
magnitude of the primary radiation force. 

It was shown previously that the ultrasonic principle is capable of selectively 
retaining viable cells more effectively than non-viable61, i.e. the cell population passing 
the filter is not of the same viability as the culture in the reservoir or fermentor. This 
depends on the acoustic properties of the dead versus the living cells. If results like 
this can be achieved with yeast cells was tested in chapter R1.4. 

An empirical model, describing the development, i.e. the decrease, of the cell 
concentration at the outlet immediately after the ultrasonic field is switched on, will be 
presented in chapter R1.5. 

R1.2 Influence of biomass, throughput and true electrical power 
input on the separation efficiency 

The results of measurements in this chapter will be given as cell concentration C, 
i.e. the actual number of cells per millilitre and/or as separation efficiency (S.E.)  

. . 1 100 % .out

in

CS E
C

 
= − ⋅ 

 
 (47) 

The separation efficiency refers to the ability of the respective system or set-up to 
reduce the concentration of cells of a given suspension. The concentration C  of the 
sample after treatment, e.g. taken from a given outlet is compared to the concentration 

 of the original suspension. The resulting percentage ranges from 0% - meaning no 
cells were retained - to 100% - all cells have been removed from the liquid. Thus high 
values of S.E. indicate a well performing filter, while at the outlet in this case a low cell 
concentration [cells/mL] is measured. 

out

inC

To ensure that all settling effects were induced by the ultrasonic field a non-
flocculating type of yeast (Class 1 after Gilliland62, i), bakery yeast suspended in 
                                                           
i Class 1, the lowest class, indicates yeast that does not flocculate at all, cells do not stick together but 

are completely dispersed in the medium all the time. 
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physiological saline was used. This assumption is consistent with sedimentation data 
for non-flocculating types measured by Brohan28, where above 90 % of the biomass 
were reported to have stayed in suspension after 10 minutes. 

Three process parameters were varied to assess their effect on the separation 
efficiency (Figure 10). The cell concentration or bio-mass level and the true electrical 
power input (t.e.p.i.) of the driving electronics have been set to 0.5 g/L, 5 g/L and 
50 g/L and 8 W, 16 W and 24 W respectively. Each of the bio-mass/t.e.p.i. combinations 
0.5/8, 5/8, 5/16, 5/24 and 50/24 were carried out at throughputs of 5.6 Litre/day, 20 L/d 
and 46.2 L/d over the whole working-range of the system of 5 - 50 L/d56. Experiments 
were carried out in duplets. 
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24

16

8 

 -   

 -   - 

   - t.
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Figure 10 Matrix of performed separation efficiency measurements (left) at varying true 
electrical power input (t.e.p.i.) and bio-mass level. The following figures will 
have similar indicators to inform the reader which measurements have been 
compared according to the arrows in the middle and right hand side figure to 
asses the influence of t.e.p.i. and bio-mass respectively. 

Flow-through set-up 

Prior to each run a sample of one millilitre (mL) was taken out of the reservoir 
bottle. This sample was used to normalise the data, i.e. to reflect 0% separation 
efficiency, its cell concentration was used as C  in equation (47). in

The medium was then fed into the separation system in flow-through set-up 
(Figure 9, right-hand side) through the inlet at the given throughput. Without 
stopping the harvest pump, another sample was taken at the outlet when the system 
was completely filled. Although no acoustic retention of UES system was expected 
possible settle effects by the influence of gravitation were assessed at this stage. The 
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measured cell concentration was used as C  in equation (47), the result will be 
referred to as S E  in the following figures. 

out

. .susp

Immediately afterwards the ultrasound was switched on and further eight 
samples were taken at the outlet after every nine millilitres or in other words the cell 
concentrations of the 10th, 20th, ..., 80th millilitre of filtered liquid were examined. The 
measured values were again used as C  in equation (47) resulting in the respective 
S.E. All cell concentrations measurements were performed with a haemacytometer 
(see M3.1 Image analysis assisted method). 

out

The influence of throughput is shown in Figure 11 and Figure 12 for the different 
bio-mass levels. Figure 11a shows the separation efficiency for 16 W and 5 g/L yeast 
cells at throughputs of 5.6 L/d, 20 L/d and 46.2 L/d. The values on the x-axis denote the 
volume that had left the system by the outlet before the respective sample was taken. 
In all cases a rapid increase of separation efficiency started immediately after the 
ultrasound had been switched on, though ending at different S.E. for different 
throughputs. The final concentration was reached approximately after 30 mL for 
5.6 L/d and after about 50 mL for 20 L/d. If the development was finished for 46.2 L/d 
at 70 mL was insignificant, however suggested by the data. The highest throughput of 
46.2 L/d clearly showed more instability as reflected by the higher standard deviation 
as of equation (41). 

Values of S E  as well showed a high standard deviation. No significant 
differences for different throughputs were detected throughout all of these 
experiments. Such would have reflected settling effects by natural sedimentation in 
the separation system, i.e. prior to the influence of the ultrasound. 

. .susp

Figure 11b shows the same set of data for 16 W and 5 g/L biomass load again, but 
here the elapsed time is the scale of the x-axisi. The chronological order to reach the 
maximum separation efficiency was turned around for the different throughputs in 
respect to the order in Figure 11a. It took 7.7, 3.6 and 2.2 minutes for low, medium and 
high throughput respectively to reach the final concentration (with the mentioned 
restriction for 46.2 L/d). 

                                                           
i It takes some 21 minutes for 80 ml to be pumped through the system at a rate of 5.6 L/d, therefore the 

x-axis was cut off at 10 minutes to gain more resolution in the beginning. 
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A scale representing the throughputs in another way shall be mentioned: 5.6, 
20 L/d and 46.2 L/d translatei into 0.1, 0.37 and 0.85 cm/s up-flow speed as shown in 
the legend of Figure 11b. 

For 8 W true electrical power input and a suspension carrying 0.5 g/L yeast cells, 
results were rather unstable as Figure 12 shows. A very slow increase of S.E. after the 
sound was switched on indicated that the system was used at the limit of its operating 
range. However some retention yielding a separation efficiency of some 50% was 
detected for a throughput of 5.6 L/d and due to the acceleration of up-flow stream just 
40 % were reached not before 60 mL had left the system for 20 L/d. At 46.2 L/d it was 
doubtful if any retention took place from the beginning, no significant development 
could be detected. 
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Figure 12 Development of the separation efficiency over volume at throughputs 5.6 L/d, 
20 L/d and 46.2 L/d. Process parameters true electrical power input and bio-
mass level were 8 W and 0.5 g/L, respectively. 

The highest separation efficiency of all experiments, 99.59 ±s.d. 0.05% was found at 
24 W and 50 g/L (see Figure 13) at the end of the low throughput run (5.6 L/d). For this 
set of process parameters percentages increased rather sharply after the sound was 
switched on, reaching the region of highest separation efficiency at 30 mL, 40 mL and 

                                                           
i According to the cross-section of the system (25 x 25 mm2). 
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50 mL for 5.6 L/d, 20 L/d and 46.2 L/d throughput respectively. For the high 
throughput experiment a significant decrease of retained cells was detected at 60 mL 
and above. This was presumably a result of some aggregates falling down inside the 
chamber. As these cells partly re-suspend a higher concentration was measured at the 
outlet as a consequence. Low standard deviations reflected a stable behaviour for low 
and medium throughput.  
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Figure 13 Development of the separation efficiency over volume at throughputs 5.6 L/d, 
20 L/d and 46.2 L/d. Process parameters true electrical power input and bio-
mass level were 24 W and 50 g/L, respectively. 

Results in Figure 14 reflect the influence of the variation of the true electrical 
power input at low (Figure 14a) and high throughput (Figure 14b). The bio-mass load 
was 5 g/L. 

The use of 16 W showed a steeper slope and a higher final separation efficiency 
than that of 8 W for 5.6 L/d (Figure 14a), a further increase was not achieved when 
24 W were applied, The S.E. for 16 W and 24 W were very similar. However as 
mentioned, this holds only true when the S.E. development in respect to the volume 
pumped through the system was considered, over a time axis as in Figure 11b the final 
percentage was reached earlier at 24 W. 
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Figure 14 Comparison of the influence of the true electrical power input on the separation 
efficiency. Settings were 8, 16 and 24 W respectively. The bio-mass level was 
5 g/L and throughputs were 5.6 L/d (a) and 46.2 L/d (b). (Data for 16 W 
repeated from Figure 11a.) 

At high throughput of 46.2 L/d the increase of separation efficiency was slower in 
the beginning (Figure 14b). This led to the crossing of the lines for 8 W, 16 W and 24 W 
after 15 mL. However the high standard deviation for the 10 mL measurement 
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prevented this to be a significant result. Throughout all three of those measurements 
some degree of instability was found, leaving no difference between the final 
separation efficiencies for 16 W and 24 W. 
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Figure 15 Comparison of the influence of the cell concentration on the separation 
efficiency. Biomass loads 0.5 g/L and 5 g/L were compared at 8 W t.e.p.i. (a), 
for 5 g/L and 50 g/L 24 W were used (b). The throughput was 20 L/d. (Data for 
0.5 g/L repeated from Figure 12 and for 50 g/L from Figure 13.) 
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The influences of different bio-mass levels were compared in Figure 15. The use of 
0.5 g/L and 5 g/L of yeast in Figure 15a for 8 W true electrical power input and 20 L/d 
throughput delivered a S.E. for the lower solid fraction of below 50 %. Therefore an 
influence of the suspension’s initial cell concentration could be detected in spite of 
high standard deviations as indicated by the error bars. At the higher bio-mass loads 
an increase of the S.E. was detected after some 20 mL of liquid had left the system. 

Figure 15b shows the result for medium and high bio-mass at 24 W true electrical 
power input and 20 L/d throughput. The lower concentration of cells led to a higher 
separation efficiency, although the comparison with a bio-mass of 50 g/L revealed a 
slower development in the beginning of the run. 

The maximal S.E. detected within all fifteen previously presented measurements 
are summarised in Table 1. It has to be emphasised that those S.E. values refer to the 
means of the lowest cell concentrations reached during single runs for one set of 
process parameters, regardless if they were reached after the same amount of liquid 
had left the system. Therefore these values were not necessarily equal to the highest 
values of S.E. shown in the graphs. 

A significant trend of lower S.E. caused by increasing throughput for a given set of 
the process parameters true electrical power and bio-mass was found. The first line of 
Table 1 shows that 8 W t.e.p.i. resulted in significantly low separation efficiencies for 
medium and high throughputs for 0.5 g/L biomass. 

The picture is similar when 5 g/L were used. However the influence of increased 
throughput was smaller, i.e. the difference between results measured at the same 
t.e.p.i. in one row of Table 1 was lower for a higher t.e.p.i. setting. The maximal S.E. 
showed a trend of increased values on higher t.e.p.i. which was not visible due to the 
standard errors in the graphs (compare Figure 14). 

An effect of the higher cell concentration of 50 g/L leading to higher maximal S.E. 
was visible just for 5.6 L/d. At higher throughput of 20 L/d the result for 5 g/L was 
significantly better. In case of 46.2 L/d throughput at high biomass a remarkable low 
value around 66 % was found. 

The cell concentrations measured at the filter outlet are summarised in Table 2. 
Here the development within a row of corresponding values showed an increase of 
cells on increasing throughput. In the case of 24 W applied to a suspension carrying 
50 g/L the results were orders of magnitude apart, thus the system was partly beyond 
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its working range. Equally as well, a tendency of higher true electrical power input 
retaining more cells was found. 

Table 1 Maximum values of the separation efficiency in the flow-through set-up for varying process 
parameters throughput, bio-mass and true electrical power input. Numbers represent the 
efficiency maximum in different repetitions, i.e. samples were not necessarily pulled at the 
same volume. 

Separation efficiency maximum, filter set-up [%]a 
throughput [L/d] bio-mass [g/L] t.e.p.i. [W]b c 
5.6 20 46.2 

 

0.5 8 
 

69.2 ±s.d. 6.0 41.4 ±s.d. 18.0 17.5 ±s.d. 0.1 
 

8 
 

97.0 ±s.d. 0.8 84.6 ±s.d. 4.4 72.3 ±s.d. 1.2 
 

16 
 

98.2 ±s.d. 0.5 96.0 ±s.d. 0.2 92.8 ±s.d. 2.0 
 5 

24 
 

98.9 ±s.d. 0.1 97.5 ±s.d. 0.1 94.1 ±s.d. 2.5 
 

50 24 
 

99.6 ±s.d. 0.1 94.4 ±s.d. 1.7 66.0 ±s.d. 6.7 
 

a in comparison to original concentration as of (47) 
b true electrical power input 
c see Figure 10 

 

Comparable sets of the process parameters throughput and t.e.p.i. revealed for 
different bio-mass levels that the number of cells per millilitre was smaller for 5 g/L 
than for 50 g/L and as well for 0.5 g/L than for 5 g/L with the exception of 5.6 L/d. 

The maximal S.E. in Table 1 showed lower standard deviations of not more than 
10% - except one where the system was beyond working range - than the cell 
concentrations in Table 2. As well the selection of the S.E. maximum of a set of runs, 
i.e. without taking into consideration when it was measured within the run, delivered 
considerable less instability when compared to the error bars in the graphs especially 
for high throughputs. 
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Table 2 Lowest values of the cell concentration at the outlet of the flow-through set-up for varying 
process parameters throughput, bio-mass and true electrical power input. Numbers 
represent the efficiency maximum in different repetitions, i.e. samples were not necessarily 
taken at corresponding volumes. 

Concentration minimum [106 cells/mL], filter set-up 
throughput [L/d] bio-mass [g/L] t.e.p.i. [W]a b 
5.6 20 46.2 

 

0.5 8 
 

1.61 ±s.d. 0.31 3.04 ±s.d. 1.18 4.18 ±s.d. 0.29 
 

8 
 

1.46 ±s.d. 0.40 6.94 ±s.d. 1.09 15.1 ±s.d. 0.42 
 

16 
 

0.84 ±s.d. 0.19 1.84 ±s.d. 0.19 3.69 ±s.d. 0.80 
 5 

24 
 

0.49 ±s.d. 0.06 1.20 ±s.d. 0.11 2.75 ±s.d. 0.88 
 

50 24 
 

1.89 ±s.d. 0.33 25.3 ±s.d. 1.94 170 ±s.d. 23.0 
 

a true electrical power input 
b see Figure 10 

Batch set-up 

The separation system was used in the batch set-up (Figure 9, left-hand side), 
filled with suspensions of the same three concentrations as for the flow-through set-up 
and as well the same values of t.e.p.i. were applied. After ten minutes of sonication the 
concentration of cells within the active volume was measured using a haemacytometer 
(see M3.2). Sonication duty cycling of 45 seconds “on” and 18 seconds “off” was 
employed to have the aggregates settle at the bottom of the active volume. 
The comparison of the separation efficiencies (Table 3) showed the low-
concentration/low-power experiment to deliver a significantly low value of 67%, while 
all other experiments indicate percentages of above, some far above 90%. 

The absolute numbers of cells per volume remaining in suspension revealed a 
different behaviour. As well some trend in relation to the original bio-mass level and 
the applied true electrical power input was measured, however a significant difference 
of the means could only be found for the high-concentration/high-power experiment 
(t2 > 4.8, P < 0.04). 
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Table 3 Separation efficiency of the UES technique in the batch set-up at varying process parameters 
(bio-mass level, true electrical power input) after sonication for 10 minutes. A duty-cycle of 
45 s sound on and 18 s sound off was used. 

Separation efficiency [%]a and cell concentration [106 cells/mL] measured in the active volume 
of the batch set-up. 

bio-mass [g/L] t.e.p.i. [W]b c S.E. 
cell concentra-
tion 

 

0.5 8 
 

67.0 ±s.d. 1.0 1.76 ±s.d. 0.69 
 

8 
 

93.4 ±s.d. 1.6 2.20 ±s.d. 0.55 
 

16 
 

95.8 ±s.d. 1.9 1.99 ±s.d. 0.92 
 5 

24 
 

96.6 ±s.d. 0.9 1.41 ±s.d. 0.72 
 

50 24 
 

98.7 ±s.d. 0.2 5.78 ±s.d. 0.88 
 

a in comparison to original concentration as of (47) 
b true electrical power input 
c see Figure 10 

Discussion 

The basic applicability of the ultrasonic separation principle to yeast cells if 
present as a solid fraction of a suspension was demonstrated. Yeast/water suspensions 
showed the spatial distribution as predicted5. Furthermore it was possible to 
immobilise the cells, against an up-flowing liquid, to a high extent without influencing 
their viability. Although the size of yeast (4 – 8 µm) is at the lower end of the systems 
operating range when applying a frequency of 2.2 MHz, a separation efficiency above 
99 % efficiency was possible20,22. 

Recently separation efficiency data measured with a further developed 
UES system have been published23. Although as well yeast/saline suspensions were 
used the report was aiming on results which could be expected in an industrial 
environment. For instance duty cycling of the pumps was used instead of the 
continuously running pump in this work. However very similar trends have been 
found and the order of magnitude of the measured separation efficiencies was in the 
same range. 

The measurements presented in this chapter delivered a fact which had to be 
looked at closer. Almost all of the experiments did show a significant increase of the 
separation efficiency after 10 mL of filtered liquid had left the system by the outlet. 
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This was surprising as the “dead” volume, i.e. the volume leaving the outlet prior to 
any influence of the sound field should have been detected, was calculated to be 
roughly 24 mL (see Figure 16). The likely interpretation was, that the sound field 
influenced the volume of 14 mL above the edge of the PZT ceramics and therefore just 
the 10 mL of the tube may be accounted for being the “dead” volumei. This might as 
well be the explanation for the high standard deviations that were measured at the 
beginning of the runs as at this stage, right after switching on the device, the effect of 
the ultrasonic field was most sensitive to slight variations. 

  

14 ml above 
ultrasound field 

+ 

10 ml tube volume 

= 
24 ml “dead” volume 

Figure 16 Pulling of samples for assessment of separation efficiency in the beginning of a 
continuous filtration. 

Another point to be explained was the poor separation efficiency  (Table 1 first 
line) at a relatively low bio-mass load of 0.5 g/L. The reason for that was very likely a 
threshold of cells that have to be present to build up an aggregate large enough to 
overcome friction and settle efficiently22,63. The enhancement achieved by ultrasonic 
aggregation simply depends on a significant decrease of the surface to volume ratio of 
the clusters compared to an isolated cell, which was hardly reached at this cell 
concentration. Therefore, a basic trend was detected in the higher the original solid 

                                                           
i This was as well suggested by Schlieren images of the sound field (personal communication 

M. Gröschl), basically the whole glass-surface of the transducer emitted the ultrasonic wave. 
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fraction and the true electrical power input were, the more effectively the cells were 
separated. 

This threshold was confirmed by the results in Table 3 of cell concentration 
measurements within the batch set-up. Although the initial concentrations varied over 
a range of two orders of magnitude the final values did not differ more than by a 
factor of three. The explanation is that the amount of cells in the active volume 
decreases while the aggregates settle until the number of remaining cells is too small 
to build up aggregates of the needed size.  

The increase of cell concentration at the filter outlet for higher bio-mass loads at 
the same true electrical power input reflects the size distribution of the yeast cells. As 
the axial primary radiation force as of equation (1) is strongly size dependent, there is 
a higher number of cells too small to be driven into the pressure nodal planes left 
when the original solid fraction was higher. 

The low separation efficiency of 66% (Table 1) for high power/high biomass on the 
other hand was interpreted as a result of the primary radiation force becoming weaker 
the farther away from the pressure node the cell is kept. In this case the clusters 
reached into regions where the draft by the throughput was stronger than the 
retentive forces of the ultrasonic field, the cells were “washed out”. The system was 
driven beyond its capacity. 

Experiments in the batch and flow through set-up can not directly be compared. 
The cell concentration within the active volume might not reflect the number of cells 
leaving the system by the outlet. However a change of order was revealed when the 
cell concentrations found for the batch experiments in Table 3 were set in relation to 
flow-through data in Table 2. In all cases the cell concentration measured at the filter 
outlet during flow-through operation at 5.6 L/d throughput was better than the result 
from the active volume in batch mode. Hence a certain amount of draft enhances the 
influence of ultrasound. Furthermore this effect seemed to be more pronounced for 
higher t.e.p.i. settings, in the case of 16 W and 24 W even the outlet concentration 
values for 20 L/d were lower than the corresponding results from the batch set-up, 
however insignificantly. 

This influence of the draft might be deduced from two facts: Firstly it was 
mentioned that for higher bio-mass loads the amount of small cells, on which the 
radiation forces are weaker, was higher. Secondly the spatial pattern of the transverse 
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primary radiation force (compare Figure 4 and Figure 8c) is varying in direction of the 
drafti. If a cell now is too small to be moved from its position by the radiation forces, 
this cell would hold its position in the batch set-up and therefore not settle. In the 
flow-through set-up however, the vertical drag might transport small cells closer to 
“hot-spots” with increased transverse radiation force which finally would move them 
to the location of aggregation. 

R1.3 Evaluation of the acoustic field acting within the active volume 
It was shown that the separation efficiency was influenced by the biomass load 

and the true electrical power input. Equations (5) show in combination with equations 
(4) the axial primary radiation force to be proportional to the energy density of the 
ultrasonic field in the active volume. An evaluation of the ultrasonic field with respect 
to the influence of both parameters was therefore necessary. 

The influence of the bio-mass load on the effective acoustic quality factor of a 
yeast/water suspension on increasing cell concentration was as a pre-requisite for this 
evaluation as the liquid layer in the active volume is part of the resonator and 
therefore influencing its overall behaviour. The one-dimensional model of a layered 
resonator50 was used subsequently to numerically determine the acoustic field 
parameters. 

The technique of alternating measurement and simulation of the admittance 
spectrum was performed for a cuvette-resonator (see M5.2). The chosen frequency 
range is supposed to not include the transducers resonance frequencies as the 
resonance quality factors then can be assumed to be mainly influenced by the liquid 
layer. Figure 17 shows the mean of the quality factors of 9 such resonances as 
measured and simulated. Although the measurements showed some standard 
deviation, indicated by the error bars, a clear trend of decrease of the mean resonance 
quality due to an increase of bio-mass level was observed. Additional statistical 
analysis revealed, that the measurements were significantly different for the two 
thicker suspensions (t1 = 1.95, P = 0.035 for 52.5 g/L and t1 = 3.31, P = 0.002 for 
110.9 g/L). 

                                                           
i The axial primary radiation force does not as the nodal planes are parallel to the drag. 
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Figure 17 Average of the quality factors of 9 resonances of a glass cuvette-resonator over 
a range of frequencies not including the transducer’s resonances. The resonator 
was filled with yeast-water suspension of varying bio-mass level. 

The averages of the fitted values did for obvious reasons show less standard 
deviation, however, the agreement with the measurement was very good. The 
effective acoustic quality factors Q  for the liquid layer used in the calculations are 
shown in Table 4. The values are listed together with the effective voltages which have 
been noted during the experiments described in R1.2. 

eff

The presence of 5 g/L bakery yeast did lower the original quality factor of 6000 
moderately to 5300, an addition of 50 g/L however led to a considerably decreased 
value of 3000. Values like this for the acoustic quality factor show the damping to be in 
the working range of the system6. 
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Table 4 Effective voltage used in chapter R1.2 for experiments with suspensions of yeast at different 
bio-mass levels and effective acoustic quality factors effQ  of the respective suspension used 
for simulation of the energy density within the active volume (Figure 18). 

Effective voltages [V]and effective acoustic quality factors [dimensionless] 

bio-mass [g/L] t.e.p.i. [W]a b Voltage effQ   

0.5 8 
 

20.1 ±s.d. 1.4 6000 
 

8 
 

20.5 ±s.d. 0.8 5300 
 

16 
 

29.0 ±s.d. 1.8 5300 
 5 

24 
 

36.7 ±s.d. 0.8 5300 
 

50 24 
 

40.3 ±s.d. 2.6 3000 
 

a true electrical power input 
b see Figure 10 

The parameters were subsequently fed into the simulation of the layered resonator 
described in Table 5. From left to right the resonator comprises the transducer, i.e. the 
PZT ceramic glued to a glass carrier, followed by the cooling and active volumes 
divided by an acoustic transparent plastic foil. The rightmost layer is a glass reflector 
terminating the device. 

Table 5 Material properties of the layers used for the simulation of the resonator. Additional 
parameters for the piezoelectric layer were dielectric constant=9.977·10-9 As/Vm, dielectric 
loss angel=0.01 and electromechanical coupling factor=0.47. 

Material properties for the layers of the resonator used in simulation 

Layer 

PZ
T 

ce
ra

m
ic

 

gl
ue

 

ca
rr

ie
r 

(g
la

ss
) 

co
ol

in
g 

vo
lu

m
e 

fo
il 

ac
tiv

e 
vo

lu
m

e 

re
fle

ct
or

 
(g

la
ss

)  

Thickness [mm] 1.01 0.009 2.690 12.307 0.250 22.240 2.760  

Sound speed [m/s] 4460 5600 5700 1580 1485 1520 5600  

Mass density [kg/m3] 7800 1300 2200 998 998 998 2200  

Effective acoustic 
quality factor Q  eff

300 35 700 8000 500 see Table 4 700 
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The resulting energy densities within the different layers of the resonator at the 
frequency which was used for the experiments (2.194 MHz) in chapter R1.2 are shown 
in Figure 18. The energy density within the active volume was calculated to be 6.9 J/m³ 
at a true electrical power input of 8 W. No difference was found for biomass levels of 
0.5 and 5 g/L. 16 W t.e.p.i. applied on 5 g/L yeast in water delivered some 13.8 J/m³ 
into the suspension. The highest power input of 24 W used led to energy densities of 
19.7 J/m³ for 50 g/L and 22 J/m for 5 g/L bio-mass load. 
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According to Figure 18 this means that during the experiments with high bio-mass 
load, as a consequence of an increasing effective acoustic quality factor of the 
suspension, the acoustic energy density increased during the run because the cell 
concentration within the active volume decreased (compare Figure 8e). Figure 19 
shows the direct comparison of data measured at 5 g/L and 50 g/L at low throughput 
of 5.6 L/d. The final S.E. was very similar, it was necessary to use log scale for the 
“reverse” separation efficiency, i.e. the percentage of the cells per millilitre that were 
found at the outlet to detect the mild difference between the two experiments after 
50 mL had left the system. 

However the results shown in Figure 15b did not reflect this completely, the S.E. 
was higher for the experiment at 5 g/L than for 50 g/L. This was supposed to be a 
result of the higher drag force at a throughput of 20 L/d. 
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Figure 19 Comparison of 5 g/L and 50 g/L bio-mass load at a throughput of 5.6 L/d and 
24 W. Data repeated from Figure 13 and Figure 14a but shown on a logarithmic 
scale of % cells found in the outlet. 
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R1.4 Selective retention of viable and non-viable yeast cells 
Reports of selectivity of UES in respect to the viability of cells61 base on the 

consideration of changes in the acoustic contrast due to the demise of a cell. The 
following experiment was conducted to clarify if the ultrasonic field would as well 
retain viable yeast cells more efficiently than non-viable ones. 

The separation system in flow-through set-up was used with the inlet closed, as a 
recycling of the cells by the recycle loop was not desired. Instead the suspension was 
fed into the back opening (compare Figure 9) to ensure that all cells not kept by the 
field actually left the system by the top outlet from where the samples were taken. 

The resulting percentages of viable cells measured with methylene blue dye (see 
M3.3) did not deviate from the controls, i.e. the viability of the in-going cells did not 
differ from the cells that left the system by the outlet. Variations of throughput or bio-
mass did not have any effects on the viability of either (Table 6). 

Table 6 Methylene blue viability of yeasts after having passed the flow-through set-up directly from 
back to outlet (Figure 9) for several throughputs and bio-mass levels. 

Viability (methylene blue) of yeast in flow-through setup 
throughput [L/d] bio-mass 

[g/L] 
control 

8.9 18.2 27.4 36.7 
 

0.25 0.96 0.96 0.99 0.98 0.97 
 

1.25 1 1 0.98 0.98 0.96 
 

3.75 0.98 0.98 0.99 0.97 0.97 
 

10 0.99 0.99 0.95 0.98 0.97 
 

 

Therefore a selective retention of yeast cells corresponding to their viability was 
not found, non-viable cells obviously do not differ significantly from viable cells in 
respect to their acoustic material properties. 
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R1.5 Empirical model of the cell concentration vs. time 
The results from chapter R1.2 delivered some information about the influences of 

the process parameters bio-mass load, throughput and true electrical power input on 
the base of comparisons in pairs of experiments. However a description beyond that, 
i.e. a model delivering the separation efficiency in a predictive way based on those 
process parameters, even to the extent of different particles and suspensions, would be 
desirable.  

A theoretical model based on the picture of two liquids of different mass density 
and viscosity present in the settler was presented recently57, the contribution of this 
work is of more empirical nature. 

The graphs shown in Figure 11 to Figure 15 do resemble each other, therefore a 
mathematical description was attempted. The target was to find an equation which to 
a high extent describes the separation efficiencies shown earlier. The hope was to 
conclude the independent parameters of the model out of the process parameters, 
however this was not accomplished in the end due to an over-parameterisation. 
Nevertheless an equation was found describing the pattern with high precision and 
allowing to calculate certain properties of the experiments, which delivered additional 
insights and possibilities of further investigation. 

To avoid a loss of information due to normalisationi the cell concentration at the 
outlet versus time instead of separation efficiency versus volume was used here. 
Furthermore it was found earlier that corresponding samples, i.e. samples taken after 
the same volume had been pumped through the system, showed higher standard 
deviations than if properties of a single run were taken into account, e.g. the 
maximum separation efficiency. Hence the data of single runs weres chosen for this 
investigation. As a measure for the quality of the fit  as of equation (42), the 
measure of determination, was used. In equation (42), the cell concentration C at the 
outlet at time t  was the measured value, 

2R

i ( )iC t yi=  and therefore calculated data will 
be given as modelled concentrations ( ) ˆi iymdlC t = . 

Examination of certain results prohibited the use of a simple biased exponential 
function . Sets of parameters (0 1 1expa a b t+ ⋅ − ⋅ ) { }0 1 1, ,a a b  could not be found to fit the 
steep decrease of the cell concentration at the outlet in the beginning of the run for all 
                                                           
i i.e. division by the initial concentration C  and by the throughput in
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of the measurements. A solution to this was to add a bell-shaped function 
 yielding ( )( )⋅ − ⋅ − 2
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The three terms of the sum in the non-linear regression equation (48) for the 
modelled concentration  over time t have six independent parameters mdlC

. The bias  is the cell concentration minimum, 0a ( )1 1expa b⋅ − ⋅

( )( )2
2 2 t c−

t  
describes the decrease of the concentration in the beginning of the run. This decrease is 
additionally influenced by a bell-shaped term represented by . The 
parameter  defines the centre of the bell-shape. 

expa b⋅ −

Two basic assumptions at time zero reduced the number of free parameters. 
Firstly the cell concentration ( )0mdlC  had to be equal to the measured initial cell 
concentration C . This led to a formula for a : 2
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The second demand was, as no change of the cell concentration at the outlet was 
expected before the ultrasound was switched on, that the gradient of C  had to be 
0 for t . This condition led to a dependency of b  
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The use of equations (49) and (50) in equation (48) resulted in the final regression 
equation 
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Figure 20 shows the exploitation of equation (51) for one particular set of data 
(16 W, 5 g/L, 46.2 L/d). The exponential and the bell-shaped terms are added to the 
bias  resulting in a fit of high quality 0a ( )>2 0.96R . It has to be mentioned here, that in 
cases like this – an increase of cells per millilitre in the beginning of the run - a fitting 
would not have been possible without the bell-shaped term. 

The bell-shaped term was as well suitable for intermediate increases of the 
concentration like the behaviour between 0.9 and 1.9 minutes in Figure 20. Additional 
bell-shaped terms (black dashed line) described these very well yielding a significant 
rise of the quality of the fit ( ) . >2 0.999R
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Figure 20 Model of the development of the cell concentration at the outlet over time as of 
equation (51). A simple biased exponential did not completely describe the 
data, so the bell-shape was added. For this particular run (16 W, 5 g/L and 
46.2 L/d) another bell-shape was added to fit the slight increase starting just 
before 1 minute. 

Although the regression equation (51) reflected the behaviour very well the results 
were not unique. Figure 21 shows three different fits A, B, C for one measurement 
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(24 W, 5 g/L, 5.6 L/d). The three fits were of comparable high quality ( ) , 
however this meant that three different sets of parameters 

2 0.999R >

{ }0 1 2, , ,a a b c

2R

 were found 
which could be used to describe the same data. This over-parameterisation prevented 
the identification of direct relations between the fitting parameters and the process 
parameters that had been varied during this study. Furthermore this prevented the 
use of an automatic algorithm based on statistical means optimising , the fitting had 
to be done by hand. 

The values of the parameters { }0 1 2, , ,a a b c  found for the various results of the 
experiments are listed in Table 7, Table 8 and Table 9 for throughputs 5.6 L/d, 20 L/d 
and 46.2 L/d respectively. Only curve fittings with  have been accepted. This 
was not possible for measurements with 0.5 g/L bio-mass and the high-
concentration/high-throughput measurement. The parameter  reflected the 
quality of the fit when additional bell-shaped terms were used to “catch” fluctuations 
after the main decrease. It was always above 0.99 and mostly greater than 0.999. 
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Figure 21 Over-parameterisation; the model allows fittings of the same set of measured 
data with different sets of parameters. Process parameters of the particular run 
modelled were 24 W, 5 g/L and 5.6 L/d. 

The information reflected by these fitting parameters was subsequently analysed. 
Using them in the regression equation (51) the time of the steepest decrease of the st
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curve and the times  and t  when 90% and 99%, respectively, of the final 
concentration  was reached were calculated. In a mathematical way this is expressed 
as 

90%t 99%
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{ 2 ,b
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 (52) 

Table 7 Sets of }0 1, ,a a c  used in (51) to model the respective duplicate measurement at a 

throughput of 5.6 L/d.  denotes the quality of the fit as of (42),  delivers the same 

quantity in case of additional bell-shaped terms (see Figure 20). 

2 2R othR

Fitting parameters for measurements with 5.6 L/d throughput. 

bio-mass [g/L] t.e.p.i. [W]a b  1a  2b  c  2R  
2

othR  

1.1 106 1.6 107 0.194 0.68 0.9953 0.9999 
8 

 

1.3 106 7.6 106 0.052 0.27 0.9876 1.0000 

9.4 105 1.9 107 0.352 0.55 0.9990 0.9999 
16 

 

2.2 105 1.8 107 0.337 0.40 0.9991 1.0000 

4.1 105 1.8 107 0.612 0.36 0.9991 1.0000 

5 

24 
 

5.2 105 7.6 106 0.153 0.37 0.9999 0.9999 

1.6 106 2.5 108 0.388 0.89 0.9998 0.9999 
50 24 

 

2.2 106 2.7 108 0.342 1.00 1.0000 1.0000 
a true electrical power input 
b see Figure 10 
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Table 8 Sets of { }0 1 2, , ,a a b c  used in (51) to model the respective duplicate measurement at a 

throughput of 20 L/d.  denotes the quality of the fit as of (42),  delivers the same 

quantity in case of additional bell-shaped terms (see Figure 20). 

2 2R othR

Fitting parameters for measurements with 20 L/d throughput. 

bio-mass [g/L] t.e.p.i. [W]a b 0a  1a  2b  c  2R  
2

othR  

7.1 106 2.8 107 2.816 0.60 0.9558 0.9976 
8 

 

6.1 106 3.0 107 1.700 0.69 0.9835 0.9996 

1.8 106 3.3 107 6.590 0.20 0.9987 1.0000 
16 

 

1.5 106 3.4 107 8.100 0.30 0.9978 1.0000 

1.1 106 2.6 107 2.700 0.48 0.9972 0.9991 

5 

24 
 

1.6 106 3.1 107 2.500 0.43 0.9998 0.9998 

1.9 107 1.9 108 2.551 0.26 0.9700 0.9999 
50 24 

 

9.2 106 2.2 108 1.837 0.13 0.9682 0.9996 
a true electrical power input 
b see Figure 10 

Table 9 Sets of { }0 1 2, , ,a a b c  used in (51) to model the respective duplicate measurement at a 

throughput of 46.2 L/d.  denotes the quality of the fit as of (42),  delivers the 

same quantity in case of additional bell-shaped terms (see Figure 20). 

2R 2
othR

Fitting parameters for measurements with 46.2 L/d throughput. 

bio-mass [g/L] t.e.p.i. [W]a b 0a  1a  2b  c  2R  
2

othR  

1.3 107 1.2 107 6.122 0.03 0.9554 0.9988 
8 

 

1.4 107 1.2 107 6.939 0.06 0.851c 0.9984 

4.2 106 1.9 107 12.727 0.23 0.9665 0.9997 
16 

 

2.1 106 2.4 107 12.524 0.05 0.9818 0.9999 

3.1 106 3.1 107 15.300 0.28 0.9797 0.9997 

5 

24 
 

1.6 106 3.4 107 14.184 0.16 0.9944 0.9997 
a true electrical power input 
b see Figure 10 
c although R2<0.95 was found the measurement could be fitted very well with one additional bell-shaped term 

Figure 22 shows the calculated values, the runs were modelled individually and 
the results as of equation (52) subsequently averaged. Graphs a, b, c on the left hand 
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side reflect the times t ,  and t  respectively elapsed after the ultrasound was 

switched on. Graphs d, e, f on the right hand side show the corresponding volume that 
had left the system when the described stages were reached. 

s 90%t 99%

The presented calculations have been performed with the fitting coefficients for a 
bio-mass of 50 g/L as well (Table 10), however the true electrical power input was 
always 24 W for this cell concentration. In comparison to the data for 5 g/L mild 
differences were detected in case of a throughput of 20 L/d. The value for  was 
slightly lower,  and t  both were higher for the thicker suspension. An 
exceptional low figure of 0.09 minutes (5.4 seconds) was measured for t  at 50 g/L bio-
mass and 5.6 L/d throughput. Compared to the 5 g/L data this was shorter than the 
result for 46.2 L/d for the lower bio-mass level, however t  and t  again were 
slightly higher for 50 g/L. 

st

90%t 99%

s

99%90%

Table 10 Sets of { }0 1 2, , ,a a b c  used in (51) to model the respective duplicate measurements at a 

bio-mass load of 50 g/L.  denotes the quality of the fit as of (42),  delivers the 

same quantity in case of additional bell-shaped terms (see Figure 20). 

2 2

  

R othR

Fitting parameters for measurements with 50 g/L at the given throughput and 24 W t.e.p.i. 

ts t90% t99% V(ts) V(t90%) V(t99%)  throughput 
[L/d] [min] [mL]  

5.6 0.09 3.83 7.37 0.33 14.94 28.72  

20 0.65 1.72 4.18 9.97 23.91 58.03  

 

Table 11 shows the maximum of the separation efficiency calculated from the 
fitting parameters as a0/Cin. The direct comparison with the measured values in Table 1 
confirms the model to describe the measurements very well, however the modelled 
values tended to be slightly higher than the measured data. 
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Figure 22 Result of calculations based on the fits. Left hand side graphs (a, b, c) show the 
times ,  and  after which the steepest decrease, 90% and 99%, 
respectively, of the final concentration were reached according to the fitting of 
the respective experiments using equation (51). Right hand side graphs (d, e, 
f) give the volume of suspension that had left the system after the respective 
time. Bio-mass load was 5 g/L. 

st %t 90 %t 99
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Table 11 Maximum values of the S.E. a0/Cin calculated from the modelled data. 

Separation efficiency maximum as delivered by the fitting [%]a 
throughput [L/d] bio-mass [g/L] t.e.p.i. [W]b c 
5.6 20 46.2 

 

8 
 

97.5 ±s.d. 0.3 85.4 ±s.d. 3.5 74.9 ±s.d. 0.3 
 

16 
 

98.7 ±s.d. 1.1 96.4 ±s.d. 0.3 93.8 ±s.d. 3.3 
 5 

24 
 

98.9 ±s.d. 0.2 97.2 ±s.d. 0.4 94.9 ±s.d. 2.8 
 

50 24 
 

99.6 ±s.d. 0.1 96.7 ±s.d. 2.3 - 
 

a in comparison to original concentration as of (47) 
b true electrical power input 
c see Figure 10 

Discussion 

The presented model was found empirically, i.e. the exponential and the bell-
shaped terms were chosen for their ability to build up the shape of the measured data. 
It is however interesting, that the bell-shape could be used to describe the graph of the 
re-arrangement in the beginning and equally as well the fluctuation observed later 
during the run. More precisely the right half of the bell-shaped term was important 
when the cells were driven into the pressure nodes initially, the whole function 
described a pattern of the cell concentration at the outlet while aggregates where 
slipping down within the active volume and cells were possibly partly re-suspended. 
The question is if the mathematical representation actually reflected what happened 
within the separation system, i.e. if the settling was modelled by the exponential 
function while the mechanism of re-arrangement/re-suspension of the cells was taken 
care of by the bell-shape. 

Generally the agreement between the data presented in chapter R1.2 and the 
results delivered by the model confirms the regression equation (51) to describe the 
development very well. 

The model reflected the observed trend of quicker decrease of the cell 
concentration at the outlet for higher true electrical power inputs. This was true up to 
a certain level, where an increase of electrical power did not improve the result 
anymore similar to what has been shown before (compare Figure 14). 
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On the whole, Figure 22 shows a tendency of the trends described in the following 
to be more pronounced for  and t . This is a consequence of t90%t 99% s  - the steepest 
point of the main decrease by definition - being as well the region most sensitive to 
variations. 

What has been mentioned regarding the use of time and volume on the x-axis 
(Figure 11) was certainly reflected here as well: to reach a certain stage, e.g. 90% of the 
final concentration ( t , compare Figure 22b and e), it took longer for lower 
throughputs but less medium left the system by the outlet during this timei. 

90%

Another, somewhat stronger effect was that ,  and  were shorter for 
higher throughputs. The difference between the results was greater for lower settings 
of the true electrical power input. 

st 90%t 99%t

Finally Figure 22f delivers an important information regarding the experimental 
design. For all experiments a stationary state as of 99% of the final cell concentration 
was reached within the 80 mL that were pumped through the system except for one. 
The value at 8 W true electrical power input and 46.2 L/d throughput showed that one 
additional sample had been appropriate until the cell concentration at the outlet 
would have been stationary. 

The presented equations are not the last resort. Additional data, especially in the 
beginning of the experiment, i.e. after the ultrasound is switched on, would be 
necessary to finally connect the fitting coefficients with the process parameters. It has 
to be emphasized, that it was not planned to describe the results mathematically, the 
motivation to do so was the perception of the similarities between the measured 
graphs. 

However a model enabling one to derive the S.E. of this separation system from 
the process parameters would be of some value. The ability to calculate the behaviour 
of the cell concentration at the outlet would open opportunities for further 
optimisation of the duty cycling. The outlet pump and/or the ultrasonic field have to 
be switched on and off for certain intervals to let the agglomerates settle. This becomes 
necessary, as a part of the bio-mass can be trapped by the transverse radiation force 

                                                           
i This is a property of the system and has nothing to do with the mathematical operation connecting 

these scales. 
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and subsequently the virtual mesh of pressure nodes becomes filled up and therefore 
particles are swept out of the system by the host liquid moving through. 

One important value is the time which the ultrasound has to be switched on 
before the outlet pump is switched on. An equation describing the development 
versus time in dependence of process parameters would enable one to calculate the 
time necessary to reach the desired S.E., or cell concentration at the outlet, after which 
the throughput could be applied at the earliest possible moment. 

R1.6 Conclusion 
The Ultrasonically Enhanced Settling principle was shown to be basically 

applicable for the separation/filtration of yeast cells suspended in saline. In particular 
the following results were found: 

• The employed separation system USSD-05 (Anton Paar GmbH, Graz, Austria) 
delivered separation efficiencies of above 90% over the whole working range 
of 5 – 50 L/d throughput for bio-mass levels of 5 g/L and up to 20 L/d for 
50 g/L. 

• A limitation was encountered for low cell concentrations of 5·106 cells/mL at a 
bio-mass load of 0.5 g/L where the number of cells was too low to build up 
aggregates suitable for enhanced settling. 

• The existence of an upper threshold for true electrical power input was 
identified: the use of 24 W did not improve the separation efficiency in 
comparison to 16 W at a biomass level of 5 g/L. However when the true 
electrical power input was increased above that threshold an increase of the 
applied throughput was possible yielding the same separation efficiency, the 
maximum separation efficiency was reached earlier. 

• Under certain conditions (high cell concentration, low throughput) a 
separation efficiency of 99.6% was achieved. 

• Evaluation of the acoustic energy density within the active volume showed a 
damping effect of 50 g/L bio-mass level resulting in a decrease of the radiation 
forces. The separation efficiency however was not decreased for low 
throughput compared to 5 g/L bio-mass as the higher cell concentration 
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promoted the enhancement of settling and therefore the effective acoustic 
quality factor of the suspension layer increased during the run. At a 
throughput of 20 L/d however, a significantly higher separation efficiency was 
measured for the lower initial cell concentration at 5 g/L bio-mass. 

• The viability of yeast cells at the outlet of the separation system was 96% or 
above. No selective effects in respect of viability were observed. 

• A mathematical model was introduced, the non-linear regression equation of 
which showed to describe the development of the cell concentration at the 
outlet versus time elapsed very precisely. However the model explicitly had to 
be called descriptive in opposite to predictive as the four fitting parameters used 
could not be brought into direct relation to the varied process parameters. 

• The equation enabled one to calculate certain properties of the system. Among 
the examples shown was the time it takes until 99% of the final concentration 
was reached, i.e. no further increase of separation efficiency took place. This 
result can be valuable for the estimation of optimum values for duty cycling 
(pumps and sound field operation cycles). 
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R2 Effects of the state factor ethanol: Turbulence and cell 
damage 

R2.1 Introduction 
Ethanol (EtOH) is an important process variable in brewing processes, it 

represents the end product of the fermentation of sugar by yeast. The final 
concentration of EtOH in high-gravityi brewing is 12%(v/v). When EtOH was present in 
the host liquid at this concentration the suspended yeast cells in the acoustic filter 
showed unexpected behaviour when irradiated with well-controlled ultrasonic plane 
waves. A breakdown in separation efficiency was evident and turbulence was 
observed within the separation system. Furthermore cell damage and decreased 
viability were detected64. 

An overview of the phenomenon along with examinations of the ultrasonic field 
and measurements of cell viability and cell integrity as of leakage of intracellular 
material when the turbulence was present will be presented in chapter R2.2. 

The results triggered a bigger study about cell viability, integrity, the ability to 
reproduce and morphology including the employment of transmission electron 
microscopy. The objective of this study was to further investigate the damage, 
especially its extent over the duration of sonication. The first part about results 
obtained with yeast cells exposed to ultrasound in water-rich EtOH mixtures and 
therefore driven through the pressure inter-nodal space, i.e. regions of non-vanishing 
acoustic pressure between the pressure nodes, will be the content of chapter R2.3. 

The investigations for the cause of the turbulence led to the non-linear behaviour 
of the material properties speed of sound and mass density over EtOH-concentration 
when EtOH was mixed with water. This together with the respective properties of the 
yeast cells delivered acoustic contrast factors which were found to be likely the reason 
for the turbulent behaviour as shown in chapter R2.4. 

                                                           
i The term gravity refers to the primary fermentation products, not to the attraction power of the earth. 
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R2.2 Breakdown of spatial order/immobilisation in the presence of 
ethanol 

The phenomenon 

The ultrasonic separation system in flow-through set-up (Figure 9, right hand 
side) was filled with yeast cells suspended in a 12%(v/v) EtOH-water mixture. The 
original motivation was to assess the separation efficiency in the presence of EtOH for 
comparison with measurements presented in chapter R1. However the presence of 
EtOH did alter the behaviour of the suspension in the system completely. The cells did 
not form planes in the sound pressure nodes which subsequently led to the 
breakdown of retention and consequently the separation efficiency severely impaired. 
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measurements in ten cases a spatial distribution as described earlier (Figure 8) did not 
take place, in the contrary, the cells were turbulently driven through the chamber. As a 
consequence no clear relation between separation efficiency and throughput could be 
established. 

The detailed data is given in Table 12. Brackets indicate the results of those ten 
trials where no ultrasonic cell immobilisation was observed. The “separation 
efficiency” in those cases varies in the range from 6% to –23%, the mean was 
calculated to be –4.3±10.4%i. This value represented complete mixing. However 
sometimes some separation/retention was observed, but as mentioned highly 
unstable. The rightmost column gives the corresponding values for yeast suspended in 
water. 

Table 12 Separation efficiency when a 12%(v/v) EtOH-water mixture was used as host liquid 
(brackets indicate turbulence). The rightmost column gives the means of the same 
experiments except with water used as a host liquid. 

Separation efficiency maximum [%]a, flow-through set-up  
throughput 
[L/d] 

single trials, yeast in 
12%(v/v) EtOH  

mean, yeast in 
water 

 

5.6 (-8.3) (6.1) (-3.6) 91.7 ±s.d. 2.6  

11.3 (-11.4) (2.9) 93.9 90.2 ±s.d. 2.0  

20.1 92.3 (-23.1) (-17.3) 87.0 ±s.d. 1.8  

31.7 87.1 (6.1) 78.4 84.3 ±s.d. 4.0  

46.2 73.8 (0.5) (5.4) 73.2 ±s.d. 1.6  
a in comparison to original concentration as of (47) 

The further examination of these unexpected results was the target of the 
following experiments. 

A hypothesis was tested that an interaction of the ultrasound with CO2 inside 
living cells was the reason for the lack of cell banding in the pressure nodes. For this 
purpose suspended yeast cells were killed by autoclaving, nevertheless the 

                                                           
i Negative values express that due to the turbulence the cell concentration at the outlet at the time of 

measurement was higher than in the initial suspension. 
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observations in respect to the ordering effects did not differ from the experiments with 
living cells. 

Consequently, it was assumed, that the presence of EtOH was the reason for the 
turbulences. Thus an attempt was made to examine the concentration at which the 
unusual behaviour sets in. Suspensions of yeast were used in the separation system, 
the EtOH concentration was increased in steps until the separation efficiency showed 
a significant decrease indicating the breakdown of the spatial order. Figure 24 shows 
the results of trials with yeast cells in water (triangles) where turbulence was not 
observed until the concentration of EtOH reached 8%(v/v). When physiological saline 
was used as host liquid (circles) an influence of EtOH was not detected until the 
concentration had reached 15%(v/v). However, as the EtOH content was increased in 
steps of 1%(v/v), it could be established that the lack of spatial ordering is a sudden 
process “hitting” in rather than gradually decreasing the separation efficiency. The 
third trial (squares) in Figure 24 showed that one is dealing with a reversible process. 
A suspension of yeast and water was used, the breakdown was observed first at 
9%(v/v). Subsequently the EtOH concentration was decreased again to 8%(v/v) by 
adding water. At this concentration the proper arrangement of the cells was re-
established. 
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Evaluation of the acoustic field in the presence of 12%(v/v) ethanol 

The experiments showing the breakdown of separation efficiency gave rise to the 
question if a standing acoustic wave was present in the filter chamber when water-
EtOH mixtures of certain concentrations were used as host liquids. Therefore the true 
electrical power input of the separation system with fillings of water and 12%(v/v) 
EtOH-water, respectively, was recorded at frequencies between 1.9 MHz and 2.1 MHz 
at a constant drive voltage level of 21 V (M5.3). 

Losses within the excited resonator are compensated for by the true electrical 
power input as of equation (38). The high amplitudes of the acoustic field at resonance 
result in high acoustic losses. Therefore a true electrical power input spectrum, i.e. the 
measurement of the true electrical power input over a range of frequencies, yields 
information about the occurrence of acoustic resonance by delivering high values 
(peaks) of true electrical power inputi at certain frequencies (so-called series resonance 
frequencies). Resonance in turn is the state in which the reflected wave is in phase with 
the incoming wave emitted by the transducer thus contributing constructively to the 
wave field, the wave “fits” between the two acoustical mirrors (compare Figure 1). As 
a standing wave is the general result of the superposition of an incoming wave and its 
reflection, resonance does conclusively proof the existence of a (quasi-)standing wave 
fieldii. 

The measurement result clearly showed resonance peaks of about 18 W (Figure 
25), no significant difference between the two liquids was detected. A standing wave 
was therefore presenting both cases. Furthermore, the unchanged width of the 
resonance peaks suggested that as well the ratio of standing and progressive waves 
was not affected, hence one could assume that no major differences between the 
acoustic fields in pure water and the water-rich EtOH mixture existed. 

                                                           
i This is valid for an impressed, i.e. load independent, drive voltage level supplied by the amplifier. 
ii The state of resonance is always associated with a pure standing (ideal case, no losses) or quasi-

standing (lossy case) wave. However, the existence of a (quasi-)standing wave is not at all restricted to 
resonant situations. 
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10 V, 18 V and 28 V. Clearly the spectrum did loose structure caused by the 
overlapping of the peaks at higher levels of true electrical power input. This behaviour 
is typical for a decrease of the acoustic quality factor as of equation (33) which in turn 
was an indication for an energy consuming process. In correspondence with the 
turbulent movement of the suspended cells observed in the resonator chamber, the 
reason of the energy loss of the acoustic field was easily identified: part of the acoustic 
energy was transformed into the kinetic energy of the moving particles. In consistence 
with the observations Figure 26 shows furthermore, that the velocity of the cells 
turbulently driven through the separation system increased with an increase of 
electrical input power, resonance peaks were wider for higher settings. 
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in the last chapter was observed. Samples were taken out of the chamber from the 
beginning to half an hour every 5 minutes and afterwards at one hour and two hours. 

The examination of sonicated yeast cells revealed a tremendous decrease of 
viability according to methylene blue counts (M3.3) in comparison to the control 
samples which were from the same suspension but not exposed to ultrasound. The 
fraction of viable cells in the sonicated samples was decreasing from some 80% in the 
beginning to less than 20% after two hours as Figure 27 shows. After 30 minutes 
already more than half of the cells were counted blue under the microscope. It has to 
be mentioned that the viability of the control at 25 and 30 minutes was not measured. 
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effects65 distorted the ultrasonic field66. Such effects would have been e.g. the 
formation of micelle structures67-69. However some anomalies if water-EtOH mixtures 
in relation to their speed of sound and other acoustical properties over the 
concentration of EtOH70,71 will be further examined in chapter R2.4. 

Secondly, the described decrease of cell viability and increase of intracellular 
material in the supernatant had not been observed before. Many studies have shown 
that there is no loss of cell viability when cells are subjected to ultrasonic standing 
wave fields in acoustic cell retention systems. Unlike the results presented here these 
systems had proven to manipulate more delicate cells than yeast, e.g. animal 
hybridoma without causing any harm9. In a report about scale-up tests10 the viability 
was measured at 90% after 950 hours of continuous ultrasonic filtration on top of a 
fermentor. Therefore it was assumed that the acoustic radiation forces exerted on the 
particles push them very gently into the pressure nodes. 

Ethanol has known effects like relaxation of the membrane and an increase of 
permeability of the cell wall, however according to both viability testing methods no 
significant effects due to the exposure of yeast to EtOH alone were detected: neither 
did the un-sonicated controls deliver increased optical density of UV-light nor did the 
methylene viability measurement of the controls reflect the presence of EtOH. 

The environment between the pressure nodes, the pressure inter-nodal space 
differs from where the cells reside in the normal non-homogeneous distribution 
within UES systems (compare Figure 8). In opposite to the pressure nodes, where 
pressure vanishes by definition, in the inter-nodal space the cells are exposed to the 
high amplitudes of the acoustic pressure of the ultrasonic standing wave. However, at 
normal operating conditions of the UES system the inter-nodal space is usually 
populated by cells for a very short periodi only. 

                                                           
i Usually it takes less than a second until the primary radiation force has moved particles into the 

pressure nodal planes. 
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R2.3 Effects on yeast exposed to ultrasound in pressure inter-nodal 
space 

The observed decrease of viability and the increase of protein in the suspension 
were interpreted as possible cell damage or decrease in cell integrity. Therefore a 
study in the changes of the viability, integrity, ability to reproduce and morphology 
(M3.7) of yeast populations after they were exposed to ultrasound in the separation 
system was conducted. In this chapter the results of experiments with suspensions of 
freshly grown yeast in 12%(v/v) EtOH-water sonicated at a power input of 24 W will be 
presented. The sonication took place in the separation system in batch set-up, it was 
taken care that the cells where driven through the pressure inter-nodal space for the 
duration of the experiments. 

The target was to further examine the decreased viability and integrity as shown 
in R2.2.. Hence new methods were additionally exploited to connect the measured 
changes of cell viability and protein content of the host liquid with the cells’ ability to 
replicate and a more sophisticated method was used to assess the internal integrity of 
the population. Furthermore transmission electron microscopy (TEM) was employed 
to further examine the alterations to the yeast cells’ morphology when exposed to 
ultrasound without ultrasonically induced spatial arrangement in the acoustic 
pressure nodes. 

To assess the reproducibility samples were plated out on growth medium after 
sonication and the number of colony forming units (CFU) was counted (see chapter 
M3.5). Following the observation that damage to the cells occurred, fluorescent 
vacuole membrane staining (see chapter M3.6) was used. The vacuole is a large, 
spherical compartment with a thin membrane within the yeast cell. The fluorescent 
vacuole staining method deliveres information about the spread of an alteration of the 
internal structure of the cell. 

Effects on viability, integrity, ability to reproduce and morphology 

The viability of cells exposed to turbulences in the water-EtOH mixture was 
decreased confirming the previous results. Methylene blue staining showed  that over 
90% of the cells became non-viable during the first 15 minutes of sonication(see Figure 
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29). The controls showed no significant decrease in viability due to the exposure to 
EtOH without sonication. 
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Figure 30 Measurement of intracellular material in the supernatant by the optical density 
(O.D.) of ultraviolet light (280 nm). Data acquired after 15, 30 and 60 minutes 
of yeast cells suspended in a 12%(v/v) EtOH-water mixture sonicated at 24 W. 
The cells were driven turbulently through the separation system in batch setup. 
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Figure 33 Transmission electron micrograph of non-treated yeast cells. A typical yeast cell 

shows the large vacuole (V) and other intracellular organelles. The cell envelope 
(E) consisting of the cell wall and the cell membrane is also visible. 

The internal structure of yeast is dominated by one ore more large vacuoles (V) 
clearly identifiable in the un-sonicated control in Figure 33. The spherical cell is 
delimited by the cell envelope (E). This is comprising the cell wall, in case of yeast 
reinforced by a calcium cage, and the cell membrane responsible for the exchange of 
substances with the environment. 

The mere presence of EtOH in the host liquid did not cause alterations of the 
yeast’s morphology. The TEM of cells after having been exposed to 12%(v/v) EtOH-
water for half an hour (Figure 34) did show the vacuole intact and no changes in the 
cells’ envelope. 
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Figure 34 Transmission electron micrograph of yeast in presence of 12%(v/v) EtOH. This 

un-sonicated control did not show changes in the morphology due to the 
different host liquid. 

 
Figure 35 Transmission electron micrograph of yeast cells sonicated in presence of 

12%(v/v) EtOH. The cell envelope appears damaged with the cell wall (W) 
detached by the cell membrane (M). Damage of the vacuole is also visible. 
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Figure 36 Transmission electron micrograph of yeast cells sonicated in presence of 

12%(v/v) EtOH. Intracellular contents and organelles are visible (circle) in the 
extracellular matrix, indicating extensive cell damage. 

TEM of the sample additionally sonicated however revealed a significantly 
different picture. Figure 35 documents the presence of a severe damage in the cell 
envelope due to the breakdown of the spatial cell ordering in the acoustic field. The 
cell walls (W) and membranes looked detached and the inner structures of the cells 
were altered, the vacuoles could not be identified in the electron microscope images. 

Furthermore intracellular components were found in the extracellular matrix after 
sonication in the water-EtOH mixture (Figure 36). The identification of organelles 
(circle) in the supernatant was possible. 

Discussion 

The refined examinations of the nature of yeast cell damages due to the combined 
action of EtOH and ultrasound gave valuable new insights to the physical effects 
experienced by cells in the ultrasonic field. The decrease in viability of yeast and the 
leakage as measured by the level of intracellular material in the supernatant as already 
observed in previous experiments when cells were sonicated in 12%(v/v) EtOH-water 
were confirmed and the alterations resulting from sonication were identified as a 
significant damage to the vacuole and the cell envelope. 
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Confirmation was achieved that the exposure to ultrasound was the reason for the 
cell damage by using controls that had not been subjected to ultrasound. For all 
experiments except the viable plate counts no significant influence due to the presence 
of EtOH alone was measured. 

A tremendous decrease of viability was detected when the cells were exposed to 
ultrasound in 12%(v/v) EtOH-water and therefore driven turbulently through the 
resonator chamber. This decrease was furthermore heavily influenced by the applied 
power input as the fraction of non-blue cells was significantly lower for 24 W than for 
14 W (compare Figure 29 and Figure 27). 

For yeast suspended in a 12%(v/v) EtOH-water mixture it was shown that the 
ability of cells to reproduce was impaired to a greater extent when the suspension was 
sonicated, compared to the effect of EtOH alone72,73. In addition these measurements 
indicated that the decrease of the ability of the cells to reproduce when subjected to 
12%(v/v) EtOH without ultrasound was not associated to any damage to the vacuoles 
or membranes. The number of cells with damaged vacuoles was lower than that for 
non-viable and non-replicating cells. This indicated that the observed alteration in 
morphology was not caused by a physiologic reaction of the cells. 

Transmission electron microscopy delivered an insight to the type of damage. It 
was confirmed, that the increase of the optical density (O.D.) for UV-light arise from 
material from inside the cells. The identification of organelles in the supernatant 
however suggested that the cells were opened or burst during the ultrasonic treatment 
rather than more or less voluntarily released their ingredients. 

The observed changes of viability, the intracellular material in the supernatant and 
the alterations of the cell envelope and inner structure were interpreted as mechanical 
damage caused by the ultrasonic treatment in combined action with EtOH. 
Furthermore it could be concluded that physical damage brought about by the 
sonication was responsible for the decrease in viability and affected the ability of the 
yeast to reproduce. In agreement with previous reports74,75 these findings were 
supporting a suggestion for an explanation of the described damage based on the 
assumption that the damage is directly related to the pressure impact on the cells. Due 
to the presence of EtOH the cells were driven turbulently through the acoustic 
standing wave rather than kept in the pressure nodes as usual and thus exposed to the 
pressure amplitude. The question whether the direct influence of the pressure on the 
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cell, or another effect caused by a secondary mechanism, for instance, the degree of 
cavitation in the pressure antinodes, is responsible for the observed effect, will be dealt 
with in chapter R3. 

R2.4 Acoustic contrast factors of water-rich ethanol mixtures 
The breakdown of the spatial ordering of yeast cells in the separation system in 

presence of EtOH needed further investigation76. The observed phenomenon of 
turbulence was similar to the effect of the acoustic radiation pressure in a progressive 
wave. In literature the terms “Eckhardt streaming” or “quartzwind” are found. 
However there was no significant difference in the acoustic material quality factors 
measured for pure water and 12%(v/v) EtOH-water, respectively, thus the hypothesis 
of damping of the liquid seemed not to provide a sufficient explanation for the 
breakdown of the spatial arrangement observed in a 12%(v/v) EtOH-water mixture. 
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37i) delivered a deviation of some 10% for the speed of sound and less than that for the 
mass density at 12%(v/v) EtOH. At first glance, this did not seem to be enough to cause 
such fundamental changes in behaviour. 

A closer look however revealed the precise circumstances to be different. The 
material properties of the host liquid alone do not yield the whole picture, one has to 
take the particle into account as well. The comparison of the axial primary radiation 
forces of a progressive wave  and a standing wave  yields according to equations 

(1) and (15) 
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(53) 

The ratio as of equation (53) consists of four factors expressing the dependencies 
on various properties of the suspension: 

I. describes the influence of the frequency and the particle size; it has already been 
mentioned that due to the limiting condition  the radiation force of a 
standing wave in general is much stronger than that of a progressive wave; 

1ka�

II. represents the influence of the speed of sound and the mass density of the 
particle and the host liquid; 

III. describes the amplitude ratio of the progressive and the standing wave and thus 
is dependent on the effective attenuation, i.e. the viscous damping of the 
suspension and additional losses as well as the reflection coefficient of the 
reflector terminating the resonator chamber; 

IV. describes the periodic structure of the standing wave’s envelope; 

The amplitude ratio in term III of equation (53) is a general expression valid for 
arbitrary progressive and standing waves. However, for the quasi-standing wave 
within the resonator the axial primary radiation forces the progressive and the 

                                                           
i In the original work the adiabatic compressibility was used. 
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standing wave are not independent, i.e. one can not simply add the expressions from 
equations (1) and (15). 

Hasegawa77 calculated the averaged axial primary radiation force of the quasi-
standing wave qsF  to be 

( ) ( )
2ˆ ˆ

1     .ˆ ˆ
 

  ′ ′Φ Φ = − + 
Φ Φ   

qs p sF x F F x  (54) 

The coefficients for the force contributions of the progressive and the standing 
wave result from the amplitudes of the velocity potential of the quasi-standing wave 

 Φ� qs

( ) ( )ˆ ˆ    ,ω ω− +′Φ = Φ ⋅ + Φ ⋅� i t kx i t kx
qs e e  (55) 

comprising of a wave propagating from left to right with amplitude  and a wave 
propagating from right to left with amplitude 

Φ̂
ˆ ′Φ , respectively. The reflector is 

assumed at the right-hand side, thus ˆ ˆ ′Φ > Φ . 

If the coefficients of the force contributions are considered in equation (53) the 
expression for term III in the case of a quasi-standing wave is derived to be 

The velocity potential in equation (55) does consider losses due to reflection below 
100%. If damping effects expressed by the effective attenuation coefficient as of 
equation (12) were to be taken into account, one had to replace the amplitudes by 
space dependent expressions 
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( )2ˆ ˆ ˆ ˆ    and         .α α− −′ ′Φ → Φ ⋅ Φ → Φ ⋅eff effx le e  (57) 

However, the acoustic contrast ratio, term II, is the interesting one in equation (53): 
if the explicit expressions from equations (3) and (16) were used it turned out that the 
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acoustic contrast factors of the standing and the progressive wave, respectively, do not 
both vanish at the same values of the speed of sound ratio σ  and the mass density 
ratio λ . Thus one deals with a singularity which lets the radiation force contribution of 
any progressive wave present in the resonator exceed that of the standing wave for 
certain combinations of the mentioned material properties of particles and host liquid. 
A progressive wave however can be assumed to be present in any realistic separation 
systemi. 

Figure 38 shows the calculated absolute valuesii of the acoustic contrast ratio as of 
term II in equation (53). The ratio is given as height of a data point over a plane the 
axes of which are λ  and. σ  The “wall” represents the region where the acoustic 
contrast factor of the standing wave but not that of the progressive wave is vanishing. 
The graph was cut-off at values of one which means that the acoustic contrast factors 
are equal at the top. However the “wall” is of infinite height with the exception of the 
centre 1λ σ= = , where both contrast factors are zero and therefore II is not defined. 
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Figure 38 Ratio of the absolute values of the acoustic contrast factors of a progressive 
wave and a standing. The respective value is shown over a coordinate system 
of the ratios of mass density λ  and speed of sound σ  of particle and host 
liquid. The centre of the graph is modified to disguise confusing artefacts from 
calculation. 

                                                           
i Moreover the progressive wave is necessary to transport the energy replacing the losses within the 

resonator; a standing wave does not transport energy by definition. 
ii The direction of the force does not matter here. 
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Each “point” on the surface in Figure 38 represents a suspension in terms of 
specific values of the mass density and speed of sound ratio ( ),λ σ

υyea

 of the suspended 
particles and the host liquid, respectively. The evaluation of the acoustic contrast ratio 
for yeast cells suspended in water-EtOH mixtures was conducted with material 
properties for the water-EtOH mixtures as presented in Figure 37. For the mass 
density of yeast  was used22, the speed of sound value was 
estimated from the measured compressibility of erythrocytes78 to . 

-31114 kg mρ =yeast
-11642 m s=st

The resulting values for λ  and σ  for yeast suspended in water-EtOH mixtures are 
assigned to the axes of Figure 39. In this illustration the acoustic contrast factor ratio 

( ) ( ), ,λ σ λp sK K σ  is represented by the shading of the ( ),λ σ  plane, darker regions 
represent higher values as of Figure 38. With increasing EtOH concentration the 
“path” approaches the area where the acoustic contrast factor of the standing wave 
vanishes, however, critical regions are not reached. 

As the particles here were yeast cells one may assume changes of their “material 
properties”. The relaxing influence of EtOH on the cell envelope presumably could 
decrease the speed of sound within the cell. Furthermore mass transfer through the 
cells wall/membrane occurs, hence the mass density might change too79. Therefore the 
calculation was repeated with modified values of  and 

, hence 

-31018 kg mρ =yeast
-11512 m sυ =yeast 1.02λ σ= =  when suspended in water. Figure 40 shows the 

acoustic contrast factor ratio ( ) ( ), ,λ σ λsK σpK  for suspensions of such particles in 
water-EtOH mixtures. At EtOH concentrations around 10%(v/v) the contrast ratio gets 
very close to those regions where the acoustic contrast factor of the standing wave and 
hence the cell-ordering effect vanishes. 

Discussion 

The described phenomenon of the radiation forces exerted by the standing wave 
on the particle vanishing at certain values of λ  and σ  has been used for purposes of 
the analysis of the adiabatic compressibility of liquid droplets and particles 
before78,80,81. 
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In this attempt to explain the breakdown of the spatial distribution of yeast cells in 
an acoustic field when water-EtOH mixtures were used as host liquid the speed of 
sound and mass density deviations in water-rich EtOH mixtures from the respective 
values in pure water were found to be a possible reason. This became most evident 
when certain changes of the respective properties of yeast cells were assumed. 

The presented calculations of the acoustic contrast factor ratio, especially with 
hypothetical yeast cells with modified speed of sound and mass density, shed some 
light on the unexpected behaviour of turbulence in water-rich EtOH mixtures when 
subjected to a standing acoustic field. 

However this explanation might not be exhaustive. Consideration of viscosity 
might be necessary, as water-rich EtOH mixtures show a substantial increase of 
viscosity up to 50%(v/v) EtOH. At 12%(v/v) EtOH the viscosity of water-EtOH is more 
than 1.5 times higher than for pure water. 

Higher viscosity could lead to an increase of the radiation force, in particular in a 
progressive wave82. At high frequencies (above 1 MHz) and for particles above 1 µm 
in diameter the direction of the periodic force may change due to viscosity, particles 
that in the non-viscous case were driven into the pressure nodes are then concentrated 
in the displacement nodes6. The consideration of viscosity might explain as well the 
re-establishment of the spatial order at high true electrical power input settings as 
observed due to some unexpected dependence of the (adiabatic) compressibility of the 
host liquid on the pressure amplitude or acoustic energy density. 

R2.5 Conclusion 
The unexpected behaviour of yeast suspensions in the ultrasonic separation 

system in the presence of EtOH at low concentrations was investigated in detail. 

• It was shown that the breakdown of the spatial distribution of cells was 
followed by complete mixing. The phenomenon was therefore turbulent, no 
retention/filtration could be measured. 

• The breakdown occurred suddenly at a certain EtOH concentration and was 
reversible, i.e. the addition of water did terminate the streaming and re-
established the ultrasonically induced spatial order. 
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• Heavy decrease of cell viability and an increase of intracellular material in the 
supernatant was detected after the suspension had been exposed to the 
turbulent streaming. 

• Furthermore the ability of cells to reproduce was severely impaired after 
sonication, the cells showed alterations to their inner structure, namely the 
vacuole. All influences showed to increase with sonication time. 

• Transmission electron microscopy delivered severe cell damage, especially to 
the cells’ envelopes. Organelles were identified in the suspension. 

• As un-sonicated controls exposed to water-EtOH mixtures did show 
significantly less reaction, the damage was concluded to be mechanical. The 
yeast cells were cracked open during the ultrasonic exposure very efficiently. 
There might be some application potential for this effect as well. 

• It was shown by the spectra of the true electrical power input that no major 
differences in respect to the effective attenuation and the presence of a 
standing wave existed between water and water-EtOH. 

• A standing wave was as well present when yeast cells were suspended in a 
12%(v/v) EtOH-water mixture although the separation system displayed the 
turbulence. However an additional energy consumption was detected by a 
decrease of the acoustic quality factor at higher settings of input power. This 
was interpreted due to the drain of kinetic energy by the moving particles 
within the active volume. 

• The material properties speed of sound and mass density of water-rich EtOH 
mixtures were found to be responsible for the breakdown/turbulence as 
observed in the ultrasonic separation efficiency. The influences on the acoustic 
contrast factors between the yeast cells and the host liquid led to acoustic 
contrast factor ratios which delivered the primary radiation force contribution 
of the standing wave to be possibly smaller than that of the progressive wave. 
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R3 Effects of the spatial arrangement: Selective cell 
immobilisation and alterations of the resonator’s 
acoustic behaviour 

R3.1 Introduction  
A novel technique was developed for the investigation of the spatial arrangement 

of the cells in the filter chamber caused by the acoustic forces involved83,84. The solid 
fraction of a suspension (cells or particles) was entrapped in a gel matrix by initiation 
of polymerisation chemically or thermally during the application of the ultrasound (see 
chapter M4). Thus the particles were “frozen” at their final positions throughout the 
ultrasonic field in a gel-block. 

The novel method will be introduced in chapter R3.2. 
The ability of the UES principle to retain particles size-selectively is exploited in 

chapter R3.3 for a mixture of yeast and the much smaller lactic acid bacteria. 
The influence of the arrangement of particles on the acoustic properties of a 

resonator will be investigated in chapter R3.4. It is the first time this question could be 
addressed because changes of the acoustic field parameters, e.g. the frequency as it is 
necessary for a measurement, would instantaneously change the radiation forces 
exerted on the particles and therefore might change their arrangement. With the gel 
immobilisation technique the arrangement can be maintained independently of the 
sound field and therefore an investigation of the acoustic properties of the resonator 
without the feedback on the spatial arrangement of the particles within becomes 
possible. 

R3.2 Polymerisation of the host “liquid” during sonication – a novel 
technique 

The aim of this study was to evaluate a new technique, which allows to investigate 
of the effects of the ultrasonic standing wave field on suspended particles. Light 
microscopy was used to examine the positions of the cell aggregates in the acoustic 
field in relation to the positions of the field’s pressure nodal planes as well as the 
arrangement of the cells within each nodal plane. 
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The separation system was filled with a suspension of yeast cells in liquid 
polyacrylamide and operated in batch mode. After the chemical initiation (see chapter 
M4.1) of the gelation the ultrasonic field was switched off and the chamber opened, 
the gel block was retrieved from inside the chamber. This specimen then was 
sectioned, cells were dyed with toluene blue. The cell distribution was examined by 
means of light microscopy, cells appear dark in the following figures. 

The micrographs in Figure 41 to Figure 42 were taken from thin slices cut out of 
the gel-blocks in different directions. 

Cuts in x,z-direction confirmed the presence of specific regions in the ultrasonic 
field, the periodical variation of the axial primary radiation force in direction of sound 
propagation was reflected by the cells’ organisation in lines corresponding to the 
standing waves’ pressure nodal planes (Figure 41a). 

An aberration of the predicted behaviour was detected (Figure 41b) where cells 
were concentrated in regions along the direction of sound propagation. This 
phenomenon is called “dancing” and has been observed as being dynamic, i.e. the 
cells stream from one nodal plane to the next during sonication. 

      
  

Figure 41 Light micrographs of sections of a polyacrylamide gel-block cut in 
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than one cell’s diameter (Figure 42a). A fine structure like predicted (compare Figure 
4) to be brought about by the secondary radiation forces could not be detected. 
Instead, some kind of stream-likei behaviour was suggested by the pictures. However, 
if the cells in fact have been arranged in a helix as might be concluded from Figure 42b 
could not be answered due to the two-dimensional nature of the method presented 
here. 
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polyacrylamide was slightly higher than in water (half-wavelength 337.5 µm at 
2.2 MHz, 25°C). The distance between two columns resulting from the concentration 
within the nodal planes was determined to be y0 = 3427.7 ±s.d. 88.9 µm. This value is 
essentially an individual behaviour of the transducer in use and therefore could not be 
compared to a theoretical counterpart. 

    
Figure 43 In z,y-direction the overall shape of an aggregate is rather irregular. The fine 

structure as observed could not be explained by secondary radiation forces. 

    
Figure 44 A cut in x,y-direction reflected the influence of the primary radiation forces. The 

half-wavelength was measured to be x0 = 379.6 ±s.d. 21.7 µm, the distance 
between the columns was y0 = 3427.7 ±s.d. 88.9 µm. 
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Growth of yeast ultrasonically arranged in gel 

While gel entrapment was reported to increase the tolerance of cell cultures to 
external stress factors25,26,73, ultrasonic forces have shown to be useful in manipulating 
and concentrating yeast cells within a gel. The task in the following experiment was to 
check for the ability to reproduce of gel-entrapped cells after having been arranged by 
an ultrasonic standing wave field. 

Freshly grown yeast cells were suspended in 5%(w/v) malt extract agar. This 
growth medium used for cell cultivation is a thermo-gel, i.e. the polymerisation is 
brought about by decreasing the ambient temperature below some 37°C. Therefore 
procedures had to be adjusted in that the gelation process could not be initiated 
untimely, and the sound field had to be present until the filling of the separation 
system was cooled down throughout the active volume. Subsequently the gel-block 
was retrieved from the chamber and put into an incubator at 30°C for four days. 

Figure 45a shows the cells immediately after arrangement to the standing 
ultrasound field. It was confirmed that the cells were viable and reproductive, as a 
significantly higher number of cells were detected in the specimen that has been kept 
in the incubator (Figure 45b). 

   
  

Figure 45 Growth of ye
taken immed
incubation. 
(a)
ast cells arranged in malt extract agar
iately after the manipulation (a) and 
(b)
 by ultrasound. Pictures 
after four days (b) of 
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Discussion 

The experimental findings presented here showed the novel technique of gel 
immobilisation to provide insights to the effects of radiation forces on cell suspensions 
in an ultrasonic standing wave field. 

The axial and transverse primary acoustic radiation forces ordered yeast cells as 
predicted by theory. However the postulated influence of the secondary radiation 
force was not found, the aggregates appeared to have a twisted structure. 

A cut parallel to the transducer surface revealed an uneven distribution of yeast 
cells which would allow the perfusion of liquid parallel to the axis of sound 
propagation. Thus a nutrient medium can reach cells immobilised in an ultrasonic 
field. 

It was shown that yeast cells arranged in a viable gel were replicating. 

R3.3 Size selective effects in a yeast/lactic mixture 
Lactic acid bacteria are a common contamination in brewing and the question was, 

if their number can be reduced within a given yeast suspension by UES. 
The following experiment was carried out like the separation efficiency 

measurements for the flow-through set-up in R1.2, however, the suspension used here 
was a mixture of freshly grown S.cerevisiae strain NCYC 1006 at a concentration of 
3.9·107 ±s.d. 5.4·106 cells/mL and the lacto-acid bacteria L.brevis (see chapter M2.2) at a 
concentration of 1.8·108 ±s.d. 1.2·107 cells/mL. L.brevis is rod shaped and smaller (~1 µm 
in diameter and 2-4 µm in length) than yeast cells. Single cells of L.brevis tend to form 
chains when grown in suspension. 

As shown in Figure 46 a significant difference in separation efficiency (S.E.) 
between the two cell types was achieved. While yeast was retained pretty much like in 
the experiment where no other particles had been present (dashed grey line, compare 
Figure 14a), the lactic acid bacteria showed a maximum S.E. of below 50%. The 
separation efficiency for yeast cells was therefore significantly higher than for L.brevis. 
The volume that had passed until the main increase was finished was roughly 40-
50 mL for both cell types. 
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Figure 46 Selective separation efficiency of a yeast/lactic mixture. The Ultrasonically 
Enhanced Settling showed the predicted size selectivity as the S.E. for yeast 
was significantly higher than for L.brevis. Throughput was 5.6 L/d and 8 W true 
electrical power input was applied. The dashed line represents repeated data 
from Figure 14a. A settling of yeast cells unrelated to ultrasonic effects was 
measured as indicated by . suspS E. .

Figure 47 shows the spatial distribution of yeast and bacteria cells prior to 
sonication. The cells were dispersed evenly, due to the differences in size and shape 
both types could be identified easily. 

  
Figure 47 Thin-slice light-micrograph of a mixture of S.cerevisiae and L.brevis in 

polyacrylamide gel, both cell types were homogeneously distributed. 

The ultrasonic standing wave field was applied during the gelation of the 
suspension. The micrograph thereof in Figure 48 indicated selective effects on the 
different cell lines. The yeast cells were driven into the pressure node. The smaller 
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L.brevis however were concentrated less effectively and detected at some distance from 
this region. 

  
Figure 48 Micrograph taken after sonication. L.brevis cells were detected outside the 

pressure nodal region where the yeast cells were concentrated. 

Lower magnification (Figure 49) for the sake of a wider viewing angle revealed 
some increase in L.brevis concentration in the proximity of the pressure node, however 
L.brevis cells were distributed more homogeneously than yeasts. 

  
Figure 49 Micrograph taken after sonication with wider field of view than for Figure 48; 

some increase of concentration of L.brevis cells towards the pressure nodal 
region was detected. 



Results S.Radel, Ultrasonically Enhanced Settling: The effects [...] on suspensions of [...] S.cerevisiae. 107  __________________________________________________________________________  

Discussion 

The gel-method provided the means to confirm the suspicion that the difference in 
the radiation forces acting on the two types of particles was responsible for the 
different S.E. The arranging forces exerted on yeast cells were stronger than those 
acting on the smaller bacteria, the spatial arrangement for the latter therefore was less 
pronounced. Hence the draft of the liquid carried a higher fraction of the lactic acid 
bacteria to the outlet. 

The comparison with results presented in chapter R1.2 revealed a slight difference 
between the S.E. data for the yeast there and the result just shown. A settling effect not 
caused by the ultrasound was measured as indicated by the negative separation 
efficiency of  in Figure 46. The reason for that may have been the tendency of 
freshly grown yeast cells to stick to each other which leads to a fraction of compounds 
of two or three cells. This reduced the cell concentration to 3.2·10

. .suspS E

7 ±s.d. 5.6·106 cells/mL 
in the beginning of the run which explains the slight subsequent reduction of S.E. due 
to lower initial bio-mass load (compare Figure 14a). 

This result is of practical relevance as it was shown that the ratio of the cell 
concentrations of yeast and lactic acid bacteria could be positively influenced. An 
enrichment of yeast in respect to contaminating bacteria by UES is possible. 

R3.4 Alterations of the resonator’s electrical admittance due to the 
arrangement of particles 

The question if the acoustical behaviour of the resonator changed when the spatial 
arrangement of particles in the suspension took place was addressed with the gel 
immobilisation technique for the first time85. 

The scope of the following experiments was to examine the dependence of the 
resonance quality factor on the spatial arrangement of suspended yeast cells as it can 
be assessed by measurement of the true electric power input at a given voltage or, at 
higher accuracy, by the electrical admittance (real and imaginary parts) of the 
resonator at different frequencies. 
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In-situ measurement at operational levels of true electric power input 

The active volume of the separation system in batch set-up (Figure 9, left) was 
filled with yeast suspended in liquid 1.2%(w/v) agar technical. The suspension was 
then sonicated to arrange the cells until cooling had solidified the gel. 

On continuing sonication the true electric power input at operating levels was 
then measured at a fixed output voltage level of the amplifier over a frequency range 
around the initial driving frequency at which spatial ordering had been brought 
about. Due to the fixation of the cells’ positions by the gel the cells could not be moved 
anymore by the radiation forces. Figure 50 shows the comparison of this data set 
expressed as true electrical power input over frequency to a measurement of a sample 
that had been polymerised with the cells equally distributed in the volume. The 
resonance quality factor defined by the ratio peak height to peak width, was slightly 
decreased in the case of ordered cells. The frequencies of the corresponding peaks 
were slightly shifted due to a change in speed of soundi. 

 

0

3

6

9

12

15

2.190 2.195 2.200 2.205 .215 2.220 2.225 2.230

2.175 2.180 2.185 2.190 2.195 2.200 2.205 2.210 2.215

ordered
unordered

 
 

tr
ue

 e
le

ct
ric

al
 p

ow
er

 in
pu

t 
[W

] 

Figure 50 Comparison of the true electr
separation system filled with y
suspended (grey) and in final arr

                                                           
i Besides an explanation by the ordering of the ce

too. 
2.210 2

frequency [MHz]
frequency [MHz]
ical power input at operation level for the 
east cells ‘frozen’ in agar technical - freely 
angement (black). 

lls this could be a result of temperature differences 



Results S.Radel, Ultrasonically Enhanced Settling: The effects [...] on suspensions of [...] S.cerevisiae. 109  __________________________________________________________________________  

High-precision measurements employing a special resonator 

An experimental system employed for more accurate measurements is shown in 
Figure 51. Two PZT ceramics glued to either side of a cuvette ensured a symmetrical 
sound field in respect to the temperature-dependent wavelength as the transducers 
emit moderate heat into the active volume (AV). Since this volume was also smaller 
(2 mL) than the UES system used elsewhere in this work, temperature gradients were 
supposed to be less steep, thus decreasing their influence on the wavelength in 
direction of sound propagation. 

The active volume was filled with a suspension of particles at a solid mass load of 
5 g/L in liquid 1.2%(w/v) agar technical. Two types of particles were used: bakery’s 
yeast and latex beads (Bangs Laboratories) which had about the same size distribution 
as the cells. The volume was then sonicated to arrange the particles until cooling had 
solidified the gel. 

Subsequently, the measurements of the resonator’s electric admittance were taken 
using very low levels of electrical power input, therefore no temperature changes 
could influence the results. The admittance measurement system was described by 
Schmid et al.54. 

   
Figure 51 Experimental resonator with two piezoelectric ceramics (PZT) glued to either 

side of a glass cuvette to deliver a more symmetric acoustic field. The active 
volume (AV) was holding the suspension. 



Results S.Radel, Ultrasonically Enhanced Settling: The effects [...] on suspensions of [...] S.cerevisiae. 110  __________________________________________________________________________  

The results in Figure 52 to Figure 54 consist of locus plotsi (upper graphs) and of 
the frequency spectra of the absolute electrical admittance (lower graphs). The smaller 
circles of the locus plots refer to the corresponding lower resonances, which were as 
well used for the separation process before. Numbers in the upper graphs are the 
resonance quality factors, in the lower graphs numbers refer to the peak admittance 
values. 
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Figure 52 Highly accurate control measurements of the complex electrical admittance of 
the experimental resonator system filled with water (left) and 1.2%(w/v) agar 
technical (right). 

 
i A locus plot shows the imaginary and real part of the admittance, respectively, on the complex plane. 

The frequency is the curve parameter, i.e. changing over the curve. 
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No significant differences were detected for the control measurements of the pure 
host media water (Figure 52, left) and gel (Figure 52, right). Addition of 5 g/L yeast 
cells into the agar did not change the result significantly as well, as long as the solid 
fraction was freely suspended (Figure 53, left). However, the fixation of the spatial 
distribution of the cells in the pressure nodal planes during sonication showed 
remarkable influences on the subsequent high accuracy admittance measurement 
(Figure 53, right). The separation frequency of about 2.15 MHz showed a significantly 
lower admittance peak and the height of the second peak was decreased as well. 
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Figure 53 Highly accurate measurements of the complex electrical admittance of the 
experimental resonator filled with yeast cells (5 g/L) suspended in 1.2%(w/v) 
agar technical. A significant decrease of the resonance quality factors or 
admittance peak heights, respectively, was detected when the cells were 
arranged due to preceding sonication (right) in comparison to a homogeneous 
distribution of cells in the gel (left). 
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Along with this effect a spurious mode was excited as shown in the locus plot by 
the double circle for the separation frequency of 2.15 MHz. The automatic detection of 
the quality factors by the measurement system failed for this reason, calculation by 
hand is denoted by the brackets around the numbers. 

Figure 54 shows the results for the latex beads. The changes of the admittance due 
to the arrangement of the particles was very similar to the result for yeast cells. Again 
the separation frequency showed a significant lower admittance and the second peak 
was decreased. The excitement of a spurious mode however, might not have taken 
place to the same extent for the latex particles as for the yeast cells. 
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Figure 54 Highly accurate measurements of the complex electrical admittance of the 
experimental resonator filled with latex beads (5 g/L) of a similar size 
distribution as yeast suspended in 1.2%(w/v) agar technical. A significant 
decrease of the resonance quality factors or admittance peak heights, 
respectively, was detected when the beads were arranged due to preceding 
sonication (right) in comparison to a homogeneous distribution of the particels 
in the gel (left). 
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Discussion 

The comparison of the resonator admittance results between freely suspended and 
arranged particles delivered a decrease of the resonance quality factors in the latter 
case. Similar results were achieved with two different types of suspended particles, 
yeast and latex beads. 

That an effect exists was shown and the different acoustic behaviour is plausible if 
a damping mechanism due to the ordering of the particles is assumed. However, 
further investigations aiming on the exact nature of this attenuation are necessary, the 
effect is easily accessible by the electric admittance (or impedance) measurement at the 
transducer electrodes. 

This could be exploited in future separation systems. An on-line measurement 
system could precisely detect when the arrangement of particles is finished, the 
acoustic field and the throughput pump could be automatically switched off at this 
moment to let the aggregates settle. This might increase the performance number – 
throughput per power input and time – by decreasing the energy consumption. 

R3.5 Conclusion 
The presented novel gel immobilisation technique was shown to be suitable for 

the investigation of ultrasonically arranged particles. The following results were 
obtained: 

• The effect of the acoustic radiation forces on different particles was examined 
employing light microscopy. 

• An explanation for different separation efficiencies of a two particle 
suspension, S.cerevisiae and L.brevis, was found in the particle-specific spatial 
distribution in respect to the periodic pattern of the standing wave. 

• It could be shown that the arrangement of particles by an ultrasonic field 
influences the field itself. A decrease of the resonance quality factors of the 
separation system was detected. 
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R4 Examination of damage to yeast cells exposed to plane 
ultrasonic fields 

R4.1 Introduction 
Ultrasonic systems are used routinely to break up cells, for instance when 

substances produced inside are of interest. For this purpose, however, much lower 
frequencies in the ten and hundred kilohertz range are used and completely different 
transducers called horns irradiate the suspension with a high-energy progressive 
wave in such ultrasonic disruptors86,. Yeast cells however are known even in this 
regime to be resistant, intense sound exposure is necessary for the brakeage87. 

Therefore it was necessary to further investigate the cell damage and decreased 
viability reported in chapter R2.3 as the separation system used here was tested with 
various cell lines, however a decrease of viability or cell damage as reported in chapter 
R2 was not reported when UES or similar ultrasonic particle manipulation was 
applied. 

In chapter R4.2 the results of thorough examinations will be presented, if cells 
exposed to ultrasound generating the described heterogeneous spatial ordering, i.e. 
driving the cells in the pressure nodal planes, display alterations to various properties. 

Thacker88 connected the presence of air bubbles in addition to ultrasonic treatment 
with yeast damage, finding distinct differences between sonication with 20 kHz and 
1 MHz. During the experiments presented in chapter R2 gas arising from the process 
of mixing of EtOH and water has been present. At the same time cell damage was 
observed. Therefore a sono-chemical test has been applied to check for cavitation as 
described in chapter R4.3. 

A different resonator advantageous from the observation point of view was used 
to further confirm and enhance these results in chapter R4.4. 

Anticipating some results, it was indicated to investigate the response of yeast to 
the exposure of altered ultrasonic fields. In chapter R4.5 the absence of viability 
changes due to a standing wave applied to gel immobilised cells will be reported and 
chapter R4.6 is about the sonication of yeast suspensions in a separation system with a 
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reduced reflection coefficient thus producing a sound field with a low standing and a 
significant progressive wave component. 

R4.2 Effects on yeast exposed to ultrasound in the pressure nodes of 
a standing wave field 

The UES principle is purely based on gentle, acoustically induced, loose particle 
aggregation followed by sedimentation. It has been shown that the use of cell filters 
based on the UES principle is not influencing the viability of yeast and other cell 
lines5,7,9,10, methods employed included flow cytometry20. 

However the results of chapter R2.3 showed severe influences on yeast89. Thus the 
investigations in this section will concentrate on the question, to which extent the 
exposure to ultrasound in the pressure nodes, essentially due to acceleration/vibration, 
affects the viability, integrity/leakage, the ability to reproduce and also the vacuole of 
the cells. 

Effects on viability, integrity, ability to reproduce and morphology 

The study was conducted for S.cerevisiae NCYC 1006 in the logarithmic phase (20-
24 hours) and the stationary phase (40-60 hours) of the growth cycle separately. Older 
cells have divided more often and each replication leaves a bud mark in the cell wall. 
The number of such marks alters the mechanical strength of a cell and furthermore 
older cells have larger vacuoles. Mechanical damage to the cell envelope and the 
vacuole was suggested, thus specific effects on these components could surface when 
results were compared. 

Logarithmic phase 

The viability was examined using the methylene blue staining technique (see 
chapter M3.3). The result in Figure 55 showed no influence of the sonication on the 
ratio of viable/non-viable cells. For all treated samples and controls the average 
viability was measured to be above 94%, standard deviation was low as indicated by 
the error bars. 

The absorption of UV-light of 280 nm (see chapter M3.4) had been used to 
establish a statement if yeast cells leak intracellular material into the supernatant when 
sonicated in water. The means of the optical density (O.D.) readings at 15, 30 and 
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60 minutes in Figure 56 did not show any increase of leakage over time, the standard 
deviations were as well low and of equal magnitude. 

Plate counts (see chapter M3.5) yielded data about the cells’ ability to reproduce 
on a plate. To increase the precision of the measurement the numbers of colony 
forming units (CFU) found on the malt agar extract plate were normalised by the cell 
concentration of the individual samples giving a CFU/cell ratio shown in Figure 57. 

The resulting values were decreased in both the sonicated sample and the control 
to some 50%. The large standard deviations of the means prevented a significant 
result, whether the exposure to the ultrasound affected the cells’ ability to reproduce 
in comparison to the un-sonicated control. Furthermore no influence of the duration of 
the sonication was observed due to this instability. Except for the 60 minute 
measurement, the standard deviations for the controls where higher than for the 
treated samples. 

The integrity of the internal structure of the cells’ vacuoles was measured with a 
fluorescent vacuole membrane stain (see chapter M3.6). No influence of the sonication 
and very low standard deviations where the result for yeast cells in logarithmic phase 
(Figure 58). 
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Figure 56 Measurement of the amount of intracellular material in the supernatant by the 
O.D. of ultraviolet light at 280 nm. Data acquired after 15, 30 and 60 minutes 
of log-phase yeast cells suspended in water sonicated at 24 W. The cells were 
kept in the pressure nodal planes in the separation system in batch set-up. 
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Figure 61 The cells’ ability to reproduce as of viable plate counts, result given in 
percentage CFU. Data acquired after 15, 30 and 60 minutes of log-phase yeast 
cells suspended in water sonicated at 24 W. The cells were kept in the pressure 
nodal planes in the separation system in batch set-up. 
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The composition of the cells’ vacuoles however was different for stationary phase 
cells. The standard deviation was slightly higher than for the results in logarithmic 
phase. Figure 62 shows values around 90% - in comparison to well over 95% for the 
log-phase cells - for both the controls and the sonicated samples. No trend over time 
could be detected. 

Comparison of fluorescent vacuole membrane staining results 

This investigation was set out to establish if significant differences existed between 
the vacuole states of logarithmic phase and stationary phase cells and whether 
sonication influenced the vacuoles at any phase of growth. 

Sonicated samples where compared to controls for the different stages in the 
growth cycle, regardless how long the ultrasound was applied. The result (Figure 63) 
clearly showed, that in respect to this examination there was a difference between 
logarithmic and stationary phase cells. While for the logarithmic phase no influence of 
sonication was measured, results for the stationary phase had to undergo a t-test. 
Some possibility of an effect of the ultrasound existed but below the significance level 
(P = 0.11). 
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Figure 63 Fluorescent vacuole membrane dye counts for the comparison of the influence 
of a standing wave on cells of different age. Results showed a trend to a very 
mild effect on the older cells in stationary phase. 
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Statistical examination of plate counts 

The results of viable plate counts for logarithmic and stationary phase cells were 
noisy. It was not clear why the standard deviation was increased, the measurements 
were carried out with much care. However the lack of evidence about an influence of 
the exposure to sound was unsatisfactory, hence it was tried to improve the limited 
result by statistical means. 

These investigations were not aiming on significant differences between 
logarithmic phase and stationary phase cells. Thus, to increase the number of samples, 
the hypothesis that each of the two corresponding samples (15, 30 and 60 min. 
treatment and control respectively) came from the same populations with the same 
means has been tested. A two-tailed t-test showed this to be likely (P-values 0.39, 0.61, 
0.67, 0.53, 0.45, 0.62), but in one case (60 min. treatment) the assumption of the 
variances being unequal had to be used. The means of both the logarithmic and the 
stationary results and the standard deviations thereof are shown in Figure 64. 

That analysis of variances (ANOVA) was applicable had to be shown by means of 
a one-tailed F-Test checking for equal variances of treated samples and controls for 
each time-point. Although the hypothesis of equal variances had to be dropped for the 
data of 30 min (P = 0.033) and almost for 15 min (P = 0.051) sonication, it was assumed, 
that the subsequent ANOVA was stable enough due to the equal number of samples 
used in all cases90 for the calculation of the means and thus the. 

A one-way ANOVA performed on the sonicated samples showed significantly, 
that there was no dose response up to one hour as the means confirm to be equal 
(P = 0.999) as they appear in Figure 64. 

Finally a two-way ANOVA with replication was carried out. Duration of 
sonication and the statistical interaction between ultrasonic treatment and exposure 
time did not show much influence (P-values 0.57 and 0.59). The sonication itself 
(P = 0.11) possibly affects the behaviour of the cells when plated out, as suggested by 
the means, but below the demanded significance level of 95%. 
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Figure 65 Transmission electron micrograph of yeast cells treated with ultrasound within 

the pressure nodes of a standing wave sound field. The appearance of the 
internal components of the cell suggested that the vacuole was damaged. The 
nucleus (N) was visible and the envelope (E) seemed to remain intact after 
sonication. 

Discussion 

Confirming many reports no evidence of a decreased viability of yeast cells was 
found when exposed to ultrasound in the pressure nodal planes of a standing field at 
frequency around 2 MHz. Furthermore no leakage was detected for sonication in a 
properly working separation system for durations up to one hour. This was confirmed 
by TEM delivering the cell walls to be intact 

An effect of the ultrasound on the results of viable plate counts was insignificant 
and therefore negligible when the spatial arrangement of cells in the sound field took 
place. The un-sonicated controls did show high standard deviation and a time-dose 
response was not found. However it could be shown that the exposure to 12%(v/v) 
EtOH combined with ultrasound treatment (chapter R2.3, Figure 31) represented an 
additional stress to the cells in respect to their ability to replicate on a plate. 

No alterations to the integrity of the vacuole for cells exposed to sound and 
controls was measured for cells out in logarithmic phase of the growth cycle. Cells in 
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the stationary phase showed a small decrease91 of vacuole integrity, however the an 
influence of the ultrasonic treatment was insignificant. 

The immobilisation of the yeast cells within the pressure nodal planes did 
minimise damaging effects, however TEM showed morphological changes when 
compared with a non-treated culture. The ultrasound seemed to alter the integrity of 
the cell vacuole while the nucleus was not affected. Although the corresponding data 
on the viability showed that this degree of damage was not lethal, these alterations 
associated with the heterogeneous spatial ordering of cells in the pressure nodal 
planes can be regarded to be reversible for a cell culture. 

R4.3 Cavitation 
Acoustic cavitation is described as the initiation and/or excitation of gas bubbles 

within a liquid by an acoustic wave or, in more general terms, as “any stimulated 
bubble activity due to various mechanisms, e.g. a sound wave”92. The mechanism is a 
well known phenomenon93-96, referring to the behaviour of bubbles within the sound-
field one distinguishes between inertial cavitation where a phase of rapid growth for a 
few oscillation cycles is followed by the collapse of the bubble producing shock-waves 
and high fluid velocities, and the more gentle non-inertial cavitation where a bubble 
oscillates excited by the sound wave over a long periodi. The size changes of the 
bubble during one cycle of non-inertial cavitation is rather small92.  

A theoretical value of the threshold of acoustic pressure below which cavitation 
cannot take place at a given frequency and gas saturation can be derived96, although 
the particular circumstances concerning the liquid and the sound field are of 
substantial importance97. EtOH for example might provide non-uniform hydrogen 
bond networks98 and thus lower the cavitation threshold for alcohol-rich water-EtOH 
mixtures in comparison to pure water15. 

Cavitation is held responsible for cell inactivation99 and cell damage52,88. For the 
ultrasonic separation system used in this work the peak pressure of the standing wave 
was calculated to be 0.6 MPa at 24 W true electrical input power in the pressure anti-
nodes which is an indication that cavitation is unlikely at a frequency of above 

                                                           
i These designations have replaced the formerly used terms “transient” and “stable” cavitation. 
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2 MHz96,100. However the following two reasons were decisive to address the 
occurrence of cavitation experimentally. 

Firstly, the consideration of the detected damages presented in chapter R2.3 had 
clearly indicated a connection between the alterations of the cells and their exposure to 
ultrasound when suspended in 12%(v/v) EtOH-water. Secondly, the presence of gas 
bubbles arising when water and EtOH were mixed were be assumed to decrease the 
cavitation threshold as gas bubbles represent cavitation nuclei. Moreover recent 
reports connected bacteria damage by cavitation to the presence of micro-bubbles in a 
1 MHz wave field101. 

The method of choice was to detect free radicals produced sono-chemically when 
cavitation occurred. This method has the advantage to consider the whole volume of 
irradiated sample and the full duration of sonication. The measurement of radical 
production is a common method of detecting cavitation102, others are acoustic 
imaging, sono-luminescence and the generation of sub-harmonics. The test used here 
was originally introduced by Weissler103, later extensively evaluated by Coakley52 and 
subsequently developed into the IEEE standard iodine test for (stable) cavitation104. 

The degradation products of water, H+ and OH-, ions are produced by the high 

local energy concentration provided by a cavitating bubble and especially by its 
implosion. The subsequent interaction with KI delivers free iodine. The starch 
indicates molecular I2 by turning blue (see chapter M3.1). This blue colour can be 
observed52 and additionally quantified by O.D. at 565 nm. 

A preliminary experiment was conducted in an ultrasonic disruptor (IKASONIC 
U 200 S), a device built for destruction of cells by cavitation. Suspensions of yeast in 
water and water-EtOH, respectively, were exposed to the ultrasonic wave at 
approximately 60 W/cm² at a frequency of 24 kHz. Both suspensions showed a similar 
decrease of methylene blue viability to some 40% after 10 minutes sonication. A 
repetition with a filling containing the appropriate chemicals delivered colouring of 
deep blue and violet, thus clearly indicating the presence of cavitation. 

The following experiment therefore was aiming on the detection of blue colour 
occurring while samples were irradiated in the UES system. In addition, the O.D. at 
565 nm was measured. The experiment was performed in the ultrasonic separation 
system as cavitation is influenced by the vessel105 and its geometry106. To increase the 
chance of so-called Willard events (bubble bursts107) the liquids and suspensions used 



Results S.Radel, Ultrasonically Enhanced Settling: The effects [...] on suspensions of [...] S.cerevisiae. 127  __________________________________________________________________________  

were exposed to fields at higher true electric power input settings than recommended 
for separation/filtration purposes. 40 W and 56 W where used in addition to a 
treatment with 24 W like in the studies of chapters R2.3 and R4.2. The chamber was 
filled with water and 12%(v/v) EtOH with and without yeast cells, respectiely. The cell 
concentration was 107 cells/mL. 

After the described ultrasound exposure and subsequent centrifugation of the 
samples the O.D. at 565 nm was measured. Neither in the case of clear liquids, water 
or water-EtOH, nor in the presence of yeast any increase of iodine in the starch 
indicated by a blue colouring was observed, the resulting O.D. in Figure 66 did not 
show any increase. 
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during this treatment shown by the production of free radicals therefore was 
connected to the decreased yeast viability. 

In the ultrasonic separation system, however, cavitation as it can be detected by 
the production of free radicals was not occurring. The power input applied was higher 
than those levels leading to disruption of the cells. 

This result indicates that the cell damage that occurred during experiments in this 
work was related to other effects. However, evidence of cavitation was not found does 
not mean that evidence of no cavitation was given. 

R4.4 Effects on yeast sonicated in an experimental resonator 
The following experiments were carried out in the experimental resonator 

described in chapter R3.4, a small cuvette resonator with two PZT ceramics glued to 
either side (compare Figure 51). This system has some advantages for research 
purposes in comparison to the separation system. It is transparent which allows the 
inspection of the behaviour of the particles within the resonator chamber. It is small 
enough to fit completely into the field of view of a light microscope, which enables one 
to observe the movement of the particles microscopically. It is working at 2.3 MHz. 

This system was exploited for tests aiming on the confirmation of the connection 
between the observed occurrence of turbulence and cell leakage. As cavitation is 
influenced by the volume of a vessel108 the respective examinations as describe in 
chapter R4.3 were repeated with the experimental resonator. 

However, a disadvantage of this system has to be mentioned: it was not possible 
to use the presented one-dimensional model for this system as the available computer 
programs cannot deal with two transducers yet, although this is not at all a restriction 
to the model itself. Therefore the results are confined to phenomenological 
observations, no evaluation of the parameters of the acoustic field could be presented. 

Effect of turbulence on cell integrity at different true electrical power inputs  

As a preliminary test the resonator was checked for the production of free radicals 
indicating cavitation (compare chapter M3.1) for true electrical input power (t.e.p.i.) 
settings of 2 W, 2.5 W and 3 W filled with non-turbulent yeast suspensions of 4%(v/v) 
and 5%(v/v) EtOH-saline and with turbulent suspensions at EtOH concentrations of 
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6%(v/v) and 7%(v/v), respectivelyi. In no case blue colour or an increase of optical 
density (O.D.) at 565 nm was observed. 

In the same liquid samples freshly grown NCYC 1006 yeast at a concentration of 
3·107 cells/mL in mixtures was put in. Sonication experiments were carried out in 
doublets, duration of sonication was one minute in each case. 

Figure 67 shows the resulting leakage of intracellular material. For the non-
turbulent sample at 5%(v/v) EtOH no change of the leakage was detected. However 
when the cells were turbulently driven through the resonator at 6%(v/v) EtOH an 
increase of UV-light absorbance at 280 nm was observed indicating leakage of 
intracellular material in the supernatant. Furthermore did the results indicate 
increased leakage at higher settings of the applied t.e.p.i. 
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Figure 67 Leakage of yeast in sound fields 
saline-EtOH mixtures at EtOH 
Turbulence was observed just for 
too. 

Effect of turbulence on cell viability and integr

The experimental resonator was used
grown yeast cells at a concentration of 4·1

                                                           
i The level of EtOH at which turbulence occurred 
t.e.p.i. [W

 

of 2  W, 2.5 W and 3 W t.e.p.i. suspended in 
concentrations of 5%(v/v) and 6%(v/v). 

6%(v/v) EtOH at which leakage was detected 

ity in the presence of EtOH  

 for the sonication of suspensions of freshly 
07 cells/mL in 0.9% (w/v) physiological saline. 

was lower in this experimental resonator. 
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Samples containing 4%(v/v) and 5%(v/v) EtOH respectively were prepared. Sonication 
was performed at 2.5 W t.e.p.i. for 3 minutes, turbulence was observed for the lower 
EtOH concentration only. 

Table 13 shows a significant decrease of viability and increase of leakage for the 
turbulent sample. The experiment during which the normal spatial arrangement of the 
cells was observed indicated no change in respect to this examinations. 

Table 13 Effect of turbulence in the presence of EtOH on viability and leakage of yeast cells sonicated 
for 3 minutes at 2.5 W t.e.p.i. 

Viability [%] and intracellular material in supernatant 

viability [%] UV O.D. 
EtOH conc. of 

suspension 

[%(v/v)] 

turbulent 
sonicated control sonicated control 

 

4 no 98.2 95.8 0.054 0.050  

5 yes 17.4 97.3 0.682 0.054  

 

Effect of turbulence on cell integrity in absence of gas 

During the process of mixing of water or saline and EtOH the generation of a fair 
amount of gas bubbles was observed. This was not suppressed when both liquids 
were boiledi prior to the preparation of the mixture. 

The attempt to eliminate the gas bubbles during sonication was motivated by the 
additional stress-factor they may represent to the cells. Although cavitation was not 
observed the surface of the gas bubbles represented obstacles to the moving yeast. 
Preliminary tests showed that an in case of gas-free liquids a higher concentration of 
EtOH had to be present to initiate the turbulent behaviour. Therefore the suspension 
for this experiment was additionally degassed after preparation by exposure to an 
under-pressure of 20 kPa for 10 minutes. 

The suspension used contained 12%(v/v) EtOH in 0.9%(w/v) physiological saline at a 
cell concentration of some 2·107 cells/mL. Three degassed and three non-degassed 
samples were sonicated in the experimental resonator at 2.5 W t.e.p.i. for 3 minutes. 

                                                           
i and cooled down in a closed bottle filled to the rim 
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During sonication the behaviour of the cells within the resonator was carefully 
observed over time. Whereas the non-degassed samples did show turbulent 
(Eckhardt) streaming for the whole duration of sonication the trials with degassed 
suspensions displayed a different behaviour because the EtOH concentration was on 
the threshold of turbulence for this case: 

• Trial 1 was turbulent from the beginning. 
• Trial 2 was banding from the beginning until 30 seconds before the end of 

the sonication, from then turbulence was observed. 
• Trial 3 was banding for the duration of the experiment, no turbulence 

occurred. 
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Figure 68 Leakage of intracellular material as delivered by UV O.D. The un-sonicated 
control was compared to three trials of sonication at 2.5 W t.e.p.i. Turbulence 
was observed for the whole duration of 3 minutes for non-degassed samples 
(grey markers), but shorter for degasses samples (open markers, see text for 
further explanation). 

The measurement of light absorbance at 280 nm as shown in Figure 68 reflected 
this. During the turbulent treatment (grey markers) the cell leakage was increased in 
respect to the un-sonicated control to the same level for each experiment. The results 
for the trials which where only partly turbulent (open markers) indicated a connection 
between the time it took until turbulence set in and the amount of intracellular 
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material found in the supernatant. The leakage of trial 1 (turbulence during the whole 
experiment) was not different for degassed and non-degassed samples. 

During all experiments the temperature never rose above 34.5°C, no gas bubbles 
were observed in the degassed trials. 

Discussion 

Damage to the cells was confirmed also to occur under certain conditions in the 
experimental resonator, a small ultrasonic cuvette resonator. 

No evidence of cavitation was found in this system. In the same samples used for 
cavitation checks the leakage of intracellular material was detected, hence this 
decrease of the cells’ integrity occurred while no evidence of inertial cavitation was 
measured. 

When yeast cells were arranged in the pressure nodal planes of the sound field 
although EtOH was present, i.e. the described turbulence did not occur, no leakage 
and an unaffected viability of yeast cells was measured. 

Results indicated that in case of turbulence the amount of protein in the 
supernatant was increased when higher settings of the electrical power input were 
used and the ultrasonic field was stronger. 

The presence of gas bubbles in the host liquid might increase the probability for 
cells to be turbulently driven through a standing wave field. However, yeast in 
carefully degassed suspensions containing 12%(v/v) EtOH showed this behaviour as 
well. This further confirms the explanation of the turbulence by the variation of the 
acoustic contrast (see chapter R2.4). 

Furthermore it could be shown that the amount of intracellular material in the 
supernatant measured by UV O.D. was a function of the duration of turbulence, 
regardless if gas bubbles were present or not. An increase of the temperature was 
insignificant. 
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R4.5 Effects on yeast homogeneously immobilised in a gel-block 
exposed to an ultrasonic standing wave 

One hypothesis regarding the cell damage was that the environment in the inter-
nodal regions, i.e. outside the pressure nodes, where the acoustic pressure pulsates 
with the frequency of the ultrasound was responsible for the cell damages. Therefore 
decreases in cell viability appeared to be a direct function of the intensity of the sound 
pressure applied when the cells were displaced from the pressure nodal planes. 
However in the presence of EtOH this was connected with turbulent movement which 
exposes the culture to an additional stress of sheari. Therefore the following 
experiments were designed to clarify if viability changes would occur for cells 
displaced from the pressure nodes if the streaming was eliminated. 

Employing the novel method of gel immobilisation introduced in chapter R3.2 
yeast cells were suspended in liquid gels and filled into the separation system in 
different configurations of the batch set-up (compare Figure 9, page 40). Before the 
ultrasonic field was applied the agar gels were cooled down until gelation was 
finished resulting in a gel-block with homogeneously distributed cells immobilised by 
the gel matrix. Therefore the cells were not banded in the pressure nodes by the 
standing wave but exposed to the sound field at their random positions. Thus cells 
were distributed over the volume treated with the whole range of pressure 
environments given by the periodic structure of the standing wave. 

Table 14 lists the various configurations, examination methods and sonication 
“styles” used. In the beginning of the study the growth of the cells was used as 
examination method. The malt extract agar gel block was kept at 30°C for four days to 
allow growth of the cells after sonication. The block was finally cut and examined 
using light microscopy. No differences in growth in respect to the cells’ position 
relative to the standing wave field were detected. 

Therefore different dyes were used for cells in agar technical, the result was 
negative again, no significant dependencies on the location were found. Furthermore 
no decrease in viability (methylene blue) was observed. 

                                                           
i The term shear in the context of this work is used not the strict physical sense but in the meaning of 

non-symmetric particle-liquid or particle-particle interactions. 
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EtOH was added to the gel to simulate additional stress, however no influence on 
the cells was found. 

Table 14 List of experiments in which viable yeast cells fixed at random positions in a gel-block were 
exposed to a standing ultrasonic wave field. None of the examinations did show any 
influences due to the cells location in respect to the sound field, i.e. nodal versus inter-nodal 
space. 

Experiments aiming on space dependent effects of standing waves on yeast cells. 

host medium t.e.p.i. [W]a duration configuration examination method 

56 15 min. 

48 15 min. 

24 30 min. 

no foilb 

16 15 min. 35 mm cooling 
volume, no foil 

5% malt extract 
agar 

24 5 min. no foil 

4 day growth in 
incubator 

8 6x1min./ 
1min. break 

no cooling 
volume 

24 20 min. no foil 
methylene blue overnight

32 20 min. UV fluorescent DNA dye 

0.6 % agar 
technical 

32 20 min. 3 fluorescent dyesc in 
confocal microscope  

0.6% agar technical 
12%(v/v) EtOH 32 20 min. 

standard 
configuration 

methylene blue overnight
a true electrical power input 
b for the presence of the gel-blocks the separating foil as used in the standard configuration of the UES system was not 
necessary 

c vacuole membrane, respiratory mutants, calcium cage 

Discussion 

It shall be mentioned that, although the experiments were carried out with great 
care, a lack of control existed. The methodology was not suitable to detect possible in-
homogeneity in the spatial distribution of viable cells. 

However, no over-all influence of the exposure of cells to the standing wave was 
picked up. The cells did not show alterations due to their different locations in the 
sound field throughout all the experiments. This result suggested that in the absence 
of continuous movement through the field the cells were not damaged. The exposure 
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to the pressure amplitude of a standing ultrasonic wave in a gel did not change cell 
viability. 

R4.6 Effects on yeast exposed to ultrasound in an anechoic system 
A cell moving in direction of sound propagation through the separation system is 

exposed to the sound not just mainly in the pressure nodes, but occasionally as well in 
the displacement nodes where the sound pressure amplitude is a maximum. The 
movement by the radiation pressure induces quick changes between these regions and 
therefore from the cells’ point of view an exposure to interacting pressure and shear. 

However, in all experiments showing decreases of viability and increased leakage 
so far, the combination of ultrasound and EtOH were inducing the streaming/shear. 
The influence of EtOH on the mechanical properties of yeast cells, relaxation and 
increase permeabilisation of the membrane, motivated further examinations whether 
an effect on the viability and/or mechanical damages would remain if EtOH was 
removed. 

The following experiment was therefore designed to simulate the cells’ stress as 
seen when moving through a standing wave field, but in absence of EtOH109. 

To accomplish this task the sound field had to be modified in that the axial 
primary radiation force of the standing wave was reduced to have the corresponding 
force distribution of the progressive wave drive the cells out of the nodal planes. As 
the standing wave is the superposition of the incoming wave and its reflection its 
amplitude can be altered by the reflection coefficient. The separation system was 
therefore modified (Figure 69), the reflector was replaced by an absorber of sponge 
(Sp). Open-porous material was used to ensure it was water-immersed and therefore 
reflection due to a change in the acoustic impedance at the water/sponge interface was 
minimised. In addition to that the incoming wave was scattered at the spike-shaped 
surface of the sponge, thus considerably decreasing the amplitude ratio of the 
standing and the progressive wave to below 0.5%. Thus, despite of the small sample 
volume, a free field condition was very well approximated, the modified separation 
system will be referred to as anechoic system. To disconnect the active volume from the 
absorber an additional cooling volume (C2) was connected to the original cooling 
volume (C1). The AV was terminated by acoustically transparent polyurethane foils 
on both sides. 
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However, two differences in comparison to the standard UES system have to be 
noted. Firstly, the amplitudes of sound pressure and displacement were decreased due 
to the decrease of resonant amplification and due to an electrical impedance mismatch 
between the amplifier and the acoustic system. Secondly, the rate of change between 
maximal pressure and maximal displacement when moving through the field was 
different from the cells point of view, because the relative velocity between the slow 
particle and the progressive wave in the anechoic system is in first approximation of 
course the speed of sound propagation, whereas in the standing wave field in case of 
turbulences due to EtOH the cells’ velocity itself was the relative speed. 

  
Figure 69 Anechoic sonication system with sound absorbing sponge (Sp). A suspension in 

the active volume (AV) was exposed to ultrasound at 14 W true electrical power 
input emitted by the transducer (Trd). Water was pumped through the cooling 
volumes (C1, C2). The second foil separated the AV from the absorber. 

The effort was successful, the cells were driven through the active volume (AV). 
However due to the different magnitudes of the radiation force contributions of 
standing and progressive waves due to term I in equation (53), rare occurrences of cell 
banding were still observed. But the majority of cells was exposed to alternating 
pressure and displacement and therefore to an environment much like the one 
experienced in a standing wave due to the presence of EtOH. 
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Effects on cell viability and integrity 
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Figure 70 Viability measured by methylene blue counts. Data acquired after 15, 30 and 

60 minutes for yeast cells suspended in water and sonicated at 14 W in an 
anechoic system. 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 30 60

control
sonicated

 
 

U
V 

O
.D

. 

]

Figure 71 Measurement of the amount of in
O.D. of ultraviolet light at 280 n
minutes in an anechoic system. 
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A subsequent examination of samples sonicated in the anechoic system delivered 
a decreased viability as measured by methylene blue counts and an increase in 
absorption of UV light by protein in the supernatant. 

The methylene blue count (Figure 70) showed a mild but significant decrease of 
viable cells. After one hour of sonication only some 75% of the cells were reducing the 
stain in comparison to a viability of almost 95% in the control. 

In addition to that a steady increase of intracellular material was detected by UV 
optical density (Figure 71). 

Transmission electron micrographs 

TEM after half an hour treatment at a true electrical power input of 14 W in the 
anechoic system delivered two types of cell damage. The micrograph in Figure 72 
shows a breakage of a cell’s envelope. A distinct gap can be identified between cell 
wall and cell membrane, however the wall seems to be intact. 

  
Figure 72 TEM of yeast after 30 minutes of ultrasonic treatment in the anechoic system. 

The morphology of the cell was altered, a significant gap between the 
membrane (M) and the wall (W) is visible. 
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Figure 73 TEM of yeast after 30 minutes of ultrasonic treatment in the anechoic system. 

The wall of the cell in the circle appears to have just opened and released its 
content. Surrounding cells do not show significant damage. 

Another picture (Figure 73) clearly shows a cell in proximity to its internal 
compartments. The almost empty hull seems to just have spilled out the intra-cellular 
material. The surrounding cells do not show alterations. 

Discussion 

Treatment of cells with progressive ultrasonic waves in the anechoic system 
confirmed the association between the presence of damage and the displacement of 
the cells from the pressure nodal planes in combination with shear in absence of 
EtOH. Following the treatment the cells displayed loss of viability and increasing 
amount of intracellular material in the extra-cellular space. Both alterations appeared 
to be directly correlated with the duration of the sonication. In these experiments the 
pressure amplitude of the wave was essentially constant in space and the cells were 
homogeneously distributed in the suspension. 

However the degree of cell death and leakage was smaller when compared with 
the same time point values detected in water-EtOH mixtures exposed to standing 
waves. This might be caused by the fact that due to the lack of resonance the cells 
treated within the anechoic system experienced a lower pressure than in the standing 
wave system in presence of EtOH. 
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TEM confirmed mechanical damage to the cell envelopes at the membrane-wall 
interface. Furthermore the measured decrease in UV optical density was explained by 
a micrograph showing an empty cell’s hull next to its content. 

R4.7 Conclusion 
The presented results were aiming on the investigation of alterations that occurred 

when yeast cultures were exposed to plane ultrasonic fields. 

• It was shown that the viability and integrity of yeast cells sonicated in the 
separation system under normal operation conditions was not affected. An 
influence of the ultrasound on the ability to replicate and on the integrity of 
the vacuole was not found when the cells were immobilised in the pressure 
nodal regions of the standing wave. TEM showed some non-lethal 
morphological changes. 

• Free radicals were not detected, therefore no evidence of cavitation was found. 
Explicitly this was not interpreted as evidence of no cavitation. 

• The use of a different resonator indicated that the occurrence of cell leakage 
and decreased viability was not connected with the specific system in which 
the sonication took place. 

• It was shown that an increase of the power input increased the leakage and 
that the leakage coincided with the set in of turbulence in the sonication 
chamber. 

• Degassing of the host liquid was observed to alter the EtOH concentration at 
which turbulence occurred, however cell leakage as of intracellular material in 
the supernatant was detected for degassed suspensions as well when cells 
were turbulently driven through a standing wave field. 

• After suppression of the turbulent movement by immobilisation of the cells in 
a gel matrix no influences on the ability to reproduce, their viability and 
morphology were detected due to the location of a cell in respect to the 
applied standing wave field. 

• Leakage and decreased viability were found when the sonication took place in 
an anechoic chamber exposing the cells to the combination of a high 
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progressive and a low standing wave to simulate the turbulence in absence of 
EtOH. TEM indicated severe damage to the cells’ membrane-wall interfaces 
and breakage of the hulls. Thus it was shown that EtOH present in a sonicated 
suspension is not the direct reason for cell damage, but indirectly may cause 
the damage due to the induced turbulence. 

• However the mechanisms responsible for the observed cell alterations were 
not finally elucidated. 
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OUTLOOK 

The development of separation systems utilising the principle of ultrasonic 
particle manipulation is ongoing, especially in respect to scale-up. Optimisation of the 
materials the resonators are built of, their size and the used frequency has reached a 
very high level57. Results presented in R1.2, R1.5 and R3.4 might flow into the design 
of control logics of the resonator drive unit and pump control to enable further steps 
of optimisation in respect to the separation efficiency and energy consumption of these 
systems. 

The ultrasonic principle has again shown to be save when applied on suspensions 
of biological cells. The mingled inner cell structure found with transmission electron 
microscopy might be connected with results of most recent investigations indicating 
that lag time (i.e. the time occurring before cells duplicate) observed in sonicated cells 
is longer than in the control. Further examinations utilising growth curves and 
fluorescent flow cytometry might be indicated, as these results support earlier 
observations74 that the structure of the elements responsible for cell division may be 
partially damaged or passivated. Such experiments would as well be suitable to 
answer the question if the observed alterations occur while the cells are kept in the 
pressure nodal planes, where they are exposed to vibration/acceleration, or prior to 
that, while the cells are still moving there from their original locations. 

From today’s point of view the possibility of arranging particles or cells within a 
gel by ultrasound is very promising. Investigations of the aggregates’ structures 
employing scanning electron microscopy and fluorescent confocal microscopy are 
already on the way110. Further investigations will finally lead into applications 
utilising this technique, possibly in the regime of bio-encapsulation, e.g. artificial 
organs or ecological highly competent fermentation capsules. 

A clarification of the exact mechanism of the cell damage is desirable. The 
explanation suggested by the results in this work is either shear or shear/pressure111 
interaction and unlikely but possibly heating. However, in comparison to stresses 
yeast cells have been reported to withstand this might not include the phenomenon in 
its entirety. Two hypotheses shall be mentioned, that surfaced during the experiments 
but could not be evaluated. 
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The first hypothesis is based on rumours, that yeast cells contain gaseous CO2. 
Although some effort was put into, a final answer if this is true could not be found 
even though the question seems to be very old112. This could lead to some kind of 
interaction of the ultrasound with the intracellular gas113 destroying the inner 
structure of the cell. An effect like this would have to be called intracellular cavitation. 
Although no evidence of cavitation was found, it must not be excluded to be 
responsible as recent reports show how hard it actually is to prove a negative in this 
regime114-118. 

The measurements indicated, that leakage connected with damage to yeast cells 
occurred when cells experienced the space between the pressure nodal planes if 
turbulently driven through the sound field. If the cells were immobilised in a gel-block 
no damage was found. The second hypothesis that shall be put forward is, that these 
findings might represent two effects. On one hand the damage is brought about by the 
cells experiencing the acoustical pressure between the pressure nodal planes in which 
they are usually retained. Although the reported pressure of 0.6 MPa would be easily 
endured by a yeast cell119 if the pressure increased and decreased slowly. But the 
acoustic pressure changes two million times per second. This could likely be too fast 
for the cell to adjust its turgor pressure and furthermore a mass transfer into the cell 
seems possible120, the cells would be pumped up and finally burst. Reports about 
decreases of viability in sparged bio-reactors due to liquid jets beneath a bubble 
bursting at the surface113,121,122 could well be describing the same phenomenon. On the 
other hand the entrapment in the gel may protect the cells25,26. It is imaginable, that the 
availability of liquid is decreased at the time scale of ultrasonic excitement and 
therefore inside the polymer the mass transfer is inhibited. Work was published84 
where scanning electron micrographs show yeast cells tightly packed in the gel’s 
structure within the pressure node, but when the cells where kept in pressure inter-
nodal space a void around cells was visible. This void could indicate the size of the cell 
when the ultrasound was at work. 
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