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Notation

Latin Letters

Symbol Unit

m

Definition

a particle radius

B Pa bulk modulus of elasticity
c m/s sound velocity
d mm channel (gate) distance

D - dilation

E Pa complex elastic modulus

f Hz frequency

9 m/s2 gravitational constant

I - intensity distribution

k 1/m wave vector

kB - Boltzmann's constant, 1.380xl0~'

K Pa-sn power law consistency index

L m length
n -

power law exponent

N - number

Q £/min volume flow rate

P Pa pressure

r m radius respectively radial position

R m pipe radius

R* m Radius of plug
R2 - Coefficient of determination

s - condensation

t s time

T °C temperature

V m/s flow velocity
V

Q

m volume

X m distance

z m distance or length

23
J/K



Notation

Greek Letters

Symbol Unit Definition

a - attenuation coefficient

ß - backscattering coefficient

5 - degree of orientation

7 1/s shear rate

5 - degree of orientation

V Pas viscosity

Vr
- rj/rjs, relative viscosity

K 1/Pa compressibility
A m wavelength

£ - ultrasound signal amplitude

7T - Pi-number

P kg/m3 density
a Pa shear stress

T Pa shear stress

T s duration

TO Pa Yield stress

4> - volume fraction

4>m - maximum-packing volume fraction

$ - volume fraction

* - angle distribution factor

UJ 1/s angular velocity

Subscripts

Symbol Definition

c compression wave

D diffusion

eff effective

% counter

1 liquid phase

max maximum

continued on next page
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Symbol Definition

(cont.) (cont.)

n normal

P profile

P particle

pr pulse repetition

r repetition

s suspending fluid

s solid phase
S Stokes

S Surface

t true

y yield

Dimensionless Numbers

Symbol Definition

Pe

Re

Péclet number

Reynolds number

Abbreviations

Abbrev. Definition

ADC Analog to Digital Converter

API Application Programming Interface

ARMA Autoregressive Moving Average
BSC BackScattering Coefficient

BPM Beats Per Minute

CFD Computational Fluid Dynamics
DC Direct Current

DSC Differential Scanning Calorimetry
DSP Digital Signal Processor

DMEA Demodulated Echo Amplitude

continued on next page

Xlll



Notation

Abbrev. Definition

(cont.) (cont.)

ECAH Epstein, Carhart, Allegra and Hawley
EPFL Ecole Polytechnique Fédérale, Lausanne (Switzerland)
ERT Electrical Resistance Tomography
ETH Swiss Federeal Institute of Technology
F Focal Point

FF Far Field

FFT Fast Fourier Transformation

FPGA Field-Programmable Gate Array

gr gradient
GUI Graphical User Interface

HB Herschel-Bulkley
LDA Laser Doppler Anemometry
MIT Massachusetts Institute of Technology
MRI Magnetic Resonance Imaging
MUSIC Multiple Signal Classification

NMR Nuclear Magnetic Resonance

NF Near Field

OLR Off-Line Rheometer

PC Personal Computer
PCI Peripheral Component Interconnect

PD Pressure Difference

PEHD High Density Polyethylene
PET Polyethylene Terephthalate
PIDS Polarization Intensity Differential Scattering
PEEK Polyetheretherketone
PEG Polyethylene Glycol
PID Proportional Integral Derivative controller

pi power law

PMMA Polymethyl Methacrylate

ppm parts per million

PRF Pulse Repetition Frequency
PVC Polyvinyl Chloride

RF Radio Frequency
RMS Root Mean Square
SIK Swedish Institute for Food and Biotechnology
SDS Sodium Dodecyl Sulfate

SFC Solid Fat Content

SNR Signal to Noise Ratio

Td Transducer

UVP Ultrasound Velocity Profiler
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Abstract

The simultaneous in-line measurement of ultrasonic Doppler based velocity pro¬

files (UVP) and pressure drop (PD) over a pipe section during the laminar flow of

Newtonian or non-Newtonian fluids enables determination of rheological proper¬

ties such as shear stress, shear rate and hence shear rate dependent viscosity. This

involves the application of an appropriate rheological model such as power law or

the direct determination of the shear rate from the velocity gradient. The method

can, in principle, be used for particulate or fiber suspensions or droplet emulsions

or colloidal solutions. The concentration of dispersed phase can be determined

from the measured sound velocity.

Although the UVP-PD technique for in-line rheometry was investigated for the

first time over a decade ago, there exists little literature on the systematic inves¬

tigation of the effect of various parameters of model suspensions (e. g. particle
size distribution and concentration) on the in-line rheology and comparison with

those results obtained using off-line rheonieters. In addition, the verification of

the applicability of this in-line method is essential for industry as the suspensions

encountered are not only opaque but could also be highly attenuating due to high

particulate concentrations. Consequently, the present work investigates model

and industrial suspensions.

The rheology of model suspensions of polyamide particles of two size distributions

(mean diameters of 11 urn and 90 pm) and different concentrations (up to 25% by

volume) in rapeseed oil was investigated during the steady state fully developed
flow through a pipe using the in-line UVP-PD method. The results were compared
with those measured with an off-line stress controlled rheometer. The shear rate

dependent viscosities obtained with velocity gradient method agreed reasonably
well with those measured using off-line rheometer. This implies that this method

is less influenced by the convolution of velocity profile with the sample volume

as the most affected pipe wall region is not considered. The suspensions were

shear thinning as indicated by the decrease in the viscosity with the shear rate for

both the size distributions. The viscosity increased with increase in concentration

of particles but decreased with increase in diameter of particles. The velocity
of sound was found to increase with particle concentration and to decrease with

particle size.
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Abstract

The temporal variation in rheological properties and velocity of sound of cocoa

butter crystal suspension due to a step change in process parameters of shear crys-

tallizer was continuously monitored using the UVP-PD technique. The suspension

was found to be shear thinning and the viscosity increased with the concentration

of crystals. The latter (determined by nuclear magnetic resonance, NMR) resulted

in higher velocity of sound.

The method of spectral analysis of the baseband signal for the computation of the

velocity profiles was adopted to acquire quantitative quality information such as

signal amplitude and signal to noise ratio. This enabled the detection of most of

the sources of errors associated with the inconsistencies in the velocity profiles.
The method was integrated as part of the software interfacing the UVP device

and hardware acquiring the data of pressure difference, velocity of sound and tem¬

perature. It also allows for the rheometric calculations using different approaches
and a versatile data visualization.

The experimental investigations of reference rotating cylinder containing dilute

aqueous suspensions of reflector particles enabled the determination of the accu¬

racy of measurement of flow velocities using UVP. The minimum concentration

of ultrasound tracer reflectors necessary for measurement of the actual velocity

profile was obtained using electrolysis to generate gas bubbles in open channel

flow.

Investigations showed that it was possible to measure the velocity profiles of milk

chocolate suspension, which is highly concentrated, flowing through a pipe. How¬

ever, further refinements of the measurement equipment would improve the quality
of the velocity profiles.

The present work on model suspensions reveals that the spatial distribution of the

shear rate dependant viscosity in the pipe flow is influenced by the local particle

size, shape and concentration, which are governed by local physical mechanisms

such as particle migration, creaming or sedimentation, Brownian collisions and ag¬

gregation. In addition, the local rheology of cocoa butter crystal suspensions pro¬

duced under applied shear depend on the kinetics of isothermal or non-isothermal

crystallization, the morphology of crystals and their network. Consequently, the

application of the in-line UVP-PD technique in combination with simultaneous

tomography of velocity of sound and possibly spectroscopy, would enable deter¬

mination of the local rheology depending on the corresponding microstructure.
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Kurzfassung

Die Doppler Ultraschall basierte Inline-Messung von Geschwindigkeitsprofilen (Ul¬
trasonic Velocity Profiles, UVP) und die gleichzeitige Erfassung der Druckdifferenz

(Pressure Difference, PD) über einem Rohrabschnitt in einem laminar fliessenden

newtonschen oder nicht-newtonschen System ermöglicht die Bestimmung Theolo¬

gischer Eigenschaften wie zum Beispiel Schubspannung oder Schergeschwindigkeit
und der davon abhängigen Viskosität. Das Verfahren beinhaltet die Verwendung
eines entsprechenden rheologischen Modells wie beispielsweise Power Law oder

die direkte Bestimmung der Schergeschwindigkeit aus dem gemessenen Geschwin¬

digkeitsgradienten. Die Methode kann prinzipiell in partikulären oder fasrigen

Suspensionen, Emulsionen und kolloidalen Lösungen verwendet werden. Die Kon¬

zentration der dispersen Phase kann über die gemessene Schallgeschwindigkeit
bestimmt werden.

Auch wenn die erste Publikation zu UVP-PD Messungen schon über zehn Jahre

zurück liegt, gibt es nur eine beschränkte Auswahl an Literatur zu systemati¬
schen Untersuchungen des Einflusses von verschiedenen Parametern von Modell-

Suspensionen (beispielsweise Partikelgrössenverteilung und Konzentration) auf die

inline gemessene Rheologie und Vergleiche mit den offline, mittels Rheometer,

gemessenen Eigenschaften. Gleichzeitig ist die Überprüfung der Anwendbarkeit

der UVP-PD Methode für die industrielle Anwendung wichtig, weil die dort zu

verarbeitenden Suspensionen oft opak sind und aufgrund der hohen Partikel-

Konzentration den Ultraschall stark abdämpfen. Daher wurden in der vorliegenden
Arbeit sowohl Modellsuspensionen als auch für die Lebensmittelindustrie relevante

Systeme untersucht.

Für die Geschwindigkeitsprofil-Messungen in einer voll entwickelten, stationären

Rohrströmung wurden aus Polyamid-Partikeln und Rapsöl bestehende Modellsus¬

pensionen verwendet. Dabei wurden zwei verschiedene Partikelgrössenverteilungen

(um 11 und 90 um Durchmesser) sowie Partikelkonzentrationen bis zu 25 % ver¬

wendet. Die Inline-Messungen wurden mit denjenigen von einem offline Rheometer

(spannungsgesteuert) verglichen. Die mit der Gradienten-Methode erhaltene Vis¬

kosität als Funktion der Schergeschwindigkeit wies dabei eine relativ gute Über¬

einstimmungen mit den offline gemessenen Werten auf. Das impliziert, dass diese

Methode weniger von der Faltung von Geschwindigkeitsprofil und Probe-Volumen

betroffen ist, weil die am meisten verzerrte Region in der Nähe der Rohrwand
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Kurzfassung

nicht für die rheologischen Berechnungen berücksichtigt wird. Für beide Grös-

senverteilungen waren die Suspensionen strukturviskos. Die Viskosität nahm mit

zunehmender Partikel-Konzentration zu, aber mit zunehmender Partikel-Grösse

wiederum ab.

In einem Scherkristalliationsprozess für Kakaobutter wurde die zeitabhängige Va¬

riation der rheologischen Eigenschaften und der Schallgeschwindigkeit als Folge
der Änderung von Prozessparametern mit Ultraschall überwacht. Die Kristall-

Suspension erwies sich dabei als strukturviskos, die Viskosität stieg mit der Kris¬

tallkonzentration. Letzteres resultierte auch in einer Erhöhung der Schallgeschwin¬

digkeit.

Die Spektralanalyse des Basisband Signals für die Berechnung der Geschwindig¬

keitsprofile diente gleichzeitig dazu die Signalqualität über Störabstand und Si¬

gnalstärke zu quantifizieren. Die Verfügbarkeit der Spektren ermöglichte die einfa¬

che Erkennung der meisten Ursachen für Störungen im Fliessprofil. Die spektrale

SignalVerarbeitung war integraler Bestandteil der während der Arbeit entwickel¬

ten Software die für die Datenerfassung vom UVP sowie von der Hardware für

Druckdifferenz, Temperatur und Schallgeschwindigkeit verwendet wurde. Diese

Software beinhaltet auch die rheologischen Berechnungen unter der Verwendung
verschiedener Ansätze und eine vielseitige Datenvisualisierung.

Ein mit einer niedrig konzentrierten Suspension gefüllter rotierender Zylinder wur¬

de für die experimentelle Bestimmung der Präzision der UVP Messung verwen¬

det. Die minimale Konzentration an Ultraschall-Reflektoren die für eine korrekte

Fliessgeschwindigkeitsmessung notwendig ist, wurde in einem offenen Kanal mit

Hilfe von durch Elektrolyse erzeugten Gasblasen untersucht.

Weitere Untersuchten zeigten, dass es selbst in hochkonzentrierten Suspensionen
wie Milchschokolade möglich ist, Geschwindigkeitsprofile der Rohrströmung zu

messen. Allerdings sind weitere Verbesserungen an der Messeinrichtung nötig, um

die Qualität der Fliessprofile zu verbessern.

Die vorliegende Arbeit über die Modellsuspensionen zeigt, dass die räumliche

Verteilung der scherratenabhängigen Viskosität in der Rohrströmung von der

örtlichen Verteilung von Partikelgrösse, -form und -konzentration abhängt, wel¬

che wiederum über lokale physikalische Mechanismen wie beispielsweise Partikel-

Migration, Aufrahmen, Sedimentation, brownsche Kollisionen und Aggregation
bestimmt werden. Die lokale Rheologie von unter Scherung produzierter Kakao¬

butter Kristallsuspension hängt von der Kinetik der isothermalen oder anisother-

mischen Kristallisation, der Morphologie der Kristalle und deren Netzwerk ab.

Folglich würde die Kombination von UVP-PD mit einer Tomographie der Schallge¬

schwindigkeit und eventuell Spektroskopie eine lokale Bestimmung der Rheologie
in Abhängigkeit der entsprechenden Mikrosturktur ermöglichen.
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1. Introduction

Food, plastic, paint, pharmaceutical, cosmetic, paper-pulp, ceramic, metal, crude

oil, and chemical industries encounter concentrated suspensions (or emulsions),
which are non-transparent complex multiphase systems of particles (or drops)
dispersed in a continuous phase containing emulsifiers and polymers. The macro¬

scopic quality of these products depends on their microstructure, and concentra¬

tion and physico-chemical nature of the constituents. The microstructure includes

the particle and agglomerate size and shape distributions, their spatial orienta¬

tion, interaction between particles, emulsifiers, polymers and continuous phase,
and formation of three-dimensional networks. The processing conditions involv¬

ing different flow fields such as shear and elongation affect the microstructure and

hence the rheology (flow behaviour) of such multiphase systems. The various as¬

pects of the interrelationship between the processing conditions, microstructure,

rheology and product quality have been extensively investigated by Windhab and

his co-workers for different industrial processes involving food and other multi¬

phase systems (Birkhofer et al., 2005; Windhab et al., 2005; Müller-Fischer and

Windhab, 2005).

The product quality is usually controlled based on the rheological information

such as the shear rate dependent viscosity obtained using conventional commer¬

cial Off-Line Rheometers (OLR) as there exists no in-line rheometer for opaque

suspensions. This method is not reliable, since the flow field in OLR can be sig¬

nificantly different to that in the actual flow process. In addition, OLR cannot be

used for in-line purpose because of the lack of suitability of their geometry and

invasive nature. Furthermore, OLR are sometimes difficult to use for suspensions

with extreme rheological properties. The use of optical methods for flow visual¬

isation and in-line rheometry is limited since most of the industrial suspensions

are not transparent.

The pulsed Doppler ultrasound velocity measurement technique was developed
from the 1970ies onwards (Baker, 1970) for blood flow measurements. Pipe

flows measurements outside the medical field were reported by Fowlis (1973),
Kowalewski (1980) and Takeda (1986). A method for in-line rheometry involving
the measurement of Ultrasonic Velocity Profiles (UVP) and Pressure Difference

(PD) in a pipe section was developed and tested at our laboratory and other re¬

search groups for laminar flow of a wide variety of suspensions. For some systems

1



1. Introduction

results from the in-line UVP-PD measurements were compared with OLR (Müller
et al, 1997; Wunderlich and Brunn, 1999; Ouriev, 2000; Ouriev and Windhab,

2002; Brunn et al, 2004; Wiklund et al, 2002; Dogan et al, 2005a; Choi et al,

2006; Pfund et al, 2006; Wiklund, 2007). Our laboratory used the UVP-PD

technique for measurements of model and industrial suspension systems such as

corn starch in silicon oil and glucose syrup; chocolate, and aqueous suspensions of

surfactants and cellulose fibers.

However, there are limited publications on the systematic investigation of the effect

of size distribution and concentration of particles on the rheological properties of

suspensions measured using both in-line UVP-PD and off-line rheometers. The

investigations of the in-line concentration dependent acoustic properties such as

sound velocity are also limited (Birkhofer et al, 2004; Choi et al, 2006; Wiklund,

2007).

Currently the applicability of the in-line UVP-PD technique has to be tested for

specific individual food process applications as for food materials there is vir¬

tually no information available on acoustic properties such as attenuation and

echogenicity. The latter affect the quality or even the feasibility of the flow pro¬

file measurement in such highly concentrated systems as chocolate with a solid

content up to 60%.

The time domain analysis of the Doppler signal is constrained in the sense that

it does not provide an information on the signal to noise ratio (SNR) and the

signal amplitude and hence quality of the measured flow velocity is not known.

In contrast, the spectral analysis of the Doppler signal results in the distribution

of the flow velocity instead of a single value at a given measurement position.

In addition, none of the UVP-PD publications seem to have considered the in¬

fluence of inherent distortions of the pipe flow velocity profiles due to the finite

sampling volume and other factors (which are well known in the medical field) or

the effect of spatial resolution on the rheological calculations using fluid models

(power law, Herschel-Bulkley, etc.).

1.1. Aims of the work

The following were the objectives:

1. Integration of the measurement of the ultrasound Doppler based velocity

profiles (UVP), the pressure drop (PD) and the acoustic properties into one

single software application, which also allows for the preconditioning and

spectral analysis of the Doppler shift signal, and calculates the rheological

parameters from the acquired data.

2



1.1. Aims of the work

2. Evaluate the UVP-PD technique for in-line rheological characterization of

model suspensions of particles dispersed in oil with simultaneous measure¬

ment of the sound velocity. Investigate the effect of concentration and parti¬

cle unimodal and bimodal size distributions on the in-line shear rate depen¬
dent viscosity of suspensions. Compare these results with those measured

using an off-line rheometer.

3. Monitor the temporal variation in rheological properties of cocoa butter

crystal suspension produced in a shear crystallization process due to a step

change in process parameters using the in-line UVP-PD technique. Investi¬

gate the dynamic acoustic properties of cocoa butter crystal suspension to

determine the time dependent solid fat content.

4. Investigate the applicability of the in-line UVP-PD technique for highly
concentrated and attenuating suspension systems such as milk chocolate

seeded with a small percentage of precrystallized cocoa butter.

5. Check the accuracy and precision of velocities measured using UVP tech¬

nique by determining the velocity of a dilute suspension of particles rotating

as a rigid body in a cylinder for different ultrasound parameters.

6. Examine the effect of concentration of ultrasound reflectors in open chan¬

nel flow relevant to suspension flows in food process engineering and other

applications such as hydraulic engineering.
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2. Ultrasound Doppler velocimetry

Historically the development of the Doppler velocimetry started in the medical

field in the 1950s (Satomura, 1957) with continuous wave devices, the first pulsed

range gate systems being introduced at the beginning of the 1970s (Wells, 1969;

Baker, 1970; Peronneau, 1992). Outside the medical field the UVP was applied
to measurements of liquid metal flow by Fowlis (1973) using continuous wave

ultrasound, while Pinkel (1979) utilized pulsed ultrasound at low frequencies to

measure ocean currents. Kowalewski (1980) used pulsed ultrasound for pipe flow

measurements of suspensions and Garbini et al. (1982a,b) characterized turbulence

using the spectral broadening of the echo signal. Takeda (1986) investigated pipe

and taylor vortex flows. He also applied the UVP technique for flow mapping in

mercury (Takeda, 1987).

A short and good overview of the UVP method including the signal processing for

the Doppler shift frequency estimation and application was given by Lemmin and

Rolland (1997). An extensive coverage of Doppler ultrasound can be found in three

textbooks (Jensen, 1996; Evans and McDicken, 2000; Hill, 2004) from the medical

field which describe many aspects also relevant for engineering applications of

ultrasonic measurements.

2.1. Blood flow measurement

With the availability of commercial UVP devices which feature user friendly soft¬

ware for the monitoring, it is relatively simple to make velocity profile measure¬

ments. But to be able to interpret the results acquired under non optimal con¬

ditions (e. g. in highly attenuating fluid) or to obtain the best possible accuracy

and precision an understanding of the physics of ultrasound and the signal pro¬

cessing are beneficial. This also implies that it is advantageous to have access to

the RF signal1 and the baseband signal2 as well as to know the characteristics of

1In ultrasonics the RF (Radio Frequency) signal is usually refers to the received signal which

has a frequency close to the emission frequency, thus in our case 2, 4 or 8 MHz

2The baseband signal denotes the Doppler shift frequency as it is obtained from demodulating
and filtering the RF signal which is distributed around zero Sometimes also the term

"demodulated echo amplitude" (DMEA) is used
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2. Ultrasound Doppler velocimetry

the transducers and the analog electronics. The application of ultrasound Doppler

techniques in fluid dynamics or generally engineering is a relatively new field. In

contrast, the researchers in the medical field spent more than the last 40 decades

to develop and improve every single aspect of ultrasonic measurements from the

transducer design over the knowledge of the pressure field and the interaction of

the ultrasound with the scatterers to the the analog and digital signal processing.
While the instruments used for engineering applications were derived from medical

devices it seems that only few groups applying the UVP technology were aware of

the relevance of some of the findings made in the medical research. Blood is also

a highly concentrated suspension and the aim of the medical research is also to

measure the flow profiles with the best possible temporal and spatial resolution.

Compared to the measurements in a conventional laminar pipe flow the challenges
for measurements in the human body are (i) the penetration of the attenuating

tissue, (ii) the movement of the vessel wall due to (iii) pulsation of the flow (iv)
complicated vessel geometry (compared to a straight pipe) such as the arch of the

aorta, (v) the not very well defined Doppler angle and (vi) data visualization for

the medical personnel who does not necessarily have a high level of expertise in

ultrasound.

In the following an overview on the literature on Doppler ultrasound of relevance

for engineering applications is given. References to articles dealing with backscat-

tering from blood and tissue are given in section 3.3.4.

2.2. Influence of the sample volume

Two interesting papers from the research group of Jorgensen (Jorgensen et al.,

1973; Jorgensen and Garbini, 1974) investigated the influence of the measurement

sample volume (which depends on the pulse length and beam diameter) on the

measured velocity profile for large ratios (> 0.1) of pulse length to pipe diameter.

An example of the approximate shape of the ultrasonic pulse which partly depends

on the transducer characteristics is given in figure 2.1 on the left. For a short pulse
the intensity increases exponentially until the end of the electrical pulse and in the

following ringing phase (gradual decay of the stored energy) the intensity decays
also exponentially. This results in a drop like shaped measurement volume (fig.
2.1, on the right). In addition, there is also the pressure distribution (assumed
to be parabolic) in the lateral plane of the sampling volume. So the distortion of

the Doppler profile is caused by the averaging which takes place over the sample
volume with the described shape. Hence the resulting velocity for one channel is

proportional to the average velocities within the sample volume weighted by the
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2.2. Influence of the sample volume

length transducer

sound

beam «^ /
diameter

/

Figure 2.1.: On the left side: piezocrystal transducer response: (a) driving burst,

(b) acoustic burst. On the right side: Schematic of the sample volume geome¬

try. (Both figures reproduced from Jorgensen et al. (1973) with permission from

Springer.)

associated intensity distribution, thus

v(r)
roS?JZ<x,V,*)Kr x,y, z)dxdydz

i:i2Iyy:i:i2I(x,y,z)dxdydz
(2.11

with the velocity along the path of propagation v(r), the true velocity distribution

vt, the intensity distribution of the sample volume I, and the geometric limits and

position of the sample volume x\, X2, y\, j/2, z\, %2

The true profile can then be calculated applying the convolution theorem, which

states that the Fourier transform of the convolution (*) of two functions is equal to

the product of the two Fourier transforms (J? (fi(t) * /2(£)) = Fi{uj)F2{oS) where

#": Fourier transform and F\{uj) and F2{uj) are the Fourier transforms of f\(t)
and /2(t) respectively). Thus after a few more transformations we get

, ,\ 05-i f^(vw(x,y,z))
vt(r, X,t)

= &
—j- r- f2.2)

with vw being the product of the one-dimensional function of the true velocity

profile vt and the volume integral of that portion of the sample volume within the

flow field.
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2. Ultrasound Doppler velocimetry
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Figure 2.2.: Deconvolution of a fully-developed laminar flow (results of Jorgensen
and Garbini (1974)). x: Doppler image profile, +: deconvolved profile, full line:

theoretical prediction

This could also be simplified from the three dimensional case to a one dimensional

problem (Jorgensen and Garbini, 1974). An example of the application of the

deconvolution is shown in figure 2.2.

A slightly modified version of this deconvolution was applied in Hughes and How

(1993) for the estimation of wall shear rates in steady laminar flow and later

in Hughes and How (1994) for pulsating flow. Flaud et al. (1997) also dealt

with the convolution of the flow profile and measurement volume by proposing

a method to calculate the sample volume from the assumed real profile and the

measured profile (also by deconvolution). The influence of frequency dependent
attenuation on the pulse shape was investigated by Fish and Cope (1991), where

only simulated spectra were shown. They concluded that the effect could be

significant for short pulses, where the attenuation of the high frequency part of

the broadband signal increases the pulse length. The deconvolution was also used

to improve the resolution of medical B-scan images (e. g. Jensen et al. (1993)), as

in tissues there is also the problem of attenuation which deforms the pulse shape.
There exists also an alternative approach to the deconvolution, which assumes

the sampling volume to be cylindrical with the pulse length and beam diameter

as dimensions (Wunderlich and Brunn, 1999; Nowak, 2002; Kikura et a/., 2004).
However, this may be valid only for large pipe diameters or long pulses.
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2.3. Test setups

The deconvolution correction was not applied to the velocity profile measurements

in the present work as no experimental installation for the measurement of the

sample volume was set up. However, as the maximum pulse length to pipe di¬

ameter ratio used was less than 0.1 (4 cycle pulse in a 16mm diameter pipe),
the deconvoluted velocity profile (figure 2.2) is shown to be similar (in terms of

the shape and the velocity gradients) to the true velocity profile over most of the

pipe radius excepting that close to the pipe wall. Consequently, the central region
of radial velocity profile was used for calculation of rheological properties based

on velocity gradient method. Nevertheless it will be important to investigate the

shape of the sample volume in attenuating suspensions to allow the corresponding
deconvolution of the velocity profile. The size of the sample volume is expected
to be dependent on the measurement depth.

2.3. Test setups

The size of the sample volume can be investigated with a setup like the mov¬

ing string test target used by Walker et al. (1982) or a single vibrating point as

used by Hoeks et al. (1984), both being easier to implement than the original jet
stream (Baker and Yates, 1973). Thijssen et al. (2002, 2007) described the objec¬
tive performance testing of medical ultrasound equipment using various setups.

The first paper described (besides tests of the imaging capabilities) the testing of

Doppler flow metering with a 1 mm diameter rubber string, which could be seam¬

lessly glued to make a ring, thus avoiding the problem of the knot that disturbs

the measurement when using a silk string. A comparison of the different string
materials (Nitrile O-ring, nylon and silks) is made by Hoskins ( 1994a,b), who also

found the O-ring to be the most suitable material.

Once the sample volume is measured, it would be interesting to verify its function¬

ing in a flow testing rig as reviewed by Law et al. (1989), who described the various

setups and scattering systems published in the literature. Arnolds et al. (1989)
considered the influence of gain settings on the measurement volume. Meagher
et al. (2006) discussed the importance of the influence of acoustic properties of

the wall material of pipe which the ultrasound beam and the backscattered echo

have to cross. One can use very thin tubes such as cellulose dialysis tubes or heat-

shrink sleeving (McDicken, 1986), which minimize the influence on the pressure

field. But with such a duct material is not guaranteed that the tube is perfectly
round. In contrast, tubes made of polyethylene, acrylic or pyrex glass have the

advantage of a well defined round shape but the disadvantage of an impedance
difference resulting in reflections at the interfaces. Teirlinck et al. (1998) described

an effort to create an European norm for flow test objects. They proposed a mea¬

surement section made from tissue, blood and vessel mimicking materials with
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2. Ultrasound Doppler velocimetry

similar acoustic impedances, the vessel mimicking tube was made from c-flex, a

silicon copolymer with a velocity of sound of 1557m/s. There were also descrip¬
tions (Rickey et a/., 1995) of wall-less vessel phantoms for testing purposes. The

agar based tissue mimic was filled into the phantom box in liquid state and a thin

metal rod (6.3 mm diameter) was placed in the position of the vessel. After the

tissue mimic hardened, the rod could be pulled out leaving the wall-less vessel.

2.4. Signal processing

There are many publications on the different algorithms for the velocity estima¬

tion. The first instruments used a fully analog signal processing with zero crossing
counters for the frequency estimation of the baseband signal. Later the baseband

signal was digitized which opened new possibilities. The algorithms for the fre¬

quency estimation from the baseband signal can divided into spectral (FFT) and

time domain algorithms. The time domain algorithms can be separated into (i)
phase-shift estimators that use autocorrelation of the baseband signal to track

the phase change at one measurement gate and (ii) time shift estimators that use

frequently cross-correlation of the RF signal to track the movement of a scatterer

from intensity of their echo (York and Kim, 1999).

Besides the textbooks on medical ultrasound referred in the introduction of this

chapter on page 5, Lhermitte and Serafin (1984); Lhermitte and Lemmin (1994)
gave a good introduction to the signal processing as they dealt with both theo¬

retical and applied aspects of time domain and FFT based signal analysis while

Jensen (2000) concentrated more on the theoretical aspects and Fish et al. (1997)
describes only the spectral approach. Vaitkus and Cobbold (1988); Vaitkus et al.

(1988) compared several different algorithms (FFT, autoregression, autoregression
with moving average and maximum likelihood with subtypes) for continuous wave

ultrasound. Markou and Ku (1991) also compared four different algorithms (zero
crossing detector, FFT, autoregressive and minimum variance) for measurements

of a pipe flow of an aqueous glycerin solution for Reynolds numbers between 500

and 8000. Under the ideal experimental conditions (good SNR) all algorithms

performed similarly, the deviations were found to be the highest close to the pipe

wall. Hein and O'Brien (1993) reviewed the time domain methods. Marasek and

Nowicki (1994) compared three spectral techniques (FFT, autoregressive Burg and

autoregressive moving average (ARMA)) and also three methods to extract the

maximum frequency from the spectra. Guidi et al. (2000) compared FFT with

the Burg algorithm (an autoregressive method) concluding that the availability of

both algorithms (FFT for the analysis, Burg for the peak frequency respectively
flow velocity) would be ideal.
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2.4. Signal processing

One class of publications explores the possibilities of getting a higher spatial res¬

olution from an interpretation of the RF signal partly using 2D-FFT: Newhouse

and Amir (1983) (single particle tracking), Liu et al. (1991) (modified autocorre¬

lation of the RF signal, comparison with autocorrelation, RF cross correlation and

maximum entropy method), Loupas et al. (1995a,b) (2D autocorrelator, combin¬

ing analysis of Doppler and RF signal), Allam and Greenleaf (1996); Allam et al.

(1996) (direction of arrival) and Vaitkus and Cobbold (1998); Vaitkus et al. (1998)
(using the root-MUSIC time-domain algorithm which was described by Barabell

(1983)).

The most recent development for increasing the spatial resolution of Doppler ul¬

trasound and thus to circumvent the distortion from the convolution with the

sample volume is the use of coded (frequency or phase modulated) pulse excita¬

tion (Tsou et al., 2006) which requires a relatively sophisticated processing of the

RF signal.

2.4.1. Anti-aliasing

The so called aliasing occurs if the pulse repetition frequency is below the Nyquist

frequency (double to frequency to be measured) for the Doppler shift frequency

(respectively the flow velocity). There are different approaches to overcome this

problem in order to be able to measure high flow velocities in combination with a

low pulse repetition frequency which controls the maximum penetration depth.

Fischer et al. (2004) implemented a variation of the pulse repetition frequency as

it is also used in radar in overcome the Nyquist limitation. Franca and Lenimin

(2006) showed the implementation of a simple dealiasing algorithm capable to

correct several degrees of data aliasing using the baseband signal and assuming

a coherence between subsequent Doppler estimates. The dealiasing method of

Tortoli (1989) used an assumption on the shape of the power spectrum respectively
the location of the spectrum centroid.

2.4.2. Spectral broadening and signal to noise ratio

There are also many publications dealing with the spectral broadening of the RF

signal. In general, the shorter is the pulse, the broader is its frequency distribution.

When the pulse travels through an attenuating medium, the high frequency parts

of the pulse are most attenuated. However, a subwavelength scatterer reflects

rather the high frequency part of the spectrum of the incidence wave, thus acting

as a high pass filter (Round and Bates, 1987).
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2. Ultrasound Doppler velocimetry

The spectrum of the Doppler signal is also broadened from several sources as listed

in the good overview article by Hoeks et al. (1991) and subsequently by Guidi et al.

(1995): Sample volume size, velocity distribution and Doppler angle (the latter

is treated in detail in McArdle and Newhouse (1996)). The random fluctuations

in the power spectrum is caused by the random distribution of the scatterers

(respectively the voxels they form) and thus random summation or cancelation of

the phases (Hoskins et al., 1990). One of the latest works on spectral broadening in

pulsed wave measurements is from Bastos et al. (2000) who reviewed the existing
literature on this topic and formulated a closed-form expression for a extended

range of beam/flow conditions.

Alam and Parker (2003) wrote an interesting review article on flow imaging and

its implementation issues. References for frequency/phase (Doppler), time-domain

and multiple-burst (tracking) methods for the Doppler shift detection were given.
The bias of the estimated Doppler frequency due to frequency dependent scatter¬

ing and attenuation and different wall filtering strategies were discussed (details
also in Fish and Cope (1991)). Fish (1992) also gave an overview of limitations of

pulsed Doppler flow detectors and the spectral estimators. Gill (1985) described

the sources of errors in the velocity estimation. Also to mention is an extensive

review by Jones (1993) on the topic.

Law et al. (1991) investigated the Doppler spectra in terms of maximum, mean

and mode frequencies and spectral broadening index as a function of position

in the pipe and sample volume in a stationary laminar flow field in a pipe with

9.5 mm radius. The spectral broadening index and other quality indicators showed

that the quality of the measurement increases from the wall to the center of the

pipe.

Regarding the actual implementation Fischer et al. (2006) presented a method for

noise reduction in the Doppler signal, further details on the work being given by
Fischer (2004).

Another aspect related to attenuation and scattering is the broadening of the

pressure field, which was observed for liver and skin tissue by den Aarssen et al.

(1989). This is also an interesting point regarding the development of the sample
volume inside a highly concentrated suspension such as chocolate.

2.5. Instruments

There are many descriptions of Doppler ultrasound measurement instruments with

a varying degree of given details given in the literature. Following a selection of

interesting articles describing single UVP instruments. Brandestini (1978): the
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first multigate flow meter with digital zero crossing counter; Tortoli and Andreuc-

cetti (1988): 128 point complex FFT calculated on a DSP; Black and How (1989):
base frequency of 20 MHz, comparison of zero crossing detector with FFT and de-

convolution of the sample volume; Tortoli et al. (1996, 1997): display of 64 point

spectra at 64 gates with a rate of up to 50 images per second using a special¬
ized Fourier transform processor; Lombardi et al. (2001): using cross correlation;
Bambi et al. (2003): analog electronics for amplification and quadrature demodu¬

lation and DSP on a PCI card. An especially interesting device was presented by
Ricci et al. (2004, 2006). This flexible system was designed for the development
and testing of new algorithms with two channels for transmission and reception,
emission frequency between 1 and 16 MHz, maximum 100 Vpp output voltage for

low and high impedance elements. The RF signal is sampled at 64 MHz with 14 bit

and the gain is programmable between 20 and 60 dB. Arbitrary waveforms can be

transmitted and also the time between two pulses can be freely adjusted. There

are four demodulators implemented digitally in a FPGA (field-programmable gate

array) which can be operated at different frequencies and the consecutive low pass

filters is also programmable. The digital signal (RF or baseband) processing is

conducted on the mentioned FPGAs and a DSP (digital signal processor) which

are all fully programmable. There is 64 MB memory available to buffer the RF or

baseband data. The board is connected via an USB 2.0 interface to a computer

where the data is visualized.
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3. Particulate Suspensions

This chapter gives the background on the rheological, ultrasonic and other char¬

acteristics of suspensions relevant to the present work entitled "Ultrasonic In-Line

Characterization of Suspensions". In addition, it introduces the concept of UVP-

PD, which involves the combination of ultrasonic velocity profiles and pressure

drop measurements in pipe flow for the in-line rheological characterization of flu¬

ids.

3.1. Rheology

Suspensions of solid particles dispersed in a liquid medium are ubiquitous in food

pharmaceutical and other industries. In many cases, as for example ketchup, fruit

yoghourt or toothpaste, the rheology of the product is an important functional

property for the customer satisfaction.

For the characterization of suspensions, including the rheology one can distinguish
between colloidal systems with particle sizes between 1 nm and 1 urn and suspen¬

sions with a disperse phase of a larger particle size. In colloidal systems, Brownian

motion of the particles has to be considered as the surface area to volume ratio is

high.

At very low concentrations (volume fraction of disperse phase 0 < 0.03 (Larson,
1999) to 0 < 0.1 (Hiemenz and Rajagopalan, 1997)) where no particle-particle
interactions influence the system, the viscosity of a suspension r\ increases due to

particles disturbing the flow streamlines and take up energy for rotation. This

can be predicted based on the viscosity of the suspending fluid r]s with the simple
formula r\ = r]s(l + 2.50) proposed by Einstein (1906, 1911). The equation can

also be written as relative viscosity:

r]v =
— = 1 + 2.50 (3.1)

Considering two-body interaction, the equation was expanded by Batchelor (1977)
for systems with Brownian motion to:

r]v= 1 + 2.50 + 6.202 (3.2)
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For suspensions with a higher concentration, the following empirical equation was

proposed by Krieger and Dougherty (1959):

, = ,,(l-£)
'*'"

(3.3)

with the maximum-packing volume fraction 0m and [q] as the intrinsic viscos¬

ity also described as shape factor (2.5 for spherical particles) given by [rj] =

The maximum-packing density (f>m depends on size and shape of the particles. If

the size distribution of the particles is not monodisperse, the maximum-packing

density is increased as the small particles are packed into the interstices between

the large ones and thus the viscosity is lowered. In a bidisperse system, the

minimum viscosity is reached at a volume fraction of 0.6 of the larger particles,
which is known as "Farris effect" (Larson, 1999).

The viscosity becomes sensitive to the shear rate 7 if the shear rate is high enough
to disturb the equilibrium distribution of the interparticle spacings. There are sev¬

eral possible types of behavior for suspensions under shear. Shear thickening can

occur in highly concentrated suspensions at particle volume fractions 4> > 0.4 under

high shear stresses above the range where shear thinning occurs. This is explained
with the disruption of the particle alignment, which causes the shear thinning be¬

havior at lower shear rates (Larson, 1999) and the increase of the hydrodynamic
stress due the formation of large clusters (Brady, 1996). Viscoelastic properties

can be found even in hard-sphere suspensions. The slight elasticity is explained

by Brownian motion, which tends to restore to equilibrium the shear-distorted

particle configurations. Of course the viscoelasticity is much more important in

polymer melts, doughs and similar fluids. Highly concentrated suspensions can

also show an apparent yield stress ay below which there is no flow as the parti¬

cles arrange in a network structure. This behavior can be modeled as Bingham

plastic (a = <7y + ??pi7 with the "plastic viscosity" rjp\) or the Casson equation

(i/<7 = ^/öy + C1/7). However, the most important effect in the suspensions used

in the present work is the shear thinning which is explained in detail in the next

section.

3.1.1. Shear thinning

For low shear rates with negligible hydrodynamic forces and structural forces

dominating, suspensions exhibit either a Newtonian plateau or a yield value if the

particles form a network. If the shear rate (or shear stress) is high enough to

disturb the equilibrium distribution of the interparticle spacings, a concentrated
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suspension exhibits a shear thinning behavior. This can be described by the

dimensionless Péclet number Pe, which is the ratio of the shear time scale to the

time required for diffusion.

Pe =
feT

K 7tD (3-4)

where 7 is the shear rate, a the particle radius, fcß the Boltzmann's constant, T

the temperature and £d the time for a particle to diffuse a distance equal to its

radius a. If Pe > I, the time scale in which the system restores is longer than the

time of shear and therefore the structure is changed and shear thinning behavior

can be expected. For monodisperse suspensions the particles align threadlike in

the direction of the shear field. This is explained with repeated collisions between

particles, the repulsion and the subsequent separation of the particles (Phung
et al, 1996).

Windhab (2000) explained the non-Newtonian shear thinning effect with hydro-

dynamic fluid immobilization by the particles. According to that, a particle or

agglomerate moves within the flowing continuous fluid phase in such a way (e. g.

by rotation) that a certain fluid portion is excluded from contributing to the con¬

tinuous fluid phase flow. Shear thinning and shear thickening behavior changes,
e. g. after a particle size distribution change by milling, are explained with an

effective volume fraction (f>ee which is the sum of the volumes occupied by the

solid particles, fluid directly on their surface, in the volume of porous aggregates

and the hydrodynamical induced fluid immobilization. The rheological function

is based on Krieger-Dougherty equation:

v(4>,i,t,ö) = r]F (3.5)

with ö being the degree of orientation in the case non-spherical or non cube-like

particle shapes such as rods or disks in a manner that facilitates the flow.

3.1.2. Aggregation and flocculation

There are several forces that can lead to particle collisions and subsequently to

aggregation, flocculation or clumping which influence the viscosity because of the

increase of the size distribution of the disperse phase. There are gravitational colli¬

sions and viscous drag due to the continuous phase as hydrodynamic forces. From

thermodynamic considerations there are the following possible interactions influ¬

encing the aggregation between particles: (i) Brownian collisions (Péclet number),
(ii) presence of polymers, surfactant micelles and colloidal particles (depletion ag¬

gregation at low concentrations and inhibition due to layered colloidal particle
structures at high concentrations), (iii) van der Waals forces of attraction, (iv)

17



3. Particulate Suspensions

adhesion due to partial coalescence of semi-solid particles and (v) electrostatic

repulsion due to surface charge which also causes an augmentation of the intrinsic

viscosity of the suspension because of increased energy dissipation in the electrical

double layer surrounding the particle. At the same time the systems are highly
shear thinning as the charged particles arrange easily in sliding layer structures in

non-colloidal suspensions.

There exists numerous literature investigating the effects listed above for dilute

suspensions. However, there is no quantitative information on inter-particle colli¬

sion rates and efficiencies available for concentrated suspensions. The experimen¬

tal data on concentrated suspensions were summarized by Jeelani et al. (2005).

3.1.3. Creaming or sedimentation

The Péclet number Pe can also be expressed as the ratio of gravitational to Brow-

nian forces:

a4Apg
Pe =

l^F (3-6)

with Ap as the density difference between particle and liquid medium and g as

the acceleration due to gravity.

If Pe is larger than unity, particles tend to cream or settle. Jeelani et al. (2005)
found the following equation of Garside and Al-Dibouni (1977) to predict reason¬

ably well extensive published creaming velocity v data covering a wide range of

radii a and volume fractions 4> of mono-disperse particles and physical proper¬

ties:

v = vs{l-<Pfl (3.7)

where

2Ap#a2
Vs =

~^r
(3-8)

is the Stokes creaming or sedimentation velocity of a single particle in a Newto¬

nian liquid of viscosity rjs. Jeelani et al. (2005) modeled the creaming velocity of

suspensions considering particle aggregation. The results were in good agreement

with experimental data.

3.1.4. Particle migration

There are many published articles on measurements and models for the particle

migration relative to the streamlines during the flow of suspensions. The particle

sizes, geometries (pressure driven channel and pipe flow and Couette flow), flow
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rates, and ratio of particle to pipe radii (a/R) respectively channel width (a/h)
are distributed over a wide range. Also different measurement techniques such as

microscopy, laser Doppler anemometry (LDA), nuclear magnetic resonance (NMR)
are used. An overview of the existing models and measurements can be found in

a review article from Lareo et al. (1997b).

As a summary one can state that it was shown that the particles migrate and

increase their concentration at the central region of the pipe or channel where the

velocity gradient is the lowest. For low Reynolds numbers, larger the size ratio a/R
or a/h for monodisperse particles (Lyon and Leal, 1998a), higher is the tendency
of migration towards the central region. The concentration of larger particles in a

bidisperse system (Lyon and Leal, 1998b) is higher at the centre of the pipe due

to migration and segregation resulting in negligible radial concentration gradient
of smaller particles.

The effect of particle migration relative to the flow streamlines was first described

in detail in the work of Segré and Silberberg (1963) and subsequently in another

important contribution of Ho and Leal (1974). Karnis et al. (1966) investigated
the pipe flow behavior of spheres, rods and discs of different sizes and concentra¬

tions for Couette and Poiseuille flow using tracer particles, microscopy and analog
motion picture. Also quite interesting are three articles from Koh et al. (1994)
and Lyon and Leal (1998a,b) with modeled and experimental data of flow profiles,

particle concentration, particle velocity fluctuation and local particle size distribu¬

tions for mono- and bidisperse systems in channel flow measured with LDA. The

experimental data of Lyon and Leal ( 1998a,b) were compared with the results

from a simplified model by Buyevich and Kapbsov (1999). Butler and Bonnecaze

(1999); Butler et al. (1999) used electrical impedance tomography to measure par¬

ticle (size 125 to 180 pm) concentration (<f> up to 0.4) profiles in pipe (diameter
20.4 mm) flow. Compared to the other known publications on particle migration,
that of Butler and Bonnecaze (1999) is an exception as it uses a relatively small

a/R ratio of 0.0064. NMR technique was used by Hampton et al. (1997) to mea¬

sure velocity profiles and concentration in pipe flow with an a/R ratio of 0.0256

and 0.0625. The same method was used by Norman and Bonnecaze (2005); Nor¬

man et al. (2005) to measure the migration of buoyant particles in pipe flow. In

those measurements the density differences were quite important with densities

of 2500 and 725kg/m3 for the disperse phase, and 1080 and 1100kg/m3 for the

continuous phase with particle sizes of 30 and 110 pm.

Kowalewski (1980), who was the second author to publish on velocity profile mea¬

surements in pipe flow using UVP technique, already mentioned the nonuniform

concentration distribution possibly contributing to the "tubular pinch effect" be¬

sides the alignment of the particles. Regarding food processing, two articles from

Lareo et al. ( 1997a,c) are interesting as they show experimental results from the
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3. Particulate Suspensions

pipe flow of carrot cubes and their migration during flow. The latest work on par¬

ticle migration in pipe flow are from Shapley et al. (2004) and Miller and Morris

(2006).

The main reason for migration of a spherical particle across a streamline in a pro¬

longed shearing flow is given as a jump in the Bernoulli stress across the particle,
which is larger than the Brownian stress. If the ratio

-2 4

ppv a

2RkBT
(3.9)

(where pp is the particle density, v = (2/3)wmax is the mean velocity for Poiseuille

flow and R is the pipe radius) is smaller than 0.01 (for Poiseuille flow), the mi¬

gration can be neglected (Ho and Leal, 1974; Macosko, 1994).

There are phenomenological models (Leighton and Acrivos, 1987; Phillips et al.,

1992) based on particle migration, which is driven by gradients in the shear rate.

In an alternative group of granular flow-based models (Nott and Brady, 1994), the

migration is driven by gradients in "suspension temperature", defined as the aver¬

age kinetic energy of particle velocity fluctuation due to interparticle collisions.

3.2. Ultrasound based in-line rheometry

The UVP-PD method allows the determination of rheological parameters for the

laminar pipe flow of Newtonian and Non-Newtonian liquids or suspensions by

combining ultrasonic velocity profile (UVP) and pressure difference (PD) mea¬

surements, and use of a rheological flow model. The latter can be e. g. power law

(r = KAfn) or Hershel-Bulkley (r = tq + Kj"1). Alternatively, direct calculation

of the rheological parameters can also be carried out using the flow velocity pro¬

file (gradient method for shear rate) and the pressure drop. If a fluid model is

used, the parameters K, n and To are obtained by minimizing difference between

measured and fitted velocity profiles using non-linear regression. Further details

on the technique can be found in the literature referred below, especially Ouriev

(2000).

As mentioned in the previous section, the rheology of concentrated suspensions of

particles is important to several industrial applications such as food, pharmaceuti¬

cals, ceramics, cosmetics, electronic materials and paper. Usually the suspensions

encountered in many applications are not only opaque but also involve process

conditions like high pressure or high temperature. These complicate the experi¬

mental investigation of their rhelogical behavior using off-line rheometry.
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3.2. Ultrasound based in-line rheometry

3.2.1. Existing literature on UVP-PD

The non-invasive technique of measurement of ultrasound Doppler based velocity

profiles (UVP) and pressure drop (PD) has been investigated by many authors for

in-line rheological characterization of suspensions of particles or fibers or colloidal

polymers dispersed in a continuous phase flowing through pipes. An overview

of the investigations on UVP-PD measurements carried out by various research

groups is given in the text below and tables 3.1 and 3.2.

P. Brunn, University Erlangen-Niirnberg, Germany: The UVP-PD principle

was first mentioned by Brunn et al. (1993) although no experimental results were

presented. Then Müller et al. (1997) calculated shear rate dependent viscosi¬

ties from simultaneous measurements of velocity profiles and pressure drop in a

Newtonian glycerin/water solution, a non-Newtonian aqueous Polyacrylamide so¬

lution, and a non-Newtonian hydroxypropyl guar gum solution. The in-line flow

curves were compared with those measured using an off-line rheometer and good

agreements were found. Later Wunderlich and Brunn (1999) measured also a Poly¬

acrylamide solution and fitted the measured profiles with polynominal, power law

and an "Ellis-fluid" functions. Brunn et al. (2004) presented results of UVP-PD

measurements of a body lotion (concentrated surfactant solution).

E. Windhab, ETH Zurich: The UVP-PD technique was first used for a semester

work (Cantz, 1994) and a diploma work (Drost, 1995), the latter containing rhe¬

ological calculations. Results were also presented by Windhab (1994) including

power law fits. B. Ouriev published numerous articles from his PhD work (Ouriev,
2000). Ouriev and Windhab (2002) applied power law and Herschel-Bulkley mod¬

els to a shear thinning suspension of corn starch in silicon oil and a shear thicken¬

ing suspension of corn starch in glucose syrup. Ouriev (2002) gave details on the

wall slip measurements of shear thickening suspension. UVP-PD measurements

in chocolate suspension and the influence of seeding with pre-crystallized cocoa

butter were presented by Ouriev et al. (2003). Ouriev and Windhab (2003) carried

out flow mapping in the entrance flow of a shear-thickening suspension and they

(Ouriev and Windhab, 2004) investigated transient flows of non-Newtonian model

suspensions. Ouriev et al. (2004) presented results on measurements in partly pul¬

sating chocolate flow and corresponding power law fits. In their diploma work at

ETH Zurich, Johansson and Wiklund (2001) made measurements in shear thin¬

ning surfactant solutions and cellulose suspension and fitted the results to power

law and Herschel-Bulkley models. The results were also compared with off-line

rheometer measurements. A part of the findings were presented by Wiklund et al.

(2001) and Wiklund et al. (2002). In the course of the PhD work, Birkhofer et al.
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3. Particulate Suspensions

(2004) presented in-line measurements of the acoustic properties of cocoa butter

and subsequently Birkhofer et al. (2006a) concentrated on the in-line rheology
measurements of cocoa butter crystal suspension.

J. Wiklund and M. Stading, SIK Gothenburg: After his above mentioned

diploma work at ETH Zurich, Wiklund continued with a PhD work at SIK and re¬

viewed (Wiklund, 2003) the literature on in-line rheology and ultrasound Doppler
methods related to the food industry. Wiklund et al. (2004) and Wiklund et al.

(2006) presented a comparative LDA-UVP study where the UVP-PD method was

applied to measure velocity profiles and rheology of highly concentrated cellulose

fiber suspensions. Results showed that the UVP-PD method can be used to deter¬

mine the yield stress of such suspensions, directly in-line and that an important

concentration gradient exists close to the wall. Wiklund et al. (2007) presented
results of the UVP-PD measurements of various food systems such as cheese sauce,

fruit yoghurt and a vegetable sauce. The aim of these trials was to test the appli¬

cability of the UVP-PD method to highly concentrated polydisperse suspensions

containing anisotropic particles of various shapes and sizes up to several cm in

length. Rheological and structural changes due to increasing processing were also

studied. This article contains also an overview on the UVP-PD methodology in

addition to details of the signal processing and statistical methods such as low pass

filtering of the velocity information obtained by the time domain algorithm and

singular value decomposition methods to determine the wall position by channel

correlation. Regner et al. (2007) presents data on the modelling of the displace¬
ment of yoghurt by water in a pipe using CFD (computational fluid dynamics),
UVP and ERT (electrical resistance tomography). The results showed that UVP-

PD can be used to monitor liquid displacements in pipes in real-time, with good

agreement with modelled data. The collection of the research carried out during
his PhD thesis is now available (Wiklund, 2007).

R. Powell, K. McCarthy and M. McCarthy, UC Davis, USA: Arola et al.

(1997) used flow velocity profiles measured with magnetic resonance imaging

(MRI) in combination with the pressure drop to measure rheological properties.

Choi et al. (2002) compared this technique with UVP-PD method1 for corn syrup

solution and tomato juice flow. Dogan et al. (2002) presented results on measured

properties of diced tomatoes suspended in tomato juice including yield stress, con¬

sistency index and apparent wall slip. Dogan et al. (2003b) investigated the flow of

tomato concentrates with different solid content, the shear thinning behavior with

a yield stress being fitted to power law and Casson models. Subsequently, they

1Similar comparisons were also made earlier at the ETH Zurich (Vieh et ai, 1989, Maier et ai,

1989)
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~~~~~^> %
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Figure 3.1.: Pipe flow profiles with the geometric sizes used in equations 3.10 and

3.11. In addition the typical profiles for the three fluid types Newtonian (n = 1),
shear thinning (n < 1) and shear thicking (n > 1) shown from left to right.

(Dogan et a/., 2005a,b) investigated chemically modified and native corn starch

and polymer melt flows. Choi et al. (2005) described the data processing pro¬

cedure for the UVP-PD measurements. The first steps (removing the DC offset

and apply a complex FFT on the baseband signal) are conventional, but then it

seems that the power spectra are saved as image data and then read in again to

determine the velocities based on image analysis. However, the flow model was

fitted using the velocity profile obtained by a polynominal fit of the actual mea¬

sured profile rather than the measured data itself. Choi et al. (2006) described

the in-line monitoring of tomato concentrate during evaporation by measuring

velocity profiles and sound velocity, the latter being used for the determination

of the concentration. Powell and Pfund (2005) applied the UVP-PD method to

the flow of slurry suspensions. Pfund et al. (2006) investigated the flow of a non-

Newtonian solution of Carbopol EZ-1 with soldium hydroxide, which forms a gel.

They claimed that a patent of their group (Shekarriz and Sheen, 1998b) covers

the combination of profile measurements with pressure drop for in-line rheometry.

However, the actual patent does not seem to mention pressure or pressure drop
measurements.

An alternative method for the in-line determination of the viscosity was proposed

by Bachelet et al. (2003) for Newtonian fluids and Bachelet et al. (2004) for non-

Newtonian fluids respectively, which involved a convergent-divergent tube instead

of pressure difference measurement. The method is based on the measurement

of the flow profile (UVP) at several positions in the converging and diverging
sections in combination with numerical modeling of the flow profile. As this

method requires certain assumptions regarding the flow behavior of the system,

it is not evident that it would also work for complex fluids.
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3. Particulate Suspensions

3.2.2. Power law fluid model

Equations for the variation in viscosity rj with the shear rate 7 for laminar flow

of fluids in a pipe section of length L (figure 3.1) have been derived in literature,
which are based on the fact that the shear stress r along the radius r is given by

APr

r=^r (3.10)

where AP is the pressure drop. The corresponding variation in shear rate is given

by

i=~ (3.11)
dr

where v is the fluid velocity at any radius r. The apparent viscosity is then given

by T] = r/7. The variation in shear stress with shear rate depends on the type of

the fluid. The power law model

r = Kjn (3.12)

represents the shear thinning (n < 1) or shear thickening (n > 1) non-Newtonian

fluids (see also figure 3.1), where K is the consistency index and n the flow expo¬

nent. Combination of the above equations and integration results (Wiklund et al.,

2002) in an equation for the radial velocity profile:

R (RAP\l/n\ /r\1+1/n
V

(1 + l/n) \2LKJ [l
~

\RJ

while the shear rate and viscosity are respectively given by

(3.13)

(APr\l/n
i={2LK) (3-14)

(APr\l~l/n

\2LKJ

3.2.3. Herschel-Bulkley fluid model

The analysis in the previous section can be extended Wiklund et al. (2002) to

other rheological models such as Herschel-Bulkley with the yield stress tq:

T = T0 + Kin (3.16)
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3.2. Ultrasound based in-line rheometry

The corresponding equations for the velocity, shear rate and viscosity are respec¬

tively given by

nR fRAPY
V ~

TTn \2LK J

in which r > R* and R* = 2Lr0/AP is the radius of the plug.

>- ü.y+" /
r R*\1+»

"

r) U
~

r) \ (3.17)

(3.18)

r} =
- = K\-=-\ r (3.19)

The models can be used to describe the velocity profile and rheological proper¬

ties using the measured pressure drop. The parameters K, n and To are then

determined by a nonlinear optimization, which is an integral part of the software

described in section 4.4.

3.2.4. Gradient method

An alternative method for the determination of the the shear rate 7 along the

radius r of the pipe during the flow of the suspension was proposed by Müller

et al. (1997). It uses directly the gradient —dv/dr = 7 of the velocity profiles at

different radial positions. The corresponding shear stress r was obtained using
the pressure drop AP so that r = APr/2L. The apparent viscosity is then given

by f] = t/i = APr/2Lj. This approach will be utilized to characterize the in-line

rheology of flowing suspensions in section 5.1 which also compares this method

with that one described in the previous section.

3.2.5. Direct ultrasonic measurement of viscoelasticity

Kulmyrzaev and McClements (2000) used the complex shear wave reflected from

the surface to measure the high frequency shear rheology of pure and water di¬

luted honey. The same method was used by Saggin and Coupland (2001b) for

viscosity measurements in different oils. Gladwell et al. (1985) measured velocity
of sound and attenuation in castor, olive, groundnut, safflower and rapeseed oils at

frequencies between 2 and 95 MHz and tried to derive the viscoelastic properties,
which depend on the molecular structure (triglyceride composition). Also Saggin
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3. Particulate Suspensions

and Coupland (2004a) tried to derive the dynamic viscosity of xanthan (0 % and

0.5 %) and sucrose (74 to 78 %) solutions over a range of temperatures. The quan¬

titative agreement with measurements from oscillatory viscometry was reported to

be poor, the xanthan solution without sucrose being not distinguishable from wa¬

ter. Saggin and Coupland (2004b) characterized coating fat in corn oil dispersions
of different concentrations (2.5 to 12.5%) and different crystal sizes (30 pm and

< 1pm) by measuring shear and longitudinal ultrasound properties. For both size

groups, the crystals aggregated to structures of about 80 pm. For the longitudinal

measurements, sound velocity and reflectance were only sensitive to the solid fat

contents while the attenuation was also sensitive to the microstructure. With the

shear ultrasonic reflectance and the oscillatory viscometry, the systems with the

smaller crystals had higher viscosity. Again the two latter methods were in qual¬
itative but not in quantitative agreement. The measurement method (shear and

longitudinal waves) was also proposed as an in-line sensor for the determination

of SFC, density and rheological properties of fat crystal suspensions.

3.2.6. Ultrasonic blood viscosity estimation

Brands et al. (1995) bridged medical Doppler ultrasound with rheology by propos¬

ing a method to estimate the wall shear rate of blood vessels in vivo. A RF time

domain (cross correlation) estimator was used with a vessel wall filter which was

adaptive to get an optimal discrimination between the slowly moving structures,

like vessel walls, and the slowly moving blood near the vessel wall. Other mea¬

surement methods of wall shear stress for medical application were reviewed by
Shaaban and Duerinckx (2000). Flaud and Bensalah (2005) presented a method

for the measurement of the blood viscosity, which assumed that blood is a Newto¬

nian fluid and finally Tortoli et al. (2006) used a second transducer perpendicular
to the vessel to determine the wall movement.

3.3. Acoustic properties

The measurement of the acoustic properties of particulate suspensions and other

food systems has been investigated by many researchers in the past decades. The

acoustic properties comprise mainly of ultrasonic velocity, attenuation coefficient

and acoustic impedance (McClements, 1997).

There are different forms of sound propagation, the three most important be¬

ing compression, shear and surface waves. For practical use in measurements,

compression waves are most often used as they are physically the simples sort of

waves, which are least attenuated. In general, sound frequencies above 16 kHz,
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3.3. Acoustic properties

the average threshold for human hearing, are called ultrasound frequencies (Povey
and Mason, 1998, chap. 3). Ultrasound measurements are assumed to be non¬

destructive as power levels are small enough to leave the physical and chemical

properties of the material where it passes unaltered.

In the following mostly particles larger than 1 pi are considered. The acoustics

of colloidal systems is more or less a separate topic, on which detailed information

was given by Dukhin and Goetz (2002) and Challis et al. (2005).

3.3.1. Propagation

An ultrasonic wave is usually characterized by frequency (/ = uj/2tt), attenuation

(a), velocity (c), wavelength (A = v/f) and characteristic impedance (Z = pc).
The attenuation is a measure of the decrease in signal amplitude (£) of a com¬

pression wave with distance z. The variation in the signal amplitude £ along the

distance z in the beam direction with time t is then given by:

£ = Ç0e<Mzï (3.20)

in which £0 is the original signal amplitude at z = 0, % = \f—\ and uj = 2irf is the

angular velocity. The wave vector is k = k' + ik" where k' = uj/c and k" = la.

The relationship between the ultrasonic and physical properties of a material has

been derived by a mathematical analysis of the propagation of an ultrasonic wave

through a material and is expressed in the so called dispersion relation with E as

the complex elastic modulus:

k y p

in which both k and E are frequency dependent. For most ultrasound measure¬

ments k' ^> k" as otherwise measurements are nearly impossible.

3.3.2. Attenuation

Ultrasound transducers are phase sensitive, thus a low measured signal is not

certainly due to attenuation but possibly scattering. This is one of the reasons

why the measurement of the attenuation is less reliable than the sound velocity
measurement. In addition there are diffraction, losses at interfaces and relaxation

effects. The attenuation coefficient can be calculated by fitting the data from a

measurement of the amplitude as a function of the distance from the transducer

to the following equation.

£ = &-az (3.22)
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3. Particulate Suspensions

More theoretical details are given by Allegra and Hawley (1972).

3.3.3. Sound velocity

The velocity of sound depends on the density and the adiabatic compressibility
of the medium. For most materials the velocity of sound decreases with increase

in temperature. In contrast, in water it increases with increase in temperature

(3m/s/K).2

As the pressure waves propagates through the medium the volume and density
fluctuate locally about the normal values. This can be expressed as dilation D

(3.23)

(3.24)

(3.25)

D=AV
Vo

and condensation s

Ap
s = —

Po

The adiabatic compressibility /ï is then defined as

IdV
^

D

V dp Ap

The bulk modulus of elasticity is then

*=-£=
1

K
(3.26)

Wood (1964) showed that the velocity of sound c in homogeneous liquids and gases

is independent of frequency and is given by the Wood equation

c= J— = J— (3.27)

A simple approach to calculate the velocity of sound in a suspension is the Urick

equation (Urick, 1947) in which n and p in the Wood equation (3.27) are replaced

by

k = Y,<1)^ P = ^24>iPi (3-28)

2The velocity of sound in water increases with temperature until 74 °C and decreases for higher

temperatures (Kell, 1975) The reason for this unexpected behavior is the temperature

dependent compressibility which is different from usual liquids At lower temperatures the

water molecules are ordered in a more ordered structure (expanded) which features a higher

compressibility as the more packed structure at higher temperatures (Chaplin, 2007)
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3.3. Acoustic properties

where % is the zth component of the mixture. This is called a homogeneous de¬

scription because the properties of each phase contribute independently to the

properties of the system (Povey and Mason, 1998, chap. 3).

In order to consider scattering effects, Pinfield and Povey (1997) proposed a mod¬

ified Wood equation. The Urick equation and the following extensions of it were

reviewed by McClements and Povey (1987b).

3.3.4. Scattering

The following considerations on ultrasound scattering are valid if the wavelength
is much greater than the size of the particles. There are two different physical

phenomena, namely thermal and visco-inertial effects, which lead to scattering of

ultrasound as explained below.

3.3.4.1. Thermal scattering

As the sound wave travels through the medium, there is an adiabatic compression

and expansion. In an inhomogeneous medium, there are differences in thermal

expansion and heat capacity resulting in a temperature difference at the boundary
between particles and continuous medium, which leads to a heat flow. This causes

a differential expansion and contraction of the boundary region that acts as a

source of scattering (Pinfield and Povey, 1997).

3.3.4.2. Visco-inertial scattering

The more frequently used explanation for the source of scattering is the density
difference between particles and their continuous phase. Particles excited by the

ultrasound wave may move relative to the suspending continuous medium due

to their different inertia. Both the density difference and viscosity of continuous

phase affect the relative motion and hence the scattering. If the viscosity is high,
the particle moves with the continuous phase and the visco-inertial scattering will

be small. If the viscosity is very low, the reaction between the particle and the

displaced fluid volume will be small and once again the visco-inertial scattering
will be small. Therefore, the visco-inertical scattering depends on ultrasound

frequency, density difference, and continuous phase viscosity in a complicated way

(Povey and Mason, 1998, chap. 3).
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3. Particulate Suspensions

3.3.4.3. Scattering in suspensions and emulsions

There are basically two mathematical models describing the propagation in scat¬

tering media. An overview was given by Adjadj et al. (2006).

The scattering models based on the wave equation are described by Epstein and

Carhart (1953) and Allegra and Hawley (1972) (thus also called ECAH theory).
They are based on the interaction with single particles with thermal and visco-

intertial scattering. Waterman and Truell (1961) and Lloyd and Berry (1967) also

considered multiple scattering. McClements and Povey (1989) derived following

approximate expressions for the effective compressibility and density which are

used in the Urick equation to calculate the sound velocity in scattering media.

.eff = «H (l - *0) (3.29)

PeS = pH (l - ^) (3.30)

cüo and o.\ are the attenuation coefficients related to thermal and visco-inertial

scattering respectively. kc is the wavenumber of the compressional wave.

Another approach was chosen by Harker and Temple (1988), Gibson and Tok-

soz (1989), Atkinson and Kytomaa (1992) and Evans and Attenborough (1997)
as they used coupled phase models. The further work of Atkinson and Kyto¬
maa seems interesting as in the next publication Atkinson and Kytomaa (1993)
they investigated the development of the ultrasonic pressure field generated by
the transducer, attenuation and sound velocity in suspensions of different con¬

centrations (up to the maximum packing density). This article also described in

detail an UVP device that exists yet at MIT in the Center for Nanofluids Tech¬

nology. Kytomaa and Atkinson (1993) measured attenuation and backscattering
in function of particle concentration and particle size while Kytomaa (1995) sum¬

marized the information that is extractable from sound velocity and attenuation

measurements regarding particle size, concentration and mechanical properties of

the constituents.

3.3.4.4. Ultrasound spectroscopy

In ultrasonic spectroscopy, the acoustic properties (in most cases, velocity of sound

and attenuation) of particulate suspensions or emulsions are measured as a func¬

tion of the frequency. The acoustic properties depend on the scattering, the latter

itself depending on the interaction between the ultrasonic wave and the disperse

phase. Thus, it is possible to derive information on the structure of the system. In
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3.3. Acoustic properties

an ideal case, mostly only for very well defined simple systems, it is even possible
to derive particle size distributions via the ultrasound spectroscopy. The following
few articles are useful for understanding the fundamentals of the topic: Harker

and Temple (1988); Riebel and Löffler (1989); Holmes et al. (1993, 1994); Storti

et al. (2000).

An interesting application of measurement of particle size dependent scattering
characteristics was used by Haider et al. (2002) to determine the shear rate as

function of disaggregation in polymer melt.

3.3.4.5. Backscattering of Ultrasound from blood and tissue

All the papers dealing with conventional suspensions discussed scattering in re¬

lation with simple attenuation or spectroscopy for particle sizing or other system

characterization measurements. Only articles from the medical field investigated
the (back) scattering and its relation with the received signal, which is used for

the Doppler shift estimation. In blood flow, it is assumed that the red blood cells

(erythrocytes) outnumber the other possible scatterers far both by quantity and

volume (Shung et al, 1976) and are therefore the main source of scattering in

blood. Red blood cells are disk-like structures with a diameter of about 7.5 pm

and a thickness of 1 to 3 urn. If several red blood cells aggregate stacked one above

another, the resulting structure is called rouleau. Besides the acoustic properties

of blood also the attenuation and scattering of tissues are of interest in the medical

field for two different aspects: (i) it is in-between the transducer and the blood

vessels if the measurement is made non-invasive and (ii) it can also be used to

characterize the tissue itself, which is, for instance, applied to the liver (Thijssen,
2003).

Theoretical analysis of scattering by Angelsen (1980) was based on the assumption

that blood is an isotropic continuum and that the scattering arises from fluctu¬

ations in the compressibility and mass density of the continuum. This explains
the development of the backscattering coefficient as a function of the hematocrit3

shown in figure 3.2. Until about 20% hematocrit, the backscattering coefficient

increases with the concentration of the scatterers. Above this, if the concentra¬

tion is high enough, the waves scattered by the individual particles will interfere

which leads to phase cancelation. The overall scattering depends therefore on the

configuration of the set of scatterers. The more regular is the distribution and

thus the higher is the isotropy, the lower is the backscattering coefficient. Thus

towards the maximum packing density the backscattering coefficient reaches its

minimum.

3A hematocrit of 100% corresponds to the concentration of red blood cells m the pellet after

centrifugation of blood
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3. Particulate Suspensions

20 40 60

Hematocrit (%)

100

Figure 3.2.: Plot of the backscattering coefficient (BSC) versus hematocrit for

porcine red blood cells suspended in saline (symbols). The smooth curve repre¬

sents the Perçus-Yevick theory for the packing of hard spheres. Results from Mo

et al. (1994).

The anisotropy of the blood and tissue is also causing the typical speckle patterns

in the ultrasonic imaging. The effect was also be used for an alternative to con¬

ventional ultrasound Doppler measurements. Bohs et al. (1995); Sandrin et al.

(2001); Carlson and Ing (2002) used a transducer array to record B-Mode scans

of the pipe flow. The velocity was then extracted from a cross correlation of the

speckle patterns of two consecutive scans (up to 5000 per second).

3.3.4.6. Backscattering theories

The mentioned models of Angelsen (1980) and Twersky (1988) were further de¬

veloped independently by Mo et al. (1994) and Bascom and Cobbold (1995) by

combining them with the voxel model. A voxel refers to an elemental volume that

is small enough so that the incident ultrasonic wave may be assumed to arrive

with the same phase at every scatterer located within it. Yet another model for

the scattering in tissues was developed by Jensen (1991) in which effects of flow

disturbance and hematocrit on the backscattered Dopppler signal were explained

by means of a backing dimension and a particle dimension.

3.3.4.7. Backscattering measurement techniques

The acoustic backscattering coefficient ß(uS) is defined in ultrasound measurements

as the differential scattering cross section per unit volume for a scattering angle
of 180°. One of the first methods for the quantification of the backscattering from
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3.3. Acoustic properties

randomly distributed scatteres was presented by Sigelmann and Reid (1973). The

amplitude of backscattering is compared to the reflection from a target of known

coefficient of reflection. Madsen et al. (1984) and Insana et al. (1986) presented a

method of data reduction to determine the backscattering coefficient as

ßM = N\\*M\\2 =

.

/9
J\,a\"lwm

^
(3-31)

(T/2'K)(a'(Lüo)
+ Nb'(Lüo))

Where A" is the average number of scatterers per unit volume, ^(cuo), a' and b'

are transducer characteristics which could be determined with the echo from a

reference reflector. ||T4(ci;o)||2 is measured as part of the experimental procedure,
it is the mean value of the square of the moduli of the Fourier transforms of the

time gated (duration r) narrow-band pulse echo from the sample averaged over

several measurements at different positions. Chen et al. (1993), also in the group

of Madsen, measured backscattering coefficients as a function of the frequency and

gate duration using broadband pulses. A different method based on the ratio of

the spectra form a plane reflector and the random medium was proposed by Ueda

and Ozawa (1985).

3.3.4.8. Backscattering data analysis

Shung et al. (1984) showed that the backscattering coefficient was higher in tur¬

bulent flow compared to laminar flow. This was explained with macroscopic lo¬

cal variation of the elastic properties induced by the turbulent behavior of the

medium, which decreased the correlation between two particles due to the pres¬

ence of a flow disturbance. Mo et al. (1994) measured backscattering from blood

with hematocrit values up to 100% (figure 3.2). In another interesting article,
Chen and Zagzebski (1996) described measurements of the backscattering coef¬

ficient as a function of frequency and scatterer volume fraction for narrow- and

broad-band pulses. The scattering system consisted of a volume fraction between

5 and 50 % Sephadex particles with a mean diameter of 42 pi in a gel matrix. The

frequency was varied in the range from 2.5 to 9 MHz. The volume fraction with

the maximum backscattering coefficient increased with the frequency. Also the

frequency dependence of the backscattering increased with the particle concentra¬

tion. This was explained with the continuum scattering models as their spatial
autocorrelation function depends on the scatterer volume fraction. Lin and Shung

(1999) measured backscattering as a function of hematocrit and shear rate at dif¬

ferent pulsation rates and found it to vary during the flow pulse cycle (only for

20BPM but not for 60BPM) and increase with flow rate. Berger et al. (1991)
compared results from the polydisperse scattering theory by Twersky (1988) with
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3. Particulate Suspensions

measured data from red blood cells. The backscattering coefficient was found to

increase with variance of the size distribution of the scatterers.

The backscattering from focused transducers was investigated by Wang and Shung

(1997) for frequencies from 5 to 30 MHz for different concentrations. There was a

difference to conventional transducers at higher concentrations. The backscatter

from blood at 30 MHz was investigated by van der Heiden et al. (1995) concentrat¬

ing on the influence of rouleau size. The measurement setup was similar to that

described by Manneville et al. (2003) as the measurement was made in the gap

of a Cuette viscometer. The backscattering was found to decrease with increase

in shear rate, which was explained with the reduction of rouleaux. Also the spec¬

tral slope (The backscatter coefficient is linearly proportional to the nth power

of the frequency and this parameter n is referred to as the spectral slope of the

backscatter.) was found to be related to the rouleau size and was close to the the¬

oretical value (Rayleigh scattering) of 4 at the lowest rouleau concentration. Even

higher frequencies (35 to 65MHz) were used by Lockwood et al. (1991). In this

frequency range the wavelength becomes similar to the size of the red blood cells,
thus Rayleigh scattering is not any more valid. The spectral slope was therefore de¬

creased to 1.4. An article on the cyclic variation of the power of the backscattered

signal by Cloutier and Shung (1993) is interesting as it used a dilute suspension of

polystyrene microspheres with a diameter between 20 and 130 urn besides porcine

blood as model scatterers. The backscattering power changes during the pulsating
flow if the flow rate is high enough, which is explained with the flow disturbance.

Further there are two review articles to be mentioned. Cloutier and Qin (1997)
summarized the models, influencing factors, blood aggregation and in vivo mea¬

surements. Shung and Paeng (2003) proposed ultrasonic scattering from blood as

a method to measure hematological and hemodynamic properties. Two hemody¬
namic phenomena, the black hole (a low echogenic zone in the center stream of

a blood vessel) and the collapsing ring (an hyperechogenic ring converging from

the vessel periphery toward the center and eventually collapsing during pulsatile

flow) are shown. Sleefe and Lele (1988) described a model and corresponding
measurement that allowed the estimation of the number density of random scat-

teres from the backscattered acoustic signals by characterization of the statistical

nature of the signal including frequency-dependent attenuation, spatially varying
media statistics and beam shape. Measurements were made with a phantom con¬

taining glass coated polystyrene beads with an average size of 120 pm at a density
between 10 and 800 scatterers per cm3.

Rouffiac et al. (2004) related the shear rate with the echogenicity, which were

measured independently and in vivo. The echogenicity was related to the aggre¬

gation of the red blood cells, which depended on the shear rate in the blood vessel.

Wang and Shung (2001) also measured the backscattering coefficient in vivo.
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3.3. Acoustic properties

3.3.4.9. Spectral analysis of backscattered signal

Not directly dealing with backscattering coefficients but nevertheless relevant is

the work of Fink and Cardoso (1984) on diffraction effects in pulse-echo measure¬

ments. Fink et al. (1983) (and also Cloostermans and Thijssen (1983)) described

a method for the estimation of the frequency dependent attenuation from the

backscattered signal. The short time Fourier analysis revealed the time evolution

of the running spectral centroid. In the referred article a base frequency of 2.5 MHz

and a Hamming window size of 2 us and 4 us was used while sampling with 10 bit

at 20 MHz. The resulting development of the frequency as a function of time re¬

spectively depth was described to be well correlated to the frequency dependent
medium attenuation. A more recent article (Kim and Varghese, 2007) used the

cross-correlation of the short time Fourier analysis to derive the attenuation from

the diffraction compensated RF signals.

3.3.4.10. Backscattering in hydraulic engineering

Besides the medical field, the backscattering was also used in hydraulics to mea¬

sure the concentration of sediment particles in flows. Thorne et al. (1993) was

one of the first to publish an approach to the problem via the scattering theory
instead of a simple calibration. The backscattering was measured by the RMS

(Root Mean Square) of the received signal averaged over 100 observations as the

phase of the backscattered waves was randomly distributed. Then the spatial
distribution along the beam axis of the particle concentration can be expressed

as function of received amplitude, attenuation coefficient (which also depends on

the concentration and the location) and several other parameters. The measured

concentrations (up to 1 kg/m3 of marine sediment) agreed well with the actual

concentrations. In a later publication by Thorne and Buckingham (2004), the

influence of the size (45 to 380 pm) and shape factor of sand on the backscat¬

tered signal was investigated. In the Rayleigh scattering regime (small particle
size compared to wavelength) the scattering from glass spheres and sand grains of

comparable size was similar. For larger particle sizes, the backscattering from the

sand grains was higher than that from the spheres, which was explained with the

difference in surface area between the two geometries. A comparable method by
Shen and Lemmin (1996) used the signal transmitted and backscattered to com¬

pensate for the depth dependent integrated attenuation. The method was tested

for concentrations of 1.1, 2.9 and 4.7 %wt of glass spheres of 115 pm diameter with

a distance between the transducers of 38.6 cm. The particle shape influence on

frequency dependent attenuation was investigated by Schaafsma and Hay (1997)
also for lead-glass spheres and different sediment particles (mean diameters be¬

tween 30 and 212 pm). The attenuation spectrum of the irregular shaped particles
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was found to depend on the diameter of a circle with equal projected area and the

diameter of the equal volume sphere.

3.3.5. Fat crystallization and ultrasonic monitoring

When considering the Urick equation, it is evident that the velocity of ultrasound

in solid fat is greater than that in oil because of the difference in density and com¬

pressibility. Consequently, a measurement of the ultrasonic velocity in a fat/oil
mixture can be used to determine the solid fat content (SFC). The velocity in¬

creases by about 3 m/s per % increase in solid fat content (McClements and Povey,

1992). During the phase transition, often the fractional changes in compressibility
are much greater than the fractional changes in density (Povey, 1997).

When monitoring the crystallization process, one has to consider that the small

energy input from the ultrasound measurement in the range of millikelvins can

disturb the equilibrium. This results in an increased attenuation and a frequency

dependent velocity of sound (Dobromyslov and Koshkin, 1970; Akulichev and

Bulanov, 1981; McClements et al, 1993b) because of the relation of relaxation

time and the period (Povey, 1997).

According to Miles et al. (1985) and Pinfield et al. (1995), the volume fraction

(f> of solid in an emulsion (with sound velocity c) of dispersed phase with volume

fraction $ can be calculated by

l l

in which cs and c\ are the extrapolated velocities of sound of emulsions containing

wholly solid droplets and wholly liquid droplets respectively.

For pure oil/fat mixtures the equation can be simplified to

1 - M2
<1> = ^2 (3-33)

In order to calculate the SFC with equation (3.32) or (3.33), it is necessary to

know the ultrasonic velocities of the liquid oil (no solid fat) and the solid fat at

the same temperature. These values can be obtained by extrapolating ultrasonic

velocity measurements made at low or high temperatures to the region of interest

(Hussin and Povey, 1984; McClements and Povey, 1992, 1988b).
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There are many articles dealing with ultrasound for the monitoring of fat crys¬

tallization, a summary of the measured systems being given in table 3.3. The

Nuclear Magnetic Resonance (NMR) method, frequently used in our laboratory
for the SFC measurements in cocoa butter and other fats, was compared with

ultrasonic velocimetry by McClements and Povey (1988a) and Singh et al. (2004).
The first article described measurements of SFC values up to 20 % at a constant

temperature of rapidly cooled tristearin in paraffin oil, tristearin in sunflower oil

and tripalmitin in paraffin oil. The newer article is more relevant for our cocoa

butter crystallization as it investigated the crystallization process of cocoa butter

and anhydrous milk fat, both pure and blended with canola oil4. It was shown

for pure coca butter that the onset of the crystallization resulted in a discontinu¬

ity in the ultrasonic velocity-temperature profile. For cocoa butter diluted with

canola oil, this effect was not visible in the measurement. The NMR and velocity
measurements agreed in most cases. For the cocoa butter canola oil mixtures, the

sound velocities were higher than those in pure cocoa butter at the same tempera¬

ture. This was explained with the polymorphism of the cocoa butter crystals and

thus different microstructures. The modified Urick equation (velocity of sound as

a function of SFC) was found to be not valid for cocoa butter (in contrast to the

anhydrous milk fat) but there were only two sampling points in the region between

0 and 20%, which was interesting for the application in the shear crystallization

process. Further it was not possible to clearly relate the SFC and microstructure

of the cocoa butter to the velocity of sound, but it seems to be an interesting ap¬

proach. This work in the group of A. Marangoni in Guelph was continued using

spectroscopy methods. Martini et al. (2005) reported high attenuation around a

low SFC (5%) due to large crystals, an SFC dependent attenuation around 10%

SFC and a crystal size dependent attenuation around 20% SFC. For the mea¬

surements, the cocoa butter samples were cooled under shear in a temperature

controlled cell.

Garbolino et al. (2000) presented another experimental setup involving a rheome-

ter equipped with a pulse-echo reflectometer, which was used to monitor the ve¬

locity of sound and echo amplitude during the shear crystallization of a coating
fat (hydrogenated and fractionated mixture of soybean and cottonseed oils). Both

parameters showed a clear change at the melting point. Thus, as expected, onset

of the crystallization was found with increase in the shear rate.

Kloek et al. (2000) speculated that an intermediate maximum of the sound velocity

during the melting process of hydrogenated palm oil in water was due to the

conversion from the a to the ß and ß' polymorph form arguing with the lower

compressibility of the more stable ß variant. But there was no further information

on reproducibility of this peak or any comparison with DSC (Differential Scanning

Calorimetry) measurements.

4Canola is a variant of rapeseed, the oil as a melting point of —10 °C)
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In a work comparable to Singh et al. (2004), Saggin and Coupland (2002) carried

out ultrasound measurements in dispersions of cocoa butter and coating fat in

corn oil. In contrast to Singh et al. (2004), the reflection index measured by the

latter authors showed a linear dependence on the SFC measured by NMR, thus

being independent to the polymorphic form. But the solid content used by Saggin
and Coupland (2002) was only reaching a maximum of 36%, while that used by
the former authors was 70 to 100%. The reflectance index method was also tried

for an on-line monitoring of a chocolate tempering process. It was hypothesized
that it was possible to monitor the point of the onset of the crystallization by
measurements with a temper meter and molding of samples before and after this

certain point, where the reflectivity drops at a constant temperature.

3.3.6. Application in food systems

One of the first applications of ultrasound in food systems was the measurement

of fat content of meat by Miles and Fursey (1977). Since then the use of ul¬

trasonic systems in the food industry was further developed but is still not yet

wide spread. Javanaud (1988) wrote an early review article on the application
of ultrasound to food systems. Povey and McClements (1988); Povey (1989);
McClements (1997) reviewed extensively the application of ultrasound in food en¬

gineering. Later Povey and Mason (1998) presented a few interesting chapters

on analytical use of ultrasound. McClements (1998) dealt specifically with the

characterization of food emulsions. Povey (1998) briefly gave examples of applica¬
tions of ultrasound in food systems and the corresponding measurement devices.

Coupland and Saggin (2003) presented extensively on ultrasound sensors for the

food industry. Coupland (2004) described various applications of low intensity
ultrasound for food systems. Elmehdi et al. (2003) measured the sound velocity,
attenuation and density of dough during fermentation and found two distinct ef¬

fects influencing the velocity of sound. During the first phase of fermentation,

CO2 was dissolved and caused a reduction of the pH and thus a weakening of

the intermolecular interactions, likely due to charge repulsion effects on the pro¬

teins. Of course, the gas content also influences the velocity of sound. In a very

recent publication, Alava et al. (2007) measured velocity of sound and attenua¬

tion in dough from different flours. The flours were characterized by the ratio of

attenuation to velocity of sound.

3.3.6.1. Characterization of edible oils and fats

McClements and Povey (1992) gave a brief overview of the ultrasound methods to

analyze different aspects of edible fats and oils including triglyceride composition
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3. Particulate Suspensions

and spectroscopy. A table with the acoustic properties of various edible oils at

20 °C was given. McClements and Povey (1988c) tabulated the temperature de¬

pendency of the sound velocity for many different triglycerides in solid and liquid
state (see also table 3.3). McClements et al. (1990) measured sunflower oil content

(0 to 35%) and tried to characterize the droplet size (0.55 to 10.2 pm) in salad

cream by measuring the velocity of sound as a function of the frequency (1.25 to

10 MHz). Bamberger and Greenwood (2004) described an ultrasound sensor that

could be clamped on a steel pipe to monitor fluid density from the echo amplitude
of multiple reflections from the wall, which depended on the impedance of the

medium in the pipe and solids concentration from the velocity of sound in the

medium.

3.3.6.2. Measurement methods

McClements and Fairley (1991) showed an ultrasonic pulse echo reflectometer,
which consisted of a transducer, a buffer rod, sample cell and reflector plate. This

allowed the simultaneous measurement of velocity of sound, attenuation coefficient

and impedance. A similar setup was also used by Saggin and Coupland (2001a)
to measure the velocity of sound and reflection coefficient of sucrose, glycerol,
sodium chloride and tomato ketchup. In all cases, the two measured sizes were

found to depend linearly on the concentration.
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4.1. Suspensions

The following two different categories of suspensions were investigated: (1) model

suspensions of particles with well defined parameters such as their concentration

and size distribution dispersed in an oil or water as continuous phase with known

viscosity; (2) cocoa butter crystal and chocolate suspensions relevant to industrial

applications.

4.1.1. Model suspensions of polyamide particles in rapeseed

oil

The disperse phase of the model suspensions for the presented pipe flow mea¬

surements (see section 5.1) consisted of 11 and 90 pm mean diameter polyamide

particles (with trade name Vestosint manufactured by Degussa AG, High Perfor¬

mance Polymers, Marl, Germany) with a density of 1016 kg/m3 at 23°C. Purified

commercial rapeseed oil (called Lobra) supplied by Karlshamns AB (Karlshamn,
Sweden) was used as continuous phase. The rapeseed oil is a Newtonian fluid

with a viscosity of 66mPa-s at 20 °C and a density of 910 kg/m3 at 30 °C. The

polyamide particles exhibit a chemical resistance for more than 6 months to the

Lobra oil according to the manufacturer. The suspensions were prepared directly
in a vessel (20 £ volume) fitted with a propeller agitator, which was connected to

the flow loop.

4.1.2. Model suspensions of polyamide particles in water

For the experiments in the rotating cylinder (see section 4.2.4), different materials

such as corn starch (C*Gel 03402, Blattman Cerestar AG, Switzerland), Gril-

tex 5P1 (EMS-GRILTECH, Switzerland) and SASOALWax Spray30 (Sasol Wax,
South Africa) were tested as reflectors. Finally polyamide particles obtained from

Dantec Dynamics (Skovlunde, Denmark) were found to be the most suitable ma¬

terial. These particles have a density of 1.03 g/cm3 and a diameter of 20 pm. At
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33 5 - 37 5 °C

29 0 - 33 5 °C

270-290°C f ß|vJ
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Figure 4.1.: The different cocoa butter crystal conformations, their stability and

packing.

high concentrations a mixture with water results in a very stable foam but at low

concentrations around 0.1 % the polyamide particles proved to be good reflectors

for the ultrasound measurements.

4.1.3. Cocoa butter suspension

Cocoa butter used for chocolate production is a mixture of triglycerides with a

polymorphic crystallization behavior due to different possible arrangements of the

triglycerides that has a melting temperature between 29 and 34 °C. The hydroxyl

groups of the glycerin are mainly oleic acid (C18:l), stearic acid (C18:0) and

palmitic acid (C16:0). The trigliceride composition depends on the geographical

origin of the cocoa butter.

The six different crystal conformations with different melting points are shown in

figure 4.1. There are two different naming schemes for the different conformations,
both shown in figure 4.1. The chocolate industry uses the definition from Wille

and Lutton (1966), which numbers the different conformations from I to VI. In

contrast, the fat industry uses greek characters 7, a and ß with subgroups ac¬

cording to Larsson (1966). The conformations built depend on the crystallization
conditions such as temperature, magnitude and time duration of applied stress.

For the chocolate production the stable ß forms are the desired ones.

X-ray diffraction spectroscopy for the investigation of the polymorphism of co¬

coa butter was described by deMan (1992) and van Malssen et al. (1996b,c,a,
1999). Hernqvist (1990) used Raman spectroscopy in addition to X-ray diffrac¬

tion. Marangoni and McGauley (2003) investigated the microstructure of cocoa

butter crystallized under static conditions at different temperatures showing some

microscopic pictures of the structures and their relation to the polymorphic forms.

Padar (2003) investigated the morphology of cocoa butter crystals produced un¬

der different static and shear crystallization conditions using microscopy, DSC
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Figure 4.2.: Microscopy picture of a diluted sample of the suspension produced
in the shear crystallization process. There are single, spherical to rod like particles
below 10 um in diameter and a few larger aggregates with a diameter larger than

10 pm.

and NMR. One example of the microscopy pictures of the suspension produced in

the shear crystallization process in shown in figure 4.2. Literature on ultrasonic

measurements of the cocoa butter crystallization can be found in section 3.3.5.

4.1.4. Chocolate suspension

The molten chocolate suspension used was dark milk chocolate consisting of 41 %

sugar, 18% cocoa mass, 16% cocoa butter, 0.5% soya lecithin, 23% whole milk

powder and 1 % skimmed milk powder. Thus solid content was around 70 %

(weight) and 65% (volume). The density of the molten chocolate mass was

1237 kg/m3.

Fryer and Pinschower (2000) gave an overview on the material science of chocolate

including the polymorphism of the cocoa butter.

4.2. Analytical techniques

4.2.1. Off-line rheometry

The flow behavior of the model suspensions (section 4.1.1) of polyamide particles
in rapeseed oil were analyzed off-line by Johan Wiklund at SIK in a stress con¬

trolled rheometer, Rheologica Stresstech (Rheologica Instruments, Lund Sweden).
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The viscometric measurements were performed using concentric cylinder geome¬

tries with a bob diameter of 20 mm (CC20). The viscosity was measured over a

wide range of shear rates, which corresponded to the conditions in the flow loop

experiments at 20, 22, 24 and 26°C. The measurements at room temperature

(20 °C) were used for the comparisons with the in-line results.

4.2.2. Nuclear Magnetic Resonance Technique (NMR)

The Solid Fat Content (SFC) of the cocoa butter crystal suspension was deter¬

mined using Nuclear Magnetic Resonance (NMR) spectroscopy. The Minispec

NMS 120 (Bruker BioSpin GmbH, Rheinstetten, Germany) with a magnetic flux

density of 0.47 T of the permanent magnet and an impulse frequency of 20 MHz

recorded the time evolution of the NMR response. The resulting signal contained

the analytical information from which the fractions of hydrogen in solid and liquid
state may be deduced. In solid mater, oscillations of the angular momentum of the

nuclei are heavily damped, and the signal decays relatively quickly. In contrast,

in the liquid, the surroundings are more mobile, thus causing less dampening and

a slower decay of the signal. The relaxation time of molten fat is about 100 ms

while that for the fat crystals is 40 ms. The device calculates the SFC from the

total signal the percentage of protons in a liquid and solid environment.

4.2.3. Laser Diffraction Particle Size Analyzer

The size distributions of particles in the model suspensions were determined using

a laser diffraction particle size analyzer (Beckman Coulter instruments, Fullerton,

USA; model LS 13320). The instrument can measure particles as small as 40nm

due to the Polarization Intensity Differential Scattering (PIDS) technology. PIDS

uses the combined data from the polarization effect of light scattering with the

wavelength dependence at high angles to analyze particles much smaller than the

wavelength of the laser light (780 nm) used. The size distribution the polyamide

particles was determined in dry powder form.

4.2.4. Rotating cylinder

In order to obtain reference data for measuring the flow velocity under stationary
flow conditions, a series of experiments were carried out. A rotating cylinder (fig.
4.3 on the left side) comparable to the one used by Takeda and Haefeli (1991)
made of Plexiglas GS (Degussa, Darmstadt, Germany) with density 1.19 g/cm3
was set up in a water tank of square cross-section. Two sizes of acrylic glass
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Figure 4.3.: Left side: rotating cylinder (large) with transducer position system.

Right side: calculated beam path considering the refraction at the cylinder wall

and longitudinal wave propagation for the small rotating cylinder.

cylinders were used to compare the effect of size and geometry on the ultrasound

propagation through the medium. The volume of small cylinder is 3 £ while that of

the big cylinder is 10 £. The big cylinder is 30 cm in diameter and 14 cm in height
with a wall thickness of 5 mm. The small cylinder is 15 cm in diameter and 7 cm in

height. The outer wall of both cylinders is grooved at mid-height at about 2 mm

to reduce the influence of the wall on the propagation of the ultrasound beam.

The cylinder is placed in the center of a 1 m by 1 m by 50 cm water container to

ensure the coupling between the transducer and the cylinder, which is rotated by
a motor (Type F71K-4, Replec SA, Lutry/Lausanne, Switzerland). The speed
of the motor was calibrated to the value displayed by the controller (Altivar 28,
Schneider Electric, Rueil-Malmaison, France) using a tachometer. The rotation

speeds written in the text refer to the nominal values displayed by the transformer

from 1 to a maximum value of 50 rather than the calculated rotation speed in

rotations per minute (rpm).

The water container was scaled in x and y axis direction. The position of trans¬

ducer can be fixed and the scale is readable from the j/-axis. The distance of

transducer from the cylinder can be defined from x-axis as well. The container

was filled until the upper edge of the cylinder, which was closed with a lid to

avoid air bubbles inside the cylinder. Depending on the measurement system, the

cylinder was filled with different suspensions. The results presented in section 5.5

were obtained with a suspension of 0.1 % polyamide particles (20 pm diameter) in

deionized water.

As the velocity of suspension in the rotating cylinder projected to the transducer

is known from the rotation speed which is constant over the whole secant (fig.
4.4), it is possible to compare the UVP measurements with the actual velocity.

Many experiments were carried out by varying (1) system parameters: (i) different

model suspensions; (ii) influence of sedimentation velocity on reproducibility of
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Figure 4.4.: Scheme of rotating cylinder.

measurements; (iii) concentration of particles in suspension; (iv) two cylinders
with different diameters; (v) rotational speed of the cylinder; (vi) position of

transducer and distance to the cylinder; (vii) effect of reflections from the opposite

tank wall and (2) UVP parameters: (i) number of profile repetitions; (ii) number
of cycles per pulse.

The pulse emitted from the transducer travels through three media: from (i) water
to (ii) Plexiglas, from Plexiglas to (iii) suspension and its echo comes back in the

reverse direction. The theoretical path, considering only the longitudinal propa¬

gation (Thompson et al., 2000), is shown in figure 4.3 (right side). The transducer

position was kept inside the range where the influence from the curvature of the

cylinder was negligible.

The distance of transducer to the cylinder was kept constant at 17 mm in order to

have the focal point at the cylinder wall. The measurements were carried out at

different transducer positions, by shifting the transducer position from the center

of cylinder towards the edge (Ay, see figure 4.4). The resulting velocity v at the

angular velocity uj is v = Ayuj.

4.3. Instrumentation

4.3.1. UVP

The UVP-Duo (Met-Flow SA, Lausanne, Switzerland) is a pulsed wave Doppler

system, which uses a quadrature phase detection as directional demodulation to

get the Doppler shift (baseband) signal. This principle is described e. g. Baker

(1970), Jensen (1996, chap. 6), Evans and McDicken (2000, chap. 4.2.2.) and in

particular, by Durst et al. (1992). The instrument uses an autocorrelation (time
domain) algorithm described by Barber et al. (1985) for the frequency estimation.

During the work, the firmware of the instrument was customized to allow direct

access to the digitized baseband signal. From this data, the power density spectra
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(Lee and Waag, 1978; Hoeks et a/., 1991; Tortoli et a/., 1996) of one set of profiles

(usually between 20 and 100) were averaged (the variability was shown by Cloutier

et al. (1992) to decrease exponentially with the number of profiles). The Doppler
shift frequency (flow velocity) was then determined by taking the geometric mean

from the spectra above an offset, which is a fraction of the maximum power density.
Further details on the ultrasound Doppler technique and implementation can be

found in sections 2 and 3.2.

The UVP-Duo can emit pulses of a variable length (1 to 32 cycles) with a base

frequency of 0.5, 1, 2, 4 or 8 MHz with an emission voltage of 30, 60, 90 or 150 V

peak-peak. There is a voltage controlled amplifier, which is programmable with

a simple ramp using a start and end value defined by the user. The minimum

pulse repetition frequency is 244 Hz. The minimum channel distance is 500 ns as

the two 14 bit Analog to Digital Converters (ADC) for the baseband signal have

a maximum sampling rate of 2MS/s. There is no mechanical switch between the

sending and receiving unit, which has the advantage that there is no minimum

depth for the start of the measurement window. However, the receiving unit is

over-steered by the high voltage signal of the emitted pulse and it takes a few

us until the full sensitivity is reestablished. In addition to the ADCs for the

baseband signal, there is also a separate 2 MHz ADC recording the RF signal
from the voltage controlled amplifier (therefore also the name "Duo").

The instrument has an integrated multiplexer with 20 BNC connectors, which

allows to emit signals with one of the given base frequencies on any of the connec¬

tors. Thus the instrument is also capable of vector flow velocity measurements.

In addition to the multiplexer there are four connectors. Two of them emitting a

trigger signal for the pulses and the measurement window respectively. Also the

analog RF signal after the voltage controlled amplifier, going to the additional

ADC mentioned above, can be simultaneously monitored on an oscilloscope. Fi¬

nally there is a connector to trigger data acquisition externally.

The communication with the instrument works via a proprietary TCP/IP protocol

over an ethernet connection. On the client PC side there are basically two options

to interact with the instrument. One use an application called "UVP Monitor"

from Met-Flow which provides a Graphical User Interface (GUI) to set the pa¬

rameters and view respectively save the flow profiles. As alternative way there is

also an ActiveX library from Met-Flow which allows any 3rd party application to

communicate with the UVP-Duo.

This ActiveX library ("UVPAX"), which was improved considerably in close col¬

laboration with Met-Flow, was used for most the measurements in the presented
work using a MATLAB based application (see section 4.4) as client. The UVPAX

library allows access to all the features of the UVP. It provides an Application
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Figure 4.5.: Left side: Scheme of the focal zone (xm,, Xfze: focal zone begin and

end, dfp: diameter of the beam at the focus point) with the divergence half angle

7. Right side: Pressure distribution in the center of the beam according equation

(A.5) on page 116 for a 4 MHz transducer with an active diameter of 4 mm.

Programming Interface (API) to get the hardware limits, read and write the mea¬

surement parameters, define multiplexer items for velocity vector measurements

and finally acquire either the flow profiles calculated on the DSP (Digital Signal

Processor) on the instrument together with the RF signal or the baseband signal

(in-phase and co-phase). There are two different schemes to get the measurement

values. One can either get them directly calling a function, which returns the

data or install an event handler which is called every time data is available. Later

option is more efficient and is also working directly with MATLAB since the latest

UVPAX library versions.

4.3.2. Ultrasound Transducer

For all the measurements, transducers with base frequencies of 2, 4 and 8 MHz

from the TN and TX series from Met-Flow SA (developed by Imasonic, Besançon,

France) were used. The acoustic energy emitted by those 4 MHz transducers is

around lW/cm2.

For velocity profile measurements in the rapeseed oil based model suspensions

(see sections 4.1.1 and 5.1), an additional transducer from Signal Processing SA

(Lausanne, Switzerland) was used besides a TX transducer. As receiver for the

sound velocity measurements, also TN series transducers were used. All those

transducers have a transmission frequency of 4 MHz, and an active and outer

diameters of 5 mm and 8 mm respectively. These parameters result in water (c =

1480 m/s) in a near field length of 16.9 mm and a divergence half angle of 2.2° (see
also figure 4.5).

Also the 8 MHz transducers of the TN and TX lines were tested. Compared to

the 4 MHz transducers the sensitivity and penetration depths did not match the
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expectations. The 2 MHz transducer was not used for in-line measurements as

the housing has a larger diameter (13mm). For highly concentrated model and

molten chocolate suspensions, measurements with the 4 MHz transducers with an

excitation frequency of 2 MHz worked well.

A good overview of problems and paradoxes of transducer design was given by
Hunt et al. (1983). Szabo et al. (2004) published recently on the calibration of

focused transducers. An interesting transducer design was presented by Murakawa

et al. (2005) who used a so called multi-wave concentric transducer, which had a

2 MHz element in the center and an 8 MHz element in the outer area. The two

different frequencies were used to measure a two phase flow of air bubbles (2 to

4 mm) in a suspension of nylon micro-particles (80 pm). The lower frequency was

used to detect the flow of the larger structures (bubbles) and the higher frequency
for the solid particles.

4.3.3. Flow adapters

The flow adapters were used to fix the transducers enabling the pipe flow mea¬

surements with as little interference with the actual flow as possible. There are

several possibilities to position the transducer. Direct contact of the transducers

were described by several authors (Shekarriz and Sheen, 1998a; Choi et al, 2002;
Ouriev and Windhab, 2003). Other setups were shown by Lemmin and Rolland

(1997); Wiklund and Stading (2006) involving a film in front of the cavity to

minimize influences on the pipe flow stream lines. It is also possible to measure

through the pipe wall especially for materials such as Plexiglas (Yamanaka et al,

2002). As steel pipes (Kishiro et al, 2004; Wada et al, 2004) are quite difficult

to penetrate, many authors used e. g. a wedge transducer Tezuka et al. (2006) to

improve the measurements.

The following articles deal with the measurements through a non-metallic pipe

wall. The effects of a layer of Plexiglas or polyethylene on the ultrasound beam as

a function of the incidence angle for longitudinal and shear waves were investigated
in detail theoretically and experimentally by Thompson et al. (2000). Power

spectra from a string phantom measurement were compared for the cases with

and without transmission through a 2 mm plexiglass sheet. Around the critical

angle (in the case of water and Plexiglas 33°) the frequency distribution was

very sensitive on the angle. The influence of the curvature of the pipe on the

pressure field was modeled by Thompson and Aldis (1996) but was not verified

with experimental data. One finding was that the ratio of the sound velocity in the

two materials was quite important, and that the influence of a diverging interface

(sound velocity in the tube material higher than inside the pipe) was smaller than

from a converging interface. Tortoli et al. (1999) described the effects of the pipe
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Figure 4.6.: Flow adapter with two ultrasound transducers (NF: near field; F:

focal point; FF: far field).

curvature on the dual mode propagation (longitudinal and shear waves) when the

ultrasound beam was incident on the plastic tube off-axis as it was the case for the

rotating cylinder. Regarding flow adapter material selection, Nowak (2002) is of

interest as it gives the velocity of sound and densities for various relevant materials

(PEHD, PVC, PET (Mylar), PMMA). Hung and Goldstein (1983) presented the

density, sound velocity, impedance, reflectance and attenuation coefficients for

Plexiglas, nylon, Teflon, Delrin and various polyethylene amongst others. Further

information on the acoustic properties of pipe wall materials and their influence

on the pressure field can be found in section 2.3 on flow phantoms used in the

medical field.

During this project, various flow adapters made from hard PVC were manufac¬

tured and tested. It was not possible to measure the flow velocity profiles in cocoa

butter system through the pipe wall, probably due to a weak reflectivity and a

high attenuation in the pipe wall material. A setup with a film between the cavity
for the sensor and the pipe could not be achieved without entrapping air bubbles

in the line of the ultrasound beam, which affect the measurement. Temperature

sensitive cocoa butter suspension cannot be used to fill the closed cavity. If an¬

other liquid or gel is filled in the cavity, impedance difference between these two

media affect the Doppler angle. Consequently, the whole adapter was submerged
in liquid cocoa butter respectively water in order to avoid suction of air into the

system. In the case of the cocoa butter this setup also enabled a heating of adapter

avoiding solidification of fat on the pipe wall inside the flow adapter.

As described by Lemmin and Rolland (1997), the transducer was usually posi¬

tioned such that the flow profile measurement begins at the end of the near field

(figure 4.6). Under these conditions, the focal point and hence the smallest sam¬

pling volume diameter is located at the pipe wall, where the velocity gradient
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is maximum. Thus the spatial resolution should be as good as possible. In ad¬

dition, as mentioned by Hoeks et al. (1991), measurements inside the near field

have disadvantages of inhomogenous pressure distribution and variation in the

Doppler angle (Basconi et al., 1986). On the other hand, the cavities in front of

the transducers containing the near field had the disadvantage to contribute to

the accumulation of large sized particles over a period of time as observed by an

increase of velocity of sound for the model suspension (see section 5.1.2) even if

the transducers were positioned in a horizontal plane. In the cocoa butter there

is the possibility of fat crystallization inside the cavities. Consequently, both pro¬

cesses could affect the accuracy of determination of wall position in the measured

flow velocity profile. In addition, as a flow field exists in the region connecting
the cavity and the pipe, the shear stress at the pipe wall cannot be determined

precisely.

In order to measure velocity of sound and attenuation simultaneously with the

profiles, a second transducer facing the one measuring the profiles was fixed in the

flow adapter. This setup was described by Shekarriz and Sheen (1998a), Birkhofer

et al. (2004), Wiklund and Stading (2006) and Choi et al. (2006). As it is possible
to measure the flow profiles with both transducers it is also possible to check the

symmetry of the flow even if the profile is distorted e. g. by echoes from the distal

wall.

The Doppler angle (the angle between the flow and the beam directions) was

chosen between 60° and 70° (respectively 250° and 240°) for all the flow adapters.
When choosing the angle, one has to consider maximum and minimum measurable

flow velocities (small angles for slow flow velocities, steep angles for high flow

velocities) and the averaging, which decreases with the Doppler angle (McArdle
and Newhouse, 1996).

4.3.4. Oscilloscope

In order to monitor the transmitted pulse (second transducer connected directly
to the oscilloscope) or the RF signal (from the corresponding connector of the

UVP), a Yokogawa (Tokyo, Japan) Digital Oscilloscope (DL1520L, two channels,
150 MHz bandwidth, 8 bit, 200MS/s) was used. This oscilloscope was connected

via serial port (RS-232, only 9600 baud) to the PC. A part of the MATLAB

software described in section 4.4 acquires the whole waveform data periodically
to calculate the velocity of sound from the distance of the PRF-Trigger from the

UVP and the reception of the pulse in a similar way as described in da Silva

et al. (1992) with the difference that a linear instead of a quadratic fit of one

cycle was used to determine the point of the zero crossing of the signal. Further

the ^/-scaling (volts per division) and the horizontal time shift are automatically
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adjusted to keep the pulse in the center of the region of interest acquired from

the oscilloscope in case the velocity of sound respectively the attenuation changes

during a measurement.

4.3.5. Pressure sensors

For the measurements of absolute pressures at upstream and downstream of the

flow adapter during the flow of model and cocoa butter suspensions, two different

pairs of pressure sensors were used. It would be preferable to measure directly
the pressure difference but this is technically very difficult because of the distance

of at least one meter between the two measurement points and additional prob¬
lems with the fluids, e. g. the crystallization of cocoa butter at room temperature.

For the cocoa butter, two Kulite (Leonia, NJ, USA) XTM-190M-3.5BARVG pres¬

sure transducers were used. These sensors have a diameter of only 3.8 mm of

the diaphragm. For the model suspensions, two sensors from Svenska Industri

Instrument AB Gothenburg Sweden of the type S-10, 0-4 Bar were used.

4.3.6. Temperature sensors

Conventional PtlOO resistance temperature sensors were used for the cocoa butter

while thermo elements (Pentronic, Gunnebo, Sweden) were installed in the model

suspension flow loop.

4.4. Data acquisition software

A MATLAB (MathWorks, Natick, MA, USA) based application with a Graphical
User Interface (GUI) was developed for (i) data acquisition (UVP-Duo, Oscillo¬

scope, pressure and temperature sensors) automation, (ii) flow profile estimation,

(iii) calculation of rheological parameters from profile shape and pressure drop,

(iv) data post processing and (v) data visualization. The corresponding data flow

chart is given in figure 4.7.

During the data acquisition, the software modules controlling the data acquisi¬

tion from the hardware run in independent threads using timers. After the data

acquisition (typically 20 to 100 profiles), the acquired data are saved in a com¬

pressed MATLAB file and visualized. Alternatively to the data acquisition, it is

also possible to read a saved MATLAB file, mfprof files saved with the Met-Flow

UVP Monitor application or raw binary data files. So the application is suited for
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Figure 4.7.: Data flow chart with the data inputs on the left side and the pro¬

cessing resulting in the rheological parameters.

in-line monitoring (making repeated acquisitions) as well as for post-processing of

measured data.

When the data is available in memory, the flow velocity is estimated from the

power spectra of the baseband signal and it is possible to either fit the flow pro¬

files and the pressure drop to a fluid model such as power law or calculate the

rheological parameters using the gradient method proposed in section 3.2.

The following data visualizations are possible: (i) arbitrary channels and repeti¬

tions of the baseband signal (in- and co-phase) and the power spectra of a single
channel of a single profile or the average over several profiles including a visualiza¬

tion of the velocity estimation; (ii) channel wise data such as velocity profile (from
spectral analysis or time domain), RMS and peak-peak amplitude of the baseband

signal, the amplitude of the RF signal, the signal to noise ratio from the power

spectra, the first and the second derivative of the velocity profile; (iii) results of

the rheological calculations such as 7, rj, r, plug radius and the profile resulting
from the fit to a fluid model; (iv) temporal variation of pressure, pressure drop,

temperatures, velocity of sound, transmitted signal amplitude, maximum flow ve¬

locity and the rheological parameters from the fluid model fitting such as n and

K; (v) animations of the development of the profile over time; (vi) surface plots of

the amplitude of the baseband signal (either individual pulse echoes or the RMS

over time) and the flow velocity profiles over time; (vii) comparison of features

such as simply the flow profiles from several data files.

The whole application consists of approximately 12 000 lines of MATLAB code,
which were written over more than two years with over 300 commits to the revision

control system. MATLAB proved to be a very suitable environment for data

processing as its base data type is a matrix. A similar application also using
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Figure 4.8.: Flow loop for the model suspension.

the combination of MATLAB and the UVPAX ActiveX library from Met-Flow

was developed by Wiklund (2007). Also Choi et al. (2005) presented a MATLAB

based application for the velocity estimation from the baseband signal with FFT

and the calculation of the rheological parameters. Tortoli (Fidanzati et al, 2005;
Guidi et al, 2000) and Jensen (Pedersen et al, 2003) also based some of their

data processing applications on MATLAB.

4.5. Process flow loops

4.5.1. Model suspension

The flow loop (figure 4.8) consisted of a stirred vessel, a pump (positive dis¬

placement pump, Model No. 75NDM, AB Record Material, Sollentuna, Sweden)
a straight pipe with an inner diameter of 22.5 mm and length of 2.7m containing
the two pressure sensors separated by the length L = 1.85 m and the flow adapter
for the ultrasound transducers. Thermo elements were installed in the vessel and

after the pump. The Reynolds Number Re = pv2R/rq was kept below a value

of 100 thus in a laminar regime. According to Durst et al. (2005) the maximum

development length is then only 0.12 m.

Experimental procedure The suspension of a known concentration was allowed

to circulate at a certain volume flow rate through the flow loop by the pump

until steady-state was reached before measurements were made. The experiments

were repeated at different flow rates and particle concentrations with different size

distributions at room temperature (about 20 °C).

56



4.5. Process Row loops

PC/

MATLAB

Mixing
Tank

Figure 4.9.: Scheme of the shear crystallizer flow loop, its instrumentation and

data acquisition devices. PI, P2: pressure transducers; Tl: thermocouple; M:

motor; f: frequency transformer.

4.5.2. Cocoa butter shear crystallization

As described in section 4.1.3 the crystal conformation depends on the crystalliza¬
tion conditions. A shear crystallization process developed by Yuantong Zeng at

our laboratory (Zeng, 2000) creates a crystal suspension with a high amount of /3yi

crystals (nomenclature according to Larsson Larsson (1966)) which are desired in

the chocolate production described in the subsequent section.

Experiments were carried out at Bühler AG in Uzwil (Switzerland) using the fully

temperature controlled flow loop shown in figure 4.9. It consists of a stirred cocoa

butter feed tank, a two stage shear crystallizer and the measurement pipe section

with an inner diameter of 16 mm. The two pressure sensors PI and P2 are lm

apart from each other. The shear crystallizer is a scraped heat exchanger. Molten

cocoa butter is super cooled at the wall temperature of 15 °C in the first stage and

26 °C in the second stage. First the a crystal form is built. As the solid fat content

rises, the shear stress r is increasing accordingly. Thereby the transformation from

a to the ßV crystal form is promoted. In the 2nd stage of the shear crystallizer
the suspension is conditioned and a partial transformation from ßV to the most

stable ßVI takes place. The details of the shear crystallization process can be

found in Zeng (2000).
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4.5.3. Seeded chocolate suspension

Measurements in chocolate were carried out in a compact shear crystallizer from

Bühler AG (Uzwil, Switzerland). This contained two independent flow loops for

chocolate and one cocoa butter shear crystallization unit described in the previ¬

ous section. A small quantity (0.2 to 2%) of the pre-crystallized cocoa butter

was added to the flowing chocolate using a dosage pump followed by a static

mixer. This seeding process with preconditioned cocoa butter crystals of the de¬

sired conformation replaces the tempering process used in conventional chocolate

production.

With a mass flow rate of 380kg/h, a pipe diameter of 16 mm, a density of of

1200 kg/m3 and viscosity of 3.5 Pas of the chocolate, the Reynolds number Re

was 2.4 for the measurements. Thus the flow was laminar and the entry lengths
for a fully developed flow after a change in the diameter of the pipe is rather short

(in the order of a few millimeters).

The flow adapter, which was used for the cocoa butter, was placed in the flow loop
after the end of the static mixer. As chocolate was highly attenuating, a part of

the measurements were made with one of the transducer edges in flush with the

inner pipe wall as also shown by Markou and Ku (1991). If the transducer was

pulled back 17mm to avoid measurements in the near field, the penetration depth
inside the pipe did not even reach the center of the pipe. In addition, for the

seeding experiments the static chocolate in the cavity in front of the transducer

would not have correspond to the dynamically changing chocolate in the pipe

volume.
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The two major series of measurements presented in this work are the ones in the

model suspensions conducted together with J. Wiklund at SIK in Gothenburg,
Sweden (section 5.1) and the ones monitoring the shear crystallization process of

cocoa butter installed at Bühler AG in Uzwil (section 5.2). In addition to the

cocoa butter crystal suspension the flow of molten chocolate was measured, too

(section 5.3).

To support the mentioned measurements the influence of the concentration of

gas bubbles on the quality of the measured profiles was investigated in an open

channel flow at the Hydraulic Constructions Laboratory of EPFL (section 5.4).
The interrelation of the measurement quality and measurement parameters was

examined in a rotating cylinder (section 5.5).

5.1. Model suspensions

This section describes the evaluation of the UVP-PD in-line method to determine

experimentally the influence of particle concentration and size distributions on the

rheology of flowing suspensions of polyamide particles in rapeseed oil which were

described in section 4.1.1.

5.1.1. Polyamide particle size distribution

Figure 5.1 shows microscopy pictures of two monodisperse suspensions while figure
5.2 shows the distributions of the volume mean diameters of the dry particles
determined using Laser diffraction (see chapter 4.2.3). The smallest particles (full
line) had an average diameter of Hum, size ranging from about 1 to 20pm. The

largest particles (broken line) had an average diameter of about 90 pm, the size

ranging from 40 to 250 pm.
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Figure 5.1.: Microscopic image of Hum (left side) and 90pm (right side)
polyamide particles in rapeseed oil. Pictures courtesy of SIK Gothenburg, Sweden.
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Figure 5.2.: Distributions of volume mean diameters for two mean diameter (11
and 90 pm) polyamide particles (dry powder) measured using Coulter particle size

analyzer.

60



5.1. Model suspensions

42

4 1

"Eh

3 9 <

3 8

20 25 30 35 40

Temperature (°C)

Figure 5.3.: Velocity of sound (full line) and throughput amplitude (dots) in

function of temperature for rapeseed oil. (Rivara, 2004).

5.1.2. Velocity of sound

Figure 5.3 shows the acoustic properties of a rapeseed oil (from Florin AG, Mut-

tenz, Switzerland, different from the one used for the polyamide suspension) in

function of the temperature. The curve is not linear over the whole range, in the

first part, approximately until 24°C, the temperature coefficient is —1.6m/s/K
and for the remaining part it is —3.0m/s/K.

The velocity of sound in function of the concentration of the Hum polyamide

particles is shown in figure 5.4. With the Wood (3.27) and the Urick equation

(3.28) on page 30 it is possible to calculate the compressibility of the rapeseed oil

(0.526xl0~9 1/Pa and then fit the Urick equation into the measured dependency
of velocity of sound on particle concentration resulting in a compressibility of

0.253xl0~9 1/Pa for the polyamide.

With increasing concentration the velocity of sound increases faster for the sus¬

pension with the 11pm particles compared to the 90 pm particles (see tables 5.1,
5.2 and 5.3). As the two particle sizes are at the border of the long and inter¬

mediate wavelength regime it is difficult to apply any of the models mentioned in

section 3.3.4.3.

The the sedimentation of the 90 pm particles in the cavities in front of the trans¬

ducers (see also section 4.3.3) can be monitored by the development of the sound

velocity over time. Figure 5.5 shows the sound velocity during a measurement in
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Figure 5.4.: The measured velocity of sound (symbols) in function of the particle
concentration and result from the fit to the Urick equation (full line).

the highest concentrated system measured (25 %) starting several seconds after

the cavities were cleaned manually. The sound velocity increases approximately
3 m/s per minute which corresponds to an increase of the concentration in the

two cavities of 4.5 % per minute eventually reaching a concentration of 50 %. This

value agrees with the nearly solid plug attached to the transducer front plate that

was observed when the transducer was removed for cleaning.

5.1.3. Influence of particle migration

Particle migration due to velocity gradients during the flow of suspensions in

pipes, channels and Couette geometries has been discussed in detail in section

3.1.4. The relevance of particle migration for the present measurements can be

estimated from the article by Butler and Bonnecaze (1999) who used particles of

acrylic glass with a density p = 1170kg/m3 and a size distribution between 125

and 180 pm at a volume fraction of 4> = 0.25. The inner pipe diameter 1R was

204mm and the suspension viscosity r\ = 0.730 Pa-s. The concentration profiles

were measured between 3 and 15 m after an in-line mixer. The value of the particle

Reynolds number Rev was given as 2.2xl0~3. The mean flow velocity (or flow

rate), which was not given, can be determined from Rev = Re(a/R)2 (Matas
et a/., 2004) with the pipe flow Reynolds number Re = 2pvR/rq as v = 1.7m/s.
For the present work, 90 um polyamide particles in rapeseed oil (R = 11 mm, rj

= 0.3 Pa-s, p = 910kg/m3, a = 45 pm, v = 300mm/s) is the system most prone
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Figure 5.5.: The velocity of sound (O) an(i throughput signal amplitude (A)
in function of time during a measurement of the 25 %/90 urn suspension. The

fluctuations in the sound velocity (which are not visible the amplitude) are due

to the automatic scaling of the time resolution on the oscilloscope.

to particle migration. The particle Reynolds number Rep is 0.32xl0~3 which is

about an order of magnitude lower than that of Butler and Bonnecaze. In one

of the measurements of Butler and Bonnecaze, Rev was varied from 3.7xl0~3 to

20xl0~3 and the resulting concentration in the center of the pipe after 15 m was

increased from to 0.34 to 0.41 for an average 4> of 0.25. Thus with the even much

lower Rev of 0.32x 10~3 the effect should be further reduced. For Rev = 2.2x 10~3,
the particle concentration measured by Butler and Bonnecaze 3 m after the mixer

varied between 0.22 at the pipe wall and 0.29 at the center of the pipe. So for

the present work, considering the lower Rep and distance of only 1.5 m between

pump and ultrasonic profile measurement, the concentration gradient over the

pipe diameter should be rather small. Nevertheless one has to consider that the

particle concentration in a thin layer at the wall, where the velocity gradient
reaches its maximum, the concentration drops significantly.

The value of the Péclet number Pe (equation (3.6) on page 18) varies between

237 and 1.06xl06 for the particles of 11 and 90pm diameter respectively, thus

Brownian motion is negligible compared with sedimentation. The correspond¬

ing Stokes sedimentation velocity vs given in equation (3.8) varies between 0.10

and 7.0pm/s and thus the particles move 0.17 and 27 pm respectively in vertical

direction between the stirred tank and the profile measurement section as deter¬

mined using equation (3.7) and the same flow parameters given in the previous

paragraph. Thus the effect of particle sedimentation is negligible on the in-line
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Figure 5.6.: Variation with shear rate 7 in the viscosity r\ of suspensions of

Hum diameter polyamide particles of different concentrations (% by volume) in

rapeseed oil. Symbols: Data measured using off-line rheomter (y: 1%; D: 5%;
0: 10%; A: 15%; O 20%; 1k: 25% joined by dashed lines). Full lines: Variation

obtained by the in-line UVP-PD technique with gradient method.

rheological properties obtained.

5.1.4. Off-line rheometry

The variations with shear rate in the viscosities of suspensions of 11 urn diameter

polyamide particles of different concentrations (% by volume) in rapeseed oil mea¬

sured using an off-line rheometer are represented by symbols in Figure 5.6. The

1 % particle suspension (y) can be seen to be Newtonian since its viscosity is in¬

dependent of the shear rate and has a constant value of about 0.07 Pa-s. For each

of the higher concentrations of the polyamide particles, the apparent viscosity can

be seen to decrease by more than an order of magnitude as the shear rate is re¬

duced by three orders of magnitude attaining a constant viscosity at higher shear

rates indicating shear thinning behaviour. At lower shear rates such as 0.11/s, the

viscosity of 25 % particle suspension (&) is about an order of magnitude (1.5 Pa-s)
larger than that (0.2 Pa-s) for the 5% suspension (D).

In contrast, the suspensions of the 90 pm diameter polyamide particles even up to

20 % concentration shown in figure 5.7 appear to be virtually Newtonian for shear
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Figure 5.7.: Variation with shear rate 7 in the viscosity rj of suspensions of

90 pi diameter polyamide particles of different concentrations (% by volume) in

rapeseed oil. Symbols: Data measured using off-line rheometer (: 5%; A: 15%;
•: 20%; *: 25% joined by dashed lines). Full lines: Variation obtained by the

in-line UVP-PD technique with gradient method.

rates larger than 11/s, although the absolute value of the viscosity increases with

increase in the concentration.

Symbols in figure 5.8 show the variations in viscosity with shear rate for a total

concentration of 25 % for a bimodal mixture of particles of 11 and 90 pm diameter

measured using the off-line rheomter. At a given shear rate, the viscosity of the

suspension is the highest for the unimodal particles of smallest diameter of 11pm

("m"). In contrast, the viscosity is the lowest for the unimodal particles of largest
diameter of 90 pm (*). For instance, the viscosity of 11pm particle suspension at

a shear rate of 11/s is about an order of magnitude larger than that for the 90 pm

particle suspension. This is due to the fact that in unit volume of suspension, the

number of Hum particles will be (90/11)3 = 548 times larger than that of 90pm

particles. Thus the higher the number density of particles, higher is the resistance

to flow not only due to immobilization of the fluid by particles in the suspen¬

sion but also due to particle interactions (Krieger and Dougherty, 1959; Frankel

and Acrivos, 1967; Farris, 1968; Chong et al., 1971; Sengun and Probstein, 1989c;

Hoffman, 1992; Stickel and Powell, 2005). Consequently, the viscosity of the sus¬

pension of bimodal particles decreases as the concentration of 11pm particles is

reduced while the concentration of the 90 pm particles is increased keeping the

total concentration constant. This behaviour was also observed experimentally
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Figure 5.8.: Variation with shear rate in viscosity of suspensions of a con¬

stant total concentration of 25% by volume of a bimodal mixture of 11 and

90 pm polyamide particles in rapeseed oil. Symbols: Data measured using off¬

line rheometer (x: 15%; +: 20% joined by dashed lines correspond to 11 /iin

particles. i% and * represent those in figures 5.6 and 5.7). Full lines: Variation

obtained by the in-line UVP-PD technique with gradient method.

by Chang and Powell (1994), who compared with their (Chang and Powell, 1993)
two-dimensional simulation results. Several authors investigated the rheology of

bimodal suspensions (Gondret and Petit, 1997; Sengun and Probstein, 1997; Prob¬

stein et a/., 1994; Shapiro and Probstein, 1992; Poslinski et a/., 1988; Sengun and

Probstein, 1989a,b).

5.1.5. Velocity profiles and in-line rheometry

Figures 5.9 and 5.10 respectively show two typical velocity profiles along the radius

(channel distance d is given in table 5.1) of the pipe during the flow of suspensions

of 5 and 25 % by volume of 11pm diameter polyamide particles in rapeseed oil

measured using the UVP technique. The quality of these profiles can be seen to

be good. The corresponding volume flow rates Q determined based on the first

half of the velocity profiles are 6.76 and 8.23/min respectively. The velocity

profile for the 25 % by volume of 90 pm diameter polyamide particles in rapeseed
oil suspension flowing at Q = 5.95/min is shown in figure 5.11. Similarly, figures
5.12 (6.00/min) and 5.13 (6.05/min) show two typical examples of the velocity
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Figure 5.9.: Radial velocity profile in the pipe during the flow of a suspension

of 5% by volume of Hum diameter polyamide particles in rapeseed oil. For the

measurement parameters see table 5.1.

profiles for a suspension of a constant total concentration of 25 % by volume of a

bimodal mixture of 20% 11pm and 5% 90 pm polyamide particles. The quality
of the velocity profiles shown in figures 5.11, 5.12 and 5.13 is not as good as that

of the 11pm diameter particle suspensions (figures 5.9 and 5.10). The reduction

in the quality of the former profiles could be due to the accumulation of large

particles in the cavity before the transducers as mentioned in sections 4.3.3 and

5.1.2.

Tables 5.1, 5.2 and 5.3 give a summary of the values of measured flow (Q, AQ
and AP/L), acoustic (c) and UVP (number of profiles: Np; number of pulse

repetitions: Nv; channel distance: d; emission frequency: / and pulse repetition

frequency: /pr) parameters for suspensions of different concentrations (f> and size

distributions of polyamide particles. AQ is the difference in the volume flow rates

determined using the first and second half of the velocity profile. It can be seen

that the pressure drop AP/L increases with increase in the volume flow rate Q and

concentration of particles 4>, the highest being for the smallest diameter particles.
The velocity of sound c also increases with increase in the concentration of the

particles (f>, the highest being also for the smallest particles.

The precise locations of the pipe wall and pipe center from the actual position

of the transducer (see section 4.3.2) could not be directly determined and so are

obtained using the profile data. Because of the minimum channel distance of

360pm channel based methods as e.g. wall detection from the velocity variance

over a series of individual profiles have the disadvantage of significant rounding
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Channel number (-)

Figure 5.10.: Radial velocity profile in the pipe during the flow of a suspension

of 25 % by volume of 11 pi diameter polyamide particles in rapeseed oil. For the

measurement parameters see table 5.1.

Channel number (-)

Figure 5.11.: Radial velocity profile in the pipe during the flow of a suspension

of 25 % by volume of 90 pi diameter polyamide particles in rapeseed oil. For the

measurement parameters see table 5.2.
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Channel number (-)

Figure 5.12.: Radial velocity profile in the pipe during the flow of a suspension

of a constant total concentration of 25 % by volume of a bimodal mixture of 20 %

11pm and 5% 90 pm polyamide particles in rapeseed oil. For the measurement

parameters see table 5.3.

Channel number (-)

Figure 5.13.: Radial velocity profile in the pipe during the flow of a suspension

of a constant total concentration of 25 % by volume of a bimodal mixture of 20 %

11pm and 5% 90 pm polyamide particles in rapeseed oil. For the measurement

parameters see table 5.3.
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Table 5.1.: Values of measured flow (Q, AQ and AP/L), acoustic (c) and UVP

(Np, NT, d and /pr) parameters for suspensions of different concentrations (f> of

11pm diameter polyamide particles in rapeseed oil. The type (Td) of ultrasound

transducers with a frequency / = 4 MHz are also listed. The average of the ratio

of wavelength to particle size is 32 for the listed measurements.

Q AP/L AQ c Td ^p NT d /pr fig

^/min Pa/m ^/min m/s - - - mm kHz -

<f> = 25 %

7 62 6037 0 0691 1535 SP 100 256 0 374 24

8 23 6585 0 0706 1535 SP 100 256 0 374 24 5 10

<f> = 20 %

2 98 1161 0 0417 1510 SP 100 256 0 372 1 25

3 26 1161 0 0148 1510 TX 100 256 0 377 1 23

3 38 1134 0 1195 1510 TX 100 256 0 372 1 25

6 08 3955 0 2060 1510 SP 100 256 0 373 2 93

6 47 2914 0 3909 1510 TX 100 256 0 377 3 16

6 93 2750 0 5755 1510 TX 100 256 0 376 3 17

7 64 3353 1 0051 1510 TX 100 256 0 376 3 17

<f>= 15%

6 85 2038 0 1348 1486 SP 100 256 0 371 3 26

7 03 2257 0 0789 1486 SP 100 256 0 372 3 23

7 21 2148 0 0494 1486 TX 100 256 0 372 3 24

7 34 2038 0 1192 1486 SP 100 256 0 372 3 24

<f>= 10%

3 69 887 0 0044 1471 TX 100 256 0 368 1 28

3 85 887 0 1559 1471 SP 100 256 0 368 1 28

6 92 1600 0 1279 1471 TX 100 256 0 368 25

7 27 1654 0 2573 1471 SP 100 256 0 368 25

10 02 2367 0 1804 1471 TX 100 256 0 368 3 53

10 27 2257 0 1831 1471 SP 100 256 0 368 3 81

11 07 2421 0 2490 1471 SP 100 256 0 368 3 81

11 25 2148 0 1945 1471 SP 100 256 0 368 3 81

</> = 5%

4 07 778 0 0019 1452 TX 100 256 0 363 138

4 11 778 0 0871 1452 SP 100 512 0 363 138

6 76 1271 0 0447 1452 TX 100 256 0 363 2 75 5 9

6 91 1326 0 1030 1452 SP 100 256 0 363 2 75

9 56 1819 0 1685 1452 TX 100 256 0 363 3 57

9 86 1819 0 2200 1452 SP 100 256 0 363 3 57

0=1%
6 77 915 0 1068 1447 TX 50 256 0 362 2 54

6 91 942 0 1262 1447 SP 50 256 0 362 2 54

10 34 1326 0 1410 1447 TX 50 256 0 362 3 87
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Table 5.2.: Values of measured flow (Q, AQ and AP/L), acoustic (c) and UVP

(iVp, d f and /pr) parameters for suspensions of different concentrations (f> of 90 pm
diameter polyamide particles in rapeseed oil. SP type of ultrasound transducer

was used and NT = 256. The ratio of wavelength to particle size is 8 and 4 for 2

respectively 4 MHz.

Q AP/L AQ c Np d f fpi fig

^/min Pa/m ^/min m/s - mm MHz kHz -

<f> = 25%

5 95 3681 0 4079 1500 200 0 367 2 1 42 5 11

<f> = 20%

6 24 2969 0 2703 1486 100 0 373 2 1 39

6 46 2860 0 1279 1486 100 0 372 2 1 45

9 73 3024 0 1443 1486 100 0 387 2 1 39

<f>= 15%

6 77 2476 0 2029 1477 100 0 369 2 1 41

7 70 2476 0 0399 1477 100 0 369 2 1 41

</> = 5%

6 20 2038 0 1261 1456 200 0 364 4 2 41

6 38 2038 0 1394 1456 100 0 364 4 2 41

Table 5.3.: Values of measured flow (Q, AQ and AP/L), acoustic (c) and UVP

(Np, d, f and /pr) parameters for suspensions of different concentrations (f> of

bimodal sized polyamide particles in rapeseed oil. N = 256.

Q AP/L AQ c Td ^p d / Jpr fig

^/min Pa/m ^/min m/s - - mm MHz kHz -

4> = 20 % of 11 pm + 5 % of 90 pm

6 00 4229 0 0407 1525 SP 100 0 381 2 1 15 5 12

6 05 3901 0 1854 1525 SP 300 0 381 4 2 93 5 13

4> = 15% of 11pm + 10% of 90 pm

5 91 2148 0 2056 1520 SP 100 0 76 2 1 18

6 66 2421 0 0705 1520 TX 100 0 76 2 2 31

6 74 2312 0 0965 1520 SP 100 0 76 2 1 18

8 03 2531 0 0475 1520 SP 100 0 76 2 1 57

8 13 2586 0 2022 1520 SP 100 0 76 2 1 57
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off error as discussed later. The following method was, therefore, found to be the

best suited. A fourth order polynomial was used to fit the measured profile data

where from the second half of the profile only the monotonically decreasing part

was used. The center was then determined from the apex of the polynominal fit.

For the following two calculations a spline interpolation of the measured profile
between the determined center and pipe wall position is used. The number of

channels from the measurement is thereby not changed.

Next the gradients and viscosities are calculated according the equations given in

section 3.2.4. For the shear rate, only the points between the first maximum from

the pipe wall and the maximum viscosity towards the pipe center are used. For

the power law rheological model, the experimental velocity profile data are least

squares fitted to equation (3.13) using the measured flow profile and pressure drop
AP in the pipe section of length L to obtain the values of n and K. The radial

variations in shear rate and the viscosity are then calculated using equations (3.14)
and (3.15).

5.1.6. Comparison between in-line and off-line rheometry

Figure 5.14 compares the variation in viscosity with shear rate determined by the

UVP-PD in-line rheometry (full and dashed lines correspond to velocity gradient
and power law methods) with that measured using the off-line rheometer (dotted
lines) for the suspensions of 5 and 25 % (lower and upper set of curves correspond
to the velocity profile data shown in figures 5.9 and 5.10) particles of 11pm di¬

ameter in rapeseed oil. The three in-line curves (in each of the lower and upper

set of curves) correspond to three values of the position of the pipe wall chosen in

increments of 180 pm, which is half of the minimum channel distance (numerical
values of K and n are given in table 5.4). It is clear that the power law predicts
viscosities much lower than those measured by off-line rheometer for shear rates

(1 to 101/s). In contrast, the alternate gradient method predicts values of vis¬

cosities close to those measured by off-line rheometer. In addition, the off-line

rheometric data show that the suspension of 5 % particles is Newtonian for shear

rates larger than 10 1/s. However, the values of n determined by the power law

model (see table 5.1) are greater than unity indicating shear thickening behaviour,
which is unrealistic. The gradient method yielded virtually a constant viscosity.
The variation in the in-line rheometric viscosity associated with the accuracy of

the pipe wall position is insignificant for shear rates greater than about 20 1/s.
These conclusions appear to be reasonable since the velocity profiles shown in

figures 5.9 and 5.10 are virtually symmetric which is realistic and only data points

between the inflection point of the velocity and the pipe center were used in order
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Table 5.4.: Effect of wall position X (relative to the determined value) on the

values of the power law parameters n and K for two different concentrations (<f>)
of 11 pi diameter particles in rapeseed oil as shown in figure 5.14

0 X n K

-

pm

1.16

Pa-s"

5% -180 0.0410

5% 0 1.03 0.0689

5% +180 0.91 0.1106

25% -180 0.83 0.740

25% 0 0.74 1.075

25% + 180 0.67 1.475

to minimize the influence from the convolution of flow velocity and measurement

volume (see section 2.2).

Details of the influence of the location of the pipe wall position on the result of

the power law fit are also shown in figure 5.15 for a different profile measured in

the 5%/llum polyamide suspension. For the fit the first 5 points from the pipe

wall towards the center before the inflection point of the velocity were ignored to

reduce the influence of the convolution close to the pipe wall. As in the previously
described case a variation of the pipe wall position of only 300 urn (which is less

than the highest possible resolution) results in important differences of n and K

while R2 is very close to 1.

Figure 5.6 compares the variation in viscosity with shear rate determined by
the UVP-PD in-line rheonietry (full lines) with that measured using the off-line

rheometer (symbols) for the different concentrations of particles of Hum diame¬

ter. In general, the agreement between viscosities at different shear rates measured

using in-line and off-line rheonietry is reasonably good indicating that the con¬

centration of particles is uniform along the radius of the pipe and in the off-line

rheometer.

As can be seen from figure 5.7, the shear rate dependent viscosities determined

using in-line UVP-PD technique (full lines) are larger than those measured by
off-line rheometer (symbols) for suspensions of different concentrations of 90 pi

polyamide particles in rapeseed oil. This could be due to the accumulation of large

particles in the cavity before the transducers as discussed earlier. This is also true

for the suspensions containing bimodal mixtures of 11 and 90 pm particles (total
concentration of 25% by volume) in rapeseed oil as shown in figure 5.8.
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Figure 5.14.: Comparison of shear rate dependent viscosities of suspensions of 5

and 25% by volume of Hum diameter polyamide particles in rapeseed oil mea¬

sured using in-line UVP-PD (full and dashed lines represent values determined

based on velocity gradient and power law methods for the velocity profile data

shown in figures 5.9 and 5.10), and off-line (dotted lines) rheometers.

5.2. Cocoa butter crystallization

5.2.1. Crystal concentration and sound velocity

In an separate measurement in a one stage shear crystallizer described in Birkhofer

et al. (2004) the solid fat content (SFC) was measured off-line with nuclear mag¬

netic resonance (NMR) in parallel to the acoustic measurements. The measured

values of temperature, sound velocity and SFC are shown in figure 5.16.

As shown in section 3.3.5 it is possible to determine the composition of a fat crystal

suspension using the Urick equation when velocity of sound c, and the adiabatic

compressibility n and the density p of the solid and liquid phase are known. With

a density p\ of 890 kg/m3 for the liquid cocoa butter and a ps of 975 kg/m3 for the

solid cocoa butter this results in compressibilities of n,\ = 0.62xl0~9 1/Pa and ks

= 0.23xl0~9 1/Pa for the liquid and solid cocoa butter respectively. Figure 5.17

shows the velocity of sound in function of the SFC with the measured values and

the results from the Urick equation (details also in Birkhofer et al. (2004)).
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PWP: 19.05 mm, n= 1.13,
K = 0.045 Pa-sn, R2 = 0.99942

PWP: 19.35 mm, n = 0.93,
K = 0.102 Pa-sn, R2 = 0.99990

S 0 35 -

i OS-

Pipe wall position (mi

PWP: 19.65 mm, n = 0.77,
K = 0.189 Pa-sn, R2 = 0.99941

Figure 5.15.: The measured velocity profile in 5%/llum polyamide suspension

and the fitted power law velocity profiles for three different pipe wall positions

300 pm apart from each other. The plot on the bottom right shows the variation

of n (full line), K (dashed line) and the error R2 (dotted line; scale from 0.999 to

1) for the whole range covered by the shown profiles.
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Experiment duration (mm)

Figure 5.16.: Sound velocity (symbols), SFC (full line with error bars) and tem¬

perature (dashed line) during crystallization in the one stage shear crystallizer.

Solid fat content (%)

Figure 5.17.: Velocity of sound as a function of the solid fat content (both
quantities originally measured as function of the time). Experimental: x; fitted:

full line.
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5.2.2. Crystallization process

Normally the two stage shear crystallizer described in chapter 4.5.2 operates at

steady-state at a given flow rate of the cocoa butter crystal suspension with a

constant concentration of the cocoa butter crystals. A small quantity of this crys¬

tal suspension is then added to the chocolate suspension for seed crystallization.
As mentioned in section 4.5.2, the temperatures of the first and second stages

of the shear crystallizer are usually 15 °C and 26 °C to produce the ßV and ßVI

crystals respectively. Both the head of the spindle of the shear crystallizer and

the double walled pipes after the shear crystallizer were maintained at 32 °C to

avoid solidification of cocoa butter at the internal surfaces. The concentration of

the cocoa butter crystals in the suspension flowing at a constant flow rate through
the ultrasound adapter (see Figure 4.9) will be constant under steady-state con¬

ditions. Consequently, the corresponding rheological properties such as the shear

rate dependent viscosity of the suspension determined by the UVP-PD technique
will also be constant.

The aim of the present work is to demonstrate that the influence of process param¬

eters on fat crystallization process can be monitored using the in-line UVP-PD

technique. This is performed under dynamic conditions during the start-up of the

cocoa butter (fat) shear crystallization process with the two stage shear crystal¬
lizer shown in Figure 4.9 as explained below. Cocoa butter was melted in the

tank, the rotor of the shear crystallizer was switched on and liquid cocoa but¬

ter was pumped through the flow loop at a constant flow rate of 13.9 kg/h and

temperature of 41 °C until steady-state was reached. The same temperature was

maintained in all the units of the flow loop. Just 3 min after steady-state was

attained, the temperatures of the first and second stages of the two stage shear

crystallizer were set to 15°C and 26 °C respectively. The temperatures of the head

of the shear crystallizer spindle and double walled pipes were maintained at 32 °C

while that of the tank was increased to 43 °C in order to re-melt the suspension

produced by the crystallizer. The flow velocity profiles, velocity of sound, ampli¬
tude of attenuated ultrasound signal and temperature were continuously measured

in the PVC flow adaptor together with the pressure drop to monitor the trans¬

formation of cocoa butter from liquid state to crystal suspension. These velocity

profiles and pressure drop enable the determination of the temporal change in the

rheological properties such as the variation in viscosity with shear rate.

5.2.3. Measured parameters

The temporal variation in measured parameters and evolution of velocity profiles

are shown in figures 5.18 and 5.19 respectively. The parameters can be broadly
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Figure 5.18.: Temporal variation in the measured values of the process and

acoustic parameters in a pipe section after the shear crystallizer. Temperature:

dashed line; pressure drop: full line; velocity of sound: +; amplitude of attenuated

sound signal: x.

classified into three categories: (i) process parameters such as the pressure drop
and temperature in a pipe section after the shear crystallizer, (ii) acoustic parame¬

ters such as the velocity of sound and the amplitude of the transmitted ultrasound

signal through the cocoa butter suspension in the pipe, and (iii) flow velocity pro¬

files along the pipe diameter.

The dynamic period since the start up of the shear crystallizer (at about 3 min)
shown in Figure 5.18 can be divided into three regions: (a) liquid cocoa butter

cooling period (up to 18 min) during which shear induced nucleation may occur,

(b) intermediate period during which the temperature slightly increased (18 min
until 25 min ), and (c) isothermal shear crystallization period during which the

temperature was constant at 31.5 °C and the concentration of the crystals increased

in the cocoa butter suspension (after 25min).

(a) Liquid cocoa butter cooling period (up to 18 min): Figure 5.18 shows that

the temperature of the liquid cocoa butter flowing decreased from 41 °C to

30°C in the cooling period. As expected, the corresponding pressure drop

can be seen to increase due to increase in the viscosity of the liquid cocoa

butter with decrease in temperature. The sound velocity increased as the

compressibility of the liquid cocoa butter decreases by the temperature re¬

duction due to the tighter arrangement of the triglycerides. The amplitude
of the transmitted ultrasound signal was reduced due to attenuation asso¬

ciated with the increased viscous losses and also possibly the compression

-40 Cooling Inter- Crystallization 15-

mediate

I 1*JV

1400 ;

i-jcn
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60 70

5 min 22.5 min

25 min 36 min

Figure 5.19.: Velocity profiles (average of 30 single profiles) given as channel-wise

normalized baseband signal power spectra (grayscale background) and estimated

velocity profiles (full lines) along the pipe diameter at different times after the

start-up of shear crystallizer.
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and relaxation of triglycerides.

(b) Intermediate period (from 18 min until 25 min): The response of the pro¬

portional-integral-differential (PID) temperature controller is the reason that

the temperature slightly increased from 30 °C to 31.5 °C after which it re¬

mained constant. Thus the temperature was low enough for the beginning
of increase in the concentration of the cocoa butter crystals. Consequently,
both the pressure drop and velocity of sound continued to increase mono-

tonically.

(c) Isothermal shear crystallization period (after 25 min): The temperature of

the cocoa butter remained virtually constant and the concentration of cocoa

butter crystals (referred as solid fat content SFC) in the suspension increased

at a much faster rate due to higher rate of crystallization in the two stage

shear crystallizer. This resulted in relatively larger increase in both the

sound velocity (1400 to 1430m/s) and the pressure drop (2.5 to 17kPa).
The SFC was not directly measured but according to measurements of SFC

carried out (see figure 5.17) previously by Birkhofer et al.Birkhofer et al.

(2004) under similar process conditions using nuclear magnetic resonance

(NMR) technique, a value of around 20 % was reached in this flow loop
based on the measured velocity of sound. The attenuation increased with

the increase of the SFC due to scattering and the increase in viscosity. Thus

the amplitude of the transmitted signal received with the second transducer

was further reduced to 4 V.

5.2.4. Temporal evolution of velocity profiles

The evolution of the shape of the velocity profiles (full lines) during the above

three (cooling, intermediate and isothermal shear crystallization) periods is shown

in figure 5.19. The shear rate increases along the radius of a pipe during the

laminar flow of a particulate suspension, the minimum being at the centre of

the pipe. For shear thinning suspensions, the viscosity decreases with increase in

shear rate at a given concentration of particles. The higher is the concentration

of particles, higher will be the viscosity at a given shear rate. Since cocoa butter

is a Newtonian liquid during the cooling period, the corresponding velocity profile
at 5 min can be seen to be parabolic as expected. The velocity profile at 22.5 min,
which corresponds to the intermediate period, is slightly flattened due to the

formation of cocoa butter crystals indicating that the crystal suspension is shear

thinning. As the concentration of cocoa butter crystals increases up to about 20 %

in the isothermal shear crystallization period mentioned above, the corresponding

velocity profile at 36 min can be seen to be flatter and more shear thinning than

that at 25 min.
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5.2. Cocoa butter crystallization

5.2.5. Ultrasound scatterers in the cocoa butter

Against theoretical considerations assuming a pure oil it was possible to measure

flow velocity profiles in the shear crystallizer flow loop even in the liquid cocoa

butter at temperatures above 40 °C. Thus the following two sections try to explain
the echogenicity of liquid cocoa butter and the crystal suspension.

5.2.5.1. Shear crystallizer start

Figure 5.20 shows the envelope of the baseband signal from liquid cocoa butter

at 42 °C of three consecutively acquired single profiles a few seconds after the

shear crystallizer, which is installed upstream from the measurement location, was

switched on (only the motor for the rotation, not the temperature control). The

baseband signal amplitude shoots up from a very low level (maximum peak-peak

amplitude at 10 % of the ADC range) in the first envelope on the left to a complete
saturation of the ADC in second and third envelope in the center region. From

the second to the third envelope the region where the ADC is saturated increases

from channels 35 - 50 to 30 - 53. This behavior can be explained with air in the

head space of the shear crystallizer that was dispersed into small bubbles with the

rotation of the spindle. Because of the parabolic flow profile the air bubble front

is first visible in the center of the pipe and then broadening.

5.2.5.2. Echo development during crystallization

Figure 5.21 gives an overview on the development of the amplitude of the baseband

signal during the crystallization process (see also figure 5.18) which was started

about 100 min after the start of the shear crystallizer rotation described in the

previous section. The UVP parameters given in table 5.5 were used for the mea¬

surements during the crystallization. The first part until approximately 25 min

shows single, randomly distributed spots with a high amplitude while the second

part after 25 min, where the crystal content is assumed to increase significantly,
shows a region of constantly high echo amplitude moving closer to the transducer

over the time (this is also shown in figure 5.24). Assuming a crystal size around

10 pm (see figure 4.2) the ratio of wavelength to scatterer size is approximately
35.

An example of the baseband signal and the corresponding profile is shown in

figure 5.22 for the case of the liquid cocoa butter. More than 100 min after the air

bubbles were dispersed by the rotation of the shear crystallizer (section 5.2.5.1)
the air bubbles were distributed in the cocoa butter. The structure looks quite

similar to figure 5.43 on page 104 which shows the same data for an open channel
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Figure 5.20.: Development of the baseband signal envelope in the liquid cocoa

butter after switching on the shear crystallizer. The time between the profile
measurements is 2.4 s, the duration of one measurement is 0.7 s.

Table 5.5.: UVP parameters for the measurement during the crystallization pro¬

cess.

Parameter Value

Transducer type

Active diameter

TX

5 mm

Number of pulse repetitions

Pulse repetition frequency
Emission frequency

Voltage

256

0.36 kHz

4 MHz

150V

Gain start 8

Gain end 9

Number of cycles
Sound velocity
Channel distance

2

1367- 1428 m/s
0.342-0.357mm

Window Start 17.0 mm
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Figure 5.21.: Temporal (abscissa) and spatial (ordinate) distribution of the am¬

plitude of the baseband signal. The higher the amplitude the darker the corre¬

sponding region in the plot. The tho half circle shaped structures around channel

25 are artifacts from the interpolation necessary for the visualization.

flow with gas bubbles generated by electrolysis (where it was shown that even a

gas concentration in the range of several ppm is sufficient to measure a velocity

profile).

When the crystal content increases after 25 min the characteristics of the distri¬

bution of the baseband signal amplitude change significantly. Figure 5.23 shows a

single profile at the end of the crystallization at 38 min. Most of the echo origins
from the begin (seen from the transducer) of the flat region of the flow profile. The

location of the maximum baseband signal amplitude for the whole measurement

is shown in figure 5.24. Before 25 min the location is randomly distributed which

agrees with the hypothesis that the main source of scattering are air bubbles.

After 25 min the position stabilizes and moves towards the transducer with the

increase in crystal content.

Figure 5.25 shows the direct comparison of the liquid cocoa butter and the crystal

suspension. Unline the previous figures 5.22 and 5.23 which show single profiles,
the average of 30 profiles is displayed. In the liquid cocoa butter the signal am¬

plitude increases from close to the pipe wall (before channel 10) and has several

local maxima due to the distribution of the scatterers passing by. Beyond channel

50 the amplitude only decreases. For the crystal suspension the signal has first

a local minimum around channel 12 which is related with the DC offset1 at the

1The baseband signal amplitude is expected to oscillate around zero Thus the average of the

pulse echo amplitudes at one channel is expected to be zero unless there is a DC offset The

83



5. Results and Discussion

Figure 5.22.: The amplitude (brightness) of the baseband signal of all the 256

pulse repetitions (left, in ^/-direction) corresponding to a single flow profile (right)
5 min after the start of the measurement. The spectral data is not normalized

channel-wise to visualize the correspondences in the two plots.

Figure 5.23.: The baseband signal amplitude (brightness) of all the 256 pulse

repetitions (in ^/-direction) and the corresponding profile at the end of the crys¬

tallization. The profile (power spectra) is not normalized but the resulting profile
is indicated with crosses.
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Figure 5.24.: Temporal behavior of the location (measurement channel) of the

maximum value of the baseband signal during the crystallization. Maxima inside

the cavity (before channel 15) are not considered.

same position. Then it reaches its maximum at channel 20 where the flow profile
flattens and then decreases until channel 70 (distal pipe wall). This agrees with

the increased attenuation in the crystal suspension also shown in figure 5.18. If

the source of backscattering are only the fat crystals (which is not very evident as

the density and compressibility differences between the disperse and the contin¬

uous phase are expected to be rather small) one would expect the amplitude to

closer towards the pipe wall. If it is the interface between the wall layer and the

plug like flow in the center of the pipe which reflects the ultrasound waves then

the structure in figure 5.23 in the baseband signal amplitude between channels 20

and 30 would be expected to look more homogeneous. So one could hypothesize
that due to the increased velocity gradient near the pipe wall and the flattening
of the flow profile in the central part, the reflectors (probably mostly air bubbles)
concentrate in the zone of the end of the high shear rate and the begin of the flat

region.

DC offset in the baseband signal occurs if the RF signal contains an important quantity of

base frequency signals, e g from transducer ringing or echoes from pipe walls If the spectral

analysis is applied the DC offset is corrected individually for the measurement channels during
the preconditioning of the signal
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Figure 5.25.: Average over 30 flow profiles (crosses and spectral intensity as

surface), RMS of the baseband signal (full line) and the average of the baseband

signal (dashed line). On the left side a profile in the liquid cocoa butter, on the

right side the crystal suspension. In contrast to other profile plots (e. g. figure

5.19) high spectral intensities are visualized by a darker shading which is not

normalized channel wise. The average of the baseband signal results in the DC

offset if it deviates from zero.

5.2.6. Rheological parameters

The experimental velocity profiles (a few are shown in figure 5.19) were fitted to

the power law rheological model equation (3.11) to determine the values of n and

K using the corresponding measured pressure drop in the pipe section after the

shear crystallizer shown in figure 5.18.

The velocity profile in the central pipe region corresponding to the maximum

cocoa butter crystal concentration at 36 min shown in figure 5.19 is flat. This

could be considered as a plug corresponding to a yield stress during the flow of the

suspension. Figure 5.26 shows the comparison between the experimental velocity

profiles and those fitted to the power-law and Herschel Bulkley models equations

(3.11) and (3.17) respectively. The values of the yield stress To and the plug radius

i?* are listed in the figure caption. As mentioned by Wiklund et al. Wiklund et al.

(2002), the accuracy of determination of the radius of the plug affects significantly
the calculated yield stress as the Herschel Bulkley model has three parameters.

However, the shear rate dependent viscosity predicted by the power law model

is found to be the same as that determined using the Herschel-Bulkley model.

Consequently, the present work utilizes the power law model.

The temporal evolution of the values of power law rheological model parameters n

and K determined are shown in figure 5.27. As discussed in the previous section,

cocoa butter was a Newtonian liquid in the cooling period (until about 18 min)
which is confirmed by the fact that the value of n is equal to 1. The corresponding
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Figure 5.26.: The measured profile (dashed line) and the profiles resulting from

the fits to the power law and Herschel-Bulkley models (full lines). The parameters

of the power law fit are: n = 0.16, K = 29.14Pa-sra and R2 = 0.985 (regression
coefficient). For the Herschel-Bulkley model: n = 0.29, K = 13Pa-sra, To = 16.6

Pa, R, = 2.8 mm and R2 = 0.989.

value of K increased due to increase in pressure drop associated with the increase

in viscosity as the temperature decreased from 41 °C to 30 °C. In the intermediate

period, the concentration of cocoa butter crystals in the suspension increased with

time due to crystallization in the shear crystallizer. Consequently, the value of n

decreased to 0.34 at 25 min indicating that the crystal suspension is shear thinning,
which is also reflected by the fact that the corresponding velocity profile in figure
5.19 is flat at the center of the pipe. For the isothermal shear crystallization

period, the value of n further decreased to 0.175 at 36 min and the corresponding

velocity profile in figure 5.19 is much flatter.

Figure 5.28 shows the temporal variation in viscosity during the three periods
defined in previous section at two different shear rates using equations (3.14)
and (3.15) with the values of n and K shown in figure 5.27. The variations

in the position of the radius in the pipe corresponding to these two shear rates

are also shown. In the cooling period up to about 18 min, the positions of the

radii where the shear rates are 2.5 and 7.5 1/s respectively are virtually constant.

However, the corresponding viscosities increased with time as expected due to the

reduction in temperature. In contrast, as time increased during the intermediate

and isothermal shear crystallization periods (after 18min), the concentration of

cocoa butter crystals in the suspension increased and consequently, the position of

the radius corresponding to the higher shear rate (7 = 7.5 1/s) moved closer to the

wall of the pipe than that for the lower shear rate (7 = 2.5 1/s). The viscosity at
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Figure 5.27.: Temporal variation in the values of K (•) and n (x) during the

crystallization process.

36 min decreased from a value of 12.75 Pa-s to 5.5 Pa-s as the shear rate increased

from 2.5 1/s to 7.5 1/s.

Figure 5.29 shows the distribution of the shear rate and viscosity along the radius

of the pipe for the velocity profiles shown in figure 5.19. The shear rate can be

seen to increase from a value of zero at the centre of the pipe to a maximum value

at the pipe wall, the corresponding viscosity decreasing from a large value.

5.2.7. Limitations of the current ultrasound transducers and

adapter

The pressure distribution along the ultrasound beam is irregular in the region,
which is called the near field, close to the transducer. The region after the fo¬

cal point is called the far field in which the pressure decays. Consequently, the

measurements are carried out in the latter region by positioning the transducer

in the PVC flow adaptor 17 mm away from the inner surface of the pipe as shown

in figure 4.9. However, this causes three drawbacks: (i) the laminar fluid stream¬

lines could be disturbed by the cavities, (ii) possibility of crystallization in the

stagnant region of cavities, and (iii) averaging of sound velocity and amplitude
of attenuated transmitted signal over the stagnant and flow regions of adaptor.
These limitations should be solved by an improved design of a flow adaptor and

an ultrasound transducer.
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Figure 5.28.: Temporal variation in viscosities (??7=2 5 and ^7=75) and radial

positions (r7=2 5 and r7=7s) in the pipe corresponding to shear rates 7 of 2.5 1/s
(full lines) and 7.5 1/s (broken lines) respectively.

5.3. Seeded chocolate suspension

Chocolates are highly concentrated suspensions containing sugar crystals, whole

milk powder, cocoa mass and other ingredients in addition to cocoa butter crystals

(details are given in section 4.1.4). Consequently, the attenuation of the ultrasound

is expected to be high and thereby reducing the quality of the velocity profiles.

Therefore, velocity profiles were measured in in chocolate processed in the compact

shear crystallizer described in section 4.5.3 to investigate the profile quality and

the penetration depth of ultrasound. In addition, the velocity of sound was also

measured to examine its dependence on the seeding of cocoa butter.

5.3.1. Attenuation of transmitted pulse signal

By using a flow adapter with two transducers facing each other (see section 4.3.3)
it was possible to measure the signal transmitted through the chocolate. Figure
5.31 shows this throughput signal for pulse lengths between 1 and 4 cycles. For

one cycle, the maximum amplitude is highest compared to the other pulse lengths.
For 3 and 4 cycles, the central part of the pulse has a reduced amplitude. Both ob¬

servations (which were also made in highly concentrated corn starch suspensions)
can be explained with phase cancelation from scattered signals.

89



5. Results and Discussion

6 4 2

Radial position r (mm)

5 min

Radial position r (mm)

25 min

r
40 -,

-12

oT30-
-1°W E

to E

-8 —

£T

.& S 20-

-4
> Ï

u. 10-

-2

-0 o-

6 4 2

Radial position r(mm)

22.5 min

Radial position r(mm)

36 min

Figure 5.29.: Radial distribution of shear rate 7 and viscosity r] for the velocity
distributions (full line: experimental profile, dashed line: fitted profile) shown in

figure 5.19.

90



5.3. Seeded chocolate suspension

21 212 214 216 218 22 22 2 22 4 22 6 22 8

Pipe wall position (mm)

Figure 5.30.: Influence of the estimated pipe wall position on n (full line) and K

(dashed line) and the corresponding error (dotted line) for the liquid cocoa butter.
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Figure 5.31.: Overview of the received signals when using 1 to 4 cycles. Sending
from the TN, receiving with the TX transducer with a distance of 34mm.
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Table 5.6.: UVP parameters common for all profiles shown in section 5.3.2.

Parameter Value

Transducer type TN

Active diameter 5 mm

Number of profiles 25

Number of pulse repetitions 512

Pulse repetition frequency 2.40 kHz

Emission frequency 4 MHz

Voltage 150V

Gain start 9

Gain end 9

Number of cycles 1, 2 and 4

Sound velocity 1669 m/s
Channel distance 0.417mm

Window Start 1.46 mm

5.3.2. Number of cycles per pulse

The following measurements comparing the influence of varying the pulse length
between 1 and 4 cycles were made using the parameters listed in table 5.6 with

the transducer installed in flush with the pipe wall.

5.3.2.1. Baseband signal amplitude

The received echo signal amplitude is approximately a linear function of the length
of the pulse as shown in figure 5.32. The deviation from a linear relation can also

be explained with the phase cancellation described in the previous section.

5.3.2.2. Velocity profiles

The effect of ultrasound pulse length on the velocity profiles is shown in figure 5.33.

Despite the big difference in the baseband signal amplitude, the profiles are similar

although the penetration depth is increased for the 4 cycle pulse approximately
2 mm compared to 1 cycle. As the first measurement volumes are very close to

the transducer (window start at 1.42 mm), the near field, the transducer ringing
and the receiving electronic elements in UVP overloaded from the pulse sent affect

the velocity profile. This can be seen in figure 5.34, which shows the envelopes
of the baseband signal of the received echoes. The first 5 to 10 channels have an
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Figure 5.32.: Normalized amplitude of the baseband signal for 1, 2 and 4 cycles
with maximum values 0.30, 0.55 and 1 respectively.

important DC offset (due to the sent pulse influencing the receiving hardware)
which reduces the signal after the DC offset correction nearly to zero. For the f

cycle signal (top row), the ADC limit is reached in the co-phase signal (top right)
between channels fO and 14. For the 4 cycle signal (bottom row), the ADC is

saturated for the in-phase and co-phase signal between channels 10 and 20. As

the DC offset influences the signal, the pulse length does not result in a significant
difference in the profiles close to the wall as seen in figure 5.33 (bottom right).

From these measurements one can see, that for chocolate the pulse length has

a significant influence on the amplitude of the received signal which increases

proportional with the number of cycles. At the same time the profile quality and

penetration depth show a relatively small variance with the pulse length. Using
shorter pulses reduces the measurement volume which would reduce the size of

the sample volume and should thus improve the accuracy. At the same time it

would have to be investigated how the increased bandwidth with the decreased

pulse length influences the measurements.

5.3.3. Frequency

The TN and TX series transducers with a central frequency of 4 MHz were also

used at an emission frequency of 2 MHz as shown in Figure 5.35. The transducer

position and most parameters were the same as used in the previous section,
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Figure 5.33.: Flow profiles with pulse lengths of 1, 2 and 4 cycles,

summary of the estimated profiles in the plot on the bottom left.

With a

94



5.3. Seeded chocolate suspension
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Figure 5.34.: Envelopes of the baseband signal amplitude (median of the 25

profiles) which is digitized at 14 bit for two different pulse lengths.
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Table 5.7.: UVP parameters for profiles shown in figure 5.35 different from the

ones given in table 5.6.

Parameter Value

Number of profiles 20

Number of pulse repetitions 256

Pulse repetition frequency 1.08 kHz

Emission frequency 2 MHz

Number of cycles 2

Window Start 1.04 mm

Figure 5.35.: Envelope of the in-phase part of the baseband signal (left side) and

the flow profile (right side) measured with the parameters given in table 5.7.

the different ones being listed in table 5.7. The zone of DC-offset is elongated
from channel 10 to channel 20 in contrast to that for the results (figure 5.34)
with 4 MHz. This could be mainly due to the transducer characteristics (internal
ringing) as the near field length is only half of that for 4 MHz. Inspite of the small

amplitude of Doppler signal after the DC off-set correction, it is possible to get

a profile. However, the less quality in the corresponding region of the profile is

reflected by the spectral broadening. Since the penetration depth for the 2 MHz

is higher compared with that for 4 MHz, it is possible to measure the flow profile
at the far end of the pipe wall. There seem to be some artifacts (horizontal bright

stripes) visible in the second half of the profile.

It is interesting to know that the 4 MHz transducers can also measure at 2 MHz.

The increased penetration depth is explained by the attenuation that increases

with the square of the frequency. This option could be used to measure the first

part of the profile with a lower frequency than the second. As our transducers are

designed for a single base frequency it would be necessary to check the pressure

field and other parameters before applying this method systematically.
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Table 5.8.: UVP parameters for the measurements with the TX transducer pre¬

sented in section 5.3.4.

Parameter Value

Transducer type TX

Active diameter 5 mm

Number of profiles 500

Number of pulse repetitions 256

Pulse repetition frequency 3.59 kHz

Emission frequency 4 MHz

Voltage 150 V

Gain start 6

Gain end 9

Number of cycles 2

Sound velocity 1670 m/s
Channel distance 0.417mm

Window Start 0.417mm

5.3.4. Comparison of TN and TX transducers

Figure 5.36 shows the envelope of the in-phase baseband signal and the velocity

profile measured with the 4 MHz TX transducer positioned in flush with the pipe

wall using the parameters given in table 5.8. As the sensitivity of the newer TX

transducer series is increased, it was possible to reduce the gain start value from 9

to 6 and still obtain a penetration depth reaching nearly the distal pipe wall. The

quality of the measurement of the profile close to the pipe wall is also enhanced

as the ADC was not saturated due to the lower signal amplification.

With the window start depth of 0.417 mm and the position of the transducer with

one edge in flush with the pipe wall one would expect the profile to start just at the

second channel in figure 5.36 as the distance from the center of the transducer front

plate to the pipe is 0.8 mm. There are three obvious reasons why this is not the

case. First there is an inherent delay in the analog electronics from the amplifiers
and filters which causes a delay of approximately 1.5 us which corresponds to 3

channels. Second there is the transfer function of the transducer (see 5.31) which

delays the signal approximately one cycle, corresponding to another half channel.

Third there is the front plate of the transducer with a thickness of one quarter of

a wavelength which is passed by the sent and the received signal.
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Figure 5.36.: Envelope of the baseband signal and a velocity profile (average of

500 single profiles) measured with the TX transducer.

Figure 5.37.: Dynamic development of the sound velocity (full line) and trans¬

mitted signal amplitude (dashed line) due to step changes (increase and decrease)
in the seeding of chocolate with 0.4 % (by volume) cocoa butter crystal suspension.
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5.3.5. Influence of cocoa butter seeding on sound velocity

Figure 5.37 shows the measured temporal variations in the sound velocity and

transmitted signal amplitude during step changes in seeding of the chocolate with

0.4% cocoa butter crystal suspension at a constant temperature of 27.6 °C. The

mean flow velocity was about 500 mm/s and the sound velocity was measured at

1.5 m upstream of the location of seeding after a static mixer. This involved 10

sound velocity measurements per minute (limited by the 9600 baud serial connec¬

tion to the oscilloscope). The sound velocity dropped with a short delay, due to

the mentioned distance of 1.5 m, after the start of the seeding. It continued to

decrease because of the dilution by the added cocoa butter suspension and attains

a constant value at about 2 min, which depends on homogenization by the static

mixer. The sound velocity drops by 4 m/s as its value in the cocoa butter crystal

suspension is about 1430 m/s. The amplitude of the transmitted signal increases

as the attenuation in the cocoa butter is lower than that in the chocolate. The

seeding was stopped at 3 : 45 min, which resulted in an increase in the velocity of

sound while the transmitted signal amplitude decreased.

5.4. Open channel flow with hydrogen bubbles

The effect of the concentration of hydrogen bubble reflectors on the quality of

the velocity profiles during turbulent flow of water in a 0.5 m wide and 40 m long

open channel set-up installed by T. Meile at EPFL (École Polytechnique Fédérale,

Lausanne) relevant to hydraulic engineering applications was investigated. The

details of the experimental set-up including the electrolysis method to generate

hydrogen bubbles by varying applied current between two electrodes were de¬

scribed by Meile et al. (2006). The Reynolds number Re was about 1.5xl04in

the used configuration. The wires for the hydrolysis were installed 2.5 m upstream

from the flow measurement. The experiments were carried out at constant volume

flow rate of water with the UVP parameters listed in table 5.9. The profiles were

measured with the following voltage/current combinations: 0/0, 2.5/50, 6/100,
10/150, 13/200, 18.5/300, 28.5/400 and 30V/500mA.

5.4.1. Flow profiles and baseband signal

Figure 5.38 shows that the measured velocity profiles are similar when applied
current is larger than 100 mA. In contrast, they change drastically for the lowest

voltage and when no bubble generation (0 V) was used. The amplitude of the
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5. Results and Discussion

Table 5.9.: UVP parameters common for all profiles shown in section 5.4.

Parameter Value

Transducer type TN

Active diameter 10 mm

Number of profiles 25

Number of pulse repetitions 512

Pulse repetition frequency 1.62 kHz

Emission frequency 2 MHz

Voltage 90 V

Gain start 3

Gain end 4

Number of cycles 2

Sound velocity 1480 m/s
Channel distance 0.74 mm

Window Start 6.1mm

baseband signal can be seen in figures 5.39 and 5.40 to increase more or less

linearly with the applied current.

The spectra of the channel 30 are shown in figure 5.41 for different applied cur¬

rents. The order of the intensities at the actual flow velocity (about 400 mm/s)
correspond to the order of the currents. It is interesting to note that the peak
around zero velocity seems to be independent of the applied current. This could

be an artifact from either the electronics or the transducer or internal echoes of

the cavity, where the transducer is fixed. The width of the peak is more or less

independent of the signal amplitude. If no current is applied (lowest curve in

fig. 5.41) the intensity at the flow velocity of 400 mm/s is the lower than that at

Omm/s. Consequently, the estimated velocity (fig. 5.38) even under flow condi¬

tions is zero.

Further details on two examples of baseband signal data sets (each corresponding
to the data used to calculate one FFT based profile) for the measurement where

no current was applied, are shown in figure 5.42. These were picked out of 25

profiles by choosing the data sets with the minimum and maximum values of the

maximum of the sum of the squares of in-phase (/) and co-phase (Q) signal. The

top row (lowest maximum baseband amplitude) shows a typical speckle pattern in

the baseband signal and the frequencies are distributed around zero. In contrast,

the bottom row shows a bright (high echo intensity) region (channels 20 to 34) in

the surface plot of the baseband signal amplitude. This corresponds to the region
with a meaningful velocity in the power spectra plot on the right side, which

implies that the structure is a reflector flowing with the water. The Doppler angle
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5.4. Open channel ßow with hydrogen bubbles

20 30 40 50 60 70 80 90 100

Channel number (-)

Figure 5.38.: Velocity profiles for the eight different applied currents. Dot¬

ted line: no current applied; dashed line: 2.5V/50mA; full lines: 6V/100A to

30V/500mA.

40 50 60

Channel number (-

Figure 5.39.: The root mean square of the normal part of the demodulated echo

amplitude (baseband signal) for the eight applied power currents. The amplitude
increases with the current. The peak indicates the location of the water surface.
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0 0 1 02 03 04 05

Current (A)

Figure 5.40.: The average amplitude of the baseband signal shown in figure 5.39

between channels 1 and 80 in function of the applied current.

-600 -400 -200 0 200 400 600

Flow velocity (mm/s)

Figure 5.41.: Spectra averaged over 20 profile data sets at channel 30 for the

different currents.
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Figure 5.42.: Two examples of the baseband signal amplitudes and correspond¬

ing power spectra from the measurement with no current (no bubble generation)
applied. Top left shows the sum of the squares of / and Q for the 512 repetitions

and the first 65 channels. The maximum value (white) is 82 000 (which is the

minimum of the maxima of the 25 data sets acquired). Top right are the cor¬

responding channel wise power spectra. Bottom left are the demodulated echo

amplitudes for the data set with the highest maximum value (3 720 000). The

corresponding power spectra are shown bottom right.
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Figure 5.43.: Baseband signal amplitudes and corresponding power spectra for

a data set with the highest current applied. White corresponds to amplitude of

28xl06.

used for the measurements was 120°, this corresponds to the angle with which

the structure seems to drift away from the transducer with increasing number of

repetitions. The structure is visible for about 50 pulse repetitions corresponding
to 31ms. In that time the flow at 400mm/s covers 12 mm. The near field length
is 34 mm (corresponding to channel 38) for the 2 MHz transducer with an active

diameter of 10 mm. The values seem to be realistic considering the fact that the

assumed diameter of the bubbles lies between 50 and 100 pi. Unfortunately, the

spatial resolution of this measurement is not high enough to measure the creaming

velocity of the bubbles.

Figure 5.43 shows a single data set for the measurement where the highest current

was applied. Instead of only a single there are many corresponding structures.

5.4.2. Concentration of gas bubbles

Assuming that the average bubble diameter is equal to that of the wire (100 pm)
and that a direct correlation of the current to the number of hydrogen bubbles

generated exists, it is possible to calculate the number of generated hydrogen
bubbles using ideal gas law: PV = Nk^T', where P is the pressure, V is the

volume, N is the number of molecules and T is the absolute temperature of the

gas bubbles, k being the Boltzmann's constant. This results in 1500 to 15 000

bubbles per second (for minimum and maximum currents) or 12 000 to 120 000

bubbles per second if the bubble diameter is reduced to 50 pi.

The volume flow rate of water is about 10/s so that the concentration of bubbles

lies between 0.1 and 1 bubbles per m£ water for the lowest value of the applied
current. As the total sample volume in the beam is 50 m^ and the total sampling
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10 20 30 40 50 60 600

Channel numner ( )

Figure 5.44.: Baseband signal and power spectrum for the case with the mini¬

mum current applied.

time for one data set is 0.3 s, one would expect to see between 6.5 and 65 visible

bubbles per measurement (in 50 m^ + 15 m£). Picking one of the data sets with

the minimum current (figure 5.44), these numbers seem to be realistic as approxi¬

mately 20 bubbles are visible. In view of the assumptions made, one cannot expect

a precision higher than an order of magnitude.

As the quality of velocity profile was good for 0.15 A current, one can conclude

that even a very low concentration of bubbles of 2 per m£ is sufficient, which corre¬

sponds to a volume concentration of about 6 ppm for 100 pm diameter bubbles.

5.5. Rotating cylinder evaluation

In order to test the accuracy of the flow velocity measured by UVP, a rotating

cylinder (section 4.2.4) was used in which the flow velocity of a suspension of

0.1% polyamide particles in water is known. Further details on the setup and

the results can be found in Shaflei (2005). In contrast to the previously shown

measurements in the current chapter the flow profiles in the rotating cylinder
were estimated using the time domain algorithm implemented on the UVP-Duo

instrument. Only section 5.5.4.4 shows measurements which were calculated via

FFT from the baseband signal.

5.5.1. Polyamide reflector particles

Figure 5.45 shows a picture of the polyamide particles obtained from the micro¬

scope (Leica DM IRB). The particles look similar to the 11 respectively 90 um

polyamide particles form a different supplier shown in figure 5.1. The particle size
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Figure 5.45.: On the left side a microscopy image of polyamide suspension in

water and on the right side the size distribution of polyamide particles. The

average size of particles is about 20 pm.

distribution shown on the right side of figure 5.45 (also measured with the Coul¬

ter particle size analyzer) is quite sharp around 20 urn as specified by the supplier
Dantec Dynamics.

5.5.2. Velocity development

In order to estimate the required waiting time between mixing the content of cylin¬
der (for a homogenous distribution of the polyamide particles which sedimented

slowly) and starting the measurement, the development of the velocity over the

time after switching on the rotation was measured. It could be seen that after

about 120 s, the measured velocity reached a steady value. This was then used

as minimum waiting time between mixing or changing the rotation speed and

conducting a measurement.

5.5.3. Reference measurement

Figure 5.46 shows the results of velocity measurements in the big and small cylin¬
ders. For both cylinders there is a good agreement between the velocity measured

by the UVP and the theoretical velocity calculated from transducer position and

rotation speed. The experiments were carried out at two different motor speeds
of nominally 30 and 50. The transducer was placed respectively for each motor

speed at different positions from 10 mm to 60 mm distance Ay from the center

of cylinder (see figure 4.4 on page 48. The relative error averages between 0.7%
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-300 -200 -100 0 100 200 300

Theoretical velocity [mm/s]

Figure 5.46.: The measured velocity versus the theoretical velocity in small (+)
and big (O) cylinders. The good agreement between the measured (dashed line)
and theoretical velocities (full line) can be observed.

to 12 % for the big cylinder and between 0.5 % to 15 % for the small cylinder.
The geometry of cylinder does not seem to make a significant difference in the

results.

5.5.4. UVP parameters

5.5.4.1. Number of repetitions

The number of repetitions is the number of pulses sent and received for a single
valid profile measurement. This can be adjusted from 32 to 240 (4095 in the most

recent software version) in the UVP. The influence of this parameter on the velocity

profile is investigated by varying the number of repetitions between 60 and 240

and comparing the resulting standard deviations in the flow velocity. As a result

120 repetitions were chosen for the further measurements. It is a compromise

between the profile quality (mean standard deviation) and the measurement time

for a single complete profile. The mean measured velocity from the profile is not

significantly influenced by the number of repetitions.
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Figure 5.47.: The plot on the left side shows mean standard deviation versus

number of cycles. The plot on the right side illustrates the % relative error versus

number of cycles. Both errors become smaller with an increasing pulse length.
Theoretical flow velocity: — 150.66mm/s, transducer position: —39.93 mm.

5.5.4.2. Number of cycles

The number of cycles n multiplied by the wavelength gives the pulse length. The

results in figure 5.47 show that the mean standard deviation decreases with the

number of cycles. On the other hand, there is a correlation between the pulse

length and the spatial resolution which is not important in the case of the rotating

cylinder as the projected flow velocity is constant while for the flow profile with

the velocity gradient there is strong impact from the length of the pulse (Jorgensen
et a/., 1973). Adjusting the number of cycles to 4 produces an acceptable relative

error (fig. 5.47).

5.5.4.3. Rotation speed of cylinder

At a fixed position of the transducer, increasing the speed of rotation of cylinder
from 1 to 50 decreased the relative error as indicated in figure 5.48. A low standard

deviation at high rotation speed indicates also the quality of measurements, which

means that the distribution width is closely around the mean value of velocity.

5.5.4.4. FFT based measurement

While the rotating cylinder measurements presented in the previous sections were

made using the flow profiles calculated with the time domain algorithm on the

UVP instrument this section presents the first data processed in the frequency
domain using FFT. The baseband signal was acquired with a custom software
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Figure 5.48.: The left graph shows the % relative error versus measured velocity
and the other graph shows the standard deviation of the measured velocity at

different motor speeds. The position of transducer was constant (—29.93 mm)
during the measurement.

running directly on the PC inside the UVP instrument that had certain limita¬

tions, e. g. the number of repetitions was fixes to 128.

Figure 5.49 illustrates the corresponding results from the experiments with a sus¬

pension of polyamide particles in water in the small rotating cylinder. The rather

bright area (which is due to the channel wise normalization of the data) on the

left side of the plots are in the water around the cylinder which is not seeded with

reflectors and which only should only move in a small layer around the cylinder.
Then there is a region with the total reflection from the surface of the solid wall

of rotating cylinder which has therefore a velocity of zero. The first four plots of

figure 5.49 show a zero velocity inside the cylinder volume. This can be explained
with the total reflection of the pulse at the cylinder wall and the transducer and

its holder (made of metal). The returned echo (having no Doppler shift in the

frequency) is superimposed on the echo from along the actual beam path inside

the cylinder which is weaker. The effect decreases with increasing Ay as the angle
between beam and cylinder wall deviates from normal due to the cylinder curva¬

ture and thus the direction of the reflection at the cylinder wall is less directed

towards the transducer. The measured velocity and the velocity calculated from

the rotation speed are in a good agreement for all the positions, only in the last

case with Ay = 3 cm the velocity decreases slightly with increasing distance. This

can be explained with the curvature of the cylinder (see figure 4.3 on page 47).
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5. Results and Discussion

Figure 5.49.: Average spectra over 100 measurements of the Doppler shift fre¬

quencies for the single channels for the measurements in the small rotating cylinder
at different transducer positions (Ay 0, 1, 2 and 3 cm) with a constant rotation

speed of nominally 30. The velocities calculated from rotation speed (0, 25.5, 50.3,
75.5 and 100.6 mm/s) are shown as dashed lines.
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6. Conclusions

1. The ultrasound Doppler based velocity profile (UVP) and pressure drop

(PD) measurement technique was used effectively for in-line rheological char¬

acterization of model particulate suspensions by determining the shear rate

using the gradient of the velocity profile along the radius of the pipe. The

radial variation in shear stress is obtained by measuring the pressure drop
in a pipe section of known length. The corresponding shear rate dependent

viscosity determined agreed reasonably well with that measured using the

off-line stress controlled rheometer. The viscosity of suspensions of a given
concentration of Hum diameter unimodal polyamide particles in rapeseed
oil decreased with the shear rate indicating shear thinning behaviour. This

implies that the migration and sedimentation of particles in the pipe flow ap¬

pear to be negligible. The viscosity increased with increase in concentration

of particles (up to 25%) but decreased for larger particles (90 pm). The si¬

multaneously measured sound velocity increased with particle concentration

and decreased with particle size.

2. The UVP-PD technique combined with the simultaneous measurement of

sound velocity and attenuation was shown to be valuable for the in-line

monitoring of rheological properties due to dynamic changes in cocoa but¬

ter fat crystallization process parameters relevant to industrial applications.
The velocity of sound increased almost linearly with the solid fat content in

the cocoa butter crystal suspension, which was found to be shear thinning.

3. The addition of a spectral analysis of the baseband signal to the time do¬

main approach for the determination of the flow velocity profiles proved
to be valuable as it not only provided additional quality information (sig¬
nal amplitude, signal to noise ratio) but also simplified identification of the

source of causes of the velocity measurement errors.

4. The application of the power law flow model for the rheological characteriza¬

tion was unrealistic as the fitted parameters were sensitive to the position of

the pipe wall and vary significantly even over the minimum distance (370 pi)
of the velocity sampling points. Consequently, the above alternative direct

gradient method was found to be more robust and accurate.
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6. Conclusions

5. The accuracy of measurement of flow velocities in suspensions using UVP

was evaluated by comparing with the results obtained from experimental

investigations of reference rotating cylinder containing dilute aqueous sus¬

pensions of reflector particles. The agreement was found to be good.

6. The method of electrolysis to generate gas bubbles to measure ultrasound

based velocity profiles in open channel flow enabled the determination of

minimum concentration of gas bubbles needed to obtain the actual velocity
distribution. The required concentration was found to be in the range of

several ppm in water.

7. Ultrasound Doppler based technique demonstrated that it was possible to

measure the velocity profiles during the pipe flow of milk chocolate suspen¬

sion when the pulse length was as low as 1 cycle, the measurement was close

to the transducer (about 1 mm) and higher penetration depth was obtained

using a lower frequency.

8. The accuracy of the profile measurement could be further improved by in¬

vestigating the acoustic pressure field, and the size and pressure distribution

inside the sample volume. Latter would enable the deconvolution of the pro¬

file, which would be relevant for the rheological calculations especially in the

vicinity of the pipe wall.
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A. Near field pressure field

The pressure field can be described by the Rayleigh integral (equation (A.l)
which is a reduction of the Kirchhoff-Helmholtz integral:

p(?-t) = ^//';°(xs,tefl"fl/c)dj3d9s (A.l)

(R2 = z2 + (x — ss) + (y — ys) ; %s, ys'- position on surface S; vQ: normal velocity
of the transducer surface (figure A.l))

The field of an oscillating circular piston is not necessarily easy to describe at

intermediate radial distances. However, a simple expression results for the field

along the symmetry axis (x=0, y=0).

The coordinate system of equation (A.l) is replaced by cylindrical coordinates ws,

4>s and z (xs = ws cos (f>s, ys = ws sin 0S).

(R2 = z2 + Ws, a: active transducer radius)

Integrated one gets

wsdwsd(f>s (A.2)

Ax

Active diameter

Figure A.l.: Scheme of the coordinate system and the normal velocity of the

transducer surface.
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A. Near Reld pressure Held

p = pc[vn[t
v^T

(A.3)

This can be regarded as the superposition of two waves, one propagating from the

center of the piston and the other (with a minus sign prefixed) propagating from

the edge of the piston (ws = a).

When the piston is oscillating with constant angular frequency u, the two terms

in equation (A.3) my cancel for certain values of z. With the complex amplitude

vQ exp(wr) = vQ(t — t) one gets the complex pressure jr.
1

p = —2ipcvQ exp

(k: wave number (k = uj/c))

{ ik z + v'z2 + a2 Ï

sin

k^ß2 kz
(A.5)

1
Complex notation An acoustic disturbance is of constant frequency if the field variables oscil¬

late smusoidally with time, such that (for the acoustic pressure p)

P = Ppk cos (uit — </>)= ppk sin (tut — <f>') îexp (—lujt) (A4)

(ppk amplitude or peak pressure, u> angular frequency, p complex pressure amplitude,

(f> phase constant )
The complex-number representation in equation (A 4) is convenient in theoretical studies,

in particular, it replaces the amplitude an phase by a single complex number and condenses

the writing of mathematical relations (Pierce, 1981)
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