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Abstract
This thesis deals with three diﬀerent applications of ultrasound measurement technology.
In process industries like the mining industry, the oil and gas industry, and the paper
pulp industry, multiphase ﬂows play an important role. It is of interest to measure several
diﬀerent parameters of these ﬂows, such as the mass fractions and the mass fraction
velocities of the diﬀerent phases. There are currently no single technique available that
can measure all of these properties, and commercial multiphase ﬂow meters are in practice
a combination of several ﬂow meters that each measure diﬀerent parameters. The longterm goal of the project presented in this thesis is to develop an ultrasonic technique
that can measure all of these properties. The ﬁrst focus of the work presented in this
thesis has been to develop an ultrasonic method that can measure the mass fraction of
particles in a solid/liquid multiphase ﬂow. The technique is based on a sensor array that
measures an entire cross section of the ﬂow. The use of an array makes it possible to
measure the particle distribution. This can then be used to detect static installation
eﬀects, thus enabling the use of single point sensor. The sensor array used is clamped on
to the outside of the ﬂow pipe which means the technique is completely non-invasive.
The second focus is on imaging of opaque ﬂows. While traditional optical techniques
such as LDV, etc. does not work for opaque media, there is no such restriction on the
ultrasonic method. The imaging technique, called ultrasonic speckle correlation velocimetry (USV) has been applied to image vortices in ﬂows, and to measure particle velocity
proﬁles in multiphase ﬂows.
The third and last contribution is in the ﬁeld of non-destructive evaluation (NDE)
of materials. In a biomaterial engineering project, the goal has been to develop an
injectable bone cement that can be used to repair or replace fractured bone. During the
setting reaction, the cement undergoes a series of phase changes, which have implications
on how the cement can be used. The research is motivated by the lack of satisfying
standards to measure the setting time. The existing methods are based on mechanical
testing and visual examination, which makes them time-consuming and subjective. The
ultrasonic technique presented in this thesis provides a non-destructive and objective way
to determine both the setting time and some mechanical properties of the cement, during
the entire setting process.
The thesis consists of an introductory part and a collection of seven papers.
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Chapter 1
Thesis Introduction
1

Objectives

This thesis presents results of research in the areas of multiphase ﬂow measurement, ﬂow
imaging, and material characterization. What all these applications have in common is
that ultrasound was used as the means of measuring the parameters of interest.
The goal of the multiphase ﬂow measurement research is to ﬁnd an ultrasonic technique capable of measuring mass fractions and mass fraction velocities in ﬂows consisting
of water and solid particles. The main motivation for this research is that all the techniques available today are combinations of several sensor technologies which all measure
diﬀerent properties of the ﬂow. The idea here is that it should be possible to use ultrasound to measure all of the interesting parameters, thus reducing both the size, the cost,
and potentially also the number of error sources in the overall measurement.
We are primarily interested in characterizing two types of multiphase ﬂows:
• Iron ore slurries.
• Paper ﬁber suspensions.
Such ﬂows are dilute multiphase suspensions having water as bulk ﬂuid and solid particles,
ﬁbers, and/or gas bubbles as minor phases. Often, the suspensions have low contents of
the solid or gas phases. Because of the large variety of multiphase ﬂows in the industry
it is necessary to focus on a subset of the problems involved. In this thesis, focus has
been on iron ore slurries and other mixtures where the particles (as an approximation)
can be considered to be spherical.
The ﬂow imaging research is the result of a cooperation with Laboratoire Ondes et
Acoustique, at Université Paris, VII, in Paris, France. A new ultrasonic imaging technique
was used to measure vorticity in a ﬂow, and to measure particle velocity in a multiphase
ﬂows. Combining the technique for particle velocity measurements, with a method for
mass fraction measurement, it should be possible to determine the mass ﬂow of the
particle phase.
The third research area was non-destructive evaluation (NDE) of materials undergoing phase-changes. The goal was to develop a non-destructive ultrasonic technique for
measuring the setting time and some mechanical properties of an injectable bone cement.
1
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The cement is developed in a joint project between the Dept. of Orthopaedics at the University Hospital in Lund, Sweden, and The Research Center in Biomedical Engineering,
at the University of Catalonia, in Barcelona, Spain. This research was mainly motivated
by the lack of satisfying standards for measuring the setting time of these types of cement. The existing standards are based on mechanical testing and visual examination.
This means that the material has to be manipulated in order to measure the interesting
properties. It also results in a subjective measurement of the setting time. The ultrasonic
technique presented in this thesis, provides a direct, non-invasive, and objective way to
obtain the parameters of interest.

2

Thesis Outline

The work presented in this thesis is based on the seven papers reproduced in part II.
These papers present contributions to diﬀerent areas of research. The aim of the ﬁrst four
chapters (part I) of this thesis is to give a brief overview of the areas of ﬂow measurement
and ultrasonic imaging. Chapter 2 is an overview of current techniques for multiphase
ﬂow measurement. Chapter 3 is an overview of some of the most common ultrasonic
imaging techniques. The purpose of the two overviews is to relate the methods used in
the papers included in this thesis, to other well-established techniques. The last chapter
of part I of this thesis contains a summary of the papers included in this thesis, and some
concluding remarks and future perspectives.
Part II contains the papers included in the thesis. The papers A through D all address
the problem of mass fraction measurements in multiphase ﬂows. The papers E and F
are attempts to take techniques that traditionally belong to the medical imaging area,
and apply these on problems related to ﬂow measurement. The ﬁnal paper, G, is a
contribution to the area of non-destructive evaluation (NDE) of materials. The paper
presents a new ultrasonic technique for monitoring the setting process of an injectable
bone cement.

Chapter 2
Introduction to Multiphase Flow
Measurement
1

Background

Several important process industries have diﬀerent kinds of multiphase ﬂows in their
processes and it is of interest to measure diﬀerent parameters of these ﬂows. This is
important not only from the view of process control, but also for ﬁscal reasons. Many of
the oil and gas ﬁelds in the North Sea are today cooperated from several countries, and
there are therefore legal issues concerning the import/export of the oil and gas. Also,
from a sales perspective, the possibility to measure for example the energy content of
natural gas is important.
The techniques available today are often combinations of diﬀerent ﬂow meters, which
all measure diﬀerent properties. Sometimes this requires the gas and liquid phases to be
separated before they can be measured. Section 5 gives a short summary of how this is
done in the oil and gas industry today.
We distinguish between two types of multiphase ﬂows, dilute and concentrated. In
the dilute case, there is one major bulk phase, in which the other minor phases are
mixed. In the concentrated case, we have a situation where the constituent phases have
approximately equal volume or mass relations. From a measurement point of view the
following decomposition is useful for the dilute case:
• Measure the main bulk ﬂow, which can be either a gas phase ﬂow or a liquid phase
ﬂow.
• Measure the minor phase/phases.
To ﬁnd the combined mass ﬂow we have to ﬁnd one or more properties of the minor
phase. These are:
• The average velocity.
• The concentration
• The density or composition.
3
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From these properties, it is possible to calculate the mass ﬂow of the minor phases. For
dilute multiphase ﬂows, several measurement approaches are possible. One possibility is
to combine a bulk ﬂow measurement technique with one or more techniques dedicated
to obtain the necessary information about the minor phase. Another possibility is the
use of sophisticated instrumentation, like Nuclear Magnetic Resonance Imaging (NMR)
or Computerized Tomography (CT), to obtain all of the necessary information with the
same technology. These methods will be described in more detail in Sections 4.1 and 4.2.

bubbly flow

stratified flow

slug flow

annular flow

Figure 2.1: Flow regimes in two-phase ﬂows.

In concentrated ﬂows, with two or more phases having approximately equal volume or
mass fractions, the situation is more complicated. First we can have a number of diﬀerent
ﬂow regimes, like stratiﬁed ﬂow, slug ﬂow, etc. (see Fig. 2.1). A good measurement
strategy can be to ensure that the multiphase ﬂow meter always operates under a known
ﬂow regime, thus enabling the use of a technique applicable to that particular ﬂow regime.
If the ﬂow regime is unpredictable, very few choices for reasonable ﬂow measurements
remain.
The long term goal of the research presented in this thesis is to establish an ultrasonic
measurement technique for multiphase ﬂows. Such technique should make it possible to
measure:
• The total volume or mass ﬂow.
• The mass fraction and mass fraction velocities of particles, ﬁbers, and bubbles.
• The particle size distributions.
One way to describe the overall goal of this research, is to decompose the total mass
ﬂow, ṁ, as:

ṁi ,
(2.1)
ṁ =
where ṁi is the mass ﬂow of each of the phases, i. This description is by no means complete, but probably usable for a large number of multiphase ﬂow situations. Measuring
the total mass ﬂow and then the mass fractions of the minor phases will give the complete
decomposition, provided that the all phases have the same velocity.
There are techniques available today for online measurement of bulk mass ﬂow, ṁ
in Eq. (2.1). One example is the coriolis mass ﬂow meter [1]. The ﬂow is sent through

5
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"

flow

"

driving oscillation

flow

Figure 2.2: The coriolis principle. An oscillating force is driving the coriolis tube with a known
frequency. The presence of a ﬂow inside the tube results in another force on the tube which is
directly proportional to the mass ﬂow.

a U-shaped coriolis tube depicted in Fig. 2.2. The tube is forced to oscillate with a
known frequency. Because of the vibration, a ﬂow moving from the inlet point towards
the point of maximum vibration amplitude, will accelerate, while a ﬂow moving away
from the same point will decelerate. As a result of these forces, the tube will take on a
twisting motion. The amount of twist is directly proportional to the mass ﬂow through
the tube. The exact shape of the ﬂow loop varies between ﬂow meters from diﬀerent
manufacturers. The coriolis mass ﬂow meter works well even for many multiphase ﬂows
and is used in practice in several commercially available multiphase and single-phase
ﬂow meters. Another approach is to measure the velocity and density of the ﬂow, and
to combine the results to obtain the bulk mass ﬂow. Methods for measuring density of
single-phase ﬂows are also available. The density probes presented in [2] and [3] use the
attenuation and transit-time of pulsed ultrasound to measure the density. For singlephase ﬂows, there are a number of methods to measure the ﬂow velocity, some intrusive
and some non-intrusive [1].
Measuring the minor constituent phases is a somewhat more diﬃcult problem. This
involves measuring mass fractions, mass fraction velocities, and in some cases also particle
size distributions. Often the easiest way to measure particle size distributions is by an
oﬀ-line sieving process. It has been shown empirically that when particles are broken
into small parts, their sizes can often be modeled as belonging to the Rosin-Rammler or
the Log-normal distributions [4]. Figure 2.3 shows an example of the size distribution
for iron ore particles.
In most applications, the particle size distribution is not the most interesting property
to measure, but it has to be known in order to permit calibration of the techniques for
measuring other properties. One example of a non-intrusive approach for bubble size
distribution measurements is the ultrasonic doppler technique presented in [5].
Although many of the properties of multiphase ﬂows can be measured one by one,
many of them even on-line, there are currently no technique available that can measure
all of them. If a ﬂow consists of several phases, it is desirable to be able to measure mass
fractions and mass fraction velocities for all the phases. In this work, the ﬂow consists
of iron ore particles, water, and possibly also air bubbles.
The following subsections give a short overview of some categories of non-invasive

6
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mean diameter

Figure 2.3: Example size distribution for iron ore powder.

methods currently available for multiphase ﬂow measurement. Examples are:
• Ultrasonic techniques
• Optical methods
• Impedance methods
• Nuclear magnetic resonance imaging (NMR)
• Computerized tomography (CT)

2

Ultrasonic Techniques

There are several ultrasonic ﬂow measurement techniques available today. They are
suitable for measuring parameters of both single-phase and multiphase ﬂows. These
techniques are often divided into two categories: Transit-time techniques and attenuation
techniques. For both of these cases, either pulsed or continuous wave ultrasound can be
used.
An overview of such techniques is given in the following subsections.

2.1

Transit-Time Techniques

The propagation of sound wave can be described as a vibrating motion in the medium,
where the atoms and molecules are displaced from their normal positions. This means
that if the medium, for example a ﬂuid, is moving, the sound will move with it. Furthermore, it means that a sound wave moving upstream a ﬂow will move slower than a sound
wave moving downstream. This is the basis for most ultrasonic transit-time techniques.
Assume that the speed of sound in a ﬂuid at rest is c and the ﬂow velocity of the ﬂuid
is v. If a sound wave is transmitted downstream the ﬂow, a distance ∆x, the propagation
time t1 will is given by [6]:
∆x
t1 =
.,
(2.2)
c + v · cos θ

7
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where θ is the angle between the ﬂow and the transducer. The corresponding propagation
time t2 for a sound wave transmitted upstream will then be:
t2 =

∆x
.
c − v · cos θ

(2.3)

In a conﬁguration of transducers where an ultrasound pulse ﬁrst is transmitted downstream and then transmitted upstream, the diﬀerence in propagation time, ∆t = t2 − t1 ,
can be used to determine the ﬂow velocity v. There are numerous conﬁgurations that
use this measurement principle. Figure 2.4 shows one example.
transducer 1

flow

¢x

transducer 2

Figure 2.4: Transit-time ﬂow meter for measuring the ﬂow velocity. Transducer 1 ﬁrst transmits
an ultrasound pulse the distance ∆x, downstream. The second transducer then transmits a pulse
upstream, back to transducer 1. The propagation time diﬀerence together with the known angle,
θ, between the transducers and the ﬂow pipe yield the ﬂow velocity.

2.2

Cross-Correlation and Doppler Techniques

The transit-time techniques described in the previous section work well for single-phase
ﬂows and are widely used in practice to measure the volume velocity of gases and liquids.
In a multiphase ﬂow consisting of liquid an solid particles, however, the performance of
those techniques will be degraded. The reason is that the transit-time must be determined
by comparing two pulses which have propagated through the ﬂow in opposite directions.
In the presence of scatterers, the waveforms of the pulses are distorted, and the timedelay estimation becomes more diﬃcult. The techniques are, however, still used in some
multiphase ﬂow applications.
One solution to this problem is to use a cross-correlation technique that explores the
distortion of the signal. Figure 2.5 shows a cross-correlation setup that can be used
with either pulsed or continuous wave ultrasound. Because of the scatterers in the or
turbulence in the ﬂow, the received sound will be modulated in both amplitude, phase,
and frequency. This will give the received signal random characteristics that can be
exploited to obtain the ﬂow velocity [7].
Another solution is to record the backscattered sound from the particles themselves.
That is, instead of comparing pulses coming from the transducers, the backscattered
signals can be recorded and tracked.
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receiving transducers

flow containing
scatterers

transmitting transducers

Figure 2.5: Conﬁguration of an ultrasonic cross-correlation ﬂow meter. A signal is acquired
continuously at both pairs of transducers. Cross-correlation is used to compare signals from the
ﬁrst pair of transducers (gray) with signals acquired with the second pair of transducers.

transducer

flow containing
scatterers

transmitted pulse

received backscatter signal

(a)

(b)

Figure 2.6: Alternative ultrasonic cross-correlation ﬂow meter conﬁguration. (a) Flow meter
conﬁguration. (b) Transmitted and received signals. Transmitting and receiving twice within a
short time interval will give two correlated backscattered signals. The time delay between them
corresponds to how groups of scatterers ( i.e. the ﬂow) have moved.

Figure 2.6 shows this principle. The transducer ﬁrst transmits a short pulse into
the ﬂow and then records the backscattered echoes. After a short time interval (in the
order of micro-seconds) the procedure is repeated. The two random signals are then
cross-correlated, and the maximum of the cross-correlation function is estimated in order
to determine the displacement of the ﬂow during this time interval. This gives the ﬂow
velocity along the axial direction of the transducer. This technique is sometimes referred
to as a Doppler technique. This is, however, not a suitable name, since the method
does not involve measurements of any actual Doppler shifts. The Ultrasonic Doppler
Velocimetry (UDV) principle is depicted in Fig. 2.7. The transmitting transducer emits
either a continuous ultrasound wave or a short pulse. The particles or bubbles in the ﬂow
scatter the sound in all directions. Because of the ﬂow velocity, the signal received at
the second transducer will be shifted in frequency. This frequency shift, i.e. the Doppler
shift, is then used to calculate the ﬂow velocity.
Assume that the transmitted signal can be written as x1 (t) = cos(ω1 t), and that the
received is x2 (t) = a · cos(ω2 t). Squaring the sum of the two signals we obtain
y(t) = [x1 (t) + x2 (t)]2 = [cos(ω1 t) + a cos(ω2 t)]2
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transmitter

flow containing
scatterers
receiver

Figure 2.7: Principle of Ultrasonic Doppler Velocimetry (UDV). The transmitter sends either
a continuous sound wave or a short pulse. The particles in the ﬂow scatter the incoming sound
wave. Because of the ﬂow velocity, the signal at the receiver will be shifted in frequency.

= cos2 (ω1 t) + a2 cos2 (ω2 t) + 2a cos(ω1 t) cos(ω2 t)
= cos2 (ω1 t) + a2 cos2 (ω2 t) + a cos((ω1 + ω2 )t) + a cos((ω1 − ω2 )t)
=

a2
1 a2 1
+
+ cos(2ω1 t) + cos(2ω2 t) +
2
2
2
2
+a cos([ω1 + ω2 ]t) + a cos([ω1 − ω2 ]t).

(2.4)

Sending y(t) through a low-pass ﬁlter with a cut-oﬀ frequency below the lowest of the
frequencies 2ω1 and 2ω2 , the only remaining signal will be the last term in Eq. (2.4) and
a DC-term, i.e. cos(∆ωt) + 1/2 + a2 /2, where ∆ω = ω1 − ω2 . For a pulsed Doppler
technique, the Doppler shift estimation becomes somewhat more diﬃcult, but in return,
the ﬂow meter can be conﬁgured using only one transducer, as in Fig. 2.6.
A drawback with these methods, as well as with the transit-time technique mentioned
in the previous section, is that the ﬂow velocity is only measured along a thin line across
the ﬂow. In order to obtain an accurate measurement of the total volume ﬂow, the ﬂow
velocity proﬁle across the ﬂow must be known. Also, since the velocity is not the same
over the cross-section of the ﬂow, the Doppler shift will diﬀer depending on the local
velocity variations. The results is a Doppler signal with a certain bandwidth, rather
than a single frequency ∆ω. An extension of the cross-correlation technique (see Fig.
2.6) is presented in Paper F in this thesis. The new technique is called Ultrasonic Speckle
Correlation Velocimetry (USV) and is described in more detail in Chapter 3. Instead
of a single-element transducer, a 64-element transducer array is used. This enables the
measurement of a particle velocity proﬁle for an entire cross-section of the ﬂow. However,
the Doppler and USV techniques do not work for single-phase ﬂows, since they require
that parts of the sound wave are backscattered or reﬂected from the ﬂow.

2.3

Attenuation Techniques

The techniques mentioned so far only consider liquid or particle velocities. If the goal is
to measure the mass ﬂow of the minor phase (e.g. the mass ﬂow of iron ore in an iron
ore/water suspension), the solid/liquid mass fraction has to be determined as well.
When sound passes through a solid/liquid or gas/liquid suspension, the incident sound
wave is scattered in all directions. The principles of how this can be explored to char-
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acterize ﬂuids are given in the book by Povey [8]. The scattering will give rise to an
attenuation of the sound. There are numerous models available that predict the attenuation in suspensions of diﬀerent kinds. For spherical particles, one of the most thorough
derivations was made by Allegra and Hawley in [9]. More recent results for solid/liquid
suspensions were presented by Atkinson and Kytömaa [10, 11].
Löfquist [12] examined how ultrasound attenuation and phase velocities can be used to
characterize paper ﬁber suspensions. In the case of iron ore slurries, it is shown in Papers
C and D that the attenuation of pulsed ultrasound is highly sensitive to the particle
mass fraction. Paper D shows that even for a complex physical system, like a turbulent
multiphase ﬂow, a simple theoretical model can be used to predict the attenuation of
sound caused by the particles in the ﬂow.

3
3.1

Other Non-Invasive Techniques
Optical Methods

Optical techniques are in many ways similar to the acoustic techniques presented in the
previous section. In the same manner as sound attenuation can be used to measure mass
fractions, the light absorption is also related to the amount of scatterers in the medium.
In [13] the absorption of light was used to determine the concentration of titanium dioxide
particles in a suspension. For opaque media (e.g. iron ore slurries), it is not possible to
measure the through-transmission of light. Depending on the nature of the scatterers in
the ﬂow it can, however, be possible to measure Doppler shifts of reﬂected light. This
technique is often referred to as Laser Doppler Velocimetry (LDV) [14]. The principle is
the same as for UDV, described in Section 2.2.
In general, through-transmission optical methods can only be used in transparent
systems, thus excluding the use in iron ore slurry and paper ﬁber suspensions. Because
of diﬃculties in resolving the signals from solid particles and bubbles, it is generally
considered diﬃcult to use optical probes in three phase systems [15].
For liquid/gas mixtures, where the concentration of the gas phase is small, and the
bubble size is fairly large, there are optical methods that can be used even if the liquid is
opaque. The probes exploit diﬀerences in refraction index between the phases. De-Lasa
et al. [16] presented a method where they used a U-shaped optic ﬁber (see Fig. 2.8).
The curvature of the U is large enough for the angle incidence to be larger than the
angle of total reﬂection for gas bubbles. At the same time the radius must be small
enough for the angle of incidence to be smaller than the angle of total reﬂection when
the ﬁber is in contact with water. With this setup, light will be lost in liquid (water),
but conserved in gas. A mix of the two results in a partial absorption of the light.

3.2

Impedance Methods

Probes measuring electrical impedance can be based on either conductive, resistive, or
capacitive eﬀects.
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U U
liquid

gas

Figure 2.8: Optical U-shaped probe used for volume fraction measurements in gas/liquid mixtures
impedance probe

Figure 2.9: Impedance probe used to measure the conductivity, resistivity, or capacitance of the
phases.

A conductivity probe (see Fig. 2.9) makes use of the diﬀerence in conductivity of the
phases [17]. These probes are best suitable for gas/liquid mixtures, but have recently also
been applied to oil/water emulsions [18]. Resistivity probes determine the variation in
resistance between two electrodes. They are more suitable for measurement of solid/liquid
mixtures. Capacitance probes measure the diﬀerence in dielectric constants between the
phases [19, 20]. These probes are also mostly used with solid/liquid mixtures and with
three phase systems.

4

Imaging Techniques

Until now, the methods described have been more ore less direct sensing methods, which
measure the properties of the ﬂow directly. Another approach can be to generate some
type of image of the ﬂow, and to use information extracted from this image to determine the properties of interest. The following two subsections give example of two such
techniques.

4.1

Nuclear Magnetic Resonance Imaging

Nuclear Magnetic Resonance imaging1 (NMR) [21], is a non-invasive method based on
the magnetic properties of the nuclei of certain atoms. Each nucleus has a spin quantum
1

In medical applications NMR is often referred to as simply Magnetic Resonance Imaging (MRI).
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number characterizing the stable ground state of the nucleus. Associated with the spin
of the nucleus, there is an angular momentum, p and a proportional magnetic dipole
moment, µ = γp, where the scalar γ is the gyromagnetic ratio. In an NMR experiment,
the atoms interact with a static magnetic ﬁeld. The nuclear spins orient themselves in
this ﬁeld, and hence the nuclear magnetic moments orient in this static ﬁeld, so that the
nuclear spins are either parallel or anti-parallel to the ﬁeld. The magnetic moment precess
at a certain frequency (Larmor-frequency), characteristic of the nucleus and proportional
to the strength of the applied magnetic ﬁeld.
A broadband Radio-Frequency pulse (RF) is then transmitted orthogonally to the
static ﬁeld, and the magnetic components of the RF-ﬁeld interact with the nuclear magnetic moments. When the frequency of the RF-signal is equal to the Larmor-frequency
an energy transfer occurs, which results in a ﬂip of the nuclear spin, i.e. a resonance
phenomenon. This energy absorption is recorded and can be used to determine concentrations and other properties.
NMR has received a lot of attention due to the advances made in medical imaging.
NMR is also useful in many non-medical applications, for example in measuring ﬂow
velocity in paper ﬁber suspensions [22]. Some recent results from applying NMR imaging
to multiphase ﬂow measurements can be found in [23]. However, if the particles in a
multiphase ﬂow are magnetic, NMR will not work. This is the case in for example iron
ore slurries.

4.2

Computerized Tomography

Although techniques based on small probes are accurate and give good time-resolution,
they only measure local properties of the ﬂow. In order to obtain information of the entire
ﬂow proﬁle, a setup with several probes or a scanning conﬁguration has to be used. With
Computerized Tomography (CT) an image of a cross section of the ﬂow is obtained. This
technique has recently been used to obtain parameters such as void fraction and void
distribution in two-phase ﬂow systems [24, 25].
Tomography based on penetrating radiation of for example X-rays or γ-rays has been
used in medical applications since the mid-50’s [26] to locate or examine a speciﬁc organ
without the need of surgery. In the early 70’s, the methods for inverse imaging developed
to be usable in practice. In medical imaging, techniques involving penetrating radiation
are placed in two categories: Attenuation techniques and emission techniques. These will
be described in the following two sections. Some of these techniques have recently been
adopted to engineering applications, such as multiphase ﬂow measurements.
4.2.1

Attenuation Techniques

Attenuation techniques involves an external source of radiation, usually X-rays or γ-rays,
but sometimes also ultrasound. The ultrasonic CT is described in more detail in Section
4. X-rays and γ-rays are often used in a through-transmission mode. This means that
a signal is transmitted through the ﬂow, from all diﬀerent angles, while sensors at the
opposite side of the object record the signal. The procedure is repeated for all angles
(see Fig. 2.10(a)). A scanning system measuring γ-ray attenuation in a two-phase ﬂow is
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presented by Swift, et al. [27]. A recent method using high speed X-ray tomography for
measuring void fraction distribution was presented in [28]. Another recent method for
measuring volume fractions and velocity proﬁles in two-phase ﬂows is presented in [29].
These projections can then be used to reconstruct an image of the sample object [30].
transmitter

radiating tracers

receivers
(a)

receivers
(b)

Figure 2.10: Sensor conﬁgurations for tomographic ﬂow measurements. (a) Throughtransmission setup. The sensors take turn transmitting a signal through the ﬂow while the
others are used as receivers. (b) Emission setup. Tracers in the ﬂow radiates and the outside
sensors work as passive receivers.

4.2.2

Emission Techniques

In for example Positron Emission Tomography (PET), the source is not externally positioned. In emission techniques, the radiation originates from radioactive tracers inside
the ﬂow that decay with the emission of positrons (Fig. 2.10(b)). When the positrons
encounter electrons they annihilate each other and emit γ-rays.
In multiphase ﬂow measurements, emission techniques can be used by labelling one
of the phases with radioactive tracers. The amount of emitted γ-rays can then be used
to monitor the fraction of that particular phase.

5

Commercially Available Techniques

The goal of this last section of the multiphase ﬂow measurement overview is to give some
examples of how the measurement is done in the industry today. The dominating market
for these types of ﬂow meters is the oil and gas industry, and therefore the examples will
be from this ﬁeld.
Multiphase ﬂow meters can be classiﬁed into three diﬀerent categories [31]:
• Phase separation meters
• In-line meters
• Others
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5.1

Phase Separation Meters

As the name suggests, this type of ﬂow meters is characterized by the fact that the
phases are separated before the measurement. Normally, gas an liquid phases are ﬁrst
separated into two streams, and after the liquid phase (often an oil and water emulsion) is
separated. The three phases are then measured individually using some of the techniques
mentioned earlier.
Some separation meters only separate the gas and liquid phase and then the water
cut in the emulsion is measured by for example a microwave absorption technique.

5.2

In-Line Meters

These ﬂow meters measure the total ﬂow and the phase fractions directly in the ﬂow line.
Measuring all phase volume fractions and mass fraction velocities in a three-phase ﬂows
requires six parameters to be estimated. In some ﬂow meters the phases are assumed to
have the same velocity, thus reducing the number of parameters. In-line multiphase ﬂow
meters often involve the use of two or more of the following techniques [31]:
• Microwave absorption/attenuation
• Impedance sensors (often capacitance probes)
• γ-ray absorption
• Cross-correlation of acoustic, radioactive, or electric signals
• Diﬀerential Pressure (DP) meters (Venturi-meters or others).
• Positive displacement meters or turbine meters.
The ﬁrst three methods are used to determine mass or volume fractions of the constituent phases of the ﬂow. The last three are used to determine the bulk ﬂow velocity.
Because its simple design, the Venturi-type DP meter is by far the most commonly used
meter for bulk volume ﬂow measurements [32].

5.3

Other Multiphase Flow Meters

Other types of multiphase ﬂow meters sometimes include more sophisticated instrumentation and signal processing, like CT or NMR described earlier. Some of these techniques
use acoustic or electrical signals together with some physical modeling of the ﬂow. Other
techniques apply more of a black-box approach, using for example neural networks.

Chapter 3
Ultrasonic Imaging Techniques
The purpose of this chapter is to give an overview of some of the most commonly used
ultrasonic imaging techniques. Most of this techniques originates from the area of medical
ultrasound, and it is not until recently some of these techniques have been applied within
the process industry. Because of this, most of the examples in this chapter are related to
medical ultrasonics.
The techniques called speckle correlation velocimetry and time-reversal of ultrasonic
fields are described in more detail. Speckle correlation velocimetry was used in both papers C and F included in this thesis. The other sections brieﬂy describe other techniques,
such as classical echography, computerized tomography, and the newer harmonic imaging
and vibroacoustography.

1

Echography

Many medical ultrasound scanners used at hospitals around the world are based on a
technique called echography. When a sound wave crosses a boundary between layers with
diﬀerent acoustic impedance, part of the wave is reﬂected. The ratio of the transmitted
and reﬂected wave amplitudes, At and Ar , are given by:
Ar
z2 − z1
=
,
At
z1 + z2

(3.1)

where z1 and z2 are the acoustic impedances of the two media. Under the common
assumption that the speed of sound is approximately the same in all types of tissue
(excluding bone), the time delay between diﬀerent echoes contains information about
the thickness of the tissue. The relative amplitudes and phase between the echoes carry
information about the types of tissue [33].
Often these techniques use phased arrays to image the medium. This means that
for each imaging angle, the sound is focused in the transmit mode. The resulting image
(often referred to as the B-SCAN image) is obtained by sequentially scanning all angles
of interest, see Fig. 3.1.
Focusing an array of transducers in a certain direction can be done electronically by
applying diﬀerent delays to the diﬀerent array elements (see Fig. 3.2). This cylindrical
15
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transducer array

scanning region

Figure 3.1: Ultrasound echography imaging setup. The sound beam of the transducer array is
electronically steered in one angle at a time, until the whole region of interest has been scanned.

beamforming can be applied in either transmit mode or receive mode, to steer the sound
beam to a certain point, or to listen for a source at a speciﬁc location.

source

Figure 3.2: Cylindrical focusing of an array by applying a diﬀerent delays to the individual
array elements. The white rectangles are the elements of the transducer array. The length of
the gray bars symbolize the delay applied in order to focus on the black spot to the right.

If the directivity of each array element is such that it can transmit or receive in all
directions in the right half-plane (Fig. 3.2), there are certain requirements that need to
be fulﬁlled in order for the beam steering to work perfectly. First of all, the distance
between the array elements must be strictly smaller than half of the wavelength of the
sound. This requirement is completely analogous to the Nyquist criterion for sampling of
time signals. Furthermore, there can not be any coupling between the array elements, i.e.
the signal transmitted to or from a certain array element must not leak over to adjacent
elements. There are, however ways to estimate and compensate for such coupling [34].
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In practice, it is often suﬃcient to use an element pitch of approximately one wavelength.
This is because the physical array elements have a certain directivity, and are therefore
insensitive for signals coming from too low/high angles. Limiting of the eﬀective aperture
of the array is equivalent to using a low-pass ﬁlter before the sampling of a time signal
[35].
transducer
array

z

(x; z)

d(m; x; z)
(m ¢ ¢x; 0)
X
Z
Figure 3.3: The time needed for the sound wave to travel the distance from the transducer
element m to the point (x, z) is d(m, x, z)/c, where c is the speed of sound.

Fig. 3.3 shows the principle of cylindrical beamforming. To focus at the point (x, z),
the time delay, ∆tm that should be applied to array element m is given by the distance
from the array element to the point (x, z) and the speed of sound in the medium, that is


d(m, x, z)
=
∆tm =
c

z 2 + (x − m∆x)2
c

,

(3.2)

where ∆x is the distance between the array elements (i.e. the array pitch).
The focusing properties of the cylindrical delay-and-sum principle will be destroyed if
the medium is not homogeneous. Figure 3.4 shows a case with an inhomogeneous phaseaberration layer is present in front of the transducer. The left-most delay lines symbolize
the additional time delay that should be added in order to compensate for this.
A number of techniques have been proposed to correct for a phase-aberration close to
the transducer surface. One method proposed by Flax and O’Donnell [36, 37] is to crosscorrelate the signals from each of the transducer elements, after the initial delay lines,
and estimate the remaining delays. This will solve the problem as long as the distortion
of the wavefront is restricted to an extra time delay. If the attenuation in the medium is
frequency dependent, or if there is a non-homogeneous absorption, simply adjusting the
time delay will not result in a restored focus. To compensate for these types of distortion,
other more elaborate techniques are required, see section 3.6.
The scanning of a target one angle at a time works ﬁne for static or slow moving targets
(e.g. a foetus). If, however, the target moves fast (e.g. a ﬂow) during the scanning, the
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source

Figure 3.4: Cylindrical focusing of an array with aberration correction. The ﬁrst set of delay
lines correspond to the geometrical focusing at the source location. The second step corresponds
to the aberration correction.

resulting image will be misleading. The next section presents an alternative method,
where an image of the target can be obtained with only one transmission.

2

Acoustic Speckle Correlation Velocimetry

As mentioned earlier, parts of a sound beam transmitted into an inhomogeneous medium,
will be reﬂected (backscattered). If the medium is insoniﬁed using a transducer array
consisting of several elements (typically 64-128 elements), and the backscattered waves
are recorded at each transducer element, the resulting image, will show an interference
pattern. This image is often referred to as the B-SCAN image. It is a gray-scale image
where each line corresponds the time signal acquired at one of the transducer elements.
The gray-levels are proportional to the amplitude of the corresponding time signal. The
B-SCAN image shows an interference pattern caused by the scatterers. The following two
subsections describe the signal processing required to track the motion of these scatterers.
The steps applied are cylindrical beamforming, as described in the previous section, and
cross-correlation. Optical speckle correlation techniques have been used for a longer
time than the newer acoustic speckle imaging techniques. There are some important
diﬀerences and similarities between these which will be discussed in Section 2.3.
This technique has been used as a tool in ﬂow imaging in papers E and F included
in this thesis.

2.1

Beamforming in Received Mode

As mentioned in Section 2, the B-SCAN image is obtained by illuminating the target
with a pulsed plane wave and then recording the backscattered waves at each of the
transducer elements.
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The purpose of the beamforming, sometimes referred to as dynamic focusing, is to
convert the time signals recorded at each of the transducer elements (often referred to
as the RF-data) to an image that more directly reﬂects the geometry of the target. The
resulting beamformed image (BF), called the speckle image, can be seen as ﬁngerprint
of the target. When the target moves or deforms, the speckle pattern will also change
correspondingly. By applying a cross-correlation technique we can then track the displacements of the target. The next section presents one method that can be used to
follow axial (Z-direction in Fig. 3.5) displacements of the speckle pattern.
The beamforming procedure consists of summing parts of the B-SCAN image corresponding to the distance between each array element and the points in the image. The
rest of this section will explain the details of this process.
transducer
array

transducer
array

z

(x; z)

(x; z)
d(m; x; z)

(m ¢ ¢x; 0)

(m ¢ ¢x; 0)
plane wave
transmission

X

X

Z

Z

(a)

(b)

Figure 3.5: (a) Transmission of plane wave from the array. (b) Scatterers reﬂect spherical
waves. The total time needed for the plane wave to reach the point (x, z) and then back to array
element m is d(m, x, z)/c, where c is the speed of sound.

The B-SCAN image is obtained by ﬁrst transmitting a short pulse into the medium
and then recording the backscattered sound. The time it takes for the transmitted plane
wave to reach the point (x, z) is z/c, where c is the speed of sound in the medium, see
Fig. 3.5. The backscattered wave then propagates the distance d(m, x, z) from the point
(x, z) back to receiver m (m = 0 . . . M − 1), where


d(m, x, z) =

z 2 + (x − m∆x)2 ,

(3.3)

and ∆x is the distance between the array elements (i.e. the element pitch). The time
needed for the transmitted pulse to propagate to (x, z), be scattered, and reach receiver
element m is then

z + z 2 + (x − m∆x)2
.
(3.4)
∆t(m, x, z) =
c
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Now, each transducer simultaneously transmits a pulse. The plane wave is then backscattered, and each array element is used as a receiver. If the received signal at element m
is rRF (m, t), the beamformed image, rBF (x, t), can be written as
rBF (x, t) =

M
−1


rRF (m, ∆t(m, x, z)),

(3.5)

m=0

where M is the number of array elements.
In theory, the beamforming is performed exactly as in Eq. (3.5). This would, however,
require the time delays in Eq. (3.4) to be calculated for all pixels in the image. Because
of the high computational complexity, summing the contributions for all diﬀerent depths,
is not practical. Instead, the time delays are discretisized, so that focal regions corresponding to approximately 20λ is considered to have the same time delay, where λ is the
wavelength of the sound. This is described in more detail in [38]. This approximation is
also used in papers C and F in this thesis.
Fig. 3.6(a) shows a simulated B-SCAN from a cloud of scatterers in a cylindrical
region. The speckle image obtained after beamforming is shown in Fig. 3.6(b).
P
speckle image

transducer array

transducer array

B-SCAN image

time

distance

(a)

(b)

Figure 3.6: B-SCAN image received after a pulsed plane wave illumination (a), and the resulting
image after beamforming (b).

2.2

Speckle Correlation

To track the motion of groups of scatterer, two speckle images are acquired closely spaced
in time. The speckle images are then cross-correlated line-wise, to obtain an estimate
of the axial displacement of the images (Z-direction in Fig. 3.5). The reason why it is
diﬃcult to track motions in the transversal direction (X in Fig. 3.5) is that the resolution
in this direction is much lower. In the axial direction the major restrictions on resolution
are given by the sampling time of the digitizing electronics and by the wavelength of the
sound. In the transversal direction, the resolution is restricted by the element pitch of
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the transducer array, which in many applications is about the same as the wavelength,
λ.

Speckle Image #1

Speckle Image #2

Figure 3.7: Two speckle images are cross-correlated line-wise, a short segment at a time. The
maximum of the cross-correlation for each segment gives the local axial displacement of the
image.

In paper C in this thesis, we used two linear arrays, each consisting of 64 elements.
The arrays were then mounted with diﬀerent angles to the target area. Knowing the
angle and distance between the arrays we could then estimate the scatter motion in two
dimensions. In paper C we also discuss another approach, enabling us to use only one
transducer array. This other technique is based on the principle of dividing the array
into two sub-apertures, and then doing the beamforming with respect to two diﬀerent
oﬀset angles. Experimental results obtained by using this principle are presented in a
paper by Bercoﬀ et al. [39].
The calculation of the displacements in the axial direction is performed as follows:
Two speckle images are acquired closely spaced in time. For each line in these images, a
short segment, corresponding to about 20λ, is correlated with the corresponding segment
in the line from the other image (see Fig. 3.7). The maximum of the cross-correlation then
gives the displacement of that segment. The window determining the segment is then
shifted one sample along the speckle image line and a new displacement is calculated. In
this way, a local estimation of the particle displacement is obtained. To further increase
the resolution of the displacement image, the cross-correlation is interpolated around its
maximum, Fig. 3.8.

2.3

Acoustic versus Optical Speckle Correlation

In optical speckle imaging, the target is illuminated using a coherent source. Roughnesses
on the surface of the target then scatter the light in diﬀerent directions (Fig. 3.9(a)). This
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Figure 3.8: Interpolation of the cross-correlation function increases the resolution of the displacement image.
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Figure 3.9: (a) Light scattered from a rough surface. (b) A typical speckle pattern, as observed
at the detector. Figure from [40], used with permission.

gives rise to speckle pattern at the detector, Fig. 3.9(b). This speckle, or interference
pattern can be recorded with a camera.
In acoustic speckle imaging, as described above, this corresponds to the B-SCAN
image (Fig. 3.6(b)), which for each depth contains the interference pattern from the
backscattered waves. This is, however, not what we refer to as the acoustic speckle
image. The acoustic speckle image is what we obtain after beamforming the B-SCAN
image, as described in section 2.1. The reason for this is that the beamformed image will
then show geometry of the target itself, in a similar way as a an optical speckle image
does. This is clearly illustrated in Fig. 3.6(b). On the other hand, the beamforming can
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be seen as a similar processing as the optics and photo-detector components constitute
in optical speckle correlation. In this sense, acoustical and optical speckle imaging are
the same. The main point is that the interference pattern recorded at the detector can
be seen as a ﬁngerprint of the object, and that the imaging is done by following the
motion/deformation.

3

Time-Reversal Techniques

The technique of focusing an array of ultrasound transducer in a homogeneous, lossless
medium was described in Section 1. The focusing becomes signiﬁcantly more diﬃcult
if the medium consists of layers with diﬀerent sound velocities, and even more so if the
aberration is not located close to the surface of the array. This section will present
a technique that in practice realizes a spatio-temporal matched ﬁlter to the medium,
thus enabling us to focus the sound beam even through inhomogeneous media. The
technique is called time-reversal of acoustic ﬁelds and was ﬁrst introduced by Fink et al.
[41, 42, 43, 44].

3.1

The Time Reversal Cavity

In a lossless ﬂuid medium with a spatially dependent
 compressibility κ(r) and density
ρ(r), the speed of sound, c(r), is given by c(r) = ρ(r)κ(r), where r is the location in
space. The propagation equation of an acoustic pressure ﬁeld p(r, t) is then given by [45]
as:



∇p(r,
t)
1
∂ 2 p(r, t)
 ·
−
= 0.
(3.6)
∇
ρ(r)
ρ(r)c2 (r) ∂t2
Now, if the pressure ﬁeld p(r, t) is a solution to Eq. (3.6), then p(r, −t) is also a solution,
i.e. the wave equation is invariant to time-reversal. This property holds as long as the
medium has a frequency independent attenuation. If not, the wave equation will contain
odd-order derivatives of t and thus, the invariance to time-reversal is lost. Another
requirement for the invariance of time-reversal to hold is conservation of energy [42].
An interesting consequence of the invariance to time-reversal of the propagation equation is that if the complete three-dimensional (3D) sound pressure ﬁeld p(r, t) from a
point-like source is recorded, with an inﬁnite number of point-like transducers and then
time-reversed and re-emitted, the time-reversed pressure ﬁeld will propagate back to the
point source. Because the causality requirement has to be met in any practical realization
of this experiment, the re-emitted pressure wave will instead be p(r, T − t), where T is
the duration of the original sound wave. The principle of the full 3D time-reversal cavity
is illustrated in Fig. 3.10.

3.2

Time Reversal With Linear Arrays

Of course, the full 3D time-reversal cavity described in the previous section is a purely
theoretical construction. In practice, this system has to be replaced by a ﬁnite number
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(a)

(b)

Figure 3.10: The time-reversal cavity. (a) A single point-source emits a spherical wave. Parts
of the wave pass through an inhomogeneity before being captured by the inﬁnite number of
point-like transducers. (b) The recorded signals are time-reversed and re-emitted. The result is
a re-focusing on the point-source.

of transducers which all have a certain, non-zero, area. This can be 1D or 2D arrays,
either planar or pre-focused. A 1D linear array is probably the most commonly used.
Time-reversal focusing with a linear array, often called a time-reversal mirror (TRM)
consists of three steps:
1. Illuminating the target with a plane wave.
2. Recording the backscattered sound pressure wave. p(r, t).
3. Re-transmitting p(r, T − t).
If the ﬁrst Born approximation (i.e. single scattering) is valid, this results in a perfect
compensation for the inhomogeneities in the medium. If, however there is multiple scattering it results in large parts of the sound ﬁeld scattering in directions away from the
TRM. Furthermore, multiple scattering will cause the duration of backscattered sound
to be very long. In order to capture the entire sound wave, this requires a large amount
of memory in the digitizing hardware.

3.3

Time Reversal in Waveguides

The time-reversal mirror (TRM) is a simpliﬁcation of the ideal time-reversal cavity. In
many experimental situations, a linear array which of course has a ﬁnite aperture, is
often used. This also means that in strongly scattering media part of the transmitted
sound ﬁeld will never reach the TRM, and thus the focusing will be degraded. Fig. 3.11
shows how a waveguide can be used to artiﬁcially increase the aperture of the TRM, at
the expense of a longer time signal.
The point-source in Fig. 3.11 emits a spherical wave. If the propagation delay τ2 is
such that there is no overlap between p(t − τ1 ) and p(t − τ2 ), then the signal received at
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Figure 3.11: Time-reversal inside a waveguide using a linear array. The propagation delays
associated with the two distances are denoted τ1 and τ2 . The corresponding attenuation is α1
and α2 , respectively.

the true array element contains the same information as if the imaginary array element
(dashed box in Fig. 3.11) would have been present. If the propagation delays are shorter,
the signal recorded with the array will be smeared, and the inverse of the multipath
propagation eﬀect is much more diﬃcult to determine.
This simple example shows that in theory, the presence of a waveguide will increase
the eﬀective aperture of the array, i.e. more of the actual sound ﬁeld is recorded, and the
result is a system that is closer to the ideal time-reversal cavity.
Taking the idea of the waveguide to an extreme, one could argue that if the waveguide was designed properly, the entire array could in practice be replaced by one single
transducer. This idea has been examined recently in [46], and the experimental results
are promising.

3.4

Iterative Time-Reversal

A nice property of the time-reversal process that was ﬁrst presented by Prada et al. [47]
is that, if it is iterated in a medium with several scatterers, it will converge with time to
focus on the strongest scatterer (Fig. 3.12).

3.5

Application Examples

Since its introduction in the early 1990’s, the time-reversal principle has been shown
useful in a wide range of applications. Spanning the entire ﬁeld is clearly out of the scope
of this thesis, but the next subsections will give a few examples of diﬀerent applications,
both from a medical imaging point of view, and from a non-destructive evaluation (NDE)
perspective.
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(a)

(b)

Figure 3.12: Selective focusing using an iterative TRM. (a) Backscattered echoes after plane
wave illumination. (b) Backscattered echoes after time-reversal of the echoes in (a).

3.5.1

Lithotripsy

In ultrasonic lithotripsy (treatment of kidney-stones), the ﬁrst problem is to locate the
stones, and then to be able to focus a high intensity sound beam through the tissue to
destroy the stone. The iterative time-reversal approach (section 3.4 can be used with
low intensity sound to locate the stones. After that, a high intensity sound beam can be
transmitted to destroy the stone. The major advantage with the iterative time-reversal
approach is that it can be applied adaptively, i.e. the focusing is continuously adjusted
during the treatment. For more details about this, see [48].
3.5.2

Shock Wave Generation

In some applications it is of interest to generate high-power ultrasound and a certain
location. One of the problems with this is to achieve a suﬃcient output power from
the transducer elements. One solution to this is to use a waveguide together with timereversal, following these steps (Fig. 3.13):
1. Use a small source at the target location and transmit a short pulse into the waveguide.
2. Record the signal after the wave guide using a transducer array (annular or linear).
3. Time-reverse and re-transmit using a higher intensity.
The propagation through the waveguide will result in a much longer time response
at the transducer surface. Being a realization of a spatio-temporal matched ﬁlter of the
waveguide, the time-reversal process will result in a re-compression of the sound so that
a maximum amplitude occurs at the location of the original source. Using the highest
possible output power of the transducer array elements and instead transmitting for a
longer time interval, the time-reversal will result in a shock wave at the location of the
source [49].
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Figure 3.13: Shock wave generation using a waveguide and time-reversal. When the recorded
sound is time-reversed and re-emitted from the array, with a higher power, it will be recompressed by the waveguide and generate a shock wave at the source to the right.

3.5.3

Flaw Detection

Iterative time-reversal processing has the property that it automatically focuses on the
strongest scatterer. It is, however, also possible to locate other weaker targets. This can
be done with a procedure called decomposition of the time-reversal operator. The details
about this can be found in [50]. Using this technique it is possible to locate cracks or
other ﬂaws in solid materials [51].
3.5.4

Flow Imaging

In the applications of time-reversal processing mentioned so far, the time-reversal invariance property has been a requirement. Speed of sound diﬀerences, and thus also
temperature variations, could be compensated for since they are both scalar inhomogeneities. In the presence of ﬂow the time-reversal invariance is broken. This can be
exploited to characterize vortices in a ﬂow by the use of a double TRM [52]. In another
application the double TRM was used to simultaneously determine a temperature gradient and a convection induced vortex [53]. Imaging a vortex in this way requires the
vortex to be stationary (i.e. the shape of the vortex can not change during the iterations).
The reason for this is that the eﬀect of violating the time-reversal invariance must be
ampliﬁed by iterating the time-reversal procedure. This will then give an average ﬂow
velocity proﬁle along the acoustic path of each transducer element, see Fig. 3.14. Using
a theoretical model of the vortex, the 2D shape of the vortex can be calculated.
In Paper E in this thesis, we seeded the ﬂow with contrast micro-bubbles and used the
USV technique described in Section 2. This gave the local velocities of the ﬂow directly,
thus enabling us to image the time-evolution of the vortices.

3.6

Problems and Recent Developments

As long as a fairly narrowband ultrasound pulse is used, the attenuation in the medium
can often be assumed to be independent of frequency. In medical applications this is
often the case, since the attenuation in biological tissue is weak. An important exception
is bone, and this poses a problem if we want to focus the sound through a strongly
attenuating layer, for example the human skull.
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Figure 3.14: (a) Experimental setup with two TRM:s. TRM 1 ﬁrst transmits a plane wave.
TRM 2 records the sound wave, and re-transmits after time-reversal. TRM 1 now receives
and re-transmits a time-reversed version. (b) Average velocity, v, of the ﬂuid, obtained after
iterating the procedure from (a).

The time-reversal process results in a spatio-temporal matched ﬁlter, as long as the
linearity and the conservation of energy assumptions are justiﬁed [54]. The matched
ﬁlter property means that the amplitude of the sound pressure is maximized at a certain
position and time for a given input energy. However, the time-reversal processing only
optimizes the sound pressure at the focal point, and no constraints are imposed on the
sound ﬁeld around the focus. This means that the side-lobe level can be high or that the
main-lobe can be rather wide.
Another approach to focusing through inhomogeneous media is to use a spatiotemporal inverse ﬁlter [55, 56]. To estimate the impulse response of the medium, a
set of control points has to be embedded in the medium. A signal is applied to each of
the transducer elements, j, and the output is measured at each of the control points,
m. This will deﬁne the propagation operator hmj (t). This operator can then be used to
design an inverse ﬁlter. The derivation of this can be found in [55].
In some medical applications, embedding a set of control points within the medium
is clearly a problem. On the other hand, there can be strongly absorbing media that
violates the time-reversal invariance so that focusing becomes diﬃcult. One important
example of this is the problem of focusing through the human skull. Not only is it that the
speed of sound in the bone is diﬀerent from the rest of the tissue, but it is also absorbing.
Recently, Aubry et al. [57, 58, 59] presented a amplitude-corrected time-reversal technique
that signiﬁcantly improves the focusing, even through absorbing media.

4

Ultrasound Tomography

Tomography is a name for a collection of methods used for image reconstructions based
on projections of an object. As the computing power increased, the methods became
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usable in practice, and have been used in medical imaging since the early 70’s. The
tomographic techniques are based on either penetrating radiation that is sent from a set
of active sensors through the object, or on passive sensors recording signals emitted from
inside of the object. The general idea of this was described in Section 4.2. Ultrasound is
one type of penetrating radiation that is widely used in medical applications today. The
principle of ultrasound tomography is that ultrasound pulses are transmitted through
the object that is to be imaged. The ultrasound pulse received at the opposite side of
the object will be attenuated and delayed, corresponding to the speed of sound in the
medium. Assume that the object (e.g. tissue or a ﬂow) has a spatially dependent property
f (x, y) that we want to measure. If the property of interest is the local attenuation of
the medium, the attenuation of the ultrasound pulse is measured. The function g(s, θ)
is in this case the attenuation of the sound. Repeating this for a large number of angles
and a large number of lines, an attenuation map f (x, y) of the object can be calculated.

g(s; µ)

s
y
0
u

s

µ
x

f(x; y)

radiation source

Figure 3.15: Projection geometry for computerized tomography scanning.

If we are interested in the local sound velocity of the medium, the projection g(s, θ)
is then the speed of sound through the medium for an angle θ and at the distance s from
the origin.
The image reconstruction technique is based on the Radon transform and its inverse,
see chapter 10 in [60]. The Radon transform, R, of an object f (x, y) gives the projection
g(s, θ):
g(s, θ) = Rf (x, y) =



f (x, y)dxdy,

(3.7)

L

where L is the line through the object f which the sound beam passes, θ is the angle
from which the projection is made, and s is the oﬀset from the origin, see Fig. 3.15.
Assuming the projections g(s, θ) are known for −∞ < s < ∞ and 0 < θ < π, the
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original image f (x, y) is given by the inverse Radon transform
π ∞
(∂g(s, θ)/∂s)
1  
dsdθ.
f (x, y) = R g(s, θ) = 2
2π
x cos(θ) + y sin(θ) − s
−1

(3.8)

0 −∞

The main practical problem with tomographic reconstruction techniques is that the
inverse transform in Eq. (3.8) requires an inﬁnite number of projections from inﬁnitely
many angles. In practice this is never the case. Much of the practical problems are
therefore associated with ﬁnding suitable approximations to the inverse Radon transform,
which work for a discrete set of projections. There are numerous algorithms available.
To go into details of these is, however, beyond the scope of this thesis.

5

Harmonic Imaging

Tissue harmonic imaging (THI) was originally introduced in 1997 by Averkiou et al. [61].
Today it is routinely used in diagnostic ultrasound imaging. The technique is based on
non-linear eﬀects in the propagating medium. It has been shown experimentally that the
sound beams used in diagnostic ultrasound systems can be modelled by the KhoklovZabolotskaya-Kuznetsov (KZT) equation [62, 63]:
c0 2
δ ∂3p
β ∂ 2 p2
∂2p
∇
=
p
+
+
,
r
∂z∂t
2
2c30 ∂t3 2ρ0 c30 ∂t2

(3.9)

where p is the sound pressure, z is the axial coordinate, t = t − z/c0 is the retarded time,
c0 is the speed of sound, and ∇2r = ∂ 2 /∂r + r−1 (∂/∂r), where r is the radial coordinate of
the sound beam. The ﬁrst term of the right-hand side of Eq. (3.9) accounts for diﬀraction.
The second term of the right-hand side accounts for thermoviscous dissipation (δ is the
diﬀusivity of sound which accounts for losses due to shear viscosity, bulk viscosity, and
heat conduction [64]). The third term of the right-hand side is the most interesting in
the context of harmonic imaging, since this term accounts for the quadratic non-linearity
of the ﬂuid, where β is the non-linearity coeﬃcient and ρ0 is the density.
The main idea behind harmonic imaging is that, when a medium is insoniﬁed with a
fundamental frequency f , the non-linear properties of the medium give rise to a second
harmonic 2f . This was expected to be especially useful in imaging where contrast agents
were injected. The contrast agents are small gas-ﬁlled micro-bubbles with typical diameters of a few microns. The strong non-linear scattering from the micro-bubbles were
expected to be the major source of the harmonics. It turned out, however, that these
non-linear eﬀects are also present in tissue.
In for example cardiology, the heart is imaged through the ribs and lungs. One of the
problems in conventional imaging is that the transmitted sound beam is often reﬂected
back from the ribs. The reﬂected wave is also often reﬂected again at the transducer
surface. This gives rise to echoes that appear to originate from a deeper region, and
could therefore clutter the image of the heart. It was discovered experimentally that the
second harmonic suﬀers less than the fundamental beam from this passage through ribs
and lungs, thus improving the image quality signiﬁcantly.

6. Ultrasound Stimulated Acoustic Emission
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So far, harmonic imaging has been used mostly in medical applications, but there are
examples where this technique has been used for non-destructive evaluation purposes.
Wu and Stepinski [65] have presented promising experimental results from imaging of
defects in copper canisters.

6

Ultrasound Stimulated Acoustic Emission

Recently, Fatemi and Greenleaf [66] invented a new imaging technique that has proved
very useful in a number of applications. The technique is called Ultrasound Stimulated
Acoustic Emission (USAE), or sometimes Vibroacoustography.
This method diﬀers from other ultrasonic imaging techniques in one signiﬁcant aspect.
The imaging is not made by looking at how the transmitted sound wave itself is aﬀected
by the object. Instead, since the sound is acting as a mechanical force this will cause the
object to oscillate and emit sound of its own (acoustic emission). This is then recorded
and used to generate an image of the object.
The principle is the use an annular array of two confocal ultrasound transducers,
driven by two continuous wave sources with frequencies ω and ω + ∆ω, respectively. The
small diﬀerence in frequency, ∆ω, will result in a beating eﬀect at the joint focal point of
the transducers. This beating eﬀect will stimulate a vibration of the object which results
in the emission of a secondary wave, which is then recorded by an external hydrophone.
The actual imaging is one by mechanically moving the focal point of the two transducers
over the object. Interesting results from both medical applications and non-destructive
testing/evaluation of materials, were presented recently [67].
Except for imaging of objects, the USAE technique has also been showed to work well
as a detection of cavitation during ultrasound surgery. The high intensity ultrasound used
in surgery can sometimes cause cavitation, i.e. gas bubbles forming in the tissue. If the
gas bubbles burst this can lead to sudden temperature changes, which in turn might cause
cell death. Konofagou et al. [68] recently showed that this cavitation can be detected
using USAE.
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Chapter 4
Thesis Summary
1

Summary of Contributions

This section gives a brief summary of the papers included in this thesis, along with a list
of other papers published by the author.

1.1
1.1.1

Included Papers
Paper A - Multiphase Flow Characterized by Scattering of Ultrasound

Authors: J. Carlson, A. Grennberg, and J. Delsing.
Reproduced from: Proc. of the 9th Int. Conf. on Flow Measurements, FLOMEKO’98, (Lund,
Sweden), pp 493–498, IMEKO 1998.

When ultrasound propagates through a suspension of water and solid particles, the sound
is scattered by the particles. The idea behind this paper was to investigate if a simple
multi-path propagation model, Eq. (4.1), could be used to simulate the propagation
through such a suspension. Assume that the received pulse, y(t), can be modeled as the
sum of delayed and attenuated versions of the transmitted pulse, p(t), that is
y(t) = α0 p(t) +

N


αn p(t − τn ),

(4.1)

n=1

where N is the number of scatterers, αn and τn are the attenuation and propagation
delay associated with scatterer n, respectively. The experimental setup consisted of
one transmitter and one receiver, mounted on opposite sides of a tank containing the
suspension. The particles used in both simulations and experiments were large compared
to the wavelength of the sound.
For low particle concentrations, the experimental results agree well with the simulations.
For suspensions of smaller particles, typically the Magnetite suspensions investigated
in the other papers, the attenuation model used in this paper is not valid. One possible
way to improve the model, would be to incorporate the physics of the particles into the
model, instead of modeling the attenuation as in this paper. There are numerous models
available, derived for diﬀerent types of particles [8].
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Paper B - Ultrasonic Measurements of Particle Concentration in a
Multiphase
Flow

Authors: J. Carlson and A. Grennberg.
Reproduced from: Proc. of IEEE International Ultrasonics Symposium 1999, vol. 1, pp. 757–760,
(Lake Tahoe, NV, USA), 1999.

This paper is a ﬁrst attempt to use a multi-dimensional technique to measure particle
concentrations in multiphase ﬂows. The idea is that when the sound is scattered by
particles, the shape of the transmitted sound lobe will change. One way to measure this
lobe change is to use several receivers mounted close to each other, and use the relative
amount received energy at each of the receivers as a measure of the lobe spread.
The results showed that for iron ore particles, this method can be used to measure
the mass fraction of particles within ±1%. The iron ore particles were much smaller than
the wavelength of the ultrasound, as compared with the opposite relationship in paper
A.
1.1.3

Paper C - A Simple Scattering Model For Measuring Particle Mass
Fractions In Multiphase Flows

Authors: J. Carlson and P.-E. Martinsson.
Submitted to: Elsevier Ultrasonics.

Papers A, B, and D all deal with experimental techniques to measure the particle mass
fraction in suspensions of solid particles and water. The physics of a multiphase ﬂow is
a complicated thing to model, and in order to obtain a model which is useful in practice,
several simpliﬁcations have to be made. The risk is that these simpliﬁcations lead to
model errors that are diﬃcult to interpret. In this paper we show that a deliberately
over-simpliﬁed physical model, can still be used to predict the attenuation of pulsed
ultrasound. The model is based on the assumption that the particles are spherical and
rigid, and that the density and size distribution is known.
The experimental results presented in the paper show that, under certain conditions,
this simple model can be used to predict the attenuation of pulsed ultrasound.
The paper also contains a discussion on uncertainties and sources of errors.
1.1.4

Paper D - Ultrasound Measurement of Particle Distribution and Particle Mass Fraction In Multiphase Flows

Authors: J. Carlson and J. Delsing.
Submitted to: Flow Measurement and Instrumentation.

If the purpose of a sensor is to measure the mass ﬂow or mass fraction of particles in
a solid/liquid ﬂow, it is important that any such technique is robust to changes in ﬂow
conditions and changes in particle properties.
To examine this, a transmitter and receiver array were built using Polyvinylidene
Fluoride ﬁlm (PVDF). The purpose of the receiver array was to study how the particles
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were distributed in the ﬂow and how this distribution was aﬀected by changes in the
experimental conditions.
The paper addresses three problems:
1. Can the excess attenuation of pulsed ultrasound be used to measure the mass
fraction of particles? If so, will this also work for diﬀerent particle size distributions
and diﬀerent particle materials?
2. How is the sensor aﬀected by installation eﬀects like, pipe bends, changes in ﬂow
velocity, etc?
3. How should the sensor be calibrated in order to obtain an experimental value of
the excess attenuation?
The results show that the excess attenuation of pulsed ultrasound varies linearly with
particle mass fraction, for diﬀerent particle size distributions and for a wide mass fraction
range.
In the paper we also show how the sensor array can be calibrated so that the measured
excess attenuation does not depend on pipe-wall reﬂections or diﬀerences in receiver
element characteristics. This enables us to use the sensor in a clamp-on mode, i.e.
mounted on the outside of the ﬂow pipe, without the need of installing a separate ﬂow
meter.
1.1.5

Paper E - Vortex Imaging Using Two-Dimensional Ultrasonic Speckle
Correlation

Authors: J. Carlson, R. K. Ing, J. Bercoﬀ, and M. Tanter.
Reproduced from: Proc. of IEEE International Ultrasonics Symposium 2001, October 7–10, (Atlanta, GA, USA), 2001.

In previous work, it has been shown that ultrasonic speckle correlation velocimetry (USV)
can be used to measure local particle velocities in ﬂows. So far the technique has been
applied to monitor stationary processes. In this paper, we show how USV can be used to
dynamically map the two-dimensional velocity proﬁles of vortices caused by an obstacle
within a ﬂow. Thanks to the great versatility of the multi-channel system, it is possible
to capture as many as 5000 images per second, thus enabling us to monitor very fast
moving processes. To date, two transducer arrays are used to estimate the 2D motion
vector of local particles.
We also discuss possible modiﬁcations and improvements of the system that could
lead to the use of a single array of transducers to dynamically map the vectorial velocity
ﬁelds of ﬂows. The single array technique is investigated in a parallel project, and some
preliminary results were presented in [39].
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Paper F - Ultrasonic Particle Velocimetry In Multiphase Flows

Authors: J. Carlson and R. K. Ing.
Submitted to: Applied Physics Letters.

All our work on multiphase ﬂows has so far been on measuring the particle mass fraction
in the ﬂow. In order to have a ﬂow meter capable of measuring the mass ﬂow of the solid
phase, rather than the bulk mass ﬂow, it is necessary to estimate the velocity of the solid
phase.
In this paper we present results from applying ultrasonic speckle correlation velocimetry (USV) to track the motion of the particles directly. This requires the use of an ultrasound array system. The system consisted in this case of a 64-element transducer array
and a corresponding 64-channel digitizing electronics. The same electronics could also
be used to emit arbitrary pulses on all transducer elements simultaneously.
The USV technique is described in more detail in chapter 3.
The paper shows how USV can be used to obtain a particle velocity proﬁle inside a
pipe. The measured values are compared with the true volume ﬂow.
1.1.7

Paper G - An Ultrasonic Pulse-Echo Technique for Monitoring The
Setting of CaSO4 -Based Bone Cement

Authors: J. Carlson, M. Nilsson, E. Fernández, and J. A. Planell.
Submitted to: Elsevier Biomaterials.

The last paper of this thesis in on a slightly diﬀerent topic than the others. In the area of
biomaterial sciences, eﬀorts are made to develop artiﬁcial bone cement, that can be used
as implants in the human body. These materials have certain desired characteristics,
concerning both the mechanical properties of the set cement, as well as some medical
issues such as bio-degradability and the setting time.
Although the setting time has important implications on the practical use of the
cement, there are still no acceptable methods for measuring this. The two existing
standards, Vicat needle [69] and Gillmore needles [70] both require physical contact with
the cement, and the measured setting time is based on visual examination of the cement
surface. Due to the subjectivity of the standards, diﬀerent manufacturers and diﬀerent
research groups all report diﬀerent setting times for the same cement.
The purpose of this paper was to examine whether ultrasound can be used to noninvasively measure the setting time, and at the same time provide information about
the mechanical properties of the material. The paper presents results from measuring
pulse-echo attenuation and speed of sound in cement during the entire setting process.
The results show that an ultrasonic pulse-echo technique can be used to objectively
determine the setting time, and that the measured setting times fall within the range of
those measured with the standards. Furthermore, the ultrasonic technique can provide
additional information about the mechanical properties of the cement, such as density
and bulk modulus.
By using this technique it is also possible to measure other properties of the cement
than just the setting time. Looking in more detail at the backscattered sound, it should
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also be possible to asses the porosity of the material. During diﬀerent stages of the setting
process, the crystal structure of the cement changes. Cavities and boundaries between
diﬀerent crystals will give rise to partial reﬂections from within the crystal structure of
the cement. This is visible in the measurements as changes in the shape and length of
the reﬂected pulses. Figure1 4.1 shows an image of the surface of a calcium-based cement
obtained with a scanning electron microscope (SEM).

Figure 4.1: Image of cement taken with scanning electron microscopy.

1.2

Other Published Work

In addition to the papers included in this thesis, the following work has also been published by the author:
1. J. Carlson, ”Mass Fraction Measurements in Multiphase Flows Using a Clamp-on
PVDF Array”, In Proc. of IEEE Int. Ultrasonics Symp., vol. 1, pp. 471–474. (San
Juan, Puerto Rico), October 2000.
2. J.Carlson ”Joint Measurement of Particle Distribution and Particle Mass Fractions
In Multiphase Flows Using A Clamp-On PVDF Array,” In Proc. of Flow Measurement 2001, (Peebles, Scotland), May 7–10, 2001
3. J. Carlson, G. Bouchet, and A. Maurel, ”Simultaneous Characterization of Velocity
and Temperature Proﬁles Using Time-Reversal,” In Proc. of the 17th Int. Congress
on Acoustics - ICA2001, (Rome, Italy), September 2–8, 2001.
1 c
 Copyright Malin Nilsson, Research Center in Biomedical Engineering, University of Catalonia,
Barcelona, Spain. All rights reserved, used with permission.

38

Thesis Summary
4. R. Carlson and J. Carlson, ”Strategy for Screening Discrete Variations in Organic
Synthesis”, in Proc. of Chimiométrie 97, (Lyon, France), December 1997.
5. R. Carlson, J. Carlson, and A. Grennberg, ”Novel and Optimal Strategy for Screening Discrete Variations in Organic Synthesis”, Invited for presentation at the 17th
Process Development Symposium, (Churchill College Cambridgeshire, England),
13–15 December 1999.
6. R. Carlson, J. Carlson, and A. Grennberg, ”A Novel Approach for Screening Discrete Variations in Organic Synthesis”, Journal of Chemometrics Vol 15., Issue 5,
pp. 455–474, June 2001.

Papers 1 and 2 in the list are conference contributions that were combined and extended to become the submitted journal article, Paper D, included in this thesis. The
third conference paper in the list is a two-page extended abstract, presenting the results
of numerical simulations, performed by the two co-authors, Dr. Gilles Bouchet at Institut de Mécanique des Fluides, Strasbourg, France, and Dr. Agnés Maurel at Labotatoire
Ondes et Acoustique, Université Paris VII, Paris, France.
The last three papers are contributions to the area of optimal experimental design.
These papers are the result of a cooperation with Prof. Rolf Carlson, at the Dept. of
Chemistry, Tromsø University , Tromsø, Norway. Since this work is not at all related to
ultrasonic measurement techniques, it is not included in this thesis.

2

Conclusions

This thesis contributes to three research areas based on ultrasound measurement technology.
In the area of multiphase ﬂow measurements, the papers included in this thesis show
how attenuation of pulsed ultrasound can be used to determine the mass fraction of
solid particles in such ﬂows. In all measurements in paper A through D, the ultrasonic
sensors were clamped on to the outside of the ﬂow pipe. Paper D contains a theoretical
derivation of a calibration principle that can be used to reduce some of the problems
related to clamp-on techniques. By using an array of transducers, it has been shown that
the proposed technique is robust to several static installation eﬀects, and that some of
these eﬀects can be detected.
Papers E and F apply a new technique called ultrasonic speckle correlation velocimetry (USV) to the problem of imaging motion in a ﬂow. The technique is in several ways
similar to optical speckle correlation techniques, with the important exception that the
acoustic method works even for opaque media. In paper E, the technique is used to ﬁnd
a 2D velocity map of vortices formed by obstacles in a ﬂowing medium. In Paper F, the
USV technique is used to determine the particle velocity proﬁle inside a pipe containing a
suspension of iron ore and water. The results show good agreement with the true volume
ﬂow.
The results from all the papers A through F, show that ultrasound can be used to
determine both mass fractions and mass fraction velocities in multiphase ﬂows. This
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enables the development of a ﬂow meter that can directly measure the mass ﬂow of
particles in for example iron ore slurries.
The thesis also contributes to the area of non-destructive evaluation of materials.
A new ultrasonic technique has been developed that can measure the setting time, the
adiabatic bulk modulus, and the density of an injectable bone cement. The results
presented in paper G in this thesis shows that the proposed method solves some of the
most important problems with the existing measurement standards.

3

Perspectives

The contributions to the multiphase ﬂow area show that ultrasound is a suitable technique for a ﬂow meter capable of measuring many of the interesting properties of such
ﬂows. In order to design such a ﬂow meter, the technique from papers A to D could be
combined with the USV technique. This would result in an ultrasonic ﬂow meter capable
of measuring the mass ﬂow of one of the minor phases of the ﬂow.
Today, the hardware requirements of the USV technique are too high to be usable in
a ﬂow measurement application. This motivates the development of smaller and more
eﬃcient electronics, specialized for this type of application.
Paper G showed that monitoring the setting process of artiﬁcial bone cement is possible, using ultrasound. If it can be shown that the ultrasound does not aﬀect the setting
process, and if the method works for other types of bone cement, the goal is to establish
the proposed technique as a new European measurement standard.
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Multiphase Flow Characterized by Scattering of
Ultrasound
Johan Carlson, Anders Grennberg, and Jerker Delsing

Abstract

In this paper, we present and verify a simple mathematical model of the scattering of
ultrasound by particles in a multiphase ﬂow.
We show that a line-of-sight model can be used to describe how the multi-path propagation of ultrasound in a dilute suspension of glass spheres and water aﬀects the waveform. Simulation results agree with measured data for particle concentrations up to 3
percent.
Furthermore, the simulations and experiments indicate that there are two main eﬀects
aﬀecting the signal waveform; the shadowing of the direct wave between transmitter and
receiver, and multi-path propagation. For small particles, the multi-path propagation is
the largest eﬀect, while the attenuation of the direct wave increases for larger particles.
We see that the multi-path propagation aﬀects the tail of the pulse, while the attenuation
of the direct wave mainly aﬀects the ﬁrst two maxima. The relationship between these
two eﬀects can therefore be used to characterize a multiphase suspension.

1

Introduction

The long-term goal of our project is to develop a non-invasive multiphase ﬂow metering
methodology for measuring bulk ﬂow velocity, mass fractions, and mass fraction velocities
in dilute multiphase ﬂows. Important areas of application are, oil and gas, paper pulp,
and mining industry. A good overview of what has been done in this area can be found in
the book by Chaoki, et al. [1] and in the review article by Whitaker [2]. Our basic idea is
to use some established method for measuring the bulk ﬂow velocity (see for example the
sing-around ﬂow meter described in [3]), and then use through-transmission ultrasound
to determine mass fractions and mass fraction velocities. In this paper, we characterize
a multiphase ﬂow by examining how scattering aﬀects the received signal waveform.
When transmitting ultrasound through a multiphase medium containing solid particles, the sound waves are scattered and attenuated. In this paper, we present and verify
a mathematical model that qualitatively describes how scattering aﬀects the waveform
of ultrasonic pulses. The idea behind the model is that the received ultrasonic signal can
be written as the sum of a direct wave between the transmitter and the receiver, and
scattered waves.
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The Multi-path Propagation Model

Under certain conditions, scattering occurs when sound waves are obstructed by particles.
As a rule of thumb (see for example [4], chapter 8) we can assume that scattering occurs
if the condition in equation (1) is satisﬁed.
2π
a  1,
λ

(1)

where λ is the wavelength of the sound and a is the radius of the scattering particle.
Since the theory of scattering is very complex, we will derive a simpliﬁed mathematical
model, that qualitatively describes the eﬀect of scattering on the waveform of a received
ultrasonic pulse. Figure 1 illustrates the general idea of the line-of-sight scattering model.

Figure 1: Line-of-sight model for single scattering by a spherical particle.

Assume that waves transmitted from the transducer are scattered by N spherical
particles as in ﬁgure 1. In this case the received pulse, y(t), can be regarded as the
sum of delayed and attenuated versions of the transmitted pulse, p(t). Equation (2) is a
mathematical representation of this idea
y(t) = α0 p(t) +

N


αn p(t − τn ),

(2)

n=1

where α0 is the attenuation of the direct wave, {α1 , α2 , . . ., αN } is the attenuation coeﬃcients for the N scatterers, p(t) is the transmitted pulse, and τn is the time delay
corresponding to the increase in distance caused by scatterer n. The attenuation coeﬃcients depend on several factors, for example the position of the scatterer and the
relationship between wavelength and particle size.
We assume that a particle will aﬀect the received signal if it is located somewhere in
the cylinder with the transmitting transducer as base, and with height D (as deﬁned in
ﬁgure 1). Figure 2 supports this, since we see that most of the received energy is located
in that region.
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Figure 2: Received energy in the region around the origin, measured in pure water. The diameter
of the transmitting transducer was 14 mm, and the distance between transmitter and receiver
was 145 mm.

If particle n is located at (xn , yn , zn ) somewhere in this volume, the propagation
distance s1 + s2 can be expressed as


sn =

x2n

+

yn2

+

zn2



+

x2n + yn2 + (D − zn )2

(3)

where
we for simplicity assume that xn and yn are uniformly distributed over the interval

d d
− 2 , 2 and that zn is uniformly distributed over the interval [0, D].
Using the distances sn from equation (3), we obtain the corresponding time delays τn
as
sn (xn , yn , zn ) − D
τn =
(4)
v
where v is the speed of sound and D is the propagation distance of the direct wave.
For diﬀerent relationships between particle size and wavelength, the energy is scattered diﬀerently in space. For simplicity we assume that the energy spreads spherically
from the scatterer. We also assume the no energy is absorbed by the scatterer. Thus,
the attenuation coeﬃcient for each scattered pulse can be approximated to be
αn =

K2
,n ≥ 1
s2n2

(5)

where sn2 is the distance between the n:th scatterer and the receiver and K2 is some
constant (to be determined experimentally). If no particles shadow the direct wave
between transmitter and receiver, the attenuation of the direct wave is generally very
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small compared to the attenuation of the scattered waves. There are cases, however,
when no direct wave is present, because some particles shadow the propagation path.

Figure 3: Situation where the scatterer shadows the receiver.

In order to keep the model simple, we assume that the amount of received energy is
proportional to the area of the receiver which is not shadowed. This leads to the following
expression for α0 .
A
,
(6)
α0 = K0 1 − K1
Atot
where K0 is a constant corresponding to the attenuation of an undisturbed wave, K1
is a constant corresponding to the amount of energy lost by shadowing, and A/Atot is
the ratio of the shadow to the receiver area. If there is only one scatterer shadowing the
receiver, we have the case illustrated in ﬁgure 3. If the scatterer and the receiver partially
overlaps, that is min(r, a) < R < r + a, the area of the intersection, A, is given by
A=

a2
r2
(β − sin β) + (γ − sin γ) .
2
2

(7)

where, by the law of cosines,
β = 2 cos−1

r 2 + R 2 − a2
2aR

(8)

γ = 2 cos−1

a2 + R 2 − r 2
2aR

(9)

If, however, the receiver is totally shadowed or, if the scatterer is smaller than the
receiver, we have a maximum shadowing area, given by
A = [min(a, r)]2 · π

(10)

If there are more than one scatterer shadowing the receiver, the expression for A,
becomes more complicated. For simplicity we sum the contributions of each scatterer,
making sure that the total shadowed area is not greater than the receiver area.
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3

Experiments

In this section, we ﬁrst describe the experimental setup and the equipment we used,
followed by a brief description of the analysis tools used to process the collected data.
Finally, we describe how the computer simulations of the model in section 2 was made.

3.1

Experimental Setup

In order to verify the model, we prepared suspensions of glass spheres and water. The
glass spheres had an average radius of 1 mm, which, according to equation (1), should
be enough for scattering to be present, since the transmitting transducer had a center
frequency of 3 MHz. The outer diameter of the transducer was 14 mm. We prepared
suspensions with concentrations of 1, 2, and 3 percent (by volume). The suspensions
were enclosed in the suspension tank depicted in ﬁgure 4.

Figure 4: Suspension tank used in the experiments.

The receiver was a VP-1093 pinducer1 with a 10 MHz input bandwidth and a crystal
radius of 1 mm. The receiver and transmitter was centered.
For each concentration, 100 pulses were measured. We noticed that there were small
time delays between the recorded pulses. We found that some of these delays came from
triggering of the sampling equipment, and by increasing the sampling frequency this
eﬀect became smaller. We also found that when we increased the speed of the stirring
equipment, the vibrations in the system increased. This may also cause time delays,
since the distance between transmitter and receiver could change. If the observed time
delays are the result of experimental errors, they have to be estimated and compensated
for.
1
The VP-1093 pinducer was manufactured by Valpey-Fisher Corp., 75 South Street, Hopkinton, MA
01748.
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Estimating Time Delays

Whether or not the observed time delays were the result of experimental errors, they have
to be estimated. To accomplish this, we used the algorithm by Grennberg and Sandell,
presented in [5]. This is a more eﬃcient method than an ordinary cross-correlation
method, especially for estimating small time delays between narrowband pulses.

3.3

Sensitivity to Vibrations

In order to determine if the time shifts between recorded pulses were the results of
mechanical disturbances, such as vibrations, we ﬁrst estimated the time delays with
respect to the ﬁrst recorded pulse. Figure 5 shows the resulting histogram of the delays.
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Figure 5: Distribution of estimated time delays, measured in water.

We note that the delays looks like they originate from a normal distribution. However,
if the delays were due to mechanical disturbances, we would expect them to have zero
mean. The observed bias can be explained by the fact that we estimated the delays
relative to the ﬁrst recorded pulse, and not to an exact measurement.
Now, if we assume that the delays are samples from a normal distribution with mean
µ and standard deviation σ, a 95 percent conﬁdence interval can be calculated. Since
the mean and standard deviation are unknown, we ﬁrst estimated these, using equations
(11) and( 12).
µ =

N
1 
θn ,
N n=1



σ =

N
1 
 2
(θn − µ)
N − 1 n=1

(11)
1/2

.

(12)

The corresponding precision limits are then given by(see [6])
Pθ = tN −1 · σ ,

(13)

57
σ
Pµ = tN −1 √ ,
N

(14)

where the t-distribution is used because σ was estimated.

This means that, with 95 percent probability, the −Pθ − Pµ, Pθ + Pµ will enclose
the time delays.
To see whether or not the time delay corresponding to the precision limit Pθ + Pµ
is likely to come from vibrations, we calculated the change in distance between the
transmitter and receiver this would require. The sampling time was 2 · 10−9 s and the
speed of sound in water is around 1480 m/s. For the measurements shown in ﬁgure 5
the upper precision limit was determined to be 1.39 samples. Equation (15) gives the
corresponding change in distance, ds.
ds =





Pθ + Pµ · Ts · v =

= 1.39 · 2 · 10−9 · 1480 ≈ 4.0 µm

(15)

For the case with 3 percent particle concentration, the corresponding distance would be
20 µm, assuming all time shifts come from distance changes.
As we see, the distance change required to cause these time delays is very small,
and we conclude that it certainly could come from vibrations and other mechanical
disturbances in the system. When we increased the particle concentration, we had to
use a higher rotation speed, causing more vibrations. If we average the measured pulses
directly, the time delays cause the signal waveform to be distorted.. Therefore, we ﬁrst
shift all measured pulses according to the estimated time delays, by using Lagrange’s
interpolation formula.

4

Results

After measuring all pulses, we simulated 100 pulses for each concentration. Based on the
concentration, the position of a number of particles was generated, assuming that the
particles were uniformly distributed in the sample volume. As input pulse to the model,
we used an average pulse taken from measurements in pure water. The parameters, K0 ,
K1 , and K2 in the model described in section 2 was then adjusted so that the average
pulses from the measurements and simulations ﬁt for the suspension with 1 percent of
glass spheres. We then performed simulations for the other concentrations, but without
changing any parameters in the model. Figure 6(a) shows the resulting average pulse
after adjusting the model parameters. Figure 6(b) and (c) show how the model follows
when concentration was increased to 2 and 3 percent, respectively. In this case the
model parameters were set as K0 = 0.8, K1 = 0.5, and K2 = 6.5 · 10−5 . These values
were chosen so that the model output and the measured pulses agree for 1 percent of glass
spheres.We see that the agreement is very good for 1 and 2 per cent, but slightly worse for
3 percent of glass spheres. When deriving the model, we assumed that the sound is only
scattered once during the propagation. When the concentration of particles increases,
this assumption does no longer hold, and this could be what we see in ﬁgure 6(c).

58

Paper A

Output level (mV)

(a)
6

Pure water
1% particles (measured)
1% particles (simulated)

4
2
0
-2
-4

91

91.5

92

Time, t (¹s)

92.5

93

Output level (mV)

(b)
6

Pure water
2% particles (measured)
2% particles (simulated)

4
2
0
-2
-4

91

91.5

92

92.5

93

Time, t (¹s)

Output level (mV)

(c)
6

Pure water
3% particles (measured)
3% particles (simulated)

4
2
0
-2
-4

91

91.5

92

92.5

93

Time, t (¹s)

Figure 6: Comparison of averaged pulses

Figure 6 shows that the simulated signal waveform agrees with measured data, and in
ﬁgure 7 we see that the average energy of the simulated pulses also agrees with measured
data.

5

Conclusions

From the simulations we conclude that this model can be used to qualitatively describe
the eﬀect of scattering of ultrasound for this experimental setup. It is clear that the main

59

Average energy

Average energy (measured)
Average energy (simulated)

Particle concentration (%)

Figure 7: Average energy for measured and simulated pulses.

eﬀect is the shadowing of the direct wave between the transmitter and the receiver. The
multi-path propagation is also signiﬁcant to the change of waveform, and we can see that
when scattering occurs, the variations in pulse energy increase towards the end of the
pulse. For large particles, the shadowing of the direct wave is the main eﬀect, while for
smaller particles, the multi-path propagation increases, causing larger variations at the
tail of the pulses. Thus, by studying the waveform of a received ultrasonic pulse, we can
determine whether or not scattering has occurred, and by that draw conclusions about
the particle size and attenuation. If the model is developed further, it is possible that the
relationship between the damping of the ﬁrst two maxima of the pulse and the increase
of energy in the tail of the pulse can be used to determine volume fractions.
We also see from the simulations that the assumption that the sound is scattered only
once, only holds for low particle concentrations.
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Ultrasonic Measurements of Particle Concentration
in a Multiphase Flow
Johan Carlson and Anders Grennberg

Abstract
Non-invasive measurements of multiphase ﬂows have several important applications in
industry. In this paper we present a method that uses pulsed ultrasound and two small
receivers to determine the mass concentration of iron ore particles in water.
The proposed method is based on the assumption that when ultrasound is transmitted
through a scattering medium, the shape of the energy lobe changes. In this paper we use
two receivers to monitor how the lobe changes.
We show with experiments how the proposed method can be used to determine particle mass fractions from 3 percent and up, with an accuracy of ±1 percent of the mass
fraction. In the experiments we used a 3 MHz transmitter and two receivers, one along
the acoustical axis and the other 6mm oﬀ-axis, to measure the mass fraction of a polydisperse suspension of iron ore powder in water.

1

Introduction

In several industries, such as the oil and gas, paper pulp, and mining industries, multiphase ﬂows are common. It is often of great importance to be able to measure the
mass or volume fraction of the diﬀerent phases in such ﬂows. In the mining industry, for
example, iron ore powder is transported using water, and there is a need of measurement
techniques to monitor the particle mass fraction. There exists several methods for doing
this, all with their drawbacks and advantages. Some methods are based on optical techniques, which requires the ﬂow to be transparent, other methods are based on nuclear
magnetic resonance or inductance/conductance measurements. If the medium is opaque
or if the solid particles are magnetic, these methods all have their drawbacks. Also,
X-ray techniques and other methods based on radioactivity are both expensive and can
be hazardous to the environment. A good overview can be found in the book by Chaoki,
et al. [1], and in the review article by Whitaker [2].
The long term goal of our research project is to develop a ultrasonic technique for
measuring mass fractions and mass fraction velocities in multiphase ﬂows. The use of
ultrasonic techniques has several advantages. It does not require the medium to be
transparent. Depending on the frequency, it can be used to monitor both liquid/solid
ﬂows and liquid/gas ﬂows.
In this paper we present a method that can be used to measure particle mass fractions
in i multiphase ﬂow consisting of water and iron ore particles. The method is based on
pulsed ultrasound and the fact that transmitted pulse is scattered by the solid particles
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(see for example [3]). If we assume that the scattering results in a change of the shape
of the lobe from the transmitting transducer, this change can be used to monitor concentration changes. If we calibrate the method for a given type of particles, the method
can be used for online measurement of the particle mass fraction. The transmitted lobe
can be measured by using an array of small receivers. In this paper we use only two
receivers, and we show how the ratio of the energy received at the receivers can be used
to estimate lobe changes.

2

Experimental Setup

All experiments were conducted in the suspension container depicted in ﬁgure 2. The
bottom and the lid of the container is made of moulded plexiglass, which has acoustical
characteristics similar to those of water.

145 mm

125 mm

receivers

160 mm
transmitter

Figure 1: Suspension container used in the experiments.

In order to reduce the inﬂuence of temperature ﬂuctuations, the ambient temperature
in the lab was controlled and lies within ±1◦ centigrade.
The transmitting ultrasound transducer, which had a center frequency of 3 MHz, was
ﬁxed to the bottom of the container, and the receivers1 were mounted on the top. One of
the receivers was centered relative to the acoustical axis of the transmitter, and the other
receiver was mounted 6 mm away from the center. The received signals were connected
to a pre-ampliﬁer and fed into a four-channel digitizing oscilloscope, with a sampling rate
of 200 MHz.
All measurements were done on suspensions consisting of iron ore particles and water.
The diameter of the particles varied from 0 µm to 100 µm, which is much smaller than
the wavelength of the sound. This means that the long wavelength limit is valid and
1

Panametrics XMS310 miniature immersion transducers
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that the scattering mechanisms derived from that are dominating (see for example [3]).
Measurements were performed for mass fractions between 0 and 15 percent.

3
3.1

Theory
Principle

Assume that the shape of the energy lobe from the transmitting transducer depends on
the particle concentration. One way to measure the change in shape of the lobe is to use
several receiving transducers. Figure 2 shows this for the case with one transmitter and
two receivers, as used in our experiments.
p0 (n)

p1 (n)

receivers

suspension

transmitter

Figure 2: Experimental setup with one transmitting transducer and two receivers.

Since both receivers simultaneously measure the same transmitted pulse, the received
energy can be expected to be heavily dependent. It is therefore possible to compare the
received pulses pair-wise, and then averaging over several measurements. A simple way
to estimate the shape of the lobe is to calculate the received energy at each receiver. To
determine how the transmitted energy spreads, we divide the received energy at receiver
1 with the received energy at receiver 0, and then take the average of these ratios for M
subsequent measurements. We deﬁne the average energy ratio as
1
E=
M

M


Em,1
1
=
M
m=1 Em,0

M

m=1

N

n=1
N

n=1

p2m,1 (n)
p2m,0

,

(1)

(n)

where Em,0 is the energy of m:th received pulse at receiver 0 and Em,1 is the energy
of m:th received pulse at receiver 1. Measurements indicate that for the concentration
interval of interest, the ratio of energies depends on the particle mass fraction as
E (c) ≈ α0 + α1 c,
where c is the mass fraction of particles and α0 and α1 are constants.

(2)
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Calibration

For a speciﬁc system, with a given type of particles, the proposed method can be calibrated by making a least squares estimate of the parameters α0 and α1 in equation (2).
To ﬁt a straight line we need to measure and calculate the energy ratio for at least two
diﬀerent concentrations. We suggest calibrating at the lowest and highest concentration
of interest, at least. The need of calibration is a disadvantage, but as will be shown in
the next section, the concentration interval for which the straight line approximation is
valid is quite wide.

3.3

On-line measurements

Since the relationship between particle mass fraction and the energy ratio in equation (1)
can be approximated by a straight line, measuring the mass fraction is done by calculating
the energy ratio and solving the equation
c=

4

E (c) − α0
.
α1

(3)

Experimental Results

In this section we describe the measurements made, and analyze the uncertainties involved in the mass fraction determination.

4.1

Measurements

As described in section 2, measurements were made with mass fractions of iron ore
particles from 0 to 15 percent. For each particle concentration the average energy ratio
for 100 received pulses was determined. The result is shown in ﬁgure 3.
In ﬁgure 3 we see that the approximation of a straight line is valid from about 3
percent and up. The straight line was estimated for this interval, and has equation
E(c) = 0.020 + 0.242c

(4)

We also note that the energy ratio E increases with increased particle mass fraction. This indicates that the lobe from the transmitter is widened when concentration of
scattering particles is increased.
For mass fractions of lower than three percent, the energy ratio in equation (1) did
not show the same linear dependency on the mass fraction. Also, the variation in energy
for the 100 measured pulses was larger for these concentrations (see ﬁgure 4).
One explanation to this could be that the suspension is less homogeneous for lower
mass fractions, resulting in larger variations in amplitude of the received pulses. Also,
it might be the case that the dominating scattering mechanism changes at a certain
concentration.
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Figure 3: Average energy ratio as a function of particle mass fraction in a suspension of iron
ore and water. The estimated line was obtained using a least squares ﬁt to the measured values.
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Figure 4: Standard deviation of the energies, measured at receiver 0, 1 respectively.

4.2

Uncertainty analysis

In this section we analyze the statistical properties of the proposed method, in order to
estimate the uncertainty of the concentration measurements. Assume that the energy
ratios of the received ultrasonic pulses can be regarded as random variables with the
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same, but unknown distribution. The central limit theorem [4] states that the average
of several random variables from the same parent distribution will be more and more
normally distributed as the number of measurements increase. Thus, the average energy
ratio E in equation (1) can be assumed to be normally distributed. A 95% conﬁdence
interval can be determined for each concentration using equation (5) as
E95 (c) = E(c) ± t95 (M − 1)σratio ,

(5)

where t95 (M − 1) is the value of the t-distribution at 95% conﬁdence level and M − 1
degrees of freedom. In this case, where M = 100, the t95 -value is approximately 1.98.
The conﬁdence intervals are plotted in ﬁgure 5.
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Figure 5: Energy ratio as a function of particle mass fraction, with 95% conﬁdence interval.

In ﬁgure 5 we see that the conﬁdence interval becomes wider with larger mass fractions. This phenomenon can be explained by the fact that the signal-to-noise ration
(SNR) decreases as concentration increases. This is because the overall attenuation increases, causing the signal level to decrease.
The uncertainty analysis indicates that it should be possible to measure the mass
fractions in the interval 3 to 15 percent, with an accuracy of ±1 percent of the mass
fraction. If the conﬁdence interval becomes to wide, this is easily compensated for by
increasing the number of measurements for those concentrations.

5

Conclusions

In this paper propose a simple and fast method that can be used to measure particle
concentration in multiphase ﬂows. This is illustrated with experiments with iron ore
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particles and water. The uncertainty analysis shows that it is possible to determine mass
fractions with an error of less than 1% of the mass fraction. We have also showed that
if we use two receivers, the average energy ratio in equation (1) depends linearly on the
mass fraction in the range 3% to 15%. This makes it easy to calibrate, and once the
linear dependency has been determined, online measurements can be done, for a quite
wide concentration interval.
For concentrations below three percent, the variation in pulse energies is very large
and our method will not give accurate results.
We also see show the advantage of using two receivers is that we are able to block the
measurements in pairs, which results in a signiﬁcantly lower variation in the measured
ratio than if the attenuation had been measured in only one point. This result should be
possible to extend to more than two receivers, and will be one of the objectives of our
future research.
If we combine the proposed method with some conventional transit-time bulk ﬂow
meter, for example the sing-around ﬂow meter [6], this can lead to a method for measuring
particle mass ﬂows in multiphase ﬂows.
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A Simple Scattering Model For Measuring Particle
Mass Fractions In Multiphase Flows
Johan Carlson and Pär-Erik Martinsson

Abstract
In this paper we present a simple theoretical model of how pulsed ultrasound is attenuated
by the particles in a solid/liquid ﬂow. The theoretical model is then used to predict the
attenuation of sound, given the mass fraction, the density, and the size distribution of
the of solid particles.
The model is veriﬁed experimentally for suspensions of 0-10% (by mass) Dolomite
((Ca,Mg)CO3 ) particles and water.
The experimental results show that the attenuation of sound due to particles varies
linearly with mass fraction, and that the proposed theoretical model can be used to predict this attenuation. In all experiments the transmitter and receiver array were clamped
on to the pipe wall, thus providing a completely non-invasive and non-intrusive measurement technique.
Keywords: Ultrasound; Flow measurement; Multiphase flow; Scattering

1

Introduction

Diﬀerent types of multiphase ﬂows are present in a wide range of industrial processes.
One important example is the mining industry, where iron ore powder is transported
using water. It is therefore of interest to measure diﬀerent parameters of multiphase
ﬂows consisting of a bulk liquid and a minor phase of solid particles. There are many
diﬀerent approaches to this, and the books [1] and [2] give a good overview of current
methods for the measurement of both onephase and multiphase ﬂows.
Most of the existing multiphase ﬂow meters are designed to measure either the total
volume ﬂow or the total mass ﬂow. There are also techniques available for measuring gas
holdup in gas/liquid ﬂow, but many of these techniques involve sampling of the ﬂow in
a an obstructing manner [3].
In our research project, focus has been on developing an ultrasonic technique capable
of measuring the mass fraction of solid particles in a solid/liquid ﬂow. The idea is to
combine such technique with some other method for measuring the bulk mass ﬂow, and
thus be able to extract the mass ﬂow of the phases. It is desirable that any method for
doing this, should also work for diﬀerent types of solid particles, and diﬀerent particle
size distributions. In a previous paper [4] we presented experimental results of measuring the excess attenuation in suspensions of Magnetite (iron ore, Fe3 O4 ), and Dolomite
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((Ca,Mg)CO3 ) particles in water. In that paper it was shown experimentally that the excess attenuation of pulsed ultrasound with center frequency of 1.5 MHz, increases linearly
with the particle mass fraction.
When sound propagates through an inhomogeneous medium, such as a suspension of
particles and water, the transmitted sound wave is scattered by the particles. Because
of this scattering, the transmitted wave will be attenuated. There are many models
available to theoretically determine the attenuation due to scattering, like Allegra and
Hawley [6], and Urick [7]. The Allegra and Hawley model is often referred to, but
because of its computational complexity it is not suitable for implementation in a ﬂow
meter. The simpliﬁcations needed in order to implement the model in a practical system
will introduce large model errors, which can be very hard to interpret from the ﬁnal
results. In this paper we instead use a very simple physical model of the scattering,
where we assume that the particles are rigid spheres. We show with experiments that,
for the frequencies and particle sizes investigated, this is a reasonable approximation.
The attenuation of sound is also aﬀected by other properties of the suspension, such
as temperature, pressure, and salinity [8]. In the experiments presented in this paper,
temperature and pressure are kept constant, and we focus on the eﬀect of particle radius
and particle mass fractions, since these are the most dominant eﬀects in the application
at hand.
In section 2 we derive a theoretical expression for the coeﬃcient of excess attenuation.
The model is based on well-known theory and the purpose is to show that even a relatively
simple model can be used to predict the behavior of a complex practical system. In section
3 we show how an experimental value of the attenuation can be obtained from measured
data. This is then used to verify the theoretical model. Section 4.2 contains an analysis
of the uncertainties involved in determining the experimental value of the attenuation
coeﬃcient.

2

Theory

The goal with this section is to derive an expression for the attenuation of sound that
passes through a suspension of small solid particles and water.
For a sound wave that travels in pure water we can consider the water to be lossless.
If, however, an object such as a small particle obstructs the wave, the wave will lose
energy, and the most dominant loss process is scattering. In a suspension with many
particles the scattering will repeat itself many times. When the incoming plane wave
interacts with a particle, the sound is scattered in all directions. Also, assume that all
sound energy scattered away from the receiving transducer is lost. Then, if all particles
are of equal size and they all have the same mechanical properties the energy loss, dΠ,
caused by N particles can be written as
dΠ = −N Πbs

(1)

where Πbs is the backscattered energy from each particle and N is the number of particles
in the path of the wave. In order to proceed we must determine the number of particles
in the path of the wave, and the scattered energy from each particle.
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The mass fraction, cm , of particles in the suspension is
cm =

N mparticle
N mparticle
≈
mliquid + N mparticle
mliquid

(2)

where mparticle is the mass of one particle and mliquid is the mass of the liquid phase of
the suspension.
dx
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Figure 1: Transmitter and receiver array used in the measurements, with notations used in the
derivation of the attenuation coeﬃcient.

For a control volume with geometry as shown in Fig. 1 having width w, height h,
and length dx the mass of ﬂuid inside the control volume is given by
mliquid = ρl wh dx,

(3)

and the mass of a spherical particle is
4
mparticle = ρp πa3 ,
3

(4)

where ρl and ρp is the densities of the liquid and the particles, respectively, and a is the
particle radius. From this we can estimate the number of particles as
N ≈ cm

mliquid
3ρl wh
= cm
dx
mparticle
4ρp πa3

(5)

Now, when we have an estimate of the number of particles inside the control volume,
we need to determine how each of these particles scatter the incoming sound wave. It
should be noted, however, that if particles conglomerate, this will change the number
of particles. It can be shown [9] that when a plane wave of intensity I encounters an
incompressible rigid sphere, the scattered intensity Is is given by
Is
16π 4 f 4 a6
=
(1 − 3 cos θ)2
4
2
I
9c r

(6)
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where f is the frequency, c is the speed of sound in the surrounding medium; r and θ
are the radius and angle coordinates of a polar coordinate system, respectively. This
expression is valid for wavelengths such that ka  1, where k is the wave number. Fig.
2 shows the pattern of the scattered intensity.
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Figure 2: Scattering from a rigid sphere when a plane wave is incident from the left in the
picture (ka = 0.3).

Even though Eq. (6) is given in polar coordinates r and θ it is valid in three dimensions, because of symmetry around the x-axis. As expected and as Fig. 2 shows, most
of the energy is backscattered, i.e. scattered in the opposite direction of the incoming
sound wave. In fact only 1/8 of the energy is scattered forward (to the right in Fig. 2).
The same ratio is true as the long wavelength approximation holds (ka  1). The total
backscattered power is found by integration of Eq. (6) over a half sphere with origin at
the same position as the particle in question, that is


Πbs =

π

π/2

Is (r, θ) 2πr2 sin θ dθ =

7 256π 5 a6
I,
8 9λ4

(7)

and where the frequency has been replaced by the wavelength λ = c/f . For the control
volume in Fig. 1 the intensity of the incoming wave is related to the energy by I = Π/wh,
where Π is the energy of the incoming plane wave, at position x. The backscattered energy
now becomes
7 256π 5 a6 Π
.
(8)
Πbs =
8 9λ4 wh
The use of Eq. (8) together with Eq. (5) in Eq. (1) leads to the ordinary diﬀerential

81
equation for the energy-loss of the sound wave:
dΠ
a3 ρl
= −A 4 cm dx,
Π
λ ρp

(9)

where the constant A = 168π 4 /9. Integration of both sides gives


Π

Π0

 x

dΠ
a3 ρl
=
−
A
cm dx,

λ 4 ρp
0
Π

(10)

 and x
 are integration variables, and Π0 is transmitted energy at position x = 0.
where Π
After integration we have
3 ρ
Π
−c A a l x
= e m λ4 ρp = e−αx ,
(11)
Π0

where
α = cm A

a3 ρl
λ 4 ρp

(12)

is the attenuation coeﬃcient due to backscattering. As expected, the attenuation in Eq.
(11) depends on the mass fraction of particles and the propagation distance of the wave.
For a measurement system where the distance between the transducers is constant (see
Fig. 1) the measured attenuation coeﬃcient, α, will be proportional to the mass fraction,
cm , alone.
The expression for α in Eq. (12) is valid as long as the mass fraction of particles
is low so that we can assume that there is no multiple scattering. Furthermore, in the
model we assume a constant particle radius, a, and constant wavelength of the sound.

3

Experiments

The model derived in the previous section was veriﬁed with experiments. The following
two subsections describe the experimental setup and the data analysis performed to
experimentally determine the attenuation coeﬃcient, α, in Eq. (12).

3.1

Measurements

All measurements were made using a PVDF transmitter and a PVDF receiver array, see
Fig. 1. The transmitter and receiver array were both made from a 28 µm thick PVDF
sheet1 , metallized with silver ink.
The receiver array consists of 12 elements, each 5 mm wide and 20 mm long (along
the ﬂow direction). The spacing between the receiver elements is about 1.5 mm. The
receiver was originally divided into several elements to be able to measure the attenuation
of sound over a cross-section of the ﬂow [4]. However, for the purpose of measuring only
the mass fraction, the received energy is averaged over all receiver elements. This reduces
the uncertainty of the measurements, in a similar way as using one big receiver would
do.
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Figure 3: Flow system used in the measurements.

The transmitter and receiver array were clamped on to the ﬂow system depicted in
Fig. 3. The transmitter and receiver array were mounted perpendicular to the ﬂow
direction. The purpose of the temperature controller is to keep the temperature constant
during the experiment, since the attenuation of sound is strongly aﬀected by temperature
changes.
The pulses were sampled at 100 MHz using a Nicolet 460 digitizing oscilloscope. The
center frequency of the transmitted pulse is 1.5 MHz. The bandwidth of the pulse ranges
from around 800 kHz to 2 MHz, which is fairly narrowband given the characteristics of
the receiving transducers. The bandwidth was measured by looking at the frequency
where the spectrum of the pulse dropped by 3 dB.

3.2

Data Analysis

Given the digitized ultrasound pulses we now show how the experimental value of the
excess attenuation coeﬃcient α from Eq. (12) can be obtained. Assuming the transmitted
pulse is narrowband compared to the impulse response of the receiver elements, it can
be shown that the same procedure as we use to determine the attenuation coeﬃcient
also calibrates the sensor to compensate for the eﬀect of pipe wall, diﬀerences between
receiver elements, losses in pure water, etc. [5].
Following the steps in [5], the energy of a sampled ultrasound pulse, p[k] is calculated
as
K
1 
p2 [k],
(13)
E=
K k=1
where M is the number of samples used to represent the pulse. Now assume that the
received energy depends on the particle mass fraction, cm , as
E(cm ) = E0 e−α(cm ) ,

(14)

1
The ﬁlm PVDF ﬁlm used in the measurements was manufactured by Measurement Specialties, Inc,
Norristown, PA.
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where E0 is the received energy if the ﬂow is pure water and c is the particle mass fraction.
The coeﬃcient of excess attenuation, α(cm ), due to the presence of particles is then given
by


α(cm ) = −ln

E(cm )
E0

K


p2c [k] 


 k=1

,
= −ln 
K





(15)

p20 [k]

k=1

where pc [k] is a sampled version of the received pulse for mass fraction c and p0 [k] is the
corresponding measurement in pure water.
Now we compare the ratio Π/Π0 in Eq. (11), derived from the equations for a continuous wave, with E(c)/E0 as a similar property for pulsed ultrasound.

4

Results

In this section we describe the experiments and compare the experimental results with
the theoretical model derived in section 2. We also evaluate the uncertainty of the
experimental results.

4.1

Mass Fraction Measurements

To verify the theoretical model we prepared suspensions of Dolomite particles ((Ca,Mg)CO3 )
for a mass fraction range from 0 to 10%.
The particle size distribution was measured using a CILAS 1064 instrument. Fig. 4
shows the estimated size distribution. We then calculated the mean value of the particle
radius and used this as input to the model.

mean diameter

Figure 4: Estimated size distribution of the Dolomite particles. The particle sizes were measured
using a CILAS 1064 instrument.

Fig. 5 shows the measured and theoretical attenuation coeﬃcients. The theoretical
attenuation coeﬃcient was calculated using a wavelength, λ = 0.987 mm, speed of sound,
c = 1480 m/s, particle density ρp = 2800 kg/m3 , and particle radius a = 26 µm. The
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Figure 5: Measured (dotted) and theoretical (solid) excess attenuation for Dolomite.

measurements agree well with the predicted result, except for higher mass fractions and
in a small region close to the origin. The small deviation close to the origin has been
observed in other measurements we have made, but we still do not have any explanation
to this. However, the deviations from the predicted results fall within the 95% conﬁdence
interval calculated in section 4.2.
If there would be any multiple scattering of the sound waves for the higher mass
fractions, the attenuation would increase faster, and not as the measurements show. The
most probable explanation we have to this is that there is some sedimentation in the ﬂow
system because of the heavy particles. This causes particles to get stuck in cavities in
the system. Another explanation is that when the particle mass fraction increases, the
signal to noise ratio (SNR) decreases. The energy of the noise thus contributes more to
the attenuation coeﬃcient. This is illustrated by Fig. 6. We see that the amplitude of
the received pulse is signiﬁcantly lower for the higher mass fraction, while it is reasonable
to believe that the noise variance remains unchanged.

We also made measurements for smaller particle diameters, and the measured attenuation, and for other types of solid particles. The measured attenuation coeﬃcient still
shows the same linear dependency of the mass fraction. However, the instrument we
used to estimate particle diameters is not capable of measuring the smaller diameters,
and therefore we are not able to compare these results with the theoretical model. The
experimental results are shown in a previous paper [4].
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Figure 6: Example of typical received pulses. (a) Received pulse for mass fraction cm = 2.5%.
(b) Received pulse for mass fraction cm = 9%.

4.2

Uncertainty Analysis

Given the number of pulses measured at each receiver element and the standard deviation
of their energies, we analyze the uncertainty of the mass fraction measurements. We also
discuss other sources of error and the eﬀect this might have on the ﬁnal result.
For each of the 12 receiver elements, 150 pulses were measured for each particle mass
fraction. Fig. 5 shows the average excess attenuation taken over all pulses at all receiver
elements, that is
12 
150

1
α(cm ) =
αk,l (cm ),
(16)
12 · 150 k=1 l=1
where αk,l (c) is the excess attenuation for pulse l at receiver k for mass fraction cm .
Assume that the coeﬃcient of excess attenuation is a stochastic variable. If we assume
that for each receiver element this stochastic variable belongs to the same distribution.
Then, because of the central limit theorem, their average will be approximately normally
distributed. If we average the attenuation coeﬃcient over 150 measurements and over
the 12 receiver elements, this average will be normally distributed with mean α(cm ) and
variance σ 2 . Since the number of measurements is large, the resulting conﬁdence interval
can be calculated using the normal distribution [10].
The accuracy of the measurement method thus depends on how accurately we can
determine α(cm ) in Eq. (16). A conﬁdence interval for α(cm ) can be calculated from the
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estimated variance between diﬀerent measurements, as
σ2 =

12
1 
σ2 ,
12 k=1 k

(17)

where σ 2k is the variance of the measured average excess attenuation at receiver k.
From measured data we estimated the standard deviation for each of the mass fractions. The maximum value was found to be σ = 0.0038. The corresponding 95% conﬁdence interval for the average excess attenuation is then α(c) ± 2σ = α ± 0.0076. This
corresponds to a relative full scale error (at 7 % mass fraction) of approximately ±1%.
The analysis above does not include possible bias errors. For example, sedimentation
of particles in cavities of the ﬂow system will give rise to bias errors. Also, if particles
conglomerate, this will lead to a higher attenuation, since the scattering cross section
will increase. In the model, however, we assume that the particle radius is equal to the
average particle radius of the sample.

5

Conclusions and Discussion

We have presented a simple theoretical model for the coeﬃcient of excess attenuation,
α, of pulsed ultrasound due to the presence of particles. The model predicts that the
attenuation coeﬃcient varies linearly with particle mass fraction. This is also veriﬁed
with experiments for suspensions of Dolomite ((Ca,Mg)CO3 ) particles for mass fractions
in the range 0 to 10%.
Because the model is a simple straight line relationship, this can easily be implemented in a system with very limited computational power. All model parameters can
be determined a priori and thus, a sensor based on the presented model does not have to
go through extensive calibration procedures in order to estimate the straight line. The
only calibration needed is to measure the received ultrasound energy in a ﬂow of pure
water. This is then used to calibrate the sensor to compensate for reﬂections from pipe
walls and for diﬀerences in transmitter and receiver characteristics.
In the model we assume that the particles can be regarded as rigid spheres. Judging
by the experimental results this seems to be a reasonable approximation for the Dolomite
particles used in the experiments. The eﬀect of non-rigid particles is that their scattering
cross section is bigger than for the non-rigid case [9], which leads to a higher attenuation.
Scattering by spherical particles is a subject that has been thoroughly studied by others
and for more details the reader is referred to the work by Allegra and Hawley [6] and
Epstein and Carhart [11].
Furthermore, in the model we assume constant particle radius and monochromatic
sound waves, but in practice the particle size distribution is Gaussian-like. Also, the
pulses have a certain bandwidth, and thus we have an interval of wavelengths rather
than a single wavelength. In Eq. (12) we have the third power of the radius and the
fourth power of the wavelength. Increasing either the radius or the frequency will increase
the attenuation. However, incorporating this in the model, averaging over the particle
size distribution and integrating over the spectrum, we found the resulting attenuation
to be almost the same. From this we conclude that, for the frequencies and particle sizes
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examined here, these eﬀects cancel out, and using the center frequency and the mean
particle radius is a reasonable approximation.
One thing that remains to be investigated is the sensitivity of the method to variations
in temperature. At the moment the temperature controller in Fig. 3 ensures that the
temperature is kept constant during the measurements. We also need to investigate the
sensitivity to installation eﬀects such as pipe bends and pulsating ﬂow. We know that
ﬂow system geometry aﬀects the distribution of particles within the ﬂow pipe [4], and
that using an array of receivers or a large single-element receiver will reduce these eﬀects.
In the same paper we show that increasing the ﬂow velocity from 2 m/s to around 5
m/s, and by this introducing more turbulence, does not signiﬁcantly aﬀect the measured
attenuation. In the experiments we noticed that if the signal to noise ratio decreases too
much, the measured attenuation coeﬃcient will not vary linearly with mass fraction. In
the experiments presented in this paper we used a simple PVDF transducer. Changing
this to a standard crystal transducer the SNR will increase signiﬁcantly, thus extending
the mass fraction interval that can be studied.
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Ultrasound Measurement of Particle Distribution
and Particle Mass Fraction In Multiphase Flows
Johan Carlson and Jerker Delsing

Abstract
In this paper we present an ultrasound technique that can be used to measure the mass
fraction of particles in solid/liquid twophase ﬂows. By using one big ultrasound transmitter and a 12-element receiver array, we are also able to measure how the particles are
distributed over a cross-section of the ﬂow.
Furthermore, we show how the excess attenuation of pulsed ultrasound can be obtained experimentally from the received ultrasound pulse, and at the same time compensate for eﬀects of pipe wall reﬂections and diﬀerences in receiver element characteristics.
The use of a receiver array instead of a single-element receiver allows us to study
how the particle distribution varies with diﬀerent ﬂow conditions. This enables us to detect and characterize some static installation eﬀects, where a conventional single-element
receiver would give erroneous results.
The experimental results show that the excess attenuation of pulsed ultrasound, due
to the presence of particles, is linearly dependent on mass fraction in the range 0 − 10%.
This has been tested for both Magnetite (Fe3 O4 ) and Dolomite ((Ca,Mg)CO3 ) particles.
The proposed method uses ultrasonic sensors clamped onto the outside of the pipe
wall, thus providing a completely non-invasive measurement.
Keywords: Ultrasound, Multiphase flow, Clamp-on, PVDF, Sensor array

1

Introduction

During the past decades, the measurement of diﬀerent properties of multiphase ﬂows has
received a lot of attention from both the industrial and the scientiﬁc community. The oil
and gas industry, the mining industry, and the paper pulp industry are some important
examples where multiphase ﬂows play a central role. The oil and gas industry has to
handle a multiphase ﬂow consisting of mainly gas, water, and oil. Measurements are
made both for control and custody transfer purposes. In the mining industry water is
used to transport iron ore powder, and the measuring the mass ﬂow of the particle phase
is more interesting than the bulk volume ﬂow, both for control and yield reasons. Similar
reasons apply for the paper pulp industry.
There are a number of diﬀerent methods available for multiphase ﬂow measurements,
designed for oil and gas applications. Most of these ﬂow meters combine diﬀerent techniques for the measurement of total volume ﬂow, gas fraction, water cut, etc [1]. Some
ﬁeld test results and a summary of diﬀerent commercially available ﬂow meters for crude
oil ﬂow can be found in [2].
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In addition to the large scale multiphase ﬂow meters like those used in the oil and
gas industry, there are also several non-invasive techniques that can be used to measure diﬀerent properties of multiphase ﬂows, such as solid mass fraction, gas holdup, or
total volume ﬂow. The book by Chaoki et al. [3] gives a good overview of such techniques, and the book by Spitzer [4] gives a good overview of techniques for onephase ﬂow
measurements.
Overall it can be said that multiphase ﬂow measurement is both diﬃcult and expensive. Furthermore, no existing method can be applied to a wide range of applications. In
particular there is a need for non-intrusive and clamp-on techniques that are insensitive
to installation eﬀects and the distribution of the diﬀerent phases in the ﬂow.
In this paper we present a non-invasive ultrasonic technique for mass fraction measurement of solid particles in water. This technique in combination with conventional
transit-time/sing-around [5] and/or doppler ﬂow measuring of the bulk ﬂow and the particle velocity [6, 7, 8], forms an interesting multiphase ﬂow measurement possibility. The
mass fraction measurement is based on pulsed ultrasound in through-transmission mode.
The method uses one large transmitter, covering one side of the ﬂow pipe, and a 12element receiver linear array (see Fig. 2) clamped on to the outside of the ﬂow system,
thus providing a completely non-invasive clamp-on measurement technique. The use of
a receiver array also enables us to monitor how the particles are distributed over a crosssection of the ﬂow pipe. This enables the measurement of particle concentration along
12 lines across the ﬂow. Thus enabling investigations of inﬂuences of pipe geometry, ﬂow
velocities, particle concentration, etc., on the particle distribution.
Previous work along these ideas are found for resistive sensors where also full 2D measurement of the ﬂow distribution was achieved using tomography [9],[10]. The proposed
ultrasound technique presented here is clearly extendable to a full 2D technique by using
tomographic principles [11].
The proposed method and the theory behind the data analysis are described in detail
in sections 3 and 4. The experimental setup is described in section 2, and the results
of the experiments are shown and discussed in section 5. Experiments with suspensions
of Magnetite (iron ore, Fe3 O4 ), particles in water, and with suspensions of Dolomite
((Ca,Mg)CO3 ) in water show that the attenuation coeﬃcient varies linearly with mass
fraction. For both materials, experiments were made for particle sizes in the ranges
0-37µm and 37-54µm.

2

Experimental Setup

All measurements were performed using a custom-made PVDF (Polyvinylidene Fluoride)
transmitter and a PVDF receiver array in a through-transmission scheme, see Fig. 2.
The transmitter and receiver array were both made from a 28µm thick PVDF sheet,
metallized with silver ink. The ﬁlm was manufactured by Measurement Specialties, Inc,
Norristown, PA.
The receiver array consists of 12 elements, each 5 mm wide and 20 mm long (see Fig.
2). The spacing between the receiver elements is approximately 1.5 mm.
The test ﬂow suspensions were mixed in the closed ﬂow system depicted in Fig. 1,
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and the transmitter and receiver array were clamped on to the rectangular plexiglass
pipe.
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flow direction

Figure 1: Flow system used in the measurements.

The received ultrasound pulses were sampled using a Nicolet 460 digitizing oscilloscope. The sampling frequency of the oscilloscope was set to 100 MHz, which is more
than enough compared to the bandwidth of the pulse.

3

Sensor Calibration Principle

The proposed method uses pulsed ultrasound with a center frequency of 1.5 MHz. Experience tells us that increased attenuation of sound is the most dominating eﬀect when
the particle mass fraction is increased. The standard problem with attenuation-based
techniques is the need to relate the amplitude or the energy of the received pulse to some
reference signal, for example the transmitted ultrasound pulse. One commonly used way
to do this is to use a buﬀer-rod to obtain a reference echo from the interface between the
buﬀer-rod and the sample, see for example [12]. Another way is to place a thin layer of
PVDF ﬁlm at the transmitting side. This piezo-electric polymer ﬁlm will then register
the outgoing pulse [13]. For more information on pulse-echo techniques, refer to [14] and
references therein.
In this paper we use neither of those techniques, and the main reason for this is that
we also have other problems that those methods do not handle, arising from the fact the
we use a clamp-on sensor array of receiver elements (see Fig. 2). The purpose of the
array is to enable us to measure how the attenuation of sound varies over a cross-section
of the ﬂow. First of all, we use a through-transmission setup instead of a pulse-echo. This
means that the transmitting and receiving transducers are not the same, and therefore
does not have the same characteristics.
Moreover, although we have tried to make the receiver elements as similar as possible,
there will always be diﬀerences in their impulse responses. In addition to this, some of
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Figure 2: PVDF transmitter and receiver array used in the measurements.

the elements will receive sound waves that have been reﬂected from the pipe walls. One
way to compensate for this is to measure a reference pulse in pure water, before particles
are added to the ﬂow. The excess attenuation due to the presence of particles is then
measured by calculating the energy of the received pulses at each receiver element, and
dividing with the corresponding value measured in pure water. We will now show that this
procedure reduces the inﬂuence of the pipe walls, and the eﬀect of diﬀerences in receiver
element characteristics. This makes it possible to compare the attenuation measured
at diﬀerent receiver elements. This approximation holds under certain conditions, as
formalized in the following theorem.
Theorem 1 Assume that the transmitted pulse, x(t), is narrowband, that is its Fourier
transform is zero outside the narrow frequency band Ω. Assume also that the transfer
function, Gk (ω), of the receiver elements can be regarded as constant over this bandwidth,
then


2
pk,c (t)dt
|Hc (ω)|2 dω
T
Ω

,
(1)
≈
p2k,0 (t)dt
|Ho (ω)|2 dω
T

Ω

where pk,c (t) is the received pulse at receiver k and mass fraction c, Hc (ω) is the transfer
function of the medium for mass fraction c.
Proof 1 Assume that the transmitting transducer sends the pulse x(t) with corresponding
Fourier transform X(ω), and that the suspension of mass fraction c can be modeled as a
linear system with Fourier transform Hc (ω). Now, assume that the impulse response of
receiver element k (k = 1..12) has Fourier transform Gk (ω). Using Parseval’s relation,
the energy of the received pulse pk,c (t) at receiver k and mass fraction c can now be written
as

T

p2k,c (t)dt

1 ∞
=
|Pk,c (ω)|2 dω =
2π −∞

(2)
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=

1 ∞
|X(ω)|2 |Hc (ω)|2 |Gk (ω)|2 dω
2π −∞

(3)

If we assume that the transmitted signal is narrowband compared to the receiver frequency
characteristics, i.e so that the receiver frequency function can be regarded as constant over
the frequency band of interest, this can be approximated as


p2k,c (t)dt ≈

T


1
|X(ω0 )|2 |Gk (ω0 )|2 |Hc (ω)|2 dω,
2π
Ω

(4)

where ω0 is the center frequency of the narrowband pulse. In the same way, we can
approximate the received energy in pure water. The ratio of the two will then be

T
T

p2k,c (t)dt
p2k,0 (t)dt

2

≈

|X(ω0 )| |Gk (ω0 )|
|X(ω0


=

2

Ω
Ω

)|2 |G

k (ω0

|Hc (ω)|2 dω
|H0 (ω)|2 dω

)|2




Ω

−Ω
Ω

−Ω

|Hc (ω)|2 dω
2

(5)

|H0 (ω)| dω

.

(6)

This is the same as the right-hand side of Eq. (1), which concludes the proof.
Given the assumptions stated above, we can now use a ﬂow consisting of pure water
to calibrate the sensor. The resulting attenuation is thus independent of the receiver
characteristics and the reﬂections from the pipe walls. The energy ratio is still a function
of the position of the receiver. This is, however, not because of the diﬀerence in receiver
impulse response, but because the mass fraction of particles may vary over the crosssection. Using this calibration principle we can therefore detect these inhomogeneities in
the suspension.

4

Data Analysis

In the previous section we described the idea behind the measurement principle. In this
section we show how an experimental value of the attenuation coeﬃcient can be obtained
from sampled data. The energy of a sampled ultrasound pulse, p[n], can be deﬁned as
N
1 
p2 [n],
E=
N n=1

(7)

where p[n] is the sampled version of the electrical pulse generated by the ultrasound
receivers. For a narrowband pulse we can assume that the energy of the received sound
wave depends on particle mass fraction as
E(c) = E0 e−α(c) ,

(8)
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where E0 is the received sound energy if the ﬂow is only pure water and c is the mass
fraction. The excess attenuation, α(c), due to the presence of particles is then given by


E(c)
α(c) = ln
E0

N





= ln  n=1
N





p2c [n] 

p20 [n]






(9)

n=1

where c denotes the particle mass fraction, pc [n] is a sampled version of the received
pulse for mass fraction c and p0 [n] is the corresponding measurement in pure water.
The attenuation coeﬃcient, α(c) then corresponds to the excess attenuation due to the
presence of particles. As we show experimentally in the next sections, this coeﬃcient is
linear with respect to mass fraction, for a wide mass fraction range.
If we look at the coeﬃcient of excess attenuation α(c) as a function of receiver element
position, we will obtain information on how the particles are distributed in the ﬂow. In
section 5 we will describe an experiment series made to examine how this distribution
varies with other properties of the ﬂow and the ﬂow system.
For each of the 12 receiver elements, several ultrasound pulses are recorded in order
to obtain an average value of the attenuation coeﬃcient in Eq. (9). The details about
the experiments will be presented in the next section.

5

Experiments

In this section we present experimental results for both the mass fraction measurements
and the particle distribution measurements. The mass fraction measurements were performed for both iron ore (Magnetite) powder and Dolomite powder.
Two experiment series were made, one to test if the excess attenuation can be used to
measure the mass fraction of particles, and the other to test how changes in installation
conditions will aﬀect the sensor output.

5.1

Mass Fraction Measurements

The ﬁrst experiment was to examine how the mass fraction of particles aﬀect the attenuation coeﬃcient, Eq. (9). These experiments were performed for both the iron ore,
Fe3 O4 , and the Dolomite powder, (Ca,Mg)CO3 . Measurements were made using two
diﬀerent particle size distributions, 0 − 37µm and 37 − 54µm. In all measurements the
mass fraction was varied from 0.25% to 10%.
Fig. 3 shows the result for the iron ore suspensions. The solid line corresponds to
particle diameters in the range 0 − 37µm, and the dashed line corresponds to particle
diameters in the range 37 − 54µm. For the smaller particle sizes (solid line in the plot)
we see that the coeﬃcient of excess attenuation, α(c), increases linearly with particle
mass fraction for the whole mass fraction range. For the larger particles, however, the
linear behavior of the attenuation coeﬃcient is broken at a mass fraction of 7%. There
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Figure 3: Excess attenuation as a function of mass fraction of iron ore powder (Magnetite,
Fe3 O4 ). The bulk ﬂow velocity in this experiment was about 5 m/s.

are reasons to believe that this is a measurement error. One explanation could be that,
since the bigger magnetite particles are signiﬁcantly heavier than the other particles,
some of them might get stuck in cavities in the ﬂow system and the suspension becomes
saturated. It is also possible that some air bubbles entered the ﬂow after the sensor
calibration was performed. This would also explain why the dashed line in Fig 3 does
not drop to zero for zero mass fractions. If there would be any multiple scattering in the
suspension, this would lead to increased attenuation, that is, the attenuation coeﬃcient
would increase faster than the straight line, and not as the measurements show. Another
possible explanation is that when mass fraction increases, the total amount of received
energy decreases, while the experimental noise is likely to remain the same. Thus, the
signal to noise ratio (SNR) decreases with increasing mass fraction.
For the case with Dolomite ﬁller, shown in Fig. 4, we see that the attenuation coeﬃcient increases linearly with respect to mass fraction, for both particle size distributions.
There is a small deviation from the straight line for the larger particle sizes, for a mass
fraction around 7%. At this time we have no explanation to this.
It should also be noted that for the smaller size distribution of Magnetite, as well
as for both size distributions of Dolomite, there are some deviations from the straight
line for low mass fractions. This phenomenon is repeatable, but at the moment we have
no explanation to it. It does, however, fall within the conﬁdence interval calculated in
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section 5.3.

Figure 4: Excess attenuation as a function of mass fraction of Dolomite particles
((Ca,Mg)CO3 ). The bulk ﬂow velocity in this experiment was about 5 m/s.

5.2

Particle Distribution Measurements

As mentioned earlier, the use of a receiver divided in 12 elements, enables us to measure
how the excess attenuation in Eq. (9) varies over a cross-section of the ﬂow. Results from
the the ﬁrst mass fraction measurements indicated that the excess attenuation was not
the same over the entire cross-section, which in turn suggested that the particles were
not homogeneously distributed in the suspension. In order to measure how the particle
distribution varies, a new series of experiments was performed, planned as a two-level
factorial design (see for example [16], chapter 10). The factors we assumed likely to aﬀect
the geometrical distribution of particles were mass fraction (A), flow speed (B), and flow
meter position (C). For each of these factors (variables) two values were chosen (see table
1). The ﬂow meter position was either near the pipe bend (1.0 D, or 10 cm) or after 7.5
D (75 cm) downstream the rectangular pipe, see Fig. 1.
For three variables and two diﬀerent values for each variable, this means 23 = 8
possible experiments. In addition to this four reference experiments with pure water
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Table 1: Selected levels for the investigated factors.

Factor / Value
high
low
mass fraction (A)
10%
2%
4-5 m/s
1-2 m/s
ﬂow speed (B)
1.0 D (10 cm) 7.5 D (75 cm)
position (C)

Table 2: Experimental design for particle distribution measurements.

No. A (mass frac.) B (speed) C (position)
1
0
1-2 m/s 7.5 D (75 cm)
0
1-2 m/s 1.0 D (10 cm)
2
0
4-5 m/s
7.5 D
3
0
4-5 m/s
1.0 D
4
2%
4-5 m/s
1.0 D
5
2%
4-5 m/s
7.5 D
6
2%
1-2 m/s
7.5 D
7
2%
1-2 m/s
1.0 D
8
10%
1-2 m/s
1.0 D
9
10%
1-2 m/s
7.5 D
10
10%
4-5 m/s
7.5 D
11
10%
4-5 m/s
1.0 D
12

were made, in order to calibrate the sensor. Table 2 shows the resulting experimental
design.
The results of the experiments are shown in Fig. 5, where the average excess attenuation is plotted as a function of the receiver element position x, where x = 0 corresponds
to a position towards the center of the ﬂow system in Fig. 1. Note that for the lowest
of the dashed lines in the ﬁgure, corresponding to experiment number 9 in Table 2, the
measured attenuation at receiver 8 is only about 56% of that of receiver 3. This means
that if we would have used a small mono-element sensor instead of averaging over an
entire cross-section of the ﬂow, the result would have been biased. We see in Fig. 5
that this variation in attenuation proﬁle is larger for the higher mass fractions. For all
of the experiments except one (number 9) averaging the measured attenuation over the
entire array would give approximately the same result. At this time we have no plausible
explanation to why this measurement deviates from the others.
Another change in installation conditions is if the sensor is mounted close to a pipe
bend or after a long distance of straight pipe. This scenario is especially relevant since
most ﬂow meters are calibrated in ﬂow loops where the ﬂow conditions are controlled,
but then they might be installed in a system where the conditions are quite diﬀerent.
If the sensor is installed closed to a 90 degree pipe bend, one can assume that the

102

Paper D
0.18

No.
No.
No.
No.
No.
No.
No.
No.

0.16

average excess attenuation,

0.14
0.12

7
6
10
11
8
5
9
12

0.1
0.08
0.06
0.04
0.02
0
0

1.6

3.3

4.9

6.5

8.2

distance, x (cm)
Figure 5: Average excess attenuation as a function of receiver element. The solid and dashed
lines correspond to a mass fraction of 2% and 10%, respectively.

particle distribution would diﬀer from the case when the sensor is installed after a long
distance of straight pipe. As a measure of how the attenuation proﬁle varies, we use
12


x(A, B, C) =

k · αk (A, B, C)

k=1
12


,

(10)

αk (A, B, C)

k=1

where αk is the average attenuation coeﬃcient at receiver k, calculated from repeated
measurements. Eq. (10) can be regarded as the mass center of the attenuation proﬁle,
expressed in receiver element number. This is then done for 150 pulses measured at each
of the 12 receiver elements, and the resulting mass centers are plotted in Fig. 6.
The ﬁgure clearly shows that when the ﬂow meter is mounted near the pipe bend, the
attenuation proﬁle varies much more, regardless of mass fraction and ﬂow speed. This is
probably due to an unsteady ﬂow proﬁle, caused by the conversion from a circular pipe
to the rectangular pipe [15].
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Figure 6: Center of the attenuation proﬁle for the diﬀerent experimental settings. The top four
are measured close to the pipe bend, while the lower four are measured after 80 cm of straight
pipe.

5.3

Uncertainty Analysis

Given the number of pulses measured at each receiver element and the standard deviation
of their energies, we analyze the uncertainty of the mass fraction measurements. We also
discuss other sources of error and the eﬀect this might have on the ﬁnal result.
For each of the 12 receiver elements, 150 pulses were measured for each particle mass
fraction. Figures 3 and 4 show the average excess attenuation taken over all pulses at all
receiver elements, that is
12 
150

1
α(c) =
αk,l (c),
(11)
12 · 150 k=1 l=1
where αk,l (c) is the excess attenuation for pulse l at receiver k for mass fraction c.
Assume that the coeﬃcient of excess attenuation is a stochastic variable. If we assume
that for each receiver element this stochastic variable belongs to the same distribution.

104

Paper D

Then, because of the central limit theorem, their average will be approximately normally
distributed. If we average the attenuation coeﬃcient over 150 measurements and over
the 12 receiver elements, this average will be normally distributed with mean α(c) and
variance σ 2 . Since the number of measurements is large, the resulting conﬁdence interval
can be calculated using the normal distribution [16].
The accuracy of the measurement method thus depends on how accurately we can
determine α(c) in Eq. (11). A conﬁdence interval for α(c) can be calculated from the
estimated variance between diﬀerent measurements, as
σ2 =

12
1 
σ2 ,
12 k=1 k

(12)

where σ 2k is the variance of the measured average excess attenuation at receiver k.
From measured data we estimated the standard deviation for each of the mass fractions. The maximum value was found to be σ = 0.0038. The corresponding 95% conﬁdence interval for the average excess attenuation is then α(c) ± 2σ = α ± 0.0076. This
corresponds to a relative full scale error (at 7 % mass fraction) of approximately ±1%.
The analysis above does not include possible bias errors. For example, sedimentation
of particles in cavities of the ﬂow system will give rise to bias errors. Also, if particles
conglomerate, this will lead to a higher attenuation, since the scattering cross-section
will increase.

6

Conclusions and Discussion

Experiments show that, using the proposed method, we can extract information from the
ultrasound pulses that varies linearly with particle mass fraction. This has been tested
and found to work for both iron ore powder and Dolomite ﬁller powder, up to mass
fractions above 10%.
Using an array of receivers we also obtain information about how particles are distributed over a cross-section of the ﬂow. The results indicate that the particles are not
homogeneously distributed within the ﬂow, especially not if the ultrasonic sensor is installed close to a pipe bend. This has implications on which measurement technology to
use.
In this paper we also show that the attenuation of sound varies over a cross-section of
the ﬂow, and that the attenuation proﬁle depends on ﬂow speed, sensor position, particle
mass fraction, and possibly other physical properties, which we have not yet examined.
A small probe, monitoring only parts of the ﬂow, will most likely give biased results.
Using an array of receivers we can average the measurements over an entire cross-section
and reduce these eﬀects. Using the proposed setup, we are able to detect some static
installation eﬀects.
We also note that for the particle mass fraction measurements we have not made use
of the fact that we have an array of receivers, since we averaged the pulses measured at
each of the elements. The purpose of using an array in the experiments was to show how
the particles are distributed over a cross-section of the ﬂow. As long as we measure over
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the entire ﬂow proﬁle, a mass fraction sensor could be made a lot simpler, for example
looking exactly like the transmitter in Fig. 2.
Furthermore, we show that accurate results can be obtained using a simple and inexpensive receiver array manufactured from PVDF ﬁlm. The proposed method is completely non-intrusive since the transmitter and receiver array can be clamped onto the
ﬂow pipe. The major drawback is the extra hardware needed either to sample pulses at
all receiver elements simultaneously or to be able to sweep over the receiver elements, if
this information is of interest for the application at hand.
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Speckle Correlation
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Abstract
In previous work, it has been shown that ultrasonic speckle velocimetry can be used
to measure local particle velocities in ﬂows. So far the technique has been applied to
monitor stationary processes. In this paper, we show how ultrasonic speckle velocimetry
can be used to dynamically map the two-dimensional velocity proﬁles of vortices caused
by an obstacle within a ﬂow. Thanks to the great versatility of our multi-channel system,
it is possible to capture as much as 5000 images per second, thus enabling us to monitor
very fast moving processes. To date, two transducer arrays are used to estimate the 2D
motion vector of local particles.
We also discuss possible modiﬁcations and improvements of the system that could
lead to the use of a single array of transducers to dynamically map the vectorial velocity
ﬁelds of ﬂows.

1

Introduction

In this paper we present a technique for imaging vortices caused by an object obstructing
a ﬂow. It has previously been shown that time-reversal of acoustic ﬁelds can be used
to ﬁnd an average velocity proﬁle of a vortex along the longitudinal axis of the sound
beam [1]. It has also been shown that in scattering media it is possible to use ultrasonic
speckle velocimetry to resolve local velocities in a ﬂow [2, 5].
If an object obstructs a ﬂow, a vortex pattern will form after the obstacle. This is
sometimes used in ﬂow measurement, since the frequency of these vortices is proportional
to the ﬂow rate [3]. In other applications, the vortices are the source of vibrations and
it is therefore of interest to be able to control the vortex formation. In either case it is
of interest to study the time evolution of the vortices. Any technique to do this has to
be non-invasive and non-intrusive, because they would otherwise obstruct the ﬂow and
aﬀect the vortex pattern.
With our experimental setup, we can obtain up to 5000 speckle images per second
[4]. This enables us to monitor faster motions than what was previously possible. In
this paper we show experimentally how two-dimensional ultrasonic speckle velocimetry
can be used to follow the development of vortices in a ﬂow. In section 5, we also discuss
other possible experimental setups allowing us to perform this dynamic mapping of 2D
velocities using a single array of transducers.
By using two transducer arrays, mounted at a certain angle to each other, we are able
to determine the two-dimensional mapping of velocity vectors of the vortices. Previous
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work used two transducer arrays image a stationary vortex. In this paper we have
extended this to image non-stationary motions. This is possible because of the high
frame rate of the imaging system.

2

Theory

In this section we brieﬂy describe the principle behind the proposed technique. A more
detailed description of this can be found in the paper by Sandrin et al. [4].

2.1

Speckle Imaging

To image the vortices in the ﬂow, we use a technique based on the back-scattering of
ultrasound from micro-bubbles suspended in the ﬂow. The linear transducer array emits
a plane wave into the medium and then records the back-scattered waves, the B-SCAN
image.

transducer array

(a)

transducer array

(b)

Figure 1: (a) shows the received B-SCAN image back-scattered from a cloud of scatterers. (b)
shows the shape of the cloud after beamforming.

Fig. 1 (a) is an example of such a B-SCAN image, coming from a cylindrical cloud of
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scatterers in a pure acoustic diﬀusion regime. This is a simulated result, to illustrate the
principle. True measurement results are shown in section 3.2. Applying the beamforming
process [2] to the received image - this consists of delaying and summing parts of the
signals from the B-SCAN image corresponding to a certain distance from each of the array
elements - we then obtain an image of the scatter cloud. As shown in Fig. 1 (b), the
cylindrical shape of the cloud is obvious. The image in Fig. 1 (b) is called a speckle image
because it shows the structure that encloses the scatterers, comparable to the one achieved
in coherent optics. The B-SCAN image, which for each depth shows the interference
pattern caused by the scatterers is, however, more directly related to the optical speckle
pattern. As is the case in Optics, the ultrasonic speckle location is randomly distributed
over the spatial coordinates and its size depends on the aperture of the imaging system.
When the scatter cloud moves, slowly and randomly, the corresponding speckle image
also moves in a similar way.
By acquiring two speckle images from the same array, closely spaced in time and then
cross-correlating line-wise along the depth axis, we can follow how groups of scatters
move. The maximum of the cross-correlation function corresponds to the scatter group
displacement along the depth axis. The cross-correlation is calculated from short segments of the signal, corresponding to approximately 20 wavelengths. This window is then
slided across the signal to obtain local particle displacements. To further increase the
resolution of the image we interpolate the cross-correlation function around its maximum
using a quadratic function. We can thus observe particle displacements of less than one
sample. This corresponds to distances of less than 0.015 mm.

2.2

Finding 2D-Velocities

Once the particle displacements have been determined for the two transducer arrays
separately, we need to combine this to obtain the two-dimensional velocity component.
This is done by associating each point in the image obtained with the ﬁrst array with a
point in the image from the second array, corresponding to the same position in the ﬂow.
Knowing the angle and the distance between the two arrays we could then calculate the
resulting velocity ﬁeld.
The resulting image was then ﬁltered using a two-dimensional low-pass ﬁlter. This
procedure signiﬁcantly improved the quality of the ﬁnal image. In the next section the
technique is validated experimentally.

3

Experiments

This section ﬁrst describes the setup used in the experiments. The second subsection
contains the experimental results.

3.1

Setup

In order to experimentally verify the technique, we mounted two 64 element transducer
arrays as shown in Fig. 2. A cylindrical obstacle was mounted in front of the transducers
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and the whole setup was then moved across a big water tank. The water tank was big
enough to assure that there were no boundary eﬀects from the walls of the tank. The
vortices that formed around the cylindrical obstacle passed the transducer arrays as the
setup moved.

cylindrical
obstacle



flow

transducer
arrays

Figure 2: Experimental setup used in the measurements. Two 64 element transducer arrays
mounted at a 130◦ angle.

The transducer arrays used in the experiments had a center frequency of 3.5 MHz.
Each array consisted of 64 elements separated by 0.834 mm.
The water in the tank was seeded with the medical contrast agent Sonazoid 1 . The
contrast agent consists of small micro bubbles, with approximately the same density as
water. The algorithm then tracks the movement of these micro-bubbles.

3.2

Results

Fig. 3 shows one image of a pair of vortices passing the two transducer arrays. Notice
that the two vortices have diﬀerent rotation.
In the case shown in Fig. 3 the setup with the arrays and the obstacle moved with
a velocity of 4 cm/s. What we see is two vortices with opposite rotation (compare with
Fig. 2). The transversal distance (the x-axis), corresponds to the element plane of the
ﬁrst array.
To follow the vortex formation, we recorded images like the one in Fig. 3 with a frame
rate of 10 Hz. An animation of these can be found at our web site [6].

4

Discussion

In the experiments shown in the previous section, the two transducers were used one at a
time, in a very fast transmit/receive scheme. In this way it was possible to assume that
the ﬂow was not moving too much. Since the contrast agent micro-bubbles in the ﬂow are
assumed to scatter the incident wave spherically, we also tested another transmit/receive
scheme. The idea was to use only one of the two arrays to transmit a plane wave, and
1

Sonazoid is a registered trademark of Nycomed Amersham AS.
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Figure 3: Two-dimensional velocity vectors of a vortex passing the transducer arrays.

then record the scattered waves with both arrays simultaneously. This would double
the maximum achievable frame rate. The problem with this approach was that side
lobes from the transmitting array propagated directly to the second array. This signal
was obviously much stronger than the scattered waves, and thus saturated the ampliﬁer
in the receiver electronics. The same problem occurred if the angle between the two
transducer arrays were too small. The optimal angle is 90◦ but also in this case, side
lobes saturated the receiver. Shielding the arrays from each other with some absorbing
material could solve this problem. Another approach is presented in the next section.
Taking full advantage of the available hardware, it is possible to increase the frame
rate further, from 2 kHz to 5 kHz, thus making it possible to monitor even faster motions.
The reason we did not use this higher frame rate here was because the resulting speckle
displacements then became too small.

5

Perspectives

A new approach consisting of using only one transducer array, but modifying the beamforming process in the receive mode, could be introduced in future work. The use of a

116

Paper E

single array disturbs the ﬂow characteristics less than the current two-array conﬁguration
and should therefore improve the measurement quality. Furthermore, since the cost of a
transducer array is fairly high, this would also signiﬁcantly reduce the total cost of the
measurement system.
The new single array approach consists of illuminating the medium with a plane wave
and performing the beamforming on the backscattered echoes in the receive mode, on two
independent sub-apertures of the array, Fig. 4. This concept is well-known in medical
Doppler imaging [7] and here we extend its use to ultra-fast imaging. The measurement
of the motion along two diﬀerent directions u1 and u2 is here performed by using a plane
wave illumination Tx from the whole array in the transmit mode, and two lateral subapertures Rx1 and Rx2 in the receive mode. The transmitted plane wave has a 0◦ steering
angle (in Fig. 4), while the two sub-apertures Rx1 and Rx2 have diﬀerent steering angles
α0 and α1 . Thus, for each plane wave illumination we calculate two diﬀerent speckle
images (”right” and ”left”) corresponding to the right and left sub-apertures, respectively.

Rx1

Tx

u1

n± j

u0

u2

®1

®0
b

Rx2

a c
Z0

d (Dx ; Dz )
j th

line

µ

Figure 4: Left and right sub-apertures giving two diﬀerent left and right speckle images. The
focal spot allowing to process a segment (at depth Z0 ) of the j th line of the image is presented:
a) for classical transmit-receive beamforming, b) for left sub-aperture receiver beamforming, c)
for the right sub-aperture receiver beamforming.

The vector displacement occurring between two plane wave illuminations is estimated
by performing 1D speckle tracking on successive speckle images (i.e. two successive ”left”
images and two successive ”right” images). At a given depth Z0 on the j th line, the 1D
cross-correlation algorithm is then used to estimate the two diﬀerent time delays, tα0 and
tα1 . They correspond to the projections along the two beam directions of the displacement
vector of the scatterers contained in the focal region:
dz − dz cos α0 − dx sin α0
(1)
tα0 =
c
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tα1 =

dz + dz cos α1 + dx sin α1
c

(2)

Note that α0 and α1 are known as they only depend on geometrical parameters (focal
length, sub-aperture position, and sub-aperture width). Thus, the axial and lateral
displacements can easily be deduced from the knowledge of the time delays tα0 and tα1
and the steering angle between the two sub-apertures. This angle should be chosen as
large as possible in order to maximize the accuracy of the vector displacement estimation.
This is because the lateral resolution in the images, determined by the element-pitch of
the array, is much lower than the axial resolution. The latter given by the wavelength
of the ultrasound and the sampling time of the receiver electronics. Results will be
presented in future work.

6

Conclusions

Experiments show that ultrasonic speckle velocimetry can be used to monitor fast moving
vortices in a ﬂow. In this paper we show how to obtain a two-dimensional velocity ﬁeld
of non-stationary vortices caused by an obstacle obstructing a ﬂow.
The use of plane wave illuminations allows us to achieve ultra-fast frame rates, but
also ensure a true instantaneous measurement of the complete 2D velocity ﬁeld at each
illumination. This is important, since classical transmit-receive focusing techniques used
for example in medical Doppler imaging remain limited by the line-by-line acquisition
and processing, and therefore introduce a non-uniform measurement grid. This advantage
over conventional Doppler imaging becomes even more important in the more academical
studies of complex ﬂows in hydrodynamics.
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Ultrasonic Particle Velocimetry in Multiphase Flows
Johan Carlson and Ros Kiri Ing

Abstract
Two dimensional ultrasonic speckle correlation velocimetry (USV) is a new technique that
allows to image - with a high frame rate - moving scattering media. In this paper we apply
the technique to determine the two dimensional particle proﬁle velocity of multiphase
ﬂows. Experiments are realized with suspensions of Sonazoid (medical contrast agent)
and Magnetite (Fe3 O4 ) in water. All measurements are performed in a vertical pipe
with the ﬂow moving downwards. The two dimensional particle velocity proﬁles are then
compared with the liquid volume ﬂow velocity. As expected from theory, the heavier
Magnetite particles have slightly higher velocity than the liquid whereas the contrast
agent simply follows the liquid motion.

1

Introduction

During the last ten to ﬁfteen years the measurement of diﬀerent properties of multiphase
ﬂows has received a lot of attention in the ﬂow measurement community. In some industrial processes, such as the mining industry, a liquid ﬂow is used to transport solid
particles. In such ﬂows, the major interest lies in estimating the amount of particles
transported, and not to measure the bulk ﬂow itself. Ultrasound provides a direct way of
global and non-invasive measurement of several parameters of such ﬂows. For single phase
ﬂows of liquids and gases there are several well-established ultrasonic techniques available
based on the diﬀerences in transit-time for sound propagating upstream and downstream
in the ﬂow. In the presence of particles the sound is scattered and the waveform of
the sound pulse is heavily distorted. Because of this, determining transit-times becomes
diﬃcult and therefore these techniques are not suitable for solid/liquid multiphase ﬂows.
Another technique consists of using the pulsed Ultrasonic Doppler Velocimetry (UDV).
The term Doppler is not exactly an adequate name for such a technique because instead
of measuring the actual Doppler shift, the velocity is determined by estimating the time
delay between two backscattered pulses resulting from two consecutive illuminations.
Contrarily to the transit-time techniques, the pulsed UDV only works when the moving
medium is composed of point scatterers. Such a technique is commonly used in medical
area but is restricted to a 1D velocity estimation (along the transducer axis).
In this paper, for the purpose of studying multiphase ﬂows, we applied a new technique
named ultrasonic speckle correlation velocimetry (USV) to measure the particle velocities
directly over the 2D cross-section of the ﬂow pipe. The USV [1] technique is quite similar
to the UDV technique in the sense that it uses the cross-correlation process to extract
the time delay - and then the displacement or velocity - information. However, the USV
technique - as it uses a transducer array - needs one more intermediate step, that is the
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beamforming of the detected echographic ultrasonic signals - to construct a full 2D image
of the area of interest. The USV technique is especially interesting in the case when the
ﬂow pipe is not axi-symmetric or when the ﬂow proﬁle is not axi-symmetric, i.e. when
a 2D knowledge of the ﬂow velocity is required. Furthermore, the USV technique is a
useful complement to conventional laser-doppler or other optical techniques, since it does
not require the ﬂow to be transparent.
For applications where the goal is to measure the mass ﬂow of the solid phase, this
technique can be combined with some other method that measures the mass fraction of
the solid phase. One example of such a technique is based on the attenuation of pulsed
ultrasound [2]. An overview of other techniques can be found in [3].
The USV technique presented here has previously been used in other applications to
track particles, or to image vortices in a ﬂow, see for example [1, 4, 5]. In some of these
cases, the ﬂow was seeded with a medical contrast agent with density close to that of
the liquid. Because of this, tracking the motion of the particles should be a reasonable
approximation of the motion of the liquid. In the case of solid/liquid multiphase ﬂows,
the use of a contrast agent is not necessary, since the scatterers are naturally present in
the ﬂow.

2

Experiments
head tank

flow pipe
drain pipe

flow meter
pump

valve

Figure 1: Setup used in the experiments. The barrier in the head tank ensures constant pressure
in the ﬂow pipe. The ﬂow velocity is controlled by the valve at the bottom of the pipe.

To track the particle motion in the ﬂow, we use an array of ultrasound transducers.
The array is ﬁrst used to transmit a short pulse simultaneously on all elements, and is
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Figure 2: The transducer array mounted with an incident angle of 45◦ . The x-direction in the
ﬁgure is orthogonal to the (z,y)-plane.

then used as receiver to record the backscattered signals. The resulting B-SCAN signal
is then converted to an ultrasonic image by using a dynamic focusing process. This
means delaying and summing parts of the B-SCAN signal corresponding to a certain
distance from each of the array elements. For example, if the emitted plane wave is
backscattered by a thin wire target, this will be represented by a curved wave front on
the B-SCAN signal. After beamforming we instead obtain an image of the target itself.
This is similar to scanning the target region by sequentially focusing the array in transmit
mode, for diﬀerent angles and diﬀerent depths. The most important diﬀerence is that in
this case we obtain the ﬁnal image after only one transmission. This enables us to image
very fast moving phenomena, where a traditional sequential scan would give erroneous
results. With the available hardware we can record approximately 5000 B-SCAN signals
per second. The ﬁnal ultrasonic image is called speckle image because it contains speckle
information due to backscattered signal from spatially randomized scatterers.
By acquiring two B-SCAN signals closely spaced in time and then cross-correlating
the resulting speckle images line-wise along the longitudinal axis, we can follow how
groups of scatterers move. Each line of the beamformed images are divided into short
segments and cross-correlated with the corresponding line of the next image. The time
delay corresponding to the maximum of the cross-correlation gives the displacement of
that segment of the image. To further increase the resolution of the image we interpolate
the cross-correlation function using a simple parabolic function. We can thus observe
image displacements of less than one sample.
For the experiments we used a 64 element transducer array with a center frequency
of 3.5 MHz and with a 0.417 mm element-pitch. The array was mounted perpendicular
to the ﬂow, with an incident angle of 45◦ (see ﬁgures 1 and 2). The ﬂow pipe was
vertical, to ensure that even for large density ratios between the solid and liquid phases,
the sedimentation would be minimal. The ﬂow meter was mounted after one meter of
straight pipe, in order to have a fully developed ﬂow proﬁle. The ﬂow pipe was made of
the commonly used PVC material. The inner pipe diameter was 33.7 mm.
From the transducer incident angle, θ = 45◦ , and the particle displacement along the
longitudinal axis, r, of the transducer array, the particle velocity, vx , in the ﬂow direction
is given by
√
(1)
vx = vr · 2.
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Figure 3: Sonazoid particles velocity proﬁles for entire cross section of the ﬂow. (a) volume
ﬂow velocity = 8.96 cm/s. (b) volume ﬂow velocity = 5.72 cm/s. The array was located at the
bottom of the images.
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Figure 4: Velocity proﬁles for Sonazoid at the center transducer element, corresponding to ﬁve
values of the volume ﬂow velocity (from top to bottom in the ﬁgure): 1.49 cm/s, 2.96 cm/s,
5.72 cm/s, 7.93 cm/s, and 8.96 cm/s. The hole in the pipe, where the array was mounted, was
to the left in the plot.

To evaluate the technique we prepared two diﬀerent suspensions, with diﬀerent density
ratios between the solid and the liquid phase. The ﬁrst suspension was water and the
medical contrast agent Sonazoid. This contrast agent consist of small micro bubbles with
approximately the same density as water. The second suspension was Magnetite (Fe3 O4 )

127

5

0
10
-10
-20

15
-10
0
10
transversal distance, x (mm)

20

0
2

10
4
0
6

-10

8

particle velocity (cm/s)

10

axial distance, y (mm)

(b)
0

particle velocity (cm/s)

axial distance, y (mm)

(a)
20

-20

10
-10
0
10
transversal distance, x (mm)

Figure 5: Magnetite particles velocity proﬁles for entire cross section of the ﬂow. (a) volume
ﬂow velocity = 8.96 cm/s. (b) volume ﬂow velocity = 5.72 cm/s. The array was located at the
bottom of the images.
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Figure 6: Velocity proﬁles for Magnetite at the center transducer element, corresponding to ﬁve
values of the volume ﬂow velocity (from top to bottom in the ﬁgure): 1.49 cm/s, 2.96 cm/s,
5.72 cm/s, 7.93 cm/s, and 8.96 cm/s. The hole in the pipe, where the array was mounted, was
to the left in the plot.

particles and water. These particles are much heavier than water and in this case the
density is approximately 5200 kg/m3 .
Figures 3 and 5 show the particle velocity cross sections of Sonazoid and Magnetite,
respectively, for two diﬀerent velocities. Figures 4 and 6 show the velocity proﬁles at the
center transducer element of the array, for diﬀerent velocities. A hole was cut in the wall
of the pipe at the position where the transducer array was mounted. At this position
small vortices formed, which disturbed the otherwise axi-symmetric ﬂow proﬁle. This
can be seen at the bottom of ﬁgures 3 and 5, but even clearer on the left side of ﬁgures
4 and 6.
For each of the experiments a measurement of the liquid volume ﬂow was also made.
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The liquid volume ﬂow velocities were compared with the average particle velocities,
taken over the whole ﬂow proﬁles in ﬁgures 3 and 5. The volume ﬂow was determined by
measuring the amount of liquid that falls through the right pipe (see ﬁgure 1) into the
bottom tank during a short time period. The velocity is deduced from the volume ﬂow
and the inner diameter of the tube. This comparison is shown in ﬁgure 7.
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Figure 7: Comparison with average particle velocity and total volume ﬂow.

The comparison shows that for the contrast agent, where the density of the particles
is approximately the same as that of the liquid, the two methods give similar results. For
the Magnetite measurements we note that the measured particle velocities are in average
higher than the reference ﬂow because the particles are heavier than the liquid, and
because of the vertical ﬂow setup (moving downwards). The diﬀerence in ﬂow velocities
is therefore expected and depends on factors such as liquid viscosity, particle sizes, and
solid/liquid density ratio [6].

4

Acknowledgements

This work was made possible by grants from The Research Council of Norrbotten. The
authors would also like to express their gratitude towards professor Mathias Fink for
supporting this work, to Mr. Michel Parise for his help with the experimental setup, and
to Dr. Jonny Østensen at Nycomed Amersham A/S for providing the Sonazoid contrast
agent.

References
[1] L. Sandrin, S. Manneville, and M. Fink, ”Ultrafast Two-Dimensional Speckle Velocimetry: A Tool In Flow Imaging,” Applied Physics Letters, vol. 78, no. 8, pp.
1155–1157, 2001.
[2] J. Carlson, ”Joint Measurement of Particle Distribution and Particle Mass Fraction
In Multiphase Flows Using a Clamp-On PVDF Array,” in Proc. of Flow Measurement 2001 (Peebles, Scotland, UK), May 7–10, 2001.
[3] J. Chaoki, L. Larachi, and M. P. Dudoković, Non-Invasive Monitoring of Multiphase
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An ultrasonic pulse-echo technique for monitoring
the setting of CaSO4-based bone cement
Johan Carlson, Malin Nilsson, Enrique Fernández, and Josep Antoni Planell

Abstract
We present a new ultrasonic technique for monitoring the entire setting process of injectable bone cement. The problem with existing standards is the subjectivity. Because
of this the results are not comparable between diﬀerent research groups.
A strong advantage with the proposed technique is that it is non-invasive, nondestructive, since no manipulation of the cement sample is needed once the measurement
has started. Furthermore, the results are reproducible with small variations.
The testing was performed on calcium sulfate cement using an ultrasonic pulse-echo
approach. The results show that the acoustic properties of the cement are strongly correlated with the setting time, the density, and the adiabatic bulk modulus. The measured
initial and ﬁnal setting times agree well with the Gillmore needles standard. An important diﬀerence compared to the standards, is that the technique presented here allows
the user to follow the entire setting process on-line.
Keywords: Ultrasound; Pulse-echo; Bone cement; Calcium sulfate; Setting time

1

Introduction

Injectable bone cements [1] based on calcium sulfate (CaSO4 ) and calcium phosphates are
potential materials for bone defect ﬁlling and reinforcement of osteoporotic bone. They
are especially suitable for ﬁlling fractured vertebras thanks to their good injectability
even through small needles. The cements are biodegradable and replaced by new bone
tissue with time. The calcium sulfate phase resorbs in 4-6 weeks in the body and leaves
pores in the material where bone tissue may penetrate and accelerate the resorption of
the calcium phosphate phase. All the material is estimated to be resorbed within 6-12
months.
Many diﬀerent test methods are used today to characterize injectable cements and
set materials for biomedical applications. Most of the test methods, such as compression,
ﬂexibility, and tensile strength tests, are objective and controlled by international standards. However, there is no such standard to test the setting time of the cement. Right
now there exist two standardized methods for setting time testing: a) Vicat needle [2]
(ASTM C191-92) and b) Gillmore needles [3] (ASTM C266-89) but they are both based
on visual examination which make them subjective. A signiﬁcant diﬀerence between the
results of the same material measured by two diﬀerent users has been shown. For example, the same research group has reported three diﬀerent results for the same cement, i.e.
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Norian SRS, 27 min [4], 22 ± 1 min [5] and 8.5 ± 0.5min [6], respectively. According to
the US Food and Drug Administration this cement ”sets in approximately 10 minutes”
[7]. Similar variations in the results have also been reported for other cements such as
Cementek (34 min [4], 36 min [5] and 17 ± 1 min [6]) and BoneSource (19 min [4] and
20-25 min [8]). Note that these cements are all based on calcium-phosphate cements,
but the problems are the same for the cement material used in the measurements in
this paper. This becomes a problem when it comes to comparing results from diﬀerent
researchers and research groups, which further motivates the search for a new, objective
measurement method.
Moreover, there are no standards or limits neither in setting time nor in strength that
deﬁne the material properties needed to close the wound without complications when
implanted. Gillmore needles measure one initial (I) and one ﬁnal (F) setting time of
hydraulic cements. According to Driessens et al. [9] the clinical meaning of Gillmore
needles is that the cement should be implanted before (I) and that the wound can be
closed after (F). The paste should not be deformed between (I) and (F) because in that
stage of the setting process any deformation could induce cracks. The desired time for (I)
is about 4 ≤ I ≤ 8 min and the desired time for (F) is about 10 ≤ F ≤ 15 min [10]. Most
cements do not fulﬁll the last requirement and Sarda et al. [11] suggests, using rheology
measurements, that the material probably reaches a suﬃcient strength to withstand the
pressure during wound closing long before the (F) time. Since the operation time is not
only important in the patient’s point of view but also economically, there is a need of a
good standard that deﬁne the true time needed for the cement to set into a suﬃciently
strong material.
Recently, Viano et al. [12] presented an ultrasonic technique for the characterization of bone cement based on polymethylmethacrylate (PMMA). Their method uses the
broadband attenuation of pulsed ultrasound (BUA) and the speed of sound within the
cement to determine when the cement is set. They use two ultrasound transducers in
a through-transmission setup. The BUA and speed of sound vary dramatically during
the setting process and this shows that the acoustic properties of the materials can be
used to characterize diﬀerent types of bone cement. Although the BUA is very sensitive
to variations in viscoelastic properties of the material, there is no immediate connection
between the BUA value and the actual mechanical properties of the material.
The purpose of the work presented in this paper is to show that an ultrasonic pulseecho technique can be used to follow certain properties of the cement, on-line, during the
setting of CaSO4 -based cements. The method is based on low-intensity pulsed ultrasound
which makes it a non-invasive and non-destructive method. The method takes advantage
of the fact that the acoustic properties of a material are closely related to its mechanical
properties. Emphasis is on measuring the setting time of the cement, by following how
some properties change as functions of the setting time. Once the material is set, and
its mechanical properties stabilize, this will also be reﬂected in the measured acoustic
parameters. The acoustic impedance at the interface between the measurement cell and
the cement, and the speed of sound within the cement, are measured directly. These two
properties are then used to determine the adiabatic bulk modulus and the density of the
material.
Section 2 describes the experimental setup as well as some of the theory behind the
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method. In section 3 we present experimental results from measurements on calcium
sulfate dihydrate, CSD (CaSO4 ·2H2 O). These results are then compared with results
obtained using the Gillmore needles standard.

2

Materials and methods

In this section we describe the materials used in the experiments and the basic principles
behind the proposed ultrasonic technique.

2.1

Materials

30g α-calcium sulfate hemihydrate (CSH) powder (Bo Ehrlander AB, Gothenburg, Sweden) was mixed with an aqueous solution of 2.5% (by weight) of Na2 HPO4 at a liquidto-powder (L/P) ratio of 0.32 mL g−1 , during one minute, to form a paste. During the
setting CSH hydrates into CSD following the reaction in Eq. (1).
CaSO4 ·

1
3
H2 O + H2 O → CaSO4 · 2 H2 O
2
2

(1)

The mixing time was 1 minute, after which the paste was considered homogeneous.
Thereafter it was put inside the measurement cell (Fig. 1) and formed so that it completely covered the area of the transducer surface. The ultrasonic measurement was
started 3 minutes after the mixing started, and after a total of 5 minutes the whole measurement setup was immersed in water. The data acquisition then continued for 2 hours,
with one pulse-echo measurement every 20 seconds. All measurements were performed
in a climate chamber at 37◦ C.

2.2

Setting time with Gillmore needles

A reference experiment was made in compliance with the Gillmore needles standard in
order to compare the new ultrasonic technique with the existing standard. 5g of CSH
powder was mixed with 1.6 mL of the Na2 HPO4 -solution (L/P=0.32 mL g−1 ) during 1
minute to form a paste. To perform the setting time test it was then put in moulds
and tested according to the Gillmore needle standard [3]. The initial setting time (I) is
deﬁned as the time when a 0.3 MPa static pressure does not leave a visible print on the
surface of the cement. The ﬁnal setting time (F) is the corresponding time for a static
pressure of 5 MPa.

2.3

Acoustic measurement principle

The principle of the method presented in this paper is to measure the acoustic impedance
at the interface between a material with known acoustic properties and the cement. This
together with the speed of sound in the cement is then used to calculate density and
adiabatic bulk modulus of the cement. In this section the details of the measurement
principle will be described in detail.
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steel reflector

cement sample

PMMA

When a sound wave encounters a boundary between two materials with diﬀerent
acoustic properties, part of the acoustic energy will be reﬂected back towards the transmitter, and part of the energy will continue into the second medium. How much of
the acoustic energy that is reﬂected back depends on the diﬀerence in speciﬁc acoustic
impedance between the two layers. The acoustic impedance, Z (Pa·s/m3 ) can be related
to an analogue electrical system in a similar way as voltage is related to sound pressure
and current is related to particle or volume velocity. The speciﬁc acoustic impedance, z,
of a material has the unit pressure/particle velocity (Pa·s) and is very useful in calculations involving transmission and reﬂection of sound waves [13]. In the rest of this paper
the term acoustic impedance is referring to the speciﬁc acoustic impedance.

ultrasound
transducer

d1

d2

Figure 1: Device for ultrasonic pulse-echo measurements used in the experiments.

Fig. 1 shows the measurement cell used in the experiments. An ultrasound transducer
was mounted on the surface of a plexiglass (PMMA) buﬀer. This was ﬁrst introduced
by Lynnworth [14] as a method to measure density of liquids. An overview of other
pulse-echo setups can be found in [15].
In the setup, the transducer is ﬁrst used to transmit a short ultrasound pulse with
a center frequency of 2 MHz. The same transducer is then used as a receiver to record
the reﬂected echoes. The electrical pulses recorded with the transducer are then sampled
at a sampling frequency of 200 MHz and transferred to a computer. Fig. 1 shows
the measurement cell, and Fig. 2 shows an example of the received signal when the
measurement cell is ﬁlled with cement. The ﬁrst echo, x1 (t) is from the PMMA/cement
interface and the second echo, x2 (t), comes from the interface between the cement and
the steel reﬂector.
The ratio of the amplitude of the ﬁrst echo x1 (t) to a corresponding echo measured in
a calibration experiment in pure water gives the acoustic impedance of the cement. The
time of ﬂight of the second echo, x2 (t), and the thickness of the cement sample gives the
speed of sound in the cement. These two properties can then be used to determine the
density and the adiabatic bulk modulus, β, of the cement. The adiabatic bulk modulus
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Figure 2: Reﬂected pulse from PMMA/cement interface, x1 (t) and reﬂected pulse from cement/reﬂector interface, x2 (t), respectively. The time delay between is denoted ∆t.

can be written as [16]
4G
,
3
where the compression wave modulus, C, and the shear wave modulus G as
β=C−

(2)

C = λ + 2µ

(3)

G = µ,

(4)

where λ and µ are the Lamé constants of the solid material. The bulk modulus is related
to how an isotropic material is aﬀected by a pressure applied from all directions, and thus
a relevant measure of the mechanical strength of the material. In order to determine both
the shear and the compression modulii it is necessary to measure both the shear wave
velocity and the compression wave velocity. In the current setup only a compression wave
transducer is used, and therefore it is only possible to determine the bulk modulus.
The reﬂection coeﬃcient Rp,c is deﬁned as the amount of reﬂected acoustic energy at
the PMMA/cement interface. That is,
Rp,c =

Ac
Rp,w ,
Aw

(5)

where Rp,w is the reﬂection coeﬃcient for a PMMA/water interface, Ac is the amplitude
of the PMMA/cement echo, and Aw is the amplitude of a corresponding echo measured
in pure water. The reﬂection coeﬃcient [13] for water is given by
Rp,w =

zw − zp
,
zw + zp

(6)
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where zw and zp are the known acoustic impedances of water [17] and PMMA [18],
respectively.
The amplitude of the echoes is calculated by ﬁrst taking the discrete Fourier transform (DFT) of the sampled pulses, then calculating the amplitude ratio Ac /Aw for all
frequencies within the bandwidth of the pulse, and ﬁnally averaging this to obtain an
average value of the attenuation.
Once the reﬂection coeﬃcient is known the acoustic impedance of the cement sample
can be calculated as
1 + Rp,c
,
(7)
zc = zp
1 − Rp,c
In order to determine the speed of sound in the cement, the two echoes x1 (t) and x2 (t)
are cross-correlated. The maximum of the cross correlation corresponds to the time-shift
∆t between the two pulses. Since the propagation distance, d2 , of the pulse is known,
the speed of sound is c = 2d2 /(∆t).
From the speed of sound, c, and the acoustic impedance, zc (Eq. (7)) of the cement,
the density, ρ, and the adiabatic bulk modulus, β, are given by
ρ =

zc
c

β = c2 ρ.

3

(8)
(9)

Results

Using the pulse-echo technique described in the previous section it is possible to measure
the acoustic impedance and the speed of sound in the cement sample, on-line, during
the setting of the cement. Fig. 3 shows the acoustic impedance at the PMMA/cement
interface as a function of the setting time. The ﬁgure clearly shows that when the cement
is set, the rate of change of the acoustic impedance decreases. The (I) and (F) times
obtained with the Gillmore needles method are also marked in the ﬁgure, and they were
determined to be 17 and 25 minutes, respectively.
Fig. 4 shows the speed of sound in the cement as a function of the setting time. The
speed of sound was obtained by cross-correlating the echo from the steel reﬂector with
the echo from the PMMA/cement interface. In the early stages of the setting process,
most of the sound energy was absorbed by the cement and thus the second echo was very
weak. For this time interval it was therefore not possible to determine the sound velocity
accurately.
Fig. 5 shows the adiabatic bulk modulus as a function of the setting time. This
was calculated from the speed of sound and the acoustic impedance using Eq. (9). The
adiabatic bulk modulus is a property related to the elasticity and compressive strength
of the material. Using only compressional sound waves, it is not possible to completely
solve for the diﬀerent modulii of the material [19].
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Figure 3: Acoustic impedance of CSD as a function of the setting time.
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Figure 4: Speed of sound in CSD as a function of the setting time.

Using the measured values of the acoustic impedance and the speed of sound, it is
also possible to determine the density of the cement at the PMMA/cement interface.
The results are shown in Fig 6.
The ﬁgure shows that there is a sudden decrease in density between the (I) and (F)
times, measured with the Gillmore needles standard. The slow increase in density in
the time interval 20-120 minutes, was about 1.6%, which is in the same range as the
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Figure 5: Adiabatic bulk modulus of CSD as a function of the setting time.
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Figure 6: Density of CSD as a function of the setting time.

documented shrinkage observed by others [20], [21]. The exact shrinkage depends on
how the cement is prepared, and under what conditions the setting takes place.
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4

Discussion

There are several reasons why a non-invasive and non-destructive method that can objectively measure the actual mechanical parameters of the cement is preferred over the
existing standards. Finding a method for determining the setting time accurately is important, since it has implications on when the surgeon may close the patient’s wound. If
the surgeon is able to close the wound earlier, this is not only good from an economical
point of view, but also reduces the risk of medical complications. Since the standards are
based on visual examination of the cement surface, the measured setting time can give
very diﬀerent results depending on who is making the experiment.
Except for the fact that the existing standards for determining the setting time are
subjective, another drawback using these test methods is the large volumes of cement
required in these standards. The Vicat Needle and the Gillmore Needles standards demand a volume of 133 cm3 and 41 cm3 , respectively. This requirement is, however, never
met when using the standards, since this leads to a signiﬁcant waste of expensive cement
that can be avoided using this ultrasonic technique, where the volume required in our
measurement cell was 20 cm3 . The size of the cell can be reduced further without loss
of information. Furthermore, using this technique it is also possible to measure other
properties about the cement than just the setting time. Looking in more detail at the
backscattered sound, it should also be possible to asses the porosity of the material. During diﬀerent stages of the setting process, the crystal structure of the cement changes.
Cavities and boundaries between diﬀerent crystals will give rise to partial reﬂections from
within the crystal structure of the cement. This is visible in the measurements as changes
in the shape and length of the reﬂected pulses.
The use of longitudinal pressure waves allows the determination of the adiabatic bulk
modulus of the material. This modulus is a combination of parameters that characterize
the compressive strength and the elasticity. There is, however, no way to solve for these
parameters using the information in the reﬂected pulses. Modifying the experimental
setup slightly, it should be possible to use both longitudinal and shear waves. The
combination of these makes it possible to solve for several mechanical parameters of the
material. An example of this type of setup was proposed by Freemantle and Challis [16]
as a technique to monitor curing adhesive.
The results obtained with Gillmore needles agree well with the results from the ultrasonic technique. The (I) time (17 min) was found during the fast increase in the Fig 3-5.
However, this is the most critical part of the curve where small errors in time change the
result signiﬁcantly. Since the Gillmore needles method is inaccurate, large diﬀerences
may be obtained in results from diﬀerent users. The (F) time (25 min) is found just
when the curves attain the plateau, which shows good correlation between the two test
methods. After the (F) time no large changes are seen in either of the Fig. 3-5, which
indicates that the (F) time gives a good value of the time when the ﬁnal properties of
the cement are obtained.
In the case of the density, however, the results show a completely diﬀerent behavior
(Fig. 6). The (I) time is found as the ﬁrst point in the ﬁgure while the (F) time
corresponds to its lowest point. As seen in the ﬁgure we can not determine the speed of
sound in the cement at the beginning of the experiment. This is because the wet paste
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attenuates most of the sound energy and thus no second echo, from the cement/reﬂector
interface, is obtained. The ﬁrst measurable point corresponds in this case to the (I) time.
This problem could be overcome in two ways. One is to use an ultrasound transducer
with lower frequency, since the attenuation increases with increased frequency. Another
solution is to increase the energy of the transmitted pulse. The major risk with the
second approach is that an increased sound pressure might also aﬀect the setting of the
cement.
Using our test parameters the (I) time corresponds to the ﬁrst point when the attenuation of the cement is suﬃciently low to obtain a second echo. This is probably
due to a rapid change in the crystal structure during a short period around this time.
The (F) time is found at the point of the curve where the end of the hydration and the
beginning of the shrinkage process is detected. During shrinkage the density increases
slightly. The measured value of the ﬁnal density after 2 hours diﬀers slightly from theoretical values found in for example [17]. The exact density, however, depends on both
the liquid-to-powder ratio and if the density is measured in dry or wet conditions.
The experimental results presented in this paper are for CSD cement only, see Eq.
(1). The results clearly show the feasibility of using ultrasound to measure the setting
time, as well as determining some of the mechanical properties of the material. Future
work will involve evaluating the proposed technique for other cement mixtures.

5

Conclusions

In this paper we have presented an ultrasonic pulse-echo technique that can be used to
measure the setting time, the density, and the adiabatic modulus of calcium sulfate based
bone cement.
The method is easy to use and the testing can be made throughout the entire setting
process without having to move or otherwise manipulate the cement sample. There are
no indications that the sound aﬀects the cement structure during setting, since the results
are in line with those obtained by Gillmore needles. As opposed to the existing standards,
where the initial setting period is measured at two points, the proposed technique shows
the development during the entire setting process.
Most important, the results obtained with the ultrasonic technique are reproducible
and completely objective, which makes it possible to compare results between diﬀerent
researchers.
Moreover, the acoustic method could be implemented to be operated at the operation
theater as a way to avoid batch-to-batch diﬀerences of cement material, if necessary.
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