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Abstract

Today, there is an increasing demand in the paper industry for better utilisation of the raw
material and improved energy efficiency. Also, the increasing use of recycled paper in the
manufacturing process leads to a situation where the knowledge of pulp properties needs
to be improved and controlled. These demands calls for improved control strategies and
this in turn requires new measurement techniques that can make a better characterisation
of the pulp. One important process parameter to be controlled is pulp consistency.
Poor control of pulp consistency leads to an unstable process that compromises the
production, quality and energy efficiency in the pulp mill. Hence, accurate consistency
control is fundamental to achieve process stability. Another important parameter is pulp
composition, such as the share of long fibres and short fibres (fines). Using only a single
measurement technique, it is difficult to accurately determine the pulp properties such
as total consistency and the share of fibres and fines in a pulp suspension.

The overall objective of this work is to investigate whether a sensing strategy based
on the photoacoustic technique can provide wood pulp property information online.

This thesis shows that fibres are the predominant source of attenuation of ultrasonic
waves. It also shows that fines are the predominant source of optical scattering. Hence,
additional information about the examined media can be extracted by using a combina-
tion of the measurement techniques. The combination enables an estimation of the total
consistency and, in addition, identification of the two different length fractions, fibres and
fines in a given pulp suspension. A photoacoustic sensor has been developed that is able
to relate the optical extinction of a laser light pulse propagating through a turbid medium
to a photoacoustic signal. Simultaneously, a signal related to the ultrasonic attenuation
in the medium is also obtained. The sensor is fast and has no moving parts, leading to a
low manufacturing cost, low maintenance requirements and greater robustness. Because
the sensor simultaneously measures optical and acoustic properties, the sensor can ex-
tract more information about the pulp suspension compared to a single technique and
is therefore applicable in the pulp and paper industry. Hence, better process control is
achievable and improvements in production, quality and energy efficiency in the paper
making process are obtainable.
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Chapter 1

Introduction

1.1 Thesis Introduction

Paper is a material that many of us encounter every day. Yet few of us are aware of
how it is produced, and even fewer know what properties the pulp suspension should
have in order to obtain a paper with a certain strength and quality. Although the overall
manufacturing processes of paper are similar, the end results can differ substantially. For
instance, the paper on which this thesis is printed has very specific properties. Its prop-
erties are optimised for the printing process used, its sheet strength is not as important
compared to containerboard, and it does not have a high water absorption capacity, as
does tissue paper. The key to making different types of paper is the long chain of different
process steps that the fibre undergoes, all the way from when the trees enter the pulp
mill to the finished paper at the end of the paper machine.

Paper of different types and with differents characteristics can be obtained by varying
a number of factors: (1)Process : fibres are released from solid wood by a mechanical or
chemical process. This process influences the fibre dimensions and composition. (2)Fibre
composition : pulp consists of different fractions of virgin long and short (fines) fibres and
occasionally recycled fibres. (3)Chemical composition : the natural interfibre hydrogen
bonding is a key mechanism for the strength of the paper [1]. In addition, chemicals
are added at different stages in the process to facilitate production and to give special
features to the finished paper. (4)Refining : the degree of beating or refining of the
fibres influences the elastic properties of the fibre by splitting and crushing the fibre and
creating hairlike micro fibrils, thereby improving the interfibre hydrogen bonding ability.
(5)Paper machine : the different actions of forming, pressing and drying on the paper
machine also influence the paper properties.

The task of the pulp mill is to produce pulp with predetermined pulp properties
for a certain paper quality. This can be a challenging task if the properties of the
raw material vary over time or are unknown. The produced pulp will contain fibres
of different sizes, mechanical properties and origins, in a mixture of water and different
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2 Introduction

chemical substances. The aim of the paper mill is to produce paper with a desired quality
and efficiency from the pulp that enters the mill.

To achieve the aims of pulp and paper mills, a number of sensors are used for measur-
ing various pulp properties, e.g., mass fraction, fibre dimensions, brightness, chemicals,
electric charge, pH and temperature. However, not all pulp properties are easily mea-
sured. For instance, there is no commercial equipment today that can provide an online
estimate of the elastic properties of the fibre suspended in water. Furthermore, the re-
sponse time for some sensors can be as long as tens of minutes, and only a small sample
from the pulp is analysed, as is the case with commercially available pulp analysers.

However, it is more important to control some pulp properties than others. Control-
ling mass fraction (consistency) in a pulp suspension is a fundamental task for producing
a desired quality [2, 3, 4]. Also, the proportion of fibres and fines is essential, because
they influence the runnability of the paper machine [1] and the paper sheet strength
[5, 6].

Section 1.1.1 presents a list of sensor technologies and their applications for measuring
pulp properties in the pulp and paper industry. Some of these technologies are used in
commercial sensors today, while others are still in the lab prototype phase. Equipment for
measuring finished paper is out of the scope of this thesis and is therefore not considered.

1.1.1 Pulp Measurement Technology

Mechanical sensors (shear force) The shear force sensor is used to determine pulp
consistency. The sensor is installed in many positions in the pulp mill because of
its low unit price and the wide operating consistency range [4]. However, the sensor
cannot be used in low consistency situations.

Microwave sensors The microwave sensor is used to determine pulp consistency and
can provide measurements in low consistency situations. It is used in situations
where high accuracy is required. The sensor has disadvantages, such as a sensitivity
to entrained air and to variations in conductivity in the pulp suspension [4, 7].

Optical sensors Optical sensors are used to measure consistency in low consistency
situations. These sensors are fast and can be accurate with proper calibration [3].
Nevertheless, they are also sensitive to the pulp composition, such as variation
in fines and fillers1 Due to their ability to measure low consistency pulp, optical
sensors are used close to the paper machine and in fibre recycling applications.

Optical sensors are also used for measuring the brightness and colour of the pulp.

Nuclear sensors A consistency sensor based on gamma ray techniques is also available.
These sensors are used after blow tanks and recycled fibre pulpers [4]. However,
they have a long response time and therefore have limited applicability in other
areas of the pulp mill [4].

1Inorganic substances added to the pulp, such as titanium dioxide or clay.
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Pulp Analysers Pulp analysers are used to measure fibre dimensions such as length,
diameter and curl by using a camera-based image analysis system. They can also
provide pulp properties such as freeness, shives content and brightness of the pulp.

Lignin Analysers The lignin content in the pulp is today measured using a lignin
analyser (Kappa number analyser). Lignin has a negative effect on paper quality.
The lignin makes the paper yellow when exposed to ultraviolet radiation.

Ultrasound sensors It is believed that no commercial product uses ultrasound to mea-
sure pulp properties. Löfqvist [8] has shown that ultrasound has the potential to
measure pulp consistency.

Photoacoustic sensors Zhao et al.[9] showed that a consistency sensor based on the
photoacoustic technique is possible. However, it is believed that no commercial
product uses photoacoustics to determine pulp properties.

Elastic properties There is no commercial online equipment today that can provide an
estimate of the elastic properties of the fibre. Aitomäki [10] has recently shown that
an estimate of fibre elastic properties can be obtained from ultrasonic attenuation
measurements. However, this requires knowledge of the fibre size distribution.

The common requirements for all sensors are to be fast and deliver reliable results.
Also, the overall cost of the sensor during its life-time and the ROI (Return On In-
vestment) are important. It should also be durable enough, to withstand the physical
environment in a mill as well as robust enough, to be used for a long periods, without
requiring continuous overhaul and maintenance. It should be user-friendly when it comes
to maintenance and usable in analog or digital communication.

Although there are sensors for measuring pulp properties, the pulp and paper industry
is constantly searching for new or improved technologies for measuring pulp properties,
since the demand in the paper industry for more efficient utilisation of raw materials
and energy has increased. Also the increased use of recycled paper in the manufacturing
process leads to a situation where the pulp properties in the manufacturing process must
be scrutinised and better-controlled. By improving the process control, the demands for
efficiency and quality can be met.

1.1.2 Thesis Objective

The overall objective of this work is to investigate whether a sensing strategy based on
the photoacoustic technique can provide wood pulp property information online.

The major application focus is on developing an online pulp consistency sensor based
on the photoacoustic technique. The application is targeted in or close to the head box,
recycling line or in retention measurement and control. The target consistency range is
<1.5 %.

The work focuses on two research questions.



4 Introduction

� Can photoacoustic sensing provide robust information about the pulp suspension
properties?

� Can such a photoacoustic sensor also meet industrial robustness and operation re-
quirements at a reasonable price?

The long-term goal of this work is to develop an on-line sensor that not only provides
information on pulp properties such as consistency but also the elastic properties of the
fibre as shown in Aitomäki [10] .

1.1.3 Thesis Outline

This thesis is composed of two parts. The first part consists of an overview of the paper-
making process, presenting the scientific methods and the overall work and conclusions
of this thesis. The second part consists of submitted and published papers.



Chapter 2

Papermaking and Pulp Properties

2.1 Papermaking Process

Papermaking is too comprehensive to be described in detail here. Therefore, only some
important parts of the process are described in this thesis. For further reading on paper-
making, see, for example, [1, 11, 12].

Paper is a network of fibres. The fibres themselves are the binders due to their
natural characteristics, without use of any adhesives. They have the capability of making
hydrogen bonds between the fibre surfaces, which in turn are the basic mechanism that
influences the strength in the paper [1]. Depending on the product, different methods
are used in the papermaking process to give the best properties to the product for the
desired purpose.

The first to make paper were the Egyptians, who made sheets of papyrus 5000 years
ago. However, the papermaking process, as known today, is said to have been invented
by a Chinese named Ts’ai Lun 2000 years ago. The knowledge was then spread by
the Arabians to Europe in the 11th century and further developed. 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 further improved and
still is improving today. Today, the entire papermaking process in a paper mill is highly
automated. A modern pulp and paper mill has 2000 or more control loops [2]. To be able
to control the process, there are a number of different sensors that monitor the process
from tree to paper. However, no sensor is by itself capable of precisely predicting the
strength and quality of the finished paper.

2.2 Paper Mill

The papermaking process can be described in five steps as fibre preparation, forming,
draining, pressing and drying. Fibre preparation releases the fibres from the solid wood

5



6 Papermaking and Pulp Properties

and prepares the fibres to have the desired properties before the fibres enter the paper
machine. In the paper machine, the forming is done on a wire screen onto which the
fibre suspension is pumped after the refining process. 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 strength of the finished paper depends not only on the fibre itself or the inter-fibre
bonding but also on the orientation of the fibres (direction and distribution) on the wire
screen. 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 step, the mass fraction is ≈ 20 %
and 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, which
consist of a number of heated cylinders. At the end, the mass fraction has increased to
≈ 95 %. After that, the paper can be rolled onto a reel, and the papermaking process is
thereby finished.

2.3 Fibre

Paper pulp is, in many regions, manufactured largely from wood fibres. In other part
of the world, other raw materials are used, such as rice, straw, bamboo and cotton [1].
The dimensions of the fibre depend on which specie of plant the fibres originate from.
Softwood trees (e.g., spruce and pine) have longer fibres, approximately 3.0-3.5 mm, than
hardwood trees (e.g., birch) which have average lengths of 1.1 mm. The diameters are
25-35 μm and 22 μm, respectively [1].

To produce paper pulp, the fibres are released from wood chips by mechanical or
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 yield low strength but good printability. Long fibres yield
high strength but low printing quality. Fibres with a thick wall yield a weak paper that
has high bending stiffness. Fibres with thin walls yield tight and strong paper, but with
low bending stiffness. If the tensile strength of the fibre is low, the fibre will be breakable.
If the paper is then exposed to tensile stress, the fibres will break before the inter-fibre
hydrogen bonds break. 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 generate the strength in the wood stem.

The fibre, as shown in figure 2.1, is hollow and built up by a number of cell layers,
each made up of thin fibrils [1]. These layers are wound around the hollow centre of the
fibre. The thickest and most important layer is the S2 layer. The strength and stiffness
of the fibre depends mainly on the S2 layer’s fibril angle [1, 13]. A small angle gives
stiffer fibre, while a large angle gives softer fibre.

2.3.1 Fines

Short fibres and fragments of fibres are called fines. No strict definition of the size of fines
exists. One definition is particles smaller than 200μm [14]; another is 100μm [5], and
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S3, inner cell wall

S2, middle secondary cell wall

S1, outer secondary wall

Lumen (hollow)

Middle lamella

Primary cell wall

Figure 2.1: Illustration of a wood fibre

in paper B 74μm. Two different types of fines are usually present in a pulp suspension:
primary and secondary fines. Primary fines are made up of ray cells, smaller pieces
of broken fibre cells and thin sheets from the fibre surface produced prior to refining.
Secondary fines result from the refining of the pulp suspension and consist of fibrils,
fibre wall fragments and short fibres. Fines are essential because they have an important
influence on the paper sheet strength [5, 6].

2.3.2 Recycled Fibres

Recycled paper or recycled fibres has become an increasingly important raw material in
the production of paper. Figure 2.2 shows the increased consumption of recycled paper
in the pulp and paper industry. The consumption doubled, from 1 to 2 million tonnes,
between 1990 and 2005. Depending on the product, a different amount of recycled paper
enters the process, as seen in figure 2.3. For instance, in kraft paper nearly no or very
small amounts of recycled paper is used, in contrast to tissue paper, where 79 % of the
paper comes from recycled paper.

The drawback with recycled fibres is that they do not have the same properties as
virgin fibres. For instance, they cannot support the same tensile stress as virgin fibres.
With the recycled paper comes pollutants such as plastics, metals, printing ink and many
other elements that are unwanted in the papermaking process. Today, the procedure for
removing these pollutants is well-developed. However, the mechanical properties of the
recycled fibre, such as their elastic properties, are still unknown. If the mechanical
properties are accurately determined, it is believed that an optimisation of the share of
recycled fibres is achievable.
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Figure 2.2: The consumption of recycled paper in Sweden. Source: Swedish Forest Industries
Federation.

12% 26% 35%

4,2

0,3

2,6

2,22,5
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Paperboard Corrugated

board
Newsprint Tissue

paper

Milliontonnes

2

4

Kraft paper,

wood free and

mechanical

printing paper

Figure 2.3: Total production of paper and share in % of recycled paper in Sweden, 2005. Source:
Swedish Forest Industries Federation.

2.4 Refining or Beating

If the fibres stem from a chemical process, they are refined (beaten) by a refiner. Fi-
bres from mechanical processes are not usually refined, as they already have the desired
properties. The aim of refining is to produce a more flexible fibre to increase its bonding
capacity, thereby producing a stronger paper. The refining process is one of the most
important operations in preparing fibres for the paper machine. However, the refining
process is a delicate task. If the fibre is beaten too little, the inter-fibre hydrogen bond
will be weak in the finished paper. Too much beating and the fibre will become weak
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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
fibre wall. The refining of the fibre leads to an increasing quantity of small particles
(fines) in the suspension. After the refining process, the fibre suspension has a decreased
drainage rate1 because the fibres come closer together and the fines fill up the remaining
spaces between the fibres. The result on the paper sheet properties is an increased tensile
strength, tensile stiffness, inter-fibre bonding strength and fracture toughness. Maximis-
ing the paper sheet strength, and minimise the drainage rate, is not always the best
choice. This is because a decreased drainage rate means that the paper machine speed
needs to decrease, it becomes an economic decision instead of a paper quality issue.

The refining process is an energy-intensive process. The energy consumption varies
depending on which type of paper is manufactured, ranging from 150 kWh/tonne up to
2000 kWh/tonne [1]. If the properties of the fibres and the drainage rate are determined
online, it is believed that a process optimisation is possible in controlling the refining.
Hence, a reduction of the energy consumption is achievable.

1There are generally two methods for determine the drainage rate: CSF (Canadian Standard Free-
ness) and SR (Shopper-Riegler). The methods basically measure how quickly water is able to drain from
a pulp sample.
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Chapter 3

Pulp and Paper Measurement
Technology

In order to produce paper of a certain quality, it is necessary to know the pulp prop-
erties. However, not all pulp properties are easily determined, such as elastic properties
of the fibres. Further, the response time can be in the order of minutes and only a small
sample from the pulp suspension is analysed.

Depending on the quality of paper to be produced, different pulp properties are
important, e.g., lignin content in a chemical process or brightness of the pulp for paper
intended for printing. A fundamental property to measure and control in all papermaking
processes is pulp consistency or mass fraction [2, 3, 4]. Hence, this chapter mainly
concerns pulp consistency sensors.

3.1 Pulp Consistency

The definition of consistency used in the pulp and paper industry is simple: the weight
percentage of dry solid material among the total weight of solids and water:

Cst =
ms

mt

× 100. (3.1)

Above ms is the dry weight of solids (fibres, fines, fillers, pigments, additives) in the
sample, and mt is the total weight (water + solids) of the sample. In practise, this
simple consistency formula is complicated by the fact that the consistency sensors are
more or less sensitive to different types of solids [4]. The composition of the pulp depends
of the origin of the pulp. Properties that vary in a pulp composition are fibre length, fines,
fillers, pigments, binding properties between the fibre, treatment (refining), chemicals, pH
and so on. As a consequence, a laboratory measurement might differ from a consistency
sensor reading because the composition of the pulp is different compared to the pulp
sample that was used to calibrate the consistency sensor. Therefore, a second consistency
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definition is

Csf =
mf − ma

mt

× 100 (3.2)

where mf is the dry weight of fibrous material and ma is the dry weight of additives.
The weight of additives is the dry weight of the burned sample, i.e. the ash content.

In a pulp mill, the consistency range is wide, from 0.01 % for white water (extremely
low consistency) to 40 % for mechanical pulping (high consistency). The main application
area for consistency sensors lies in the range of 1 % - 6 % [3].

Below follows a description of the existing technologies for measuring pulp consistency
and other pulp properties.

3.2 Pulp Consistency Sensors

To measure the mass fraction or consistency in a pulp suspension, there are a number of
different online techniques available on the market today. The main measuring principles
are shear force, microwaves velocity and light used in back scattering or transmission
[4, 15].

However, to create a sensor that accurately and reliably determine consistency in
pulp suspension is a challenging task, since the above- mentioned pulp properties are
constantly changing during the production of paper. All sensors used today estimate the
consistency by measuring a property that relates the measured signal to the consistency.
Changing the composition of the pulp compared to the calibration samples might result
in an incorrect estimation of the consistency.

All sensors have their advantages and disadvantages, depending on pulp properties
and location in the paper manufacturing process [4, 16]. Therefore, it is important to
identify the right sensor that is most accurately estimating the pulp consistency. There
are no online methods where consistency is actually measured [16]. To perform such a
measurement one has to resort to the manual method by drying, burning and recording
the result.

3.2.1 Mechanical Sensors

The majority of consistency sensors currently used are based on shear force measure-
ments, due to their low price and simplicity [4]. Three types of shear force sensors exist:
static blade sensors, moving blade sensors and rotating blade sensors.

In a sensor with a static blade, shown in figure 3.1, the pulp suspension flows past
the blade, and shear forces acts on the blade. For a given flow rate, the strength of the
fibre network will depend on the shear forces and will increase with increasing fibre con-
sistency. However, the fibre network strength depends on many other factors in addition
to consistency, e.g., pulp type, refining and processing. Consequently, the accuracy of
the measurement is influenced by the pulp composition. Another important issue is its
sensitivity to flow variation. To reduce the flow rate dependency, the moving blade sensor
type was developed. This type of sensor measures the time when moving the blade from
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τ

Figure 3.1: Static blade consistency sensor. τ exemplifies the shear forces on the blade.

one position to another. This gives a reduction in the flow rate dependency compared
to the static blade sensor. A disadvantage is the requirement for straight pipe sections
before the installation position, which can limit its use. The operating fibre consistency
ranges from 1.5 % to 8 %.

The third type is the rotating blade sensor. The measurement principle relies on
measuring the torque on the shaft of a rotating impeller immersed in the pulp. When
consistency increases, the shear forces generated by the pulp fibre network on the rotat-
ing impeller increases. Hence, increasing the torque driving the impeller. This sensor
estimate the pulp consistency more accurately than the previous mentioned shear force
sensors. The disadvantage is the higher unit cost due to the more complicated construc-
tion. Also, the maintenance requirements of the device are higher because of the moving
parts. Therefore, they are only installed where an accurate consistency measurement is
vital for the process. The operating fibre consistency range varies from 1.5 % to 16 %.

To summarise, the advantages of mechanical consistency sensors are the wide oper-
ating range, low price and simplicity. The disadvantages are that it mainly reacts to
fibres content and is insensitive to fines content, and also that it cannot operate in pulp
suspensions with a consistency below 1.5 %. Also, in a pulp mill there might be pulp
produced with several different pulp recipes, and for each pulp composition, a calibration
procedure is needed for a shear force sensor.

3.2.2 Microwave Sensor

The microwave sensor was developed during the 1990s. The measurement principle is
to transmit microwaves using an antenna attached on one side of the pulp sample and
receive the microwave signal with a receiving antenna on the other side, see figure 3.2 [17].
Measuring the microwaves velocity gives a relation to total consistency, as the microwave
velocity c is determined by [18],

c = c0/
√

ε. (3.3)
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Microwave
Transmitter/receiver

Reference
line

Figure 3.2: Measurement principle for a microwave consistency sensor.

where c0 is the speed of light in vacuum and ε is the dielectric constant. The dielectric
constant is 80 for water and 3 for fibres [18]. The advantages are simple calibration, low
maintenance requirements, wide measuring range, its insensitivity to flow variations as
well as variations in brightness and colour. As with the other consistency sensors, it also
has its drawbacks. The sensor is sensitive to entrained air in the pulp [7, 19], to pulp
with high conductivity as well as to inhomogeneous pulp mixtures and where additives
act as microwave antennas. Therefore, the total consistency might be inconsistent due to
variation in pulp composition, e.g., in processes where recycled fibres are used [4]. The
operating pulp consistency range is about 0 % to 16 %.

3.2.3 Optical Sensors

Light propagation in a pulp suspension is affected by absorption, scattering and changes
in refractive index. The relative ratios of these quantities vary with pulp composition.
There are mainly three principles when it comes to optical measurement techniques for
pulp consistency. The most important factor that relates consistency to optical properties
is scattering of light. If scattering is the predominant factor for optical attenuation, the
scattering of light depends strongly on the geometric properties of the particle, i.e., size,
shape and surface structure. Thus, the accuracy is connected to the calibration of the
sensor for a given pulp composition [2, 4]. In a pulp mill where the pulp composition is
changing due to different production qualities or varying origin of fibres, there is a need
for different calibration curves for each pulp composition.

In figure 3.3(a), a pulp consistency sensor using a measurement principle based on
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Figure 3.3: Principles of optical pulp consistency sensors

light transmission is shown. The light will be scattered and absorbed in the pulp suspen-
sion by the fibres and fines and therefore there exist a correlation between light intensity
and pulp consistency. The operating mass fraction range for this type of sensor varies
from 0 % to 2 %.

In figure 3.3(b), the sensor uses the property that fibres depolarise polarised light while
fillers do not [20]. Linearly-polarised light is transmitted from a semiconductor laser and
propagates through the pulp suspension; the light is then split into two beams, one
passing through a second transverse-plane polariser before it enters the photodetector,
and the second beam is going directly to a photodetector. By combining the received
signals, it is possible to deduce the fibre and filler content. The operating mass fraction
range for this type of sensor varies from 0 % to 1.5 %.

The third type shown in figure 3.3(c) measures the intensity of the reflected scattered
light. This type of sensor is highly sensitive to amounts of scattering particles [2]. The
consistency range is from 0.5 % to 7 %.

A manufacturer provides a sophisticated optical sensor that makes use of all three
optical principles. The sensor monitors fibre and filler consistencies separately, and also
the ash content, using an advanced sensor with a semiconductor laser, Xenon lamp and
a rotating aperture disc. The sensor measures the light extinction as well as backward
and forward scattering of light at different wavelengths, together with polarisation filters
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[15, 18].

To summarise, the advantage of optical sensors is that, after a calibration, they are
very accurate [3]. Designed properly, they are insensitive to colour and brightness. The
main application area for optical sensors is within the headbox and in the fibre recycling
process. Another application for optical sensors is in retention measurement and control.
The disadvantage of optical sensors is that they are pulp composition dependent, e.g.,
sensitive to geometric differences, as they are more sensitive to fines than fibres [21].
They are also sensitive to contamination on the entrance window [16].

3.2.4 Nuclear Sensor

The nuclear technique is based on radiation from a gamma-emitting isotope (Cesium
137). A part of the radiation is absorbed by the fibres and the remaining radiation is
monitored on the opposite side of the pipe. The advantage is that it is independent of
pulp composition and the output signal is linear, allowing a simple calibration procedure.
However, as with all other sensors, this type also has its disadvantages. Besides the
inclusion of a radioactive substance, the differences in density between fibres and water
is small, which places a stringent demand on the sensor to maintain a high level of
sensitivity and stability [16]. It is also four times more sensitive to fillers than to fibres
[4]. The response time is close to one minute and therefore unsuitable to water or other
dilution control loops [4]. It is also sensitive to entrained air in the pulp suspension.

3.2.5 Other Consistency Sensors

There are other types of consistency sensors used in the pulp and paper industry, for
instance, pressure drop sensors.

The pressure drop sensor measures the difference in pressure between two points
that have an area reduction in the intervening pipe. The accuracy of the sensor is low.
However, it is used in areas where no other sensor is applicable, such as the outlet of a
digester, where the high black liqueur 1. This content makes it impractical to use any of
the mentioned sensor types [4].

3.3 Potential Pulp Properties Sensing Techniques

3.3.1 Ultrasound sensor

It is believed that no commercial product uses ultrasound to measure pulp properties,
although Löfqvist [8] showed that ultrasound has the potential to determine pulp consis-
tency.

1Black liqueur stems from the pulp washing after the kraft cook and oxygen delignification, and
consists of lignin residues, hemicellulose and the inorganic chemicals used in the process [14]
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There is no commercial online equipment today that can provide an estimate of the
elastic properties of the fibre. Aitomäki [10] showed that an estimate of elastic prop-
erties is obtainable from ultrasonic attenuation measurements. However, this requires
knowledge of the fibre size distribution.

Paper E investigates, in addition to ultrasonic attenuation, a method based on sound
phase velocity to obtain the fibres longitudinal Young’s modulus.

3.3.2 Photoacoustic sensor

A sensor based on a Scattering Photo Acoustic technique (SPA), presented by Zhao et
al. [22], showed that it is possible to determine pulp properties such as fibre and fines
consistency. The SPA method uses two absorbents placed orthogonal and equidistant
from to the entering laser pulse. An acoustic transducer is connected to one of the
absorbents. The received signal consists of three echoes. The first is the scattered light
that has been absorbed by the absorber in which the transducer is connected. The
second echo stems from the light pulse entering the system which instantaneously excite
a sound wave at the point of entrance. The third echo stems from the scattered light
that has been absorbed by the absorber placed on the opposite side of the measurement
cell. By a combination of these three echoes it is possible to separately determine the
consistencies of fibre and fines. The SPA method has also been used in to estimating
the total consistency and fillers, separately [9]. To the authors knowledge there is no
commercial product uses photoacoustic technique to determine pulp properties.

3.4 Other Pulp Property Sensors

In addition to consistency, there are other pulp properties are measured. Fibre dimensions
are measured with pulp analysers. The lignin content is determine using lignin analysers
(Kappa number analyser). Beside the mentioned analysers there are sensors measuring
other properties such as pH, temperature, conductivity, charge and freeness. Sensors for
measuring cooking and bleaching chemicals in respective process are also used [15].

3.4.1 Pulp Analysers

Pulp analysers are used to measure fibre dimensions such as length, diameter and curl
using a camera based image analysis system [4, 15]. In addition to fibre size and distri-
butions, the pulp analyser measures a number of other properties of the fibres, including
freeness, shives content and brightness. Pulp analysers uses a small sample taken from
the process, either automatically or manually, for analysis. The camera-based techniques
require that the pulp sample is diluted, which is time-consuming. Therefore, the response
time for these devises is in the order of minutes (5-15 min.), depending on the conducted
measurement.
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3.4.2 Lignin Analysers or Kappa Number Analyser

The chemical property of lignin content is today determined with a lignin analyser.
The analysers use the absorption of ultraviolet light for determining lignin content [15],
together with infrared (IR) light to determine consistency [23]. Lignin negatively affects
the paper quality by making the paper yellow when exposed to ultraviolet radiation. In
a chemical pulp process, the lignin is dissolved by boiling and bleaching. The lignin is
then used as a source of energy in heat or fuel production. In a mechanical pulp process,
the lignin is kept, which gives a high yield. Such pulp is used to produce newsprint’s [1].
Controlling the lignin content is a balance between high product yield and quality, while
minimising energy and chemical consumption [24]. Lignin analysers take a small sample
from the process automatically with a pulp sampler. Analysis takes a few minutes per
sample.



Chapter 4

Basics of Ultrasound, Optical and
Photoacoustic Measurement

Techniques

In this thesis, three measurement techniques have been considered: ultrasound, optical
and photoacoustic.

All three techniques have their strengths and weaknesses. A common strength of all
three techniques is that they are fast. This strength is essential for using the sensor
online, e.g., for automatic control purposes.

The various techniques also each have advantages and disadvantages. The advantage
of using ultrasound is that it is non-destructive, non-intrusive, can penetrate opaque
materials, has a low installation cost and is influenced by the mechanical properties of
the material under investigation. Ultrasound can thus, e.g., provide information on bulk
properties of the investigated material. In ultrasound measurement, the observables are
sound attenuation and speed of sound in the investigated material. The disadvantages of
the technique are its temperature dependency and sensitivity to dispersed air bubbles.

Optical measurement techniques have an important advantage compared to ultra-
sound: measurement can be performed in a non-contact setup. Optical measurement
techniques span a wide field because of the variety of phenomena that occur when light in-
teracts with a material. These phenomena include absorption, scattering, diffraction and
fluorescence. The properties of light, such as intensity, phase, polarisation, wavelength
and velocity, provide information about the investigated material [25]. One disadvantage
is that light cannot penetrate opaque media.

Photoacoustic measurement techniques can be seen as a combination of ultrasound
and optical techniques. The advantage is that both optical and acoustical properties of
the examined medium will have an effect on the generated signals.

Many of the phenomena that occur in one field also occur in the other. For instance,
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diffraction1 and dispersion2. There are some differences in the terminology used in the
different areas. For instance, in the ultrasound arena, frequency is used as a term for
describing the sound wave. In the optics field, the wavelength of the propagating light is
used instead of frequency. The relationship between frequency and wavelength is c = fλ,
where c is the wave speed, f is the frequency of the wave and λ is the wavelength.
Another term to consider is the total damping (the sum of scattering and absorption) of
the propagating wave. In ultrasonics, it is referred to as attenuation, while within optics,
it is known as either attenuation or extinction.

Below follows a general description of the methods and their usage in the pulp and
paper industry.

4.1 Ultrasound

The frequency range of human hearing is at its best between 20 Hz - 20 kHz. Sound in
the frequency band above 20 kHz, up to 1 GHz, is called ultrasound. The band above 1
GHz is commonly known as the hypersonic regime. In the measurements described in this
thesis, the ultrasonic frequency range is 1 - 25 MHz. This corresponds to a wavelength
on the order of 60 μm to 1.5 mm (in water, where the speed of sound is ≈ 1500 m/s).
The regime below 20 Hz is called infrasound; e.g., earthquakes emit this type of sound.

In distinction to light a sound wave cannot be present in a space entirely devoid of
matter. The energy transfer can only be present if there is a direct contact between the
atoms in the material. Depending on the material the propagating sound wave will have
different properties that can be observed such as wave speed and sound attenuation. If
there is a difference in acoustic properties between two materials, which is in contact
with each other, the sound wave will be split in two parts. One part will propagate
through into the next material and the other part will be reflected and propagate in the
opposite direction, see figure 4.1. This is the founding base for the ultrasonic measure-
ment technique. Consequently, ultrasound is used for e.g. flaw detection, dimensional
measurements and material characterisation. One important field is medical ultrasound
since sound easily propagates through a human body and it does not cause any tissue
damage at low intensities.

Ultrasonic measurement techniques are used in many different fields, such as biomed-
ical imaging [26], industrial material characterisation [27] and indoor positioning [28].
High-powered ultrasound can be used for cleaning purposes [29].

In the pulp and paper industry, the ultrasound technique is rarely used, although its
feasibility for monitoring the papermaking process has been addressed earlier in [30, 31].
It has been reported that ultrasound can be used to measure the degree of refining of
pulp [32] by measuring the ultrasonic attenuation as a function of settling time. Also, it
is known that acoustic pressure can group and reorient fibres in layers [33]. It has been

1Spreading (bending) of a wave, as it passes through a narrow opening or encounters an edge of an
object.

2Waves that travel at different speeds depending on wavelength
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shown that ultrasound is unaffected by filler additives (Titanium dioxide) and is only
affected by fibres [34].

However, ultrasound is sensitive to dispersed air bubbles, just like the microwave
and the nuclear consistency sensors, and temperature changes in the suspension. In
some positions in the manufacturing process, the air content can be 2-4 % in the pulp
suspension [4]. How the ultrasonic signal is affected by entrained air has been studied by
[35]. The result showed that in the lower frequency range (≈ 1 MHz) the influence was
much greater than at higher frequencies (≈ 10 MHz). However, when the suspension is
pressurised, the effect decreases. A company uses this feature to estimate entrained air
in the pulp by measuring ultrasonic attenuation during compression in a sample cell [15].

As mentioned earlier, the observable properties in the ultrasound measurement tech-
niques are attenuation and speed of sound in the investigated material. The measurement
can be performed either in the time or frequency domain. The ways in which the speed
of sound and attenuation are affected when sound propagates through the material are
caused by the acoustical 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) (4.1)

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 (4.1) describes how the propagating
wave attenuates. The attenuation can be easily observed and calculated, see section
4.1.2. The second exponential term describes how the signal propagates in time and
space. From that term the speed of sound is extracted, see section 4.1.3.

4.1.1 Acoustical reflection and transmission
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Figure 4.1: Reflection and transmission of sound wave at normal incidence
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Consider reflection and transmission of a sound wave at normal incidence. Consider
a plane longitudinal wave incident from the left, at a boundary between two materials
with different acoustic properties, shown in figure 4.1. At the interface, there will be a
partial reflection and transmission. If we omit the attenuation part of the pressure wave,
the three waves at the interface can be represented as

pi(x, t) = p0ie
−j(ωt−k1x)

pr(x, t) = p0iR12e
−j(ωt+k1x) (4.2)

pt(x, t) = p0iT12e
−j(ωt−k2x)

where pi(x, t), pr(x, t) and pt(x, t) are the incident pressure wave, reflected pressure wave
and transmitted pressure wave, respectively. R12 and T12 are the reflection and trans-
mission coefficients, respectively. To define the reflection coefficient and transmission
coefficient, one must take into account the boundary conditions. The boundary condi-
tions at the interface require continuity of pressure and particle velocity. The connection
between pressure p and particle velocity u is the acoustic impedance Z, with the following
relation:

p = Zu. (4.3)

In general, the acoustic impedance is a complex number, since the phase of the pressure
and velocity can differ. However, for simplicity we assume plane waves and lossless
interaction at the boundary, then Z is real and is given by,

Zn = ρncn. (4.4)

where ρ is the density and c is the speed of sound in medium n. The two boundary
conditions give the following relationship,

pi(0−, t) + pr(0−, t) = pt(0+, t)

ui(0−, t) + ur(0−, t) = ut(0+, t) (4.5)

By using (4.2)-(4.5) we obtain the following relations

R12 =
p0r

p0i

=
Z2 − Z1

Z1 + Z2

(4.6)

T12 =
p0t

p0i

=
2Z2

Z1 + Z2

(4.7)

where R12 is the reflection coefficient and T12 is the transmission coefficient. Notice in
eq. (4.6) that if Z1 = Z2, R12 = 0 then the wave propagates without loss into the next
material, since T12 = 1. If Z1 > Z2, then R12 is negative and the reflected wave will have
a phase shift of π radians.

In designing an ultrasonic measurement cell it is important to consider the acoustic
impedance between the mediums that the sound wave will propagate through. Otherwise,
even if a large signal is present in one media it will not be detectable by the ultrasonic
transducer attached to the next medium if the reflection coefficient is high.
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4.1.2 Acoustical Attenuation

When an acoustic pressure wave travels through a medium, its amplitude will decrease
with distance. This is due to two different effects: absorption and scattering [36]. Ab-
sorption 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
sum of these two effects is called attenuation. A more detailed explanation of how sound
is attenuated in a fibre suspension is found in [10].

The attenuation can either be calculated in the 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 p(t) that has propagated through
the material of interest. The relation between the pulses is

p(t) = p0(t)e
−αd (4.8)

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 (4.9)

the attenuation coefficient from equation (4.8) is

α =
1

d
ln

p0RMS

pRMS

. (4.10)

This attenuation coefficient gives a quantitative value of the attenuation. However, atten-
uation is usually a function of frequency. Therefore in many cases one is interested in the
frequency-dependent attenuation. Determining this attenuation is done by transforming
the pulses from the time domain to the frequency domain using the Fourier transform:

P (ω) =

∫ ∞

−∞
p(t)e−jωtdt (4.11)

where ω is the angular frequency. With the same relation as in equation (4.8) we get

P (ω) = P0(ω)e−αd (4.12)

and the frequency-dependent attenuation is then obtained as

α(ω) =
1

d
ln

|P0(ω)|
|P (ω)| . (4.13)

However, in a pulse-echo measurement set-up, shown in figure 4.2, the propagating wave
is reflected at the boundaries. Therefore the reflection coefficient at each boundary needs
to be included. Referring to [8, 37] 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)

)
(4.14)
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Figure 4.2: Diagram of a pulse-echo measurement system with a buffer-rod.

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 the fact that the pulse is travelling back and forth through the medium. Using a
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Figure 4.3: Diagram of a pulse-echo measurement system with no buffer-rod.
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set-up where no buffer-rod is mounted between the transducer and the sample, see figure
4.3. The attenuation is

αs(f) =
1

2d
ln

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

]
+ αw(f) (4.15)

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 [Np/m], where f is the frequency [36].

4.1.3 Speed of Sound

The next important observable property in ultrasonic measurement techniques is the
speed of sound. Regarding the speed of sound there are two different definitions: group-
and phase velocity.

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. (4.16)

Using (4.1) and (4.16) we get
∂

∂t
(ωt − kx) = 0 (4.17)

and the phase velocity is

cp =
∂x

∂t
=

ω

k
(4.18)

where cp is the phase velocity. A method to calculate the phase velocity was proposed
by [38] in 1978. Since then, there has been considerable interest among researchers
in improving the method. In the method proposed in paper [38], 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
calculations. An outline of the method is as follows. Suppose we have a set-up shown
in figure 4.2. 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 transforms 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) (4.19)

P2(ωn) = P0(ωn)e−jφ2(ωn) (4.20)
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The phase velocity for the sample can be expressed using (4.1), (4.19) and (4.20) as

cp(ωn) =
ωn2d2

θ
(4.21)

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 (4.22)

where Im and Re are the imaginary and real parts of the signal, respectively. 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. Suppose we have a windowed signal, shown in figure 4.4(a). The saw
tooth shaped phase angle of the signal is shown in figure 4.4(b). To have a continuous
shape, the phase angle is unwrapped. The result of the unwrapping is shown in figure
4.4(c). However, in broadband spectroscopy, parts of the spectrum will have a low signal-
to-noise ratio, and therefore a false unwrapping due to noise can occur. So the question
is: When is the adding correct? A number of researchers have presented their solution to
the problem. For instance, [39] used the derivative and the principal value of the phase in
an adaptive integration scheme. Others [40] used a more ad hoc method by choosing the
phase velocity that gives the minimum dispersion. The Kramers-Kronig relation [41] has
also been used to eliminate the ambiguity with the phase unwrapping. Another method
is based on a method by [42] and is described in paper A. The idea is to circularly shift
the windowed signal, shown in figure 4.4(a), an optimal number of samples. The shifted
signal is viewed in 4.4(d). By taking into account the number of shifted samples and the
remaining angle, shown in figure 4.4(e), the total phase delay can be calculated. The
result, in a weakly dispersive medium, is a continuous phase spectrum that minimises the
likelihood of discontinuity within the bandwidth of the signal. The ambiguity in phase
unwrapping is therefore reduced. It should be noted that if the bandwidth increases, the
likelihood of discontinuities in the phase spectrum will also increase.

Group velocity

The group velocity is the propagation speed with which the energy and amplitude of the
wave are moving [36]. It is defined as

cg =
∂ω

∂k
. (4.23)

From (4.18) and (4.23), it is shown that the derivative, with respect to k, of phase
velocity is the group velocity, i.e., group velocity and phase velocity are exactly equal if
ω is directly proportional to k.
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Figure 4.4: Figures showing the difference between regular unwrapping and the method described
in paper A. Figure (a) shows the windowed signal and (b) shows 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.

4.2 Optical

Light is an electromagnetic wave generated when an electron in an atom drops to a lower
energy level, and the excess energy of the electron is emitted. However, light has the
property of both behaving as a wave and as a current of particles (photons). The optical
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spectrum exists in a narrow band in the electromagnetic spectrum and ranges from about
1 nm to 1 mm. The spectrum visible by the human eye is even narrower, 390-770 nm.
The neighbouring optical spectrum above the visible spectrum is called infrared, and
below ultraviolet.

As mentioned earlier, optical measurement techniques form a broad field. Optical
measurement techniques related to the pulp and paper industry have been extensively
examined over the years. The feasibility of monitoring refining using optical scattering
and polarisation has been investigated [20]. The possibility of determining the lignin
content in a pulp suspension by using ultra-violet light absorption has also been stud-
ied [23]. The result showed that the method was able to estimate the lignin content
in a pulp suspension, operating for more than three years in pulp mill. Photon path
length distribution (PPLD) has been investigated [43] as a tool for determining particle
size distribution in pulp suspension. Also, laser diffraction has also been of interest in
determining fibre size distributions in pulp suspensions [44]. An investigation of three
methods for photon migration in pulp suspension showed that using a Light Detection
and Ranging (LIDAR) device measuring Time-Of-Flight (TOF) is the best choice when
it comes to precision, sensitivity and price. The streak camera method showed the best
precision, but its high price limits its application to scientific research [45]. Also, the
use of a combination of two optical techniques, laser radar and photoacoustics, has been
investigated [46]. The study showed that the combination can potentially determine
the consistency of fibre and fines simultaneously. Spectroscopic methods (UV/vis) have
been proven to reveal changes in the pulp chemistry during ageing [47]. Near-Infrared-
Spectroscopy (NIR) has been extensively used over the years in order to detect multiple
pieces of information on both chemical and physical properties of wood materials. For
instance, the technique has been proposed for monitoring and controlling pulp quality
[48, 49]. A recent review on NIR for wood and paper is found in [50].

4.2.1 Reflection and Refraction

At the boundary between two media with different refractive indices, an incident light
ray is split into two — A reflected ray and a refracted or transmitted ray. The angle
of the reflected ray is equal to the angle of the incident light ray, according to the law
of reflection; see figure 4.5. The direction of a light ray after refraction at an interface
between two media with different refractive indices is given by Snell’s law as

n1sinθ1 = n2sinθ2 (4.24)

where θ1 and θ2 are the angle of incidence and angle of refraction, respectively. Both
angles are measured from the surface normal, as shown in figure 4.5. n1 and n2 are the
refractive indices in the respective media. The refractive index in a medium is related to
the speed of light by

n =
c0

v
(4.25)

where c0 is the speed of light in vacuum and v is the speed of light in the medium.
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Figure 4.5: Reflection and refraction at a boundary between two media

4.2.2 Optical Absorption and Scattering

It would be well beyond the scope of this thesis to describe all interactions between
the photons and atoms. Hence, only the major concept of scattering and absorption is
considered.

When light enters and interact with smatter, the intensity of the light will be at-
tenuated. The possible optical attenuation mechanisms are scattering (reflection at a
boundary) and absorption. Which of these effects occurs depends on the wavelength of
the light and the optical properties of the material under investigation. Although the
different attenuation processes can occur simultaneously there are instances where one or
the other dominates. For example, visible light passing through fog is mainly scattered,
whereas light entering a shaft in a coal-mine is mainly absorbed [51].

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
of photoacoustic generation is given in section 4.3. The absorption coefficient μa is defined
as the probability of a photon being absorbed per unit path length in a medium. The
mean absorption length is referred to as μ−1

a . The absorption capability for a single
absorber is indicated by the absorption cross-section σa through the relation σa = QaA,
where A is the cross-sectional area of the absorber and Qa is the absorption efficiency. In
a medium containing many absorbers with a number density na, the absorption coefficient
can be considered as the total cross-sectional area for absorption per unit volume, as in
[52],

μa = naσa (4.26)

Scattering is the change of direction of the light as a result of a collision or interaction
with a material. In a medium containing particles with different refractive index than the
surrounding medium, the propagating light can be split into ballistic, snake and diffuse
light components [45, 53]; see figure 4.6. The ballistic light is the light that has passed
through a medium without scattering. Snake light is light that has scattered only a few
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times; its propagation path resembles that of a wriggling snake. If the light is multiply
scattered, the light is called diffuse light. If there are few scatters in the medium, the
dominating components will be ballistic and snake light. As the scatters increase in the
medium, diffuse light will dominate. The time-of-flight (TOF) for a light pulse travelling
through media depend on the refractive index and the propagation path. Since the diffuse
light travels the longest path, its propagation time therefore will be the longest.

Diffuse light

Ballistic light

Snake light Time

Incident light

Figure 4.6: A light pulse transmitted through an inhomogeneous media

With the same approach as for the absorption coefficient, the scattering coefficient μs

is defined as the probability of a photon being scattered per unit path length in a medium.
The mean scattering length is referred to as μ−1

s . The scattering capability for a single
absorber is indicated by the scattering cross-section σs, through the relation σs = QsA,
where A is the cross-sectional area of the scatter and Qs is the absorption efficiency. In
a medium containing many scatterers with number density ns, the absorption coefficient
can be considered as the total cross-sectional area for scattering per unit volume, as in
[52],

μs = nsσs. (4.27)

In scattering theory one encounter the term phase function p(θ), which describes the
probability density function for the photon of scattering in a certain new direction after
a scattering event. It is normalised as in [54],∫ π

0

p(θ)2π sin θdθ = 1 (4.28)

An approximation of the phase function is the Henyey-Greenstein function [55],

p(θ) =
1

4π

1 − g2

(1 + g2 − 2g cos θ)3/2
(4.29)

where g is the scattering anisotropy parameter,

g = 〈cos θ〉 =

∫ π

0

p(θ) cos θ2π sin θdθ. (4.30)

The value of g varies from -1 to 1 . If g = 0, the scattering is isotropic (Rayleigh
scattering); if g = 1 it corresponds to total forward scattering (Mie scattering of large
particles), and if g = −1 it is total backward scattering [54].
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During the course of this work, a Monte Carlo simulation script has been developed in
MATLAB in order to simulate photon migration in a suspension of randomly distributed
particles in a fluid. The motivation for this study was that simulations can help to obtain
an overview of the light’s interaction with the scattering medium. The simulations can
be used to, e.g., aid the identification of scattering and absorption parameters. The
simulations can be extended to include particles of different sizes or optical properties,
as well as to study the spatial extent and time evolution of the photoacoustic source.

The Monte Carlo method was proposed by Metropolis and Ulam [56] and refers to a
technique to simulate complex physical processes using a stochastic model. The method
has found widespread use in many different scientific areas.

In this study, the algorithm developed for photon migration is based on repeated
random photon scattering events to compute traceable photon distribution in a 3-D
volume as a function of time. In the Monte Carlo simulation, three parameters are set:
the absorption, scattering and anisotropy coefficients. The algorithm records data on
absorbed, transmitted and reflected photons. By tracking a large number of photons,
e.g., 1-10 million, it is possible to estimate physical quantities such as diffuse reflectance
[52]. The drawback with the method is that it is time consuming, especially in the case
when the absorption coefficient is much less than the scattering coefficient.

In the Monte Carlo simulations presented here, a photon package with initial weight
of unity is launched, and the step size s for each photon is chosen at random by

s =
− ln(ξ)

μa + μs

(4.31)

where ξ is a random number equidistributed between 0 and 1 [52]. At each step,
the photon package loses some of its weight due to absorption. The loss is equal to the
weight in the previous step, multiplied by 1-a, where a denotes albedo and is defined as
a = μs/(μa +μs). The photon package is then scattered in a new propagation direction,
which is statistically determined by Eqs. (4.29) and (4.30). When the photon weight
is less than a predetermined threshold, Russian roulette is played to either terminate
or proceed with the propagation of the photon package. For the surviving photons, the
procedure is repeated, and this continues until all photons are terminated.

As mentioned previously, the TOF of a light pulse is due to the refractive index and
the photon path length. In the case of many scatters, the mean photon path length
increases. Figure 4.7 shows a simulation of the photon arrival at a photodetector with
three different scattering coefficients. The geometrical distance between the launch of
the photons to the detector is 20 mm. The scattering coefficients are 5 cm−1,10 cm−1

and 15 cm−1, respectively. The absorbption coefficient μa is 0.1 cm−1 and the anisotropy
factor g is 0.5 in all three simulations.

In figure 4.15, two Monte Carlo simulations are shown. The figure shows the spatial
distribution of photons in the case of two different absorption coefficients but identical
scattering coefficient.
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Figure 4.7: Monte Carlo simulation of photon arrival time in medium with different scattering
coefficients, 5 cm−1,10 cm−1 and 15 cm−1. The absorption coefficient μa is 0.1 cm−1 and the
anisotropy factor g is 0.5 in all three simulations.

4.2.3 Optical Attenuation or Extinction

The attenuation or extinction of a collimated light beam is in accordance with the Beer-
Lamberts exponential law, as described by [51], ,

I = I0e
−μez (4.32)

where I0 is the initial intensity, z is the travelled distance through the medium and μe is
the extinction coefficient. The extinction coefficient is

μe = μa + μs, (4.33)

where μa and μs are the absorption and scattering coefficients, respectively. Strictly
speaking, equation (4.32) is only valid if multiple scattering is negligible (i.e., μa � μs).
This is because scattered light only changes direction and is not irreversibly lost (in
contrast to absorbed light). Therefore, light can get back into the beam by multiple
scattering and contribute to the intensity at z.

To summarise, the light extinction depends on the chemical composition of the par-
ticles, their size, shape, orientation, and the surrounding medium, number of particles
and the polarisation state and wavelength of the incident beam [51].

4.2.4 Time-of-Flight

In papers B and F, measurements of time-of-flight (TOF) of a laser pulse are taken.
Time-of-flight refers to the time it takes for an emitted light pulse to travel from the
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transmitter to the receiver. The regular application of a TOF device is to measure the
distance from the TOF device to an object that reflects the light pulse; see figure 4.8.
However, in this thesis, only time-of-flight is considered since time of flight reflects the
scattering properties of the suspension. The principles for measuring the time-of-flight
are: phase shift method [57], frequency modulated continuous wave method (FMCW)
[58] and pulsed TOF method [59]. The devices used in paper B and F are based on
pulsed TOF, and therefore we only consider that type of method.

Pulsed Time-of-Flight

Transmitter Timing 

discriminator

Receiver

detector 

pre-amplifier

Timing 

discriminator

Time-

interval

measurement

Amplifier with

AGC

Output

Figure 4.8: Basic block diagram of a pulsed TOF laser range finder. The amplifier has an
Automatic Gain Control (AGC).

Laser pulsed distance meters are often called Light Detection And Ranging (LIDAR).
The distance precision for a single shot is in the centimetre range, which correspond to
40ps of travel time, and the accuracy is weakly-dependent on distance [25]. A reduction of
the measurement uncertainty is obtained by taking the average of repeated measurements.
The reduction in uncertainty is proportional to the square root of the number of repeated
measurements averaged [60]. A pulsed TOF device consists of an emitting laser diode
with pulse duration of 1-50 ns as the transmitter part. The receiver part consists of a
PIN or an avalanche photodiode (APD), pre-amplifier, automated gain control (AGC),
timing discriminator and a time interval block. A block diagram of a typical TOF device
is shown in figure 4.8. Different laser types are used depending on the application. For
long distances (several kilometres), Nd-Yag lasers are used. In distances up to hundreds
of meters, a common choice is to use pulsed laser diodes. The transmitter must produce
a stable laser pulse-shape to maintain the accuracy of the system. Therefore, the laser
diode must have a temperature stabilisation circuit. The pre-amplifier and the post-
amplifier are used to adjust the input signal to fit the dynamic range of the timing
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discriminator. The timing discriminator is very important for the precision of the system
[25]. The timing discriminator must produce a trigger event at the right instant. The
method for discriminator design includes leading edge timing [61], zero crossing timing
[62] and constant fraction discrimination timing (CFD) [63]. In the leading edge timing
discriminator, a comparator with a constant threshold is used to detect the arriving light
pulse. The threshold must be higher than the noise floor to prevent a false triggering event
[64]. The advantages of a leading edge discriminator are its simplicity and capability for
single shot measurements without any gain adjustment or information about the level
of the received pulse [61]. However, the simplicity gives poorer precision than the other
techniques. Beside noise-generated timing jitter, the main timing error source of the
method will be due to amplitude and shape variations; see figure 4.9. This type of error
is called walk error [25]. To avoid timing error due to amplitude variation, the zero

Threshold level

Walk error

Figure 4.9: Walk error in leading edge timing discriminator.

crossing method can be used instead. The zero crossing method uses the derivative of
the received light pulse. The implementation is a high-pass filter [62]. The high-pass
filter converts the unipolar pulse to a bipolar pulse, and zero crossing is detected with a
timing comparator, see figure 4.10. The constant fraction discrimination timing (CFD)
compensates, with idealised pulse shapes, walk error caused both by amplitude and rise
time variations. The principle is the search for an instant in the pulse when its height
bears a constant ratio to the pulse amplitude. This point will produce a trigger event.
The constant fraction discrimination timing (CFD) method is based on an attenuation-
subtraction technique that produces a bipolar pulse with a zero crossing at a desired
fractional trigger level [65]. The principle is shown in figure 4.11. The received signal is
split into two parts. One part is attenuated to a desired fraction, in this case 40 %; see
figure 4.11(b). The other part is delayed and inverted; see figure 4.11(a). The delay time
td is chosen so that the desired fraction point of signal V1 lines up with the maximum of
the other pulse V2. Then both signals are added to produce a bipolar pulse, as shown in
figure 4.11(c). The bipolar pulse is sent to a timing discriminator that triggers on the
zero-crossing, thus providing a time event at the desired fraction of the pulse height.
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Timing event

Figure 4.10: Zero crossing method
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Figure 4.11: The principle waveform of the constant fraction discriminator (CFD).

To summarise the errors of the different methods: CFD compensates for walk error
caused by amplitude and rise time variations, but not for walk error caused by non-linear
shape variations. Zero crossing compensates for amplitude variations, and leading edge
fails to compensate any variation described. Other errors for TOF devices that affect the
precision are: dark current noise from the APD, noise from amplifiers, background light,
non-linearity in the components and temperature variation in the device [25].

The customised device from Noptel Oy, Finland, used in paper F, uses a leading edge
discriminator with amplitude compensation for the time-of-flight measurements.

The feasibility of using TOF to measure pulp properties is shown in figure 4.12. It
illustrates that fines are the predominant source for optical scattering in a pulp sample
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Figure 4.12: The figures, from paper F, show TOF with varying fines and fibres mass fraction
for unbleached softwood pulp. In Fig. 4.12(a), the TOF is shown as a function of varying fines
consistency. The numbers in the figure are the fibre consistencies for various pulp samples.
In Fig. 4.12(b), the TOF is shown as a function of fibre consistency; the labels are the fines
consistencies for the respective pulp samples.

4.3 Photoacoustic or Optoacoustic

4.3.1 Introduction to Photoacoustics

The generation of acoustic waves by modulated or pulsed light is called the photoacoustic
effect (PA) or optoacoustic effect (OA) [66]. 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. However, the discovery
of the photoacoustic effect was almost forgotten until the 1970s3 when Kreuzer [68]
presented his work on detecting gas constituents by PA generation. After that, a number
of researchers have used PA techniques, for instance [69, 70, 71].

Research related to pulp and paper has gained some interest recently. Besides the
photoacoustic sensor mentioned in section 3.3.2, photoacoustic spectroscopy (PAS) has
been used to determine the spectra of cellulose, paper [72] and wood [72, 73]. Deter-
mination of lignin content using photoacoustic Fourier transform infrared spectroscopy
(PAS-FTIR) has been done by [74]. The use of photoacoustic characterisation of chem-
ical bleaching components, such as Kappa number, brightness and viscosity in pulp has
been reported by [75].

Below are descriptions of the concept of light conversion to sound, followed by a
simplified theory of photoacoustic sound generation. After that comes a brief introduction
to photoacoustic sound generation in a strongly-absorbing layer. This is followed by a
theory of photoacoustic sound excitation in a finite absorbing layer enfolded by two layers,

3According to [67], the PA effect in gases was rediscovered in 1938 in the Soviet Union by M.L.
Viengerov, after which other Soviet scientists worked on this topic.
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Figure 4.13: Processes occurring during photoacoustic generation

in which one is an optically transparent layer and the other is the sample layer.

From light to sound

The interaction of light (photons) with a material produces a series of effects as shown
in figure 4.13. If the photons are absorbed by the medium, the internal energy levels
(rotational, vibrational) are excited. The excited states may lose some of their energy
by radiation processes. Other reactions that can occur are electrostriction4, chemical
reactions, gas boiling or ablation and dielectric breakdown. Some of these reactions will
also generate heat. For instance, electrostriction can be an influential sound excitation
mechanism in the case when the light is weakly absorbed (μa < 10−5cm−1) [71].

The remaining optical energy will convert to heat, which results in thermal radiation
and expansion. Some heat will be diffused. However, the heat diffusion is often negligible
due to the long diffusion time compared to the excitation pulse length [66]. In addition
to PA generation, the generated heat produces a number of other effects that can be
monitored: (1) measuring the temperature rise using a thermocouple; (2) measuring
the thermal refractive-index gradients with, e.g., a beam position sensor; (3) surface
deformation by, e.g., measuring the deflection of a probe beam; (4) radiative emission
with an infrared detector. All these methods go with the measuring techniques called
photothermal techniques [77].

If the intensity of the light is sufficiently high, which can be easily obtained with a
pulsed laser and a focusing lens, an induced optical breakdown event (LIB) can occur

4A 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 [76].
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which result in a plasma formation, generation of an acoustic shock wave and a cavita-
tion bubble [70]. The breakdown threshold depends on the medium and is wavelength-
dependent. In paper D, the breakdown threshold for pure water was investigated and
results from one experiment are shown in figure 4.14.

10
9

10
10

10
11

10
12

0

0.1

0. 2

0. 3

0. 4

0. 5

0. 6

0. 7

0. 8

0. 9

1

Irradiance [Wcm-2]

B
re

a
k
d
o
w

n
 p

ro
b
a
b
ili

ty

Figure 4.14: From paper D, the breakdown probability is shown for pure water as a function of
irradiance. The circles mark measurements. The wavelength is 532 nm.

A visible broadband plasma emission flash will appear at the laser-induced dielectric
breakdown event [78]. The plasma formation can be used in medical application such as
intraocular surgery [79, 80, 81]. However, it is important that the shock wave and the
collapsing cavitation bubble be below the damage threshold of the human eye, in order
to avoid additional excessive damage. A medical application of the generated acoustic
pressure transient is used in lithotripsy to treat kidney stones. The pressure transient
leads to a very small displacement of the brittle stones, which results in their fragmen-
tation [82]. LIB can also be used to determine particle number density in an aqueous
suspension containing particles (polystyrene, aluminium and thoriasol) by determining
the breakdown threshold [83]. As mentioned, a cavitation bubble will be generated, due
to the high pressure and temperature in the illuminated region, as well as the formation
of a shock wave. The shock wave will travel with supersonic propagation speed and
attenuate through the action of dissipative effects [79]. It is known that for high-energy
breakdown events, multiple expansions and collapses of the cavitation bubble can take
place [84].

Generally, PA generation conversion efficiency η, i.e., acoustic energy generated/light
energy absorbed, is very low, on the order of 10−12 to 10−8, while for dielectric breakdown
the efficiency can be up to 30 % [66].
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4.3.2 Photoacoustic Theory

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

Simple PA Generation Description

Following the theory described in [66], we can make assumptions that the thermal dif-
fusion can be neglected, the process is adiabatic and the laser beam radius a is much
larger than cτL, i.e., a >> cτL, where c is the speed of sound in the medium and τL is
the laser pulse width in seconds. If a laser pulse with an energy of E0 enters a medium,
the energy absorbed by the medium is

Eabs = E0(1 − e−μaz), (4.34)

where μa is the absorption coefficient and z is the penetration depth of the laser pulse.
From thermodynamics the heat Q in a medium is defined as

Q = Cpm(T1 − T0) = CpV ρΔT (4.35)

where Cp is the isobaric 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 (4.36)

i.e.
E0(1 − e−μaz) = CpV ρΔT. (4.37)

From (4.37) we find the temperature rise caused by the irradiative laser beam to be

ΔT =
E0(1 − e−μaz)

CpV ρ
(4.38)

where V is the illuminated volume. If we now define a thermal expansion coefficient as
[85],

β =
1

V

(
∂V

∂T

)
≈ 1

V

(
ΔV

ΔT

)
. (4.39)

Further, the strain s can be expressed as

s = βΔT (4.40)

and the bulk modulus is defined as [36],

K = ρc2 (4.41)

where ρ is the density and c is the speed of sound in the media. The relation between
the strain and bulk modulus gives the pressure as

p0 = Ks. (4.42)
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By using (4.38), (4.40), (4.41) in (4.42), the energy conversion gives an initial pressure
p0 as

p0 = ρc2βΔT =
c2βE0(1 − e−μaz)

CpV
. (4.43)

Further if μaz � 1 (weak absorption) the equation (4.43) can be simplified as

p0 =
c2βE0μaz

CpV
(4.44)

Depending on the absorption coefficient μa, the photoacoustic source will have a different
shape. If the absorption coefficient is low, the source will have the shape of a cylinder, and
as the absorption coefficient increases the shape will more and more resemble that of a
sphere. If the penetration depth z is significantly smaller than the diameter of the pulsed
laser beam, an initially plane wave will be excited in the medium under investigation.

In figure 4.15, two media with different absorption coefficients are simulated using
the Monte Carlo method described in section 4.2.2. The whole process takes place in
a 3-D volume, with size 20�20�20 mm, filled with randomly distributed scatterers.
The light enters from the left side at normal incidence. The number of photons in
the simulation is one hundred thousand. The figure shows the distribution of photon
density in the same plane as the incoming light pulse, from time t0 to time t. The colour
in the figures indicates the energy: pale blue for low energy and red for high energy.
Figure 4.15(a) indicates that a cylindrical photoacoustic source is excited. The optical
parameters are μs = 0.2cm−1, μa = 0.2cm−1. Figure 4.15(b) indicates that an elliptical
photoacoustic source is excited. The optical parameters are μs = 0.2cm−1, μa = 3.0cm−1.
The figures show that depending on the optical properties of the medium, different types
of photoacoustic sources will be excited.

In a paper by Zhao et al. [22] the changes in pulse shape are shown to depend on
different mass fraction of fibre and fines in a pulp suspension.

(a) (b)

Figure 4.15: Monte-Carlo simulation of photon migration generating different photoacoustic
shapes. In (a) μs = 0.2cm−1, μa = 0.2cm−1 is used and in (b) μs = 0.2cm−1, μa = 3.0cm−1
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Figure 4.16: Heating zone in a case of strong light absorption.

4.3.3 Photoacoustic Excitation in a Strongly-Absorbing Medium

Under strong absorption, the photoacoustic source will initially become a locally plane
acoustic source [71]. In figure 4.16, a large diameter laser beam is incident along the
normal to the interface z = 0 between a transparent and highly absorbing medium.
Assume that the pulse duration τL is shorter than the transit time of the sound wave
through the depth of penetration of light (τL � (μac)

−1). Then, a rapid heating of the
absorbing medium is assumed, and a stress field (pressure wave) is created due to the
inhomogeneous temperature field. An illustration of the stress field is shown in figure
4.17(a). The solid line is the total stress field, which is evenly distributed between the two
propagating waves as shown in the figure. The dashed line is the wave propagating in the
positive z-direction, as indicated by the arrow. The dotted line is the wave that travels
toward the boundary between the transparent and absorbing medium, as indicated by the
arrow. If the acoustic impedance is equal between the two media, i.e., reflection coefficient
is 0 and transmission coefficient is 1, the propagating waves will at a certain time be at
the position shown in figure 4.17(b). On the other hand, if there is a large mismatch of
acoustic impedance between the media, as Ztr � Zabs, according to equation (4.6), the
reflection coefficient is ≈ −1 and transmission coefficient becomes ≈ 0. Then, the wave
(dotted line) propagating towards the boundary will be reflected at the boundary. The
propagating wave into the absorbing medium will then be the sum of the forward wave
as well as the boundary reflected wave, see the solid line in figure 4.17(c).

4.3.4 Theory of Photoacoustic Excitation in a Finite Strong
Absorbing Layer

The theory of exciting a sound wave by photoacoustic excitation in a semi-infinite and
finite absorbing layer is described here. The theory follows the theory of [86] but is
extended to include different acoustic properties of the surrounding layers. For com-
pleteness, the whole derivation is shown. A restriction is that one of the surrounding
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Figure 4.17: Formation of a sound wave in strong absorbing layer excited with a short laser
pulse.

layers must be optically transparent to allow the light pulse to encounter the absorbing
layer. In [86] the layer type was water on both sides of the absorbing layer. Figure 4.18
shows an illustration of the layers. Layer 1 is an optically transparent medium. Layer 2
is the absorbing layer. Layer 3 is the sample layer.

Consider a one-dimensional model, where a light absorbing medium extends in the
positive z-direction and is in contact with the optically transparent medium that extends
in the negative z-direction. Following the theory described in [86], the linear acoustic
wave equation is

∂2p

∂z2
− 1

c2

∂2p

∂t
= − β

Cp

∂H

∂t
(4.45)

where p is the pressure , c is the speed of sound in the absorbing medium, β is the isobaric
volume expansion coefficient, Cp is the isobaric specific heat capacity per mass and H is
the heating function. If the laser pulse time duration is short compared to the propagation
time for the generated sound wave in the absorbing region (i.e., τL � (μac)

−1), then near-
instantaneous heating of the absorbing medium can be assumed. The heat function may
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Figure 4.18: Illustration of a photoacoustic excitation from a finite absorbing layer. Layer 1 is
an optical transparent medium. Layer 2 is the absorbing layer with thickness d2. Layer 3 can
be either transparent or opaque.

be expressed as [86],

H(z, t) = μaE0e
−μaz [u(t) − u(t − τL)]

τL

(4.46)

where μa is the optical absorption coefficient, E0 is the radiation energy density at the
surface, τL is the pulse duration and u(t) is the unit step function. The light is modulated
as a rectangular pulse with a pulse width of τL.

We assume that the system is at rest before the light enters the boundary between
the transparent and absorbing medium. At the boundary z = 0, we assume that the
pressure and pressure gradient are continuous. The initial conditions are then

p(z, 0 ) = 0

∂

∂t
p(z, 0 ) = 0, (4.47)

H(z, 0 ) = 0,
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and boundary conditions are

p1(0 , t) = p2(0+, t) (4.48)

− 1

ρ1

∂

∂z
p1(0 , t) = − 1

ρ2

∂

∂z
p2(0+, t)

p2(d , t) = p3(d+, t) (4.49)

− 1

ρ2

∂

∂z
p2(d2 , t) = − 1

ρ3

∂

∂z
p3(d2+, t)

where ρ is the density and the subscript 1, 2 and 3 relate to the transparent, absorbing
and sample media, respectively.

If we first consider a semi-infinite absorbing layer and applying a Laplace transforma-
tion on (4.45), subject to (4.46), (4.47) and (4.48) and if we make the assumption that
τL � 0 we obtain,

∂2

∂z2
y(z, s) − s2

c2
y(z, s) = −μaβE0s

Cp

e−μaz (4.50)

where y(z, s) is the Laplace transform of p(z, t). The solution to (4.50) becomes

y(z, s) = F1(s)e
(s/c)z + F2(s)e

(−s/c)z +
s

s2 − c2μ2
a

μaβE0c
2e−μaz

Cp

(4.51)

where F1(s) and F2(s) are arbitrary constants. Because the pressure p must be bounded
for all z, the second and third term on the right side can only exist if z ≥ 0, and the
first term can only exist if z < 0. Then (4.51) can be split into two parts corresponding
to the medium. In the optically transparent medium

y1(z, s) = F1(s)e
(s/c1)z, z < 0, (4.52)

where c1 is the speed of sound in the transparent medium. In the absorbing medium we
have

y2(z, s) = F2(s)e
(−s/c2)z +

s

s2 − c2
2μ

2
a

μaβE0c
2
2e

−μaz

Cp

, z ≥ 0, (4.53)

where c2 s the speed of sound in the absorbing medium. The constants F1(s) and F2(s)
are determined according to the boundary conditions, equation (4.48) and are

F1(s) =
2Kρ1c1

(ρ1c1 + ρ2c2)(s − c2μa)
(4.54)

F2(s) =
2Kc2(ρ1c1μa + ρ2s)

(ρ1c1 + ρ2c2)(−s2 + c2μ2
a)

(4.55)

where K is a constant defined as

K =
μaβE0c

2
2

2Cp

(4.56)
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Applying the inverse Laplace transform to (4.52) and (4.53), subject to (4.54)-(4.55), the
acoustic wave propagating in the negative z-direction in the transparent medium is

pn(z, t) =

{
KT21e

−c2(t−z/c1), t + z/c1 ≥ 0,
0, elsewhere.

(4.57)

where T21 is the transmission coefficient defined as

T21 =
2ρ1c1

ρ1c1 + ρ2c2

(4.58)

In the absorbing medium the propagating wave in the time domain becomes,

pp(z, t) =

{
K

(
e−c2μa(t+z/c2) + ec2μa(t−z/c2)

)
, t − z/c2 < 0,

K
(
R21e

−c2μa(t−z/c2) + e−c2μa(t+z/c2)
)
, t − z/c2 ≥ 0

(4.59)

where R21 is the reflection coefficient, defined as

R21 =
ρ1c1 − ρ2c2

ρ1c1 + ρ2c2

(4.60)

To this point, we have discussed a semi-infinite layer d2 ≥ 0. If we consider a setup
where the layer d2 is finite. In this case, depending on the optical absorption, some of
the light will be absorbed and the remainder will pass through the absorbing layer and
into layer 3. This will cause a discontinuity in the pressure wave at z = d2.

Solving (4.45) again with the additional boundary condition (4.49), we find a simi-
lar solution as in (4.57) and (4.59). However, there are some distinctions if there is a
difference in acoustic impedance at the boundary z = d2. The wave propagating in the
positive z-direction will be partly reflected at the boundary z = d2 and will thereby prop-
agate in the negative z-direction. The size of the reflected wave depends on properties
of the absorbing layer and on the reflection coefficient between the two layers. Further,
if there is also a difference in acoustic impedance at the boundary z = 0, a part of the
propagating wave will undergo a reflection. The remaining part will be transmitted into
layer 1 and continue to propagate in the negative z-direction. At the boundary z = d2,
the part of the wave that is not being reflected will be transmitted into layer 3 and
continue in the positive z-direction. Altogether, this results in a sound wave that will
be multiply-reflected inside the absorbing layer and lose some energy in each reflection.
The wave propagating in the positive z-direction is,

ppi(z, t) =

⎧⎨⎩
KT23R

i−1
21 Ri−1

23

(
e−c2μa(t+z/c2) + ec2μa(t−z/c2)

)
, 0 ≤ ti < d2/c2,

KT23R
i−1
21 Ri−1

23

(
R21e

−c2μa(t−z/c2) + e−c2μa(t+z/c2)
)
, d2/c2 ≤ ti < 2d2/c2,

0, elsewhere,
(4.61)

where i is the number of reflections and,

ti = t − [2(i − 1)]d2

c2

(4.62)
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and R23 is the reflection coefficient between layer 2 and 3 defined as,

R23 =
ρ3c3 − ρ2c2

ρ2c2 + ρ3c3

. (4.63)

The entire pressure wave that propagates in the positive z-direction is the sum of
(4.61),

Pp(z, t) =
N∑

i=1

ppi. (4.64)

Considering the pressure wave propagating in the negative z-direction, we have first the
primary wave

pn(z, t) =

{
KT21e

−c2(t−z/c1), 0 ≤ t + z/c2 < d/c2,
0, elsewhere.

(4.65)

and then we have the waves that have been reflected at the boundary z = d2 and is
propagating in the negative z-direction as

pni(z, t) =

⎧⎨⎩
KT21R

i
23R

i−1
21

(
e−c2μa(t+z/c2) + ec2μa(t−z/c2)

)
, 0 ≤ ti < d2/c2,

KT21R
i
23R

i−1
21

(
R21e

−c2μa(t−z/c2) + e−c2μa(t+z/c2)
)
, d2/c2 ≤ ti < 2d2/c2,

0, elsewhere,
(4.66)

where i is the number of reflections and,

ti = t − (2i − 1)d2

c2

(4.67)

The entire pressure wave that propagates in the negative z-direction is the sum of (4.65)
and (4.66),

Pn(z, t) = pn +
N∑

i=1

pni (4.68)

Figure 4.19 shows a simulation of a photoacoustic signal propagating in the positive
z-direction. For the absorbing layer, the following properties have been used in the
simulation: μa = 5000 m−1, β = 3.7 �10−4, Cp = 1172 Jkg−1, c2 = 2290 ms−1, ρ2 =
1070 kgm−3, d2 = 1�10−3m. The surrounding layers are water.

4.4 Combining Optical and Acoustical Measurement

Techniques

A basic idea in this work has been to combine optical and acoustical measurement tech-
niques. To reduce the required components for the sensor, the work has focused on the
photoacoustic technique.
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Figure 4.19: A simulation, derived from (4.64), of a photoacoustic pressure signal propagating
in the positive z-direction.

Figure 4.20: The figure, from paper B, shows acoustic attenuation as a function of optical
propagation delay in different sample series. The fibres consistencies are for TMP pulp 0.25%,
0.50% and 0.75%. For softwood (SW), the fibre consistency is 0.25%. For each respective fibre
consistency level, the number of fines increases from left to right and is shown by the percentage
number by each measurement.

In order to investigate how sound and light are affected by the pulp composition, sep-
arate measurements have been made on specially-designed pulp samples. For instance,
in paper B, time-of-flight for a light pulse and ultrasonic attenuation measurements on
thermo-mechanical pulp (TMP) are joined. The pulp samples contained different mass
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fractions of fibres and fines. Figure 4.20 shows acoustic attenuation as function of TOF
in the different pulp sample series. The mass fraction of fibres is constant in respective
sample series. The percentage numbers in the figure are the fines mass fractions, in-
creasing from left to right for respective pulp sample. The figure illustrates that using
both the optical time of flight and ultrasonic attenuation methods simultaneously, it is
possible to distinguish pulps having different amounts of fibres and fines.

The combination sensing strategy has been further extended in paper F. In that paper,
we include the speed of sound and light intensity in addition to ultrasonic attenuation
and TOF. In paper F, the partial least squares (PLS) method was used to construct a
statistical model from the measurement data in order to investigate the feasibility of the
combination sensing strategy. The result for estimating fibre mass fraction is shown in
figure 4.21(a), and fines mass fraction in figure 4.21(b), for unbleached softwood pulp.

0 0.1 0.2 0.3 0.4 0.5
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Observed fibre mass fraction [%] 

P
re

d
ic

te
d

 f
ib

re
 m

a
s
s
 f

ra
c
ti
o

n
 [

%
] 

(a)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

0.05

0.2

0.15

0.2

0.25

0.2

0.35

Observed fines mass fraction [%]

P
re

d
ic

te
d
 f
in

e
s
 m

a
s
s
 f
ra

c
ti
o
n
 [
%

]

(b)

Figure 4.21: The figures from paper F show observed versus predicted plots of the result with
PLS modelling for unbleached softwood pulp. Figure 4.21(a) shows the observed fibre consistency
versus the predicted fibre consistency, and figure 4.21(b) shows the observed fines consistency
versus the predicted fines consistency.

PLS was chosen because it is more robust compared to, for instance, principal com-
ponent regression (PCR). Robust means that the model parameters do not change very
much when new calibration samples are taken from the total population [87]. Another
advantage with PLS is that it can analyse large matrices that are correlated and noisy
[88]. The pioneering work on PLS was done by Herman Wold [89]. Since then, PLS has
gained importance in many other fields such as chemistry and industrial process control
[87].

The general idea of PLS is to find the components that explain as much as possible of
the covariance between the measured predictor matrix X and the corresponding response
matrix Y. In matrix Y are the properties that we would like to estimate, e.g., fibre
consistency, given a set of predictors X, e.g., TOF.

There are different algorithms for determining the PLS components. One iterative



4.4. Combining Optical and Acoustical Measurement Techniques 49

PLS algorithm is the NIPALS algorithm, another is SIMPLS [90]. In Table 4.1, we show
the steps of the NIPALS algorithm given by Phatak and Jong [91]. Before the start of
the analysis, all variables are centred and scaled to unit variance. This corresponds to
giving all variables the same importance.

The notation here is that column vectors are denoted by bold lowercase letters and
matrices with bold uppercase letters.

Instead of modelling only the X variables (as in PCR), PLS will make two sets of
models: one for the predictors X and another for the responses Y, as follows:

X = TPT + E (4.69)

Y = UQT + F (4.70)

where X is an (n�N) matrix, where n is the number of observations and N is the number
of variables. Y is an (n�M ) matrix, where M is the number of response variables. T,U
are (n�p) matrices, where p is the number of components (score vectors). The (N�p)
matrix P and the (M�p) matrix Q are the loading matrices. Finally, the (n�N ) matrices
E and F (n�M ) represent the matrices of residuals, i.e., model errors.

PLS is an iterative process. The number of components needed, i.e., the number of
iterations, to describe the model can be determined by cross-validation. The procedure
with cross-validation is to have one measurement set to build the statistical model and
another for validation. Then, calculate the goodness of prediction parameter Q2 =
1 − PRESS/SST , where PRESS is prediction error sum of squares and SST is the
total sum of squares of Y, corrected for mean. We do this iteratively for each number of
components in the PLS model and stop when the component starts to be insignificant,
i.e., when Q2 starts to decline.

Table 4.1: NIPALS algorithm
Set E0 = X and F0 = Y. Then for i = 1 to p
1. wi = dominant left singular vector of ET

i−1Y
2. ti = Ei−1wi

3. pi = XTti/(tT
i ti)

4. qi = YTti/(tT
i ti)

5. Ei = Ei−1 − tip
T
i

6. Fi = Fi−1 − tiq
T
i

7. i = i+1, goto step 1
End

After p iterations, which is the optimal number of components given by the cross-
validation, the weight matrix W will bee

W = [w1w2...wp], (4.71)
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and the scores and loadings matrices of the X and Y matrices are then,

T = [t1t2...tp] (4.72)

P = [p1p2...pp] (4.73)

Q = [q1q2...qp]. (4.74)

A prediction of Y is obtained by

Ŷ = XB, (4.75)

where B, determined from the calibration experiment, represents the matrix of regression
coefficients:

B = W(PTW)−1QT. (4.76)



Chapter 5

Photoacoustic Measurement Design
Considerations

During the course of the work two measurement cells have been built. The main
difference between the measurement cells is that the second cell sustains pressure and
the first cell does not. The objective in designing and building the cells was to measure
the photoacoustic signal generated from a laser pulse. Another goal is to be able to
measure light and sound waves in the same cell. In building a photoacoustic cell, both
optical and acoustic properties must be considered, in terms of design and materials.

5.1 Design Considerations

A cell described in [8] was designed for purely ultrasonic measurement and used in pa-
per A. In that cell, the pulp suspension 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 wood pulp easily flocks. Hence, there will
be variations in the mass fraction within the sample. To avoid or at least reduce the
fibre’s tendency to form flocks, a new cell had to be included in a closed loop flow sys-
tem. Another advantage of having the suspension cycle is that sedimentation is thereby
avoided. The disadvantage of using a recirculating system is the temperature rise caused
by pumping the suspension.

Some of the requirements for the new measurement cell were as follows:

� Capability to measure the photoacoustic signal.

� Both ultrasonic and optical signals should be measurable.

� Capability to measure optical and ultrasonic signals simultaneously.

� Permit different options for measuring the combination of ultrasound and optical
signals.

51
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� Easily reconfigured from pulse-echo to transmit-receive in ultrasound mode.

� Easily exchange the windows to other types of materials.

These demands are not easily obtainable at the same time. To optimise the cell for
the photoacoustic purposes, the cell should be made of non-absorbing materials, because
absorption in the cell wall can be regarded as photoacoustic noise (absorption in the steel
wall creates a photoacoustic wave). The opposite consideration pertains when measuring
the intensity of 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 the outer surface at an angle to avoid
an interfering echo. The cell should also easily permit mounting 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 of up to 2 % without being blocked. As
noted 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.

5.2 Measurement Cells

Transducer

Stainless steel reflector

Fused silica window

InletOutlet

Figure 5.1: The first custom made measurement cell. The left side is mainly for optical mea-
surement. The right side of the cell is the ”acoustical” side.

In figure 5.1, the first measurement cell is shown. The cell is made of four precision-
machined rectangular pieces of stainless steel. Two pieces are 50 by 100 mm and 10 mm
thick, and 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
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of 30 mm. At each end of the cell, plates of brass are mounted. To the end brass plates,
25 mm of connectors are welded, where the circulating system can be connected. 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 finish.
The cell is designed for two different modes of measurement. The first, the optical mode,

Transducer

Laser beam

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

Laser beam

Transducer 1

Transducer 2

Transducer 3

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

Figure 5.2: Illustrations of some measurement options for the cell.

consists of four optical windows made of fused silica with a diameter of 25 mm, placed
on each side of the cell. The windows are removable and therefore other equipment can
be mounted instead, such as the optical absorbents presented in paper G. The second
mode, the acoustic mode, consists of an ultrasonic transducer fitted to a holder that is
attached to one side of the cell, see figure 5.2(a). On the opposite side there is a stainless
steel reflector. The outer side of the stainless steel reflector is at an 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
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the pulsed laser light can enter and exit the cell. The cell can be reconfigured to enable
separate ultrasonic measurement and a optical/photoacoustic set-up. Figure 5.2(b) shows
that configuration. The second measurement cell shown in figure 5.3 is also designed to

Laser

Fiber optic cable

Transducer

To pulser/receiver

Measurement cell

Figure 5.3: The figure shows the second custom made measurement cell. The laser from Noptel
Oy is connected to the cell by fibre optic cables. The optical device provide measurement on
received intensity and time-of-flight. An ultrasonic transducer is also attached to the cell and
connected to a pulser/receiver

permit different configuration setups, as for the first cell. It is made from one piece of
solid stainless steel where 8 threaded ports are drilled where different equipment can be
mounted. The main difference is that the second measurement cell sustains pressure. It
has been tested at pressures up to 4 bar without any leakage. The total length is 100
mm. It is designed to fit in a pulp analyser (PulpEye, Eurocon Analyzer AB, Sweden).

5.2.1 Configuration of the Novel Photoacoustic Measurement
Cell

As mentioned earlier, the objective of this work has been to develop a photoacoustic
sensor that permits both acoustic and optical measurements, simultaneously. The main
idea with the photoacoustic sensor is to divide the light that enters the cell into two
components. One of the light components is absorbed in a thin plastic film, creating
a sound wave. The second light component continues through the measuring cell and
is absorbed on the opposite side, creating an additional sound wave. Mounted to the
second absorber is an ultrasonic transducer that captures the generated sound waves.

To manage this setup, the first measurement cell was configured as shown in figure
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Transducer

Buffer-rod/

absorber

Semi-transparent absorberWindow

Echo1

Echo 2

Echo 3

Laser pulse

time

d4

d3

d2

d1

Figure 5.4: Diagram of the novel photoacoustic measurement cell.

5.4. A short laser pulse enters the cell from below. The light pulse propagates through
the transparent window and encounters the semi-transparent absorber. Part of the light
will be absorbed and a sound wave is excited. The remaining part of the light will
propagate into the suspension, in which the light will be attenuated due to scattering and
absorption. The light that has not been attenuated will encounter the second absorber
on the side opposite to the one where the light has entered the cell. Here, part of the
light is absorbed and excites an additional sound wave. This sound wave will propagate
through the second absorber and be captured by the ultrasound transducer, becoming
echo 1 in figure 5.4. Echo 1 is theoretically described by Eq.(4.59) and measurements
on pulp samples, from paper G, is shown in figure 5.5(a). The energy of echo 1 will be
related to the optical properties in the suspension. The sound wave excited at the first
absorber will propagate through the suspension and also encounter the second absorber.
The sound wave will be partly reflected and partly transmitted at the boundary. The
transmitted wave will propagate through the second absorber and be captured by the
ultrasonic transducer, becoming echo 2 in the diagram. Echo 2 is theoretically described
by Eq.(4.64) and measurements of echo 2 on pulp samples, from paper G, is shown
in figure 5.5(b). The energy in echo 2 will be inversely proportional to the acoustic
attenuation in the sample. However, if the light entering the sample vessel is reflected
back and into the first absorber, it will also contribute to the initial energy of the sound
wave. If this contribution is significant, then the backward reflected sound wave at the
second absorber can be used to form the acoustic attenuation, because the backward
reflected sound wave will propagate back and forth through the suspension and end up
at the boundary between the second absorber and the suspension again. The sound wave
that is transmitted will then be received by the transducer and become echo 3 in the
diagram. The relation between the second and third echo will then be proportional to



56 Photoacoustic Measurement Design Considerations

the acoustic attenuation in the suspension.
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Figure 5.5: The figures, from paper G, shows in (a) echo 1. The first percentage number
is the fibre consistency in respective pulp sample. The second percentage number is the fines
consistency in respective pulp sample. In (b) echo 2 for the same pulp samples is shown. Note,
in both figures we have shifted the signals in time for clarification.

In designing the cell, both the optical and acoustic properties of the material need to
be considered. At the first absorber, a plastic film is used. Another choice of material is a
neutral density filter made of glass. However, glass has much higher acoustic impedance
compared to water. Hence, a low transmission of sound into the pulp suspension is then
obtained. The same considerations must be taken at the second absorber. Here, we have
also chosen a plastic material, because plastic has an acoustic impedance close to that
of water. However, a perfect match may not be desirable since then, no reflected wave
is obtained and consequently no third echo. Considering the optical properties at the
first absorber, the absorption coefficient is important because it sets the ratio between
transmitted light and absorbed light. The light that is transmitted must contain enough
energy to be able to propagate through the suspension and generate a detectable pho-
toacoustic signal at the second absorber. Further, at the second absorber, the absorption
coefficient must be as high as possible in order to generate a strong photoacoustic signal.
Also, the thickness d2 of the absorbing layer is important because it, together with the
absorption coefficient, set the optical absorption at the layer. Further, it also can be used
to set the frequency range of the ultrasonic pulse. By having a thin layer, the excited
sound wave will become a broad-banded pulse.



Chapter 6

Online Considerations

The overall objective of this work is to investigate whether a sensing strategy based
on the photoacoustic technique can provide wood pulp property information online. To
meet the goal, the sensor should provide reliable and robust information on the pulp
properties. The following is a brief discussion of the considerations.

Consistency range The photoacoustic sensor is at this stage applicable for measure low
consistency pulp. Consequently, the application is close to the paper machine. For
the photoacoustic sensor to be useful in other areas of the process, the measurable
consistency range must increase. To achieve this, is a balance between reducing
the distance in the measuring cell with the risk of having fibres trapped in the
measuring cell. Another approach is to increase the laser power. However, the
damage threshold for the polymer film must then be taken into account. It is also
important that the sensor measures a representative sample of the pulp suspension.
The larger the sample, the more reliable is the measurement.

Measurement response time Currently, the sensor has no time-consuming and com-
plex calculations to generate, for instance, an estimation of the consistency. There-
fore, it is believed that the sensor is well suited for integration in a control loop in
a mill.

Environment The environment where the sensor is placed is an important aspect to
consider. The sensor can be affected by variations in ambient temperature, dusty
environment or by being exposed to vibrations. How these issues affect the sensor
is unknown and should therefore be investigated.

Temperature The influence of temperature variations in water on light is believed
to be minor [92]. Ultrasound is affected by temperature. A sound pulse travels
faster at higher temperatures. The relation between speed of sound in water and
temperature is well known [93]. How the temperature affects fibres is unknown and
should therefore be investigated.
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Pulp flow velocity It is believed that light travelling through the pulp is not affected
by variations in pulp flow velocity that may occur in the pulp. It is also believed
that ultrasound is not affected by flow changes. The pulp flow velocity is estimated
to be in the range of 0.1 to 5 m/s, and the sound velocity in water at 20 � is
1482 m/s.

Pressure The refractive index increases as pressure increases, due to the resulting in-
crease in density. However, this effect is not significant for liquids. Hence, the
influence of pressure variations in the pulp is believed to be negligible for light
propagation [92]. By contrast, ultrasound is affected by pressure. A sound wave
travels faster at higher pressure. How sound pulses in water are affected by pressure
is known [94]. How the pressure affects fibres is unknown and should therefore be
investigated.

Entrained air In a pulp suspension, there are air bubbles in various amounts and sizes.
Like the microwave sensor, the photoacoustic sensor might also be affected by air
bubbles, since sound waves travelling in water are affected by air bubbles. The
solution to this issue is believed to be to have the system pressurised.

Chemicals In the manufacturing of paper, chemicals are added. Chemicals are added
for two reasons : to facilitate the manufacturing process and to give the finished
paper special properties. How these chemicals affect the sensor is unknown and
should therefore be investigated.

How variations in lignin content affect the measurements is unknown and should
also be investigated.

Fillers and pigments Close to the paper machine, fillers and pigments are added to
the pulp suspension. Light is affected by fillers and pigments. It is believed that
fillers and pigments have a minor influence on ultrasound. However, how fillers and
pigments affect the sensor is something that must be investigated.

Maintenance This is an important aspect for any kind of sensor, because maintenance
is a direct cost that all manufactures want to keep as low as possible. As men-
tioned earlier, optical sensors are sensitive to dirt in the pulp suspension. Since
the photoacoustic sensor is based on light and sound that travels from one medium
to another, it is important that the interfaces between the mediums (absorber-
suspension) are clean. This will require some maintenance. However, the sensor
contains no moving parts, which is positive from a maintenance standpoint.

Signal filtering During this work, it is noted that during measuring of a pulp sam-
ple, large variation in the received signal is sometimes obtained. This because the
suspension is not homogeneous; the fibres easily floc, which creates variations in
consistency within the suspension. To reduce the signal variability, the signal should
be filtered. In a real application, the filter parameters are important. The choice of
filter parameters is a compromise between detection of changes and stability of the
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system. If the filter parameters are set high (meaning that high frequency compo-
nents are filtered), then a stable signal is obtained but at the cost of slow reaction
to actual changes. The filter setting is something that needs to be considered in an
installation of a sensor if it is used in a control loop.

Price An important issue in sensor development is: at what price can a sensor be made?
In a paper from the year 2001, Merman [16] reported the unit cost for an optical
consistency sensor to be between �4000-30000, and for a microwave sensor, up to
�50000. For the developed photoacoustic sensor, the cost of the laser will dominate.
Because of the low conversion efficiency from light to sound, the sensor requires a
high power laser. At this stage, the price of the sensor is not possible to predict
because the sensor is not yet fully developed. Notably, the design of the sensor
requires further development when it comes to material and sample chamber size.
Further, the signal processing, i.e., filtering, amplification and bandwidth of the
signal, also requires additional attention. However, it is believed that the price will
be comparable or even lower compared to other consistency sensors presently on
the market.

Despite all the considerations that have not yet been answered, it is firmly believed that
the photoacoustic sensor has the potential to operate in an environment as in the pulp
and paper industry.
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Chapter 7

Summary of the Papers

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

7.1 Included Paper in the Thesis

Paper A - Ultrasonic Measurements and Modelling of

Attenuation and Phase Velocity in Pulp Suspensions

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 the problem of calculating a cor-
rect phase velocity from a phase unwrapping technique. Here a method is presented to
minimise 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.
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Paper B - Pulp Consistency Determined by a Combi-

nation 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.

Paper C - On a New Sensing Strategy Using a Com-

bination 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 motivation is to examine the behaviour of the two techniques. Is there a possibility
to extract more information from a combined measurement?

The two measurement techniques were tested experimentally in the custom made
measurement cell using suspended Nylon 66 fibres. The result shows two different be-
haviours. 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 po-
tential to give the mass fraction as well as the particle number density in an aqueous
fibre suspension.

Personal contribution
General idea and data analysis. Writing together with Torbjörn Löfqvist. Measurements
together with Per Gren.
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Paper D - Investigation of the photoacoustic signal

dependence on laser power

Authors: Jan Niemi, Torbjörn Löfqvist and Per Gren
Published:Proceedings of SPIE, Advanced Laser Technologies 2007 Conference, Levi,
Finland 3-7 Sept.2007

Summary
In this paper we examine the photoacoustic signal generated by laser induced dielec-
tric breakdown process in pure water, under normal conditions. The motivation is to
investigate the power spectrum of the photoacoustic signal and estimate the dielectric
breakdown threshold for pure water with a wave length of 512 nm for the light pulse.
In this case the dielectric breakdown will lead to a formation of a shock wave. We in-
vestigated the relation between pulse energy and amplitude, group velocity and power
spectrum of the shock wave. Only photoacoustic signals generated from dielectric break-
down was considered. We found that the amplitude and the average group velocity of
the shock wave correlates to the laser pulse energy. The frequency contents of the pho-
toacoustic signal changes due to both non-linear behaviour and dissipative effects. We
estimated the dielectric breakdown threshold to be 0.44 × 1011Wcm−2.

Personal contribution
General idea and data evaluation. Writing together with Torbjörn Löfqvist. Measure-
ments together with Per Gren.

Paper E - Ultrasonic Methods in Determining Elastic

Material Properties of Fibres in Suspension

Authors: Torbjörn Löfqvist,Jan Niemi, and Yvonne Aitomäki
Published: Proceeding of IEEE Ultrasonic Symposium, New York,USA, 2007.

Summary
The presented study concerns the application of the pulse-echo ultrasound measurement
technique in determining the elastic properties of fibres suspended in water. The two
kinds of fibre materials are investigated, nylon 6/6 fibres and softwood pulp fibres. In
obtaining the fibres longitudinal Young’s modulus two methods are used, one based on
phase velocity and one based on acoustic attenuation. It is found that both methods gives
reasonable estimates of the longitudinal Young’s modulus for nylon 6/6. For pulp fibres
the determined Young’s modulus is overestimated in comparison with earlier findings by
other investigators.
Personal contribution
Measurement and data analysis.
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Paper F - Low Pulp Consistency Prediction from Op-

tical and Acoustical Measurements Using PLS Re-

gression

Authors:Jan Niemi, Torbjörn Löfqvist and Johan E. Carlson
Published: To be submitted to Nordic Pulp & Paper Research Journal

Summary
In this paper the feasibility on combining the two measurement techniques optical and
acoustical are further examined. We use PLS (Partial Least Squares) to construct a
statistical model from the measurement data, in order to investigate the feasibility of
the proposed method. We also compare the proposed technique with using only optical
measurement technique and also only acoustic measurement technique. Two different
types of chemical pulp are considered; bleached hardwood and unbleached softwood pulp.
The pulp samples contained different share of fibres and fines. Using a combination of
the techniques and PLS we are able to estimate the total consistency with a validation
value of Q2 = 0.99 for both pulp types. And in addition also identify the two different
length fractions, fibres (Q2 = 0.97 unbleached, Q2 = 0.98 bleached) and fines (Q2 = 0.98
unbleached, Q2 = 0.89 bleached). The comparison with a single technique showed an
increased explanation grade with the combined model compared to either of the single
technique.

Personal contribution
General idea, measurement and data analysis. Writing together with Torbjörn Löfqvist
and Johan E. Carlson.

Paper G - Wood Pulp Characterization by a Novel

Photoacoustic Sensor

Authors:Jan Niemi and Torbjörn Löfqvist
Published: To be submitted to Measurement Science and Technology

Summary
In this paper we introduce a novel photoacoustic sensing technique that capture a pho-
toacoustic signal excited by a laser light pulse after the light has propagated through a
turbid medium. Simultaneously, the ultrasonic sound wave is captured after it has propa-
gated through the same turbid medium. By combining the two signals more information
of the investigated medium can be obtained. The application can be in the pulp and
paper industry to monitor wood pulp compositions. Depending on its origin the pulp
suspension contains different compositions of fibres and short fibres (fines). Poor control
of the pulp composition leads to an unstable process that compromises the production,
quality and the energy efficiency in the pulp mill. The result shows the feasibility of the
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photoacoustic sensor in monitoring the mass fractions of fibres and fines in a pulp sus-
pension. The first received echo, corresponding to the light interaction with the sample,
showed a stronger correlation to the fines mass fraction compared to fibre mass fraction.
The second echo, corresponding to the sound wave interaction with the sample, showed a
much stronger correlation to fibre mass fraction than to fines mass fraction. Hence, it is
believed that by combining these two echoes more information about the pulp suspension
is given compared to any sensor built one of the single sensing principles and therefore
be applicable for the pulp and paper industry.

This paper form a base for a patent application.
Personal contribution
General idea, measurement and data analysis. Writing together with Torbjörn Löfqvist.

7.2 Other Work not Included in the Thesis

Model-Based Phase Velocity and Attenuation Estima-

tion 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 pulp

Experimental investigation of different refining stages

influences on optical and ultrasonic signals in paper

pulp suspensions

Author: Jan Niemi
Published: Accepted to conference Advanced Laser Technologies (ALT09), 26 sept. - 1
Oct. 2009, Antalya, Turkey.
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Summary
Since refining is used to give fibres desirable properties, its impact on the fibres with re-
spect to light and sound is investigated. Refining influence the fibre by changing the fibre
surface, fibre flexibility and occasionally cutting the fibre. Refining also generate fines.
All these changes in fibre properties might influence accurate consistency estimation.
The results show that for unbleached softwood pulp the optical amplitude decreases as
refining intensity increases. The time-of-flight for the light pulse increases with refining
intensity. For the ultrasound attenuation there is a weak trend for increased attenua-
tion as refining intensity increases. For bleached hardwood pulp the influence of refining
intensity on the tested measurement techniques was not apparent. The results indicate
that refining will influence accurate consistency estimation for unbleached softwood pulp
but not for bleached hardwood pulp using the investigating measurement techniques.

Patent Application - Device For Measuring Concen-

tration and Properties of Particles in a Fluid and a

Method Thereof

Inventors:Jan Niemi and Torbjörn Löfqvist
Published: Submitted to Patent- och registreringsverket ,Sweden

Summary
The present invention relates to a device for measuring concentration and properties of
particles in a fluid. The device comprises: a light unit arranged to provide a first light
pulse into a measuring cell containing a fluid; and an absorbent arranged in connection
with the measuring cell and connected to a measuring unit, the measuring unit being
arranged to measure signals reaching the absorbent. The device further comprises a
semi-transparent absorbent through which the first light pulse passes when entering the
measuring cell, so that the first light pulse is divided into a photoacoustic sound wave
and a second light pulse which will propagate through the fluid in a direction where
the absorbent is arranged, so as to reach the absorbent. The invention also relates to a
method thereof, and a system comprising at least such a device.



Chapter 8

Conclusion

This thesis investigates and describes three measurement techniques: ultrasound, op-
tical and photoacoustical applied to pulp and paper industry. The overall objective of this
work is to investigate whether a sensing strategy based on the photoacoustic technique
can provide valuable wood pulp property information online.

It is shown that fibres are the predominant source of attenuation of ultrasonic waves.
It is also shown that fines are the predominant source of optical scattering. Hence, addi-
tional information about the examined media can be extracted by using a combination
of the measurement techniques. The combination enables an estimation of the total
consistency and, in addition, also identifies the two different length fractions, fibres and
fines in a given pulp suspension. We have also developed a photoacoustic sensor that
permits measurements that are related to ultrasound properties and optical properties
of the investigated medium, simultaneously.

The objectives of this thesis were divided into two research questions. These questions
and answers are as follows :

� Can photoacoustic sensing provide robust information about the pulp suspension
properties?

The answer to this question is yes. We have shown that by combining ultrasound
with an optical measurement techniques, a better estimate of the consistency is
obtained, compared to a single technique. We have shown that an estimate of
the proportion of fibres and fines is obtainable by combining ultrasound with the
optical techniques. With the development of the photoacoustic sensor, we can
combine the two techniques in a single measurement cell and thereby provide an
improved estimate of the consistency.

� Can such a photoacoustic sensor also meet industrial robustness and operation re-
quirements at a reasonable price?

Based on the considerations above, we do not find any insuperable obstacle for
the development of the photoacoustic sensor investigated here into an industrially-
feasible sensor device. The photoacoustic sensor is fast and has no moving part,
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leading to a low manufacturing cost, low maintenance requirements and greater
robustness. Because the sensor simultaneously measures a signal related to optical
and acoustic properties, the sensor has the potential to extract more information
about the pulp suspension, compared to a single technique. Hence, better process
control is achievable and, therefore, improvements in production, quality and energy
efficiency in the paper making process are possible.

Regarding the long term goal of a sensor that, in addition to consistency, also provides
an estimate of the elastic properties of fibres, we have, in paper E, used ultrasound to
estimate the elastic properties of suspended fibres. Although a simple model based on
phase velocity was used, it gave reasonable estimates on suspended nylon 6/6 fibres, but
for softwood fibres, the result differs from those obtained by other investigators. This
could due to the simplification in deriving the model, but it could also be due to the
very limited number of published reference values for saturated softwood fibres. Hence,
further investigations are needed to validate the method before the long term goal of a
sensor that can measure both consistency and elastic properties of the fibres becomes
achievable. Also in paper E, ultrasonic attenuation was used to estimate the elastic
properties of nylon 6/6 fibres. This method gave also reasonable estimates of the elastic
properties of the nylon 6/6 fibres. Softwood fibres were not investigated. In a thesis by
Aitomäki [10] the subject of using ultrasonic attenuation to estimate elastic properties of
suspended fibres is comprehensively investigated. Her work showed that using the model
derived in the thesis and ultrasonic attenuation measurements, estimates of the elastic
properties of wood fibres could be obtained.

It should also be pointed out that all of these 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 realistic conditions in a pulp mill.

It is believed that this sensing strategy can also be applied in other areas where
complex suspensions are of interest, for example, other process industries, pharmaceutical
industries as well as in biological and biomedical dispersions and emulsions.



Chapter 9

Further Work

Even if the sensor strategy has shown some initially interesting results, the technique
needs to be develop further.

The research assignments we have to address are

� The influence fillers, pigments and additives.

� The influence of the laser power.

� The influence of wave length.

� Test in a pulp mill.

The influence fillers, pigments and additives This thesis has only investigated pulp
suspensions without any fillers and additives. As mentioned in chapter 3, light
propagation is sensitive to fillers as fillers promote light scattering. How light scat-
tering affect the photoacoustic signal needs to be investigated. As light scattering
gives a change in photon density distribution and thereby produces a correspond-
ing change in the excited sound wave. In a paper by MacKenzie et al. [95] showed
that the photoacoustic signal is not affected by light scattering, but in a paper
by Helander and Lundström [96], they showed that the photoacoustic signal was
influenced by light scattering. However, none of the mentioned researchers had the
same setup as the photoacoustic sensor presented in this thesis therefore this needs
to be investigated.

As mentioned earlier different types of chemicals are added to the pulp. How these
chemicals affect the sensor is unknown and should therefore be investigated.

The influence of the laser power An investigation on what laser power is needed to
give an acceptable signal-to-noise ratio. This also involves a investigation on the
measuring distance required to obtain the desired interaction between the pulp and
the propagating pulses (light and sound) in the photoacoustic sensor described in
paper G.
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The influence of wavelength The light absorption in a material is wavelength depen-
dent. Therefore, further investigations has to be made on what materials can be
used to excite the photoacoustic sound wave. It is also important to consider a
wavelength that gives a consistent photoacoustic sound wave despite colour and
brightness variations in the pulp suspension.

Test in a pulp mill. A measurement technique which does not work properly in the
environment it is aimed for, is of limited use. The sensor needs to be tested in
real-life conditions in a pulp mill. This to investigate the considerations mentioned
in chapter 6.
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Institutionen för pappers- och massateknik, 1996.

[2] N. J. Sell, Process control fundamentals for the pulp & paper industry. Atlanta,
Ga.: Tappi Press, 1995.
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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 [1]. In all these methods, the calibration is
recognized as the key to accurate consistency measurements[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 [2]. Theories describing the random walks of
photons in a scattering medium are also widely known in the area of optical measurements
[2]. In pulp and paper research area the photon migration technique is used by [3, 4, 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 [6] and [7].

The present study concerns the application of a combination of optical and acous-
tical measurement methods. The multi-sensor method proposed is designed to make
measurements 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
pathway results in a time difference between the pulses when they arrive to the receiving
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Figure 1: The optical measurement system setup

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 [8]. They depend mainly on fibre size,
mass fraction of fibres and the mechanical and thermal properties of the fibre material.
A detailed treatment of scattering and absorption is quite complex and beyond the scope
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of this article and it is in this study sufficient to lump the different 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 operation
and calibration procedure is found in [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 Laboratories 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 [7] but reviewed briefly
below for completeness. The transducer emits a short acoustic pulse. The pulse prop-
agates 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 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
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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 [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 4(a) 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 4(b). In figure 4(c) 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 5(a) 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 6(a) and (b), the ultrasonic attenuation for some long-
fibre fractions of TMP and SW are shown for different consistencies. In figure 6(c)
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
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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.



102 Paper B

(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 %.

(figure 7(a)) and fines (figure 7(b)) consistencies. The estimate of the uncertainty of
acoustic attenuation is ±3.5 1/m based on the 100 pulses at each measurement.

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 4(a) 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.
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(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.

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 4(c) 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 4(a) and sample TMP0.75 0.25 in figure 4(c). 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 5(a) is delay values when distance between source and detector is con-
stantly 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 5(a). 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.
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The curves in figure 5(b) 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 5(a).

4.2 The ultrasonic method

In figure 6(a) and 6(b), 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 6(c) 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
7(a), or as a function of the fines consistency, as in figure 7(b). 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 7(b) 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 8(a) 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.
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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.

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
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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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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Transducer
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 1 the values from each of the measurements are presented. In table 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 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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Investigation of the photoacoustic signal dependence

on laser power

Jan Niemi, Torbjörn Löfqvist and Per Gren

Abstract

In this study we have focused on exploring the photoacoustic signal generated by laser
induced dielectric breakdown process in pure water, under normal conditions. In this
case the dielectric breakdown will lead to a formation of a shock wave. We investigated
the relation between pulse energy and amplitude, group velocity and power spectrum of
the shock wave. Also, the threshold for dielectric breakdown is estimated. A pulsed, high
power Nd:YAG laser with λ = 532 nm and a pulse duration of 12 ns was used. The laser
pulse energy ranges from 0.1 mJ to 7.4 mJ. Only photoacoustic signals generated from
dielectric breakdown was considered. We found that the amplitude and the average group
velocity of the shock wave correlates to the laser pulse energy. The frequency contents of
the photoacoustic signal changes due to both non-linear behaviour and dissipative effects.
We estimated the dielectric breakdown threshold to be 0.44 × 1011Wcm−2.

1 Introduction

In laser based optoacoustics the interaction between a laser pulse and a material is used as
the source of acoustic waves. This is being utilized in various fields of laser medicine where
the resulting pressure wave could be used in creating a wanted effect, as in angioplasty
for dilatation of blood vessel walls[1] or avoiding unwanted effects as in laser based eye
microsurgery[2] where sensitive tissue is not to be damaged by the pressure wave.

There are mainly five mechanisms that lie behind the conversion from optical to me-
chanical energy; dielectric breakdown, vaporization, chemical reactions, thermoelastic
process and electrostriction. The acoustic generation efficiency for these mechanisms are
listed in a scale where dielectric breakdown is the most efficient process and electrostric-
tion is least efficient.

In laser induced breakdown (LIB)[3], a laser pulse will cause a dielectric breakdown if
the irradiance surpasses the breakdown threshold of the investigated medium. The laser
induced dielectric breakdown event will generate a visible broadband plasma emission
flash. Also, the high pressure and temperature in the illuminated region will lead to a
cavitation bubble as well as the formation of a shock wave. The shock wave will travel
with supersonic propagation speed [4] and attenuate through the action of dissipative
effects. It is known[5] that for high energy breakdown events, multiple expansions and
collapses of the cavitation bubble can take place.
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In this study we have focused on exploring the photoacoustic signal generated by
laser induced dielectric breakdown process in pure water, under normal conditions. A
pulsed, high power laser is used and we investigate the relation between pulse energy
and amplitude, group velocity and power spectrum of the acoustic signal. Also, the
threshold for dielectric breakdown is estimated. Only photoacoustic signals generated
from dielectric breakdown is considered. Since the laser irradiance is above the LIB
threshold the acoustical waves will be of finite-amplitude (non-linear) nature.

1.1 Non-linear acoustic and shock waves

p2

p1

p2 p2

p1
p1

(a) (b) (c) (d) (e)

Figure 1: Illustration of the creation of a shock wave its decay into ”old age”.

If the amplitude of a pressure is considered small a pressure wave will propagate fol-
lowing linear theory. However, if the condition is violated one must take into account
non-linear effects. In non-linear acoustics, waveshape distortion will occur i.e. the wave-
shape will change during propagation. This non-linear effect can lead to a very steep
acoustical wave, a shock wave, as shown in figure 1. During the wave propagation the
energy from the fundamental frequency is shifted to the higher harmonics as the wave
steepens due to the cumulative effects from the non-linearity [6].

The non-linearity of the wave can be described by three parameters; the Mach number
M, the ratio of the second and first terms in the Taylor expansion series, B/A, and the
coefficient of non-linearity β. The Mach number is defined as

M =
umax

c0

(1)

where umax is the peak particle velocity and c0 is the speed of sound. In the linear
case M � 1. For small deviations from equilibrium pressure P0 the pressure P may
be expanded in a Taylor series in terms of density ρ and specific entropy s. With the
assumption that the system is adiabatic and isentropic the acoustic pressure p becomes

p = P − P0 = A

[
ρ − ρ0

ρ0

]
+

B

2!

[
ρ − ρ0

ρ0

]2

+
C

3!

[
ρ − ρ0

ρ0

]3

+ . . . (2)
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where ρ−ρ0

ρ0
is the condensation and

A = ρ0

[(
∂P

∂ρ

)
s

]
ρ=ρ0

= ρ0c
2
0,

B = ρ2
0

[(
∂2P

∂ρ2

)
s

]
ρ=ρ0

, (3)

C = ρ3
0

[(
∂3P

∂ρ3

)
s

]
ρ=ρ0

.

When the condensation is infinitesimal the higher order terms (i.e. B, C, ...) are negligible
and a linear approximation can be applied. However, for finite amplitudes waves, such
as those created by a dielectric breakdown, the high order terms will be increasingly
important with amplitude. The ratio of B/A is the ratio of the quadratic and the linear
term and therefore provides a measure of how the degree of the non-linear sound speed
deviates from the linear case. The ratio of B/A can be expressed as

B

A
= 2ρ0c0

(
∂c

∂p

)
s

(4)

where c is the local speed of sound. The coefficient of nonlinearity β describes the rate
of distortion of the acoustic wave as it propagate and is defined as

β = 1 +
B

2A
(5)

For distilled water at 20◦C then B/A ≈5 and β ≈3.5[6]. The propagation speed c is
then[6]

c = c0 + βu (6)

where u is the particle velocity in the fluid. Equation (6) shows that the speed varies
from point to point and is determined by the particle velocity, or pressure, since

u =
p

ρ0c0

. (7)

Following Cole[7] the formation and decaying of a shock wave can be illustrated by
figure 1, where a wave is propagating from left to right. Assuming that the pressure at
point p1 = 0.5p2. At time t = t1 it has the form shown in figure 1(a). The wave at
point p1 will appear to propagate with a speed cp1. If the particle speed is up1 the speed
at point p1 with respect to a fixed observer will be cp1 + 0.5βup. Similarly, a point p2

will travel at a speed of cp2 + βup. Because the pressure is greater at p2 compared to
p1 the point p2 will propagate faster and at time t = t2 the wave will have the shape
shown in figure 1(b). After time t = t3 point p2 will have advanced in time almost onto
point p1 resulting in a very step front wave shown in figure 1(c). Step front waves of
this type are known as shock waves. The process of front steepening is counteracted by
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dissipative factors as viscosity, thermal conductivity and dispersion as well as geometric
attenuation in the case of spherical and cylindrical waves. These factors leads to a
pressure decay and a smoothing of the wave shape as shown in figure 1(d) and (e). The
outcome of the counteracting processes is that the spectral composition of the propagating
wave undergoes a change. First, front steepening give rise to a energy transfer from the
fundamental harmonics to the higher harmonics. Secondly, the dissipation process results
in damping of the high frequency components.

2 Experiments

Nd:Yag Laser

Trigger
unit

Pulser/
Receiver

Transducer

Measurement cellLens

PC with
oscilloscope card

Energy
Detector

Figure 2: Illustration of the measurement set-up

In figure 2 the experimental set-up is shown. The experiments were conducted on
deionized water. The light is generated from a twin-cavity, injection-seeded, pulsed
Nd:YAG laser, Spectron SL804T from Spectron Laser Systems, Rugby, United King-
dom. The wavelength was 532 nm and with a pulse duration of 12 ns. The repetition
frequency was 10 Hz. The laser beam energy was monitored with a energy meter be-
fore it was focused. The output energy from the laser was adjusted by changing the
Q-switch delay in six different steps. The light was focused using a coated plano-convex
lens having a focal length of f = 50 mm. The laser beam enters the cell through a fused
silica window. The laser beam is crossing the cell orthogonally to the acoustic axis of the
ultrasonic transducer set-up and the focal point is located in the centre of the cell.

The irradiance is calculated as

I =
E0

πw2
0τ

(8)

where E0 is the incident laser energy measured using the energy detector, w0 is the
calculated spot size and τ is the laser pulse duration. It should be noted that in the
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Figure 3: Cross section of the measurement cell and with a illustration of the two first echoes

calculation of irradiance there are some underlying assumptions. For instance, it is
assumed that the laser beam is Gaussian (TEM00 laser mode) and that the lens and the
window in the measurement cell are ideal and perfectly aligned.

A broadband ultrasonic PVDF transducer with a centre frequency of 25 MHz, model
IA-FM25.3, manufactured by GE Inspection Technologies, USA, is receiving the acous-
tical signals, or echoes. Figure 3 shows the cross section of the measurement cell and
a lattice diagram of the first two received echoes. The first echo is the acoustic signal
which directly enters the transducer from the plasma formation point. The second echo
is the acoustic signal that has been reflected at the steel reflector before reaching the
transducer. A pulser/receiver, Panametrics 5073PR , with a bandwidth 75 MHz, was set
to amplify the received signal.

The received signal from the ultrasonic transducer and from the laser pulse energy
meter was digitised using a 2-channel oscilloscope card, CompuScope 12400, by Gage
Applied Technologies Inc., Lachine, QC, Canada, with a 12-bit resolution and a sampling
rate of 200 MHz for each channel. All data was stored in a computer for off-line analysis.
The resulting time domain waveforms were calculated off-line using an average of 300
sampled waveforms. To reduce random noise and timing jitter, a method proposed by
Grennberg et al. [8] was employed. A digital thermometer monitored the temperature
in both the water and the room. The temperature in the water during the experiment
was 21.52 ± 0.03◦C. To determine the distance between the transducer and the steel
reflector the ultrasonic transducer were used in a pulse-echo set-up. The cross-correlation
technique was used to determine the time-of-flight for the transducer generated pulse that
has travelled back and forth once respectively twice in the cell. Since water has a well
known relationship between speed of sound and temperature [9] the distance could then
be calculated to 0.03042 ± 0.00005 m.
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3 Results

Table 1: Measured and calculated values used in this study

Measurement Laser pulse energy Irradiance Breakdown prob.

(no.) (mJ) ×1011(Wcm−2)

1 7.4 2.6 1

2 5.2 1.8 1

3 2.4 0.8 0.99

4 0.9 0.3 0.28

5 0.2 0.07 0

6 0.1 0.03 0

Different pulse energy levels from the laser was generated by setting the Q-switch
delay time. In table 1 the measured and calculated values are presented. The irradiance
at the focal point, range from 0.03× 1011Wcm−2 to 2.6× 1011Wcm−2. A breakdown was
considered to occur when a shock wave was detected by the ultrasonic transducer. From
the measurements 1-6, the probability of having a dielectric breakdown was calculated
and is shown in figure 4.The breakdown events are marked as circles in the figure 4. By
interpolation the 50% probability was estimated to 0.44 × 1011Wcm−2. Others [10] has
found that the threshold for deionized water to be 0.33 × 1011Wcm−2 for a laser pulse
with λ=532 nm and a laser pulse duration of 5 ns. The disparity could be due to the
lack of measured data in the region of the threshold in our study. It can also depend
on the calculated spot size which, due to the simplifications made in the calculations,
is underestimated and therefore would result in an overestimated irradiance. There
are other factors not studied in this report, like the effect of heating and microbubbles
remaining in the focal volume, that might distort the measurements. To illustrate the
probabilistic behaviour of a breakdown event, figure 5 is shown. Here the calculated
irradiance stems from 300 individual laser pulses from one measurement, number 4.
The ones marked with a circle indicates detected breakdown events. The figure show
that the breakdown events seems to occur randomly. In this case, laser pulses with a
irradiance above the mean 0.3×1011 result in a breakdown probability of 0.59. There are
two mechanisms that can lead to laser induced breakdown; multiphoton breakdown and
cascade breakdown. For pulses with a duration of the order of ns, as in our case, cascade
breakdown is found to dominate [3]. To produce a cascade breakdown, one or more free
electrons must be present in the focal volume. If the free electrons have achieved an
energy greater than the ionization potential it may produce two free electrons of lower
energy by collisions. Repetition of this process leads to cascade breakdown. This process
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Figure 4: Breakdown probability as a function of irradiance. The circles mark each measurement
1-6.
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Figure 5: The irradiance for each individual laser pulse from measurement number 4. The
circles mark the pulse in which a breakdown is detected

is of probabilistic nature and Vogel et al.[11] reports findings similar to these presented
in this study. Our findings confirm Vogel et al.[11] and the breakdown process is thus
identified as a cascade process

Below the dielectric breakdown threshold, the measurement system used was not able
to detect the weaker thermoelastic generated photoacoustic signal. Therefore, in the
following figures, only the measurements that generated a detectable signal are shown.

In figure 6 the captured shock wave signal from measurements that resulted in a
breakdown event is shown (measurement 1-4). The first echo (at 8.8 μs) is the acoustic
signal that directly enters the transducer from the breakdown. The second echo (at 29.4
μs) is the acoustic signal that has been reflected at the stainless steel reflector and then
propagated back to the transducer. The third and fourth echo (at 49.4 and 69.9 μs)
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Figure 6: The received acoustical signal from each measurement.

stems from multiple reflections inside the cavity. The decrease in observed amplitude of
the wave between each echo is due to dissipative effects.
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Figure 7: The received echoes. (a) The first echo from measurements 1-4. (b) The second echo
from measurements 1-4

In figure 7(a) the first echo from measurements 1-4 is shown. Here are two observations
being made. Firstly, the increase in amplitude correlates with the increase in the incoming
laser pulse energy. Secondly, the arrival time of the photoacoustic signal increases when
the pulse energy of the laser pulse is reduced. A reason for the time shift is that speed of
sound and pressure are related, as described in section 1.1. In figure 7(b) the second echo
from each respective measurement is shown. Here the shape of the echoes differs from
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the shape of the first echoes. The edge at the peak amplitude is much sharper and the
pulse duration is shorter for the second echoes. This is due to the non-linear behaviour
of the shock wave described earlier. This is in contrast to linear acoustics where the wave
only would show a reduction in amplitude but keep the same shape since pure water can
be regarded as a non-dispersive medium for waves of infinitesimal amplitude. It is also
assumed that the reflection at the steel boundary does not affect the frequency content
in the signal.
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Figure 8: The power spectrum of the received echoes. (a) Echo 1 from measurements 1-4, (b)
Echo 2 from measurements 1-4

Figure 8 shows the frequency contents of the echoes. In figure 8(a) we observe that
when the laser pulse energy is reduced, the center frequency of the photoacoustic signal
changes slightly, from 1.2 MHz to 1.7 MHz. In figure 8(b) the power spectrum of the
second echo is shown. Here the center frequency is about 2.8 MHz for all of the measure-
ments. The redistribution of the spectrum resulting in a higher center frequency for the
second echoes compared to the first ones are due to the non-linear behaviour of the pulse.
This observation, that the energy from the fundamental frequency has been shifted into
higher harmonics is well known and supported from non-linear theory [12].

Altogether, the non-linear effects leads to a steepening of the front of the shock wave
as well as the dissipative effects results in a smoothing of the shape of the propagating
wave [12]. Hence, the shock wave evolution and subsequent decay is a result from two
concurrent processes acting on different time scales. The non-linear process resulting in a
steepening of the shape is rapid since the initial pressure in the focal volume is high. The
dissipative effect is comparatively a much slower process. The effect of these processes
can be illustrated by a function θ expressing the steepness of the front of the wave as

θ =
pm

τm

(9)
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where pm and τm are the peak amplitude and pulse front duration of the received echoes.
The value θ is then normalized to its value for the first echo to simplify comparison. In
figure 9 the calculated values from measurement 1 is shown. Here the value of θ decreases
as the propagating distance of the wave increases.
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Figure 9: The normalized slope θ from measurement 1. θ is normalized to its value at a
propagation distance of 15 mm (echo 1).

The steepening process is acting on a lengthscale of the order of μm[4] and can not
be observed in figure 9 due to the limited lateral resolution of the experimental setup.

In figure 10 the normalized group velocity as a function of laser irradiance is shown.
The velocity is normalized with respect to the speed of sound in water c0. The value of
c0 is calculated using the method proposed by Bilaniuk et al.[9]. The result coincides
with the equations (4) and (6), where the sound speed is proportional to the pressure.
The measurement is the average shock wave velocity between the plasma formation point
and the transducer. However, as pointed out earlier, the speed of sound changes during
the propagation of the wave and these changes can be rapid. For instance, Vogel et al.[4]
reported a supersonic velocity of 4000 m/s close to the location of the plasma formation
point and after 100 ns the velocity is approximately 1700 m/s for a laser pulse of 10 mJ
and a pulse duration of 6 ns.

4 Conclusion

In this study we have presented experimental results on laser induced breakdown on
deionized water. We have estimated the breakdown threshold and it is found to corre-
spond to the value reported by other investigators. The generated acoustical shock wave
was measured and studied both in the time and frequency domain. It has been shown
that its profile is formed due to both non-linear behaviour and dissipative effects. The
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Figure 10: Normalized group velocity as a function of laser irradiance. The velocity is normal-
ized with respect to the speed of sound in water c0. Circles are measured values.

average velocity of the shock wave was shown to correlate to the laser pulse energy.

To further explore the characteristics of the shock wave the experimental set-up used
here needs to be modified. For instance, the setup could be complemented with an imag-
ing device that could depict the propagating shock wave. This could be complemented
with an ultrasound transducer, measuring the shock wave pressure at different distances
from the plasma formation point. This would give the possibility to obtain a more accu-
rate description of both the speed and pressure of the propagating shock wave at different
distances.
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Ultrasonic methods in determining elastic material

properties of fibres in suspension

Torbjörn Löfqvist, Jan Niemi and Yvonne Aitomäki

Abstract

The presented study concerns the application of the pulse-echo ultrasound measure-
ment technique in determining the elastic properties of fibres suspended in water. The
two kinds of fibre materials are investigated, nylon 6/6 fibres and softwood pulp fibres.
The fibre mass fraction was 0.5% for nylon and ranges from 0% up to 1% for softwood
pulp. The ultrasonic measurements are performed in the frequency range of 2-11 MHz.
It is shown that the velocity dispersion of the ultrasound is small for each suspension
sample. In obtaining the fibres longitudinal Young’s modulus two methods are used, one
based on phase velocity and one based on acoustic attenuation. It is found that both
methods gives reasonable estimates of the longitudinal Young’s modulus for nylon 6/6.
For pulp fibres the determined Young’s modulus is overestimated in comparison with
earlier findings.

1 Introduction

The modelling the attenuation and phase velocity of acoustic waves in particulate suspen-
sions, where the dispersed phase consists of non-homogenous or non-spherical particles,
has been a field of research for some decades but is still an area under development.
Generally, the scattering and absorption of acoustic energy depends on the particles
shape and size distribution, the constituent’s thermophysical properties, their volume
concentration and the frequencies of the acoustic wave.

The mechanisms behind attenuation and phase velocity in disperse systems of ho-
mogenous materials of spheres and droplets have been investigated by a number of re-
searchers and is well known. When studying a suspension of a biological material, like
paper pulp fibres or red blood cells, the scattering and absorbtion ultrasound is difficult to
quantify because the biological material’s thermophysical properties are often unknown.
Furthermore, the suspended biological material will often also have a non-spherical ge-
ometry and a complex internal structure, such as layered cell walls, which possibly will
affect the scattering and absorption of acoustic energy.

The compressibility of any fibre material is linked to the fibres elastic properties. The
elastic properties are a few of the physical parameters that must be known when existing
scattering theories are employed to model the attenuation of ultrasound in a paper pulp
fibre suspension, as for example Habeger’s [1]. One method to obtain the adiabatic
compressibility is to use Urick’s [2] equation, where the phase velocity is related to the

135



136 Paper E

mean density and the mean compressibility of the suspension. Urick’s equation holds
its virtues in its simplicity. However, this simplicity conceals an underlying, inherent
complexity and the Urick equation can be shown to be only a special case of a more
general descriptions, [3].

In this paper we compare two approaches in obtaining the elastic properties of fibres
in suspension. Firstly, the experimentally obtained phase velocity is used togheter with
Urick’s equation in estimating the longitudinal Young’s modulus in nylon and pulp fibres.
Secondly, we use the experimentally obtained attenuation spectra in conjunction with a
model, derived from first principles, for the attenuation in a fibre suspension in estimating
the elastic parameters of the fibre material, i.e. solving the inverse problem.

2 Theory

The velocity of sound in a dispersion is generally related to frequency, physical properties
and volume fraction of each constituent. At the simplest level, the velocity of sound, c,
can be expressed by the Urick equation [2],

c =
1√
ρκ

, (1)

where ρ and κ are the suspension’s density and adiabatic compressibility, respectively.
Urick assumes that both density and adiabatic compressibility are additive properties of
the corresponding quantities, each proportional to their respective volume concentration,

ρ = ρsφ + ρl(1 − φ) (2)

κ = κsφ + κl(1 − φ) (3)

where ρs, κs and ρl, κl are the density and adiabatic compressibility of fibres and water
respectively. Above, φ indicates the concentration by volume of the suspended fibres.
Urick’s equation considers the suspension as being a perfect mixture of two fluids and
does not account for the particulate nature of the suspension. Urick’s equation requires
only a few bulk parameters to be known. This is advantageous in situations where
the suspended particles have complicated shapes or when a detailed knowledge of all
thermophysical parameters of the suspended material is difficult to obtain. Dividing
equation (1) with the speed of sound for water, cl = 1/

√
ρlκl, and combining equations

(1)-(3), we obtain an expression for the adiabatic compressibility, κs, of the fibres

κs = κl

⎡⎣1 − 1

φ

1 − (
cl

c

)2 − φ
(
1 − ρs

ρl

)
1 − φ

(
1 − ρs

ρl

)
⎤⎦ . (4)

Thus, by measuring the velocity of sound in the suspension the compressibility of the
fibre material could be determined. Generally, the velocity of sound in a suspension is
frequency dependent. In order to retain the validity of equation (4) it is required that
the velocity dispersion has to be small.
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In the presented study two kinds of fibres are used, nylon 6/6 fibres and paper pulp
fibres. The nylon fibres has well known thermophysical properties and are all of straight,
equal length, cylindrical shape. As a contrast, the pulp fibres has less known thermophys-
ical properties and are distributed in both size, shape and also in their thermophysical
properties.

The volume concentration, φ, of nylon fibres is straightforward to calculate from fibre
concentration by mass, cm. For the pulp samples, the volume concentration of fibres is
calculated from fibre concentration by mass using a relation derived by Wikström [4]. In
his derivation, Wikström includes radial swelling of the fibre wall due to water absorption
in the fibre material. From Wikström we get

φ =
πd2ρl

4Co

cm

1 + cm

(
ρl

ρs
− 1

) (5)

where d is the fibre diameter. The variable Co is named coarseness, or fibre weight value,
and expresses the mean dry fibre mass per unit of fibre length. Since we are using mass
fractions cm ≤ 1%, equation (5) is approximated for small values of cm as,

φ 
 πd2ρl

4Co

cm. (6)

By combining equations (4) and (6) we arrive at

κs = κl

⎡⎣1 − 4Co

πd2ρlcm

1 − (
cl

c

)2 − πd2ρl

4Co
cm

(
1 − ρs

ρl

)
1 − πd2ρl

4Co
cm

(
1 − ρs

ρl

)
⎤⎦ . (7)

The adiabatic compressibility is the inverse of the bulk modulus, κ′
s = 1/Ks. To go

beyond the bulk modulus some simplifying assumptions are necessary. It is assumed that
the fibre material is visco-elastic with constant coefficients. Furthermore, we assume that
the wavelength is larger than the diameter of the fibre. Also, we assume that the principal
mode of wave propagation is longitudinal. It is known that the velocity of compression
waves in solid materials with low attenuation (αs � ω/cs) is

c2
s =

1

ρs

(K ′
s +

4

3
G′

s) (8)

and if we only consider thin rod propagation

c2
s =

E ′

ρs

. (9)

In equation (8) and (9), E ′ is the elastic modulus, K ′
s is the bulk modulus, G′

s is the
adiabatic shear modulus and cs is the longitudinal wave velocity.

As a comparison we also consider an alternate way in determining the elastic param-
eters of the fibre material. In this case we use the experimentally obtained attenuation



138 Paper E

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1481

1482

1483

1484

1485

1486

1487

V
el

oc
ity

 [m
s−

1 ]

f [MHz]

0.43%

0.85%

0.77%

0.69%

0.61%

0.51%

0.34%

0.25%0.16%
0.08%

Figure 1: Phase velocity spectra for the softwood pulp samples. The bandwidth is 2.3-10.5 MHz.
The numbers adjacent to the curves represents fibre mass fractions of the samples.

spectra in conjunction with a model for attenuation in a fibre suspension in estimating
the parameters describing the fibre material, i.e. solving the inverse problem. The model,
by Aitomäki [5], is based on an exact solution to the linearised energy, momentum and
mass conservation equations for a straight, infinitely long, homogenous, circular cylinder
immersed in a viscid fluid.

3 Experimental techniques

The measurements of phase velocity and attenuation spectra are performed using a pulse-
echo technique in a custom built measurement cell. Its construction and the measurement
principles are described in detail in Löfqvist [6] and Niemi [7]. The theory of pulse-echo
measurements of attenuation and sound speed can be found in McClements [8]. For this
study a transducer with 10 MHz center frequency, model V311, Panametrics, MA, USA,
is used spanning a frequency range of 2–12 MHz, at -10dB.

The nylon fibres used where supplied by Swissfloc, Emmenbrücke, Switzerland, and
three fibre diameters where used, 17 μm, 51 μm and 55 μm. The length was 1.2 mm for
the 17 μm fibre and 1.5 mm for the 51 and 55 μm fibres.

The pulp used where sulphate processed, unbeaten, unfilled and unbleached softwood
(70% spruce and 30% pine) pulp supplied by a local kraftliner plant. The pulp stock was
diluted with deionized and degassed water to mass fractions ranging from 0.1% to 1.0%
in steps of 0.1%.

Before and during each measurement series, the sample in the measurement cell was
stirred to extract air bubbles and keep fibers from sedimenting.

The thermophysical properties of nylon is well known and can be found in the lit-
erature. In this study we used the fibre density ρs = 1140 kg/m3 for the nylon fibres.
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Figure 2: Normalized compressibility for the softwood pulp samples. The fibre compressibility,
ks, has been normalized with the compressibility for pure water, kl. The bandwidth is 2.3-10.5
MHz. The numbers adjacent to the curves represents fibre mass fractions of the samples.

The fibre density for the softwood fibres is assumed to be ρs = 1500 kg/m3, based on
Ehrnrooth [9]. Fibre mass fraction, or consistency, of the pulp samples was determined
after the tests, following the standardized procedure specified in [10]. Together with the
cellulose in the pulp fibre material there is also lignin. The lignin content in the softwood
pulp was 12.1%. To characterize the pulp, the length weighted mean fibre lengths and
coarseness values were determined using a Kajaani FS200 optical fibre analyzer, Valmet
Oy, Finland.

4 Experimental results

The figure 1 show the phase velocity as a function of frequency for softwood pulp. As a
reference, the phase velocity for pure water is included in the graph as a line of circles.
The figure show that the velocity dispersion for each mass fraction is small, below 1 m/s
or less than 0.1%. In figure 1, the acoustic energy bandwidth is ∼ 2.3 MHz to ∼ 12
MHz for water and the smallest mass fractions of fibres. Since attenuation increases with
increasing mass fraction, the highest relevant frequencies will decrease to ∼ 10.5 − 11
MHz for the largest mass fractions. Using equation (7), the pulp fibre compressibility is
calculated from phase velocity data for each sample. The calculated compressibility is
subsequently normalized with tabulated values for the compressibility of water [11] and
plotted as a function of frequency in figure 2. In figure 2 it is seen that the calculated fibre
compressibility varies between the samples. However, the variation in compressibility
stays within the experimental error. The small velocity dispersion seen in figure 1 appears
as a small negative slope of the compressibility in graph 2.

Using equation (4), the nylon fibre compressibility for all three samples are calculated



140 Paper E

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1480

1482

1484

1486

1488

1490

1492

1494

f [MHz]

V
el

oc
ity

 [m
s−

1 ]

Nylon d = 17 μm
Nylon d = 51 μm
Nylon d = 55 μm

Figure 3: Phase velocity spectra for the nylon fibre suspension samples. The bandwidth is 2.3-11
MHz.
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Figure 4: Normalized compressibility for the nylon fibre suspension samples. The fibre com-
pressibility, kn, has been normalized with the compressibility for pure water, kl. The bandwidth
is 2.3-11 MHz

from phase velocity data and normalized using the compressibility for pure water. The
results are plotted in figure 4. The figure show that the calculated compressibilities of
the three nylon suspension samples falls onto the same curve. The effect of phase velocity
dispersion appears to be small.
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Table 1: Material data
Softwood Nylon 6/6

Mean fibre d [μm] 30±1 17.32±0.54
diametera 51.07±0.64

55.17±0.91
Weighted mean Lw [mm] 2.38±0.02 -

fibre lengthb

Coarsenessb Co [mg/m] 0.259±0.002 -
Densityc ρs[Kg/m3] 1500±10 1140±10

Lignin contentb [%] 12.1 -
The uncertainties in L and Co are standard deviations from

measurements and the uncertainties in d and ρs are estimates.
a) and b) from measurements, c) from [9].

4.1 Error analysis

Since the uncertainties of the variables in the equation for the adiabatic compressibility of
the fibres (7) are known, or are easily estimated, we can determine the uncertainty limit
for the fibre compressibility κs and the longitudinal Young’s modulus E ′ by performing
a general error propagation analysis on equation (7) above.

In the presented study, the fibre density was assumed to be ρs = 1500 kg/m3 for the
softwood fibres, based on Ehrnrooth [9] and ρs = 1140 kg/m3 for nylon fibres. A way to
improve the precision in determining the adiabatic compressibility would be to measure
fibre densities in wet conditions more accurately.

5 Discussion

The compressibility, which is the inverse of the bulk modulus, of pulp fibres is a parameter
linked to the elastic properties of the fibre material. The elastic properties are some of
the physical parameters that must be known when scattering theory, such as Habeger’s
[1], is employed to model the attenuation of ultrasound in a paper pulp fibre suspension.

The measured compressibility can be used to estimate the speed of sound in wet fibre
material. Using a tabled value for the adiabatic compressibility of water κl = 4.878·10−10

m2/N , from Kaye and Laby [11], we find that the adiabatic compressibility for softwood
is κs soft = (1.56 ± 0.07) · 10−10 m2/N . The corresponding adiabatic compressibility for
nylon is found to be κs nylon = (4.25 ± 0.02) · 10−10 m2/N .

Neglect the adiabatic shear modulus in equation (8). Using the values on the com-
pressibilities above, we then find the longitudinal wave speed in wet softwood fibres csoft =
2067±53 m/s corrsesponding to an longitudinal Young’s modulus of E ′ = 6.4±0.37 GPa.
To compare the Young’s modulus determined above, we make use of data reported in
Ehrnrooth [9]. Ehrnrooth experimentally determined the Young’s modulus E ′ on single,
wet spruce fibres (softwood) for different degrees of deligninfication of the fibres. Using
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Table 2: Comparison of longitudinal Young’s modulus
E’ [GPa] E’ [GPa] E’ [GPa]

(literature) (phase velocity) (attenuation)
Nylon 6/6 1.66-5a 2.35 ± 0.08 2.07-2.62 ± 0.14
Softwood 4.4b 6.4 ± 0.37 -
Data in the rightmost and middle column are based on experimentally

obtained attenuation and phase velocity spectra. Data in the
leftmost column are tabled data from a) manufacturer b) from [9].

data from Ehrnrooth we obtain for our case E ′
wet soft 
 4.4 · 109 N/m2.

The resulting Young’s modulus obtained from solving the inverse problem - using the
attenuation spectra - as well as the results above are displayed in table 2. The results
for the nylon fibre suspensions showed that the fibres longitudinal Young’s modulus
depends on the diameter of the fibre, the lower value belongs to the 17 μm fibre and
the largest value to the 55 μm fibre. A possible explanantion for this is the difference
in draw ratio, i.e. the applied stress that aligns the molcules in the axial direction of
the fibre, when the fibres are manufactured. A higher degree of aligment increases the
longitudinal Young’s modulus. When solving the inverse problem, which is ill-posed, the
usage of phase velocity data could be beneficial since it adds additional information to
the inversion process. At present, the attenuation spectra for the pulp samples has not
been analyzed.

6 Conclusions

In the presented study, it is shown that a low intensity ultrasonic measurement technique
could in principle be used to determine the longitudinal Young’s modulus for a fibrous
material in suspension. Two different fibre materials has been investigated, softwood
(pine and spruce) and nylon 6/6. It is found that both methods give reasonable estimates
on the longitudinal Young’s modulus for nylon 6/6 fibres. The results for softwood
pulp fibres differ to those obtained by other investigators. This could be due to the
simplifications used in this study but it could also be due to the very limited amount of
published reference values for water saturated fibres. These open issues calls for further
investigations.

References

[1] C. C. Habeger, “The attenuation of ultrasound in dilute polymeric fiber suspen-
sions,” The Journal of the Acoustical Society of America, vol. 72, no. 3, pp. 870–878,
1982.

[2] R. Urick, “A sound velocity method for determining the compressibility of finely
divided substances,” Journal of Applied Physics, vol. 18, no. 11, pp. 983–987, 1947.



143

[3] V. Pinfield, M. Povey, and E. Dickinson, “The application of modified forms of the
urick equation to the interpretation of ultrasound velocity in scattering systems,”
Ultrasonics, vol. 33, no. 3, pp. 243–251, 1995.

[4] T. Wikström, “Flow of pulp suspensions at low shear rates,” Dept. of Chemical En-
gineering Design, Chalmers University of Technology,Sweden, 1998, licentiate thesis.
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Low Pulp Consistency Prediction From Optical and

Acoustical Measurements Using PLS Regression

Jan Niemi, Torbjörn Löfqvist and Johan E. Carlson.

Abstract

An important parameter to control in papermaking is the pulp consistency. Poor
control of the consistency leads to an unstable process that compromises the production,
quality and the energy efficiency in the pulp mill. However, not only the total consistency
is important but also the share of fibres and fines fractions are important to control.
Based on only one single measurement techniques it is difficult to be able to accurately
determine the total consistency and the share of fibres and fines in a pulp suspension.
We propose therefore a sensor strategy based on a combination of optical and acoustical
measurement techniques. In this paper we use PLS (Partial Least Squares) to construct
a statistical model from the measurement data, in order to investigate the feasibility of
the proposed method. Two different types of chemical pulps are considered; bleached
hardwood and unbleached softwood pulp. The pulp samples were designed to contain
a spectra of pre-determined shares of fibres and fines. The total consistency range was
0.07- 0.54%. Using a combination of the optical and acoustical measurement techniques
and PLS we are able to estimate the total consistency with Q2 = 0.99 for both pulp
types. And in addition also identify the two different length fractions, fibres (Q2 = 0.97
unbleached, Q2 = 0.98 bleached) and fines (Q2 = 0.98 unbleached, Q2 = 0.89 bleached).
In comparison to using the single measurement techniques by themselves the combination
strategy shows an significantly improved performance.

1 Introduction

There are many different types and qualities of papers produced today. Paper is an
engineered material which for a certain application can be given appropriate properties.
The pulp the paper is made from is therefore treated in different processes to be given
suitable properties for its purpose. Today, the demand for the paper industry for more
efficient utilization of the raw material and energy has increased. Also the increased use
of recycled paper in the manufacturing process leads to a situation where the knowledge
of the fibre properties in the manufacturing process needs to be improved and controlled.
One of the more fundamental process parameters to control is the total consistency or
total mass fraction of the pulp. Poor control of the pulp consistency leads to an unstable
process that compromises the production, quality and the energy efficiency in the pulp
mill. Hence, accurate consistency control is fundamental in achieving process stability
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[1]. To meet this requirement new consistency sensor technology has to provide reliable
and robust measurements of pulp consistency.

However, it is a challenging task to accurately determine pulp consistency, as the pulp
contains fibres with different properties and compositions. Depending on its origin the
pulp consist of fibres in a distribution of different lengths, fillers (minerals), pigments,
and fines. In a pulp suspension fines are always present. The share of fines in a pulp
suspension is important to the end result. To generalize, long fibres improve the paper
sheet strength, and short fibres (fines) give better formation and sheet uniformity. In
summary, not only the total consistency, but also the share of fibres and fines fractions
are important parameters in controlling the paper manufacturing process.

Today there are a number of different commercial sensors available for monitoring the
total consistency. They are mainly based on one of three basic measurement techniques,
extinction of optical signals, changes in velocity of microwaves or changes in viscosity of
the suspension.

However, based on only one single measurement technique it is difficult to accurately
measure the total consistency as mentioned earlier. To address this issue we propose the
use of a combination of optical and acoustic measurement methods. In this paper we
extend the proposed technique presented in [2] to include other measurable properties
than acoustic attenuation and optical time-of-flight (TOF) such as speed of sound and
light intensity. The proposed method aims to accurately estimate the total consistency
and also to separate the total consistency in two fractions: fibres and fines. We have
defined fines as fibres shorter than 200 μm.

In [2] TMP (Thermo-Mechanical Pulp) and unbleached chemical softwood was inves-
tigated. In this study we investigate if the technique is applicable on chemical unbleached
softwood and on chemical bleached hardwood pulp and also for low consistencies. We
have made samples with a fixed amount of fibres in five steps and added different amount
of fines in four steps. The result is a set of totally twenty pulp samples with different,
pre-determined, amounts of fibres and fines for each pulp type.

In this paper we use the PLS (Partial Least Squares) method to construct a statistical
model from the measurement data, in order to investigate the feasibility of the proposed
method. We also compare the proposed technique with using either only an optical
measurement technique or only an acoustic measurement technique.

2 Experimental method

The proposed technique uses two different measuring principles based on either optics
or acoustics. The optical technique measures both the light intensity and the time-of-
flight of a light pulse that has travelled through the pulp sample. The acoustic technique
measures the speed of sound and also the attenuation of a sound pulse that has travelled
through the pulp sample.
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2.1 Optical

Photon propagation in a scattering media is commonly characterized by four optical
parameters, namely scattering and absorption coefficients, anisotropy factor and refrac-
tion index. All of these are wavelength dependent. Theoretically, light propagation is
described by the radiative transfer equation (RTE). However, since RTE is rather com-
plicated a detailed treatment of photon propagation is quite complex and beyond the
scope of this paper [3]. Therefore, we only describe the essentials of light migration in
turbid media.

Assuming that the effect of absorption is much smaller than the effect from scattering,
the light that propagates through a turbid medium can be categorized in three ways. The
scattered light can then be referred as either ballistic, snake and diffusive light travels the
longest path, the propagation time will be the longest. Thus, the time-of-flight (TOF)
passing the medium are due to the combination of refractive index and the propagation
path. As the light scatters, the light that finally enters the optical detector will be
subjected to a decrease in intensity compared to unscattered light. Hence, the received
light intensity will decrease with the number of scattering events. In the pulp and paper
research area, the photon migration technique is described in [4] and used by [5], [6] and
[7].

2.2 Ultrasound

In ultrasonic measurement techniques the observables are attenuation and speed of sound.
Both of these are generally a function of frequency and the evaluation of the received
ultrasonic wave can be performed either in time- or frequency domain.

The ultrasonic attenuation is due to absorption and scattering of the sound waves [8]
as they propagate through the medium. Absorption is the conversion of sound energy to
other forms of energy (heat). Scattering is the reflection of the sound in directions other
than its original direction of propagation. A more detailed explanation of how sound is
attenuated in a fibre suspension is found in e.g. [9]. The sound attenuation in a pulp
suspension is generally a function of frequency. The frequency-dependent attenuation in
this study is calculated as,

αs(f) =
1

2d
ln

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

]
+ αw(f) (1)

where αs(f) is the attenuation in the suspension, d is the distance traveled 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 [8].

The speed of sound can be defined in two ways, phase velocity and group velocity.
Phase velocity describes how one frequency component propagates in the medium defined
as vp = ω/k where ω is the angular frequency and k is the wave number. The group
velocity is the velocity with which the overall pulse propagates through the medium
and is defined as vg = ∂ω/∂k. If ω is proportional to k then group velocity and phase
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velocity are equal and no dispersion occurs. The group velocity can be calculated using
a cross-correlation techniques [10] or it can be calculated using a model-based approach
[11].

It has been shown [12] that fibres, in a pulp suspension, have a dispersive effect on
ultrasound and fines do not. However, due to the low consistencies used in this study we
assume that the dispersion effect is negligible and therefore we use the group velocity as
one of the X-variables in the PLS model.

2.3 Partial Least Squares

The PLS method was developed by Herman Wold [13], and has been applied in many
areas of experimental science. We only give a brief description of the PLS algorithm.
More details of the subject can be found in [14, 15, 16, 17].

Consider the general linear model,

Y = XA, (2)

where Y is a matrix containing the properties we would like to estimate, given a set of
predictors (X) and some regressor matrix, A. The task of any regression method is thus
to find the matrix A that yield the best estimate of Y, i.e.

Ŷ = XÂ, (3)

where ·̂ denotes an estimated quantity.
The central idea of PLS, as opposed to principal component regression (PCR) and

ordinary least-squares (OLS) regression [18], is that PLS determines a common set of
basis functions (PLS components) for both the X block and the Y block, so that they
best describe the cross-covariance between the blocks [19]. In other words, instead of
looking at variations in the observed quantities, we look at variation that correlates with
variation of the responses (i.e. the total consistency).

A difference between PLS and OLS is that OLS requires linearly independent columns
in the X matrix, i.e. X matrix must have full rank. The PLS algorithm does not require
that the variables in X matrix are independent [14]. PLS is more robust compared to
PCR. By robust we mean that the model parameters do not change very much when new
calibration samples are taken from the total population [16].

In this work, the X block is a matrix which columns are the measured quantities, i.e.
acoustic attenuation and group velocity, intensity and time-of-flight of the light pulse.
The Y block is a matrix which columns are total consistency, fibre and fines consistencies,
respectively.

Calculating PLS components

Determining the PLS components is an iterative process. The first step is to calculate
the cross-covariance matrix CY X , as

CY X = YTX, (4)
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where X is an N×K matrix and Y is an N×L matrix. Find the first principal component
of CY X , i.e. the eigenvector of CT

Y XCY X corresponding to the largest singular value of
CY X [18]. This vector, also called weight vector, is denoted w1. The first score vector,
t1 (N × 1) is then

t1 = Xw1, (5)

and the corresponding loading vector for the X block, p1 (K × 1), is given by

p1 = XT t1/
(
tT
1 t

)
. (6)

For the Y block, the first loading vector, q1 (L × 1), is given by

q1 = YT t/
(
tT
1 t1

)
. (7)

The residuals of the first iteration E1 and F1 for the X block and Y block, respectively,
are then

E1 = X − t1p
T
1 , (8)

F1 = Y − t1q
T
1 . (9)

To find the next PLS component, the steps above are repeated with E and F as the
new starting matrices. This procedure is then repeated until the desired number of
components, A, has been determined. The scores and loadings of the X and Y blocks are
then stored as columns in the matrices T, P, and Q, as

T =
[

t1 t2 · · · tA

]
(10)

P =
[

p1 p2 · · · pA

]
(11)

Q =
[

q1 q2 · · · qA

]
(12)

(13)

The weight vectors, w, from the different iterations are stored in the matrix W (K ×A).

Prediction of the Y block

The original matrices X and Y can now be expressed in terms of the PLS components
as:

X = TPT + E, (14)

Y = TQT + F, (15)

where E and F are residual matrices of the X and Y blocks, respectively.
Given an existing set of PLS component a prediction of Y is obtained by [14]:

Ŷ = XW̃QT , (16)

where
W̃ = W

(
PTW

)−1
. (17)

Here, the matrix W̃QT is determined from a calibration experiment, and later used to
estimate Ŷ.
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Determining PLS model order

An important issue in empirical modelling is to determine the model order, i.e. number
of components in the PLS model. There are numerous criteria available for model order
selection, some which tend to overestimate the model-order, while others are overly con-
servative [20]. For PLS modelling problems, cross-validation is the most commonly used
method [21].

In this study cross-validation was used to test the significance of each PLS component.
One of the measurement sets was used for model building and another measurement
set as the cross-validation set. By calculating goodness of prediction parameter Q2 =
1−PRESS/SST , where PRESS is prediction error sum of squares and SST is total sum
of squares of Y corrected for mean. Doing this iteratively for each number of components
in the PLS model and stop when the component start to be insignificant i.e. when Q2

starts to decline. The calculation showed that after 4 components Q2 declined.

3 Experimental setup

Acoustic device

Pulser/Receiver

Transducer

PC with

oscilloscope card

Optical device

Fiber optic cable

inlet

outlet

Figure 1: Illustration of the measurement cell and the experimental setup. The measurement
cell was inserted in one of the modules in PulpEye.

The measurement cell is designed to allow using both the acoustic and optical mea-
surement techniques simultaneously. Figure 1 shows an illustration of the measurement
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cell and also the experimental setup. The inner dimensions of the measurement cell is
10×2×2 cm. The cell was inserted as one stand-alone module in a commercial pulp
analyzer, PulpEye, Eurocon Analyzer AB, Sweden, for the tests performed in this study.

The light was generated and detected by a custom designed time-of-flight (TOF)
measurement system from Noptel Oy, Finland. The light was coupled to the measurement
cell by optical fibres with NA 0.39 and a core diameter 600 μm. The optical fibres
were not equipped with any focusing or collimating optics. The device was connected
to a computer for storing the measured data. The device provides data containing the
received light intensity (converted to voltage) and TOF of the light pulse. The wavelength
of the light was 905 nm and generated by a pulsed laser diode. With a repetition rate
of 4000 Hz the arithmetic average of 1024 measurements was captured and stored in the
computer. The procedure was repeated 200 times to improve the statistical significance
of the measurement. In this study we present TOF as the remaining time in picoseconds,
after the TOF for pure water is subtracted. The received intensity is presented as a ratio
of ln(Is/Iw), where Is is the received intensity in respective pulp sample measurement
and Iw is the reference signal of the received intensity measured in pure water.

The ultrasound was measured in a pulse-echo setup. The propagating ultrasonic sig-
nal is traveling through the suspension and reflected back at a polished steel reflector
and received by the transducer. The distance between the transducer and the reflector
was 19.2 mm. The ultrasound was generated by a PVDF transducer from GE Sensing &
Inspection Technologies, PA, USA, with a center frequency of 25 MHz. The transducer
was excited and amplified by a dual pulser/receiver model DPR500 from JSR ultrasonics,
NY, USA. The captured ultrasonic signal from the pulser/receiver was digitized using
an oscilloscope card (CompuScope 12400 from GageScope) sampling at 100 MHz with
a 12 bit resolution. For each pulp sample, 300 ultrasonic pulses were recorded and av-
eraged using an averaging procedure that reduces timing jitter [22]. In this study, the
usable frequency range is found to be 5-25 MHz. The temperature in the suspension
was monitored during the whole experiment and ranged from 8-16�. To minimize the
temperature influence on the ultrasonic attenuation result. The reference signal Pw(f)
was also recorded at 8 comparable temperatures. The attenuation in the pulp suspension
was then calculated based on the attenuation of pure water at the corresponding tem-
perature. The group velocity was calculated using the cross-correlation technique. Due
to fact that speed of sound is temperature and pressure dependent the group velocity is
presented as the velocity after the theoretical velocity in pure water is subtracted. The
theoretical velocity, as a function of temperature and pressure, is obtained from [23].

The samples used in this study were made from chemical pulps delivered from SCA
Munksund, Sweden. The pulps were first fractioned using a Britt Jar, with a mesh 50,
to remove the fines contents in the pulp sample. Due to the time consuming process of
concentrating the fines it was decided to keep the total mass fraction at a very low limit.
This decision also gave the feasibility to investigate the capability of the proposed method
of measuring low consistency. After the separation of fibre and fines fractions they were
intermixed in different pre-determined classes. Each class contains of a fixed amount of
fibres with a varying addition of fines, resulting in a different ratio of fines contents in
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Figure 2: Two representative plots for the fibre length distribution for different brown 2(a) and
white 2(b) pulp samples. For each of the pulp sample, the fibre consistency is shown as the first
percentage and fines consistency as the second percentage.

the pulp sample. The samples were divided in five different mass fractions of fibres each
with four different ratios of fines, hence, in total twenty samples were prepared. For the
unbleached softwood pulp samples (from now on referred to brown pulp), the fibres was
ranging from 0.05 % to 0.35 % (mass fraction). The fines ratio ranged from 10–40 %
giving a mass fraction range of 0.01–0.24 %. The total mass fraction ranged from 0.06 %
to 0.54 %. For the bleached hardwood pulp samples (white) the mass fraction range from
0.06 % to 0.30 %. And the fines ratio ranged from 4 % to 25 % giving a mass fraction
range of 0.002–0.09 %. The total mass fraction ranged from 0.07 % to 0.39 %. The total
mass fraction, or consistency, is the sum of the fibres and fines mass fractions.

The samples were poured into the pulp analyzer were it circulated during the mea-
surements. During each experiment the system was pressurized. After an initial pumping
sequence, to make the samples more homogeneous, the measurement started. The mea-
surement procedure was repeated twice. In the PLS evaluation one measurement set is
used for training and the other for validation.

After each measurement a small sample of the pulp sample was used to determine
the total consistency. This was done according to ISO 4119:1995 [24]. The fibre length
distributions and the fines share of each of the samples was provided by the pulp analyzer
using a camera based image analysis method. From the measured total consistency and
the fines share, we calculated the fibre consistency and fines consistency of respective
pulp sample. Accordingly, the sum of fibre consistency and fines consistency is the total
consistency for the respective pulp samples. Fines is defined as fibres with a length <200
μm. Hence, it follows that fibres are all elements that have a length above that limit.
The size distribution of some representative pulp samples is shown in Fig. 2(a) for brown
pulp and in Fig. 2(b) for white pulp. In the figures, the fibre consistency is shown as the
first percentage and fines consistency is the second percentage.



4. Results 155

4 Results

4.1 Optical measurement results
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Figure 3: The figures showing representative result of optical TOF and received light intensity
ratio with varying fines and fibres contents for brown pulp. In Fig. 3(a) and 3(c) the TOF and
intensity ratio is plotted against varying fines consistency. The numbers in the figures are the
fibre consistencies for the respective pulp samples. Thus, in Fig. 3(b) and 3(d) the TOF and
intensity ratio is shown as function of fibre consistency. The labels are the fines consistencies
for the respective pulp samples.

A representative result from the optical measurements for brown pulp is shown in Fig.
3. The standard deviations of each measurement are shown as error bars in the figures.
The figures show that the propagation delay increases and the received intensity ratio
decreases compared to the reference measurement in pure water. In Fig.3(a) the delay
increases from 25 ps to 185 ps as the fines mass fraction increases. The mass fraction
of fibres is shown as % values close to respective measurement. In Fig. 3(b) the mass
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fraction of fines are kept constant and the fibre mass fraction increases from 0.05 % to
0.42 %. Comparing the Figs. 3(a) and 3(b) the propagation delay is much higher when
the fines mass fraction increases compared to when the fibre mass fraction increases. In
Figs. 3(c) and 3(d) the intensity ratio is shown. Also here the result shows that the
intensity also is more affected by changes in fines contents compared to fibre.

4.2 Ultrasonic measurement results
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Figure 4: The figures showing the result of ultrasonic attenuation and ultrasonic group velocity
with varying fines and fibres for brown pulp. The attenuation is presented as the attenuation
at 10 MHz. The group velocity is presented after the theoretical group velocity is subtracted.
In figure 4(a) and 4(c) the αs(10MHz) and vg is plotted against varying fines consistency.
The numbers in the figures are the fibre consistencies for the respective pulp samples. In figure
4(b) and 4(d) the αs and vg is shown as function of fibre consistency. The labels are the fines
consistencies for the respective pulp samples.

The result from the ultrasonic measurement is shown in Fig. 4. The figures show the



4. Results 157

result of ultrasonic attenuation and ultrasonic group velocity with varying mass fraction
of fines and fibres for brown pulp. The attenuation is presented as the attenuation at
10MHz. The group velocity is presented after the theoretical group velocity of water is
subtracted. Figure 4 shows the same pulp samples as in the optical section. Here we see
that fines contents have less effect on the attenuation, see Fig. 4(a), compared to fibre,
see Fig. 4(b). In Figs. 4(c) and 4(d) the group velocity is shown. Here, both an increase
in fibre or fines result in an increased group velocity.

4.3 PLS result

−4 −2
ln(I

s
/I

w
)

0 100 200 300
TOF  [ps]

20 40
α

s
 (10MHz)  [Np/m]

0 0.5 1 1.5
0

0.05

0.1

0.15

0.2

Velocity [m/s]

F
in

e
s
 m

a
s
s
 f
ra

c
ti
o
n
 [
%

]

0.1

0.2

0.3

0.4

F
ib

e
r 

m
a
s
s
 f
ra

c
ti
o
n
 [
%

]  

 

0.1

0.2

0.3

0.4

0.5

T
o
ta

l 
m

a
s
s
 f
ra

c
ti
o
n
 [
%

]

Brown

White

Figure 5: The figure is showing the predictors (X variables) versus the responses (Y variables).
For comparison both brown and white pulp result is plotted.

PLS was used as a tool for investigating the applicability of using a combination of
optical and ultrasonic techniques to estimate the contents of fibre and fines in a pulp
sample. Before the PLS iteration started data were scaled to unit variance and centered
by subtracting their averages. This corresponds to giving each of the variables the same
importance in the model. In Fig. 5 the predictors are plotted against the responses. In
the model only a single number from the ultrasonic attenuation curve is used and not
the whole vector. In this case we have used the values at 10 MHz. The responses is
total mass fraction, which can be divided into the next two responses, fibre mass fraction
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and fines mass fraction. There is a larger spread in the brown pulp result compared to
the white pulp. Due to larger addition of fines mass fraction in the brown pulp samples
compared to the white pulp samples. In the group velocity result we can see a trend.
Increased consistency gives a higher speed of sound. For the ultrasonic attenuation αs at
10 MHz a linear dependency on total mass fraction both for the brown and white pulp
is shown. Investigating only the fibre mass fraction it also shows a linear dependency on
attenuation. However, there is a spread in the attenuation result, it is shown as clusters
for each of the mass fraction classes. This is due to the contribution from fines to the
attenuation, which also was shown in Fig. 4(a). This is also shown in the fines mass
fraction plot, where there is a weak increase in the attenuation when the fines mass
fraction increases. See for instance the αs values just above 40 Np/m. Here, the fines
mass fraction varies from 0.04 % to 0.24 % with a small increase in attenuation.

In the optical results, when TOF and the intensity ratio is plotted against fibre mass
fraction it shows a much wider spread compared to fines mass fraction. This indicate
that optical measurement techniques is more sensitive to the amount of small particles
in the suspension, i.e. more affected by fines than by fibres.

There are some distinction between white and brown samples. The ultrasonic attenu-
ation is lower in white pulp compared to brown pulp at the same total mass fraction, due
to different geometrical and mechanical properties. It is also the same for the fibre mass
fraction, but for the fines content the results coincide with each other. For the optical
technique the opposite seems to occur, received optical amplitude coincides at the same
total mass fraction and fibre mass fraction. And for the higher fines mass fraction the
result diverge.

Table 1: PLS validation Q2 value
Combined Optical Acoustical

Pulp sample Total Fibre Fines Total Fibre Fines Total Fibre Fines

Brown 0.9915 0.9754 0.9808 0.8581 0.5655 0.9005 0.9633 0.8020 0.5719

White 0.9973 0.9825 0.8927 0.9825 0.9143 0.7377 0.9963 0.9630 0.5878

Brown
+ 0.9699 0.7841 0.7786 0.8663 0.6861 0.7447 0.8867 0.6676 0.6276

White

The result from the PLS regression of the combined method is shown in Fig. 6 for
the brown pulp and in Fig. 7 for the white pulp. The solid line in the Figs. represents
the optimal predictor. In Fig. 6(a) the observed versus predicted of total mass fraction
is shown. It shows that the PLS model estimate the total mass fraction with a good
fit. In Fig. 6(b), where observed versus predicted of fibre mass fraction is shown and
also in Fig. 6(c), where observed versus predicted fines mass fraction is shown, the PLS
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model shows a good prediction. The good fit of the PLS model for brown pulp is also
confirmed in Table 1, by the Q2 value which is above 97 % in all three categories. In Fig.
7(a) the observed versus predicted total mass fraction is shown. It also shows a good
fit for the PLS model to estimate the total mass fraction. In Fig.7(b), where observed
versus predicted of fibre mass fraction is shown, the PLS model shows a good fit. In Fig.
7(c), where observed versus predicted fines mass fraction is shown, the PLS model has
a minor lower fit compared to the other. The correlation coefficient of the PLS model
is also shown in Table 1, where the Q2 value is above 98 % in prediction of total mass
fraction and fibre mass fraction. In prediction of fines mass fraction the Q2 value is 89 %.

In Table 1 we show the validation statistic Q2 for respective pulp and for comparison
we also did a PLS regression on both pulp samples together. For comparison we did two
separate PLS models containing only one of the measurement techniques. The model
orders were 2 components in both the optical and acoustic model. By optical we mean
both TOF and intensity ratio and by acoustical we mean ultrasonic group velocity and
attenuation. The result shows that by using the combination of optical and acousti-
cal measurement techniques, the composition estimation of the pulp can be improved
compared to using a single technique by itself.

5 Discussion

It should be noted that in this study the prediction Q2 value is for a measurement using
the same experimental setup as the calibration run. Hence, the prediction for a pulp
sample with a different fibre size property not in the present study would probably give
another Q2 value.

In this study we have, as in [2], used the ultrasonic attenuation at one single frequency.
This means that we must calculate the FFT for the echo, which can be a time consuming
process which in turn makes some requirements on the computer used. Another approach,
less time consuming and computer demanding, is to use the received ultrasonic echo in
the time-domain. And in the same manner as the calculated optical intensity, calculate
the amplitude ratio between the received echo from the pulp sample measurement and
the water reference echo. These calculations has been done and with an almost similar
result in all categories.

6 Conclusions

Light propagating in the pulp suspension is influenced both by fibre and fines. How-
ever, fines are the predominant source for optical scattering. Further, the fibres are the
predominant source for attenuation of ultrasonic waves. These observations is the mo-
tivation for the proposed method to use the combination of two existing measurement
techniques to give additional information about the investigated medium. Using PLS we
are able to estimate the total consistency and in addition also identify the two different
length fractions, fibres and fines in a given pulp suspension. The result also shows that
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(a) Observed versus predicted total mass frac-
tion of brown pulp.
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(b) Observed versus predicted fibre mass frac-
tion of brown pulp.
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(c) Observed versus predicted fines mass frac-
tion of brown pulp.

Figure 6: Observed versus predicted plots of the result from the PLS model using both measure-
ment techniques for unbleached softwood pulp.

by combine ultrasound with optical technique a better estimate of the consistency is
obtained, compared to the single techniques used.
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(a) Observed versus predicted total mass frac-
tion of white pulp.
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(b) Observed versus predicted fibre mass frac-
tion of white pulp.
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(c) Observed versus predicted fines mass frac-
tion of white pulp.

Figure 7: Observed versus predicted plots of the result from the PLS model using both measure-
ment techniques for bleached hardwood pulp.
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Wood Pulp Characterization by a Novel

Photoacoustic Sensor

Jan Niemi and Torbjörn Löfqvist

Abstract

In this paper we introduce a novel photoacoustic sensing technique that capture a
photoacoustic signal excited by a laser light pulse after the light has propagated through
a turbid medium. Simultaneously, the ultrasonic sound wave is captured after it has
propagated through the same turbid medium. By combining the two signals more infor-
mation of the investigated medium can be obtained. The application can be in the pulp
and paper industry to monitor wood pulp compositions. Depending on its origin the pulp
suspension contains different compositions of fibres and short fibres (fines). Poor control
of the pulp composition leads to an unstable process that compromises the production,
quality and the energy efficiency in the pulp mill. The result shows the feasibility of the
photoacoustic sensor in monitoring the mass fractions of fibres and fines in a pulp sus-
pension. The first received echo, corresponding to the light interaction with the sample,
showed a stronger correlation to the fines mass fraction compared to fibre mass fraction.
The second echo, corresponding to the sound wave interaction with the sample, showed a
much stronger correlation to fibre mass fraction than to fines mass fraction. Hence, it is
believed that by combining these two echoes more information about the pulp suspension
is given compared to any sensor built one of the single sensing principles and therefore
be applicable for the pulp and paper industry.

1 Introduction

To be competitive on the market the pulp and paper industry are constantly looking for
solutions for a more efficient utilisation of raw material as well as a more efficient use
of energy. Also, the increased use of recycled paper in the manufacturing process leads
to a situation where the knowledge of the fibre properties in the manufacturing process
needs to be improved and controlled. One important process parameter to control is
pulp consistency. Poor control of the pulp consistency leads to an unstable process that
compromises the production, quality and the energy efficiency in the pulp mill. Hence,
accurate consistency control is fundamental in achieving process stability, reduce energy
consumption and make better use of the raw material [1].

However, it is a challenging task to accurately measure pulp consistency, as the pulp
composition and fibre properties varies as the raw material and the production parameters
shifts. For instance, the amount of short fibres (fines) can vary in a pulp suspension over
time. The share of fines in the pulp suspension is important to the paper quality. To
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generalize, long fibres improve the paper sheet strength, and fines give better formation
and sheet uniformity.

Today there are a number of different commercial sensors for monitoring the pulp con-
sistency available. They are mainly based on one of three basic measurement techniques,
extinction or backscattering of optical signals [2], changes in velocity of microwaves [3]
or changes in shear force of the fibre network [1].

Törmänen et al. [4] showed that light propagating in a pulp suspension is more af-
fected by fines content compared to fibre content. Further, ultrasound waves were shown
to be more affected by the fibre content compared to fines content. Consequently, a
sensor strategy was proposed based on a combination of the two techniques to estimate
the consistency of the two components in a pulp suspension. Although, the combination
technique can be used together in the same measurement cell it requires two separate
instrumentation setups. To reduce the complexity of such a sensor we present a novel
sensor based on photoacoustic technique. In photoacoustics, an ultrasonic wave is pro-
duced when the light is absorbed by the medium. The photoacoustic excited ultrasonic
wave is then captured by an ultrasonic transducer.

In this study we investigate the feasibility to use the photoacoustic sensor for estima-
tion of the fibre and fines mass fraction in a pulp sample.

2 Theory

The theory follows the theory by Shan et al. [5] but is extended to include different
acoustic properties of the surrounding layers. Figure 1 shows an illustration of the layers.
Layer 0 and layer 1 are an optically transparent media. Layer 2 is the absorbing layer.
Layer 3 is the sample, or sample layer. Layer 4 is an additional absorbing layer which
will be explained further in the section 2.1.

If we consider a light absorbing medium that extends in the positive z-direction and
is in contact with an optical transparent medium which extends in negative z-direction.
Following the theory described by Shan et al. [5], the one-dimensional model of the linear
acoustic wave equation is

∂2p

∂z2
− 1

c2

∂2p

∂t
= − β

Cp

∂H

∂t
(1)

where p is the pressure, c is the speed of sound in the absorbing medium, β is the
isobaric volume expansion coefficient, Cp is the isobaric heat capacity per mass and H is
a heating function. If the laser pulse duration is short compared to the propagation time
for the generated sound wave in the absorbing region (i.e. τL � (αc)−1), then a nearly
instantaneous heating of the absorbing medium can be assumed. The heat function may
then be expressed as [5],

H(z, t) = αE0e
−αz [u(t) − u(t − τL)]

τL

(2)

where α is the optical absorption coefficient, E0 is the radiation energy density at the
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Figure 1: Schematic view of a photoacoustic excitation in a finite absorbing layer. Layer 0
and 1 are an optically transparent medium. Layer 2 is the absorbing layer with a thickness d2.
Layer 3 is the sample layer. Layer 4 for is an additional absorbing layer. ρn and cn are the
density and the speed of sound in layer n, respectively. ρncn is the acoustic impedance in layer
n. The block arrows indicates the incident light pulse.

surface, τL is the light pulse duration and u(t) is the unit step function. Hence, the
incident light pulse is modulated as a rectangle pulse with a pulse width of τL.

It is assumed that the system is at rest before the light pulse enters the boundary
between the transparent and absorbing medium. At the boundaries we assume that the
pressure and pressure gradients are continuous. The initial conditions are then

p(z, 0 ) = 0

∂

∂t
p(z, 0 ) = 0, (3)

H(z, 0 ) = 0,

and the boundary conditions are

p1(0 , t) = p2(0+, t) (4)

− 1

ρ1

∂

∂z
p1(0 , t) = − 1

ρ2

∂

∂z
p2(0+, t)

p2(d , t) = p3(d+, t) (5)

− 1

ρ2

∂

∂z
p2(d2 , t) = − 1

ρ3

∂

∂z
p3(d2+, t)
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where ρ is the density and the subscript 1, 2 and 3 relate to respective layer shown in
figure 1.

The solution to (1), together with (2) and the initial and boundary conditions (3),(4)
for a propagating sound wave in the positive z-direction in a semi-infinite layer is [5],

pp(z, t) =

{
K

(
e−c2α(t+z/c2) + ec2α(t−z/c2)

)
, t − z/c2 < 0,

K
(
R21e

−c2α(t−z/c2) + e−c2α(t+z/c2)
)
, t − z/c2 ≥ 0

(6)

where

K =
αβE0c

2
2

2Cp

(7)

is a constant and R21 is the reflection coefficient between layer 1 and 2 defined as,

R21 =
ρ1c1 − ρ2c2

ρ1c1 + ρ2c2

(8)

Consider a setup where the absorbing layer 2 is finite with thickness d2. Further, also
assume that the layer is an absorbing semi-transparent layer, some of the light will be
absorbed and the remaining light will pass through the absorbing layer and hit layer 3.
This will cause a discontinuity in the pressure wave at z = d2. If there is a difference
in acoustic impedance at the boundary z = d2, the wave propagating in the positive z-
direction will be divided in two parts. One part will be transmitted into layer 3 and the
other part will reflect at the boundary and propagate in the negative z-direction towards
the boundary at z = 0. If there is a difference in acoustic impedance at the boundary
z = 0 the propagating wave will again be divided. A part of the wave will be transmitted
into layer 1 and continue to travel in the negative z-direction. The remaining part will
reflect and propagate in the positive z-direction again and so on. Altogether, the excited
sound wave inside the absorbing layer will be multiply reflected and loose some energy
at each reflection.

Solving (1), using boundary conditions (5), the solution for a sound wave in the
positive z-direction in a finite layer is,

ppi(z, t) =

⎧⎨⎩
KT23R

i−1
21 Ri−1

23

(
e−c2α(t+z/c2) + ec2α(t−z/c2)

)
, 0 ≤ ti < d2/c2,

KT23R
i−1
21 Ri−1

23

(
R21e

−c2α(t−z/c2) + e−c2α(t+z/c2)
)
, d2/c2 ≤ ti < 2d2/c2,

0, elsewhere,
(9)

where i is the number of reflections within the absorbing layer and,

ti = t − [2(i − 1)]d2

c2

(10)

and R23 is the reflection coefficient between layer 2 and 3,

R23 =
ρ3c3 − ρ2c2

ρ2c2 + ρ3c3

. (11)

and,

T23 =
2ρ3c3

ρ2c3 + ρ3c3

(12)
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is the transmission coefficient at the interface between absorbing layer 2 and the sample
layer 3. The entire pressure wave that propagates in the positive z-direction is then the
sum of (9) as,

Pp(z, t) =
N∑

i=1

ppi. (13)

2.1 The Measurement Cell

Transducer

Absorber

Semi-transparent absorber
Window

L1

L2

L3

Laser pulse

time

d4

d3

d2

d1

Sample

Figure 2: Diagram of the novel photoacoustic measurement cell.

The design of the cell is shown in figure 2. In the presented sensor we have two
absorbing materials (corresponding to layer 2 and 4 in figure 1). The first absorber is
located between the optical transparent window and the sample volume (semi-transparent
absorber in figure 2). The second absorber is placed opposite to the light entrance side
and is in direct contact with the ultrasonic transducer. Between the two absorbents
is the sample volume. As the light pulse propagates through the transparent window
and encounters the first absorbing layer a part of the propagating laser light is absorbed
and excites an ultrasonic wave. The remaining light will continue to propagate into
the sample, where part of the light will be scattered and absorbed by the fluid or the
suspended particles. Some light will encounter the second absorber where some of the
light energy will be absorbed and excite an ultrasonic wave in the absorber. This sound
wave will propagate through the absorber, is captured by the ultrasound transducer
and become echo L1 in figure 2. The initial amplitude of L1 will correspond to the
optical light intensity absorbed by the absorber and is described by (6). Meanwhile, the
sound generated at the first absorber will travel through the pulp suspension. At the
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boundary between the sample and the second absorber, a part of the ultrasonic sound
wave will be transmitted into the second absorber, propagate through to the ultrasonic
transducer and become echo L2, the other part will be reflected and again propagate in
the pulp suspension. The backward reflected sound wave will become echo L3 in figure
2. The initial amplitude of L2 will correspond to the absorbed light the first absorber
and is described by (13). Echo L2 will carry information of the acoustic properties of the
sample. However, if light which has passed the first absorber is reflected back and into
the first absorber again (where it becomes absorbed) will also contribute to the initial
energy of the sound wave. If this contribution is significant then the backward reflected
sound wave L3 together with echo L2 can be used to determine the acoustical properties
of the sample. However, in our study we are using low consistency pulp samples and
therefore a new contribution from back scattered light is considered to be negligible.

In the captured signal, shown in figure 2, the sound waves propagating in the negative
z-direction is reflected at the boundary between the glass and air and therefore also
present in the captured signal as an echo closely after the echoes L2 and L3. Further,
because of the differences in acoustic impedance between the layers, multiple reflections
occur, which is indicated by the fading arrows in figure 2. Since the first absorber is thin
(d2 ≈ 40μm) all echoes reflected from the boundary between the glass and the absorber
is overlapped with the reflected echoes from the boundary between the absorber and the
sample. Thus, echo L2 contains the sum of the overlapping echoes.

3 Experimental setup

Pulp Samples

The samples used in this study were unbleached, chemical softwood pulp delivered from
SCA Munksund, Sweden. The pulp was first fractionated using a Britt Jar, with a mesh
50, to separate the fines from fibres from the pulp. Due to the time consuming fraction-
ation of fines it was decided to keep the total mass fraction at a very low limit. This
decision also gave the feasibility to investigate the capability of the proposed method of
measuring low consistency. After separation of the fibre and fines the two pulp com-
ponents was intermixed in previously defined classes where each class contains a fixed
amount of fibres with a pre-selected addition of fines, resulting in a different ratio of fines
contents in each pulp sample class. The samples were divided in five different classes of
fibres with each four different ratios of fines which in total gives twenty individual pulp
samples. The fibres mass fraction ranged from 0.05 % to 0.41 %. The fines ratio ranged
from 10–40 % giving a mass fraction range of 0.01–0.24 %.

A smaller sample of each pulp sample was used to determine the total mass fraction.
The method used follow the ISO 4119:1995 standard. Due to unfortunate circumstances
the mass fraction measurement failed for one pulp sample in the class with lowest consis-
tency. Hence, only three values of mass fraction of fibres and fines are presented in that
class. The fibre geometry was analyzed by a pulp analyzer, PulpEye, Eurocon Analyzer
AB, Sweden, using a camera based method. From the measured total consistency and the
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Figure 3: A representative figure for the fibre length distribution for different pulp samples. For
each of the pulp sample, the fibre mass fraction is shown as the first percentage and fines mass
fraction is the second percentage.

fines share, provided from the pulp analyzer, the fibre consistency and fines consistency
was calculated for each pulp sample. Accordingly, the sum of fibre consistency and fines
consistency is the total consistency for the respective pulp samples. Fines is defined as
having a length < 200 μm. Hence, it follows that all fibre elements that have a length
above that limit are classified as fibres. The size distributions of some representative
pulp samples is shown in figure 3. In the figure the fibre consistency are shown as the
first percentage and fines consistency is the second percentage.

For each pulp sample a photoacoustic measurement was performed. The light was
generated using a diode pumped Q-switched laser NL202 from EKSPLA, Vilnius, Lithua-
nia. The pulse energy was monitored during the whole experiment and was found to be
327 ±3μJ per pulse. The wavelength of the light was 1064 nm with pulse duration of 9
ns (FWHM). The repetition rate was set to 50 Hz. The light beam was expanded to 8
mm. The photoacoustic excited signal was captured by a broadband transducer with a
centre frequency of 10 MHz (V311), manufactured by Panametrics, Waltham, MA, USA
and thereafter amplified by 60 dB. In each experiment 50 signal waveform’s was recorded
and averaged using an oscilloscope, Yokogawa DL9000 sampling at 250 MHz, and stored
in a computer for off-line analysis. The procedure was repeated five times and it is the
average of these five measurements that is presented. From the five measurements the
standard deviation was calculated.

The temperature in the pulp suspensions under test was 21.3 ±2.6 ◦C. To determine
the distance d3 in the cell, pure, distilled water was used as a reference since it has a well
known relationship between speed of sound and temperature [6]. Using the temperature
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Figure 4: Illustration of the experimental setup.

of the calibration fluid and a cross-correlation technique to determine the time-of-flight
for an ultrasonic pulse travelling back and forth in the sample vessel, the distance d3 was
found to be 27.4 mm.

4 Result

As mentioned in the introduction an application of this sensor is to characterize pulp
suspensions. In figure 5(a) echo L1 is shown. The notation in the figure is that the
first percentage number is the mass fraction of fibres in each pulp sample, respectively.
The second percentage number is the mass fraction of fines in respective pulp sample.
The figure shows that the peak-to-peak amplitude of the signal decreases as the amount
of fines increases. In figure 5(b) echo L2 for the same pulp samples is shown. As the
fibre mass fraction increases the peak-to-peak amplitude of the signal decreases, although
the mass fraction of fines increases. Hence, echo L2 is more sensitive to fibre contents
compared to fines contents. Note, in both figures 5(a) and 5(b) we have shifted the
signals in time for clarification.

In figure 6 the peak-to-peak amplitude of L1 and L2 versus the mass fraction of fibres
and fines is shown. The different markers illustrate the different fibre mass fraction
classes. Even if careful preparation of the samples has been carried out to get well
defined classes, there is a variation in mass fraction within each class due to the complex
composition of a pulp suspension, see for example the class marked with + signs. Figure
6 shows that the influence of fines is more evident in echo L1 compared to echo L2.
Furthermore, the influence of fibres is more obvious in echo L2 compared to echo L1. It
is noted that echo L2 has an unexpected high amplitude in the class marked with a ×
sign. The reason is believed to be that a large amount of light was back scattered by the
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Figure 5: In (a) echo L1 is shown. The first percentage number is the mass fraction of fibres in
respective pulp sample. The second percentage number is the mass fraction of fines in respective
pulp sample. In (b) echo L2 for the same pulp samples is shown. Note, in both figures we have
shifted the signals in time for clarification.

pulp sample and absorbed by the first absorber giving a large initial ultrasonic sound
wave.

In figure 7 the echoes L1 and L2 are joined together, also with errors bars, representing
the uncertainty of the measurements. This figure illustrates that by combining the two
echoes we obtain a pattern where we can distinguish the different classes. Note that
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Figure 6: The figure shows the peak-to-peak amplitude of L1 and L2 versus the mass fraction
of fibres and fines. The different markers represent the different pulp sample classes.
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Figure 7: Ultrasound echo L2 versus optical echo L1 with error bar included representing the
uncertainty of the measurement. The different markers represent the different sample classes.

in this figure the unexpected value of L2 in one of the measurement is more evident
compared to figure 6.
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5 Discussion

The reason for the larger uncertainty in some of the samples is the complex structure
of the fibres in the pulp suspension. Although, the pulp was slowly circulated in the
system to avoid sedimentation and flocks it is believed that the pulp still had variations
in homogeneity at the measurement point during the measurement. The issue with
inhomogeneity in pulp suspensions during measurements has also been reported others [1,
7]. However, even if the uncertainty is large in some of the measurement it is believed that
by combining the two echoes it is possible to distinguish pulp having different amounts
of fibres and fines, respectively.

Further work is required on the design to optimize the optical properties of the ab-
sorbents. This to balance the received energy between the ”optical” echo L1 and the
”ultrasound” echo L2. It is noted that the light is more influenced by the pulp compared
to the ultrasound wave. Hence, to increase the measurable consistency range the splitting
of light in a light component and in an ultrasound component at the first absorber needs
to be optimized.

6 Conclusion

In this paper we have introduced a novel photoacoustic sensor that capture a photoa-
coustic signal excited by a laser after the light has propagated through a turbid medium.
Simultaneously, it captures an ultrasonic sound wave after it has propagated through
the same turbid medium. The first received echo, corresponding to the light interaction
with the sample, showed a stronger correlation to the fines mass fraction compared to
fibre mass fraction. The second echo, corresponding to the sound wave interaction with
the sample, showed a much stronger correlation to fibre mass fraction than to fines mass
fraction. The evident difference between the two echoes is promoting the assumption
that it is possible to estimate the fines consistency from echo L1 and simultaneously esti-
mate the fibres consistency from echo L2 in a pulp suspension. Hence, it is believed that
by combining the two echoes more information about the pulp suspension is obtainable
compared to a new single technique and is therefore applicable in the pulp and paper
industry.

Acknowledgment

The work has been financed ProcessIT Innovations at LTU, by Vinnova and the BFP
Wood and Forest based Industry Program. The laboratory equipment was financially
supported by the Kempe foundation, Sweden, and is hereby gratefully acknowledged.



178 Paper G

References

[1] I. Janson, Accurate consistency : handbook of consistency measurement in pulp and
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