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Abstract
Turbulent mixing is present in many pulp and paper processes. It is a partic-
ularly important factor in the design and improvements of the paper machine
headbox, influencing the final paper structure. During this project, experi-
mental methods to quantify the effect of fibers on turbulent suspension flows
have been developed, and then used for studying turbulent mixing in fiber
suspensions.

A technique that uses microprobes to measure passive scalar mixing of salt
for the characterization of turbulent fluctuations in a fiber suspension flow has
been developed: Conductivity micro-probes have been built and turbulence
measurements have been performed in simple jet and wake flows, studying
turbulent mixing between the two streams of pulp suspension, of which one
has been doped with salt.

A relatively new technique to measure fluid velocity non-intrusively in
opaque fluids has also been tested. The technique makes use of ultrasonic
pulses to obtain velocity information through the Doppler-shift of reflected
pulses.

The main efforts reported on in the thesis are focused on method design
and development as well as method evaluation.
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By three methods we may learn wisdom: first, by reflection,
which is noblest; second, by imitation, which is easiest; and
third, by experience, which is the most bitter.

Confucius (551-479 BC)
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CHAPTER 1

Introduction

1.1. Introduction to paper manufacturing

It is very common that flows in industrial processes involve fibers, not only in
the suspension flows present in for example the paper making industry, the food
industry and in the production of fiber-reinforced plastics, but also in gas-solid
flows as for example in fluidized beds. The main concern in this thesis will,
however, be focused towards the field of paper making, i.e. high aspect ratio
fibers of various qualities suspended in water. When, throughout this thesis,
referring to a fiber suspension, this will mean an aqueous fiber suspension unless
otherwise stated.

A paper does not have a homogeneous microstructure. Holding a paper
towards a light-source reveals that the paper is not evenly thick everywhere;
such grammage variations may for example have a negative effect on printabil-
ity. Tearing a paper sheet is easier in one direction than the other; due to fiber
orientation anisotropy, the paper is not equally strong in all directions, which is
sometimes desirable and sometimes not. Paper properties can, however, partly
be controlled during the forming process.

Turbulent mixing is present in many pulp and paper processes and tur-
bulence characteristics will strongly influence the final paper structure. Tur-
bulence properties are therefore a particularly important factor in the design
and improvements of the paper machine headbox. Improved understanding
and control of turbulent mixing is also an important factor in the develop-
ment of property control systems, such as for the fiber orientation, and in the
development of production equipment for layered products.

1.1.1. The paper machine

A modern paper machine is very complex and its design and construction is a
long and expensive process. An example of a modern paper machine can be
seen in figure 1.1. In the paper machine, fiber suspensions ranging from highly
concentrated to dilute are processed through pipes of various shapes and sizes.
The headbox is the heart of the paper machine. A fiber suspension reaching
the headbox through an incoming pipe of a diameter about 80 cm will here be
re-shaped into a jet sheet with a thickness of about 1 cm and a width of up to

1



2 1. INTRODUCTION

Figure 1.1. The paper machine PM 12 at Kvarnsveden. The
different sections that can be seen in the picture are from left to
right: the wire section, the press section and the dryer section.
Picture from Stora Enso.

10 meters before entering the wire section. Fiber concentration in the paper
machine headbox is usually below 1 %.

The principle of a headbox design can be seen in figure 1.2. Distribution
across the machine width usually takes place through a tapered header. The
flow is then directed and further distributed in the machine direction through
tube banks that evens out large flow variations. To form the high quality jet
sheet hitting the wire, the suspension is accelerated through a headbox nozzle
contraction. In figure 1.3, the headbox of the paper machine is clearly visible
in the left part of the picture.

The wire is a permeable fabric moving at a speed of up to 30 m/s depending
on machine capacity. Water may pass through the fabric, but fibers will stay
on top building up a fiber mat. When the jet coming from the headbox hits
the wire, the dewatering process starts forming the paper web.

The design of all these machine parts will affect the flow in various ways:
the tube banks for example, often have a step-diffuser design with step-wise
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header

Tube banks Nozzle contraction

Inlet pipe

Jet

Figure 1.2. Principle of headbox: Fiber suspension enters
through a feeding pipe into a tapered header successively draw-
ing suspension into the tube banks with step-wise area in-
creases whereafter it enters the nozzle contraction forming a
jet.

area increases that will cause flow separation generating turbulence. It is a
general belief in literature that small scale, high intensity turbulence acts to
deform and eventually rupture flocs and disperse fibers. The turbulence will
cause floc disruption, which is desirable as the presence of large flocs will cause
grammage variations in the final product. Strong turbulence may however
also regenerate flocs through the strong mixing that it produces, hence, the
presence of turbulence in a suspension flow is generally a rather double-edged
phenomenon.

The nozzle contraction causes the flow to accelerate which will even out
the flow velocity profile in the cross direction and reduce turbulent fluctuations.
The elongational flow in the contraction will cause fiber flocs to tear apart as
flocs are gradually elongated until breakage (Bergström 2003), which is favor-
able from the formation point of view. A high nozzle contraction will however
also increase fiber orientation anisotropy as fibers tend to align themselves in
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Figure 1.3. The headbox of a Fourdrinier paper machine.
Picture from Metso.

the flow direction. The jet to wire speed difference will also have a significant
influence on formation and fiber orientation anisotropy.

As indicated above, the processing conditions in the upstream system and
in the headbox will strongly affect the paper forming process and the final
microstructure of the paper. It is therefore of vital importance to investigate
turbulence characteristics in fiber suspension flows. Improved control of for
example grammage variations and fiber orientation anisotropy can in the end
lead to improved products and higher production rates. Ultimately, the goal
of paper process research is to achieve real-time control of process and quality
parameters.

1.2. Turbulence characteristics and turbulent mixing

As describe by for example Tennekes & Lumley (1972), turbulent flows are
chaotic in the sense that both velocity and pressure fluctuate wildly in time and
space. A characteristic feature is swirling flow structures, called eddies, that
have characteristic time and length scales. Turbulence appears in most flows if
the Reynolds number is large. The largest energy-bearing eddies are generated
directly by shear flow. Inertial effects will then spread the turbulent energy to
smaller and smaller scales until viscous stresses are comparable to the inertial
processes. Inertial forces will dominate the evolution of large eddies as viscous
stresses are simply too slow in comparison. Unless energy is constantly provided
into the velocity fluctuations, turbulence will eventually die out because of
viscous damping, but can be maintained by constantly providing shear. In
the present experimental set-up, turbulence is generated by the turbulence
generator block and decays downstream.

Most naturally occurring fluid flows are turbulent, as for example rivers
and ocean currents. Many man-made flows are deliberately made to be turbu-
lent for various reasons; when stirring sugar into a cup of coffee for example,
this is done for the simple reason that turbulence generates a high degree of
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mixing and transport. Movement of particles within the fluid takes place by
convective mass transfer, including both diffusion – the random Brownian mo-
tion of individual molecules in the fluid – and advection, in which particles are
transported by larger-scale motions of currents in the fluid. In a turbulent flow
such as the stirred cup of coffee, mixing generated by the turbulent larger-scale
motions is much larger than the diffusion.

In turbulent fluid flow in general, there are simultaneous momentum and
mass diffusion convection processes. The ratio between the momentum diffu-
sivity (viscosity) and mass diffusivity can be described by the dimensionless
Schmidt number defined as Sc = ν

D , where ν is the kinematic viscosity and
D the mass diffusivity. In a turbulent flow where the mixing generated by
turbulence is much larger than the molecular diffusion, Schmidt numbers are
high.

The mathematical description of turbulence in general is both extensive and
complicated, even more so when fibers are involved and practical problems can
not be solved analytically. To verify modeling of turbulent fiber suspensions,
there is a need for experimental result from turbulence measurement in fiber
suspensions.

1.3. Flow measurement techniques for multiphase flows

1.3.1. Pitot tube with purge flow

The method measuring velocity from the difference between stagnation and
static pressure by inserting a Pitot tube into the flow is normally not a useful
method in a fiber suspension flow as fibers have an ability to clog the pressure
holes. Bergström & Womhoff (2005); Bergström et al. (2007) did however
use a self-cleaning pitometer to measure the tangential velocity flow field in
a conical hydrocyclone. The pitometer was equipped with a single pressure
hole containing a fine pressure sensor and was continuously cleaned with a
purge flow. To be able to measure the pressure difference, the pressure hole
was first turned facing the flow measuring the stagnation pressure and then
turned 180◦ measuring the static pressure at each measurement point. The
influence of pulp fiber concentration on the tangential velocity profile was in
this way investigated finding a flow gradually approaching solid body rotation
at increasing fiber concentrations.

1.3.2. Laser Doppler Velocimetry and matched index of refraction

McComb (1985, 1991) employed Laser Doppler Velocimetry (LDV) to study the
turbulence structure and drag reduction of a 0.03 % fiber suspension flowing
through a straight pipe, using very thin high aspect ratio chrysotile asbestos
fibers, suspended in an aqueous solution of a surfactant. Measurements of the
streamwise velocity component were performed and turbulence intensity, auto-
correlations and one-dimensional energy spectra were calculated. An increased
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turbulence intensity at low and high wave numbers was found and turbulence
was suppressed by absorption of turbulent energy by fibers for eddies of size
comparable to fiber length.

When using LDV in a fiber suspension, maximum fiber concentration and
penetration depth is severely limited by the light scattering properties of the
pulp fibers. To overcome this, Steen (1989) used a model suspension of glass
fibers in a mix of two different alcohols to study turbulence in vertical pipe
flow. The refractive index of the alcohol was matched to that of the glass fibers,
making the suspension transparent to light. Mean and fluctuating velocities
were measured with this technique and turbulence spectra calculated. It was
found that the turbulence intensity is higher at low fiber concentrations and
short fibers than at high fiber concentrations and long fibers. Andersson &
Rasmuson (2000) used LDV for turbulent flow measurements in a rotary shear
tester. Following Steen (1989), they utilized a matched index of refraction
suspension with glass fibers to avoid the light-scattering of pulp fibers.

1.3.3. Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) imaging is a non-invasive measurement
technique well suited for the study of opaque multi-phase flows. The measure-
ment technique is based on selective absorption of very high-frequency radio
waves by certain atomic nuclei when the solution is subjected to a strong sta-
tionary magnetic field. The technique does however suffer from poor signal to
noise ratio and requires long measuring time. Images are also difficult to ana-
lyze quantitatively, which makes the technique most suitable for steady laminar
flows.

Li et al. (1994) used NMR combined with phase flow encoding to obtain
quantitative measurements in turbulent pipe flow and obtained time averaged
velocity profiles and turbulence intensities in a pulp fiber suspension of less
than 1 % fiber concentration by weight. Arola & Powell (1998) used a similar
NMR imaging technique to measure velocity profiles of water and a 0.5 % wood
pulp suspension flowing through an abrupt pipe expansion.

Instantaneous turbulence measurements does however require further de-
veloped NMR techniques. Kose (1990, 1991a) employed a NMR imaging tech-
nique called Echo-Planar Imaging (EPI) with flow-sensitive magnetic field gra-
dients, that uses the phase shift of moving spins to measure the flow velocity,
a technique that is much faster than traditional NMR. This one-phase imaging
technique is able to measure instantaneous distribution of any velocity compo-
nent in any cross-sectional plane but can only measure one velocity component
at a time. Using this technique, a temporal resolution of 20 µs over a fluid
volume of 4 ∗ 0.4 ∗ 0.4 mm could be achieved. For satisfactory turbulent fluctu-
ation measurements however, a time scale less than about 100 µs and a spatial
resolution of the order of µm is required: the temporal resolution is more than
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satisfactory, but there is still room for further improvements in spatial resolu-
tion. It is also the aim to be able to measure all three velocity components in
real time. Kose (1991b, 1992) therefore proposes the use of a multiple spin-
echo EPI sequence to overcome this problem of only being able to measure one
component at a time.

1.3.4. Ultrasonic Doppler Velocimetry

Ultrasonic Doppler Velocimetry (UVP) is a noninvasive measurement technique
that uses ultrasonic pulses to measure fluid velocity through the Doppler-shift
of reflected pulses. As sound waves have an ability to penetrate far through
opaque fluids, the method is practically independent of the transparency of
the fluid. The non-intrusiveness and ability to measure in opaque fluids makes
this method well suited for pulp suspension measurements. The commercial
UVP-method available today does however require dozens of ultrasonic pulses
for each measurement point, making the temporal resolution poor, the method
is thereby most suitable for time averaged measurements.

The ultrasonic Doppler shift method, was originally developed and used in
medical applications for external blood flow metering. Takeda (1986) started
adapting the method for studies of fluid mechanics on a more fundamental level
measuring mean velocity profiles of Poiseuille flow in a pipe and Taylor vortex
flow in a roating double cylinder with good results. Later, Takeda et al. (1994)
investigated the time-dependent flow in a rotating Couette system, and mea-
sured successive instantaneous velocity profiles, whereafter the spatiotemporal
velocity field was analyzed by Fourier analysis.

As will be described in section 4.2.1, the conventional UVP-system samples
the echo signal at each measurement point only once per echo repetition, thus
requiring a number of echo repetitions to obtain a velocity distribution along
a measuring line. Due to the signal processing technique of the UVP, the time
resolution is thus limited to the order of 10 ms at best, which is insufficient for
turbulence measurements. For measurement of turbulence characteristics, the
time resolution of the original UVP thus needs to be improved.

Ozaki et al. (2002) and Sato et al. (2002) improved the poor time-resolution
of the UVP-system by introducing a new signal processing algorithm. They
used a cross-correlation technique to determine the time differences between
two time series of successive echo signals, from which the velocity can be de-
rived. Only two echo repetitions were then necessary to obtain a velocity
distribution and time resolution could in this way be improved as far as to
500 µs giving a measuring frequency of up to 2 kHz.

The UVP-system has also been employed for studies of the rheology of
opaque non-Newtonian fluids including pulp suspensions in laminar flows. Wik-
lund et al. (2002) investigated the UVP for in-line measurements of radial ve-
locity profiles and shear rate dependent viscosities of shampoo and aqueous
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cellulose fibre suspensions flowing in a pipe. Weight concentrations of 1 − 3 %
fibers were tested. More recently, the system was employed by Xu (2005), who
investigated the effect of fiber concentration and Reynolds number on the shape
of the velocity profile. Wiklund et al. (2006) also performed pipe flow velocity
measurements in relatively high consistency pulp suspensions (0.74 − 7.8 %
by weight) using Ultrasonic Velocity Profiling and Laser Doppler Velocimetry
simultaneously. Maximum penetration depth during the LDV measurements
varied with pulp concentration. For a 7.8 % suspension, penetration depth was
about 3 mm whereas for a 1.9 % suspension, penetration depth increased to
about 7 mm. A discrepancy between velocity values obtained with the UVP-
and the LDV-method respectively could however be seen in near wall region
and the expected velocity gradient close to the pipe wall could not be detected
with the LDV method.

As was pointed out by Jensen (1996), there exist several different ultrasonic
velocity estimation systems. The continuous wave system measures the velocity
distribution within the ultrasound beam by determining the Doppler shift of
the emitted ultrasound. Pulsed wave systems measure in a single volume,
the shift in position of the seeding particles is used to find the velocity as a
function of time. It is often claimed that velocity is determined by finding the
Doppler shift of the emitted ultrasound pulse also in pulsed systems. Jensen
does however emphasize that this is not possible and that the Doppler shift is
actually not used – it is the shift of position between pulses that is employed,
and the Doppler effect itself plays a minor role.

Until now, the method has proven useful to measure the mean velocity,
even rms values can be taken to some extent, but the limited time resolution
makes the method less suitable for measurement of higher order moments.

1.3.5. Passive scalar mixing

Turbulent mixing between two streams of pulp suspension can be studied by
doping one of the streams with a passive scalar and then measure the spreading
of the scalar in the turbulent flow field. As passive scalar, for example salt
can be used to increase the conductivity of the fluid, or heat to increase its
temperature. Some experiments where salt has been employed as passive scalar
and concentration fluctuations measured by means of a conductivity probe have
been reported on in literature: One of the simplest versions of this methodology
was demonstrated by Li (2000), who used a 0.8 mm sampling tube for extracting
a sufficient quantity of fluid for conductivity analysis. The sampling tube was
traversed in a water jet for the study of mixing as a function of distance from
a stratified 3-layer headbox nozzle where salt water was introduced into the
middle layer. The cross directional conductivity profile could in this way be
measured at different positions along the jet.
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A more advanced method was first practiced by Lamb et al. (1960), who
started measuring turbulent concentration fluctuations with a conductivity
probe consisting of an electrode pair. In order to minimize the measurement
volume enough to measure the local variation of concentration, the probe was
designed so that one of the two electrodes was much smaller in size than the
other. By making the size of the smaller electrode approaching a point in size,
and keeping the distance between the two electrodes large relative to the size of
the smaller electrode, the current density and thereby the measurement volume
was localized to the immediate vicinity of the smaller electrode. The smaller
electrode was made from a 76 µm diameter platinum wire where only the tip was
exposed. In this way, a measurement volume of 0.03 mm3 could be achieved,
which is comparable to the length scale of the concentration fluctuations.

Gibson & Schwarz (1963) made experiments similar to those by Lamb et al.
(1960), detecting conductivity fluctuations in a grid-generated turbulent flow
field with a single electrode conductivity probe. Using electrode diameters
down to 10 µm, they achieved a spatial resolution of about 0.0002 mm3 and
carried out detailed measurements of turbulent concentration fluctuations and
spectra. Torrest & Ranz (1969) improved the method further and reduced the
signal to noise ratio down to 0.03 % by designing microelectrode conductiv-
ity probes with spatial resolution the order of 0.0005 mm3. Mahouast (1991)
designd a 30 µm diameter conductivity micro-probe to measure the local re-
sistivity during mixing of tap water with salt water in a stirred tank. The
relation between measurement volume and the highest detectible frequency of
the conductivity fluctuations was investigated by making step-response tests.
It was found that higher frequencies would not be detected and the authors
concluded that microscales are not directly measurable. A system of 63 con-
ductivity micro probes was tested by Andersson (1994) for measurement of
turbulent mixing between fluids of different conductivity in a pressurized water
reactor.

1.4. Turbulence in fiber suspensions

This section will begin with a brief review of some common concepts to char-
acterize fiber suspensions in section 1.4.1. The rather limited knowledge of
the influence of fibers on turbulent flows and some turbulent fiber suspension
flow properties will then be described in section 1.4.2. Finally, in section 1.4.3,
some experiments in turbulent fiber suspension flows will be reviewed and some
common experimental difficulties commented upon.

1.4.1. Characterization of fiber suspensions

Pulp suspensions exhibit non-Newtonian flow behavior as fibers have an ability
to impart strength and elasticity to the suspension. The addition of fibers does
also alter the turbulence structure and reduce the turbulence intensity in the
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suspension. The effect of fibers on the turbulent flow field in a paper machine
is thus a particularly important factor when designing the headbox.

The rheology of a fiber suspension is very complicated, and still quite
poorly understood, but it is well known that even a very small amount of
fibers present will affect flow significantly. Under shearing, fibers collide by
rotation and translation forming flocs by mechanical entanglement: Even in a
dilute suspension, fibers that are close to each other may interact and entangle
to form entities that behave different than individual fibers. At higher concen-
trations, fibers are locked together into three-dimensional structures that alters
the transport properties of the suspension.

As indicated above, fiber suspensions behave differently depending on fiber
concentration. Solely concentration is however not a sensible measure of for
example the tendency of a suspension to flocculate. Kerekes & Schell (1992)
therefore introduced a non-dimensional number indicating how frequent fiber-
fiber interactions are. The crowding number N , is a measure of the average
number of fibers of length L and diameter d at a volume concentration Cv,
present in a reference volume determined by the spherical volume generated by
a freely rotating fiber of length L:

N =
2
3
Cv

(
L

d

)2

. (1.1)

Depending on the value of N, fiber suspensions are often classified into three
regimes: dilute, semi-concentrated and concentrated. In a dilute suspension,
with a crowding factor less than one, each fiber can rotate freely without hin-
drance from surrounding fibers and collisions between fibers are rare. In a
semi-concentrated solution with a crowding factor between 1 and 60, collisions
are frequent and if the crowding-factor is higher than 60, the solution is con-
centrated and there is continuous contact between fibers.

A similar way to characterize fiber concentration that only differs by a
numerical factor from the crowding number N is to use nL3, where n is the
fiber number density which is equal to the number of fibers per unit volume.
They are related as

N =
π

6
nL3. (1.2)

The corresponding regimes are dilute (nL3 << 1) where the fiber-fiber in-
teraction usually can be neglected, semi-dilute (nL3 >> 1 and nL2d << 1)
where the fiber distribution is controlled by hydrodynamic interactions between
fibers, and semi-concentrated (nL2d ∼ O(1)) where mechanical contacts be-
tween fibers are dominant, see for example Sundararajakumar & Koch (1997).
In the headbox flow, nL3 usually lies between 5 and 50, i.e. in the semi-dilute
regime.
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1.4.2. Some properties of turbulent flows of fiber suspensions

In the headbox of a modern paper machine, paper is produced at high speed
involving turbulent flows. The turbulent flow of a fiber suspension will however
differ from that of a Newtonian fluid in both structure and turbulence intensity,
which will show up in the energy spectra: In a Newtonian fluid, turbulence is
characterized by a continuous spectrum of scales reaching from the most ener-
getic large scales to the smallest micro-scales where turbulent kinetic energy is
dissipated into heat by viscosity. In a fiber suspension however, the mechanism
for dissipation of energy will be different; Energy will here be transferred from
the larger scales into the fiber network, where some of the energy will be dissi-
pated into heat by friction between fibers (Bennington & Mmbaga 2001). The
shape of the spectrum will consequently be very different from the Newtonian
case. Also, the spectral range will be diminished as the presence of individual
fibers in the flow will suppress scales smaller than the fibers. Another impor-
tant effect is the very strongly increased viscous resistance in straining motion.
Much attention has been given to the flow of fiber suspensions in pipes and
channels as even a small amount of fibers reduces the frictional drag signifi-
cantly, an effect that obviously has some interesting practical applications. But
even though examined by many researchers, the mechanism that causes this
drag reduction is still not well understood. The fact that even a very small
amount of fibers can have such a drastic effect on the turbulent flow character-
istics indicates that fibers interfere with the mechanism of turbulent transport.
When fibers are added to the fluid, the turbulence intensity is reduced and
thereby also the turbulent momentum transfer.

The complex behavior of suspension flows is well illustrated by its pipe
flow behavior: In pipe flow, fibers form flocs and coherent networks that at low
velocities move like a plug occupying the entire pipe volume except the thin
region closest to the wall where flow is rather free from fibers. At the very
lowest flow velocities, the frictional resistance is greater than that of water,
but at higher flow velocities, fibers start breaking loose from the network,
causing a mixed flow where the regime near the walls has become turbulent
whereas the central region still flows like a plug. Turbulence is now damped by
fibers and frictional drag reduced to levels below that of pure water. At high
flow velocities, all fibers are broken loose from the plug, making the flow fully
turbulent, see for example Lee & Duffy (1976). During transition from plug
flow to fully developed turbulent flow, fibers, flocs and network core coexist
which complicates momentum transfer. On one hand, the momentum transfer
is enhanced by interlocking fibers in the network core, which behaves like a
solid continuum, on the other hand, momentum transfer is reduced by fibers
and flocs that have a damping effect on turbulence, thereby decreasing transfer
rate. Momentum transfer enhancement will thus be dominating at low flow
rates, while fiber damping will dominate at higher flow rates. The competition
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between these two mechanisms result in maximum level of drag reduction at
intermediate flow rates as was found by e.g. Duffy & Lee (1978).

1.4.3. Experiments in turbulent flows of fiber suspensions

.
Turning the attention towards measurements in pulp fiber suspensions,

some interesting studies can be found in literature. Kazi et al. (1999) investi-
gated the heat transfer in the drag reducing regime of wood pulp suspensions
at different flow rates, fiber concentrations and fiber types and found that the
more flexible fibers produce a larger level of drag reduction besides a larger
reduction of the heat transfer coefficient.

Investigations of pulp fiber suspensions are, however, comparatively sparse
in literature due to inherent measuring difficulties. Investigating turbulence
characteristics in a flow does also require high resolution measurements in both
time and space to measure the smallest scales in the flow. Various more or
less effective methods have nevertheless been tried attempting to clarify the
role of pulp fibers on suspension flow properties: Most straightforward would
be to measure the velocity fluctuations in the flow, but measuring techniques
developed for single phase flows are generally not effective in fiber suspension
flows. As discussed in section 1.3.2, the usefulness of for example Laser Doppler
Velocimetry is limited as even a very small amount of fibers present limits the
optical access severely. A matched index of refraction between fluid and fibers
is necessary to reach more than a few millimeters into the flow at any higher
concentrations. Flow visualization and particle imaging techniques such as
Particle Image Velocimetry, also suffers from the limited optical access. Neither
is hot film anemometry a feasible method as fibers tend to tangle up on the
probe surface. Struggling with these problems, many attempts have been made
to find suitable measurement methods for fiber suspension flows with varying
results.

1.5. Turbulence in dilute polymer solutions – some analogies

Turbulent flows of dilute polymer solutions containing long molecular chains
do in some ways exhibit characteristics similar to that of flows of suspensions of
flexible and even rigid fibers. Due to less measuring difficulties, experimental
investigations of polymer solutions are also more frequent in the literature
then corresponding investigations of fiber suspensions and will, for comparative
reasons, here be reviewed. As in the case of fiber suspensions, addition of a
very small amount of polymers to a turbulent Newtonian fluid flow results in
large drag reduction in pipes and channels.

An important property of polymer molecules is flexibility, i.e. their ability
to coil and stretch. Polymer chains are randomly coiled in a solution at rest.
A coiled molecule is however not an effective drag reducer, but in a deforming
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solvent, the polymer coil may be unraveled to a stretched configuration in the
direction of the axis of largest rate of strain.

As optical access is not as limited in a dilute polymer solution as in a fiber
suspension, numerous studies of drag reduction of dilute polymer solutions have
been made with for example Laser Doppler Velocimetry: Harder & Tiederman
(1991) used a 2-component laser Doppler velocimeter to study the effect of
polymer concentration on drag reduction and turbulence structure in channel
flow. The authors found that the rms value of the velocity fluctuations in
the streamwise direction increased with increasing drag reduction, while the
rms value of velocity fluctuations in the wall-normal direction decreased. The
production of streamwise normal Reynolds stress and Reynolds shear stress
decreased in drag-reduced flows, indicating that there is a transfer of energy
from the streamwise to the wall-normal velocity fluctuations. Wei & Willmarth
(1992) also used LDV to measure the fluctuating streamwise and wall-normal
velocity components in turbulent channel flow of polymer solutions under drag
reducing conditions. They also measured power spectra and found a dramatic
reduction in both the wall-normal velocity fluctuations and Reynolds stress
fluctuations over all frequencies and a redistribution of energy in the streamwise
velocity fluctuations from high frequencies to low frequencies.

den Toonder et al. (1997) investigated the roles of stress anisotropy and of
elasticity in the mechanism of drag reduction in turbulent pipe flow of a dilute
polymer solution both numerically by Direct Numerical Simulation and exper-
imentally by Laser Doppler Velocimetry. In the DNS, they used a simplified
constitutive equation based on Batchelor’s theory of elongated rigid particles
suspended in a Newtonian fluid (1970), which models the viscous anisotropic
effects caused by the polymer orientation. The predictions were in fair qualita-
tive agreement with the LDV measurements of turbulence statistics and power
spectra. Addition of elasticity to the constitutive equation was however found
less successful: the visco-elastic polymer model showed less drag reduction than
the model without elasticity. They therefore proposed that viscous anisotropic
stresses play a key role in the mechanism of drag reduction by polymer additives
rather than visco-elasticity.

The drag-reducing ability of polymer solutions was also investigated by
Sasaki (1991), who used pressure drop measurements for calculation of the
friction factor in turbulent channel flow, and specifically investigated the effect
of flexibility of the polymer chain, concluding that the drag-reducing ability of
polymer solutions decreases when polymers become more flexible. Somewhat
surprisingly, this result is the opposite to what was found by Kazi et al. (1999)
for suspensions of flexible fibers.

It was found by Virk (1971) that there is an onset of drag reduction occur-
ring at a well-defined wall shear stress related to the random-coiling effective
diameter of the polymer. Virk also found that there exists a maximum possible
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drag reduction. The existence of a threshold concentration implies that drag
reduction not solely can be explained by viscous effects. If the drag reduc-
tion in dilute polymer solutions only came from viscous effects, drag should
be reduced regardless the polymer concentration. de Gennes (1990) employed
elastic theory to explain drag reduction and suggests that polymer molecules
absorb the small scale turbulent energy into elastic energy and thus prevents
the turbulent energy cascade, resulting in drag reduction. Joseph (1990) also
suggested that elastic effects play a significant role in drag reduction of polymer
suspensions and notes that polymers always reduces turbulence at small scales
and that there should exist a natural cut-off scale.

Min et al. (2003) used Direct Numerical Simulation to investigate turbulent
drag reduction by polymer additives in a channel. An Oldroyd-B model with
linear elastic behavior was used and the results showed good agreement with
measured values of the onset criterion for drag reduction and rms value of
velocity fluctuations. From consideration of transport equations for kinetic and
elastic energy, the mechanism responsible for drag reduction was explained in
terms of elasticity as follows: the polymer stores elastic energy from the flow
very near the wall. When the relaxation time is short, the energy is also
released there and there is no drag reduction. But when the relaxation time
is long enough, the elastic energy stored in the near wall region is transported
to the buffer layer and released there resulting in a significant amount of drag
reduction.

Addition of polymers to the fluid flow does not simply suppress the tur-
bulent motion, but rather changes the turbulent structure. As has been found
from several investigations, there will be a redistribution of energy and the
streamwise turbulence intensity will actually increase while the wall-normal
turbulence intensity will decrease.

According to Virk (1975), rigid polymers have different drag reduction
characteristics than flexible polymers and can be referred to as fibers. Rigid
polymers have not been as extensively investigated as flexible polymers as they
yield a lower drag reduction than flexible polymers.

In figure 1.4, a flow visualization comparison between water, a dilute poly-
mer solution and a dilute fiber suspension is shown. The small scale fluctuations
are clearly suppressed in the fiber suspension and to some extent also in the
polymer solution.

1.6. Numerical simulations of multiphase flows

In order to understand, predict and utilize the phenomenon of turbulence as
efficiently as possible, turbulence has to be modeled. Modeling of turbulence in
Newtonian fluids is a very active research field, but from a paper process point
of view, there is a serious lack of computational models where the effects of
fibres can be taken into account. Because of the complexity of fiber suspension
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Figure 1.4. a) Water jet b) dilute polymer solution jet
(0.02 % polyox) c) dilute fiber suspension jet (0.2 % asbestos
fibers). Photographs from Filipsson et al. (1977).

flows, there are up till this day no complete methods modelling turbulent fiber
suspension flows. At the same time, there is a steadily increasing demand
for numerical modeling of the turbulent flow in the various geometries in the
paper making process. In order to develop turbulence models also for fiber
suspensions, it is necessary to quantify how fibres affect turbulence.

One of the first to theoretically investigate the motion of non-spherical
particles in a laminar fluid flow was Jeffery (1922), who modeled a fiber as a
rigid inertialess ellipsoid. Jeffery derived the classical equation for the motion
of an isolated fiber suspended in a simple shear flow. It could be shown that
the fiber rotates in a periodic orbit spending most of its time aligned with
the flow in a ’kayaking’ motion (Jeffery orbits). Jeffery’s theory can however
only be applied to dilute suspensions, where interactions between fibers may be
neglected. In paper technology, the most commonly occurring fiber suspensions
are not dilute and interactions between fibers disturb the Jeffery orbits. It is
therefore difficult to theoretically predict the particle orientation distribution
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in non-dilute shear flow situations. F. P. Folgar (1984) proposed to model the
fibre interactions by adding a diffusion term to Jeffery’s equation.

Starting from the knowledge of particle geometry, flexibility properties,
volume fraction and orientation, the goal would be to predict the macroscopic
rheological properties of the flowing suspension. In a fiber suspension subjected
to a flow field, fibers will rotate, deform and translate changing the microstruc-
ture. Properties are very sensitive to the suspension microstructure. For slen-
der particles, the orientation will strongly affect the rheological properties of
the flow.

There are several numerical approaches to study the motion of fibers in a
flow field: In the Eulerian-Lagrangian approach, the particles are approximated
by moving points in the flow field and the trajectory of each individual fiber
determined by integrating the equations of motion in a known velocity field.
Olson & Kerekes (1998) studied the motion of thin rigid inertialess fibers in
turbulent flow by making a numerical simulation of fibers in a stochastic model
of a turbulent flow field where the effect of turbulence was modeled by rota-
tional and translational dispersion coefficients. Fiber orientation and position
was described by a probability distribution function. Equations for mean and
fluctuating velocities in rotation and translation were derived.

In the more computationally efficient Eulerian-Eulerian approach, particle
concentration is treated as a continuum and model equations are solved for both
phases. The probability distribution of fiber orientation and position is calcu-
lated through the entire flow field simultaneously using a convection-diffusion
equation or a Fokker-Plank equation. Turbulent dispersion is naturally ac-
counted for in this method and it also has potential to account for fiber-fiber
interactions and interactions of the fiber on the fluid.

1.6.1. Direct Numerical Simulation

Direct Numerical Simulation (DNS) of the motion of a Newtonian fluid gives
the complete time dependent solution to the Navier-Stokes equation and the
continuity equation. In the DNS approach for a multiphase flow, the solid phase
is modeled using moving boundaries in the flow field. The size of the small-
est turbulent eddies are assumed to be of the same order as the Kolmogorov
micro-scale and grid size is determined accordingly. This method can, in prin-
ciple, handle very complex flows, but, in practice, it is presently far too com-
putationally demanding to be a real alternative for simulating turbulent fiber
suspensions. As is briefly discussed below, even in heavy computational efforts,
one is forced to rely on simplicity assumptions in order to obtain results.

Paschkewitz et al. (2004) made a numerical simulation of turbulent drag
reduction induced by rigid fibres in turbulent channel flow using DNS. The
extra stresses due to fibers were calculated by using a constitutive equation
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involving the moments of the orientation vector. It was concluded that elas-
ticity is not necessary to achieve drag reduction. I was also found that flow
characteristics in the rigid fiber suspension were similar to those observed in
simulation of polymeric drag reduction: Reynolds stresses were reduced, veloc-
ity fluctuations in the wall-normal direction were reduced while fluctuations in
the streamwise direction were increased.

Gillissen et al. (2007) also studied turbulent fiber suspension flows using
direct numerical simulation. Fiber stress was modeled by a constitutive equa-
tion involving the distribution of fiber position and orientation. To compute
the effect of fibers on the motion of the suspension, the Eulerian-Lagrangian
method was used computing trajectories and orientations of individual parti-
cles. It was, however, concluded that direct computation of fiber stress was
not feasible due to computer limitations and the instantaneous stress could not
be simulated directly with the Eulerian-Lagrangian method. To approximate
fiber stress, a moment approximation was used computing the second-order
moments of the fiber distribution function. The method was used simulating
channel flow, finding a drag coefficient reduction induced by the fibers. The
method involves an unknown sub-grid term which is modeled as diffusion. The
accuracy of the moment approximation compared to values obtained by the
’exact’ particle simulation method depends on the sub-grid model used.

DNS was also used to study the friction factor dependence on Reynolds
number and fibre concentration in turbulent channel flow with rigid polymer
additives, i.e. microscopically small fibres (Gillissen et al. 2008). The effect of
the fibers was modelled by adding the fibre stress to the equations of motion
of the suspending fluid. However, hydrodynamic and physical interactions be-
tween fibers were neglected because of computer limitations, giving somewhat
unrealistic conditions with individual fibers moving and interacting with the
flow as if the solution was dilute. The simulated results agree fairly well with
experimental data from the literature in that the drag reduction efficiency is
independent of the frictional Reynolds number and increases linearly with fibre
mass fraction.

1.6.2. Large Eddy Simulation and Reynolds Averaged Navier-Stokes methods

From the RANS methods, the mean velocity is computed as a solution to
the Reynolds Averaged Navier-Stokes (RANS) equations and the continuity
equation; the entire spectrum of velocity fluctuations can be simulated by for
example the κ − ε model.

In Large Eddy Simulation (LES), the largest scales in the flow are cal-
culated directly from the Navier-Stokes equations, but the smaller scales are
modeled. The mesh size is coarser than for DNS, but fine enough to resolve
the large eddies. A sub-grid scale model is used only for eddies smaller than
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the mesh spacing. The method is less computationally demanding than DNS
and more accurate than the RANS methods.

Kuhn & Sullivan (2001) studied the complex interaction between the flow
of the suspension and the uniformity of the fiber distribution using LES to sim-
ulate the turbulent flow and RANS to simulate the flocculation and variation of
fiber concentration in the suspension. Dong (2003) studied fiber concentration
in three-dimensional fully developed turbulent channel flow numerically using
two methods: First, a random walk simulation was used, using the Reynolds
Averaged Navier-Stokes equations for the mean flow and the κ − ε model for
the fluctuation velocity components. Close to the wall, rms distributions of
the three velocity components were adopted from existing experimental data.
It was found that concentration increases linearly near the wall and becomes
approximately constant farther from the wall, in reasonable agreement with
experimental data. Large eddy simulation was also used, with less good agree-
ment with experimental data for the smallest fiber length, probably due to the
coarse mesh used. Jafari et al. (2007) modeled viscoelastic fibers in turbulent
channel flow using a hybrid between Direct Numerical Simulation and Large
Eddy Simulation techniques where the fluid-fiber interactions were taken into
account. The study was focused on fiber flocculation and fiber floc deformation
by hydrodynamic forces in turbulent flows. Studying the fiber networks in a
channel flow, it was found that the shear-induced bending of the fiber network
was enhanced near the walls.

1.6.3. Particle level simulations

Today, one of the most feasible methods investigating the behavior of individ-
ual particles at a microscopic scale seems to be particle level simulations. Many
smaller particles are combined into many-body systems investigating the micro-
hydrodynamics of the compound system. The method has frequently been used
for understanding the relation between the suspension microstructure and its
macroscopic behavior. The rheological properties and other macroscopic quan-
tities will depend on the structure of the suspension such as particle properties
and interactions, suspending fluid properties and flow field. Particles are also
subjected to various forces and torques including friction forces, colloidal forces
and hydrodynamic forces and interactions; hydrodynamic interactions can be
either short range lubrication forces or long range. To predict the suspension
microstructure, the equations of motion for each particle are solved numerically
computing particle positions and orientations over time. Evaluating the forces
and torques solving the equations of motion requires extensive computational
resources which naturally limits the usefulness of the method.

There are many studies using particle level simulations on rigid elongated
bodies suspended in Newtonian fluids: Fan et al. (1998) made direct simula-
tions of a suspension of rigid fibers in shear flow accounting for short range
hydrodynamic interactions between fibers through lubrication forces and long
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range hydrodynamic interactions through slender body approximation. They
found that fibers no longer follow Jeffery orbits in the semi-concentrated to
concentrated regime but mostly align with the shear direction. Sundarara-
jakumar & Koch (1997) simulated a suspension of rigid slender fibers in shear
flow. Fibers were assumed to interact through contact forces neglecting short
range hydrodynamic interactions arguing that fiber contacting cannot be pre-
vented by lubrication forces. Collisions between fibers caused fibers to flip more
frequently in shear flow spreading the orientation distribution away from the
flow direction, which together with the stress transmitted through mechani-
cal contacts between fibers were found to increase the shear viscosity of the
suspension.

Small changes in suspension composition may have substantial effect on
flow properties. For more realistic fiber suspension flow simulations, fiber flex-
ibility is a property that must be included into the model, which can be re-
alized in various ways: Yamamoto & Matsuoka (1993) modeled flexible fibers
as chains of rigid spheres connected through springs possible to bend, twist
and stretch: by changing bonding parameters, the fibers can change from rigid
to flexible. Under the hydrodynamic forces and torques exerted, the motion
of the model fiber was determined by solving the translational and rotational
equations of motion for each individual sphere. Chain connectivity was main-
tained by constraints, thus producing additional equations to solve together
with the equations of motion. Ross & Klingenberg (1997) reduced the num-
ber of linked bodies to represent a large aspect ratio flexible fiber by modeling
these as inextensible chains of rigid prolate spheroids connected through ball
and socket joints. Here, the translational and rotational equations of motion
were solved for each spheroid. Interactions between fibers were included in
the model, but particle inertia and hydrodynamic interactions neglected. They
could vary model fiber flexibility by simply varying the bending resistance in
the elastic joints having no need for iterative constraints to maintain fiber
connectivity thereby reducing computational time. Schmid et al. (2000) and
Switzer & Klingenberg (2003) extended this method for the study of floccula-
tion. Fibers were modeled as chains of rigid fiber segments connected through
ball and socket joints that interact through short range repulsive forces as well
as friction forces. They did however not take the two-way coupling between
fluid and solid phase or hydrodynamic interactions between fibers into account.
Simulations showed that model fibers reproduce known orbits of rigid as well as
flexible fibers in shear flow and aggregate in simulations with inter-fiber friction
even in the absence of attractive forces between fibers. Viscosity was found to
increase with increasing fiber curvature, friction between fibers and fiber stiff-
ness. Lindström & Uesaka (2007, 2008) also modeled fibers as chains of rigid
fiber segments interacting with the fluid through viscous and dynamic drag
forces. Fiber segments interact with each other through normal and frictional
forces as well as lubrication forces including both long-range and short-range
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hydrodynamic fiber-fiber interactions. To account for the two-way coupling
between the fluid and solid phase, momentum conservation was enforced upon
the system.

As can be seen from above, modelling of turbulent fiber suspension flows
is difficult, and in attempting to do so, putting very high demands on its prac-
tician as well as very carefully chosen models where results must be verifiable
experimentally. Simple numerical models for commercial use still seem far
away.

1.7. Scope of the present work

The purpose of the present work is to develop tools for the examination of
turbulent flow in a suspension of slender flexible fibers on a fundamental level
in order to clarify the interaction between the Newtonian fluid and the fibers.
This can be accomplished by measuring the mixing, i.e. the mean flow and
fluctuations, of turbulent jets and wakes with suspended flexible fibers. A
simple experimental channel has been built, in which a central jet or wake
enters the surrounding channel flow, creating a turbulent mixing zone, where
the usefulness of different methods can be examined.

In the first method examined, turbulent mixing between two streams of
pulp suspension is studied by doping one of the streams with salt increasing
the conductivity and then measure the local conductivity in the turbulent mix-
ing zone. The method is described in detail in chapter 2, section 2.1 to 2.3.
To measure the local conductivity, single electrode conductivity micro-probes
have been built. The actual probe design can be seen in appendix A. The
method chapter ends with an evaluation of the probe function in section 2.4.
Detailed turbulent concentration fluctuation and spectral measurements have
been carried out for jet-, equal and wake-flow in a 0.09 % fiber suspension and
also in water for comparison. Results are presented in chapter 3. Complete
results from all flow cases are presented in appendix B.

The second method examined more thoroughly is ultrasonic Doppler ve-
locimetry. A commercial ultrasonic velocity profiler (UVP) has been tested for
measurement of fluctuating properties in turbulent fiber suspension flows. The
method is described in chapter 4, section 4.1 to 4.2.1. In the UVP-method,
which is a pulsed wave system, time resolution is limited by the signal pro-
cessing technique resulting in poor temporal resolution. The method has only
proved useful for measuring mean flow properties, but for measuring turbulence
characteristics, the method is insufficient. An evaluation of the present method
is performed in section 4.4 where also the weaknesses are described. In aiming
to make the ultrasonic method available for more than time averaged measure-
ments, attempts to improve the measurement technique have been done using
innovative signal analysis, as presented in section 4.5.
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The two methods will be compared against each other in section 5.1 fol-
lowed by a discussion of the effects of fibers on turbulent flow and mixing in
section 5.2. Some conclusions from the two methods will be given in section
6.1 and finally some suggestions for future work will be proposed in section 6.2.



CHAPTER 2

Conductivity measurements: experimental method and
evaluation

Measuring turbulence characteristics in a fiber suspension is certainly not a
trivial matter because of the various difficulties that arise due to the presence of
fibers. One feasible method is to add a passive scalar to the flow and measure
its mixing. Within this project, a method that uses conductivity for time
resolved measurements in a small measurement volume has been developed
and conductivity micro-probes have been built.

The underlying idea is to study the mixing between two streams of pulp
suspension, one of which is doped with salt thereby increasing the conductivity.
The turbulent motion at a fixed point in the mixing zone will then give rise to
time-fluctuations of the conductivity. This allows for the degree of mixing and
also the mixing intensity to be determined.

2.1. Theoretical background/governing equations

Electrical conductivity is a measure of the ability of a material to carry an
electric current. In a solution, the current flows by ionic transport and is
under normal circumstances directly proportional to the number of ions in the
solution. Conductivity, C, is the inverse of electrical resistivity, R, and its
dimension is Siemens (S = 1/Ω). Expressed in terms of electrical current, I,
and voltage, U ,

C =
1
R

=
I

U
. (2.1)

Conductivity is measured by applying a potential difference between two
electrodes submerged in the solution and measure the current between them
as shown in figure 2.1. Since the geometry of the cell will affect conductivity
values, standardized measurements are expressed in specific conductivity units
(S/cm) to compensate for different electrode geometries and dimensions. Spe-
cific conductivity Csp is simply the product of measured conductivity, C and
the electrode cell constant, L/A, where L is the length of the liquid column
between the electrodes and A the electrode area:

Csp = C
L

A
. (2.2)

22
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Figure 2.1. Schematic figure of a conductivity cell.

The cell constant is a measure of the volume between the electrodes and the
higher the value of the cell constant, the better the volumetric resolution of
the probe is. For different geometries, an equivalent cell constant can always
be found.

The conductivity of a solution of salt does not only depend on concen-
tration, but also on temperature. As ion mobility in the solution increases
with temperature, conductivity is strongly temperature dependent and within
reasonable variations in temperature, one may assume that

CT = C0

(
1 + α0 (TT − T0)

)
, (2.3)

where C is the conductivity and T the temperature. Subscript 0 here denotes
a reference temperature, usually set to 20 or 25◦C, and subscript T denotes
the value at the current temperature; α0 is the temperature coefficient, which
for an aqueous NaCl solution at 25◦C is about α0 = 0.021 K−1 in the relevant
concentration interval. The temperature coefficient itself is also slightly de-
pendent on both temperature and ionic concentration but is in any case close
to 0.02 K−1. Almost all commercial conductivity meters correct the measured
conductivity value to the reference temperature automatically.

The temperature dependence of equation 2.3 is shown in figure 2.2. Even a
rather moderate temperature increase of 5◦C will increase conductivity about
10 %.
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Figure 2.2. Temperature dependence of conductivity nor-
malized by the value at the reference temperature in an aque-
ous NaCl solution as given by equation 2.3.
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Figure 2.4. Turbulent fluctuations in the mixing zone be-
tween two streams of pulp suspension with different conduc-
tivity are measured by a conductivity microelectrode.

In CRC Handbook of Chemistry and Physics, the electrical conductivity in
a solution of NaCl dissolved in pure water at 20◦C is given at different sodium
chloride concentrations. Regression of the table values gives the following re-
lationship between conductivity and salt concentration at 20◦C:

C0 = 0.1699c − 0.00110c2, (2.4)

where c is the NaCl concentration in g/l. The conductivity as function of NaCl-
concentration is shown in figure 2.3 for different temperatures. The almost
linear relation was also confirmed by experiments.

2.2. Experimental set-up

2.2.1. Flow loop

The flow loop for measurement of conductivity fluctuations was set up as shown
in figure 2.4. The suspension flows through a 10 mm diameter circular pipe
and is discharged into the suspension flow of a surrounding 1 m long horizontal
square channel with cross section 50 × 50 mm. To ensure strongly turbulent
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flow, a tube package made from a square block with 10 mm diameter circular
holes in the streamwise direction is placed in the channel. The outlet of the
tube package is fixed at a distance of 100 mm upstream of the central pipe
outlet producing turbulence in the shear layers of the wakes downstream of the
package.

In the central pipe outlet area, the inner and outer flows are mixed by
turbulence. To measure the mixing between the two streams, either the inner
or the outer flow can be doped with salt. Here, we have chosen to dope the outer
flow for reasons that will be discussed below. It should be pointed out that,
in the present experiment, the absolute conductivity levels in the two streams
are irrelevant. The quantity of interest is the relative difference between these
levels.

After mixing of the two streams, the suspension can either be dumped or
recirculated in the outer flow system. In order to maximize the measuring
time and also to reduce losses of water, fibers and salt, the mixed suspension
is recirculated into the outer flow.

With this arrangement, doping the inner flow would result in a contin-
uously increasing conductivity level in the outer flow. As a significant con-
ductivity difference between the inner and outer flows is necessary for reliable
measurements, conductivity in the inner flow would then have to be increased
intermittently. On the other hand, when doping the outer flow, the conduc-
tivity level in the outer flow will decrease continuously due to dilution by the
inner flow. The decrease of conductivity when doping the outer flow is how-
ever much slower than the increase of conductivity when doping the inner flow,
which means that, in the former case, the measurement time is much longer
before the necessary conductivity difference is surpassed. After this point, con-
ductivity in the outer flow must be increased to keep conductivity levels within
measurement range.

The method of doping the outer flow is shown in figure 2.5. The inner and
outer flows are pumped separately and the volume fluxes are measured with
inductive flow meters placed upstream of the inlets to the central pipe and
channel, respectively. The inner flow is driven by an impeller pump whereas
the outer flow is fed by a submersible pump. Submersible pumps have also
been placed in the feeding tanks to ensure proper mixing of the suspension.

To be able to measure the mixing at different distances from the jet outlet,
the circular pipe together with the tube package is moveable along the center
line of the surrounding square channel, whereas the probe is mounted at a
fixed horizontal position in the channel, allowing for different distances between
pipe outlet and probe tip. The conductivity probe is however moveable in the
vertical direction to be able to measure at different distances from the jet
center line. Measurements are taken at points described by the measurement
grid in figure 2.6. The vertical movement of the probe is powered by a servo
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Figure 2.5. The flow loop arrangement for measurement of
conductivity fluctuations; outer flow doped with salt, inner
flow undoped.

motor controlled by a National Instruments motion device (PCI 7340). At each
measurement point, conductivity and temperature in both inner and outer flow
is logged with a commercial conductivity meter, Hach-Lange HQ40d.

2.2.2. Flow settings

Parameter studies at different fiber concentrations and different flow ratios
between inner and outer flows have been performed. Measurements were carried
out in a suspension of 0.09 % fiber concentration by weight and for comparison
also in pure water. Three different velocity ratios were investigated: In the
case henceforth labeled EQUAL, both inner and outer mean flow speeds were
set to 0.50 m/s. In case JET, inner flow speed was 0.50 m/s and outer flow
speed 0.25 m/s and in case WAKE, inner flow speed was 0.25 m/s and outer
flow speed 0.50 m/s.

The flow velocities in the inner and outer flow systems were regulated
individually using valves and the volume fluxes read on inductive flow meters.
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Figure 2.6. Measurements were preformed at different x- and
y-positions from the pipe orifice to the left to map the flow
characteristics. Red and yellow dots indicates measurement
points. Distances in [mm].

Flow velocities were calculated as the average over respective cross-sectional
area. Flow meters were calibrated and errors are within 0.5 %.

2.2.3. Fibers

Synthetic fibers are the most uniform in both fiber characteristics and compo-
sition but throughout this experiment, wood pulp fibers have been used since
the aim of this investigation is to clarify the role of turbulence in paper indus-
trial applications. Results can then more easily be compared to applications
where wood pulp fibers are used. A non-grinded bleached chemical pulp called
’Södra blue’, which is a mixture of round-wood and sawmill chips from spruce
and pine, was used in the experiments.

The shape of the fibers used were analyzed with the STFI FiberMaster
method. The method is described in for example Karlsson & Fransson (1997).
The FiberMaster measurements gave a mean fiber length of 2.10 mm and a
diameter of 30.6 µm. The fines percentage was 12.8 %. Fiber straightness is
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Figure 2.7. The conductivity micro-probe with a 25 µm plat-
inum tip measuring electrode.

measured by the shape factor, which is defined as the ratio between the greatest
extension of the fiber and the real length of the fiber (100 % means a completely
straight fiber). For the fibers used in the experiment, a mean shape factor of
81.50 % was measured. More detailed fiber data is presented in appendix C.
At a fiber concentration of 0.09 %, which was used throughout experiments,
nL3 was equal to 6.45, i.e. in the semi-dilute regime.

2.3. Measurement technique

2.3.1. Conductivity probe

The system basically consists of two electrodes; a very small measurement
electrode made of platinum wire and a large counter electrode, both immersed
in the suspension. The measurement electrode, which is made by a 25 µm in
diameter platinum wire, is embedded in a fine ceramic capillary and glued with
a UV-curing capsule resin. The platinum wire is cut in level with the resin just
leaving a 25 µm diameter point visible at the probe tip. The ceramic capillary
is in turn glued into a stainless steel tube and fitted into a brass holder that
provides strength and a manageable interface with the external equipment. An
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Figure 2.8. The measurement electrode is located at the mi-
cro conductivity probe tip at the center of the photograph
whereas the metal part of the channel constituting the second
electrode can be seen at the very left side of the photo.

electrically insulated wire soldered to the platinum wire runs through the probe
holder and connects it to the measurement circuit. The probe design is roughly
sketched in figure 2.7 and described in more detail in appendix A.

The influence of the geometry of the larger electrode on cell resistance is
practically eliminated by allowing the area and separation from the smaller
electrode to become large. The electrical resistance of the fluid between the
electrodes is then dominated by the resistivity of the solution very close to the
small electrode. A grounded brass metal part at the end of the measurement
section serves as the large counter-electrode as can be seen in the experimental
set-up photo of figure 2.8.

The choice of metallic material of the large electrode was found to have an
effect on signal quality. Using an aluminum plate as counter electrode, mea-
surement signals were unacceptable. A copper or brass plate did however work
well. The reason for this is that different electrode materials have different nor-
mal potentials as shown in table 2.1. The normal potential difference between



2.3. MEASUREMENT TECHNIQUE 31

Electrode material Normal potential (V)
Platinum +1.20
Copper +0.340
Yellow Brass -0.350
Aluminum -1.670

Table 2.1. Normal potential for some different electrode ma-
terials.

electrodes play a significant role electrochemically. A copper or brass plate has
a normal potential difference to platinum of +0.86 V and +1.55 V respectively
(for brass depending on alloy composition), while the normal potential differ-
ance of platinum to aluminum is about +2.87 V. This means that in order to
get aluminum to work as counter electrode, the feeding voltage needs to be
higher than 2.87 V but for copper or brass, a much lower feeding voltage is
sufficient.

An alternating voltage is applied over the two electrodes to avoid polar-
ization phenomena at the electrodes, that may lead to a coating of the probe
platinum tip deteriorating the probe efficiency. A problem is to choose the
feeding voltage high enough to produce a distinct signal, but low enough to
have small polarization effects, see Andersson (1994). As another method to
reduce polarization phenomena, a thin layer of platinum black can be electro-
chemically deposited on the probe surface, increasing the true active surface
area, the procedure described by for example Torrest & Ranz (1969). These
probes do however require replatinization after a few days of use, including
removal of the old surface by etching. Due to the different probe tip materials
used, the method has not been employed here.

The feeding voltage E can be written as

E = E0sin(ωt). (2.5)

Applying an alternating voltage over the electrodes will produce a modulated
alternating current in the solution with the same carrier frequency, but with
a phase shift, φI , since the solution and the electrodes do not add up to a
linear ohmic resistance, but a complex and nonlinear impedance. The current
amplitude, I0, will vary with conductivity as in figure 2.9.

For measuring purposes, the above means that a sinusoidal signal, with the
amplitude varying with conductivity, has to be sampled instead of a point, i.e.
a lot of data has to be sampled. Processing the data, the measured time signal
has to be divided into smaller pieces of a few periods length and fitted to an
approximate expression of the form

I = Ioffset + I0sin(ωt + φI). (2.6)
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Figure 2.9. Feeding voltage and an example of the resulting
fluctuating signal from a measurement point in the mixing
zone, which is proportional to the electric current measured
by the conductivity microprobe.

Gibson & Schwarz (1963) made an approximate analysis of the effect of
the probe size by, for simplicity, assuming the measurement electrode to be
spherical with radius r0, and the counter electrode to be a spherical shell with
radius B surrounding the measurement electrode. The solution connecting the
electrodes is assumed to be homogenous, i.e. its specific conductivity Csp is
assumed to be constant. This means that the resistance RB can be written as

RB =
1

4πCsp

∫ B

r0

dr

r2
=

1
4πCsp

(
1
r0

− 1
B

). (2.7)

For B >> r0, one finds that

RB ≈ 1
4πCspr0

. (2.8)
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Figure 2.10. Resistive heating as function of radial distance
from the probe tip (expressed in probe diameters).

For such a geometry, the electrode cell constant is thus approximately L/A =
1/4πr0. Defining the measurement volume as a sphere of the radius rm that
gives a resistance of 0.9 · RB , or

rm =
1

4πCsp

(
1
r0

− 1
rm

)
= 0.9

1
4πCspr0

, (2.9)

then rm = 10 · r0 (figure 2.11). The cell volume thereby becomes

Vc =
4
3
πrm

3 =
4
3
π(10r0)3.

Figure 2.10 shows the result from a computation of resistive heating around
the tip of the small electrode with geometry according to figure. The resistive
heating is plotted against the radial distance from the probe tip of the small
electrode. The data was computed using a 2D-model in COMSOL Multi-
physics. As can be seen in the figure, about 90 % of the heating occurs within
10 tip radii, in accordance with the approximate formula found by Gibson &
Schwarz (1963).
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Probe tip radius r0

Actual probe size 10r0

Figure 2.11. The actual measurement volume is based on a
radius ten times the radius of the probe tip.

2.3.2. Calibration and measurement procedure

Comprehensive studies of prestanda have shown that each conductivity probe
has to be calibrated immediately before every new measurement series and
also that a start-up time is necessary before reliable data can be obtained.
Calibration and measurement are therefore inevitably interlinked and must be
performed succeedingly; the procedure is in principle performed as follows:

Immediately before each set of measurements, the probe is calibrated in
situ. As the outer flow is doped and the inner is not, the calibration takes
place through the recirculation system to the outer flow while the inner flow
system is turned off. At start, the suspension tanks to both inner and outer
flow systems have the same conductivity. During calibration, the conductivity
is gradually increased by adding salt into the outer flow system. When the
calibration is finished, the conductivity in the outer flow system has reached
the desired value for starting a measurement. The commercial conductivity
meter registers temperature and conductivity in both inner and outer flow
throughout calibration and measurement.
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Figure 2.12. The flow loop arrangement during calibration.

Two 1 m3 tanks supplying the outer and inner flow systems are filled to
different levels with fiber suspension. Initially the suspension in both tanks have
the same conductivity, for example tap water conductivity. At start, the tank
feeding the central pipe (inner flow system) is filled with 0.8 m3 of suspension
whereas the tank feeding the surrounding channel (outer flow system) is filled
to the 0.2 m3 level as indicated in figure 2.12. During calibration, the inner flow
system is turned off and calibration takes place through the outer flow system
recirculating the suspension while conductivity is stepwise increased from, for
example, tap water level of 300 µS/cm to about 2000 µS/cm. Conductivity is
increased between calibration points by adding salt into the recirculating flow,
then awaiting a new steady conductivity level to be reached before measuring
a new calibration point. The conductivity micro probe was placed along the
channel center line at a distance of 15 cm from the central pipe orifice during
calibration.

During measurements, the valve to the central pipe is opened and the inner
flow system turned on producing a jet or wake in the measurement channel as
shown in figure 2.13. Constantly pumping low conductivity suspension from
the inner flow into the higher conductivity outer flow will naturally dilute the
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Figure 2.13. The flow loop arrangement during measurements.

recirculating outer channel flow and slowly raise the suspension level in the
channel tank while the central pipe tank level decreases. The steadily decreas-
ing conductivity of the outer flow should however not constitute a problem as
will be discussed in section 2.3.4. To compensate for the pressure loss in the
central pipe flow due to the decreasing pressure height, the small reductions in
volume flux that appear are regulated, when so needed, by manually adjusting
the central pipe valve in between measurements. The volume flux in the outer
channel does however seem to be unaffected by the steadily increasing pressure
height. When the channel tank is filled to the top level and a measurement
series is finished, the tanks can be interchanged and a new calibration and
measurement series can be preformed starting from the present higher conduc-
tivity level, in this way making several successive measurement series possible
without disposing water and fiber material.

2.3.3. Data accumulation

2.3.3a. Electrical circuit. The conductivity microprobe is driven by a frequency
generator producing a 20 kHz alternating voltage that creates a potential dif-
ference between the microprobe tip and the grounded counter electrode. The
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Figure 2.14. A picture taken during reference measurements
in water.

current passed between the two electrodes in the suspension results in a probe
output signal which is passed to the differential analog input of a sampling card.
The same National Instrument multifunction data acquisition board (NI PCI-
6251) has been employed for both generating the alternating voltage driving
the conductivity probe and sampling the signal from the conductivity probe.
The board is equipped with 16 analog inputs and two 16-bit analog outputs.

Transients of varying time duration can often be seen when starting to
sample the probe signal, probably as a result of stray capacitances. In order
to minimize the effect of these transient disturbances, the micro probe is con-
nected in series with a low-noise current preamplifier (SR570) which exhibits
excellent frequency response. The electrical circuit is shown in figure 2.15. In
the electrical circuit, the large metal electrode plate is grounded, which is ad-
vantageous from a disturbance point of view. The plate is thereby prevented
not to function as an antenna. It is necessary for the circuit that the current
preamplifier is in differential mode.

The inherently weak currents in the suspension makes it possible for ex-
ternal disturbances to be added to the signal and sources of disturbances must
carefully be eliminated before any measurement is possible. Transients can
sometimes be seen when starting to sample at a measurement point. These
transients can sometimes be severe reaching up to 50 times the rms amplitude
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Figure 2.15. Circuit for feeding and accumulating data from
the micro probe.

of the quasi-steady state and may last for about 20 seconds after starting a
sampling, but can most often not be seen at all. The source of these transients
is still not understood, but an engineering solution is to disregard the signal
during an initial starting period. A sketch of the electrical connections for data
acquisition and also for probe motion control is shown in figure 2.16.

2.3.4. Data evaluation

After a measurement series is finished, data from calibration and measurement
are evaluated in Matlab.

The sampled signal is, as mentioned earlier, a slowly modulated sinusoidal
signal with the same carrier frequency as the feeding voltage, but with a phase
shift as described in equation 2.6. The sampled signal can not be used directly,
but must be processed before use. When processing the data, the sinusoidal
signal is therefore cut into smaller pieces of a few periods length, each fitted
to a sinus function according to the least squares method. The principle for
signal cutting can be seen in figure 2.17.
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Figure 2.16. Circuit for data acquisition and probe motion control.

In each cut, the amplitude I0, the phase shift φI and the signal offset Ioffset

are taken as constants. To solve equation 2.6 for I0, Ioffset and φI using the
best fit according to the least squares method of the values of I and t in each
cut, the equation can be written

I = Ioffset + I0sin(ωt + φI)

= Ioffset + I0cos(φI)sin(ωt) + I0sin(φI)cos(ωt).
(2.10)

With C1 = I0cos(φI) and C2 = I0sin(φI),

I = Ioffset + C1sin(ωt) + C2cos(ωt). (2.11)

The equation system can now be solved for C1, C2 and Ioffset, producing values
for the signal amplitude, the phase shift and the signal offset for each cut.

After fitting of all the points in the whole signal, each cut will represent a
single measurement point in the calculated signal. Shorter cuts will naturally
give a better time resolution, but the length of each cut will also affect the
accuracy of the fitting and thereby the rms noise levels.

With a sampling frequency of 800 kHz and a feeding frequency of 20 kHz,
this means 40 sampled points per period. It will thus take 80 samples to
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Figure 2.17. During signal processing, the sampled signal is
cut into smaller pieces of a few periods length.

produce a single measurement value if two periods per cut are used. After
fitting, the actual frequency with which conductivity is sampled will thus be
10 kHz and not 800 kHz.

The rms noise levels as a function of conductivity and actual measuring
frequency for a 2 V feeding amplitude at different feeding frequencies can be
seen in figure 2.18.
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The number of periods per cut corresponding to the actual measuring fre-
quency can also be seen on the rightmost vertical axis in the figures. As can be
seen, the lowest noise levels are obtained for a low conductivity and with many
cycles in the fit (lower left corner of figures 2.18(a) to 2.18(c)). For a 2 V, 20 kHz
feeding voltage, figure 2.18(c), noise levels less than 0.25 % can be achieved at
an actual measuring frequency less than 25 kHz up to a conductivity level of
2500 µS/cm.

The temperature is not constant throughout the experiments. Not only
does room and thereby water temperature vary from day to day, but when
the fluid is pumped and recirculated through the system, thermal energy is
constantly accumulated by the fluid, steadily increasing the fluid temperature.
Temperature affects conductivity, see equation 2.3. The steadily increasing
temperature does, however, not constitute a significant problem as long as
temperature is registered along with conductivity at each measurement point
and accounted for in the data evaluation. Conductivity and temperature in
both outer and inner flow are therefore recorded at each measurement point
with the commercial conductivity meter (Hach-Lange HQ40D). The meter cor-
rects the measured conductivity value to the reference temperature, the value
shown must consequently be corrected back to the value valid at the present
temperature when used together with the micro-probe system.

When evaluated in Matlab, the amplitudes registered by the microprobe
are calibrated against conductivity values registered by the commercial con-
ductivity meter at the prevailing temperature by a calibration function, which
was taken as a second order polynomial. In the following evaluation of mea-
surement values, the amplitudes measured by the microprobe are transferred
to conductivity values at the prevailing temperature through this calibration
function.

The result from a typical conductivity measurement is shown in figure 2.19,
where conductivity profiles along the vertical axis are plotted for increasing
distances from the pipe outlet. Close to the pipe outlet, a quite distinct top hat
profile can be seen showing the different salt concentrations in the homogeneous
inner and outer flows – low conductivity fluid from the central pipe has just
begun to mix with the higher conductivity fluid in the surrounding square
channel. As the downstream distance becomes larger, the conductivity profile
gradually becomes smoother until both streams are well mixed giving a profile
constant over the channel cross section.

Conductivity profiles will however be normalized to be comparable to each
other. Measured values are normalized according to equation

C =
C(x, y, t) − Couter

Cinner − Couter
(2.12)

where C(x, y, t) is the local conductivity registered by the microprobe, Cinner is
the conductivity measured by a commercial conductivity meter probe placed in
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Figure 2.19. Results from a conductivity measurement in
water at equal velocities in the inner and outer streams.

the tank feeding the central pipe and Couter is the conductivity measured with
a second probe placed at the very outlet of the measurement channel. These
conductivity values do however pertain to different local temperatures in the
inner and outer flows respectively as well as at the microprobe measurement
point. The temperature difference between inner and outer flow can, at the end
of a measurement series, be about 5◦C as the recirculation of the outer flow
increases its temperature more than in the non-recirculated inner flow. When
normalizing the conductivity, values from both the microprobe and the com-
mercial conductivity probes in the inner and outer flows should consequently
be corrected back to a reference temperature, here chosen to 25◦C according
to equation 2.3. The conductivity normalization equation can now be written

C25 =

C(x, y, t)
1 + α(T (x, y, t) − T25)

− Couter

1 + α(Touter − T25)
Cinner

1 + α(Tinner − T25)
− Couter

1 + α(Touter − T25)

. (2.13)

The local temperature at the microprobe tip, T (x, y, t), is however not avail-
able. Even though the variation in temperature in the shear layer between
the two streams is not linear, a linear interpolation in y between inner and
outer flow temperatures is used for all values of x and t due to lack of readily
available alternatives. The temperature variations also affects fluid viscosity.
In water, a 5◦C temperature increase will decrease viscosity with about 10%.
The changes in fluid viscosity and thereby following effects on fluid flow during
the experiment will however not be accounted for.
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Turbulence can be characterized by its fluctuations. In the following calcu-
lations, the turbulence statistics is described by the standard deviation defined
as

Cstd =

√√√√ 1
n

n∑
i=1

(Ci − Cmean)2. (2.14)

Also the standard deviation was normalized. At each measurement point, the
standard deviation was normalized with the local mean conductivity according
to

Cstd =
Cstd

Cmean
(2.15)

.
Higher moments were also calculated.
At each measurement point, power spectra were computed using FFT. To

reduce the standard deviation, the conductivity signal in each measurement
point, C(t) was divided into smaller overlapping segments and a Welch window
applied to each segment to minimize edge effects that else result in spectral
leakage in the FFT. The Welch window is defined as

wj = 1 − (
j − 1

2N
1
2N

)2. (2.16)

Each windowed segment is FFT’d separately according to

Dk =
N−1∑
j=0

Cjwje
2πijk/N , k = 0, 1, ..., N − 1, (2.17)

where N is the segmented signal length. Then a periodogram estimate of the
power spectrum is calculated from

P (fk) =
1

Wss
(|Dk|2 + |DN−k|2), k = 1, 2, ...,

N

2
− 1, (2.18)

P (fc) = P (fN/2) =
1

Wss
|DN/2|2, (2.19)

where

Wss = N
N−1∑
j=0

w2
j . (2.20)

All the periodograms were finally averaged at each frequency.

2.4. Performance tests of the conductivity probe

When starting up a new probe, an initial slow drift can be observed. The
amplitude decreases monotonically until it finally stabilizes after approximately
two hours of running. The reason for this behavior is not yet understood.

In order to test stability over long periods of time, the micro probe was left
in doped water at constant conductivity for 25 minutes and signals recorded at
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Figure 2.20. Signal time stability for feeding voltage 1.0, 1.5
and 2.0 V at feeding frequencies 10, 20 and 30 kHz.

three different feeding voltages and three different feeding frequencies. As can
be seen in figure 2.20, the signal amplitude is stable in time throughout the
experiment. It can also be seen that signal amplitude changes with feeding fre-
quency, which is a manifestation of the nonlinearity of the complex impedance
of the solution and the electrodes.

To investigate the time response of the probe to a step in conductivity,
the probe was placed in the jet and quickly vertically traversed out into the
channel. The probe tip was placed about 1 mm from the jet nozzle, where the
velocity profile of the jet can be assumed to be very much like a top hat profile.
The jet is then separated from the channel flow only by a thin shear layer. The
probe is traversed upward with a velocity of about 0.7 m/s using a lever. The
velocity of the probe was obtained by sampling the signal from a laser distance
meter, M5L/2-10B24NK, and recording time with an oscilloscope. Results are
shown in figure 2.21. The time constant measured by this experiment is 280 µs,
which gives a cut off frequency of 3.57 kHz. In the figure, the repeatability of
the experiment is indicated as it was performed twice giving the same time
constant. Mahouast (1991) made a different step response test by placing his
probe in a mixing vessel. The probe in the experiments had a 30 µm diameter
platinum tip and the cutting frequency was found to be 914 Hz.
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Figure 2.21. Probe time response to a step in conductivity.
U is the signal amplitude received by the conductivity micro
probe.

The spatial resolution is determined by the actual measurement radius
according to equation 2.9. Using an electrode diameter of 25 µm, the measure-
ment radius becomes 125 µm, which is equivalent to a measurement volume of
about 0.0082 mm3.

As mentioned earlier, Gibson & Schwarz (1963) made an approximate the-
oretical analysis of the actual measurement volume. To test their theory, the ef-
fect of varying the distance between the measurement electrode and the counter
electrode was investigated experimentally. The result is shown in figure 2.22.
Placing the counter electrode at least 6 cm from the measurement electrode,
the effect of electrode distance is less than 2 %.
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Figure 2.22. Effect of electrode distance: Signal ampli-
tude normalized by the amplitude at an electrode distance
of 150 mm as function of electrode distance at three differ-
ent feeding voltages. Feeding voltages are 1.0, 1.5 and 2.0 V
respectively and feeding frequency is 20 kHz in all cases.
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(a) Probe A
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(b) Probe B

Figure 2.23. Comparison of normalized conductivity profiles
along the vertical axis for different downstream distances as
described in the legend. Profiles were measured with two dif-
ferent micro-probes under the same flow conditions: water,
equal inner and outer flow velocities. Downstream distances
in millimeters.

To test reproducibility of the micro-probe, two different probes were tested
under approximately the same flow conditions, measuring in water at equal
flow rates. The normalized conductivities so measured are shown in figure 2.23
(a) and (b) respectively.
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(a) Probe A, x=30 mm.

EQUAL 0%FIBERS x=30mm

FREQUENCY(Hz)

y(
m

m
)

10
1

10
2

10
3

0

2

4

6

8

10

12

14

16

18

20

0

1

2

3

4

5

6

(b) Probe B, x=30 mm.

Figure 2.24. Spectra along the vertical axis at x = 30 mm.
Water, equal inner and outer flow velocities.
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Figure 2.25. 0.09 % fiber suspension with nl3 = 6.45: nor-
malized conductivity profiles along the vertical axis at x =
30 mm for the three different flow rates.

Spectra from the two different probes along the vertical axis at position
x = 30 mm from the jet entrance can be compared in figure 2.24, with results
from probe A to the left and results from probe B to the right. For both
normalized conductivity and spectra, the results from the two probes show
satisfactory agreement except for a small deviation in the shear layer position.
The step in conductivity at the pipe outlet x = 0 mm should be located at the
pipe wall position y = 5 mm. This is however not the case in figure 2.23(a),
where the step position deviates from y = 5 mm. This is probably due to a
slightly incorrect zero y-positioning of the probe.
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Figure 2.26. 0.09 % fiber suspension with nl3 = 6.45: nor-
malized conductivity standard deviation profiles along the ver-
tical axis at x = 30 mm for the three different flow rates.
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Figure 2.27. Spectral symmetry along the vertical axis at
x=30mm. 0.09 % fiber suspension at equal flow velocities.

To check symmetry over the channel cross-section, the conductivity profile
at position x=30 mm was taken above as well as below the pipe central line
for measurements in the fiber suspension. Normalized conductivity for the
three different flow rates at this horizontal position is shown in figure 2.25 and
normalized standard deviation in figure 2.26 (a) – (c).

Symmetry can also be seen in the spectra. Figure 2.27 shows the spectra
along the vertical axis at x = 30 mm from the pipe outlet for the case with a
fiber suspension at equal flow velocities. The values above and below the pipe
center line show excellent symmetry.

Despite inline calibration immediately before each measurement series, a
drift in the measurement signal can be seen in some series. Conductivity sig-
nals registered by the micro probe should lie within the calibration interval,
or more precisely, between the conductivity of the inner flow and the conduc-
tivity of the outer flow. This is however not always the case – sometimes a
deviation can be seen. The deviation shows up in the normalized conductivity
graphs as profiles that are outside the nominal normalization interval [0, 1].
Conductivity and temperature in both inner and outer flow are, however, con-
tinuously monitored with a commercial conductivity meter: the inner flow is
monitored with a conductivity probe placed in the feeding tank to the inner
pipe flow and a second conductivity probe is placed at the end of the measure-
ment channel continuously monitoring the recirculating outer channel flow. As
the conductivity of the outer flow is known at each measurement point, it is
possible to correct profiles that are erroneous in calibration by subtracting the
difference between the conductivity of the outmost measurement point in each
vertical profile measured by the micro probe and the conductivity of the outer
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flow measured by the commercial conductivity probe for all the measurement
points in an individual conductivity profile.

An example of uncorrected normalized conductivity profiles where the sig-
nal has drifted is shown in figure 2.28(a), corresponding corrected graph is
shown in figure 2.28(b). it should be mentioned that spectra are not affected
by this drift.

A probe can normally be used for many days of measurements without
substantial deterioration, but will eventually become unsatisfactory for reliable
measurements. A possible reason for this is reduction on the electrode tip
surface.
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(b) Corrected profiles.

Figure 2.28. Normalized conductivity profiles along the ver-
tical axis (water, wake).



CHAPTER 3

Results from conductivity measurements

Measurements have been performed in both water and a suspension of 0.09 %
fiber concentration. Three different settings of the inner and outer flows were
employed; equal flow velocities, a jet and a wake. In the experiment, the
mixing of the fluids in the inner and outer streams is determined by measuring
the spatial variation of the time averaged conductivity and its rms value. The
terminology conductivity is henceforth, unless stated otherwise, used for the
time averaged mean of the local conductivity.

Conductivity profiles are as mentioned earlier normalized according to
equation 2.12 to compensate for the successive mixing of the two streams.
The normalization gives a somewhat different appearance of the conductivity
profiles compared to the non-normalized ones as can be seen comparing figure
3.1 (a) and (b).

In the remaining part of the chapter and also in appendix B, all conductiv-
ity profiles are normalized and the term conductivity will henceforth be used
for normalized conductivity. All conductivity standard deviation profiles are
normalized according to equation 2.15 and the term standard deviation will be
used for the normalized standard deviation.

3.1. Centerline data

Comparative plots of the conductivity along the central axis (y=0) for the
different flow cases were made. The normalization problem is however clearly
visible in some of these graphs that should start at one and approach zero as
mixing becomes more and more complete. This is however not always the case
here as can be seen in figure 3.2.

A normalized conductivity profile should lie between one and zero. Some
conductivity profiles, as the one in figure 3.2, do however show values out-
side this interval, i.e. below zero and/or values above one. This would mean
conductivities higher than the highest available in the flow system and also con-
ductivities lower than the lowest available in the flow system, which off course
does not make sense. The problem must therefore originate from a drift in the
probe signal, whose origin remains unknown.

54
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(b) Normalized

Figure 3.1. Normalized and non-normalized conductivity
profiles for water at equal inner and outer velocities.

To give the reader an idea of the deviations for all the measured flow cases,
the normalized conductivity values at minimum and maximum x-position along
the center line are presented in table 3.1.
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Figure 3.2. Conductivity along the central axis for a wake
in water and 0.09 % fiber suspension.

Flow case C(xmin) x-position C(xmax) x-position
Water, equal flow velocities 1.0174 0 mm 0.0819 150 mm
Water, equal flow velocities 1.0034 0 mm 0.1144 150 mm
Water, jet 1.0256 0 mm 0.1434 150 mm
Water, wake 1.0856 1 mm 0.0492 150 mm
0.09 % fibers, equal flow velocities 0.9710 2 mm 0.0531 80 mm
0.09 % fibers, jet 1.1002 2 mm 0.2407 110 mm
0.09 % fibers, wake 1.3140 2 mm -0.0373 80 mm

Table 3.1. Normalized conductivity values at minimum and
maximum x-position along the center line for all measured flow
cases.

A more fair and more easily comparable picture is given if these graphs
are adjusted so that the conductivity values goes from one to zero. Each
conductivity profile is adjusted according to

C
∗

=
C − C(xmax)

C(xmin) − C(xmax)
. (3.1)

Such adjusted graphs are shown in figures 3.3(a) to 3.4(c).
Figure 3.3(a), shows the conductivity for water at different flow rates. The

graph shows that mixing is strongest in the wake and weakest in the jet. With
fibers, figure 3.3(b), the same tendency can be seen, but now mixing is here
much stronger in all cases.
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Figure 3.3. Adjusted conductivity along the central axis at
equal and different velocities in the inner and outer streams.

In figures 3.4(a) to 3.4(c), mixing of water along the center line is compared
to that of the 0.09 % fiber suspension for the three different flow cases. For
each case, regardless of whether the fluid is water or fiber suspension, mixing
becomes significant at the same x-position, but mixing is significantly stronger
in the fiber suspension. The presence of fibers seems to enhance fluid transport
to/from the centers of the jet or the wake. Compared to the water case, the
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Figure 3.5. Standard deviation along the central axis at
equal flow velocities: comparison between water and a 0.09 %
fiber suspension.

presence of fibers makes conductivity at the centerline to decrease more rapidly
with downstream distance.

The results may be related to what can be seen in the flow visualization
photographs in figure 1.4(a) and (c). The photographs shows that eddies in the
fiber suspension are larger and more permanent than in the water case. The
large eddies provide efficient transport across the jet (or the wake) which agrees
with the observations above. Even though cases are not completely comparable
as the flow visualization is made for a case with fibers present only in the jet, it
does however give an indication of the flow conditions also for the case where
fibers are present in both jet and surrounding flow.

In figure 3.5, the standard deviations along the center line for the cases
with equal flow velocities in inner and outer flow are compared. Close to
the central pipe outlet, fluctuations are large but are rapidly damped in the
fiber suspension; in water, the large fluctuations seem to linger on significantly
further downstream at a higher fluctuation level.

In figure 3.6, one-dimensional spectra at different positions along the cen-
ter line are shown for both water and fibers with equal flow velocities in inner
and outer flow. Comparing the spectra with and without fibers, it can be
seen that already at x = 10 mm, figure 3.6(a), frequencies above 30 Hz are
damped by the fiber suspension. At x = 30 mm, figure 3.6(b), damping is
significant at and starts already at 4 Hz. This spectral appearance remains ap-
proximately unchanged at further downstream distances. Comparing the cases
with and without fibers, the spectral line does also have a higher inclination
in the presence of fibers. At the very lowest frequencies below 3 Hz, the spec-
tra are unfortunately dominated by a low frequent noise and nothing can be
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said about this frequency domain. Also at the very highest frequencies above
1000 Hz, spectra are dominated by noise.

As described in (Batchelor et al. 1959a,b), in a Newtonian turbulent fluid,
the spectrum of a passive scalar quantity has the same wave-number depen-
dence as the velocity spectrum within the inertial sub-range (where viscous
forces are small compared to inertial forces). For a wave-number k, the en-
ergy spectrum will vary like P (k) ∼ k−5/3 at low wave-numbers. This wave-
number dependance could be translated to a frequency domain instead of a
wave-numbers domain.

For a spectra with log f on the horizontal axis and log P on the vertical
axis,

log P ∼ k log f, (3.2)

i.e.

P ∼ fk. (3.3)
The slope k of the spectra is related to turbulence in the following way: In a
Newtonian turbulent flow, −1 > k > −3, and in the special case with isotropic
homogeneous turbulence, k = −5/3. If k < −3, there are no turbulence.

In our case, the spectra has log(f ·P ) on the vertical axis instead of log P .
If we call our slope κ, then

log(f · P ) ∼ κ log f, (3.4)

i.e.

f · P ∼ fκ ⇐⇒ P ∼ fκ−1. (3.5)
This means that k and κ are related as k = κ − 1. Thus, for a Newtonian
turbulent flow, 0 > κ > −2 and for κ < −2, there are no turbulence.

Studying one of the rather similar spectra from the centerline more closely,
figure 3.7, it can be seen that for the 0.09 % fiber suspension, the slope has an
initial value of κ = −0.95, i.e. inside the turbulence interval for a Newtonian
fluid, but at frequencies above 100 Hz, the slope has increased to κ = −2.4, i.e.
outside the turbulent range of Newtonian fluids.

3.2. Model discussion

Due to the no slip condition, there are boundary layers present along the pipe
and channel walls where flow velocity is reduced down to zero. The presence
of these boundary layers and the finite wall thickness of the central pipe will
generate sub-wakes in the fluid leaving the pipe outlet as sketched in figure
3.8. These sub-wakes could have an effect on mixing in the immediate vicinity
of the pipe outlet. In the jet and wake cases, the effect of the sub-wakes
is small compared to the effect of shear layers due to the velocity steps at
the pipe outlet and the shear layers are well defined. In the case with equal
flow velocities in both inner and outer flow, there are no shear layers in the
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k = -0.95

k = -2.4

Figure 3.7

pipe outlet that could generate turbulent mixing, except for these sub-wakes.
In this experiment however, mixing is governed by the turbulence generated
upstream rather than the turbulence generated by the shear layer. The equal
case is therefore actually not as odd as can be seen at first and the case is also
interesting because of similarities with the highly turbulent flow leaving the
tube banks in the headbox.

To increase the physical understanding of the experimental flow situation,
let us think about what happens to the fluid in the central pipe when it en-
ters the surrounding channel fluid. In the wake case, the central pipe fluid is
accelerated by surrounding fluid as sketched in figure 3.9 (a). As the volume
flow must remain constant, the cross sectional area of the central fluid must
consequently decrease. The diffusion distance will thereby become shorter with
increasing downstream distance meaning enhanced momentum transfer. In the
jet on the other hand, the central pipe fluid is decelerated by the surrounding
fluid as sketched in figure 3.9 (b) and the central fluid cross sectional area will
in that case increase. In the jet, the diffusion distance will therefore increase
with downstream distance reducing the momentum transfer. This is part ex-
planation of the differences between the three different flow rates.
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WAKE

JET

(a)

(b)

Figure 3.9. The central pipe fluid is accelerated in the wake
and decelerated in the jet.

fiber suspension, the fluctuation peak starts at approximately the same level,
but decreases much faster in the fiber suspension; the peak has vanished after
around half the downstream distance compared to water. Another interesting
difference between water and a fiber suspension is that for water, the peaks on
each side of the center line (or actually peak annulus) approaches the center line
and fuses together, whereas in the fiber suspension, the peaks approximately
remains at the pipe radius position until damped.

3.3.2. Spectra of the conductivity variance

Spectra were calculated at the different x- and y-positions i the measurement
matrix in figure 2.6 for the different flow cases. In all spectral density plots, the
frequency axis was made logarithmic and to maintain equal relative energy over
all frequency bands, contour levels were plotted for frequency times spectral
density f · P (f).

For all the cases, contour levels are plotted in two different ways; first for
the vertical profiles at different x-positions, with frequency at the horizontal
axis and y-position at the vertical axis and secondly for the horizontal profiles
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Figure 3.11. 0.09 % fibers, equal inner and outer velocities.

only for the cases with equal flow velocities. To enhance comparability, spectra
from both water and fiber suspension are placed side by side at each profile
position:
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(g) Water, x = 50 mm
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(h) Fibers suspension, x = 50 mm
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(i) Water, x = 80 mm
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(j) Fibers suspension, x = 80 mm

Figure 3.12. continued. Spectra along the vertical axis. The
left figures show water whereas the right figures show a 0.09 %
fiber suspension at equal flow velocities.

At the pipe entrance, spectra are similar not giving much information,
At x =10 mm however, the flow has had time to evolve. Spectra from this
position are shown in figures 3.12(c) and 3.12(d) (frequency at the horizontal
axis and y-position at the vertical axis). In an area around the shear layer
position, energy is higher; in the fiber suspension case, this area is narrower in
y. In water, there is also a peak in energy located at f =100 Hz. The fiber
suspension does not have the corresponding energy peak.
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Figure 3.14. Spectra along the horizontal axis y=5mm. The
left figure show water whereas the right figure show a 0.09 %
fiber suspension at equal flow velocities.

however that energy dies out very fast in the fiber suspension, only remaining
for a short downstream distance; in water, the energy decay is much slower.

The frequency peak occurring in the water case may be related to shear
layer instability in the jet entering the channel. The oscillating flow can be
described by the dimensionless Strouhal number

St =
fd

V
(3.6)

where f is the frequency, d is a characteristic thickness and V is the velocity
of the fluid.



CHAPTER 4

Ultrasonic Doppler Velocimetry: discussion of
methodology and its applicability.

A relatively new method, Ultrasonic Doppler Velocimetry (UDV), where ul-
trasonic pulses are employed to measure fluid velocity has been investigated
in the present work. The great advantage of Ultrasonic Doppler Velocime-
try, compared to alternative methods such as Laser Doppler Velocimetry, is
the ability of sound waves to penetrate through opaque fluids non-intrusively,
thereby making it independent of the transparency of the suspension. For
industrial purposes, the method has therefore been subject to an increasing
interest for measurement of flow velocity in complex fluid environments. The
method has now developed into commercial devices that, based on the Doppler-
shift principle, gives position and velocity of reflecting particles in the fluid.
Some references to articles where the method has been employed are given in
the introduction, section 1.3.4. Here, the ability of a specific measurement sys-
tem, the UVP (Ultrasonic Velocity Profiler) from Met-Flow has been evaluated
for the present application.

4.1. Theoretical background

The methodology is based on ultrasonic pulses that are emitted from a trans-
ducer and reflected by particles traveling in the fluid. The echo scattered by
the particles in the measuring beam is Doppler shifted due to the motion of the
particles. The echo is detected by the transducer as a function of time after
each pulse emission. From the received Doppler shift frequency, the instanta-
neous beam-wise velocity component can be obtained. The principle set-up is
sketched in figure 4.1

Ultrasonic Doppler Velocimetry is, like Laser Doppler Velocimetry, a non-
intrusive measurement method, where the transducer can be placed outside
the flow, not introducing any flow disturbances. But in contrast to LDV,
where optical properties are important, UDV is based on the propagation of
ultrasound, instead making the acoustic properties important. The method
can thereby be applied to opaque fluids where LDV fails.

Acoustic wave propagation can be quantified by the acoustic impedance,
Z, of the transmitting medium. Mathematically, it is the acoustic pressure
divided by the particle velocity in the medium and the surface area through

71
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Figure 4.1. Principle set-up of the UVP-system.

which the acoustic wave propagates. Like its analogue, electrical impedance,
the acoustic impedance is a measure of the ease with which a sound wave
propagates through the particular medium. The specific acoustic impedance,
z, is a material property equal to the ratio between the wave’s acoustic pressure
and the particle velocity in the medium. For a single frequency plain wave,
z = ρc, where ρ is the density and c the speed of sound in the medium. In pure
water at 20◦C, with c = 1483 m/s and ρ = 998 kg/m3, the specific acoustic
impedance z = 1.48 · 106 kg/(m2·s).

The presence of small, acoustically reflecting particles in the suspension
is crucial in order to obtain distinct echoes. For accurate measurements, the
suspension must not only contain a sufficient number of such particles, but in
order to obtain measurable reflections, the specific acoustic impedance of the
reflecting particles should be different from that of the ambient fluid. Seed-
ing particles of a different specific acoustic impedance are therefore normally
added to the fluid, but the geometry of the particles should also be such that
a measurable part of the emitted sound wave is reflected back to the trans-
ducer. For spherical particles, this requirement is well fulfilled. In a suspension
of fibers, the fibers may serve as reflecting particles if there is a difference in
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specific acoustic impedance between fibers and suspending medium. Fibers
are, however, not spherical and reflected pulses may thus be dispersed away
from the receiving transducer. Wooden fibers do also have an specific acoustic
impedance of about 1.50 ·106 kg/(m2 ·s), which is rather close to that of water.

UDV measures the velocity of the reflecting particles suspended in the fluid,
not the velocity of the fluid. It is therefore important that particles are small
enough to passively follow the flow. Their density should thus be similar to that
of the fluid. According to the theory of ultrasound reflection, reflecting particles
should have a diameter d of at least a quarter of the ultrasound wavelength,
i.e.

d >
λ

4
, (4.1)

where λ is the wavelength of the emitted ultrasound burst. As c = λf0, where
f0 is the emitted ultrasound frequency, this criterion gives a minimum particle
diameter of 93 µm for measurements with a 4 MHz transducer in water.

In a fiber suspension, the natural fibre content may as mentioned earlier
act as reflecting particles. At the concentrations present in the forming section
of a paper machine, the concentration might however be too low for particles
to be present in every measurement volume. In absence of tracer particles in a
measurement volume, there will still be an echo due to the low signal to noise
ratio and the UDV will detect a false velocity value from the noise in the signal.

4.2. Measurement technique

The formulae in this section are given without derivation or even simplified
mechanistic arguments. The reason is that this would require detailed and
lengthy considerations of design details of minor general interest.

4.2.1. The UVP system

The commercially available UVP system made by Met-Flow, is based on pulsed
UDV. A transducer emits an ultrasonic pulse train of a certain length (usually
between 4–10 wavelengths). The pulse train, which propagates through the
suspension only slightly attenuated, is scattered by particles located along the
line of propagation. The transducer, which has switched to receiving mode
immediately after a pulse emission, detects the resulting echo as a function of
time. In this way, information about the time corresponding to the particle
position can be acquired. A signal received at time t after a pulse emission
corresponds to a distance s from the transducer. The position is related to the
wave speed c as

s =
tc

2
. (4.2)

The underlying physical principle can be seen in figure 4.2. Each time data
is assumed to belong to a certain position in the flow. Effects of multiple
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Figure 4.2. The frequency of the emitted pulse is Doppler
shifted when reflected by moving particles on the measuring
line. The frequency of the reflected pulse depends on the parti-
cle velocity in the direction parallel to the transducer. A pulse
reflected by particle P1 at distance s1 from the transducer is
detected at time t1 whereas a pulse reflected by particle P2 at
distance s2 from the transducer is detected at time t2.

scattering and presence of overtones giving rise to differences in propagation
velocity are neglected.

The echo scattered by the particles on the measuring line is Doppler shifted
due to the motion of the particles as sketched in figure 4.3. From the received
Doppler shift frequency, ∆f = f0−freceived, where f0 is the emitted frequency,
the instantaneous beam-wise velocity component can be obtained as

v‖ =
c∆f

2f0
. (4.3)

A particle moving towards the fixed transducer will give a negative Doppler
shift because of the increased frequency in the reflected pulse, and thereby a
negative velocity. Time resolved measurements are obtained by repeated pulse
emissions.
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Figure 4.3. Emitted frequency is Doppler shifted when re-
flected by a moving particle on the measuring line.

Several parameters affecting measurement prestanda can be set by the user:
Since the ultrasound is attenuated when passing through the fluid, distant par-
ticles will give a weaker echo than particles closer to the transducer. A gain can
therefore be set to vary continuously from minimum to maximum ultrasound
penetration depth. Both gain start and end values can be set individually in
factors from 1 to 9. A factor of one is equivalent to 6 dB. With both start
and end values set to the same value, the gain distribution is constant. Overall
amplification gain may also be controlled by changing the ultrasound emission
voltage, i.e. the voltage applied to the transducer.

Measuring with the UVP system, a number of repetitions are necessary
in order to reconstruct the waveform from which the velocity can be obtained
according to equation 4.3. Differences in particle position between consecutive
pulse trains results in small arrival time differences from which the echo can be
reconstructed. The reconstruction process is sketched in figure 4.4.

As was pointed out by Jensen (1996), it is actually not the Doppler shift
that is used in pulsed systems but the shift in position between consecutive
pulse trains that is employed. According to Met-Flow, the frequency shift has
to be measured in order to obtain the velocity: by emitting and receiving a
number of consecutive pulse trains, the echo frequency can be reconstructed
and the velocity profile calculated by means of this frequency shift. Off course,
both approaches result in the very same equation (4.3) calculating the velocity.
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Figure 4.4. Echo reconstruction where the shift in position
of the seeding particles is used to find the velocity. In the case
shown in the figure, the reflecting particle (not shown) moves
towards the transducer. Note that data is taken on different
parts of the reflected pulse. A minimum of eight consecutive
pulses are necessary to accurately reconstruct an echo.

As a minimum of eight consecutive pulses is necessary to reconstruct the
echo correctly, the minimum number of repetitions, Nrep, is set to eight. In-
creasing the number of repetitions will improve waveform reconstruction and
result in a more accurate velocity estimation, but with penalties in time and/or
spatial resolution. In addition, a large number of velocity profiles must be mea-
sured in order to obtain accurate average and variance values.

Table 4.1 lists the parameters of major interest for the user of the UVP
system. The limits of these parameters arise either because of the physics in-
volved or because of the implementation of the method. System independent
parameters will be described in section 4.2.1a and in section 4.2.1b, the limi-
tations of the particular Met-Flow system will be described. A number of the
parameters are set by the user. In practice, these parameters are, in most cases,
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Symbol Describtion
vmin minimum measurable velocity
vmax maximum measurable velocity
∆v velocity resolution
lmin distance between the transducer and the closest measurement point
lmax distance between the transducer and the furthest measurement point
∆x the beamwise extension of the measurement volume
∆y the cross-beamwise extension of the measurement volume
fs sampling frequency at which velocity data can be obtained

Table 4.1. Parameters that determine the operation of the
UVP system.

not the ones listed in table 4.1, but combinations of these. Several parameters
are interdependent and compromises may be necessary.

4.2.1a. General restrictions. The most important general restriction, i.e. inde-
pendent of the design of the system, of a pulsed ultrasonic Doppler system
relates the time between two consecutive pulses to the maximum measurement
distance, lmax. Before a second pulse can be emitted, all echoes from the first
pulse have to be received. As a result, the pulse repetition frequency

fpr <
c

2lmax
, (4.4)

which is significantly lower than the emitting frequency f0. On the other hand,
the minimum measurement distance, lmin can of course not be smaller than
zero. It is usually not possible to make measurements very close to the trans-
ducer since the transducer introduces disturbances in the flow. Also, as men-
tioned earlier, the measurement volume must be located in the acoustic far
field. Furthermore, lmin is restricted by the time it takes for the transducer to
switch from transmitting to receiving mode. This time is usually very small
and does not put any restrictions on setting the system.

The sampling frequency, fs can in principle be equal to the pulse repetition
frequency, fpr. A sampling rate of fpr might however not be achievable for two
reasons: The first is that the signal processing of each pulse can take longer
time than 1/fpr. The second is that a number of repeated pulses is usually
necessary in order to accurately reconstruct the reflected pulse profiles. Both
limitations are present in the Met-Flow implementation.

4.2.1b. System dependent restrictions in the UVP system. The Met-Flow im-
plementation of the measurement technique described above makes it possible
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to detect velocities within a range of

vrange =
cfpr

2f0
=

c2

4f0lmax
, (4.5)

which depends on pulse repetition frequency and thereby also on the max-
imum measurement distance. The velocity range can be chosen as either
[−vrange/2, vrange/2] or [0, vrange]. The velocity resolution is limited by the 8
bit AD-converter of the UVP signal processor to

∆v =
vrange

28
. (4.6)

Measurement takes place in a measuring domain along the emitted ultra-
sound beam where the minimum and maximum depths are set by the user.
The measuring domain is divided into a number of evenly distributed measur-
ing volumes, whose width and distance also can be set by the user. Up to 128
measurement volumes are allowed along the beam. Measuring volumes may
overlap. A sketch of the measuring domain with non-overlapping measuring
volumes is shown in figure 4.5. Even though data is continuously monitored
by a data acquisition system, velocity can only be obtained as an average over
predefined measuring volumes in the flow.

The system requires a minimum of tracer particles to be sure that, on
the average, at least one particle is present simultaneously in each channel to
achieve the required spatial resolution. The width of a measurement volume,
which determines the spatial resolution in the direction along the beam axis,
depends on the pulse length, i.e. the number of wavelengths per pulse, according
to

∆x =
nc

2f0
=

nλ0

2
, (4.7)

where λ0 = c/f0 is the emitted wavelength and n is the number of wavelengths
per pulse. The minimum value of n is 2. The channel width is thus restricted
to a minimum of one wavelength of the emitted ultrasound pulse. Measuring
with a 4 MHz transmitting frequency in water, ∆x is limited to 0.37 mm. The
cross-beamwise extension of the measurement volume, ∆y is even larger than
the beamwise extension and varies slightly along the emitted ultrasound beam.
The thickness of the beam has a minimum located at the end of the transducer
near field distance, which for the 4 MHz transducer with 5 mm active diameter
is 16.9 mm. After this minimum, the beam diverges at an half-angle of 2.2◦ for
the aforementioned transducer.

As the UVP signal processing technique requires a number of ultrasonic
pulses to reconstruct the echo and compute the velocity, the mentioned value
is in a sense time averaged. The time resolution will depend on both the pulse
repetition frequency fpr and the number of repetitions Nrep as

∆t =
Nrep

fpr
. (4.8)
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Figure 4.5. The measuring domain is divided into a number
of evenly distributed measuring volumes. The width of each
measuring volume determines the spatial resolution.

4.2.2. Ultrasound transducer

An ultrasound transducer converts a high frequency electric signal to high
frequency mechanical vibrations, thus generating sound waves. The transducer
can also work in reverse, receiving sound waves, thereby converting mechanical
vibrations to an electric signal. The same transducer can thus be used as
both emitter and receiver. A matrix of thin piezoelectric rods constitutes the
active element, converting electric energy to ultrasonic energy. The active
element is available in two versions. One flat, sending out plane waves, and
one slightly concave, focusing the waves to a smaller measurement volume with
higher intensity. The flat version was used throughout the present experiments,
producing a measuring domain reaching along the beam axis. The principle
design of a flat ultrasonic transducer is shown in figure 4.6.

A transducer is designed to operate at a specific basic ultrasound frequency.
A high frequency transducer will, in general, have a better resolution in both
time and space and will in addition have a better velocity resolution as was
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Figure 4.6. The transducer active element is composed of
thin piezoelectric ceramic rods embedded in a polymer matrix.
This configuration generates longitudinal sound waves.

described in section 4.2.1b. A high frequency transducer does, however, have
a larger near field distance, preventing measurements close to the transducer.

During the present experiments, a 4 MHz transducer with a 5 mm active
diameter element and a minimum measuring distance (near field) of 16.9 mm
was used. An 8 MHz transducer would have twice the resolution, but would
also have twice the near field distance, making it harder to measure close to
the wall. The larger near field distance can be compensated for by placing
the transducer outside the wall with the beam propagating through the wall
material. A high frequency beam will, however, be significantly attenuated
traveling through wall and suspension compared to a lower frequency beam,
deteriorating the signal to noise ratio. In order to reduce effects of attenuation
and wall reflections, a 4 MHz ultrasound transducer placed in direct contact
with the fluid was used throughout the present experiments.

Measuring the velocity component in the mean flow direction non-intrusively,
the transducer must be placed at an angle α to the flow as shown in figure 4.7.
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Figure 4.7. A set-up for non-intrusive velocity measurement
in a channel flow. Note that this set-up for measurement in
the flow direction is only possible if the direction of the mean
velocity is known in advance.

With angles denoted as in the figure, the velocity in the flow direction is

vx =
v‖

cosα
. (4.9)

The presence of an angle α in equation 4.9 implies that the flow direction must
be known in advance.

4.3. Experimental set-up

4.3.1. Flow loop

In the experimental setup for UVP measurements in the present investigation,
the same flow channel as in the conductivity micro probe experiment was used:
A turbulent shear flow of a fiber suspension was set up in a 1 m long hori-
zontal square plexi-glass pipe, of cross section 50 × 50 mm, with a flow from
a smaller co-axial circular pipe at the center line introducing either a central
jet or wake, relative to the surrounding flow, where measurements are taken.
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Figure 4.8. UVP transducer mounted into the channel test section.

The channel set-up is sketched in figure 4.8. The ultrasound transducer was
however mounted through the plexi-glass wall just in contact with the fluid in
order to minimize disturbances to the signal; As measurements only can be
taken along the ultrasound beam axis, the transducer was placed at an angle
to the flow and the velocity in the flow direction calculated from the measured
velocity component along the beam axis. By mounting the transducer at an
angle to the wall, reflections from surrounding walls are partially avoided.

The flow system is sketched in figure 4.9. The flow in the central pipe is
driven by a small DC-pump from a reservoir with a constant pressure height
to ensure a constant flow velocity. The surrounding channel flow, which is re-
circulated, is supplied from a larger reservoir by a submersible pump. Being
able to vary the flow velocities in both pipes individually, either a central jet
or wake could be set-up. Both the inner and outer flow volume fluxes were
monitored with electromagnetic flow meters mounted in front of the central
pipe and surrounding square channel inlets respectively.
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Figure 4.9. Set-up of the flow system.

4.4. Evaluation of the UVP system

4.4.1. Performance tests

As a preliminary quantification of the UVP performance, comparative velocity
measurements were made with both UVP and LDV in water seeded with very
small particles at low volumetric concentration. It is well known that LDV gives
high fidelity velocity measurements in such suspensions. The flow channel was
for this purpose set up as in figure 4.10. The measurement position was choosen
to 7.2 channel widths downstream of the channel inlet, where measurements
were performed along the vertical centreline of the channel.

Measuring the velocity profile with the LDV-equipment, 4 µm spherical
Expancel tracer particles were used. For each measured value of the velocity,
1500 samples were taken with a data sampling rate of 50-100 Hz, giving an
idea of the appropriate number of particle crossings in the LDV measurement
volume. In the post-processing, residual time weighing was used.

The ultrasound transducer was mounted through the plexi-glass wall and
was in contact with the fluid in order to reduce disturbances of the signal. For
UVP-measurements, 180 µm polymer spheres were used as tracer particles.
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Figure 4.10. Channel set-up for comparative velocity mea-
surements with UVP and LDV.

The UVP parameter settings were limited to measurements with a 4 MHz,
5 mm active diameter probe.

Results from these measurements are presented in figure 4.11. In the av-
erage velocity profiles, none of the cases with a low gain (1,1), resulted in a
representative profile, good agreement with LDV-data is achieved only when
gain is high. Rms values were reasonably close to values obtained with the LDV
equipment only in the cases with highest ultrasound emission voltage (150 V).
This means that maximum gain and voltage settings are necessary for reliable
measurements. The choice of number of repetitions to reconstruct the echo
indicate on a very close relation to the obtained result. A high number will
result in a realistic velocity profile but will also influence the time resolution
negatively, a minimum of 32 repetitions seems necessary to achieve appropriate
velocity profiles and was used in the above comparison. With maximum gain
and voltage and the number of repetitions set to 32, an estimation of 10:1 in
signal to noise ratio was obtained by viewing the raw data.

The Met-Flow signal processing technique is adapted from medical appli-
cations. Instead of sampling and analyzing the signal from one single pulse,
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Figure 4.12. Maximum sampling frequency, fs as a function
of the pulse repetition frequency, fpr for different Nrep as de-
fined in the legend. The solid curve with filled symbols are
the actual values, the dashed line with open symbols show the
theoretical limit, fpr/Nrep.

it uses a number of consecutive pulses, Nrep. This means that the theoreti-
cal value of maximum sampling frequency is decreased from fpr to fpr/Nrep.
The value of the maximum sampling frequency occurring in practice is, how-
ever, even lower due to the processing time. Figure 4.12 shows the maximum
sampling frequency reached by the system, fs, as a function of fpr for the min-
imum value of Nrep = 8, and the recommended one, Nrep = 32 and also for
Nrep = 128. The theoretical value fpr/Nrep is also shown for the three cases.
For large fpr, the actual sampling frequency fs is seen to be considerably lower
than the theoretical limit and maximum 500 Hz.

The importance of a high enough Nrep is illustrated by data from the
experiment in figure 4.13. The transducer is fixed to an arm which is oscillating
up and down in a container with water seeded with flake-like particles with a
diameter of approximately 5 µm. The results are shown in figure 4.14 for
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Figure 4.13. Verification setup. The vertical transducer is
oscillating harmonically in water with particles. For a small
amplitude of the oscillation, the velocity in the water must
then be a periodic oscillation.

Nrep = 8, 32 and 128 (the UVP manual recommends Nrep = 32) and for
each Nrep, both the extremes of lmax available in the UVP system: one short
distance maximizing fs (a,c,e) and one longer distance, giving a lower vmax in
order to fit the velocities to be measured well into the velocity range (b,d,f).
For low values of Nrep, the velocity signal is seen to be very noisy. The noise
arises since the equipment does not manage to detect the proper velocity at
every measurement volume for each set of Nrep ultrasound pulses.

Figure 4.14 shows that the velocity data is far from trustworthy for Nrep =
8 and that a value of Nrep = 128 together with a long lmax is necessary if
reliable data is to be obtained. Corresponding sampling frequencies for the
data in figure 4.14 reaches from 1000 Hz down to 19 Hz as indicated in the
figure since fpr is decreasing as lmax increases, see equation 4.4. If turbulent
flows are studied, it is necessary to measure at higher frequencies to resolve
the turbulent fluctuations. For this purpose, the Met-Flow system does not
suffice as it is. Some alternative methods that may improve accuracy at high
sampling rates are proposed in the next section.

Another problem inherent with the commercial UVP system is the frequent
emission of ultrasound pulses that can never be turned off, even when not
actively measuring. A single pulse cannot be emitted alone. Unwanted echoes
from the environment is a problem that has to be carefully considered when
positioning the transducer. A solution to this would be emitting and receiving
single ultrasonic pulses without the UVP system whereby each echo can be
sampled individually. A high accuracy frequency generator would, together
with the piezoelectric elements in the transducer, serve as generator of single
short ultrasonic pulses.
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Figure 4.14. Velocity traces from the experiment in figure
4.13. Number of repetitions: (a,b): Nrep = 8, (c,d): Nrep =
32, (e,f): Nrep = 128. Maximum measurement distance: (a):
lmax = 60 mm, (c,e): lmax = 20 mm, (b,d,f): lmax = 300 mm.

4.5. Attempts to improve the measurement technique

To capture higher order statistical information in complex turbulent flows, the
present method of reconstructing the signal is not sufficient. It is clear that the
Met-Flow system is suitable for measuring mean values and quantities vary-
ing on a slow time scale (∼ 1 s). However, in order to bring ultrasound to
turbulence measurements, the method needs to be developed further. The
signal processing has to be improved so that the sampling frequency, fs ap-
proaches the pulse repetition frequency, fpr, with a high signal-to-noise ratio.
This can be done by improving the detection of the Doppler shift in the signal
so that only one pulse is needed, giving fs = fpr. It may also be possible to
leave the Doppler shift aside and determine the velocity by measuring the dis-
tance travelled by individual particles from one pulse to the next. In this case,
fs = fpr/2. The standard equipment will thus be modified with new sampling
hardware. Below, the novel hardware will be described and some methods of
its use discussed.
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4.5.1. Additional hardware

The attempts to increase the sampling speed were based on analysis of the
reflected ultrasound pulses. The raw data echo signal was sampled directly
using a computer equipped with a high speed analog input board. Sampling
the 4 MHz ultrasound echo signal at 100 MHz sampling rate is more than
sufficient in accordance with the Nyquist criterion. The sampling rate of the
original UVP-system was thereby exceeded by several orders of magnitude.

For measurement of turbulence characteristics, it is thus necessary to have
access to fast signal processing hardware. In the present works, Field Pro-
grammable Gate Arrays (FPGA) could be applied for this purpose. FPGA is
a powerful technology that allows the user to program hardware to perform al-
gorithms directly. It is, in this way, possible to carry out online analysis of the
signals sampled by the high speed analog input board on equipment installed
on a standard PC.

The standard Met-Flow UVP device provides the user with several analog
output signals including the echo signal, the start signal for the measurement
domain and the pulse repetition frequency trigger signal. In addition to these,
the transducer signals may also be monitored directly. Illustrative examples
of these output signals, which are possible to measure with the high speed
card, are given in figure 4.15. The echo signal, figure 4.15 (a), is intended for
monitoring the ultrasound emission and the received echo signal and can be
very useful recognizing unwanted reflections from walls and other obstacles.
The gate signal, which is shown in figure 4.15 (b), shows the start of the
measurement domain, which, when monitored together with the echo signal,
gives information of the initiation of data sampling by the transducer. The
pulse repetition frequency trigger signal, figure 4.15 (c), supplies the timing for
a pulse emission, which depends on the depth of the measurement range. In
the transducer signal, figure 4.15 (d), an initial short pulse can be seen during
which the transducer emits a pulse. After the pulse, there is a time delay of
approximately 15 µs until the transducer switches to receiving mode for the
remaining part of the cycle. The signals in figure 4.15were obtained without
particles in the fluid. There are thus no echoes in the received signals.

Initial tests were performed in several different suspension mixtures of wa-
ter and fibers, and transducer signals were recorded at 100 MHz. Figure 4.16
shows two consecutive transducer signals in a mixture of water and nylon fibers.
Here, the ultrasound pulses were emitted by the Met-Flow UVP system and
the transducer signals recorded by the high speed AD board. The signature of
a fibre can be seen as a short burst around t=83 µs.

Using the high speed AD board, the echo signal can be recorded and differ-
ent methods for evaluation can be carried out off line. Three possible methods
will be discussed in what follows, one of which has been proposed by others,
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Figure 4.15. Examples of the output signals generated by
the standard Met-Flow UVP-device: a) echo signal, b) mea-
surement domain start signal, c) pulse repetition frequency
trigger signal, d) transducer signal.

The remaining two will be further examined in the continuation of the present
work.

4.5.2. Correlation based methods

As described earlier, the position s, of a particle can be determined from the
time delay t between emission of an ultrasonic pulse and the reception of its
echo, see equation (4.2). Using two consecutive ultrasound pulses, the velocity
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Figure 4.16. Transducer signals resulting from pulses emit-
ted in a suspension of water and nylon fibres.

of the particle can be determined from the particle displacement ∆s during
the interval between the two pulses tpr = 1/fpr, which can be seen in the echo
signal as a time shift ∆t, as sketched in figure 4.17. The velocity of a moving
particle present along the beam axis is thus given by

v‖ =
∆s

tpr
=

c∆t

2tpr
. (4.10)

In order to detect the displacement (or time shift) of particles from one pulse to
the next, correlations between the two consecutive signals can be used. Once
the distance travelled has been detected, the known time interval between the
pulses will give the speed of the particles. The method is similar to the PIV-
method, where cross correlation between images are used to determine the
velocity of particles in the images.

The correlation based method has been applied to pulsed ultrasonic Doppler
velocimetry by Ozaki et al. (2002) and Sato et al. (2002). It was concluded
that autocorrelation can be used to increase the sampling rate of the UVP
system and thus time resolution could in this way be improved down to 500 µs
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Figure 4.17. Velocity can be determined from correlations
between echo signals of two consecutive ultrasound pulses.

measuring a velocity profile. Under optimal conditions, with maximum pulse
repetition frequency, a time resolution of 150 µs could be achieved.

The cross correlation method will provide a velocity if there is at least one
reflecting particle in the signal segment. For the method to provide accurate
measurements keeping good samples only, some validation is necessary. This
can be achieved by setting a minimum threshold to the amplitude of echo
signals and correlation function peak value. In the present experiment, no
experiments were carried out using this methodology.

4.5.3. Wavelet based methods

An alternative to the correlation based method is wavelet analysis. The latter
method makes it possible to extract dominant frequencies in the signal at every
instant in time. The wavelet transform is described in more detail in appendix
D.

The wavelet transform can be used to calculate the velocity in (at least)
two ways. The first is to determine the Doppler shift frequency in the echo
signal from the frequency information in the wavelet. The second is to use the
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phase information in two consecutive pulses to determine the distance travelled
by a particle from one pulse to the next.

Wavelet analysis also has the potential to give information regarding con-
centration variations along the measuring line. A locally high particle concen-
tration will manifest itself as more closely spaced bursts in the echo.

An algorithm to evaluate the received echo signal from a wavelet transform
and peak detection was implemented, giving both time and frequency informa-
tion of the individual bursts. A test of this wavelet transform algorithm is
shown in figure 4.18, showing how the different frequency components in the
test signal can be distinguished in time.
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Figure 4.18. Wavelet transform algorithm tested on a 4 MHz
sinusoidal signal with a 12 MHz signal of half the amplitude
added on top.
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Figure 4.19. Ultrasonic velocity measurement by determin-
ing the Doppler shift from the wavelet transform.

4.5.3a. Doppler shift based evaluation. The cross correlation technique gener-
ally requires two pulses to determine a velocity profile. From wavelet analysis,
however, it is posssible to determine the Doppler shift in the signal directly
from one pulse only, hence doubling the time resolution. The method will give
both the time and frequency information needed to determine the velocity dis-
tribution from the Doppler shift in the reflected bursts. The position of a burst
can be determined from its location in time according to equation 4.2 and the
velocity can be determined from the Doppler shift in the burst according to
equation 4.3. The method is outlined in figure 4.19.

When using Doppler shift based evaluation, there are two approaches to
compute the velocities of individual particles from a wavelet transform. The
first is to continously monitor the frequency of the received signal and return
the corresponding velocities. This method should provide accurate data if the
particle concentration is fairly high so that there is continous information in
the received signal. Our experience is that this is not the case. Instead, the
received signal consists of a number of bursts, each corresponding to a particle.
For such signals, a second approach might be a better alternative, using the
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wavelet transform to detect the bursts (which will appear as peaks in the time-
frequency plane) and determine the velocity corresponding to each burst. Such
an approach provides data only at positions were particles are present.

Testing the method in a fiber suspension flow, the echo signal was sampled
directly at 100 MHz using the new sampling hardware and then evaluated from
wavelet analysis instead of the original UVP method. An example of a raw data
echo signal and corresponding wavelet map is shown in figure 4.20. The peaks
in the wavelet map corresponds to bursts from individual particles.

To explore the possibilities of an extended version of this method, tests
were performed using two transducers. For each pulse, one transducer works
initially as an emitter and then switches to receiver. The other transducer
works as a receiver only. With two transducers, the exact value of the emit-
ted frequency can be found, which is necessary calculating the Doppler shift.
In figure 4.21 (a), the two transducers were placed opposite each other, the
ultrasound being reflected alternately between the front areas of the two trans-
ducers. Transducer one emits a pulse through the UVP-system where-after the
echo signal is sampled at 100 MHz by transducer one and two simultaneously.
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Figure 4.21. Experimental set-up with a) two transducers
placed opposite each other. b) two transducers placed parallel
to each other.

Figure 4.22 (a) shows the corresponding echos signals from transducers
one and two in a set-up with the transducer distance D = 30 mm. The bursts
seen in the two echo signals arise from the pulse being reflected alternately
between the transducer front ends, the echo signal being weaker after each
reflection. The frequency of each burst should remain unchanged after each
reflection as the transducers are fixed in position. Applying wavelet analysis to
the sampled echo signals does, however, reveal that the bursts from transducer
reflections do not have the same frequency after each reflection, but actually
decreases after each reflection as indicated in figure 4.22 (a). A possible reason
for this behavior is that reflections against the probe front is somewhat elastic.
Insufficient accuracy of the wavelet transform may possibly contribute to the
result, having a frequency resolution of about 0.01 MHz.

In figure 4.21 (b), the two transducers were placed parallel to each other,
opposite a thick plexiglass wall. The ultrasound is now partly being reflected
against the plexiglass wall and partly being transmitted through and then
reflected at the other side of the wall. Also in this set-up, transducer one
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Figure 4.22. Echo signals sampled at 100 MHz using two
transducers. Burst frequencies are calculated through wavelet
analysis.
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emits a pulse through the UVP-system where-after the echo signal is sampled
at 100 MHz sampling rate by transducer one and two simultaneously. Figure
4.22 (b) shows the corresponding echo signals from transducer one and two in
a set-up with D = 30 mm. As the pulse is partly transmitted through the
plexiglass wall, reflections from both sides of the wall can be seen. Also in this
case the attenuation gives weaker bursts after each wall or transducer reflection.
Nor in this case is the burst frequency unchanged, but varies as described in
figure 4.22 (b).

Interchanging transducer one and two did not result in the same burst
frequencies due to slightly different basic ultrasound emission frequencies, f0

in the two transducers. An influence of transducer distance could also be
seen. Increasing the transducer distance resulted in slightly decreasing burst
frequencies using transducer one as emitter, but resulted in the opposite using
transducer two as emitter.

Determining the Doppler shift frequency using a wavelet transform is in-
deed an appealing approach, it is however not as straightforward as outlined
in figure 4.19. As described in appendix D, wavelet analysis is always a com-
promise between temporal and spectral accuracy and the frequency resolution
has to be very good if the Doppler shift is to be resolved. From initial tests
using the wavelet analysis method, frequency resolution was 0.01 MHz. Un-
fortunately, initial attempts using this method gave velocity values that are
unrealistic, which is not only connected to an insufficient frequency resolution,
but also connected to the signal-to-noise ratio of the ultrasound echo signals
being too low for this purpose.

4.5.3b. Phase-shift based evaluation. It is also possible to make use of the ver-
ification abilities of the wavelet transform without relying on the Doppler shift
to obtain velocity data. An alternative approach is to analyze the phase infor-
mation in the wavelet transform using a method similar to that described in
section 4.5.2 to calculate the velocity from the phase shift between two consec-
utive pulses.

For a single particle in an ultrasonic beam, moving at an angle θ to the
beam axis (figure 4.23), the velocity can be calculated from the variation in
depth between two consecutive pulses separated in time by tpr = 1/fpr. The
axial displacement of the particle during the time between pulse emissions is,
according to equation 4.2,

∆s =
v‖
fpr

= (s2 − s1) =
c

2
(t2 − t1), (4.11)

where t1 and t2is the time between emission and reception of pulse one and
pulse two respectively. The time difference t2 − t1 is always very short, and
can be replaced by the phase shift δ = 2πf0(t2 − t1) of the received echo. The
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s1
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q

v

Ultrasonic beam
Ultrasound transducer

Figure 4.23. A particle has moved a distance ∆s = s1 − s2

in the beam direction during the time between two pulse emis-
sions.

velocity can then be expressed as

v‖ =
cδfpr

4πf0
=

c∆f

2 f0
, (4.12)

ending up with the Doppler equation (4.3). The two equations do, however,
not involve the same acoustic phenomena.

In order to use equation (4.12) to determine the velocity, peaks in the
wavelet transform of the two pulses have to be identified in the same way as
in the Doppler shift based evaluation. Once the peaks in the transform are
known, it is straightforward to calculate the phase shift from the first to the
second pulse. Equation (4.12) will then give the velocity at the positions of the
peaks.

A moving particle present in the ultrasound beam during pulse one, still
remaining in the beam during pulse two, will result in peaks in respective
wavelet maps that are close to each other in time and frequency, as bursts
are coming from the same particle. Particles entering or leaving the ultrasound
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Position (m) Frequency (MHz) Velocity (m/s)
0.0819 3.970 1.3683
0.0847 3.920 0.5017
0.0869 3.830 0.6385
0.0899 3.800 0.7297
0.0909 3.970 1.2314
0.0982 3.910 -0.1824
0.1029 3.980 -0.4105
0.1081 3.890 1.2314
0.1095 4.000 -0.7753
0.1118 3.980 0
0.1154 4.030 1.2314
0.1168 4.000 0.1368
0.1180 3.960 0.7753
0.1199 4.530 -0.7753
0.1201 1.870 0

Table 4.2. Velocities calculated from the wavelet maps in
figure 4.24.

beam during the pulse interval will however result in a peak present in only one
of the wavelet maps. An algorithm couples peaks that are close together and
from the time location and time shift, the corresponding position and velocity
can be found. Identification of individual particles may become a problem if
several particles are closely spaced in the beam during a pulse interval. In the
present experiment however, particle reflections are sparse and this has not
been perceived as a problem.

The two top figures in 4.24 shows the wavelet maps from two consecutive
pulses in a suspension flow of water and nylon fibers. Corresponding peaks can
be seen in the bottom figure. The coupling algorithm was tested on the peaks
detected in the two echo signals. As can be seen from the peek detection map
in figure 4.24, most peaks are single, only a few of the peaks can be correlated.
The peak detection resulted in the velocities in table 4.2.

As can be seen in table 4.2, velocity values obtained with this method
become unrealistic. This is due to difficulties in finding corresponding peaks in
the echo signals between two consecutive pulses. Also this method suffers from
the same poor signal-to-noise ratio of the ultrasound echo signals.



102 4. ULTRASONIC MEASUREMENTS

CWT Pulse 1

Time (s)

F
re

qu
en

cy
 (

H
z)

1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6

x 10
−4

1

2

3

4

5
x 10

6

CWT Pulse 2

Time (s)

F
re

qu
en

cy
 (

H
z)

1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55 1.6

x 10
−4

1

2

3

4

5
x 10

6

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

50

100

150

200

250

300

350

S
ca

le

n

Local Maxima of CWT

Figure 4.24. Nylon fibers in water: wavelet maps for two
consecutive ultrasonic pulses and corresponding peaks (first
pulse red, second pulse blue).



CHAPTER 5

Discussion

5.1. Conductivity versus ultrasound

The evaluation of the Ultrasonic Velocity Profiler (UVP), made by Met-Flow,
described in chapter 4 shows that this instrument cannot be used to accurately
measure turbulent fluctuations since the time resolution is limited to about
10 ms, i.e. 100 Hz, at best. At higher frequencies, the signal noise seems to
increase to unacceptable levels. Ozaki et al. and Sato et al. did, however,
introduce a cross correlation technique, improving the time resolution of the
UVP down to 500 µs when measuring a velocity distribution, giving a mea-
suring frequency of up to 2 kHz. Under optimal set-up conditions, using the
maximum pulse repetition rate, a time resolution of 150 µs could be achieved.
Our attempts to improve the signal processing of the system by using wavelet
analysis, section 4.5.3, have not proved successful. Furthermore, the spatial res-
olution is limited by the ultrasonic beam width. Ultrasound transducers where
the beam is focused at a point are commercially available and can improve the
spatial resolution at that particular point, but will not allow for simultaneous
measurements along the whole measuring line.

The major part of the present work is focused on the conductivity method
described in chapters 2 and 3 The conductivity micro probes developed have
proved to be useful for measurement of turbulent mixing. It is with the present
method possible to make high time resolution measurements up to 10 kHz.
The fine tip of the conductivity probe makes the spatial resolution the order of
ten times the spacial resolution of the UVP method. The major disadvantage
of the conductivity probe is its intrusiveness, enabling fibers to build up of
the probe tip. Experimental results do also show that in-line calibration is
necessary for reliable measurements, leaving room for improvements. Due to
the lengthy measurement procedure, it is, at least not at this early stage, an
easy-to-use off-the-shelf product.

5.2. Fibers in turbulent flow

In a Newtonian fluid, turbulence is characterized by a continuous spectrum
of scales ranging from the large energy containing eddies, which are essen-
tially inviscid and whose size is determined by the dimensions of the flow,
to the smallest eddies where turbulent kinetic energy is dissipated into heat
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by viscosity. Pulp suspensions do however exhibit non-Newtonian rheological
properties such as an anisotropic viscous stress as well as elastic effects. The
present conductivity micro-probe experiments showed a strong impact of pulp
fibres on turbulent scales already at low fiber concentration. As can be seen
in the spectra from the conductivity measurements, figure 3.6 and 3.12, the
addition of fibers alters the turbulence structure.

From the fluctuation intensity graphs, figure 3.5, a reduction in concentra-
tion fluctuation intensity can be seen in the fiber suspension.

As can be inferred from the spectra, the turbulence structure in the flows
investigated differs significantly at high frequencies from that in a Newtonian
fluid. The frequency is shifted towards lower values in the fiber suspension.
As energy is transferred from the larger scales into the scales of the fiber size,
some of the energy is dissipated into heat by the small scale flow around the
fibers.

Results from the conductivity measurements agrees qualitatively with what
has been found by previous investigators. In the measurements made by Mc-
Comb (1985), using LDV in an asbestos fiber suspension, energy spectra showed
a reduction of energy at length-scales of the same order as the fibre length.

The altered turbulence structure in a fiber suspension can also be seen in
figure 1.4(c), where some kind of large eddy mixing takes place. Note that
a larger amount of pure water can be seen on the center line in the fiber
suspension case than in the water case.

One can imagine several ways in which fibers can have an impact on turbu-
lence. Both individual fibers and fiber flocs can transmit forces from one point
to another within their extent and can thereby enhance momentum transfer
between adjacent fluid layers. This effect would be similar to an increased
viscosity. Furthermore, the presence of fibers can reduce momentum transfer
by damping the turbulence in the suspending fluid. Thus, fiber and flocs can
affect momentum transfer in two opposite ways: they can enhance momentum
transfer by providing solid links between adjacent fluid layers and they can re-
duce momentum transfer by damping the turbulence of the suspending phase,
see for example Duffy et al. (1977).

The presence of fibers seems to increase fluid transport in the present ex-
periment. This is concluded from a much faster mixing as compared to water.
This experimental observation is probably a result from the effects of fibers on
the viscous stresses and turbulent eddies. It is well known that fibers have a
large impact on turbulence, see for example Olson & Kerekes (1998), and here
we see the impact on mixing. Since modeling of pure turbulence and momen-
tum transfer in a fiber suspension is difficult, a complete understanding of the
effects on passive scalar mixing is even further away. At this point, it is even
an open question whether a correct model for the momentum transfer would
be enough to understand the effects of mixing. The fibers might introduce
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mixing specific phenomena, e.g. of a material nature, in addition to the effects
of momentum transfer.



CHAPTER 6

Conclusions and Outlook

6.1. Conclusions from the present work

Two techniques have been evaluated for turbulence measurements in dilute
fiber suspension flows: conductivity micro probe measurements and ultrasonic
Doppler velocimetry.

6.1.1. Ultrasonic doppler velocimetry

A commercial Ultrasonic Velocity Profile system (UVP) has been evaluated.
The system has proved to be a versatile tool for measurements of mean prop-
erties and variations on slow time scales. Unfortunately, the signal-to-noise
ratio rapidly increased to unacceptable levels at sampling rates higher than
approximately 20 Hz.

Three methods to overcome these problems have been investigated. These
methods are

• measuring the cross-correlation between two consecutive reflected pulses
in order to obtain the displacement of particles between the pulses.

• determining the Doppler frequency from the wavelet transform of the
reflected signal.

• determining the displacement of particles between two consecutive re-
flected pulses by the phase-shift of the wavelet transform.

The first method has been tested by previous investigators and has proved
successful improving the time resolution to 500 µs. The second method was
tried in the present investigation and failed as the signal-to-noise ratio of the
ultrasound echo signals was too poor to resolve the Doppler shift frequency
with the wavelet transform. The third method, which was also tested in the
present investigation, suffers from the same poor signal-to-noise ratio as in the
second method. Difficulties in finding corresponding peaks in the echo signals
from two consecutive pulses resulted in unrealistic velocity values.

6.1.2. Characterizing turbulent mixing from conductivity fluctuations

Conductivity micro probes have been built and tested with a sinusoidal feeding
voltage. Sampling the signal at 800 kHz sampling rate, after signal fitting,
the actual probe measuring frequency was 10 kHz. Probe step response tests
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showed a cut-off frequency of 3.57 kHz for the complete system. Noise levels
down to 0.25 % could be achieved, making high speed fluctuation measurements
possible with good accuracy.

Turbulent mixing in both pure water and a 0.09 % fiber suspension have
been studied at three different flow rates: equal, jet and wake (see figure 3.8
and 3.9). Measurement results show that in order to achieve the same de-
gree of mixing, the downstream distance needed is much shorter in a fiber
suspension than in water. This indicates that the mixing rate is higher in
the suspension. Concentration fluctuation intensity is also reduced as fluctu-
ations decrease much faster in a fiber suspension than in water. A spreading
of fluctuations around the shear layer can be seen with increasing downstream
distance as the two streams of fluid are being mixed. In the fiber suspension,
the spreading of these fluctuations across the channel is much slower than in
water.

The dissipation of energy in a fiber suspension might differ from that in
water. Studying the spectra, the highest energy is initially limited to the area
around the shear layer position, this energy will decrease with downstream
distance but will at the same time spread into a wider area around the shear
layer; spreading in a fiber suspension is however much smaller than in water. In
water, there is also a transfer of energy towards the center line that can not be
seen in the fiber suspension. Energy at higher frequencies are quickly damped
with downstream distance in a fiber suspension, in water, high frequencies
resides much longer. Length scales smaller than the size of the fibers will be
suppressed by fibers, transferring energy into the fiber network.

A peak in energy can clearly be seen in water that is probably due to shear
layer instability, a corresponding peak can not be seen in the fiber suspension.
This difference may be a result of altered instability criterion in the presence
of fibers.

As can be concluded from above, the addition of fibers to a flow has major
effects on turbulence characteristics; in this case, turbulent structure will be
altered and fluctuation intensity reduced and thereby also turbulent momentum
transfer. Fibers have proven to have a damping effect on fine scale turbulence,
leaving the large scale movements more intact.

To summarize the observations from conductivity measurements:

I. Conductivity fluctuations up to 3 kHz can be measured
II. The addition of fibers results in a much faster mixing so that mixing is

complete in a shorter streamwise distance
III. The addition of fibers decreases the fluctuation intensity in the suspen-

sion
IV. The addition of fibers reduces the spreading of the concentration fluc-

tuation intensity
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V. The decrease in concentration fluctuation intensity occurs at high fre-
quencies

6.2. Suggestions for future work

Even if the pulsed UVP-method has proved to be insufficient for measurements
of fluctuating properties, ultrasonic doppler velocimetry is still a very appeal-
ing method for fiber suspension flows due the non-intrusiveness and penetration
abilities. A conceivable continuation of the ultrasonic method would be to ex-
plore the possibilities of a continuous wave system, where the velocity distribu-
tion is really determined from the Doppler shift of the emitted ultrasound, and
not as with the pulsed UVP-system, requiring a number of ultrasonic pulses to
reconstruct the echo obtaining a velocity distribution.

As for conductivity micro probes, the method has great potential for the
study of turbulent mixing. Because of the temperature dependence of conduc-
tivity however, temperature must continuously be monitored if temperature
corrections are to be made. To eliminate the need for this, it is necessary
to perform experiments in a temperature regulated environment including the
flow loop.

Here, an initial quantification of the effect of cellulose fibers on turbu-
lent mixing are reported. The results show large effects and measurements in
higher consistency pulp would be useful determining the effects of increased
mechanical contact between fibers.

A modification of the set-up is however necessary to improve the flow qual-
ity and minimize the influence of test section geometry. The fluid flow through
the test section should also be characterized more thoroughly than has been
done in the present experiment.

To make the method more user friendly, it is also necessary finding a
method to produce probes, where all, and not only some of the probes are
stable, eliminating the need for repeated in-line calibration. The method will
be tested further for the study of turbulent mixing during injection flow into a
larger pipe suspension flow.

One of the most important reasons for making this kind of experimental
investigations is to produce data that can be used in numerical simulations.
The present results are not directly comparable with existing numerical inves-
tigations of fiber suspension flows. Future measurements with the conductivity
micro probe should therefore be made in close cooperation with numerical
investigations of this kind of flow. To be comparable, modification of the ex-
perimental set-up should be in agreement with simulation geometry as well as
inlet and boundary layer conditions.

Future investigations are preferably made in close collaboration with in-
dustry to increase applicability to real flow situations. The 0.09 % fiber con-
centration investigated in the present conductivity experiment is relevant in
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the headbox flow of a paper machine, but fiber concentrations up to 1 % are
commonly occurring in a modern paper machine headbox. It is therefore of
great interest to examine also higher consistency pulp.



APPENDIX A

Conductivity probe design

The lack of commercial devices for time resolved measurements of conductiv-
ity in the small fluid volumes needed for turbulent fluctuation measurements
has forced the design, assembly and development of conductivity micro-probes.
The process of assembling all the small parts necessary has proved somewhat
difficult, why instructions for making these conductivity micro probes are in-
cluded:

List of materials necessary:
Wires and soldering:

• Platinum wire Alfa Aesar ∅0, 025 mm (1)
• Stainless steel wire ∅0.1 mm (2)
• Teflon isolated cable PTFE AWG-32 ∅y0.74 mm (4)
• Solder
• Soldering water Effekto 4
• Cleaning of wires: Acetone/sandpaper
• Fine soldering pen attached to a micro manipulator

Probe holder:

• Bonding capillaries Kulicke & Soffa 414L8-1104-R40 (Microjoining)
∅hole = 33 µm, ∅outer = 1.6 mm, length=16 mm (3)

• Stainless steel tube ∅2.2/1.6 mm, length=20 mm (5)
• Stainless steel tube ∅3.0/2.2 mm, length=20 mm (6)
• Brass tube: ∅4.0/3.0 mm, length=30 mm (7)
• Brass tube: ∅5.0/4.0 mm, length=100 mm (8)

Adhesives:

• UV-curing adhesive, Epotek OG142 (Microjoining)
• UV-equipment Hönle UV-technology Bluepoint 2 easycure (Microjoin-

ing)
• 2-part epoxy resin high purity

Additional items:

• Microscope 10x
• Micro manipulator
• Vice
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Figure A.1. Design of the conductivity micro-probe

• Tweezers
• Double sided tape

To add handleability and strength, the very small diameter platinum wire
(1) constituting the probe tip, is at the end soldered side by side to a stainless
steel wire (2). This is a delicate task requiring microscope and a micro manip-
ulator to line up the steel wire parallel to the platinum wire which is fastened
to a metal piece with double sided tape and clamped into a vice. To assure sol-
derability, the stainless steel wire is grinded with sandpaper and cleaned with
acetone in advance. Immediately before soldering, both steel wire and plat-
inum wire is treated with soldering water to enable soldering to the stainless
steel. The fine soldering pen used is also attached to a micro manipulator to
enable the fine movements required and then just touched to the soldering area
when the solder is attached. After soldering, the platinum wire is then inserted
into a fine bonding capillary constituting the probe tip in such a way that the
platinum wire sticks out a few millimeters. UV-curing adhesive is then applied
at the probe tip under the microscope and the adhesive sinks into the joint
by capillary forces whereafter it is cured with a UV-light source. The same
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Figure A.2. The finished conductivity micro probe

UV-hardening adhesive is also applied at the other end of the bonding capil-
lary to seal the opening. The remaining part of the stainless steel wire is then
cut to about 6 mm and soldered to the peeled end of a teflon isolated cable.
The unisolated parts are covered with the UV-curing adhesive and then cured.
The teflon cable is inserted into a steel tube (5) until only about 10 mm of the
bonding capillary is left and then a 2-part epoxy is applied in the joint between
bonding capillary and steel tube. The probe holder is further extended with
an additional steel tube (6) and two brass tubes (7 and 8) soldered together
to form a right angle. All the remaining tubes are attached to each other and
sealed with the two-part epoxy and hardened over night. Immediately before
the probe is put into use in the measuring section, the platinum wire sticking
out is broken off at the capillary tip just leaving a measurement area about the
same size as the platinum wire cross section.

These probes have a limited life-time as there are some deterioration of the
probe surface during measurement in salt water due to chemical reactions on
the probe tip when exposed to a voltage. Each probe have been used until the
voltage signal has become too week to measure without loosing information
where after new probes have been made and put into use.



APPENDIX B

Results from conductivity measurements

B.1. Conductivity profiles

In figure B.1 to B.6, conductivity profiles along vertical axis as well as the
corresponding standard deviation are shown case by case.
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Figure B.1. Water, equal inner and outer flow velocities.
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Figure B.2. 0.09 % fibers, equal inner and outer flow velocities.
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Figure B.3. Water, jet.
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Figure B.4. 0.09 % fibers, jet.
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Figure B.5. Water, wake.
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Figure B.6. 0.09 % fibers, wake.
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B.2. Spectra of the conductivity variance – position by
position

Comparability is greatly enhanced if spectra from all flow cases are placed side
by side at each profile position. Figure B.7 to B.11 shows vertical profiles at
different x-positions, with frequency at the horizontal axis and y-position at
the vertical axis. Figure B.12 and B.13 shows horizontal profiles at the center
line y=0 mm and at the shear layer position y=5 mm, with x-position at the
horizontal axis and frequency at the vertical axis.

Note that spectra do not always have the same vertical range, but are
presented in whole.
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Figure B.8. Spectra along the vertical axis at x=10mm. Left
figures show water whereas right figures show a 0.09 % fiber
suspension: top=jet, middle=equal flow velocities, bot-
tom=wake.
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Figure B.10. Spectra along the vertical axis at x=50mm.
Left figures show water whereas right figures show a 0.09 %
fiber suspension: top=jet, middle=equal flow velocities, bot-
tom=wake.
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Figure B.12. Spectra along the horizontal axis y=0mm. Left
figures show water whereas right figures show a 0.09 % fiber
suspension: top=jet, middle=equal flow velocities, bot-
tom=wake.





APPENDIX C

Fiber data

Fiber characteristics of the pulp used in conductivity measurements are pre-
sented in table C.1 and C.2.

Mean fiber length (mm) 2.102 Mean kink angle (%) 56.24
Mean fiber width (µm) 30.6 Number of kinks per mm 0.86
Mean shape factor (%) 81.50 Number of large kinks per mm 0.320
Proportion of fines (%) 12.8 Number of kinks per fiber 1.45
Coarseness (µg/m) 0.0 Number of large kinks per fiber 0.538

Mean segment length (mm) 1.119

Table C.1. Fiber characteristics from Fiber Master measure-
ments.

Length distribution (mm) % Mean fiber width ( µm) Mean shape factor (%)
0.08-0.50 8.2 22.0 91.70
0.50-1.50 23.1 27.9 83.20
1.50-3.00 46.8 31.6 80.00
3.00-4.50 20.5 34.2 79.50
4.50-7.50 1,4 35.9 71.70

Table C.2. Fiber length, width and shape factor distribution
from Fiber Master measurements.
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APPENDIX D

Continuous wavelet analysis basics

A way of evaluating experimental data is by means of wavelet analysis. In
contrast to an ordinary frequency spectra, which just gives the frequency con-
tent in the signal, a continuous wavelet transform can also give the variation
in time.

The wavelet transform is defined as the correlation between the signal and
a certain wavelet, i.e. the wavelet transform tells you how well the shape of the
wavelet matches the different parts of the signal. By varying the wavelet width
and location in time, you can build a map that shows which frequencies occur
at the different time locations.

A wavelet Ψ(t) is a waveform of limited duration with zero average value,
i.e.

∫ ∞
−∞ Ψ(t)dt = 0. To determine the frequency contents in the signal as a

function of time, the similarity between the signal s(t) and the mother wavelet
Ψ(t) is measured through the correlation

W (a, b) =
∫ ∞

−∞
s(t)Ψa,b(t)dt,

where W (a, b) denotes the wavelet transform coefficients and

Ψa,b(t) =
1√
a
Ψ(

t − b

a
),

where a and b are integers. A high value of the wavelet transform coefficient
indicates a high degree of correlation between the signal and the wavelet and
vice versa.

The spectral resolution depends on wavelet size whereas the temporal reso-
lution depends on the location of the wavelet relative to the signal. By changing
b, the wavelet is shifted in time thereby changing the center frequency of the
wavelet and by changing a, the duration of the wavelet is altered changing the
width of the wavelet. Assuming the center frequency of Ψ(t) is f0, then the
center frequency of Ψa,b(t) would be 1√

a
f0. Consequently, you can systemat-

ically adjust the scale factor a to achieve different frequencies measuring the
signal frequency contents. The motherwavelet Ψ(t) has by definition center 0
and scale 1. Ψa,b(t) has center b and scale a. If 0 < a < 1, the wavelet is
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contracted and if a > 1, the wavelet is stretched. A low scale means a high
frequency and a high scale means a means a low frequency.

The shape of the wavelet is important as different wavelets enhance differ-
ent features of a signal. To illustrate this, let us study a simple sinusoidal signal,
figure D.1 (a), which is decomposed from several frequencies. The ’Mexican
Hat’ wavelet, figure D.1 (b),

Ψ(t) = C(t2 − 1)e−t2/2,

does for example emphasise the peaks in the signal as you can see in the corre-
sponding wavelet map. The individual frequency components in the signal can
be seen as local maxima and minima in the wavelet map. The Morlet wavelet
on the other hand, figure D.1 (c), which is a complex sine wave in a gaussian
envelope,

Ψ(t) =
√

πfb ei2πfcte−x2/fb ,

where fb is the bandwidth and fc is the center frequency, favours spectral
accuracy.

Figure D.1. An illustration of how different wavelets shapes
enhances different features of the signal.
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Wavelet analysis is always a compromise between temporal and spectral
accuracy; As a is decreased, the time resolution of the wavelet is improved but
at the same time, the frequency resolution becomes worse, therefore, wavelet
analysis has a good time resolution at high frequencies and good frequency
resolution at low frequencies.

As a compromise between accuracy in time and in frequency, a Morlet
wavelet with just three waves can be used which gives a better time resolution
than the original Morlet wavelet at the cost of a slightly reduced frequency
response, figure D.1c)
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