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Abstract

In the manufacturing process of paper the mass fraction and material properties of the
fibres in the pulp suspension are important for the strength and quality of the finished
product. The properties of the fibres in the pulp suspension that enters the paper machine
is not well understood and therefore an adequate prediction of the strength and quality
of the finished paper is not possible. Also with the demand for a more environmentally
friendly process the amount of recycled paper that enters the process has increased. The
properties of the recycled fibre are unknown and also vary. Thus, the pulp suspension
contains fibres of different sizes, mechanical properties and from fibres with different
origin. The pulp and paper industry is a highly energy consuming industry. Therefore
to be competitive on the world market the energy consumption needs to be reduced.
Altogether, there is an increasing demand for methods of on-line characterisation of the
pulp suspension as well as the fibres in the pulp suspension. If the knowledge of the
pulp suspension is increased it will give potential to make an adequate prediction of the
strength and quality of the finished paper. Also with the increased knowledge of the
pulp suspension improvement of the process control will be feasible. Hence, a reduction
of energy consumption is possible.

The aim of this thesis is to describe and investigate a sensing strategy that consist of
a combination of three existing measurement techniques, ultrasound, optical and photoa-
coustical. The combination of these techniques is believed to extract more information
from the paper pulp suspension than a single technique by itself. The long-term goal is
to find a measurement technique for the pulp and paper industry that are on-line, fast
and increases the knowledge of the properties of the paper pulp suspension. And at the
end the finished paper strength and quality. If the fibre properties are determined on-line
it is believed that an improved process control is achievable.

Three studies has been conducted, the first using only ultrasound technique, the
second using a combination of ultrasound and optical technique and in the last study a
combination of ultrasound and photoacoustical technique. Two studies were conducted
on pulp suspensions. The mass fraction range corresponds to the ranges used in the
paper forming process. In the third study properties of Nylon 66 suspended in water was
investigated.

The result shows that the sensing strategy of using a combination of existing mea-
surement techniques gives additional information about the examined media. This shows
that the sensing strategy have a potential in better process control within the pulp and
paper industry. It is noted that the investigated measurement techniques do not require
any special set-up. Thus, they can all be used together in the same measurement cell
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and in an on-line set-up. It is also observed that all investigated measurement techniques
are fast compared to sampling and evaluation. However, the overall knowledge of the
fibre in a pulp suspension has not increased to the extent that it can measure all needed
requirements (physical, chemical and mechanical). Hence an optimisation of the process
control in the preparation of a pulp suspension is not achievable in this state.

The thesis also describes a parametric estimator for estimation of observable prop-
erties in an ultrasonic measurement system. It is shown that the proposed estimator
enables accurate estimation of the observable properties with considerably lower vari-
ance compared to standard Fourier analysis methods.
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Chapter 1

Introduction

In the manufacturing process of paper the mass fraction and material properties of the
fibres in the pulp suspension are important for the strength and quality of the finished
product. The properties of the fibres in the pulp suspension that enters the paper machine
is not well understood and therefore an adequate prediction of the strength and quality
of the finished paper is not possible. Also with the demand for a more environmentally
friendly process the amount of recycled paper that enters the process has increased. The
properties of the recycled fibre are unknown and also vary. Thus, the pulp suspension
contains fibres of different sizes, mechanical properties and from fibres with different
origin. The pulp and paper industry is a highly energy consuming industry. For instance,
in 2005 the electricity consumption in Swedish pulp and paper industry was over 20 TWh.
It accounts for 15 % of the Swedish electricity consumption [1]. The price for electricity
in Sweden has increased during the last decade. Therefore to be competitive on the
world market the electricity consumption needs to be optimised. Altogether, there is an
increasing demand for methods of on-line characterisation of the pulp suspension as well
as the fibres in the pulp suspension. If the knowledge of the pulp suspension is increased
it will give potential to improve the process control in the papermaking process.

The main reason why no sensor today is able to adequate measure and control the
preparation process of a pulp suspension depends on the complex structure of a wood
fibre. There are mainly three factors that are needed to be measured and controlled
in a fibre. First are the physical properties of the fibre such as size, wall thickness
and layer properties (the fibre contains of several layers that are wound around the
center of the fibre). Second are the chemical factors such as intermolecular binding and
presence of different substances (e.g. lignin and hemicellulose). A third important factor
is the mechanical properties of the fibre such as elasticity. All these factors together
result in a complex measurement situation. To have a sensor that accurate and reliable
measures physical, chemical and mechanical properties of a fibre, suspended in water, is
a challenging task.

The aim of this thesis is to describe and investigate a sensing strategy that consist of
a combination of three existing measurement techniques, ultrasound, optical and photoa-
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2 Introduction

coustical. The combination of these techniques is believed to extract more information
from the paper pulp suspension than a single technique by itself. The long-term goal is to
find a measurement technique for the pulp and paper industry that are on-line, fast and
increases the knowledge of the properties of the paper pulp suspension. And at the end
the finished paper strength and quality. If the fibre properties are determined on-line it
is believed that an optimisation of the stock preparation is achievable. Hence, the share
of recycled paper in the papermaking process could be maximized without quality losses,
which in turn result in reduced energy consumption. One reason for the reduction comes
from that the recycled fibres are not refined, which is an energy consuming process.

This thesis is composed of two parts. The first part consists of an overview of the
papermaking process, measurement techniques and a description of the new measurement
cell that has been built to measure both ultrasound and optical properties. The second
part consists of published papers.



Chapter 2

From Tree to Paper

2.1 Papermaking Process

To add completeness and a proper setting, a short overview of the papermaking process
is described here. The first part of the process, where the tree is transformed to pulp is
not considered in this thesis. For further reading on that topic, see for example [2, 3, 4].

Paper is a network of fibres. The fibres themselves is the binder by its natural
characteristics, without any adhesives. It has the capability to make hydrogen bonds
between the fibres, which in turn creates the strength in the paper [2]. Depending on the
product, different methods is used in the papermaking process to give the best properties
to the product for its purpose.

The first to make paper was the Egyptians. They made sheets of papyrus 5000 years
ago. However, the paper making process as known today was ”invented” by a Chinese
man named Ts’ai Lun 2000 years ago. The knowledge was then spread by the Arabians
to Europe in the 11th century. The papermaking process was a manual process until the
first paper machine was invented in the year 1800 by the Frenchman N.L. Robert. After
that, the process has been improved and still is improving. Today the papermaking
process is highly automated. There exists a number of sensors to monitor the whole
process from tree to paper. However, no sensor is by itself capable to predict exactly the
strength and quality of the finished paper.

The forest industry1 is one of the most important business sectors in Sweden. The
production value is 185 billion Skr. It accounts for 12 % of the Swedish visible export.

Recycled paper (fibres) has become an increasingly important raw material in the
production of paper. In figure 2.1 the increased consumption of recycled paper for the
pulp and paper industry is shown. The consumption is doubled from 1990 to 2005 from
1 to 2 million ton. Depending on the product, different amount of recycled paper enters
the process, see figure 2.2. For instance, in kraft paper no recycled paper is used in
contrast to tissue paper where 79 % of the paper comes from recycled paper.

1The forest industry includes the all industries that are related to production of paper, pulp, timber,
board and packaging. The paper industry is the largest sub-sector.
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4 From Tree to Paper

Figure 2.1: The consumption of recycled paper in Sweden. Source: Swedish Forest Industries
Federation.
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Figure 2.2: Total production of paper and share in % of recycled paper in Sweden. Source:
Swedish Forest Industries Federation.

2.2 Fibre

In Sweden, paper pulp is manufactured from wood fibres. In other part of the world
other raw material is used such as rice straw, bamboo and cotton. The dimension of
the fibre depends on which type of plant the fibres originate from. The softwood tree
(e.g. spruce and pine) has longer fibres approximately 3.0-3.5 mm than the hardwood
tree (e.g. birch) which have average length of 1.1 mm. The diameters are 25-35 μm and
22 μm, respectively.

To produce paper pulp, the fibres are released from the wood by mechanical- or



2.2. Fibre 5

chemical processes or a combination of both. Depending on which process is adopted the
fibre will have different properties such as average length and tensile strength. In the
finished paper, short fibres gives low strength, but good printability. Long fibres gives
high strength, but low printing quality. Large wall thickness gives a weak paper but with
high bending stiffness of the paper. Fibres with a thin wall thickness gives tight and
strong paper but with low bending stiffness. If the tensile strength is low the fibre will
be breakable. If the paper is then exposed for tensile stress the fibres will break before
the inter-fibre hydrogen bond, breaks.

The fibres consist mainly of cellulose and hemicellulose. Inside and around the fibre
there is lignin. Lignin acts as the ”glue” in and between the fibres. Together the fibres
and lignin gives the strength in the wood stem.

The fibre, see figure 2.3 is hollow and built-up by a number of cell layers each made
up of thin fibrils. These layers are wound around the center of the fibre. The most
important layer is the S2 layer. The strength and stiffness of the fibre depends mainly
on the S2 layer fibril angle. Small angle gives stiffer fibre, large angle gives softer fibre.

S3, inner cell wall

S2, middle secondary cell wall

S1, outer secondary wall

Lumen (hollow)

Middle lamella

Primary cell wall

Figure 2.3: Illustration of a wood fibre

As mentioned earlier the importance of recycled paper have increased in the paper-
making process. Despite the fact that the fibres have not the same properties as virgin
fibres. For instance, they can not support the same tensile stress as the virgin fibres.
With the recycled paper follows pollution such as plastic, metal, printing ink and a lot
of other things that are unwanted in the process. Today the process to remove unwanted
objects is well developed. But the mechanical properties such as elasticity in the recycled
fibre are still unknown. If the mechanical properties is determined it is believed that an
optimisation of the share is achievable.
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2.3 Refining or Beating

If the fibres stems from a chemical process, the fibres are refined (beaten). Fibres from
mechanical processes or recycled fibres are not usually refined, they have already the
wanted properties. The refining process is one of the most important operations in
preparing the fibres for the paper machine. However, the refining process is a delicate
task. If the fibre is beaten to little the inter-fibre hydrogen bond will be weak in the
finished paper. To much beating, the fibre will become weak and break easily, even
before the hydrogen bond breaks.

The refining influences the fibre by cutting, reshaping, removing parts of the outer
fibre wall and delamination of the inner fibre wall. The refining of the fibre leads to an
increasing amount of small particles (fines) in the suspension. After the refining process
the fibre suspension has an increased drainage resistance (the fibres comes more close
together and the fines fill up the remaining spaces between the fibres). The result on the
paper sheet is an increased tensile strength, tensile stiffness, inter-fibre bonding strength
and fracture toughness. To maximize the drainage resistance (and maximize the paper
sheet strength) is not always the best choice. Because an increased drainage resistance
means that the paper machine speed needs to decrease and it becomes an economical
decision instead of a paper quality issue.

The refining process is an energy consuming process. The energy consumption varies
depending on which type of paper that is manufactured. The energy consumption range
varies from 150 kWh/tonne up to 2000 kWh/tonne [2]. If the properties of the fibres
and the drainage resistance are determined on-line, it is believed that an optimisation in
process controlling the refiner is possible. Hence, a reduction of the energy consumption
is achievable.

2.4 Paper Machine

The papermaking process can be described in four steps as form, drain, press and dry.
Forming is done on the wire screen where the fibre suspension is pumped onto after the
refining process. But before the suspension enters the wire screen the fibre suspension is
diluted from a mass fraction of 4-5 % to 0.2-1.0 %. The wire screen is a plastic screen
in which some of the water from the pulp suspension is drained. At the end of the wire
screen the mass fraction is ≈ 20 %. The strength of the finished paper depends not only
on the fibre itself but also on the orientation of the fibres (direction and distribution) on
the wire screen. Thereafter the paper sheet enters the presses. Here the paper sheet is
pressed in 3-4 steps. The mass fraction at the end is ≈ 30-50 %. The paper sheet then
enters the dryers. The dryers consist of a number of heated cylinders. At the end the
mass fraction has increased to ≈ 95 %. After that the paper is so dry that it can be
rolled onto a reel, and the papermaking process is thereby finished.



Chapter 3

Measurement Techniques in Pulp
and Paper

3.1 Existing Measurement Technology for Pulp and

Paper

The whole papermaking process in a paper mill is highly automated. To be able to
control it a large number of sensors are employed. If we focus only on measuring fibre
properties, the important properties that are measured are mass fraction, fibre size and
distribution. Below follows a short introduction to the existing technologies for measuring
mass fraction and fibre sizes.

3.1.1 Fibre Mass Fraction

To measure the mass fraction or consistency in a pulp suspension there are a number
of different on-line equipment on the market today. The main measuring principles are
mechanical, microwaves and optical. It is believed that no commercial products uses
ultrasound to measure the fibre mass fraction, although [5] show that the ultrasound
have the potential to do so.

3.1.1.1 Mechanical

Two types of mechanical mass fraction sensors exist. One has a static blade and the
other has a rotating blade. In the sensor with a static blade the pulp suspension flows
past the blade, a shear force acts on the blade that depends on the strength of the fibre
network, and increases with fibre consistency. The operating mass fraction range varies
from 1.5 % to 16 %.

The other sensor uses a rotating blade, where the shear force on the rotating blade
depends on the fibre mass fraction. The operating mass fraction range varies from 1.5 %
to 16 %.

7



8 Measurement Techniques in Pulp and Paper

An advantage with mechanical mass fraction sensors is the maximum operating range
16 %. The disadvantages are that it mainly react to fibres contents and is insensitive to
fines contents and also that it cannot operate in pulp suspensions with a mass fraction
below 1.5 %. The mechanical properties of a fibre cannot be determined either.

3.1.1.2 Microwave

In a microwave device an electromagnetic wave enters the fibre suspension. Because there
is difference in electrical characteristics between water and fibres the energy and phase
of the received wave will indicate the mass fraction. The operating mass fraction range
varies from 0 % to 16 %.

Unlike the mechanical sensors the microwave sensor measures total mass fraction
i.e. both the fibres and fines and it have a wide operating range. However, mechanical
properties cannot be determined.

3.1.1.3 Optical

The measuring principle is based on measuring light intensity. The light will be scattered
in a pulp suspension by the fibres and therefore there is a correlation between light
intensity and mass fraction. The operating mass fraction range for this type of sensor
varies from 0 % to 2 %.

A more sophisticated optical sensor (Laserpeak, BTG Pulp & Paper Sensors AB,
Sweden) can measure the content of large particles (fibres) and small particles (fines).
The measuring principle is, when a large particle passes the light beam the light will be
reflected back. In another time period only small particles passes the light beam. This
time the light will be scattered and the reflected light will reduced to a minimum. By
measuring the reflected light intensity the consistency of fibres and fines are extracted.
The consistency range is from 0.5 % to 7 % for the Laserpeak sensor .

The disadvantage with optical sensors are that mechanical properties cannot be de-
termined.

3.1.2 Fibre Size Distribution

All commercial devices that measures fibre size and size distribution uses a camera based
method as the measuring principle. There are number of competing devices on the market
e.g. Kajaani FS300 (Metso Automation, Finland), L&W STFI Fibermaster (Lorentzen
& Wettre, Sweden) and Pulpeye (Eurocon, Sweden). The devices deliver number of
different properties of the fibres besides fibre sizes and distribution. For instance, con-
sistency, freeness, shives content and brightness. The STFI Fibermaster also measure
”bendability” of the fibre. Bendability is defined as the difference in form factor when a
sample is measured using high and low (normal) flow rate in the measuring cell.

With camera based methods it is believed that mechanical properties such as elasticity
cannot be determined. If we consider the ”bendability” not to be a mechanical property.
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3.2 Ultrasound

The frequency range of human hearing is at best between 20 Hz -20 kHz. Sound gen-
erated with frequency above 20 kHz is called ultrasound. Ultrasound is used for flaw
detection, dimensional measurements and material characterization. In the ultrasound
measurement techniques the observable properties are attenuation and speed of sound
in the investigated material. The measurement can be performed either in the time- or
frequency domain. How the speed of sound and attenuation are affected when sound is
propagating through the material are due to the properties of the material.

A plane ultrasonic wave propagating in the x-direction can be described as follows

p(x, t) = p0e
−αxe−j(ωt−kx) (3.1)

where p0 is the initial amplitude, α is the acoustical attenuation coefficient, ω is the
angular frequency, t is the elapsed time, k is the wave number and x is the propagation
distance. The first exponential term of equation 3.1 describes how the propagating wave
attenuates. The attenuation can be easily observed and calculated, see section 3.2.1. The
second exponential term describes how the signal propagates in time and space. From
that term the speed of sound is extracted, see section 3.2.2.

3.2.1 Acoustical Attenuation

When a pressure wave travels through a medium, the pressure will decrease with distance.
This is due to two different effects, absorption and scattering [6]. Absorption is the
conversion of sound energy to other forms of energy. Scattering is the reflection of the
sound in directions other than its original direction of propagation. The combination
of these two effects is called attenuation. A more detailed explanation of how sound is
attenuated in a fibre suspension is found in [7].

The attenuation can either be calculated in time domain or in the frequency domain.
In the time domain the attenuation is calculated by comparing the measured amplitude
of the incident pulse p0(t) with the pulse p1(t) that has propagated through the material
of interest. The relation between the pulses are

p1(t) = p0(t)e
−αd (3.2)

where α is the attenuation coefficient and x = d is the propagation distance in the
material of interest. By calculating the root-mean-square (RMS) of the two pulses as

p
RMS

=

√
1

T

∫ T

0

p2(t)dt (3.3)

the attenuation coefficient from equation 3.2 is

α =
1

d
ln

p0RMS

p1RMS

. (3.4)
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This attenuation coefficient gives a quantitative value of the attenuation. However, the
attenuation is usually a function of frequency. Therefore in many cases one is interested
in the frequency dependent attenuation. This is done by transforming the pulses from
the time domain to the frequency domain by the Fourier transform as

P (ω) =

∫ ∞

−∞
p(t)e−jωtdt (3.5)

where ω is the angular frequency. With the same relation as in equation 3.2 we get

P1(ω) = P0(ω)e−αd (3.6)

and the frequency dependent attenuation is then obtained as

α(ω) =
1

d
ln

|P0(ω)|
|P1(ω)| . (3.7)
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Figure 3.1: Lattice diagram of a pulse-echo measurement system with a buffer-rod.

However, in a pulse-echo measurement set-up as shown in figure 3.1, the propagating
wave is reflected at the boundaries. Therefore the reflection coefficient at each boundary
needs to be included. Referring to [5, 8] the attenuation in the sample with a buffer-rod
between the transducer and the sample is

αs(f) =
1

2d2

ln

( |P1(f)|
|P2(f)|

R23

R12

(1 − R2
12)

)
(3.8)

where αs is the attenuation in the sample, d2 is the distance travelled by the signal, P2(f)
is the amplitude in the frequency domain of the second echo (from the boundary sample/
steel reflector) and P1(f) is the amplitude in the frequency domain of the first echo (from
the boundary buffer-rod/sample). R12 and R23 are the reflection coefficients between the
buffer-rod/sample and sample/steel reflector, respectively. The factor 2 above comes
from that the fact the pulse is travelling back and forth through the medium.
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Figure 3.2: Lattice diagram of a pulse-echo measurement system with no buffer-rod.

Using a set-up where no buffer-rod is mounted between the transducer and the sample,
see figure 3.2. The attenuation is

αs(f) =
1

2d
ln

[ |Pw(f)|
|Ps(f)|

]
+ αw(f) (3.9)

where αs(f) is the attenuation in the suspension, d is the distance travelled by the pulse,
Pw(f) is the amplitude in the frequency domain of the water reference echo, Ps(f) is the
amplitude in the frequency domain of the sample echo and αw(f) is the attenuation in
water and is assumed to be 25 · 10−15f 2, where f is the frequency [6].

3.2.2 Speed of Sound

The next important observable property in ultrasonic measurement techniques is the
speed of sound. Measuring the speed of sound there are two different definitions, group-
and phase velocity. Another important definition in speed of sound measurement is
dispersion. If a wave propagating through a material and the speed of the wave depends
on its frequency, the material is said to be dispersive.

3.2.2.1 Phase velocity

The definition of the phase velocity is the velocity of points at constant phase angle in a
wave. The interpretation of the definition is that the phase φ = constant i.e.

∂φ

∂t
= 0 (3.10)

using equations 3.1 and 3.10 we get

∂

∂t
(ωt − kx) = 0 (3.11)

and the phase velocity is

vp =
∂x

∂t
=

ω

k
(3.12)
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where vp is the phase velocity. A method to calculate the phase velocity was proposed
by [9] in 1978. Since that there has been great interest for researchers to improve the
method. In the proposed method the phase velocity is determined from the Fourier
transform of the reference and through-sample signal. The motivation for the research
is that the method involves the arctan function, which is limited to ±π (if the sign of
the imaginary and real part are incorporated in the calculation). The conception of the
method is as follows.

If we have a set-up shown in figure 3.1. Let p1(t) be the reference signal and p2(t) be
the through-sample signal and let P1(ωn) and P2(ωn) be the discrete Fourier transform
of the signals, respectively. P0(ωn) is the initial signal from the transducer. If we omit
the attenuation part of the signal we have

P1(ωn) = P0(ωn)e−jφ1(ωn) (3.13)

P2(ωn) = P0(ωn)e−jφ2(ωn) (3.14)

The phase velocity for the sample can be expressed using equations 3.1, 3.13 and 3.14 as

vp(ωn) =
ωn2d2

θ
(3.15)

where the factor 2 above comes from that the fact the pulse is travelling back and forth
through the medium and θ = φ2(ωn) − φ1(ωn) is evaluated from

θ = arctan

(
Im{P2(ωn)}
Re{P2(ωn)}

)
− arctan

(
Im{P1(ωn)}
Re{P1(ωn)}

)
± 2πm (3.16)

where Im and Re are the imaginary respectively the real part of the signal. Because
the arctan function is limited to ±π the phase θ will have a discontinuity whenever the
phase reaches the limit and the phase will have a saw tooth shape. To have a continuous
phase, an angle ±2π is added (unwrapping). This can be illustrated with the following
simple example. If we have a windowed signal, shown in figure 3.3(a). The saw tooth
shaped phase angle of the signal is shown figure 3.3(b). To have a continuous shape,
the phase angle is unwrapped. The result of the unwrapping is shown in figure 3.3(c).
However, in a broadband spectroscopy parts of the spectrum will have a low signal-to-
noise ratio therefore a false unwrapping can occur. So the question is; When is the
adding correct? A number of researchers have presented their solution to the problem.
For instance, [10] who used the derivative and the principal value of the phase into an
adaptive integration scheme. Others [11] uses a more ad hoc method by choosing the
phase velocity that gives the minimum dispersion. The Kramers-Kronig relation [12] has
also been used to eliminate the ambiguity with the phase unwrapping. Another method
based on a method by [13] and described in paper A. The conception is to circularly
shift the windowed signal, shown in figure 3.3(a), an optimal number of samples. The
shifted signal is viewed in 3.3(d). By taking account the number of shifted samples and
the remaining angle, shown in figure 3.3(e), the total phase delay can be calculated. The
result is in a weakly dispersive medium, a continuous phase spectrum and minimizes the
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likelihood of discontinuousness within the bandwidth. Hence, the ambiguity in phase
unwrapping is reduced. It should be noted that if the bandwidth increases the likelihood
of discontinuous in the phase spectrum will also increase. Yet another approach is to
use system identification tools to estimate the through-sample signal and described in
paper D. Because the estimated through-sample signal has no noise the regular phase
unwrapping algorithm can then be used without resulting in false ±2π adding.

3.2.2.2 Group velocity

Group velocity is the propagating speed that the energy or amplitude of the wave is
moving [6]. Without any explanation it is defined as

vg =
∂ω

∂k
. (3.17)

From equations 3.15 and 3.17 it is shown that the derivative, with respect to k, of
phase velocity is the group velocity.

3.3 Optical

It is well known that light is an electromagnetic wave. Light is generated when an
electron in an atom drop to another energy level and the excess energy of the electron is
emitted. Light behaves both as a wave and as a current of particles (photons). The optical
spectrum exists in a narrow bandwidth in the electromagnetic spectrum and ranges from
about 1 nm to 1 mm. The visible spectrum for a human eye is even narrower; 390-770 nm.
The optical spectrum above the visible spectrum is called infrared and below ultraviolet.

3.3.1 Optical Attenuation or Extinction

When light enters matter and interacts, the intensity of the light will be attenuated.
The possible optical attenuation mechanisms are scattering (reflection at a boundary)
and absorption. Which of the effect occurs depends on the wave length of the light
and the optical properties and of the matter under interrogation. Although the different
attenuation processes can occur simultaneous there are instances where one or the other
dominates. For example, visible light passing through fog mainly is scattered, whereas
light passing through a shaft in a cole mine is mainly absorbed [14].

3.3.1.1 Absorption

Absorption is the conversion of electromagnetic energy to other forms (e.g. heat). The
heat creates a pressure wave, the photoacoustic effect. A more detailed explanation about
photoacoustic generation is described in section 3.4.1.
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Figure 3.3: Figures showing the difference between regular unwrapping and the method described
in paper A. Figure (a) shows the windowed signal and in (b) its phase angle. In (c) the un-
wrapped phase angle from (b) is shown. In figure (d) the circularly shifted signal is viewed and
in (e) its phase angle without unwrapping.

3.3.1.2 Scattering

Scattering is the change of direction of the light as a result of a collision or interaction
with a material. The amount of scattering depends on the differences refractive index and
in the angle of incidence at the surface. The propagating light can be split into ballistic,
snake and diffusion light components [15, 16], see figure 3.4. The ballistic light is the
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light that has passed through a medium without scattering. Snake light is light that has
a propagating path that resembles of a wriggling snake. If the light is multiple scattered
the light is called diffusion light. If there are few scatters in the media, the dominating
component will be ballistic and snake light. As the scatters in the medium increases the
diffusion light will be the dominating part. The time-of-flight (TOF) passing the media
are due to refractive index and the propagating path. Because the diffusion light travels
the longest path, the propagation time will be the longest.

Diffusive light

Ballistic light

Snake light Time

Incident light

Figure 3.4: A light pulse transmitted through an inhomogeneous media

3.3.1.3 Extinction

If multiple scattering is negligible the intensity (irradiance) of the light beam is exponen-
tially attenuated as

I = I0e
−αel (3.18)

where I0 is the initial intensity, l is the travelled distance through the medium and αe is
the extinction. The extinction is the attenuation of the incident light by absorption and
scattering as it traverse in the particulate medium [14],

αe = n(Cabs + Csca) (3.19)

where n is the number of particles per unit volume, Cabs + Csca are the absorption and
scattering cross sections. Defined as

Cabs =
Eabs

I0

(3.20)

Csca =
Esca

I0

(3.21)

where Eabs and Esca are the energy absorption rate and energy scattering rate, respec-
tively. Equation 3.19 shows that there is a relation between the optical attenuation and
the number of particles in suspension.
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3.4 Photoacoustic or Optoacoustic

3.4.1 Introduction to Photoacoustic

Figure 3.5: An illustration of the photophone. The photophone made sound waves to vibrate a
beam of reflected sunlight. The receiver changed the varying light intensity back into sound.

The generation of acoustic waves by modulated or pulsed light is called photoacoustic
effect (PA) or optoacoustic effect (OA) [17]. The photoacoustic effect was discovered
by Alexander Graham Bell in 1880. He invented a device, the photophone, which was
developed to create a new type of telephone communication, see figure 3.5. However,
the discovery of the photoacoustic effect was almost forgotten until the 1970’s1 when
[19] presented his work on detecting gas constituents by PA generation. After that, a
number of researchers have shown the capability using the PA techniques, for instance
[20, 21, 22].

3.4.1.1 From light to sound

The interaction of light (photons) with a material produces a series of effects shown in
figure 3.6. If the photons are absorbed by the material the internal energy levels (rota-
tional, vibrational) are excited. The excited state may lose some of its energy by radiation

1according to [18], in former Soviet Union the PA effect in gases was rediscovered in 1938 by M.L.
Viengerov and thereafter scientists in former Soviet Union worked in this topic.
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Sound waves

Figure 3.6: Processes occurring during photoacoustic generation

processes. Other reactions that can occur are electrostriction2, chemical reactions, gas
boiling or ablation and dielectric breakdown. Some of these reactions will also generate
heat. The remaining optical energy will convert to heat, which results in thermal radia-
tion and expansion. Some heat will be diffused. However, the heat diffusion is negligible
due to the long diffusion time compared to the excitation pulse [17]. It is the thermal ex-
pansion that generates the photoacoustic wave. Besides the PA generation the generated
heat produces a number of other effects that can be monitored. (1) the temperature rise
can be measured using a thermocouple; (2) measuring the thermal refractive-index gra-
dients with a beam position sensor; (3) surface deformation by measuring the deflection
of a probe beam; (4) Radiative emission width an infrared detector. All these methods
goes with the measuring techniques called photothermal technique [24].

If the intensity in the light is above 1010W/cm2, which can be easily obtained with a
pulsed laser and a focusing lens, a dielectric breakdown occurs [21]. The PA generation
efficiency η is very low, it is in order of 10−12 to 10−8 while for dielectric breakdown the
efficiency can be up to 30 % [17].

3.4.2 Photoacoustic Theory

The photoacoustic process is due to the rapid conversion of absorbed energy to heat by
non-radiative relaxation process.

If we make some assumptions such as: the thermal diffusion can be neglected, the
process is adiabatic, the laser pulse duration is much longer than the response time for
the transducer and the laser beam radius R is much larger than vτL i.e. R >> vτL,
where v is the speed of sound in the medium and τL is the laser pulse width in seconds.

If a laser pulse with a energy of E0 enters a medium the energy absorbed by the

2A change in the dimensions of a body as a result of reorientation of its molecules when it is placed
in an electric field. If the field is not homogeneous the body will tend to move; if its relative permittivity
is higher than that of its surroundings it will tend to move into a region of higher field strength[23].
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medium is
Eabs = E0(1 − e−αal), (3.22)

where αa is the absorption coefficient and l is the penetration depth of the laser pulse.
From the thermodynamics the heat Q in a (incompressible) medium is defined as

Q = cpm(T1 − T0) = cpV ρΔT (3.23)

where cp is the specific heat capacity, m is the mass, T is the temperature, V is the
volume and ρ is the density. With the assumptions made earlier

Eabs = Q (3.24)

i.e.
E0(1 − e−αal) = cpV ρΔT. (3.25)

From equation 3.25 we obtain the temperature rise caused by the irradiative laser beam
as

ΔT =
E0(1 − e−αal)

cpV ρ
(3.26)

where V is the illuminated volume. If we now define a thermal expansion coefficient [25]
as

β =
1

V

(
∂V

∂T

)
≈ 1

V

(
ΔV

ΔT

)
. (3.27)

The strain s can be expressed as
s = βΔT (3.28)

and from [6] the bulk modulus is defined as

K = ρv2 (3.29)

where ρ is the density, v is the speed of sound in the media. From [6] the relation between
the strain and bulk modulus gives the pressure as

p0 = Ks. (3.30)

By using equations 3.26, 3.28, 3.29 in 3.30, the energy conversion gives an initial pressure
p0 as

p0 = ρv2βΔT =
v2βE0(1 − e−αal)

cpV
. (3.31)

Further if αal � 1 which is normally the case, equation 3.31 can be simplified as

p0 =
v2βE0αal

cpV
(3.32)

Depending on the absorption coefficient αa the photoacoustic source will have a different
shape (V will differ). If the absorption coefficient is low the source will have a shape of
a cylinder and as the absorption coefficient increases the shape will resemble more and
more of a sphere. If the penetration depth l is significantly smaller than the diameter of
the pulsed laser beam a plane wave will be entering in the matter under investigation.
In paper [26] the changes in pulse shape are shown to depend on different mass fraction
of fibre and fines.
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3.5 Comparisons Between the Different Measurement

Techniques

The different techniques have their advantages and disadvantages. The advantage using
ultrasound is that it is non-destructive, relatively fast, has a low installation cost and
it measures the mechanical properties of the material of interest. The feasibility to use
ultrasound in monitoring the papermaking process has been addressed earlier in [27, 28].
However, ultrasound is sensitive to air bubbles and temperature changes in the suspen-
sion. The advantage using optical technique is that it is a non-contact, non-destructive
and fast measurement technique. Optical measurement techniques are today common
in the papermaking process. For instance, the camera based device mentioned earlier,
which uses image analysis to extract information about the fibres in the pulp suspen-
sion. Although it provides valuable information about fibre size and size distribution the
mechanical properties cannot be determined. Another disadvantage is that light can-
not penetrate opaque media. Therefore the camera based techniques require that the
pulp suspension is diluted, which is time consuming. The photoacoustic technique is the
combination of both acoustical and optical measurement techniques. The advantage is
that both optical and acoustical properties of the examined medium have an effect on
the generated signal. Since the light absorption in a material is wave length dependent.
It gives the potential to pinpoint a certain material in a substance containing different
materials. The resulting photoacoustic pressure wave will then correlate to the amount
of the pinpointed material. It is believed that no commercial product uses photoacoustic
to determine the properties in a pulp suspension.

This comparison shows that the techniques have theirs strengths and weaknesses.

3.6 Design of the Measurement Cell

To incorporate the measurement techniques a measurement cell had to be designed and
built. Another cell described in [5], was designed for purely ultrasonic measurement. In
that cell the pulp suspensions is carefully poured into the sample volume and thereafter
stirred slowly to remove air bubbles and to avoid sedimentation. However, an issue noted
when using the cell is that the paper pulp easily flocks. Hence there will be variations in
the mass fraction within the sample. To avoid or at least reduce the fibres tendency to
form flocks the new cell had to be included in a recycling flow system. Another advantage
is also that the sedimentation is avoided. The disadvantage using a recycling system is
the temperature rise caused by pumping the suspension.

Some of the requirement for the new measurement cell was

• Both ultrasonic and optical signals should be measurable.

• Capability to measure optical and ultrasonic signals simultaneously.

• Capability to measure the photoacoustic signal.
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• Permit different options for measuring the combination of ultrasound and optical
signals.

• Easily reconfigured from pulse-echo to transmission-receive in ultrasound mode.

• Easily change the windows to other type of materials.

All these demand are not easily to obtain. To optimise it for photoacoustical purpose
the cell should be made of optical transparent glass. Because absorption in the cell
wall can be regarded as photoacoustical noise (the absorption in the steel wall creates
a photoacoustical wave). The opposite pertain to measure the intensity in the light. In
this case the wall should be made of an absorbing material to avoid reflections. In the
case of ultrasound pulse-echo measurement the reflecting wall should be made of a rigid
material and have outer surface in an angle to avoid an interfering echo. The cell should
also easily permit mounting connections of the transducer, photodiode and the pipe from
the peristaltic pump. The size of the cell must permit flow of the pulp suspension with a
mass fraction up to 1 % without being blocked. As referred here some of the requirements
are in conflict with each other. So to design and build a cell that fulfils all requirements
is a delicate task.

The end result is shown in figure 3.7. The cell is made of four precision machined

Transducer

Stainless steel reflector

Fused silica window

InletOutlet

Figure 3.7: The new custom made measurement cell. The left side is mainly for optical mea-
surement. The right side of the cell is the ”acoustical” side.

rectangular pieces of stainless steel. Two pieces are 50 by 100 mm and 10 mm thick.
The other two are 40 by 100 mm and 10 mm thick. The pieces are assembled to form
a rectangular box, 100 mm long and a quadratic sample space with a side length of
30 mm. At each end of the cell, plates of brass are mounted. To the end brass plates
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25 mm connectors are welded, where the recirculating system can be connected to. A
peristaltic pump is used to circulate the suspension. To reduce the problem of having
micro bubbles stick to the sides, all sides inside the cell are polished to a mirror quality.
This also reduces the photoacoustic noise.

The cell is designed for two different modes of measurement. The first, the optical
mode, consists of four optical windows made of fused silica with the diameter of 25
mm placed on each side of the cell. This option can be used to determine the optical
properties of the suspension, for instance using time-of-flight measurements to establish
the scattering properties of the suspension. The windows are removable and therefore
other equipment can be mounted instead. For instance, the optical absorbers presented
in [26] where the idea with scattering photoacoustic (SPA) techniques is presented. The
second mode, the acoustical mode, consists of an ultrasonic transducer fitted to a holder
that is attached to one side of the cell, see figure 3.8(a). On the opposite side there is a
stainless steel reflector. The outer side of the stainless steel reflector is at oblique angle
in order to prevent any acoustic echoes to interfere with the acoustic echoes inside the
cell. Placed along an orthogonal axis to the transducer set-up are two optical windows
where the pulsed laser light can enter and exit the cell. The cell can be reconfigured to
enable ultrasonic measurements using a transducer pair in a pitch catch set-up shown in
figure 3.8(b). In that case the windows at the acoustic part of the cell is removed and
replaced with transducer mounts. It is also possible to rotate the sides of the cell so the
transmit and receive transducers are moved to the optical side of the cell as shown in
figure 3.8(c). Then the pulsed laser light enters either through the windows one top or
bottom of the cell. The laser induced photoacoustic signal can then be measured using
the two transducers. The option of having a separate ultrasonic measurement and a
optical/photoacoustic set-up is also possible. Figure 3.8(d) shows that configuration.
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Transducer

Laser beam

(a) Combined ultrasonic pulse-echo set-up and
photoacoustic set-up.

Transducer 1

Transducer 2

(b) Ultrasonic transmission-receive set-up

Transducer 1
Transducer 2

Laser beam

(c) Photoacoustic set-up with two
ultrasonic transducer

Laser beam

Transducer 1

Transducer 2

Transducer 3

(d) Ultrasonic pulse-echo set-up and a separate
photoacoustic set-up

Figure 3.8: Illustrations of some measurement options for the cell.
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Summary of the Papers

In this chapter the papers included in the thesis are summarized.

4.1 Ultrasonic Measurements and Modelling of At-

tenuation and Phase Velocity in Pulp Suspen-

sions

Authors: Jan Niemi, Yvonne Aitomäki and Torbjörn Löfqvist
Published: Proceeding of IEEE Ultrasonic Symposium, Rotterdam, Holland 2005.

Summary
The paper consist of two parts. The first deals with phase velocity. Here a method is
presented to minimize the likelihood of discontinuities within the bandwidth. Hence, the
ambiguity in phase unwrapping is reduced. The results from phase velocity measurements
show that the phase velocity weakly increases with increasing amount of fines in the
suspension. The dispersion is caused by the fibres and it correlates with fibre mass
fraction. The second part is on attenuation and is used to characterise the wood fibres.
The results of the attenuation experiments show that it is possible to inversely calculate
wood fibre properties by fitting the model to the experimental data, if the fibre diameter
distribution is known. However, the accuracy of these calculation is difficult to determine
and more work in this area is required.
Personal contribution
Work based on phase velocity was carried out by Jan Niemi. The work on modelling of
attenuation was carried out by Yvonne Aitomäki.

23



24 Summary of the Papers

4.2 Pulp Consistency Determined by a Combination

of Optical and Acoustical Measurement Tech-

niques

Authors: Matti Törmänen, Jan Niemi, Torbjörn Löfqvist and Risto Myllylä.
Published: Measurement Science and Technology, April 2006, v 17, n 4, p. 695 -702.

Summary
In this paper the feasibility on combining the two measurement techniques are shown.
The optical measurements are done by a laser radar measuring time-of-flight. And the
acoustical measurements are based on ultrasonic attenuation measurements in a pulse-
echo set-up. By combining the ultrasonic attenuation and the optical time-of-flight mea-
surements, it is shown that the mass fraction of fines and the mass fraction of fibres in a
pulp sample could be determined, respectively.
Personal contribution
Work based on ultrasonic attenuation was carried out by Jan Niemi. The work on time-
of-flight was carried out by Matti Törmänen.

4.3 On a New Sensing Strategy Using a Combination

of Ultrasonic and Photoacoustic Techniques

Authors: Jan Niemi, Torbjörn Löfqvist, and Per Gren.
Published: Proceeding of IEEE Ultrasonic Symposium, Vancouver, Canada 2006.

Summary
In this paper the combination of ultrasound and photoacoustic techniques are presented.
The two measurement techniques were tested experimentally in the custom made mea-
surement cell using suspended Nylon 66 fibres. The result shows two different behaviours.
The attenuation in the transducer generated pulse is proportional to mass fraction in the
suspension. And the photoacoustical signal is sensitive to the amount of scatterers, i.e.
fibres, in the suspension. Further work is required to determine this relation. If the
relation is established, the combination of these techniques has the potential to give the
mass fraction as well as the particle number density in an aqueous fibre suspension.
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4.4 Model-Based Phase Velocity and Attenuation Es-

timation in Wideband Ultrasonic Measurement

Systems

Authors: Jesper Martinsson, Johan E. Carlson, and Jan Niemi
Published: IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control,
January 2007, vol. 54, nr. 1, p. 138-146.

Summary
In this paper we present a parametric method to estimate the frequency dependent
phase velocity and attenuation. The parametric method is compared with standard
nonparametric Fourier analysis techniques using numerical simulations as well as real
pulse-echo experiments. Approximate standard deviations are derived for both methods
and validated with numerical simulations. Compared to standard Fourier analysis, the
parametric model gives considerably lower variance when estimating attenuation and
phase velocity.
Personal contribution
Measurements on paper pulp
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Chapter 5

Conclusion

This thesis has described and investigated a new sensor strategy for the pulp and paper
industry. It has been shown that the sensing strategy of using a combination of existing
measurement techniques gives additional information about the examined media. This
shows that the sensing strategy have a potential in better process control within the pulp
and paper industry. It is noted that the investigated measurement techniques do not
require any special set-up. Thus, they can all be used together in the same measurement
cell and in an on-line set-up. It is also observed that all investigated measurement
techniques are very fast compared to sampling and evaluation.

However, the overall knowledge of the fibre in a pulp suspension has not increased to
the extent that it can measure all needed requirements (physical, chemical and mechani-
cal). Hence an optimisation of the process control in the preparation of a pulp suspension
is not achievable in this state. It should also be pointed out that all of the studies have
been conducted in a laboratory environment. To achieve the long-term goal of a new
sensor for the pulp and paper industry it needs to be tested in real-life conditions in a
pulp mill.

It is believed that this sensing strategy can also be applied in other areas where
complex suspensions are of interests. For example, biological and biomedical dispersions
and emulsions.
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Chapter 6

Further Work

6.1 Research Assignment

Even if the sensor strategy has shown some initial interesting result, the techniques needs
to be develop further.

The research assignments we have to address are

• The influence of mass fraction.

• The influence of the laser power and wave length.

• What sensors should we use?

• Will the cell and the sensing strategy work properly in real-life conditions in a pulp
mill?

6.1.1 The influence of mass fraction

As mentioned earlier and shown in [26] the shape of the PA source clearly is affected
by the mass fraction and the properties of the suspended fibres. This issue needs to be
investigated further. Also the operating range needs to be determined for this technique.

6.1.2 The influence of the laser power and wave length

Depending on the power of the incident light different effects occur (thermal expansion,
vaporization, dielectric breakdown, etc.). An investigation on what light power is the
best choice to extract the most information from the pulp suspension is needed.

The light absorption in a material is wave length dependent. Therefore it gives the
potential to pinpoint a certain material in a substance containing different materials. The
resulting photoacoustic pressure wave will then correlated to the amount of the pinpointed
material. It is believed that this could be used to extract additional information from a
pulp suspension e.g. lignin contents.
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6.1.3 What sensors should we use?

This is an important issue. To measure the wanted properties (physical, chemical and
mechanical) of fibres in pulp suspension is a challenging measurement situation. But
it is believed with a proper choice of sensors (acoustical and optical) the knowledge
will increase from this state. A comprehensive analysis of different sensors is therefore
required. The analysis will also lead up to which configuration we should use in the
measurement cell.

6.1.4 Will the cell and the sensing strategy work properly in
real-life conditions in a pulp mill?

A measurement technique which does not work properly in the environment it is aimed
for, is worth nothing. So to achieve the long-term goal the cell needs to be tested in
real-life conditions in a pulp mill.
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[28] T. Löfqvist, Ultrasonic measurement technology for characterization of paper fibre
suspensions. PhD thesis, Lule̊a University of Technology, 1999.



Part II



34



Paper A

Ultrasonic Measurements and
Modelling of Attenuation and

Phase Velocity in Pulp Suspensions

Authors:
Jan Niemi, Yvonne Aitomäki and Torbjörn Löfqvist
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Ultrasonic Measurements and Modelling of

Attenuation and Phase Velocity in Pulp Suspensions

Jan Niemi, Yvonne Aitomäki and Torbjörn Löfqvist

Abstract

In the manufacturing process of paper the mass fraction and material properties of the
fibres in the pulp suspension are important for the quality of the finished product. This
study presents two different methods of pulp characterisation. The first is based on
phase velocity, which we use to investigate the composition of the pulp. Here a method
is presented where the optimal number of circular shifts within the sampling window
of the signal is determined which gives, in a weakly dispersive medium, a continuous
phase spectrum and minimizes the likelihood of discontinuities within the bandwidth.
Hence, the ambiguity in phase unwrapping is avoided. The results from phase velocity
measurements show that the phase velocity weakly increases with increasing amount of
fines in the suspension. The dispersion is caused by the fibres and it correlates with fibre
mass fraction. The second method is based on attenuation and is used to characterise
the wood fibres. The results of the attenuation experiments show that it is possible to
inversely calculate wood fibre properties by fitting the model to the experimental data,
if the fibre diameter distribution is known. However, the accuracy of these calculation is
difficult to determined and more work in this area is required.

1 Introduction

In the manufacturing process of paper the mass fraction and material properties of the
fibres in the pulp suspension are important for the quality of the finished product. When
using recycled paper, fibres with unknown and varying material properties enter the
process. Therefore, there is an increasing demand for methods of on-line characterisation
of the pulp suspension as well as the fibres in suspension.

This study presents two different methods of pulp characterisation. The first is based
on phase velocity, which we use to investigate the composition of the pulp. The second
is based on attenuation and is used to characterise the wood fibres.

In the first method, we investigate how the phase velocity changes with different mass
fractions of fibres and fines. To determine the phase velocity, a method is proposed based
on a method by [1], where the an echo is circularly shifted an optimal number of samples.

In the second method, to be able to characterise the wood fibres, we use an analytical
model which relates the material properties of saturated fibres to the attenuation. We
then aim to solve the inverse problem of identifying which values result in the best fit of
the model to the attenuation values calculated from experiments.
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2 Phase Velocity

2.1 Theory and experiments

When determining the phase velocity from pulse-echo measurements, one encounters the
problem of performing a correct phase unwrapping. The problem is well known and
has been addressed in earlier investigations, for instance [2]. The problem arises when
the phase velocity is calculated from the phase spectra of a the Fourier transform of
each of the two echoes. In this study, we propose a method, termed Minimum Phase
Angle (MPA), that determines an optimal number of circular shifts to the windowed
signal which results in a continuous phase spectrum and minimizes the likelihood of
discontinuities within the bandwidth. Therefore the ambiguity in the phase unwrapping
is avoided. To experimentally test the method experiments were performed in pulp
fibre suspensions, which are weakly dispersive. The experiments were carried out using
the pulse-echo technique in a custom designed test cell. A schematical view of the
measurement cell used in this study is shown in Fig. 1.
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Figure 1: Lattice diagram of the pulse-echo measurement system used this study

The echoes from the interfaces depend on the initial pulse pressure amplitude p0(t)
emitted from the transducer and the reflection and transmission coefficients of the differ-
ent interfaces. For simplicity, we omit the reflection and transmission coefficients and the
attenuation. With these assumptions, the echoes from the interfaces between the buffer
rod/suspension and suspension/steel reflector are

P1(ω) = P0(ω)e
−2j ω

c1
d1 = P0(ω)e−jϕ1(ω) (1)

P2(ω) = P0(ω)e
−2jω(

d1
c1

+
d2
c2

)
= P0(ω)e−jϕ2(ω) (2)

where P1(ω) and P2(ω) are the Fourier transform of the echoes p1(t) and p2(t), re-
spectively. d1 and d2 are the distance in respective medium. The factor 2 above comes
from that the fact the pulse is travelling back and forth through the medium. c1 and c2

are the velocities in the buffer rod and pulp suspension, respectively. P0(ω) is the Fourier
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transform of the initial emitted pulse from the transducer. Note that echo p1(t) has an
extra phase shift of π compared to p2(t).

2.2 The method of minimum phase angle

To reduce the ambiguity in the phase unwrapping the following method is proposed.

td2

td1

ts2

ts1

time

p1 p2

t=0

p0

Figure 2: The received signal with illustrations of the time delays and time shifts

The sampled signal is divided into two sampling windows with time delays td = nd/fs

shown in Fig. 2 where nd is the number of samples that the sampling window is delayed
and fs is the sampling frequency. Within each sampling window the signal is circularly
shifted sample by sample. At each shift, a calculation of the phase angle is carried out
as

PA =
1

f2 − f1

f2∑
m=f1

ϕ2
m (3)

where ϕm is the phase spectrum within the frequency bandwidth of f1 < m < f2

of the shifted sample. Thereafter a sign shift of the echo is carried out, representing
a phase shift of π, and again circularly shifted and calculated with the same method.
The results are compared and the circularly shifted sample that gives a phase spectrum
without discontinuities and minimum value of PA is then chosen. The outcome is then
the optimal time shift of ts = ns/fs where ns is the number of samples the signal is
shifted.

This results in two time delays, the time delay from the sampling window and time
delay from the circular shift within the window. This gives the phase spectrum for the
respective echoes as

ϕ1(ω) = φ1(ω) + ω(td1 + ts1) (4)

ϕ2(ω) = φ2(ω) + ω(td2 + ts2) (5)

where φ1 and φ2 are the respective phase spectra of the circularly shifted signal. td1

and td2 are the time delay for respective sampling window. ts1 and ts2 are the circular
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shift within respective sampling window. An illustration of how PA changes when echo
p1(t) is circularly shifted within the sampling window is shown in Fig. 3. In this example,
the minimum of PA is found when p1(t) is shifted 100 samples to the left and inverted.
Fig.1.3(c) shows the phase spectrum at the minimum of PA for p1(t) and −p1(t). We
can see that the inverted signal has a phase spectrum with the minimum likelihood of a
discontinuity being present in the spectrum.

The phase velocity for a pulp suspension sample can be expressed using (1)-(2) and
(4)-(5) as

c2(ω) =
ω2d2

ω(t2 − t1) + θ(ω) − θd(ω) + mπ
(6)

where t1 = td1 + ts1, t2 = td2 + ts2, θ(ω) = φ2(ω)−φ1(ω), θd(ω) is the phase difference
due to diffraction [3] and m is a correction term if a phase shift of π is added by the
proposed method. In this study m = 0 if the proposed method inverts p1(t) to compensate
for the extra phase shift that occurred, m = 1 if p1(t) and p2(t) are not inverted and
m = −1 if both p1(t) and p2(t) are inverted.

2.3 Experiment

The experimental set-up consists of a broadband transducer with a centre frequency of
10 MHz (V311), manufactured by Panametrics, Waltham, MA, USA. A pulser/receiver
5072PR from Panametrics was used to excite the transducer and amplify the received sig-
nal. The signal was then digitized using a CompuScope 14100 oscilloscope card, by Gage
Applied Technologies Inc., Lachine, QC Canada, with 14-bit resolution and a sampling
rate of 100 MHz. All data was stored in a computer for off-line analysis. The resulting
time-domain waveforms were calculated off-line using the average of 100 sampled wave-
forms to reduce random noise. Before the averaging process, the sampled waveforms
are aligned to reduce timing jitter by employing a method proposed by [4]. A digital
thermometer F250, by Automatic Systems Laboratories LTD, England, monitored the
temperature both in the suspension under test and in the room. The temperature in
the pulp suspensions under test was 20.0 ± 0.2◦C. The pulp suspensions was carefully
poured into the measurement cell and thereafter stirred slowly to remove air bubbles
from the suspension. An illustration of the measurement cell is shown in Fig. 1 and
is described in detail in [5]. To accurately determine the distance d2 in the cell, pure,
distilled water was used as a reference since it has a well known relationship between
speed of sound and temperature, see [6]. Using the temperature of the calibration fluid
and a cross-correlation technique to determine the time-of-flight for an ultrasonic pulse,
the distance d2 was found to be 0.03010± 0.00004 m.

The pulp samples used in this study were produced from thermo-mechanical pulp
(TMP). The TMP was fractionated by Bauer-McNett fractionator according to SCAN-
standard 6:69 [7]. This process separated the pulp into two fractions; a fibre fraction
and a fines fraction. The fibre fraction consists of fibres that passed the 48 wire mesh,
resulting in fibre lengths that vary between 1-3 mm and diameter of 20-50 μm. The fines
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Figure 3: (a) shows echo p1(t). (b) shows the results of pa(m) from p1(t) and when p1(t) is
inverted. (c) shows the phase spectrum of p1(t) and −p1(t) when the echoes are shifted 93 and
100 samples respectively, i.e at respective minimum of pa

were obtained by passing the pulp through the 200 wire mesh and then subsequently
filtered through 400 wire mesh. They have a length of 30-74 μm and a diameter of a few
μm. Both the fines and fibre size distributions were analyzed using a Kajaani Fiberlab
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instrument, Metso Corporation, Finland. From these fractions, a set of samples were
made by mixing fibres and fines at predetermined ratios between 0-1.0% by mass.

2.4 Results

The result from the phase velocity measurement for suspensions containing only fines
is shown in Fig.4. The figure shows that the velocity dispersion is small within the
bandwidth of the ultrasonic pulse, 1.8-10 MHz, and that the phase velocity increases
with increasing amount of fines in the suspension.The uncertainty in the measurement is
±0.3 m/s based on ±2 standard deviations.
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Figure 4: Phase velocity in pulp suspension containing fines and no fibres

Fig. 5, shows measurements of phase velocity for samples where the mass faction of
fibres are the same as for fines. In this case, the velocity dispersion is noticeable and it
is seen to correlate well with mass fraction, giving higher velocity dispersion with higher
mass fraction. As an example, the velocity for 1.0% mass fraction changes from the
lowest below 4 MHz to be the highest above.

3 Attenuation

3.1 Theory

The model is based on calculating the energy loss in the scatter wave from an infinitely
long, viscoelastic, isotropic, cylindrical fibre. It is described in full in [8]. In [8], the
modelled attenuation agrees well with experimental results of synthetic fibres such as
nylon and shows localised extrema in the frequency response of attenuation. These peaks
in frequency response of the attenuation are thought to be at the vibrational modes of
the fibres. Although the locations of these peaks depend largely on the diameter of the
saturated fibres, they also depend on their material properties.
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Figure 5: Phase velocity in pulp suspension containing fibres and no fines

In nylon, the locations of the peaks are more repeatable and hence more reliable than
the measurement of the attenuation itself which varies due to the inhomogeneous nature
of the suspension. The repeatability of the frequency at which these peaks occur and
the fact that changes in diameter, Poisson’s Ratio, Young’s Modulus and the density of
the fibre produce different effects on the shape of the modelled frequency response of the
attenuation, means that the suspension can be better characterised if these extrema can
be located.

The aim is, therefore, to determine if localised extrema also exist in the frequency
response of the attenuation of wood fibres. This would allow us to solve the inverse
problem with less ambiguity than attempting to solve the inverse problem from a simple
curve.

The model shows the attenuation in the frequency range 1Mhz to 25MHz to be very
sensitive to fibre diameter. Using an average fibre diameter of 40 μm localised maxima in
attenuation were predicted to be between 5MHz to 10MHz. However, the wood fibres in
paper pulp have different diameters hence the diameter distribution of the wood samples
is required to produce expected attenuation.

3.2 Experiment

The same measurement cell and paper pulp samples were used as in the phase velocity
experiments. As the diameter of wood fibres are smaller than nylon the peaks are ex-
pected to appear at a higher frequency. Hence a 30MHz transducer (Panametric V333)
was used and the signal digitised by a CompuScope 102G oscilloscope card (Gage Ap-
plied Technologies, Inc Lachine QC Canada) with a 10-bit resolution and a sample rate
of 2GHz. The distance the signal travelled was calculated using the method previously
described. Since the initial echo from the buffer rod could not be easily identified, the
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attenuation in the sample was obtained using pure, distilled water as reference giving,

αs(f) = αw(f) +
1

2d2

ln

( |Pw(f)|
|Ps(f)|

)
(7)

where αs is the attenuation in the sample, d2 is the distance travelled by the signal,
Ps(f) is the amplitude in the frequency domain of the second echo in the sample and
Pw(f) is the amplitude in the frequency domain of the second echo in water. αw(f) is
the attenuation of water [9] and is assumed to be

αw(f) = 25 · 10−15f2 (8)

3.3 Results
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Figure 6: Comparison of the modelled attenuation to the measured attenuation for 0.5% concen-
tration of wood fibres. Plot of the mean and 2x STD of the mean for 300 readings. The following
material properties for saturated wood fibres were used in the model: density=1500 kg/m3, Pois-
son ratio = 0.45, speed of sound= 1050 m/s and loss tangent=0.2. The properties of water were
assumed to be: density=996 kg/m3, speed of sound=1490 m/s, and viscosity=9.4 · 10−4Pa · s

Figure 6 is a comparison of the experimentally calculated average attenuation and
the modelled attenuation. Good agreement has been obtained by adjusting the saturated
wood fibre properties. The maximum at 2.2MHz in the experimental results is not
reflected in the model results though a small maximum does exists at 2.4MHz and a
slightly large one at 3.2MHz, corresponding to fibres with diameters of 60 μm and 40μm
respectively. This lack of agreement could be because the model is for a fibre that is
continuous over its cross section. As wood fibres are hollow the vibrational modes, which
are believed to be causing the maxima, will not occur at the frequencies predicted by the
model. However, it may also be due differences between the distribution of the diameters
in this particular sample and that used in the size analysis. The peak could also be an
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experimental artifact. The sensitivity of the modelled attenuation on the fibre diameter,
means the distribution of the diameters is the dominant factor in determining the material
properties of the suspended fibres. With unknown fibre diameter distributions, there
is a greater possibility of determining the diameters of the fibres if the local extrema
in the frequency response of the attenuation are clear. However, the superposition of
maxima and minima of one wood fibre diameter with other fibres of a different diameters
results in a the smoothing of the signal, masking the effects of the individual fibres. The
featurelessness of the curve means that the calculation of the material properties from
the experimental measured attenuation is ambiguous. Combinations of different values
can give similar results.

4 Conclusion

In this study we have considered measurements of phase velocity and attenuation in pulp
suspensions. The proposed method to calculate phase velocity avoids the ambiguity with
phase unwrapping if the medium is weakly dispersive. The result shows that the phase
velocity increases with increasing amount of fines in the suspension. The dispersion is
caused by the fibres and it correlates with fibre mass fraction.

The results of the attenuation experiments show that it is possible to inversely cal-
culate wood fibre properties by fitting the model to the experimental data, if the fibre
diameter distribution is known. However, the accuracy of these calculation is difficult to
determined and more work in this area is required.

5 Further Work

The proposed minimum phase angle, or MPA, method has to be tested in cases when
the phase velocity is highly dispersive.

The peak in the experimental results of the frequency response of attenuation at
2.2MHz needs further investigation. Experiments on synthetic fibres are being carried
out to explore the effect of hollow compared to solid fibres. If these effects are significant,
further development of the model is required to take this into account.
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Pulp Consistency Determined by a Combination of

Optical and Acoustical Measurement Techniques

Matti Törmänen, Jan Niemi, Torbjörn Löfqvist and Risto Myllylä

Abstract

In this study, methods based on ultrasonic attenuation and optical time-of-flight mea-
surements are used simultaneously in determining both the fibres and fines mass fractions
respectively of a cellulose pulp fibre suspension. The optical measurements are done by
a laser radar and the acoustical measurements are based on ultrasonic attenuation mea-
surements in a pulse-echo setup. Two kinds of long fibre fractions are studied, thermo-
mechanical pulp and chemical softwood pulp. Fibre and fines mass fractions ranges are
0.25 - 1.0 % and 0 - 0.75 %, respectively. The results show that the fibres are the pre-
dominant source for absorption and scattering of ultrasonic waves and are thus mainly
contributing to the attenuation of ultrasound in the pulp. It is also found that the fines
are the predominant source for optical scattering and fines are thus mainly contributing
to the propagation delay of the light pulse in the laser radar setup. By combining the
ultrasonic attenuation and the optical time-of-flight measurements it is shown that the
mass fraction of fines and the mass fraction of fibres in a pulp sample could be determined
respectively.

1 Introduction

In the paper industry, the requirements for higher paper quality, more effective use of raw
material and higher paper machine speeds are demanding development of new measure-
ment tools and methods. The situation is complicated by the increased use of recycled
fibres, which leads to a situation where there is little or no information about the quality
and type of fibres used in the process. This is vital information for the paper manufac-
turer in optimizing process control and maintaining a high product quality. To be able to
achieve this, the paper manufacturer needs new and improved on-line process monitoring
equipment to measure different process parameters.

The total mass fraction, or total consistency, of pulp is measured as the mass per-
centage of all dry material for a given pulp sample and is one of the most important
control parameters for the paper maker. Today, there are a number of methods commer-
cially available to measure total consistency on-line. Those methods are mainly based on
attenuation and scattering of optical signals, attenuation and retardation of microwaves
or changes in viscosity of the flowing pulp (Tornberg 1999)[1]. In all these methods,
the calibration is recognized as the key to accurate consistency measurements (Tornberg
1999)[1].
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However, for on-line process measurements of the amounts of fibres and fines respec-
tively there are no existing method available. In this paper, a new method for simulta-
neous fibre and fines consistency measurements based on the combination of laser radar
and ultrasonic attenuation techniques is proposed.

The proposed technique rests on the combination of two existing techniques, time-of-
flight measurements of a light pulse and attenuation measurements of ultrasound. The
time-of-flight is monitored by laser radar, which is based on measuring the propagation
delay when a light pulse is sent through a sample of a certain thickness. The optical
methods based on photon migration in scattering medium are widely used in biomedical,
atmosphere and seawater research areas, (Yaroslavsky 2002)[2]. Theories describing the
random walks of photons in a scattering medium are also widely known in the area of
optical measurements (Yaroslavsky 2002)[2]. In pulp and paper research area the photon
migration technique is used by Karppinen 1995[3], Carlsson 1995[4] and Saarela 2004[5].

The ultrasonic attenuation measurements method, used in this study, employs a pulse-
echo technique where a short ultrasonic pulse is emitted by an ultrasonic transducer.
The ultrasonic pulse is sent through a suspension sample, reflected at a reflector and
subsequently received by the transducer. The pulse-echo technique is well known and is
used, for instance, in medicine, quality control, process control and flow measurements.
The theory for attenuation pulse-echo measurements for the setup used in this study is
described in McClements and Fairley (1992)[6] and Löfqvist (1997)[7].

The present study concerns the application of a combination of optical and acoustical
measurement methods. The multi-sensor method proposed is designed to make measure-
ments where fibre and fines consistencies are measured as separate variables.

2 Materials and methods

2.1 Optical measurement system

Light travels through an turbid medium in three different ways. It may propagate along
a straight path, in which case we speak of ballistic photons, or along slightly zigzagging
path, referred to as snake light. Thirdly, light may be multiply scattered, in which case
it is called as a diffuse light. In each way, light travels a different distance in the medium,
and the time for propagation depends on the distance travelled and refractive index of
the medium.

The propagation delay is formed from the changes in the photon trajectories caused
by light scattering. The more there are scatterers in medium, the longer the propagation
delay will become. The photon propagation is commonly described theoretically by four
optical parameters, namely scattering coefficient, absorption coefficient, anisotropy factor
and refraction index. All of these are wavelength dependent.

The optical time-of-flight (TOF) measurement system consists basically of an electri-
cal circuitry, a laser radar, that performs a highly accurate time-difference measurement
between two short optical pulses. The light source emits a light pulse that is split into two
different paths having different optical pathways, see figure 1. The difference in optical
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Figure 1: The optical measurement system setup

pathway results in a time difference between the pulses when they arrive to the receiving
circuitry in the laser radar.

The receiving circuitry sends a signal to a time-to-digital converter. This circuit
calculates a time difference between the light pulses using a 100 MHz clock and two
integrators calculating the time in non-full start- and stop-pulses in the clock signal. The
accuracy in measured time difference between each pair of light pulses is 1 ps.

The light source is laser diode with a wavelength of 850 nm emitting an 8 ns long
pulse at a repetition frequency of 10 kHz. The pulse is split and one part is guided
to propagate through a pulp sample. On the receiving end an adjustable attenuator
was mounted by which the optical power to the receiving circuitry was controlled. The
control of optic power was necessary because of the limited dynamics of the receiver. The
received optical power was displayed using an oscilloscope with 500 MHz bandwidth.

The system is equipped with a probe that can be immersed in the pulp sample. The
probe consists of a transmitting and a receiving optical fibres. The receiving fibre is
placed opposite to the transmitting fibre and along the same optical axis. The distance
between the two fibres is adjustable. The optical fibres are not equipped with any focusing
or collimating optics and the light from the transmitting fibre is exiting at the numerical
aperture of 0.42. The numerical aperture for the receiving fibre is 0.37 and its diameter
is 1 mm. This gives better dynamical behaviour compared to collimated light and the
detecting fibre has a large diameter, which allows more scattered light to be detected.

During the measurement, the probe set-up is lowered into the pulp sample to a depth
35 mm from the surface of the sample. The free space around the probe is at least 35
mm in all directions. Note that the optical parameters of the pulp suspension are not
investigated using the methods in this study.

2.2 Ultrasonic system

The attenuation of ultrasound derives mainly from the scattering and absorption of
acoustic waves propagating through the suspension (Habeger 1982)[8]. They depend
mainly on fibre size, mass fraction of fibres and the mechanical and thermal properties
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Digitizer

sample

Pulser/Reciver

Figure 2: Ultrasonic measurement system setup

of the fibre material. A detailed treatment of scattering and absorption is quite complex
and beyond the scope of this article and it is in this study sufficient to lump the dif-
ferent acoustic attenuation mechanisms together in a frequency dependent attenuation
coefficient.

The ultrasonic measurement system consists of custom designed sample cell equipped
with a piezoelectric transducer (figure 2). A detailed description of the cell, its opera-
tion and calibration procedure is found in Löfqvist (1997)[7]. For the present setup, a
transducer with 10 MHz centre frequency, model V311, Panametrics, MA, USA, is used
that spans a frequency range of 2-12 MHz. The transducer is mounted on a buffer rod
made of casted plexiglass. The length of the buffer rod is 20.11 mm and its diameter is
30 mm. The measurement cell was placed in a temperature controlled room where the
temperature is kept at 21 ± 0.5 ◦C. The temperature in the room was monitored by a
digital precision thermometer F250 MKII, manufactured by Automatic Systems Labora-
tories LTD, England. The digital thermometer was also monitoring the temperature of
the pulp samples during the experiments. The thermometer was equipped with Pt-100
probes and accurate and traceable to 0.01 ◦C.

A Panametrics 5072 pulser/receiver was used to excite the transducer as well as am-
plify the received signal. The received signal was digitised by a Sony/Tektronix RTD710
digitiser sampling at 200 MHz with 10 bit resolution. The digitiser operated under soft-
ware control from a computer and the digitised samples were during each experiment
continuously stored in the computer for subsequent analysis. The received signal was
monitored during the experiments using a Tektronix TDS720 oscilloscope.

The operating principle of the ultrasonic system is given by Löfqvist (1997)[7] but
reviewed briefly below for completeness. The transducer emits a short acoustic pulse.
The pulse propagates through a buffer rod. At the interface between the buffer rod
and the sample, a part of the pulse energy is reflected back to the transducer. The
transducer that emitted the pulse records this first echo. The remaining part of the pulse
propagates through the sample, reflects at a steel reflector and travels back through the
sample and buffer rod and is subsequently recorded by the transducer as a second echo.
Using these two echoes, the acoustic attenuation of the sample is determined. Since short
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acoustic pulses are used, the ultrasonic attenuation coefficient will be determined in a
broad banded frequency spectrum. In this study, the frequency range is found to be 1-10
MHz. The frequency range is set by the spectral content of the two received pulse-echoes.

During the ultrasonic testing, the pulp sample under test is gently stirred in order
to statistically reduce the uncertainties in ultrasonic attenuation due to flocculation.
The sample is also stirred thoroughly prior to the test to eliminate the occurrence of air
bubbles that might have been introduced while pouring the sample into the measurement
cell. For each pulp sample, 100 ultrasonic pulses are recorded and averaged using an
averaging procedure that reduces timing jitter (Löfqvist 1997)[7].

2.3 Samples

The samples we used in this study were produced from Thermo-mechanical pulp (TMP)
delivered from UPM-Kymmene paper mill, Kajaani, Finland, and unbleached chemical
Softwood pulp (SW) from Stora Enso paper mill, Oulu, Finland. First, the original
TMP was fractionated by Bauer-McNett fractionator according to standard SCAN-M6:69
(1969). The finest fraction, passing through the 200 mesh wire was further filtered by
423 mesh wire sack. This fine fraction, consisting particles between 30 and 74 microns is
used as fines fraction in this study. The fines fraction consists of the particles that were
collected in the mesh wire sack. In this kind of filtering a high amount of particles less
than 30 microns is lost; those would have a strong effect in optical scattering. As the
long-fibre fraction we used the fraction rejected by 48 mesh wire from both TMP and
SW pulps.

After the separation of fibres and fine particles to different classes, the fractions were
mixed in previously determined proportions resulting in samples in a predefined range
of fines and fibre contents. All three fractions were analysed in a Kajaani Fiberlab
instrument, Metso Corporation, Finland where fibre length distributions were obtained
for each fraction. The resulting fibre length distributions for all three fractions are shown
in figure 3.

(a) (b)

Figure 3: Fibre length distributions of filtered samples measured by the Kajaani Fiberlab. Fibre
length distribution of long-fibre fractions is shown in a) and the length distribution of fines
fraction is in b)
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3 Results

Below, the fibre and fines mass fractions, or consistencies, are written as separate quan-
tities. In all cases the total consistency is the sum of fibre and fines consistencies. All
the consistency values are expressed as mass-percentages.

The notation of the individual samples is written in the following manner. First is the
type of long fibres, secondly the fibre consistency and thirdly the fines consistency. For
example ”TMP 0.5 0.25” means the TMP sample consisting of 0.5 % TMP long fibres
and 0.25 % fines. The notification ”TMP fib 0.25 %” or ”TMP fin 0.25 %” tells the
constant amount of fibres or fines respectively.

3.1 Optical measurement results

All the measured time delay values are measured five times and the resulting delay value
is calculated as the average of these five measurements. Between each measurement the
pulp sample was mixed carefully. The standard deviations of each five measurements are
expressed in error bars in figures.

As an example, some resulting measured time propagation delays are presented in
figure 4. Generally, the delay values are a function of consistency and the distance
between source and detector. The time-of-flight of a light pulse in water is subtracted
from all measurements so the results are the additional time delay referred to pure water.
The pulp samples in figure 4a consist only of the long-fibre fraction of TMP without any
added fines. The four different curves show the pulse propagation delay at the consistency
values: 0.25, 0.50, 0.75 and 1.00 %. The corresponding samples from long-fibre fraction
of SW are shown in figure 4b. In figure 4c time delays are shown where the long-fibre
fraction of TMP is held constant and only fines are added to the samples.

If we inspect the time delay at a constant 25 mm separation between source and
detector fibres, we obtain the curves shown in figure 5. In figure 5a the time delays
are presented as function of increased fibre consistency, the separate curves being pulp
samples at constant fines consistency. The squares and triangles are TMP and SW
samples without any fines respectively. The crosses indicate the TMP samples having
constant 0.25 % fines consistency.

3.2 Ultrasonic measurement results

Representative examples of results from the ultrasonic attenuation measurements are
shown in figure 6. In figure 6a and b, the ultrasonic attenuation for some long-fibre frac-
tions of TMP and SW are shown for different consistencies. In figure 6c the consistency
of the long-fibre fraction is held constant and fines are added. In the figures below, the
ultrasonic attenuation is displayed as a function of the frequency of the ultrasound.

From the wide-banded ultrasonic measurements the attenuation value at 5 MHz is
extracted and presented in figure 7 where the results are presented as function of fibre
(figure 7a) and fines (figure 7b) consistencies. The estimate of the uncertainty of acoustic
attenuation is ±3.5 1/m based on the 100 pulses at each measurement.
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(a) (b)

(c)

Figure 4: Optical propagation delays measured by laser radar in separate distances between
source and detector. In a) the TMP long-fibre fraction in four consistencies and in b) SW
long-fibre fraction in same consistencies as in a. In c) TMP long fibre consistency is constant
and fines consistency is changed from 0 to 0.75 %.

(a) (b)

Figure 5: a) Propagation time-delay values of TMP and SW long fibre samples and TMP sample
of 0.25 % fines at 25 mm distances as a function of fibre consistency. In b) the fibre consistency
is constant and fines is added.
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(a) (b)

(c)

Figure 6: Acoustic attenuation measured as a function of frequency. In a) the TMP long-fibre
fraction is shown for four consistencies and in b) SW long-fibre fraction in same consistencies
as in a. In c) TMP long fibre consistency is constant and fines consistency is changed from 0
to 0.75 %.

(a) (b)

Figure 7: a) Acoustic attenuation values of TMP and SW long fibre samples and TMP sample
of 0.25 % fines at 5 MHz frequency as a function of fibre consistency. In b) the fibre consistency
is constant and fines are added.
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4 Discussion

4.1 The optical time-of-flight method

The mean fibre length in the TMP samples is shorter than in the SW samples, as seen from
figure 1a. Also, it is well known that the thermo-mechanical refining process roughens
the fibre surface more which increases the specific surface area of the fibre. For these
reasons, the TMP fibres cause higher light scattering and consequently larger propagation
time delays compared to SW fibres. At 15 mm distance between source and detector the
recorded time delay values are quite similar between each sample in figures 4a and b.
The delay is some tens of picoseconds in pure water - which is used to normalise the
results since only the delay difference from pure water is of interest.

When the distance between emitting and detecting fibre is increased the samples
consisting of higher amount of TMP fibres begin to separate from the SW. This is due
to ballistic photons are dominating in both samples TMP and SW at distance 15 mm.
At larger distances the diffuse photons begins to dominate in TMP sample.

The reason why SW fibres are not significantly increasing the delay in consistencies
0 - 1 % is due to lower specific surface and higher absorption coefficient of SW fibres.
The unbleached SW fibres are darker than TMP fibres. When photons interact with
the dark surface, the probability of absorption instead of scattering is higher than in a
bright surface as in TMP. The smooth surface of SW fibres is not promoting scattering
and consequently most detected photons are moving along straight lines from source to
detector. On the other hand, the higher optical absorption coefficient leads to a situation
where multiply scattered photons travelling long distances are absorbed before they reach
the detector.

Figure 4c shows the situation when the TMP long-fibre consistency is held constant
at 0.75 % and fines is added stepwise from 0 % to 0.75 %. Here we see clearly the effect of
the increased specific surface of sample to propagation delay if we compare the samples
TMP 1.0 0.0 in figure 4a and sample TMP0.75 0.25 in figure 4c. We have two samples
having same dry weight but different particle size distributions and specific surfaces. The
fines fraction is causing an additive delay in shorter distances than the same grammage
of the long fibres. The adding of fines increases the delay.

In the figure 5a is delay values when distance between source and detector is constantly
25 mm. The change of fibre consistency in range of 0.25 % - 1.0 % is not causing any
significant time delay in SW. The effect of different fibre type is on view in pure fibre
samples ”TMP fines 0” and ”SW fines 0” in figure 5a. At 1 % consistency the difference
between delay values of pure TMP and pure SW is about 60 ps. The samples ”TMP
fibres 0.75” and ”TMP fines 0.25” have about 140 ps longer delay than pure TMP at 1
% consistency. Both these samples have the same dry weight.

The curves in figure 5b are representing the constant fibre consistencies in function of
fines consistency. Here we see that the TMP and SW samples in 0.25 % fibre consistency
follow the same trace. The increase of fibre consistency has lower effect than the increase
of fines, and is shown in figure 5a.
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4.2 The ultrasonic method

In figure 6a and 6b, the acoustic attenuation caused by the long-fibre fractions without
any fines, is shown. From these figures, it is seen that there is a corresponding increase
in ultrasonic attenuation as the fibre consistency is increased. In figure 6c the ultrasonic
attenuation is shown for the 0.75 % TMP sample when the fines consistency is increased
stepwise. In this figure it is indicated that the increase in fines consistency is not changing
the acoustic attenuation to any significant degree.

By using the measured attenuation at one frequency, in this study we have chosen
5 MHz, we can present attenuation as a function of the fibres consistency, as in figure
7a, or as a function of the fines consistency, as in figure 7b. From these figures it is
seen that the TMP fibres are attenuating the ultrasonic signal slightly more than the
corresponding SW fibres at same fibre consistency. This fine detail is small and believed
to be of less significance to the results presented in this study. However it could have
a number of different explanations and thus calls for further investigations. The TMP
sample containing 0.25 % fines is not showing any significant increase in attenuation and
stays close to the TMP sample with 0 % fines.

From figure 7b the influence of fibre consistency is seen clearly. The TMP and SW
samples having 0.25 % fibres and varying amount of fines are found to be at close to
constant attenuation coefficient level. Increasing fibre consistency causes the attenuation
coefficient to increase to a higher value. It is also noted that increased amounts of fines
has no significant effect on the attenuation coefficient. The same effect is seen at each of
the different fibre consistencies.

When the optical and ultrasonic measurements are joined in the same plot, we obtain
results as in figure 8a or b. From these figures it is seen that using both the optical time
of flight and ultrasonic attenuation methods simultaneously, it is possible to distinguish
pulps having different amount of fibres and fines respectively.

The evident difference between fines consistencies of 0.25 % and 0 % is promoting the
assumption that by measuring the ultrasonic attenuation it is possible to determine the
consistency of long fibres from the total consistency of a pulp sample. With a simultane-
ous optical scattering delay measurement it is possible to determine the amount of fines
in paper pulp.

In this study we have used only two pulp fractions; the fibres (rejected by 48 mesh
wire) and fines (passed by 200 mesh wire). In real processes the fibre size distribution
is larger and continuous and there is also a larger span in mechanical and optical prop-
erties of the fibres. By using these methods, two variables are measured: The acoustic
attenuation, mainly caused by long fibres and optical propagation delay, mainly caused
by the finest particles in pulp.

The optical and acoustical measurements are also complicated by the inhomogeneous
nature of the pulp. For low consistencies the fibres tend to sediment slowly and for
higher consistencies they form flocks. Especially in samples consisting of long fibres
a strong flocculation is noted. The flocs cause variations in the received signal since
the floc represents a locally higher concentration of fibres blocking the optic or acoustic
signal path. To minimize the influence from sedimentation and flocculation the samples
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(a) (b)

Figure 8: Acoustic attenuation in function of optical propagation delay in different sample
series. In a) the amount of fibres is constant and amount of fines is increasing from left to
right. In b) the amount of fines is constant and the amount of fibres is increased from left to
right.

were stirred carefully and several readings were taken for each sample in order to obtain
statistically significant results.

5 Conclusions

In this study we found that by combining acoustic attenuation and optical propagation
delay measurement methods it is possible to determine the amounts of fibres and fines
respectively for a given pulp sample.

It is observed that both fibres and fines are causing optical propagation delay when
added to a sample. But the increment of scattering, caused by fines, is much larger
than by fibres. It is also observed that the ultrasonic attenuation from fines is not as
pronounced as the attenuation caused by fibres. These observations form the base for
the proposed technique to determine the consistencies of fibres and fines.
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[7] T. Löfqvist, “Ultrasonic wave attenuation and phase velocity in a paper-fibre suspen-
sion,” in Proc.IEEE Ultrasonics Symposium, vol. 1, pp. 841–844, 5-8 Oct 1997.

[8] C. Habeger, “The attenuation of ultrasound in dilute polymeric fiber suspensions,”
Journal of the Acoustical Society of America, vol. 72, no. 3, pp. 870 – 8, 1982.

63



64



Paper C

On a New Sensing Strategy Using a
Combination of Ultrasonic and

Photoacoustic Techniques

Authors:
Jan Niemi, Torbjörn Löfqvist and Per Gren

Reformatted version of paper originally published in:
Proceedings of IEEE Ultrasonics Symposium, Vol , Page(s):1797 - 1800, 3-5 Oct. 2006

c© 2006, IEEE,, Reprinted with permission.

65



66 Paper C



On a New Sensing Strategy Using a Combination of

Ultrasonic and Photoacoustic Techniques

Jan Niemi, Torbjörn Löfqvist, and Per Gren

Abstract

In the process industry there is a need for development of new or improved in-line sensor
techniques determining bulk properties of a suspension or different physical properties of
the suspended particles. In this study we present a sensing strategy where both acoustical
and photoacoustical measurement techniques are integrated and applied to aqueous fibre
suspensions.

The two measurement techniques were tested experimentally in a custom made mea-
surement cell using Nylon 66 fibres suspended in distilled and degassed water to mass
fractions of 0.12% and 0.25%. The result shows two different behaviours. The attenua-
tion in the transducer generated pulse is proportional to mass fraction in the suspension.
And the photoacoustical signal is sensitive to the amount of scatterers, i.e fibres, in the
suspension. Further work is required to determine this relation. If the relation is estab-
lished, the combination of these techniques have the potential to give the mass fraction
as well as the particle number density in an aqueous fibre suspension.

1 Introduction

The process industry is today aiming for higher quality of their products. This raises
the demand for more precise and advanced process control strategies. These strategies
rely on quick and accurate sensing of various process variables. Considering processes
where particles are suspended in a fluid, e.g. the paper and pulp, mineral, or biomedical
industries, there is a need for development of new or improved in-line sensing techniques
determining different physical properties of the particles or bulk properties of the sus-
pension.

In the case of the pulp and paper industry the majority of measurement systems used
today in characterisation of pulp fibre suspensions are based on either optical, microwave
or mechanical measurement principles. These systems are basically used in measuring
fibre mass fraction, geometrical properties of the fibres or some chemical properties of the
pulp. In [1] it is shown that ultrasonic measurement techniques have a potential to com-
plement the existing measurement principles by characterizing the mechanical properties
of the suspended fibres in paper pulp. Furthermore, in a study by [2] it is shown that
a combination of optical and ultrasonic techniques can be used in determining the mass
fractions of fibres and fines respectively in a pulp sample. However, In [2] two different
experimental setups and measurement cells were used. For the optical measurements
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a time-of-flight measurement of a short light pulse was used in conjunction with ultra-
sonic attenuation spectra from a transducer based pulse-echo technique. In this study
we present a sensing strategy where both acoustical and photoacoustical measurement
techniques are integrated. For this purpose have we designed and built a custom made
measurement cell.

2 Cell design

The measurement cell is designed to permit measurements of the acoustic waves gen-
erated from an ultrasonic transducer as well as the acoustical waves produced from a
photoacoustic process when pulsed laser light is interacting with the suspension.

The cell is made of four precision machined rectangular pieces of stainless steel. Each
piece is 50 by 100 mm and 10 mm thick. The pieces are assembled to form a rectangular
box, 100 mm long and a quadratic sample space with a side length of 30 mm. At each
end of the cell, plates of brass are mounted. To the end plates a recirculating system can
be connected. To reduce the problem of having microbubbles stick to the sides, all sides
inside the cell are polished to a mirror quality. This also reduces the photoacoustic noise.
The cell is designed for two different modes of measurement. The first, the optical mode,

Transducer

Stainless steel reflector

Fused silica window

Figure 1: The custom made measurement cell used in this study

consists of four optical windows made of fused silica with the diameter of 25 mm placed
on each side of the cell. This option can be used to determine the optical properties of
the suspension, for instance using time-of-flight measurements to establish the scattering
properties of the suspension. However, the possibilities the optics option gives is not
explored in the present study. The second mode, the acoustical mode, consists of an
ultrasonic transducer fitted to a holder that is attached to one side of the cell. On the
opposite side there is a stainless steel reflector. The outer side of the stainless steel
reflector is at oblique angle in order to prevent any acoustic echoes to interfere with the
acoustic echoes inside the cell. Placed along an orthogonal axis to the transducer set-up
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are two optical windows where the pulsed laser light enters and exits the cell. The laser
light creates, through a rapid heating and cooling process, the acoustic signal that the
ultrasonic transducer receives.

3 Experimental setup

In the transducer based mode, the well known pulse-echo technique is used. A pulser/receiver
5073PR manufactured by Panametrics, Waltham, MA, USA, is set to excite the trans-
ducer and amplify the received signal. The transducer is a broadband PVDF transducer
with a centre frequency of 25 MHz, model IA-FM25.3, manufactured by GE Inspection
Technologies, USA. The pulse travels through the suspension and reflects back at the
stainless steel reflector. Using this option the laser is inactive.

In the photoacoustic mode the pulser/receiver is set in receive mode and is trigged by
the laser trigger unit. The light is generated from a twin-cavity, injection-seeded, pulsed
Nd:YAG laser, Spectron SL804T from Spectron Laser Systems, Rugby, United Kingdom.
The wavelength is 532 nm. The pulse duration is 10 ns. The pulse energy was estimated
to 10 mJ/pulse at a repetition rate of 10Hz. The light was focused using a plano-convex
lens having a focal length of f = 50 mm. The laser beam enters the cell through the
fused silica windows, model 02WLQ105 manufactured by Melles Griot. The laser beam
is crossing the cell orthogonally to the acoustic axis of the ultrasonic transducer set-
up. The ultrasonic transducer is receiving the acoustical signals, or echoes, which are
generated when the photons are absorbed by the suspension under investigation. The
first echo is the acoustic signal which directly enters the transducer. The second echo
is the acoustic signal that has been reflected at the steel reflector before reaching the
transducer, see figure 2. In both cases the received signal is digitized using a CompuScope

d

time
Transducer

Nd:Yag
Laser Beam

Lens

Fused
Silica
Window

Stainless Steel Reflector

To Amplifier

p2p1

Figure 2: Cross section of the measurement cell at the part of the cell used in this study. Here
the photoacoustic mode is viewed

12400 oscilloscope card, by Gage Applied Technologies Inc., Lachine, QC, Canada, with
12-bit resolution and a sampling rate of 400 MHz. All data was stored in a computer
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for off-line analysis. The resulting time-domain waveforms were calculated off-line using
the average of 100 sampled waveforms to reduce random noise. Before the averaging
process, the sampled waveforms are aligned to reduce timing jitter by employing a method
proposed by [3]. A digital thermometer S2541, by Systemteknik AB, Sweden, monitored
the temperature both in the suspension under test and in the room. The temperature in
the suspensions under test was 21.7 ± 0.2 ◦C.

To determine the distance between the transducer and the reflector, pure, distilled
and degassed water was used as a reference since it has a well known relationship between
speed of sound and temperature [4]. Using the temperature of the reference liquid and a
cross-correlation technique to determine the time-of-flight for the transducer generated
pulse that has travelled back and forth once respectively twice in the cell. The distance
was found to be 0.03035 ± 0.00005 m.

Nd:Yag Laser

Trigger
unit

Pulser/
Receiver

Transducer

Tank

Measurement cell

Lens

Peristaltic
pump

PC with
oscilloscope card

Figure 3: Experimental setup for the photoacoustic method. In the transducer based method the
laser is switched off

The suspension sample was pumped in a recirculating system shown in figure 3. The
pump was a peristaltic pump model 401-120-012-130-SB manufactured by Williamson
Pumps Ltd, United Kingdom. To reduce the temperature rise caused by the pumping
the suspension was only pumped just before and during the time of measurement.

Both techniques, the transducer based and the laser based photoacoustic were tested
experimentally in the cell using aqueous suspensions of Nylon 66 fibres, manufactured
by Swissfloc, Emmenbrücke, Switzerland to mass fractions of 0.12% and 0.25%. The
fibres are dtex1.7 with a diameter of 17 ± 0.54μm and a length of 1.2mm, dtex17 with
a diameter of 51.07 ± 0.64μm and a length of 1.5mm and dtex22 with a diameter of
55.17 ± 0.91μm and a length of 1.5mm.

4 Results

In figure 4 the spectrum of the received acoustical signal from pure water of each method
is shown. The frequency content in the photoacoustic pulse is significantly lower than the
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corresponding transducer excited pulse. In our case the energy in the laser pulse created a
dielectric breakdown, which is believed to result in a comparatively low frequency content
in the photoacoustic pulse.
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Photoacoustic

Figure 4: The frequency spectra of the transducer generated and the photoacoustic pulses in
water. The solid line is the transducer based method and the dashed is the photoacoustic method

An important property to determine is the acoustic attenuation spectra. The atten-
uation in the sample was obtained by using pure water as reference. This gives,

αs(ω) =
1

2d
ln

[ |Pw(ω)|
|Ps(ω)|

]
+ αw(ω) (1)

where αs(ω) is the attenuation in the suspension, d is the distance travelled by the
pulse, Pw(ω) is the amplitude in the frequency domain of the water reference echo, Ps(ω)
is the amplitude in the frequency domain of the sample echo and αw(ω) is the attenuation
in water and is assumed to be 25 · 10−15f 2 [5], where f is the frequency.
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Figure 5: The attenuation for the different samples using the transducer based method
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Figure 6: The attenuation for the different samples using the photoacoustic method

In figure 5 the attenuation spectra for the transducer based method is shown. The
result shows a direct relation between attenuation and mass fraction. The existence of
a linear relationship between attenuation and mass fraction for Nylon 66 fibres can not
be verified here because of the few number of different mass fractions. However, others
e.g. [6] have shown that if the suspended particles act independently the attenuation is
directly proportional to the volume/mass fraction. This assumption is assumed to be
valid here.

It is noted that distinct extremas, peaks, appear in the attenuation spectra for dtex17
and dtex22 samples. These local extremas are believed to originate from resonance in the
fibres. It can easily be shown that the resonance peaks are not due to longitudinal waves
along the fibre. The attenuation extremas could originate from radial oscillations of the
fibre, which has been discussed in [7]. It is also noted that the attenuation spectra from
the dtex17, 0.25% is significantly higher than the others. This is believed to originate
from an unexpected variation in mass fraction due to flocculation of the suspension.

In the photoacoustic method the attenuation for the second echo is,

αspa(ω) =
1

d + d2

ln

[ |Pwpa(ω)|
|Pspa(ω)|

]
+ αw(ω) (2)

where αspa(ω) is the attenuation in the suspension, d2 is the distance between the photoa-
coustical source and the steel reflector, d is the distance between the steel reflector and
the transducer, Pwpa(ω) is the amplitude in the frequency domain of the second water
reference echo, Pspa(ω) is the amplitude in the frequency domain of the second sample
echo and αw(ω) is the attenuation in water and is assumed to be 25 · 10−15f2, where f is
the frequency. In figure 6 the attenuation spectra for the photoacoustic method is shown.
It shows similarities with the transducer based method for the location of the attenuation
peaks. But the level of attenuation for the same sample differ from the transducer based
method. Especially for the samples dtex1.7, 0.12% and dtex1.7, 0.25%. This because
the attenuation here is a combination of two different processes. The first is when the
laser pulse scatters in the suspension and therefore reduces its energy which generates
the photoacoustic pulse. The other process is the intrinsic acoustical attenuation. This
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result shows that the photoacoustic method is sensitive to the amount of scatters i.e.
number of fibres in the suspension. In figure 7 the received signal of the second echo is
shown. It shows that the amplitude of the signal has an inverse relation to the number
of fibres in the suspension. Assuming that the relationship is linear the relation can be
expressed as Nd = K

A
, where Nd is the particle number density, A is the measured peak

amplitude and K is a proportionality factor.

In table 3.1 the values from each of the measurements are presented. In table 3.1 the
proportionality factor for the inversely relationship between the particle number density
and the amplitude of the received signal is calculated. If there were a linear correlation
between the number of particles and the amplitude the proportionality factor should be
constant. This is indicated by the results. However, one of the samples differ considerably
dtex1.7, 0.12%. As mentioned above, the reason for this is believed to originate from
variations in mass fraction due to flocculation.
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Figure 7: Photoacoustic signals of the second echo that has been travelling through the suspension
and reflected at the steel reflector and travelling back to the transducer.The upper figure shows
the samples with mass fraction of 0.12% and the lower figure the samples with mass fraction of
0.25%

5 Conclusion

In this study we have presented a new custom built measurement cell. The cell permits
the simultaneous use of two different measurement techniques, optical and acoustical. In
the present study we use the ultrasonic signal generated from an ultrasonic transducer as
well as the ultrasonic, or photoacoustic, signal generated using a pulsed laser. The two
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Table 3.1: Table of the result
Fibre Mass fraction Particle Number Density Amplitude K

% n/cm3 V V × n/cm3

dtex1.7 0.12 3723 0.093 346
dtex1.7 0.25 7756 0.011 85
dtex17 0.12 342 0.260 89
dtex17 0.25 714 0.139 99
dtex22 0.12 294 0.258 76
dtex22 0.25 612 0.168 103

measurement techniques were tested experimentally in the cell using aqueous suspensions
of Nylon 66 fibres suspended in distilled and degassed water to mass fractions of 0.12%
and 0.25%.

The result indicate that combination of these two techniques can be used in resolving
the proportion of particles in a suspension. The transducer generated pulse can also be
used to measure mass fraction in a suspension. For the particle measurement the result
shows that the photoacoustic pulse is sensitive to the amount of scatters i.e fibres in the
suspension. If the relation is established, the combination of these techniques have the
potential to determine the mass fraction and the particle number density simultaneously.

6 Further Work

Since only a few samples were used in this study an extension is required where differ-
ent mass fraction and fibre sizes are used. It is also important to ascertain if a linear
relationship between the attenuation and mass fraction of suspended Nylon 66 fibres
exists.
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Model-Based Phase Velocity and Attenuation

Estimation in Wideband Ultrasonic Measurement

Systems

Jesper Martinsson, Johan E. Carlson, and Jan Niemi

Abstract

A parametric method to estimate frequency dependent phase velocity and attenuation
is presented in this paper. The parametric method is compared with standard nonpara-
metric Fourier analysis techniques using numerical simulations as well as real pulse-echo
experiments. Approximate standard deviations are derived for both methods and val-
idated with numerical simulations. Compared to standard Fourier analysis, the para-
metric model gives considerably lower variance when estimating attenuation and phase
velocity. In contrast to nonparametric techniques the proposed estimator avoids the
phase unwrapping problem since analytical expressions for the continuous phase velocity
and attenuation can be derived.

1 Introduction

In ultrasonic measurement systems, estimates of the frequency dependent attenuation
and phase velocity are often used to deduce the properties of interest. Accurate esti-
mates of these quantities are therefore important. However, estimating attenuation and
phase velocity from noisy measurements, using standard nonparametric techniques, often
results in biased estimates with high uncertainties. The bias occurs when the estimator
(a nonlinear function) is applied on the measured data, skewing the shape of the proba-
bility density function (PDF) of the measurement noise. The high uncertainties and the
erratic behavior of the estimates are drawbacks of using nonparametric methods, e.g. the
discrete Fourier transform (DFT), to estimate spectral densities [1]. For nonparametric
methods, the number of parameters are equal (or proportional) to the signal sample size
hence no averaging is done to reduce the variance of the estimated quantities. As a
consequence, the variance of the estimate will not tend to zero, as the signal sample size
grows, as in parametric methods, but to a constant level which is inversely proportional
to the signal-to-noise ratio (SNR) [2].

Using nonparametric techniques, additional uncertainties are introduced when esti-
mating the phase velocity from a wrapped phase. Although different approaches exist
to cope with wrapped phases [3, 4, 5, 6], they are all based on nonparametric spectral
estimates and hence suffer from bias and high uncertainties in low SNR frequency re-
gions. In [7], the authors investigate errors generated by nonlinearities when estimating
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phase velocity and attenuation, including also the timing jitter in a through-transmission
setup.

In this paper a parametric phase velocity and attenuation estimator is proposed. The
method is built on a parameterization of the linear dispersion system that describes the
relationship between two measured ultrasonic signals. The idea is to reduce the vari-
ance of this relationship, before it is applied to the nonlinear functions (for calculating
phase velocity and attenuation), to obtain lower uncertainties and to prevent bias, i.e.
not skewing the PDF (statistical linearity). The parameterization is based on the ideas
behind a common finite-order approximation [8] to the solutions of different measure-
ment setups. The result is a common model structure expressed as a continuous rational
transfer function, where the parameters are estimated using standard system identifi-
cation techniques. The main advantages of this parameterization are: higher accuracy,
lower uncertainties, control over the phase unwrapping ambiguity, and a large data re-
duction (since the system is completely described by the set of model parameters).

The paper is organized as follows: In Section 2, the wave propagation model is de-
scribed for dispersive media and its dependence on specific measurement setups and
boundary conditions is discussed. The models are generalized into a linear systems no-
tation from which attenuation and phase velocity are deduced. The nonparametric and
parametric estimation techniques are described and approximative expressions for the
standard deviations for the estimated attenuation and phase velocity are given for both
methods. In Section 3 computer simulations are used to compare the two techniques and
to validate the approximative uncertainty expressions. Finally, experimental results are
found in Section 4 followed by a discussion and some concluding remarks.

2 Theory

2.1 Physical Model

The basic model for acoustic waves in a fluid is obtained using the linearized continuity
equation, the linearized force equation, and a relationship between the acoustic pressure
and condensation. For linearly dynamic fluids, this relationship is described by a linear
system, and a lossy wave equation is obtained

∂2P (x, ω)

∂x2
= −k2(ω)P (x, ω), (1)

where P (x, ω) is the Fourier transform of the acoustic pressure p(x, t) and k(ω) is the
complex frequency dependent wave number. Here the arguments x, t and ω are spatial,
time and angular frequency variables, respectively. The ordinary differential equation
(ODE) in Eq. (1) has the solution

P (x, ω) = A1(ω)e−jk(ω)x + A2(ω)ejk(ω)x, (2)

where j =
√−1. A1(ω) and A2(ω) are to be determined by the boundary conditions.
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Different measurement setups result in different boundary conditions. For example,
in a through-transmission setup, assuming Neumann boundary conditions (perfect re-
flectivity), the following linear dynamic relationship is obtained between the transmitted
and the received signal

Y (ω) = cosh(jk(ω)d)U(ω), (3)

where U(ω) = P (0, ω) and Y (ω) = P (d, ω) are the Fourier transformed acoustic pres-
sures at distance x = 0 (transmitted signal) and at distance x = d (received signal),
respectively.

Using a pulse-echo setup, there is usually only one sensor that works both as a trans-
mitter and receiver. For this setup an additional criterion of separable echoes is needed
to use an input-output (first echo-second echo) description. For Neumann boundary
conditions, the relationship can be written as

Y (ω) = e−jk(ω)dU(ω), (4)

where U(ω) = P (0, ω) and Y (ω) = P (d, ω) are the Fourier transformed acoustic pressures
of the first- and second echo, respectively.

2.2 Linear System

The relationships in Eq. (3) and Eq. (4) can both be written in linear input-output
relationship as

Y (ω) = H(d, ω)U(ω), (5)

where d denotes the distance, and H(d, ω) is the transfer function connecting the signals.
This is the result of assuming linear acoustics.

Focusing on the pulse-echo setup, the transfer function can be rewritten in a magni-
tude and phase representation as

H(d, ω) = e−jk(ω)d = e�{k(ω)}de−j�{k(ω)}d

= |H(d, ω)|ej arg{H(d,ω)}, (6)

where �{·} and �{·} represents the real and imaginary parts.
Using Eq. (6), the attenuation α(ω) and the phase velocity cp(ω) are defined as

α(ω) = −�{k(ω)} = − log |H(d, ω)|
d

,

cp(ω) = ω/�{k(ω)} = − ωd

arg{H(d, ω)} . (7)

From Eq. (7) there are two possible ways to estimate attenuation and phase velocity.
The first one is based on calculating the phase velocity cp(ω) solely from estimates of the
attenuation α(ω), using the Kramers-Krönig relationship between the real- and imaginary
parts of k2(ω) [4]. This approach is valid under the assumption that the attenuation
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and phase velocity are slowly varying functions of frequency. The advantage with this
approach is that the phase unwrapping problem, arising when calculating the phase
velocity from a wrapped phase, is avoided. However, a good estimate of the attenuation
is still needed. The phase unwrapping problem is well known and has been addressed
using other approaches [3, 5, 6].

The second approach, investigated in this paper, is to estimate the transfer function
H(d, ω) in Eq. (5) and use this estimate together with Eq. (7), without any assumptions
made on the dispersion.

2.3 Nonparametric Techniques

The nonparametric technique is perhaps the most commonly used approach to estimate
attenuation and phase velocity. It is based on the linear relationship between the input-
and output signal in Eq. (5), the discrete Fourier transform (DFT), and the definitions
in Eq. (7).

The transfer function H(d, ω) is estimated using the ratio of the Fourier transformed
output and input signal. Since the measured signals are both truncated and sampled the
estimate is given by the DFT as

Ĥ(ωl) =
YN(ωl)

UN(ωl)
, (8)

for ωl = 2πl/N and l = 0, 1, · · · , N − 1. Here ·̂ denotes estimate, and YN(ωl) and UN(ωl)
are the DFTs of the sampled sequences {y[n]}N

1 and {u[n]}N
1 .

With the correct choice of sampling frequency and window size, the continuous ultra-
sonic pulse can be considered in practice both band and time limited, and the effect of
leakage and aliasing errors occurring when truncating and sampling it can be neglected.
In this case the DFT coefficients gives a close to perfect representation of the true spec-
trum of the pulse at the discrete frequencies (Y (ωl) � YN(ωl)). For this to be fulfilled,
the sample size (N) of the measurement window should be chosen so that the system re-
sponse becomes negligible at the end of the measurement (circular and linear convolution
is equivalent).

However due to additive noise in the measurements the uncertainty of estimating
H(d, ω) in Eq. (5) using Eq. (8) is high and the result is a very erratic function of ωl.
This behavior is one of the main drawbacks of using the DFT as estimate of the spectral
density [1, 2]. If the estimate of H(d, ω) is uncertain, the attenuation and phase velocity
estimates in Eq. (7) will be uncertain as well.

2.4 Parametric Techniques

In general, a parametric method can be descried as a mapping from the measured data
to the estimated parameter vector θ̂, where ·̂ denotes estimate. The parameter vector is
connected to a specific model structure M, where for a fixed parameter vector θ = θ∗,
M(θ∗) represents one model within the structure M. An important step is to select a
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model structure M that represents the true system S. One alternative is to choose a
model structure based on solutions to the partial differential equation (PDE), as in Eq. (3)
or Eq. (4), and model k(ω, θ) from physical characteristics of the media, such as viscosity,
heat conduction, and relaxation phenomena [9]. The drawback with this approach is that
these model structures are strictly dependent on the specific measurement setup, i.e. the
investigated media and the assumed boundary conditions.

An alternative approach is to find a common model structure based on the ideas
behind the Mittag-Leffler theorem [8], with an expansion of the transfer functions in
Eq. (3) and Eq. (4) as

H(x, ω) = cosh(jk(ω)x) =
∞∑

r=0

(jk(ω)x)2r

(2r)!
(9)

= ejk(ω)x =
∞∑

r=0

(jk(ω)x)r

r!
. (10)

For bandlimited signals the transfer functions can be approximated very well within the
signal’s bandwidth, using an expansion (or rational transfer function) of finite order.
This leads to a common model structure M of the form

H(ω, θ) = e−jωτ B(ω, θ)

A(ω, θ)
= e−jωτ

∑nb

q=0 bq(jω)q∑na

q=0 aq(jω)q
, (11)

where θ = [b0 · · · bnb
a0 · · · ana τ ]T . Here an additional parameter τ is introduced to

account for pure time delays.
The advantage with this structure is its independence of any prior knowledge con-

cerning the specific boundary conditions and physical properties of the media under
investigation. With this ability it is possible to apply the same structure to various ex-
perimental situations. A common drawback with this approximation is that the number
of model parameters is increased compared to an accurate physical parametric description
(if one exists).

To find the appropriate model order nb and na, a model selection and validation step
must be introduced. In the selection process a set of models with different orders are
tested and matched to the system S. The matching or estimation is done using the
measured data together with a criterion of fit. How consistent the mapping is depends
on: the experimental condition (the data), the model structure, and the criterion of
fit. Given a set of matched models, the models are validated using different statistical
techniques based on the assumptions made about the true system S.

In this paper the frequency domain sample maximum likelihood method is used
as the criterion of fit, see [10] and Appendix 4.2. The motivation for this choice is
its well-behaved statistical properties with the ability to handle noisy input and noisy
output problems (error-in-variable) in measurement setups using repeated burst signals
(repeated ultrasonic excitations). For the model selection part, the minimum descrip-
tion length (MDL) criterion [10] is used to find the appropriate order and prevent over-
parameterization. Finally, the model is validated using residual analysis.
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2.5 Uncertainty Bounds

When estimating a parameter, an expression of the uncertainty of the estimate is very
important. Often in ultrasonic measurement setups it is possible to carry out many
repeated experiments or excitations under a short period of time under which the medium
under investigation can be assumed to be unchanged.

Given a set of M independent noisy but identically excited experiments, from which
a parameter can be estimated, there are different ways to estimate the parameter and
its uncertainty. The straightforward way is to estimate the parameter for each noisy
experiment, resulting in M estimated parameters, and use the mean value as the final es-
timate and the sample standard deviation as a measure of its uncertainty. However, this
approach is not recommended if the estimator is a nonlinear function of the noisy data,
since the nonlinearity in general destroys the consistency and efficiency of the estimate
[11]. When dealing with nonlinearities a better way is to first reduce the noise variance
by averaging techniques (averaging M experiments) and then estimate the parameter
by applying the nonlinearity. This approach reduces the bias effect introduced by the
nonlinear transformation and results in consistent (as M → ∞) estimates. The consis-
tency property comes at the cost of losing the normality, introduced by averaging the M
parameters using the first approach. The approximative uncertainty can be estimated
from the derivative of the nonlinearity and the estimated uncertainty of the data.

The expressions in Eq. (7) for the attenuation and phase velocity are nonlinear func-
tions of the linear system H in Eq. (5), and on top of that the estimates of H described
in sections 2.3 and 2.4 are nonlinear functions of the measured data. Given the estimated
uncertainty of the measurement noise, the approximate uncertainty of the attenuation
and phase velocity can be derived using a first order Taylor approximation as

σ2
α(ω) ≈ 2

∂α(H(ω))

∂H(ω)
σ2

H(ω)

[
∂α(H(ω))

∂H(ω)

]∗
,

σ2
cp(ω) ≈ 2

∂cp(H(ω))

∂H(ω)
σ2

H(ω)

[
∂cp(H(ω))

∂H(ω)

]∗
, (12)

where ·∗ denotes Hermitian transpose and σ2
H(ω) is estimated from Eq. (8) or Eq. (11)

using the estimated standard deviations of the noise and similar approximations as above,
see Appendix 4.1. The expressions for the partial derivatives in Eq. (12) are found in
Appendix 4.1.

3 Simulations

In this section the nonparametric and parametric techniques to estimate the attenua-
tion and phase velocity are compared using computer simulations. The validity of the
asymptotic expressions in Eq. (12) are examined together with the observed numerical
standard deviation using 500 independent simulations.
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3.1 The Simulation Model

To get a similar excitation of the simulated system, compared to the real experiments,
the simulated noise-free input signal (or first echo) was chosen as mean value of 100
measured first echoes from the real experiment, see Fig. 1.
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Figure 1: Mean value of 100 measured first echoes: (left) the sampled time signal; (right) the
power spectral density.

To validate the assumption in section 2.2, that the true model can be approximated
with a rational transfer function of finite order, the simulated model structure did not
belong to the rational transfer function family. The simulation model was constructed as

H(ω, θ, x) = e−jk(ω,θ)x = e−jωx/c(ω,θ), (13)

where x is the distance between the signals and c(ω, θ) is the complex speed of sound.
In the simulation the complex speed of sound was modeled as [9]

c(ω, θ) =
c0√
2

[
1 + jωη +

1 + jωτ1

1 + jωτ2

]1/2

, (14)

with θ = [c0 η τ1 τ2]
T as a parameter vector containing the thermodynamic speed of

sound (c0), viscosity (η), and two additional parameters (τ1,2) contributing to a simulated
relaxation phenomenon. In the simulations the parameters were set to θ = [1500, 1 ·
10−12, 3.75 · 10−8, 3.7125 · 10−8]T .

Before the estimation procedure was started, an equal amount of white Gaussian
measurement noise was added to the simulated input and output signal. The same
signal-to-noise ratio (SNR), 14 dB relative to the input signal, was used, as estimated in
the real experiments. Each simulation consists of 100 repeated noisy excitations, similar
to the real experiment.

3.2 Model Selection and Validation

For the parametric estimation technique, described in section 2.4, a model selection and
a validation step were added to find the appropriate model order. The model selection
procedure, using the MDL [10], indicates that a model order of 3, or na = nb = 3 is enough
to capture the dynamics of the true simulated system within the excited frequency band.
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The residual analysis in the model validation step can be seen in Fig. 2. The residual
is the difference between the modeled (parametric) transfer function and the measured
(nonparametric) transfer function weighted by its standard deviation. For a model order
of 3 the whiteness within the 95% bound might be questionable. However, the final
value of the cost function is within its 95% confidence interval, indicating no model
errors. Increasing the model with one order, gives higher confidence on the whiteness
test but the final value of the cost function exceeds its lower 95% bound, indicating over-
parameterization. For this reason the estimated model order of 3 given by MDL, was
chosen.
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Figure 2: Whiteness test of the residuals. The residuals are the difference between the modeled
and measured transfer functions weighted by its standard deviation [10]. The dots are the
amplitude of the cross correlation R of the residuals, and the line marks the 95% confidence
level, where |R|2 ∼ χ2(2).

3.3 Simulation Results

In Fig. 3 we can see the estimated attenuation and phase velocity from one simulation
using the nonparametric technique. Examining the attenuation estimate, we can see a
good fit in the area where there is a high SNR and poorer more erratic behavior in the
lower SNR regions. In these low SNR regions a large bias is present, which is the result of
trying to estimate the attenuation from just measurement noise on the input and output.
This effect shows the importance of uncertainty expressions for the estimates to find its
valid frequency region.

The phase velocity figure reveals a similar erratic behavior. Although the bias in this
case is a result of the noise sensitive phase unwrapping step, where the phase unwrapping
errors accumulate over the low SNR frequencies giving a ”random walk” behavior. This
bias is however neither an over- nor underestimation, as in the attenuation case, but
fluctuates randomly from simulation to simulation.

In Fig. 4, the attenuation and phase velocity estimates are shown for the same sim-
ulation as in Fig. 3, but using the proposed parametric technique. Compared to the
nonparametric estimates, both level of fit and uncertainties are highly improved for both
estimates. The improved fit in the low SNR regions is the fruit of weighting the cost
function with the inverse of the sample covariance matrix of the noise, in the maximum
likelihood estimation of the transfer function in Eq. (11), see Appendix 4.2. The overall
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Figure 3: Nonparametric estimation of the attenuation and phase velocity from one simulation.
The bold solid line shows the true parameter, the bold dashed line shows the nonparametric
estimation, and the thin dashed line shows the theoretical standard deviation calculated using
the expressions in Eq. (12).

decrease in standard deviation is the result of using a parameterized model structure
compared to a nonparametric estimation procedure. In Fig. 4 it is difficult to see the
shape of the standard deviations, since the graphs coincide with the plotted quantities
at the given scale. A better comparison between both methods standard deviations can
be seen in Fig. 5 and Fig. 7.
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Figure 4: Parametric estimation of the attenuation and phase velocity from one simulation.
The bold solid line is the true parameter, the bold dashed line is the nonparametric estimation,
and the thin dashed line shows the theoretical standard deviation calculated using Eq. (12).
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3.4 Validation of Approximate Uncertainties

To validate the approximate theoretical expressions of the uncertainties in Eq. (12), the
observed numerical standard deviation is compared with the mean and standard deviation
of theoretical expressions using 500 independent simulations.

In Fig. 5, the numerical and theoretical standard deviations are compared using the
nonparametric technique. Examining the attenuation plot, a good fit is obtained in
high SNR regions, while an overestimation can be observed in the lower SNR regions.
The overestimation is the result of when the statistical linearity fails, and higher order
derivatives in Eq. (12) must be used.

In the phase velocity plot a large deviation can be observed between the theoretical
and numerical standard deviations. This is a consequence of the phase unwrapping step,
not taken into account in the theoretical expression. Since the simulated input signal is
of bandpass character, the phase unwrapping errors at the low frequencies (low SNR)
accumulates over the entire frequency band, giving high standard deviation even in the
high SNR region. To support this explanation, a comparison between the numerical and
theoretical standard deviations can be seen in Fig. 6 using simulations with a wideband
signal. In this plot only an underestimation can be observed in the highly attenuated
(low SNR region), where the statistical linearity fails.

In the parametric case a good fit is seen between the approximative theoretical ex-
pressions and the observed numerical standard deviation. The good fit is a consequence
of an overall low σ2

H(f) in the parametric case, so the statistical linearity applies over the
whole frequency range.
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Figure 5: Nonparametric comparison between the observed numerical and the calculated theoret-
ical standard deviations, for attenuation and phase velocity. The bold solid line is the numerical
standard deviation estimated from 500 independent simulations. The bold and thin dashed lines
are the mean value and standard deviation of 500 theoretical calculations.
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Figure 6: The same comparison as in Fig. 5, but with a wideband signal (burst of white noise).
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Figure 7: Parametric comparison between the observed numerical and the calculated theoretical
standard deviations, for attenuation and phase velocity. The bold solid line is the numerical
standard deviation estimated from 500 independent simulations. The bold and thin dashed lines
are the mean value and standard deviation of 500 theoretical calculations.

4 Experiments

To test the method experimentally, experiments were performed in weakly dispersive
pulp fibre suspensions. The experiments were carried out using the pulse-echo technique
in a custom designed test cell, shown in Fig. 8. A detailed description and specification
of the cell is found in [12].

4.1 Measurement Setup

The experimental setup consists of a broadband piezoelectric transducer with a center
frequency of 10 MHz (V311), manufactured by Panametrics, Waltham, MA, USA. The
transducer is mounted on a buffer rod made of casted plexiglass, and the sample space is
located between the buffer rod and a stainless steel reflector, see Fig. 8. A pulser/receiver
5072PR from Panametrics was used to excite the transducer and amplify the received
signal. The signal was then digitized using a CompuScope 14100 oscilloscope card, by
Gage Applied Technologies Inc., Lachine, QC Canada, with 14-bit resolution and a sam-
pling rate of 100 MHz. All data were stored in a computer for off-line analysis. In the
experiment one hundred ultrasonic pulses were captured. A digital thermometer F250,
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Figure 8: Lattice diagram of the pulse-echo measurement system used in this study

by Automatic Systems Laboratories LTD, England, monitored the temperature both in
the suspension under test and in the room. The temperature in the pulp suspension
under test was 19.93± 0.03 ◦C. To accurately determine the distance d2 in the cell, pure,
distilled water was used as a reference since it has a well known relationship between
speed of sound and temperature [13]. Using the temperature of the calibration fluid and
a cross-correlation technique to determine the time-of-flight for an ultrasonic pulse, the
distance d2 was found to be 0.03010± 0.00004 m. The pulp suspension was carefully
poured into the measurement cell and thereafter stirred slowly to remove air bubbles and
break up flocs in the suspension.

The pulp samples used in this study were produced from thermo-mechanical pulp
(TMP). The pulp suspension is a 99.5% water and 0.5% fiber mixture, with fiber lengths
that vary between 1–3 mm and diameter of 20–50 μm. The fibre size distributions were
analyzed using a Kajaani Fiberlab instrument, Metso Corporation, Finland.

4.2 Model Selection and Validation

In Fig. 9, the result of the whiteness test is presented together with a 95% confidence
level. From this figure the residual analysis cannot detect any unmodeled dynamics.
However, the final value of the cost function (146.5) is larger than the expected value
(112.6) indicating presence of nonlinearities [10].
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Figure 9: Whiteness test of the residuals. The dots are the amplitudes of the cross correlation
R of the residuals, and the line marks the 95% confidence level, where |R|2 ∼ χ2(2).
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In Fig. 10, the predicted and measured second echo are shown together with the
prediction error. The prediction is made using the estimated parametric model and the
measured first echo. Examining the figures, a good fit is obtained by the prediction and
no systematic variation from the pulse shape is visible in the prediction errors (note the
difference in scale).
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Figure 10: Comparison between the measured (dots) and predicted (line) second echo. The
second echo is predicted using the measured first echo and the estimated parametric model. The
lower plot shows the prediction error.

4.3 Experimental Results

In Fig. 11, the estimation results of the attenuation and phase velocity are compared
using the nonparametric- and parametric techniques. Although the experimental system
is quite different from the simulated system, similar behavior of the different estimation
techniques is visible. The bias, or underestimation, of the attenuation in the low SNR
region is present using the nonparametric technique. Also the phase unwrapping problem
for the nonparametric technique is visible in the phase velocity plot, producing a large
bias. To support this explanation, the speed of sound is estimated with standard cross-
correlation and added to the figure. For weakly dispersive fluids, the cross-correlation
method estimates an accurate average (over frequency) velocity. The dip in the frequency
range 0 < f < 0.1 MHz for the nonparametric attenuation estimate, is the result of both
pre-sampling and post-sampling processing, i.e. high-pass filtering and de-trending to
remove unwanted low frequency disturbance and trends. For this reason, constraints
are put on the parametric method to ignore this region in the identification process,
explaining its flatness within the region.
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Figure 11: Comparison between the nonparametric (bold dashed line) and parametric (bold solid
line) estimation of attenuation and phase velocity on the experimental data. The thin dashed
and solid lines mark the theoretical standard deviation (±σ). The circle is the speed of sound
estimated using standard cross correlation.

5 Discussion

The advantages with the proposed method are firstly, its ability to accurately estimate
the frequency dependent phase velocity and attenuation from noisy measurements, and
secondly, its independence of any prior knowledge concerning the measurement setup
and physical properties of the medium under investigation, under the condition that the
data can be related as in Eq. (5). Although its performance is shown under dispersive
conditions in simulations, the experimental results are presented from weakly disper-
sive measurements using only one measurement arrangement. However, as long as the
linearity is preserved, more complex dynamic media (including highly dispersive ones)
should only increase the model order in the selection and validation step. To further ex-
perimentally validate the method, measurements from dispersive media under different
experimental arrangements would be of interest. This will be considered in future work.
However, due to the generality of the proposed model structure, this should not cause
any problems.

When estimating the attenuation and phase velocity in suspensions it is common to
relate or calibrate these estimates to those of pure water, in order to reduce effects from
the measurement setup, reflection coefficients, and losses from diffraction. This type of
calibration was not applied to the estimation result presented in this paper, since the
intention was to compare two different estimation methods. However, if the suspension
estimates were to be calibrated to water, the uncertainties of the estimates in water
are often negligible in comparison to the suspensions, due to the high SNR difference.
The same principles of estimating the transfer function are applied, but with scaled or
calibrated input and output signals as U(ω) = Us(ω)/Uw(ω) and Y (ω) = Ys(ω)/Yw(ω),
where Us(ω), Ys(ω) are the measured first and second echoes in the suspension, and
Uw(ω), Yw(ω) are the corresponding measurements in distilled water.

On the other hand, if the water uncertainties are of the same magnitude as those for
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the suspension, these uncertainties should be included when calculating the approximate
uncertainties in Eq. (12). For the non-parametric and parametric methods, the uncer-
tainties can be included using similar approximation as in Eq. (4.19) and Eq. (4.18) in
Appendix 4.1.

For the parametric method, high calibration noise has an additional effect of de-
stroying the efficiency of the weighted least squares (WLS) cost-function for the maxi-
mum likelihood (ML) method in Eq. (4.23). The WLS cost-function is a consequence of
identifying the transfer function in the frequency domain. Discrete fourier transformed
measurement noise tends towards normality, by the central limit theorem, resulting in
the WLS cost in the frequency domain. However, the calibration or scaling is applied
after the DFT, and the quotient changes the normality and thus the efficiency of the
cost-function. To compensate for the change in the probability densities by changing
the cost-function is difficult, hence it is still recommended to use the WLS due to its
favorable properties [11], at the cost of losing some efficiency.

Another approach in this case would be to estimate a separate parametric transfer
function for both suspension and water, and do the calibration afterwards to preserve
normality and efficiency, i.e. H(ω) = Hs(ω, θs)/Hw(ω, θv), or alternatively using a non-
parametric model for water H(ω) = Hs(ω, θs)/Hw(ω). The drawback compared with
pre-scaling the signals, is an increased complexity of the estimation problem and an
increased number of model parameters, since pre-scaling reduces the dynamical content
by capturing the differences in the media and ignoring possible linear dynamic effects
from the measurement setup.

6 Conclusions

A comparison between the proposed parametric estimator and the standard nonparamet-
ric Fourier analysis technique has been illustrated using both computer simulations and
real experiments. The proposed estimator enables accurate estimation of the frequency
dependent attenuation and phase velocity with considerably lower variance compare to
standard Fourier analysis methods. Robust phase velocity estimation is ensured since
the phase unwrapping problem is avoided and replaced by calculation of the phase of an
analytical expression. A data reduction with a factor 15 is observed for the present case.
This improvement comes at the cost of a model selection and validation step, not neces-
sary for nonparametric methods. Approximate expressions for the uncertainty for both
methods were derived, valid for high SNRs or a large number of repeated experiments.
The expressions were validated by numerical simulations, showing good accuracy under
similar SNR conditions as in the experiment.
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4.1 Calculation of Approximate Uncertainties

The patrial derivatives in Eq. (7) w.r.t H(ω) are given by (omitting ω as an argument in
the expressions)

∂α(H)

∂H
= − 1

2xH
(4.15)

∂cp(H)

∂H
= − xjω

2 arg{H}2H
. (4.16)

Here a complex derivative of a real scalar function f w.r.t a complex parameter z is
defined as

∂f(z)

∂z
=

1

2

[
∂f(z)

∂a
− j

∂f(z)

∂b

]
, (4.17)

where z = a + jb with a and b being the real and imaginary parts of z, respectively.
The estimated uncertainty for the input and output measurement noise is estimated

using the sample variance. Given a set of M independent noisy but identically excited
experiments, the input and output noise variances are estimated as

σ̂2
U =

1

M − 1

M∑
m=1

|Um − Ū |2

σ̂2
Y =

1

M − 1

M∑
m=1

|Ym − Ȳ |2

σ̂2
Y U =

1

M − 1

M∑
m=1

[Ym − Ȳ ][U∗
m − Ū∗] (4.18)

where Um and Ym represents the discrete fourier transforms of the p:th input and output
signal, and Ū , Ȳ denotes the sample mean (over M experiments).

The estimated uncertainty for the nonparametric transfer function is estimated us-
ing a first order Taylor series expansion of the transfer function in Eq. (8) including
measurement noise as

H =
Y

U
=

Y0 + NY

U0 + NU

=
Y0[1 + NY /Y0]

U0[1 + NU/U0]

≈ Y0

U0

[1 + NY /Y0 − NU/U0] , (4.19)

where U0, Y0 represents the noise free signals and NU , NY the measurement noise. An
approximative uncertainty for H can be expressed using Eq. (4.19) as

σ2
H = E{|H − E{H}|2}

≈
∣∣∣∣Y0

U0

∣∣∣∣
2 [

σ2
Y

|Y0|2 +
σ2

U

|U0|2 − 2�
{

σ2
Y U

Y0U∗
0

}]
. (4.20)
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where E{·} denotes expectation. The estimated uncertainty is obtained by dividing
Eq. (4.20) with M and replacing U0, Y0 with Ȳ , Ū and using the estimated measurement
uncertainties Eq. (4.18).

The parametric transfer function uncertainty is estimated from Eq. (11) using a first
order Taylor approximation as

σ2
H ≈ ∂H

∂θ
Cθ

[
∂H

∂θ

]∗
(4.21)

where ·∗ denotes Hermitian transpose. An approximate expression for the covariance
matrix of θ can be obtained from an approximation of the Hessian (Fisher information
matrix) of the cost-function (in Eq. (4.23)) as

Cθ ≈ 1

2
�

{[
∂

∂θ

(
E(θ)

σe(θ)

)]∗ [
∂

∂θ

(
E(θ)

σe(θ)

)]}−1

. (4.22)

The expressions for E(θ) and σE(θ) can be found in the next section.

4.2 Maximum Likelihood Cost-function

The maximum likelihood cost function is expressed as

VML(θ) =
N−1∑
l=0

|E(ωl, θ)|2
σ2

E(ωl, θ)
(4.23)

where
E(ωl, θ) = A(ωl, θ)Y (ωl) − B(ωl, θ)e

−jωlτU(ωl) (4.24)

is the equation error and

σ2
E(ωl, θ) = σ2

Y (ωl)|A(ωl, θ)|2 + σ2
U(ωl)|B(ωl, θ)|2

−2�{σ2
Y U(ωl)A(ωl, θ)B

∗(ωl, θ)} (4.25)

its uncertainty. Estimations for σ2
U(ωl), σ2

Y (ωl) and σ2
Y U(ωl) are found in Appendix 4.1.
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