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Abstract

Experimental fluid mechanics has for a long time been used to visualize flow phenomenon
qualitatively. Traditionally, visualization has been done with dye or tracer particle due
to their ability to follow the flow pattern well. One of the early pioneers in experimental
fluid mechanics was Ludwig Prandtl who used mica particles in water flumes to accu-
rately describe the flow around wing profiles. Due to Prandtl’s results in the early 20th
century, some of the most important theories in aviation were founded. By combining
Prandtl’s attempt to trace particles, and contemporary laser and computer technologies
a quantitative non-intrusive whole field technique, so called Particle Image Velocimetry
(PIV), has been developed. The PIV technique has through the advances in computer
science the recent decades, been improved significantly and has also grown in popularity
among the scientific- and technological community.

This thesis describes implementation of PIV in several diverse research areas from
macro- to micro scale. First, it is described how PIV is used as a pure measurement
technique to understand complex flow phenomena. The technique is demonstrated on a
small U-shaped channel designed to facilitate salmonoid like fishes upstream migration
to their spawning grounds. Second, PIV is used as a validation tool for Computational
Fluid Dynamics, CFD. In the current situation, CFD is undergoing a generation shift
from Reynolds Averaged Numerical Simulation, RANS, to Large Eddy Simulations, LES.
This is for instance motivated by energy production units which has many applications
with high turbulence and temperature fluctuations. Hence it is desirable to be able to
estimate the impact on thermal loads on the materials inside the plant (e.g. the pipe
walls). An LES approach is superior to applying to RANS since the large eddies are
resolved. However, LES is still not mature enough to be used without validation in
critical applications. Therefore, PIV has been used to create a validation database for
a generic T-junction. Finally, a description of how PIV technique can be adopted to
study the flow of complex fluids in small geometries by means of microscopy, is given and
applied on lubrication grease flow in labyrinth seals which have been used in bearings
and other lubricated applications since the 1940’s. The intention with labyrinth seals is
to lubricate the bearing and prevent contamination from entering the rolling elements.
Although it is widely applied, little is known about the actual function and mechanism
of labyrinth seals. To learn more about the flow and particle migration within a seal
geometry, a new method to visualize and quantify grease flow within a labyrinth seal has
been developed based upon micro-PIV.
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Chapter 1

Introduction

Catching a frisbee requires good coordination between eye and hand, and is a good
example of our collaborating reflexes as the catcher needs to observe and determine the
speed and direction of the frisbee in a short period of time. These inherent reflexes are a
good representative for mankind’s curiosity and skill to observe phenomenon around us.
It is not far fetched to claim that these abilities played a crucial roll for the gathers and
hunters during the Stone Age. Nevertheless, the modern society would certainly not be
where it is today without our curiosity and skill to observe phenomena around us.

Fluid mechanics is a wide scientific field within the realm of applied physics- and
mathematics, and affects our daily life in many ways. Hence fluid mechanical observations
have been important since our ancestors climbed down from the trees and learnt how
to e.g. harness the wind for sailing, milling, and mining. The first observations may
have been of simpler kind, as illustrated by children playing with bark boats in a small
stream. Although simple, such observation let the children get a qualitative sense for
the speed and direction of the stream. Qualitative descriptions in fluid mechanics have
been around since the ancient Greece and the renaissance with Leonardo Da Vinci, to
the 20th century with Ludwig Prandtl and G. I. Taylor as two of the founders of modern
fluid mechanics. Da Vinci’s illustrative sketches with complementary descriptions are
fascinating with its details of vortices. His sketches are based upon pure observations of
different types of flows, where one can be seen in Figure 1.1. Ludwig Prandtl’s famous
experiments with different types of bodies and aerofoils were a bit more sophisticated
as he seeded the water surface in his hand driven water flume, revealing flow structures
that could be captured with a camera; see Figure 1.2 for an example of a qualitative flow
description.

When laser physics advanced in the fifties, solid mechanics scientists found it feasible
to measure deformation of solids by projecting a speckle pattern on the surface. Corre-
lating two patterns gave the resulting deformation within the micro meter range. From
laser speckle measurements in solid mechanics interest rose within the fluid mechanics
society on the possibilities to adapt the technology to measurements in fluids. Barker,
Dudderar and Grousson [2, 4, 9] reported in the same year successful measurement of
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4 Introduction

Figure 1.1: Leonardo da Vinci’s qualitative description of turbulence in a pond from a free water
jet issuing a square hole. Leonardo describes the illustrated flow (translation by Ugo Piomelli,
University of Maryland): ”Observe the motion of the surface of the water, which resembles that
of hair, which has two motions, of which one is caused by the weight of the hair, the other by
the direction of the curls; thus the water has eddying motions, one part of which is due to the
principal current, the other to the random and reverse motion”. Courtesy of eFluids and Prof.
M. Gad-el-Hak, Cambridge University.

the parabolic velocity profile in laminar pipe flow. By illuminating tracer particles in
a 2-dimensional plane in the 3-dimensional space, the two velocity components u & v
could be observed; so called two dimensional, two component measurements (2D2C).
One technique which evolved from the speckle technique was Particle Image Velocimetry
(PIV) which differs from the speckle technique since the particles are resolved. However,
although the particles are resolved the aim is not to keep track of each one of them. The
fundamental idea of PIV is instead to follow the speckle pattern or images formed by the
tracer particles and quantifying the velocity of the patterns by determine their velocity
displacement over time as described in Chapter 2.

The possibilities of quantifying flow phenomena have dramatically increased over the
last decades. PIV has evolved from a technique viable only for specialized research insti-
tutes into a off-the-shelf technique for analyzing large- and small scale flow phenomenon.
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Figure 1.2: Qualitative description of flow into an attraction channel, from the work of paper
A. Observe the beak shape in the upper right half of the image. This beak form changes shape
to a coil over time, implying the presence of a recirculation at the upstream entrance of the
attraction channel.

The main reasons for this situation are the advances within computational power, laser
physics, and digital imaging. As the progression in the fields described above continues,
new insights into fluid mechanics will be obtained.

1.1 About this thesis

This thesis describes implementation of PIV in several diverse research areas from macro-
to micro scale. First, it is described how PIV is used as a pure measurement technique
to understand complex flow phenomena. The technique is demonstrated on a small U-
shaped channel designed to facilitate salmonoid like fishes upstream migration to their
spawning grounds; see paper A and paper B. The results are compared with Com-
putational Fluid Dynamics, CFD, in paper B. Here a Reynolds Averaged Numerical
Simulation, RANS, approach where used.

Secondly, PIV is used as a validation tool for CFD. In the current situation, CFD is
undergoing a generation shift from RANS to Large Eddy Simulations, LES. This is for
instance motivated by energy production units which have many applications with high
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Figure 1.3: From the first mention of Particle Image Velocimetry in 1984, the number of
publications have increased exponentially. In the graph the number of publications with the
search ”Particle Image Velocimetry” on Web of Knowledge is shown. For 2011 the number of
publications are already 412 (2011-07-28) compared to the total of 627 for 2010.

turbulence and temperature fluctuations. Hence it is desirable to be able to estimate the
impact on thermal loads on the materials inside the plant (e.g. the pipe walls). An LES
approach is superior to a RANS approach since the large eddies are resolved. However,
LES is still not mature enough to be used without validation in critical applications.
Therefore, PIV has been used to create a validation database for a generic T-junction.

Finally, a description of how PIV technique can be adopted to study the flow of
complex fluids in small geometries by means of microscopy (paper D), is given and
applied on lubrication grease flow in labyrinth seals which have been used in bearings
and other lubricated applications since the 1940’s. The intention with labyrinth seals is
to lubricate the bearing and prevent contamination from entering the rolling elements.
Although it is widely applied, little is known about the actual function and mechanism
of labyrinth seals. To learn more about the flow and particle migration within a seal
geometry, a new method to visualize and quantify grease flow within a labyrinth seal has
been developed based upon micro-PIV; as described in paper E and F.



Chapter 2

Fundamentals of Particle Image
Velcoimetry

Traditional measuring techniques in fluid mechanics are based upon different sorts
of physical probes like hot wires, aneometers and pitot tubes. Probes are by definition
invasive in a flowing medium and they will more or less affect the flow pattern, regardless
of Reynolds number and application. In particular when investigating transitional flows
(e.g. shock waves) probes are due to their limited spatial resolution not optimal to use.
In order to map the whole flow field several measurement points are required with a
repositioning of the probe used. Such measurements are thus tedious and requires a
moveable and still accurate system for the repositioning.

PIV offers a spatially resolved, non-intrusive measurement method of the instanta-
neous flow pattern and is hence a technique which do not influence the flow and with
which a large portion of the flow field can be obtained in one single measurement. Al-
though, it is an indirect method as it actually measures the velocity patterns of impurities
and flow structures in the fluid it is still considered to be very accurate if the measure-
ments are carried out in a proper manner. Measurement accuracies of about 1 % is not
uncommon [25]. Most of the time the impurities are added intentionally and are then
called tracer particles ; see section 2.2. The use of tracer particles is a common method to
visualize flow fields and is also well known from Laser Doppler Velocimetry (LDV) which
is another technique to quantify flow fields. The spatial resolution of PIV makes it pos-
sible to determine the instantaneous velocity field within the plane defined by the light
sheet. Furthermore, the gradient of the velocity components can easily be determined,
meaning that the PIV technique is most suitable to measure instantaneous vorticity for
example.

2.1 Typical PIV set-up

Modern PIV set-ups consists typically of five components: an object to do measurements
on, optics, a light source to illuminate particles within the flow, a recording media and
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8 PIV

storage device. In addition to these components the heart of the whole system is a trigger
component to control lasers, cameras, and other components such as trigger signals for
start and stop of the measurement. In modern off-the-shelf systems, the trigger system is
often integrated in computers with software for the correlation scheme. Considering these
components, we continue with a deeper discussion on the light source and the recording
media.

2.1.1 Light sources

For illumination of the fluid it is possible to use white light, i.e. polychromatic light
sources like the sun, light bulbs, and for scientific use lights of limited wave length such
as mercury-vapor lamps. White lights were more common when lasers were rare and only
available for certain applications. Although lasers are technically superior to white light,
the latter offers a less perilous work environment than lasers designed for scientific use as
the security the lasers are graded upon is proportional to the output energy of the beam.
For scientific use, anything less then class IIIb is rarely applicable. Class IIIb and higher
classes implies direct danger for the eyes if they are exposed to the beam or reflections of
it. Hence knowledge of risk assessment, good laser work practice, and local legislations1

on laser work is crucial before using lasers in research (see [17]). The characteristics
of laser light is well suited for PIV as the produced light is monochromatic with high
energy, i.e. high intensity light. Also, it is easy to guide and shape the light to desired
form with optics and with low aberration effects. In two dimensional two component
(2D2C) and two dimensional three component (2D3C) measurements, the desired shape
is a thin sheet to capture the tracer particles. Nd:YAG lasers have become the working
horse within PIV the last decade as they have a robust design that produces high-energy
beams.

2.1.2 Digital recording medias

From using regular black and white images in the beginning, the rapid advances in
digital imaging have lead to an extensive use of different types of digital cameras during
the recent years. When designing a PIV experiment it has to be decided whether spatial
or temporal resolution in the measurements is of highest importance as this will affect
the choice of sensor type in the camera. The commonly known Charged Coupled Device,
CCD, type of sensor allows for large pixel arrays as well as small pixel sizes; typically
between 6− 10 μm. Pixel size is important for how small structures can be resolved, i.e.
smaller pixels allows for smaller tracer particles and lower signal to noise ratio, SNR. It
is desirable to have as low SNR as possible to get as low noise level as possible in the
pictures. For spatial resolution, CCD sensors are most commonly used.

1In Sweden the legislating agency is Arbetsmiljöverket. As a major part of the work within this thesis
have been conducted in Sweden, a reference to applicable Swedish regulation have been added. Readers
should be noticed that other regulations may apply.
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When temporal resolution is of greater importance a Complementary Metal-Oxide-
Semiconductor, CMOS, type of sensor is more typically used. CMOS allows for higher
read out of the exposed pixels, meaning that PIV measurements up to the kHz range is
possible. The draw back is that this comes at a price of pixel size and noise since the
pixels are larger than for CCD (9 − 14 μm). It should be noted that intense research
and development of CMOS and CCD sensors have blurred the boundaries between the
two technologies. Future choice of sensor will probably be more a matter of cost than
performance. This situation may be exemplified by the fact that there are reports on
new progresses such as Scientific CMOS, SCMOS, sensor with 5.5 Mpixels and 6.5 μm
pixel size able to take 100 frames per second and still have a low background noise; see
[3].

2.2 Tracer Particles and Seeding

Tracer particles plays a significant role in PIV as it is actually their velocity being mea-
sured. In PIV and other optical particle tracking techniques, there is one crucial assump-
tion to why it works at all: the tracer particles follow the flow. Hence, choosing the right
type of tracer particles is crucial for the outcome of the measurements. Picking right
type of particles are far from trivial and it is important to understand the mechanical
principles for small particles immersed in fluid flows. That is, tracer particles should be
sufficiently small so they do not disturb fluid flows, yet large enough to scatter light suf-
ficiently to be detected. As the size of the tracer particles reduces with a reduced length
scale of the flow, smaller particles are used for μPIV applications. It could be tempting
to e.g. resolve the flow close to a boundary by adding particles with a size sufficiently
small with respect to the flow characteristics. However, a significant problem with too
small particles could be that they do not follow the flow as they are more affected by
boundary effects.

In addition to the scattering characteristics of the particles their fluid dynamic re-
sponse is of highest importance. As to fluid dynamics the particles size, shape (nearly
always spherical) and density matters as well as their fraction and distribution in the
fluid. This should be matched to the density and viscosity of the fluid. Assuming a that
the particle Reynolds number is smaller than unity the velocity lag in an accelerating
fluid may be expressed via the stokes number. Here the particle response time is divided
by a time scale of the flow to be resolved. For proper tracing the Stokes number should
be much smaller than one while if it is much larger than one the particles depart from
the flow leading to major errors in the measurements.

In section 2.1.2 the importance of matching pixel size with the criteria of sufficiently
resolving a particle was highlighted. Having a system of cameras and optics it is on the
other hand obvious that the size of the tracer particles need to be adjusted sufficiently
large to cover 2-3 pixels in diameter per particle. In practice the particle size as captured
by the sensor may also be compensated for with the magnification of the camera lens,
or moving camera closer or further away from the measurement plane. Hence setting up
a PIV-system is a combination of engineering, science and handicraft. Seeding the fluid
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Figure 2.1: Achieve even distribution of tracer particles is crucial. The picture is taken during
seeding process for paper C. One of the two separate supply sources is adequately seeded (i.e.
the upper half of the picture corresponding to the vertical hot water inlet). Before measurements
could be done, the bulk flow in the lower half of the picture needs an increased particle density
matching the upper half concentration. Although, the studied mixing layer is clearly showed in
the picture.

with the chosen tracer particles is an art form itself. Good PIV measurements require
a homogeneous seeding of the fluid, where the particles are randomly distributed in the
fluid; see Figure 2.1 for example of good and poor particle distribution. The amount of
tracer particles in the fluid medium should be of significantly high concentration, without
affecting the flow properties.
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2.3 Evaluation of measurements

2.3.1 Dealing with biased image areas

When doing interrogation of PIV images it is assumed that the images are uniformly
illuminated and seeded and that the background also is uniform. In practice this is
however rarely the case. Often images contain different biasses such as reflections from
solid objects or liquid surfaces and uneven distributed light sheets2 as illustrated in Figure
2.2. These biasses may cause increased errors due to e.g. peak-locking and interrogation
of non-particle artefacts in the results. Hence, some processing of the images is often
required prior to interrogation. The reader should however be aware of that the human
eye is able to detect about 60 different shades of grey [7]. As modern digital cameras
with a resolution of 8-bit per pixel (i.e. 256 shades of grey) or more, can contain more
contributing particle images then visual inspection might reveal [29]. This means that
an image still can be valid for the interrogation scheme even though it does not look that
way to the naked eye.

Measurements may also contain areas not proper, or desired, for interrogation. For
example part of the experiment or a boundary, such as free surface, may be visible in
the image. This situation is dealt with so called masking where the biased pixels are
blocked from the evaluation process. In its simplest form pixels in unwanted regions are
set to an intensity of 0. This approach works well with static biased regions. In dynamic
biased regions however, the static masking approach will generate faulty vectors outside
regions of interest. In the end, these faulty vectors will affect the results. Hence the
mask needs adaptation; in extreme cases for each frame. As it is easy to gather large
quantities of data with PIV an automatic approach to updating a dynamic mask is
preferred. Utilizing the same methods as for image manipulation features in the image
can be detected. For example Siddiqui [23] measured the 2D2C velocity field in a water
tank with a freely swimming goldfish for 5 minutes at a recording speed of 30 Hz, i.e. a
total of 9 000 double frames where the fish may or may not be present. Implementing
an image processing scheme the goldfish were recognized, independent of its orientation.
In paper B, a similar approach was taken to identify the free surface curvature for high
Reynolds number.

The inherent dilemma with processed images is to know what you measure. It is a
risk that in the pursuit to enhance the quality of the measurements, vital information
are lost in the process.

High- and low-pass filters

Two common linear filter types are high- and low-pass filters. The low-pass filter is used
to smooth images and the high-pass filter to detect edges. Linear filters are typically pre-
ferred as they do not change the statistics of the image but for more advanced operations
they are limited in their use.

2In fact light sheets are per definition never evenly distributed due to the Gaussian intensity profile
of the beam.



12 PIV

(a) Un-processed

(b) Processed

Figure 2.2: Due to photo bleaching of the slower moving fluorescent particles, i.e. the right
hand side in Figure 2.2(a), and background noise, image processing were a necessity in paper
D, E and F.

Median filter

The median filter takes the neighbouring N × N pixels and sort them after ascending
intensity order and replacing the existing pixel value with the value from N/2. The
median filter is useful to detect edges and reduce high frequency noise in images. But it
is a non-linear filter, i.e. the process alters the image and the outcome may be alteration
of the image statistics such as the mean intensity, RMS, etc.

Erosion

This type of filter works in the same way as the median filter but replaces the existing
pixel value with the N/2−1 pixel value. The effect is that a shadow is reinforced through



2.3. Evaluation of measurements 13

reduction of low-frequency noise. The image sort of erodes away till all that is left is the
background intensity.

Dilation

Has a similar function as the median filter but replaces the existing pixel value with the
n/2 + 1 pixel value. The main results are sharper edges and flatter out plateaus. For
PIV, tracer particles become larger and more homogeneous with less variations in the
intensity scale. So when increasing the particles visibility the possibility to determine the
particles sub-pixel displacement is lowered, i.e. the accuracy of the evaluation scheme
can only be on pixel level (more about this in section 2.3.2 and sub-pixel refinement).

Local RMS

The local RMS filter replaces the existing pixel value with the RMS value of the neigh-
bouring N × N pixels. This is especially useful in areas where concentrations of tracer
particles for some reason is either too high or too low. Since the variation in pixel
intensity will be small in these areas, the evaluation scheme to work less well.

2.3.2 Pixel shifting

In section 2.2, it is described that the tracer particles creates a unique pattern in the
fluid. The most intuitive way to determine the particles movement is to compare the
patterns of the two time-separated images. The simplest approach is to discretize an
image in multiple sub-pictures. Each sub-picture is compared with its time-separated
counterpart. By moving the time-separated sub-picture pixel by pixel over the first sub-
picture a matching of the patterns can be made. The best pattern matching between the
two images indicates the tracer particles displacement; see Figure 2.3.

Generally this is not applicable to other than images with low particle density, i.e.
the individual particle trajectory can be distinguished by the naked eye from the images.
However the low particle density does not give much information on the whole velocity
field, as the tracer particles are widely scattered over the image [1]. But in combination
with other evaluation methods, a higher accuracy is obtained by so-called super-resolution
PIV [13]. The super-resolution PIV use pixel shift to increase the spatial accuracy to
fractions of a pixel in the previous evaluations.

2.3.3 Cross-correlation

As stated in section 2.3.2 following each particle is a less suitable method for determine
large velocity fields with high spatial resolution. Instead turning to a statistical approach
for determine the particle pattern displacement in an interrogation area is more efficient
[30]. The most common approach in PIV with digital recording media is cross-correlation
between two time-lagd images. The cross-correlation is used in signal processing for
finding similarities between two signals. Cross-correlation is extended to two dimensional
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Figure 2.3: Principal of a pixel shifting scheme. Two recorded images, i.e. frames A and B,
are discretized in m×n smaller Interrogation Areas. Each interrogation area, Am,n is compared
with its time separated counterpart, Bm,n. From the pixel displacement between A and B the
velocity vector is obtained.

analysis of the discretized images in so called interrogation areas [30]; see Figure 2.4 for
an example of a cross-correlation scheme.

Through Keane and Adrian’s [10, 11, 12] work on cross-correlation in PIV four general
design rules for a successful evaluation have been derived.

• The number of tracer particles, NI , in one interrogation area, DI should beNI > 10.

• The displacement within a interrogation area, ΔX, should not exceed |ΔX| < 1
4
DI .

• Tracer particles motion in the plane, Δz, should not exceed |Δz| < 1
4
z0, where z0

is the light sheet thickness.

• Tracer particles individual motion in a specific interrogation area should be less
then the diameter of the particle.
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Figure 2.4: Principal of a pixel shifting scheme. Two recorded images, i.e. frames A and
B, are discretized in m × n smaller Interrogation Areas. Each interrogation area, Am,n is
Fourier transformed and multiplied with its time separated counterpart, Bm,n. The inverse
transformation gives the statistical displacement.

Keane and Adrian showed that if the above design rules are followed the evaluation
should return the correct particle-image displacement for at least 95% of the interroga-
tions.
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Chapter 3

Investigating fluid mechanics in
microscopic environments

The interest for flow in small scale geometries have increased rapidly due to the
development of micro machines, smart materials, self healing materials and lab on chips
for instance [32]. For these applications, a technique called micro PIV (μPIV) have been
developed. The μPIV technique is similar to macro PIV (hereon denoted as PIV) but in
some crucial aspects they diverge, hence μPIV is considered as a separate technique.

Wereley and Meinhart [28] defines μPIV as a method to measure flow ”in a spatially
resolved manner with resolved length scales ranging from 10−4 to 10−7 m”. To resolve
flow scales of that order with a light sheet thin enough to focus the tracer particles in
one plane, is rather complicated. It is also obvious that with normal optics used in PIV
it is not possible to capture such small details. The use of a microscope is then more
appropriate. For this purpose axio-vert microscopes (objectives are mounted up side
down beneath the research object) is a common tool in μPIV as seen in Figure 3.1(a).

A main feature of the objectives in microscopy are their well defined focus planes.
Hence, in μPIV the measurement planes are defined by the the focal depth of the ob-
jectives and volume illumination can be used instead of a light sheet; see Figure 3.1(b).
Typically, the volume of interest within the flow is illuminated through the objective
lenses enabling rather neat set-ups for μPIV since access is only required from one direc-
tion.

3.1 Special requirements for tracer particles in μPIV

With volume illumination and small scale flows, new demands on tracer particles are
raised. Still, the particles have to follow the criteria in PIV for a valid measurement.
As the resolution in μPIV is higher than in PIV, tracer particles need to be very small
to fulfill the criteria of a diameter of 2-3 pixels. Commonly used tracer particles range
from 0.1 to 10 μm in diameter. Typically, tracer particles in μPIV are coated with some
florescent dye for good visibility; see Table 3.1 for references. The reason for this is that
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(a) Schematic of μPIV setup; From [18]. (b) Volume illumi-
nation and defined
measuring plane.

Figure 3.1: In μPIV, the whole volume is illuminated. Both illumination light and back scattered
light goes through the microscope lens.

Florescent dye Emitted colour Excitation [nm] Emission [nm]
FITC Green 506 529
Acridin Orange Green 510 522
Ethidium Bromide Orange 302 602
Rhodamine B Orange 560 584
Nile Blue A Red 636 686

Table 3.1: Different types of florescent dye are suited for different light sources. Using a Nd:YLF
laser that emits light at 528 nm, Rhodamine B or Acridin would be best suited.

since the light emitted from the florescent dye is different from the wavelength of the
light source it is relatively easy to filter out the emitted wavelength to achieve a better
resolution in the particle image.



Chapter 4

Validation of Computational Fluid
Dynamics

Richard Feynman, one of the great physicists of modern times, stated in his famous
The Feynman Lectures on Physics, 1964, vol. I, 1-1, Introduction that ”... the test
of knowledge is experiment. Experiment is the sole judge of scientific ’truth’”. In fluid
mechanics, PIV has shown to be a powerful technique to visualize the truth of the flowing
media. However, as with all experimental setups, PIV has its limitations - not seldom
related to poor possibilities to seed the flow and not being able to apply a proper light
sheet due to a complex geometry. Computational Fluid Dynamics (CFD) is a great
numerical tool for the analysis of fluid flow motion: compared to experimental setups, a
numerical model is often both cheaper and more straightforward to apply for a certain
configuration. CFD has - like PIV - developed enormously as the computing capacity
has increased, and is today a vital tool for any engineer and scientist working with
fluid mechanical applications. There are however a number of issues connected with
CFD which need to be considered; the main being the risk of having results not being
trustworthy.

The three tools of modern science are analysis, experiments, and numerical models.
The search for the truth Feynman referred to, is significantly enhanced by the use of all
these three aspects in the quest of approaching a better understanding of the nature. In
terms of having trustworthy CFD results, validation with experiments is highly valuable
- when that possibility is actual that is. Often the actual application is too complex to
monitor experimentally; which also often is a reason for choosing numerical modelling in
the first place. Having an analytical model supporting the modelled flow behaviour also
enhances the quality of the results.

Having a situation where PIV is not possible to being conducted, a simplified setup
is natural to be considered in order to validate the CFD results in order to extend the
analysis by only considering CFD for more complicated scenarios. In terms of PIV versus
numerical modelling, the main disadvantage with PIV is that an overview picture of the
flow in the actual domain is difficult to get as the measurements are made in a plane
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Figure 4.1: Velocity plot downstream of the ramp used in paper B. Top figure: PIV measure-
ments. Bottom figure: CFD simulations using RANS.

compared to CFD where the flow in the whole geometry is calculated.
One field of science where the fluid motion (literally) plays a mortal role is medicine.

There the flow in blood vessels and the heart is of great interest both from a fluid
dynamical point of view, but also of course from a strict medical aspect. It is also one
field where it is of highest importance to have reliable numerical results. The work by
Ford et. al. [6] is a good example of a sharp approach using the analysis of fluid motion
for the understanding of brain aneurysm.

In CFD modelling two approaches are mainly considered for treating the turbulent
quantities in the flow: the Reynolds Averaged Navier-Stokes (RANS) equation, and
Large Eddy Simulations (LES) - which instead of using averaged equations (divided into
a mean- and fluctuating part), uses a filtered Navier-Stokes equation. Generally the
LES approach provides a better resolution of the large turbulent flow quantities as the
small scale structures are filtered, and hence gives a higher degree of accuracy compared
to RANS methods such as e.g. the k − ω, k − ε, and SST turbulence models. The
main drawback with LES is though that in order to be able to resolve the large scale
eddies in the flow, the calculation grid has to be fine which in turn makes the LES
modelling computationally demanding and also the result sensitive to errors. Validation
of numerical solutions are hence of highest importance.

An example of PIV validation of RANS simulations is taken from paper B, where the
velocity downstream of the ramp in the attraction channel is visualized; see Figure 4.1.
For further comparisons of PIV and RANS simulations the reader is referred to e.g. the
work by Windte et. al. [33]. In paper C the static temperature in a T-junction is
compared in terms of visualisations and LES simulations; see Figure 4.2. For further
details the reader is referred to the appended paper and other papers within this area by
e.g. Kempf et. al. [14]
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Figure 4.2: The T-junction presented in paper C showing the instantaneous static tempera-
tures. Left column: experimental visualisations, right column: LES simulations.
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Chapter 5

Application of Particle Image
Velocimetry

This thesis describes implementation of PIV in three areas of application from macro-
to micro scale. First, it is described how PIV is used as a pure measurement technique
to understand complex flow phenomena. The technique is demonstrated on a so called
attraction channel, designed to facilitate upstream migration salmonoid like fishes to
their spawning grounds, see section 5.1.

Secondly, PIV is used as a validation tool for LES as described in in section 5.2. In
principle a validation database for a generic T-junction has been created.

Finally, a description of how PIV technique can be adopted to study the flow of
complex fluids in small geometries by means of microscopy, is given and applied on
lubrication grease flow in labyrinth seals. The intention with labyrinth seals is to lubricate
the bearing and prevent contamination from entering the rolling elements. Although the
seal is widely applied, little is known about the actual function and mechanism of it. To
learn more about the flow and particle migration within a seal geometry, a new method
to visualize and quantify grease ow within a labyrinth seal has been developed based
upon micro-PIV as outlined in section 5.3.

5.1 Fish guiding device

Salmon and sea trout are born in fresh water rivers, but they spend their adult part
of their life out at sea while the mature fish returns to their birthplace to reproduce.
When migrate back upstream to spawn they encounter several barriers including water
falls, weirs and hydropower plants. To aide the fish navigate such obstructions different
kinds of fishways are often used, but attracting fish to the fishways has proven prob-
lematic [19, 21, 31]. Improving attraction at fishway entrances has thus been identified
as a major challenge in fish passage engineering [20, 15]. The interplay between flow
characteristics and migration is not understood in detail [24] but it has e.g. been shown
that if Chinook salmon, Steelhead trout and Silver salmon is subjected to two water
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velocities within a certain range, they choose the higher one [27]. One common solution
applied in order to increase the attraction of a fishway is to increase the spilling from it.
This condition however, reduces the efficiency of the hydropower plant and it does not
necessarily increase the velocity of the attraction water. Wassvik & Engström [26, 16]
suggested that basic fluid mechanic principals could be facilitated to address this issue.
The suggestion were to take an open channel with a U-shaped cross-section where the
water is accelerated by means of a parabolically shaped contraction - heron referred to as
a ramp - in the downstream end of the channel. This situation creates a water jet with
a predefined direction having a higher velocity than the surrounding water, and which is
a design intended to attract fish and which does not require extra water, which in turn
means that it can be put in the tail water of a hydro power plant, or any free-stream.
The experiments presented in [26] show that for the designs tested the speed of the jet
created can be as much as 38% higher as compared to the surrounding water velocity.
The system requires a minimum of maintenance and is environmentally neutral, e.g.
does not contain oils or other hazardous liquids or parts that may pollute the river. The
method may naturally also be used to attract fish in other situations as long as the fish
is attracted by high velocity and momentum of the water, and is e.g. evaluated in the
river Umeälven in the north of Sweden. Here the purpose is to attract fish to an old river
bed where a minor part of the water in the river is spilled to create a fishway around a
power station [5].

The suggested attraction channel has in this thesis been studied in lab scale, where
the down-scaled model is made from 1.7 mm window glass. The channel is 500 mm long,
100 mm wide and the sides of the channel are 200 mm high; see Figures 5.1(a) and 5.1(b).
At the downstream end of the channel, a ramp made of Styrofoam is placed to create the
increase in water velocity of interest. A plastic film is glued on top of the ramp to create
a smooth surface and painted in a matt black color to reduce reflections from the laser
sheet used in the PIV measurements. The ramp has the shape of a parabola described
as

h(x′) = B − x′2

12B
, (x′ ≥ 0, h ≥ 0), (5.1)

where B is the highest point of the ramp and x0 originates at the highest part of the ramp
and runs upstream in the attraction channel. The largest acceleration for the investigated
ramps is given for B = 80 mm [26]. Hence, focus in this thesis has been to understand the
jet like flow created with this ramp. In paper A the attraction channel was investigated
in a confined space, while in paper B the attraction channel was investigated in an
unrestricted space. The channel was placed in the middle of the water flumes in a way
such that the channel could be adjust to different depths in the flumes in both papers.
As seen in Figure 5.1 the ramp has a vertical downstream end that is located 70 mm
from the channel outlet.

The vertical edge of the ramp lets the jet leave the ramp horizontally, along the water
surface. This property should be put in contrast to a jet that is formed over a submerged
cylinder that follow the curvature of the cylinder and is directed downwards [22].
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Figure 5.1: Schematic presentation of the experimental setup from paper A; all dimensions
in mm. (a) The attraction channel with the ramp. (b) Cross section of the water flume and
attraction channel. (c) The flume as seen from the side.

In paper A three depths, d in Figure 5.1(b), were investigated together with the
effects of positive and negative inclination of the attraction channel. Main features valid
for all depths and inclinations of the attraction channel are that a jet is formed at the
bottom of the flume under the channel (although very weak for the largest depth), and
that an even stronger jet is formed over the ramp and that the strength of the jets
decreases in the flow direction downstream the ramp. The measurements on the different
depths show that for the small depth there is a recirculation zone within the channel
from the water inlet to the ramp; see Figure 5.2(a). The recirculation prevent the water
to freely enter the channel creating a blockage forcing the water to form a jet along the
bottom of the channel. This blockage effect was also noticed for the medium depth,
although not so pronounced as for the small one. For the largest depth this recirculation
zone has ceased, allowing the water near the surface to flow more easily into the attraction
channel as described in Figure 5.2(b). Interestingly it was found that the inclinations of
the attraction channel had rather little affect on the flow pattern.

In paper B the focus was changed to the affects of the free stream velocities. Here
three free stream velocities were investigated at two different depths with PIV and CFD.
In this paper the downstream wake was also more thoroughly scrutinized. It was found
that the wake behaviour is more unstable for higher velocities as it tends to reach towards
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Figure 5.2: A scaled presentation of main flow features within the attraction channel. V0

indicate the incoming (free stream) velocity and V represent the water jet that attracts fish to
swim into the channel. In figure (a) the recirculation and bottom jet are shown. In figure (b)
the velocity distribution is more surface oriented and drawn in a cross section.

the surface in the experiments; see Figure 5.3. The outcome is that this phenomena
significantly affects the attraction water jets perceptibility negatively downstream of the
attraction channel. The reported recirculation zone in the upstream entrance of the
attraction channel was captured in the simulations as described in Figure 5.4, while no
trace of it was found in the PIV measurements. This property is in line with earlier
reports [8, 16]. To summarize, it was found that the jets downstream length is largest
for the case FR <1 and increasing depths. One of the main issues to be solved is the
appearance of the upstream recirculation zone found in paper A and in the simulations
presented in paper B and how it affects the exiting jet.

5.2 Validation of Large-Eddy Simulations (LES)

Thermal fatigue is a well-known problem caused by temperature fluctuations, for example
in pipes where hot and cold fluids mix. These fluctuations may cause detrimental thermal
loads on the pipe walls. In order to be able to conduct material-, structural- and damage
analysis knowledge about the location, amplitude and frequency of those temperature
fluctuations is crucial. It is possible to determine the temperature fluctuations with
CFD through RANS, but RANS is less suitable to predict time resolved fluctuations
compared to LES. However, LES is still quite young and unproven to be used solely in
important structures like nuclear power plants. This in turn means that LES needs to be
validate against experiments. In Chapter 4 experimental validation of numerical models
is further discussed.

In paper C a generic model of a mixing pipe located at Älvkarleby Laboratory of
Vattenfall Research and Development, is studied with time-resolved PIV and compared
to LES. It consists of a horizontal pipe for the bulk flow and a vertical pipe for changing
the flow ratio between the pipes, connected to two separate sources in a so called T-
junction; see Figure 5.5. Near the T-junction the pipes were made of PMMA tubes
surrounded by rectangular boxes filled with water in order to reduce the diffraction when
the optical path of the camera and the beams of the lasers pass the curved pipe wall 5.6.

Two separate sources is a challenge for seeding the fluid homogeneously in itself. Here
the quantity also added to the challenge since the volume of the bulk flow is 150 m3 and
the connecting flow 80 m3. The connecting flow creates a blockage to the horizontal bulk
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(a)

(b)

Figure 5.3: As the flow velocity and Froude number increases the wake becomes more unstable
and it tends to connect to the surface.
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(a) From side.

(b) From above.

Figure 5.4: Results from simulations in paper B for d15, U20 where the jet is oriented in a
straight line along the surface. The upstream recirculation zone captured in the simulation is
clearly visible.
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Figure 5.5: Side view of the test rig in paper C with a photo of the test section. Given
dimensions are in mm.

Figure 5.6: A close up of the T-junction. In the image the diffraction correcting boxes are
visible.

flow which creates a span-wise oscillation similar to vortex shedding behind a circular
cylinder, i.e. the thermal fluctuations are dependent on the vorticity downstream of the
blockage. To summarize, it was found that even for a coarse mesh the predicted flow
characteristics were captured with LES compared to the established PIV database.

5.3 Understanding grease sealing function with μPIV

Grease is commonly used to lubricate various machine components as it has some ad-
vantages over oil. It is easy to use as it does not leak out easily as oil and it is presumed
to also seal out contaminants from reaching vital machine parts for example. For this
reason grease is commonly applied for lubricating rolling element bearings. In the work
three common types of grease, with different rheologic parameters, have been used.
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In paper D grease flow is studied in a flat two dimensional micro channel with μPIV
and two kinds of restrictions, a step restriction and a double restriction. The focus is to
understand how grease behaves when subjected to a pressure gradient across lip seals.

In paper E the research is extended in to three dimensions as a new method to visu-
alize and quantify grease flow between two sealing lips is presented. Two generic experi-
mental models of two types of bearing seals have been developed for μPIV measurements.
One of the key features of these models are the circumferential grease chambers with a
rotating center.

The effects of heating and altering rotational speed is examined in paper F.

The strong non-Newtonian rheology of the grease makes prediction of this flow chal-
lenging, especially for the case when the flow changes direction. To start with a much
simplified geometry of a labyrinth seal is studies with micro PIV, paper D. Different
types of grease are forced to flow into a square shaped micro channel equipped with
two kinds of restrictions, a rectangular restriction and a double restriction consisting of
two triangular shaped obstacles. For the channel with the rectangular restriction, the
flow was measured to be symmetric at the inlet and outlet of the restriction and the
velocity profile takes a fairly constant shape already after a distance comparable with
the height of the channel. For the channel with the two triangular shaped constrictions
measurements yields that the velocity profiles for the three greases tested are different.
The grease with a close to Newtonian behaviour has a parabolic shaped profile while
for the high consistency grease the profile takes the form of a plug. The implication
of the latter is that in-between the two restrictions there are areas where the grease is
either standing still or moves with a speed that cannot be measured. This is particularly
apparent for cases with low-pressure drop and where high consistency grease was used,
see Figure D.6(a).

In paper E a much more complex physical model of a double restricted seal was
developed that can be used to determine the 3D flow velocity field of grease within it.
Two models were constructed where the second design was based on measurement on the
first model, see Figure 5.7. In the study the strengths and weaknesses of μPIV in real
applications were exposed. This includes several geometrical considerations as well as
difficulties regarding the measurement depth into the grease volume, which is restricted
by the length of the optical path. The final model obtained compares very well with a
real seal as to geometry, since it can be rotated and there can be a constant supply of
grease. A main result is the design of a circumferential grease chamber with a rotating
center as shown in Figure E.5. Here the flow within the chamber can be studied from
two angles of view when the shaft is rotating and grease is supplied through the radial
sealing restriction.

Preliminary studies with this set-up in paper E showed that grease flow took place
close to the moving shaft surface due to a pressure difference in the axial direction. A
large part of the grease near the outer radius of the chamber, between the two sealing
restrictions, did not contribute to the flow. The grease flow in the tangential y-direction,
induced by the rotational movement of the shaft, mainly took place close to the shaft.
The measured grease flow velocity profile increased exponentially when approaching the
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(a) (b)

Figure 5.7: The second developed model of a generic double restriction seal. In 5.7(b) the
thermocuples are showing.

moving shaft surface. The effect of heating and altering rotational speed was examined in
paper F. New features were added to the set-up enabling heat supply and control. This
was realized with a hot air box and thermocouples. The overall result is that the non-
linear velocity profile in the narrow pocket does not depend on shaft speed and is denoted
by a variable that is dependent on the type of grease type as well as the temperature. This
results in less shear thinning at higher temperatures. As a consequence equal velocity
profiles can be found for the different greases at different temperatures. A model is
proposed that gives rather good conformity to the experimental results. Based on these
results the function of a double restriction seal could be theoretically explained.
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Chapter 6

Conclusions and future work

6.1 Summary and concluding remarks

In this thesis Particle Image Velocimetry (PIV) has been used for three applications with
special features of the flow: free surface flow, thermal mixing and Non-newtonian flow
on small scales and with rotational parts. The main result is that PIV is a very useful
method to characterise flow and that it can be used in very different areas of application
even where it at a first glance may seem impossible to use.

In the first part where a fish guiding device was scrutinized with PIV for the first
time, it was found that strong attraction water is obtained if it is placed in a confined
environment and that this attraction water is also perceptible at a rather long distance
down-stream of the device. This property also yields for an unbounded environment. In
the unbounded environment it is also found that the oscillations of the flow increases in
magnitude with the Froude number making the device less efficient. A side result is that
a vortex is formed at the upstream end of the device for some of the measurements.

In the second part new data was obtained for a previously studied T-junction experi-
mental setup for a range of flow ratios between hot and cold flows in order to validate new
Large Eddy Simulations (LES). By usage of time resolved PIV the temporal evolution of
the predominant low frequent large-scale structures responsible for much of the mixing
and the high amplitude temperature fluctuations on the walls, were captured. Those
structures are however weaker in LES than in PIV, being in line with the fact that the
wake region behind the penetrating vertical hot jet is underpredicted in LES.

In the third part a completely new set-up was developed for measurements of grease
flow in a double restricted sealing through a step by step evolution. First a generic study
was performed yielding that pockets are formed with very little grease flow especially for
high consistency greases which have a highly non-Newtonian behaviour. Then a more
realistic physical model was designed in a two-step procedure enabling measurement in
small circumferential channels at high rotational speeds, with constant supply of grease
and at different temperatures. Based on PIV measurement in this physical model the
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function of a double restriction channel could be theoretically derived.

6.2 Future work

To further understand the flow within and around the attraction channel, calculations
with LES should be considered. It is proposed to further study different shapes of the
ramp to conclude whether or not this is the best shape. Here focus have been on the
measurements in vertical planes, no consideration have been taken to the side walls of
the attraction channel and how the downstream end of the attraction channel effects the
attraction water. These conditions should not be neglected as it can be argued that flows
in real rivers are rarely unidirectional as in laboratory flumes. Hence, measurements in
horizontal planes in the middle of the exiting jet should be considered to reveal how the
jet behaves in the horizontal plane. In the long term, validation of the proposed function
should be considered with further field of the attraction channel.

The validation database for LES could be further scrutinized on instantaneous flow
characteristics as there is little reported in literature on confined cross flows, compared
to cross flows in the unconfined vicinity.

In the grease work relatively low speeds were used compared to real world applica-
tions. Hence, investigation at higher speeds are relevant although this will require further
improvements of the models to deal with e.g. vibrations. Higher speeds would also be
useful to validate the proposed migration model. Also, it is of interest to see how a nar-
rower grease chamber will effect the non-Newtonian greases velocity profile as boundary
effects will have impact on the flow characteristics.



Division of work
Paper A
”Flow characterization of an attraction channel as entrance to fishways”
T. M. Green, E. M. Lindmark, T. S. Lundström, L. H. Gustavsson

Planning and experimental setup was done by all authors. Experiments with the dif-
ferent depths and post-processing were mainly conducted by Green cut in collaboration
with Lindmark. Experiments with tilted attraction channel were mainly done by Lind-
mark but in collaboration with Green. The paper was written by all authors.

Paper B
LVC II
T. M. Green, G. H. Hellström, J. Sheridan, T. S. Lundström

Planning were done by Green and Lundström in collaboration with Sheridan. Exper-
imental setup and measuring were performed by Green. Numerical simulations were
performed by Hellström. The paper was written by all authors.

Paper C
High-cycle thermal fatigue in mixing tees: New large-eddy simulations validated against
new data obtainde by piv in the vattenfall experiment
Y. Odemark, T. M. Green, K. Angele, J. Westin, F. Alavyoon, T. S. Lundström

Planing were done by Angele, Alavyoon and Westin. Experimental setup and measuring
were performed by Green and Angele. Simulations were performed by Odemark under
supervision of Angele. The paper was written by all authors.

Paper D
Measurements of grease velocity profiles in a channel with two different restrictions using
μPIV
J. X. Li, E. Höglund, L. G. Westerberg, T. M. Green, T. S. Lundström, P. M. Lugt, P.
Baart

Planing and conceptual design were done by Green, Lundström, Westerberg and Höglund
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in collaboration with Lugt and Baart. Measurements were performed by Green, Li and
Baart. The paper was written by all authors.

Paper E
A new method to visualize flow in a double restriction seal using micro particle image
velocimetry
T. M. Green, P. Baart, L. G. Westerberg, T. S. Lundström, E. Höglund, P. M. Lugt, J.
X. Li

Planing and conceptual design were done by Green, Lundström and Höglund in col-
laboration with Lugt and Baart. Manufacturing of the test cell, experimental setup and
measuring were done by Green. The paper was written by all authors.

Paper F
The influence of speed, grease type and temperature on radial contaminant particle mi-
gration in a double restriction seal

Planing of experimental procedure were done by all authors. Experimental setup and
measuring, part I, were performed by Green in collaboration with Li. Migration model
in part II were developed by Baart. The paper was written by all authors.
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ABSTRACT

The flow field inside and downstream of an open channel placed near the surface of a free flow (such as the tail water of a turbine) is
characterized in detail. The channel cross-section is U-shaped and in the downstream end is placed a ramp on the bottom which
accelerates the flow passing through the channel. This flow is intended to catch the attention of fish and improve their entrance to
fishways, which has also been successfully demonstrated in field tests.
The flow through the channel is subcritical and the ramp thus blocks somewater from passing through. To find the optimum vertical

position of the channel, a down-scaled model channel is placed in a water flume and flow fields in vertical planes directed along the
flow are visualized using particle image velocimetry. Results show that increasing the depth over the ramp has little effect on the
maximum velocity while it makes the accelerated water more perceptible downstream the channel. This will most likely improve the
channel’s ability to attract fish. It is also shown that a recirculation zone is formed in the channel for the small depths tested. Finally, it
is shown that a modest tilt of the channel will not affect the flow field in any significant way. Copyright# 2010 John Wiley & Sons,
Ltd.
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INTRODUCTION

When migrating fish, such as Atlantic salmon (Salmo salar)

and sea trout (Salmo trutta), swim upstream to spawn they

encounter several barriers including water falls, weirs and

hydropower plants. To guide the fish around such obstruc-

tions different kinds of fishways are often used but attracting

fish to the fishways has proven problematic (Northcote, 1998;

Rivinoja et al., 2001; Williams, 1998). Common expla-

nations for this are that the entrance of the fishway is poorly

placed, i.e. not based on knowledge of fish preferences;

(Bunt, 2001), and that the fish is attracted to the rapid water

current from the power plants instead of the weaker current

leaving the guidance device (Arnekleiv and Kraabøl, 1996;

Webb, 1990). Improving attraction at fishway entrances

has thus been identified as a major challenge in fish

passage engineering (Rice et al., 2010; Laine et al., 1998).

We here address this issue by showing how the flow from an

entrance to a fishway can be altered by simple measures. The

interplay between flow characteristics and migration is not

understood in detail (Silva et al., 2010) but it has for instance

been shown that if Chinook salmon, Steelhead trout and

Silver salmon is subjected to two water velocities within a

certain range, they choose the higher one (Weaver, 1963).

The velocity can of course not exceed the fish maximum

swimming speed and for Pacific salmon the recommended

velocity of the attraction water is between 1.2 and 2.4m/s

(Clay, 1995). In this context it is important to notice that the

swimming capability of fish depends on many factors such as

fish length and water temperature. Booth et al. (1997) has

studied the temperature effect on swimming speed and found

that the critical swimming speed for wild Atlantic salmon

decreased from 2.16 to 1.76m/s when water temperature

dropped from 18 to 12 8C. Critical swimming speed is a

rough estimate of swimming capacity and not the fish

maximum swimming speed (Plaut, 2001). Colavecchia et al.

(1998) has for example observed burst speeds of 4m/s (7.9

body lengths/s) for Atlantic salmon and Laine et al. (2002)

observed a pool-and-waterfall inlet to a fishway where

Atlantic salmon and sea trout successfully managed to enter

through water velocities around 4m/s. Swimming capacity is

also affected by turbulence in the water, where a high

turbulence level lowers the fish critical swimming speed

(Lupandin, 2005). Large turbulent length scales (on the same

scale as the fish) can even disorient fish and cause injury

(Silva et al., 2010). Fish can also benefit from turbulence, for

example by resting in the vortex wake behind a rock (Lauder,

2006). Laine et al. (2002) propose that turbulence (or the

sound of it) at the inlet of a fishway attracts the fish. One

common solution applied in order to increase the attraction of

a fishway is to increase the spilling from it. This, however,
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reduces the efficiency of the hydropower plant and it does not

necessarily increase the velocity of the attraction water.

Another way is to generate the attraction water by the means

of a pump (Hassinger, 2008), which requires energy and may

result in spill of oil. The flow characteristics behind three

common fishways have been studied by Kamula (2001) who

show that the flow behind the pool-and-weir fishway dives

while the flow from Denil and vertical slot fishways is more

surface oriented. It is thus of interest to investigate how the

direction and speed of the water from a fishway can be

optimized as to attracting fish. This is important especially

for cases when several species are aimed to use the fishway

(Mallen-Cooper and Stuart, 2007). A design intended to

attract fish and which does not require extra water (and thus

can be put in the tail water of a hydro power plant, or any

free-stream) was studied by Wassvik and Engström (2004).

The device consists of an open channel with a U-shaped

cross-section where the water is accelerated by means of a

parabola formed contraction, here on referred to as a ramp, in

the downstream end of the channel. This creates a water jet

with a predefined direction having a higher velocity than the

surrounding water. The experiments presented in Wassvik

and Engström (2004) show that for the designs tested the

speed of the jet created can be as much as 38% higher as

compared to the surrounding water velocity. Field tests show

that fish do swim through the channel (Lindmark and

Gustavsson, 2008) and once inside they follow the bottom of

the channel. This observation will later be discussed in

relation to the flow inside the channel.

Round water jets directed along, and located close to free

surfaces decay more rapidly than unconfined ones (Madina

and Bernal, 1994; Liepmann, 1995). Still, the detailed flow

around such jets is not completely investigated. In particular

little is known about the behaviour of planar jets in this

context. Such jets form when a cylinder is placed near the

surface of a free stream. Using CFD, Reichl et al. (2005)

found that the average velocity between the cylinder and the

free surface decreases with the Froude number (based on the

free stream velocity and the cylinder diameter). Another

interesting result was that the average velocity has a

maximum for a certain value of the gap ratio, defined as the

ratio between the nominal distance of the cylinder from free

surface and the cylinder diameter. This shows the potential

to optimize properties of the planar jet generated in the

attraction channel of concern in the present study.

The overall aim of the work presented here is to develop

methods to attract up-stream migrating fish like wild

Atlantic salmon and sea trout to different types of fishways

with as little loss of energy as possible. To do this we

scrutinize in more detail the flow in the attraction channel

presented in Wassvik and Engström (2004). The system

requires a minimum of maintenance and is environmentally

neutral, e.g. does not contain oils or other hazardous liquids

or parts that may pollute the river. The method may naturally

also be used to attract fish in other situations as long as the

fish is attracted by high velocity and momentum of thewater.

The method is for instance evaluated in river Umeälven in

the north of Sweden with the purpose to attract fish to an old

river bed where a minor part of the water in the river is

spilled to create a fishway around a power station (Ferguson

et al., 2008). The contraction in the channel increases the

speed of thewater by continuity but it also blocks water from

entering the channel. This blockage effect needs to be

scrutinized further in order to fully understand how the

attraction channel works. Hence, in this work focus is set on

how the depth and the angle of the channel influence the

speed of the attraction water and how the detailed flow fields

within and downstream the channel are composed. This is

done by particle image velocimetry (PIV) measurements in

lab-scale. With PIV it is possible to capture instantaneous

velocity fields in arbitrary planes in the fluid (Murzyn et al.,

2006; Nordlund et al., 2007; Nordlund and Lundström,

2010). The technique is computationally demanding and has

therefore only fairly recently been used to study complex

flow fields such as the wake region behind fish (Drucker and

Lauder, 1999, 2003). PIV has also successfully been applied

to open channel flow (Hyun et al., 2003; Agelinchaab and

Tachie, 2008) showing that the method yields new results for

the cases studied. The technique has however not to the

authors’ knowledge been applied to study flow designs for

fish migration.

EXPERIMENTAL SETUP

In order to measure the water velocity and to visualise the

flow field in the attraction channel a model of it was

constructed and placed in a water flume. The flume is 7.5m

long and has a cross-section of 295mm� 310mm; see

Figure 1. To create a uniform velocity distribution at the inlet

to the attraction channel a honeycomb and a metal net were

placed at the inlet of the water flume. The honeycomb is

75mm thick and the holes have a diameter of 7.6mm. The

net is made of a 0.8mm thick steel wire that is woven with

spacing between the wires of 2.5mm� 2.5mm. The water

depth in the flume was kept at 118� 1 mm with a weir at the

outlet of the water flume. Since the water in the flume is

recirculatory, a temperature increase was expected and a

temperature control was considered. However, the water

volume was so large that the temperature increase was

marginal. In all experiments it was 20.1� 0.6 8C. The water
was supplied to the flume by a pump at the flow rate of

0.0056m3/s resulting in an average speed of 0.2m/s in the

flume. The flow rate was measured with a Danfoss MassFlo

Coriolis flowmeter (error <� 0.5%); see Figure 1(c).
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The attraction channel

The down-scaled model of the attraction channel is made

from 1.7mm window glass. The channel is 500mm long,

100mm wide and the sides of the channel are 200mm high;

see Figures 1(a) and 1(b). At the downstream end of the

channel a ramp, made of Styrofoam, is placed to create the

increase in water velocity that is of interest. A plastic film is

glued on top of the ramp to create a smooth surface and

painted in a mat black colour to reduce reflections from the

laser sheet used in the PIV measurements. The channel was

placed in the middle of the water flume (4015mm

downstream the steel net at the flume inlet) and could be

set at any depth in the flume. The ramp has the shape of

hðx0Þ ¼ B� x02

12B
ðx0 � 0; h � 0Þ (1)

where B is the highest point of the ramp and x0 originates at
the highest part of the ramp and runs downstream.

According to Wassvik and Engström (2004), B¼ 80 mm

gives the largest acceleration of the attraction water and is

therefore used in this study. As seen in Figure 1(c) the ramp

has a vertical downstream end that is located 70mm from the

channel outlet. The vertical edge of the ramp lets the jet

leave the ramp horizontally to the water surface. A jet

formed over a submerged cylinder follow the curvature of

the cylinder and is directed downwards if the distance

between the free surface and cylinder is less than three

quarters of the diameter (Sheridan et al., 1997).

Instrumentation

An attractive method to visualise and measure fluid flows

in a two-dimensional plane is PIV. A simple PIV setup

consists of a light source that illuminates the fluid flow of

interest in the form of a thin light sheet. Seeding the fluid

with tracer particles the fluid flow can be recorded as the

particles pass the light sheet. Each of two recordings is

divided into small so-called interrogation windows where

cross-correlation based on FFT is performed between

respective interrogation windows in the two pictures. The

cross-correlation results in a velocity vector field of the

entire measured plane, with every vector representing the

statistical mean velocity for the corresponding interrogation

window (Raffel et al., 2007). In order for the cross-

correlation scheme to work optimally the tracer particles

should not move more than 1/4 of the length of the

interrogation window (Keane and Adrian, 1990).

The PIV-system used is a commercially available system

from LaVision GmbH. It consists of a Litron Nano L PIV

laser, i.e. a double pulsed Nd:YAG with a maximum

repetition rate of 100Hz, and a LaVision FlowMaster

Imager Pro CCD-camera with a spatial resolution of

1280� 1024 pixels per frame. The laser is mounted on a

traverse so that the laser sheet and camera can be

repositioned up to 500mm in the x-, y- and z-directions.

The tracer particles used, hollow glass spheres with a

diameter of 6mm from LaVision GmbH, are sufficiently

small and have a density near to that of water allowing them

to closely follow the motion of the fluid (Raffel et al., 2007).

The flow velocity in the channel was about 0.2m/s, hence

the time separation between laser pulses was set to 1400ms.
The repetition rate of the laser was set to 50Hz and each

measurement includes 250 picture pairs. To get a sufficient

spatial resolution and to minimize errors each picture pair

was run three times with decreasing size of the interrogation

windows and window offset between calculations. Final size

of the interrogation windows were 32� 32 pixels with a

75% overlap.

Measuring procedure

The flow in the flume, without the attraction channel, was

characterized as to repeatability and velocity profile. This

gave an indication how the wall boundary layers develop and

served as a guide for the placement of the attraction channel.

The measurements in the flume showed a developing

velocity profile from the inlet and onwards. At x¼ 4015 mm

the profile was found to be stable and repeatable (see

Figure 2), indicating that measurements with the attraction

channel could be made at this position. From the PIV

measurements also the overall flow rate could be calculated.

The measurements were performed for three depths of the

attraction channel. The depths are given as the distance

between the free surface and the highest point of the ramp;

see d in Figure 1(b). The depths were 7mm (small), 13mm

(medium) and 20mm (large). The flow fields presented here

are obtained in the middle of the attraction channel and for

each water depth three positions in the channel are studied:

Figure 1. Schematic presentation of the experimental setup; all dimensions
in mm. (a) The attraction channel with the ramp. (b) Cross section of the
water flume and attraction channel. (c) The flume as seen from the side
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the water inlet to the channel (a and d in Figure 3), the water

outlet over the ramp (b and e in Figure 3) and the velocity

field downstream the channel (c and f in Figure 3). To cover

the whole area between the surface and the bottom of the

flume it was necessary to reposition the camera at each depth

which resulted in a total of six fields of view.

In addition, measurements were carried out with the

attraction channel tilted at three different angles. To create

the different angles the upstream end of the channel was

lowered 7 and 14mm and risen 14mm in the vertical

direction, while the depth over the ramp was kept constant at

the small depth. For this series the camera was set to measure

the flow field from the bottom of the attraction channel to the

water surface at the inlet and the outlet of the attraction

channel; see Figure 4.

Errors

Since the ramp was painted black, there were no

reflections at the surface over the ramp. Due to instabilities

of the free surface up- and down-stream the ramp, and

reflections from the light sheet, precise measures in a layer

of thickness less than 5mm at the surface up- and down-

stream the ramp were however rare; in Figure 5 these

artefacts can be seen. To compensate for the reflections in

this layer an area above water was masked out, i.e. excluded

from the vector calculations. As the black paint cancelled

out the surface reflections trustworthy results was obtained

over the ramp. Still the area above the surface was masked

out to delete spurious vectors in the air.

Since PIV is a statistical method, the sampling size

matters and a larger number of pictures generally results in

more accurate measurements. For these experiments

the sampling size was empirically determined during the

mapping of the flume to be 250 pictures. A control of

the precision error was made by a repeatability test at three

separate times.

RESULTS

The flow field naturally changes when the attraction channel

is put into the flume. Main features valid for all depths and

angles of the attraction channel are that a jet is formed at the

bottom of the flume under the channel (although very weak

for the largest depth), that an even stronger jet is formed over

the ramp and that the strength of the jets decreases in the

flow direction downstream the ramp; see Figure 5. The

measurements on the different depths show that for the small

depth there is a recirculation zone within the channel from

the water inlet to the ramp; see Figures 5 and 6(a). The

recirculation hinders the water to freely enter the channel

creating a blockage that forces the water to form a jet along

the bottom of the channel. This blockage effect was also

noticed for the medium depth, although not so pronounced

as for the small one. Indications of such a jet were also

obtained from CFD-calculations in Lindmark (2008). The

numerical mesh near the bottom and walls of the attraction

channel in Lindmark (2008) is, however, too course to obtain

full conformity. For the large depth the characteristics of the

blockage was changed. The recirculating pattern has ceased

allowing the water near the surface to flow more easily into

the attraction channel; see Figures 6(b) and 7(a). Still the

mean velocity is lower within the attraction channel than in

the surrounding water.

When examining the velocity 1mm downstream the

vertical edge of the ramp (Figure 7(b)) it can be seen that the

profile peaks near the water surface for all three depths and

are of the same magnitude. Interestingly, for the small depth,

150mm downstream the ramp some of the water moves

opposite to the main flow direction; see Figure 7(c). For the

large depth the backflow also appears but further below the

surface (z< 70mm). Consequently, the emerging jet has a

larger area and could be expected to be more attractive for

the fish.

Figure 2. Velocity profiles in the flume, without the attraction channel,
4015mm downstream the flume inlet. This figure is available in colour

online at www.interscience.wiley.com/journal/rra

Figure 3. A schematic figure of the six fields of view in the attraction
channel. The planes overlap to give a smooth transition when evaluating the

flow field

Figure 4. A schematic figure of the attraction channel position when the
upstream inlet is lowered 7mm. a and b indicate the fields of view during

measurements
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When tilting the attraction channel with the small depth

the flow pattern does not change in character. A jet is still

formed along the bottom of the channel. There is a small

indication that a wider opening caused by the tilting

produces a stronger jet inside the channel, but the velocity

out of the attraction channel is not affected by the angle

when keeping the depth over the ramp constant at 7mm; see

Figure 8(a). Hence, rather the depth over the ramp than the

angle of it decides the characteristics of the flow. This will

ensure that even a slight misalignment will not change the

functioning of the channel.

In order to quantify the velocity of the jet leaving the

attraction channel the maximum velocity is plotted as a

function of position; see Figure 9 where the dimensionless

form is obtained by dividing the maximum velocity at

position x by the mean velocity before the attraction channel,

VMax xð Þ
V0

¼ f xð Þ: (2)

It can now bee seen how far downstream the jet has a

higher velocity than the surrounding water and thereby work

as an attraction. For the small depth, the jet is perceptible

Figure 5. PIVmeasurements of the flow in the attraction channel with 80mm ramp and a small depth over the ramp. a and d are located at the attraction channel
flow inlet, b and e show the flow over and behind the ramp and c and f are located just behind the location of b and e (see Figure 3). Bottom of the flume is at y¼ 0.

This figure is available in colour online at www.interscience.wiley.com/journal/rra

Figure 6. A scaled presentation of main flow features within the attraction
channel. V0 indicate the incoming (free stream) velocity and V represent the
water jet that attracts fish to swim into the channel. In figure (a) the
recirculation and bottom jet are shown. In figure (b) the velocity distribution

is more surface oriented and drawn in a cross section
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about 125mm downstream the ramp, corresponding to 18

times the depth over the ramp (d in Figure 1(b)). Due to

limitations in the traverse system the length of traceability

could not be decided for the medium and large depths. It is

however obvious that increasing the depth increases the

downstream perceptibility of the attraction water. The

measurements in Figure 9, obtained from Wassvik and

Engström (2004) were performed at the same conditions as

for the small depth case but with laser doppler velocimetry

(LDV). The deviations between the measurements from

x¼�20 to 50, where the jet is narrow, and 140 to 180mm,

where the jet is weak, in Figure 9 are due to differences in

measuring techniques. LDV is a point wise measuring

technique with good temporal resolution while PIV

measurements yield instant velocity fields with good spatial

resolution. Hence LDV is more accurate in representing the

average speed in one point. Otherwise the velocity

measurements from the techniques match, supporting results

in Hyun et al. (2003).

DISCUSSION

The attraction channel is an open channel that accelerates

water. The original concept was to use the channel to

improve the attraction to a fishway. It is a simple

construction that is environmentally neutral and can be

used in direct connection to a fishway or to guide fish

towards attraction waters. The method of ramping up the

water velocity can naturally also be used in other

applications where an increase in velocity is desired. The

attraction channel produces a surface oriented jet with little

aeration and with a higher velocity than the surrounding

water. It is natural to believe that placing an attraction

channel in a real flow, such as a turbine outlet, will lead to a

change in the flow around the channel leading to a different

result regarding the velocity increase. In the present setup

the velocities around the channel are not investigated as the

flume dimensions do not allow a fair measurement of this.

Lindmark (2008) has however numerically investigated the

attraction channel in an unbound environment. Even though

the numerical model need further refinement the study

indicates that the attraction water out of the channel is

clearly noticeable. This is also observed in field experiments

with a full scale channel (Lindmark and Gustavsson, 2008).

From the same field tests (Lindmark and Gustavsson, 2008)

it is observed that fish prefer to navigate the channel close to

the bottom. Fish swimming close to the bottom of a fishway

has also been observed by Naughton et al. (2007). This

Figure 7. Vertical velocity profiles at different positions in, and down-
stream the attraction channel. ^¼ small depth, *¼medium depth and
&¼ large depth. This figure is available in colour online at www.inters-

cience.wiley.com/journal/rra

Figure 8. Vertical velocity profiles at the upstream inlet and over the
restriction for the three tilted positions of the attraction channel.
*¼ horizontal position, ^¼minus 15mm, &¼minus 7mm andþ¼
plus 14mm. This figure is available in colour online at www.interscience.-

wiley.com/journal/rra

Figure 9. Dimensionless maximum velocity downstream the attraction
water. The downstream end of the attraction channel is at x¼ 70mm. This
figure is available in colour online at www.interscience.wiley.com/journal/

rra
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means that the fish swim against the current created by the

recirculation along the bottom and not in the lower velocity

closer to the surface, which would be more energy efficient.

Hinch and Rand (2000) and Standen et al. (2004) has shown

that sockeye salmon only seek out low speed pathways in

low speed currents, at higher velocities the fish instead try to

navigate through the area as fast as possible and do not spend

time seeking out the perfect path.

The result show that for the depth tested no difference in

velocity out of the attraction channel could be measured.

The difference however lies in the strength of the jet. With

the large depth over the ramp the jet is notable further

downstream compared with the other depths. This is a result

of the larger momentum of water in the case of the large

depth. Reichl et al. (2005) show the velocity over a

submerged cylinder as a function of the dimensionless depth

over it. The function has a maximum for small depth, in the

present setup no such relationship is seen as all depths result

in the same velocity over the constriction. This can be a

result of the blockage in the channel but increasing the depth

of the attraction channel even further would eventually result

in that the jet becomes weaker as indicated in Reichl et al.

(2005). With this in mind, as large depth as possible should

be chosen to obtain a large influence area for the attraction

water; see Figure 7(c). In field tests the depth of the entrance

(and the attraction water) should correspond to the

swimming depth of the fish. For Atlantic salmon this depth

has been studied by Rivinoja (2005), and the result showed

upstream migrating salmon at a depth of one metre. This is

consistent with Clay (1995) who recommends an entrance

depth of 1.2metre for Pacific salmon. Below the attraction

jet there is an area of backflow. If salmonids are attracted to

swim against high velocities, then this flow would have a

negative influence on the migrating fish if caught in that area.

This further points out the importance of a large enough

depth over the ramp.

When scaling the model to appropriate full-scale size it is

important to notice that gravity and inertial forces dominate

in this case. The Froude number is a dimensionless number,

Fr ¼ V=
ffiffiffiffiffi

gh
p

, describing the relation between these forces.

Using Froude scaling implies that the Froude number is kept

constant between the model and the full scale case. The

Reynolds number is another dimensionless number depict-

ing the ratio between the inertial and viscous forces. When

using Froude number scaling it is important that the

Reynolds number is sufficiently high so the inertial effects

over takes viscosity (Finnemore and Franzini, 2002a). Here,

the Reynolds number is 23 500 (based on the depth in the

flume), which is large enough for inertial effects to dominate

viscosity. Using Froude number scaling to up-scale the

model to a attraction channel for use in a river, 1m deep and

a ramp height of 0.44m (resembling the attraction channel

used by Lindmark (2008)), gives a Reynolds number of

500 000 in the prototype and thus judged to fulfill the criteria

for Froude scaling. Theoretically, Lindmark and Gustavsson

(2008) increased the surface velocity from normal 0.5 to

0.7m/s out of the attraction channel in their field

experiments.

As final remark, it has been shown that the flow is affected

by the depth of the attraction channel studied. There is also a

potential to alter the flow by using different shapes of the

ramp as indicated by the results in Sheridan et al. (1997) and

for instance get a jet that penetrates towards the bottom

rather than moving along the free surface. In addition,

detailed flow design for down-stream migration is also of

interest (Lundström et al., 2010). These topics are, however,

left for future research.

CONCLUSION

The flow within and downstream an attraction channel as

entrance to a fishway was characterized using PIV. The

results show that the depth over the ramp does not affect the

maximum velocity generated. On the other hand it is shown

that the depth has a significant effect on the downstream

traceability of the attraction water. Increasing the depth

makes the attraction water perceptible further downstream

from the attraction channel. It is even possible to trace the

acceleration as far downstream as 18 times the depth over

the ramp in conformity with previous results produced with

LDV. It is also shown that the depth affects the

characteristics of the blockage at the upstream inlet and

the flow pattern inside of the attraction channel. It is finally

shown that modest tilting of the attraction channel from the

main direction of the flow does not affect the flow pattern.

The study has by all means demonstrated the potential of

generating attraction waters by simple measure. Further tests

are needed to investigate how the attraction channel will

perform in an unbounded surrounding and how its geometry

can be optimized for different conditions and functions.
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Lindmark E, Gustavsson LH. 2008. Field study of an attraction channel as

entrance to fishways. River Research and Applications 24: 564–570.

Lundström TS, Hellström JGI, Lindmark EM. 2010. Flow design of guiding

device for downstream fish migration. River Research and Applications

26(2): 166–182. DOI: 10.1002/rra.1250.

Lupandin AI. 2005. Effect of flow turbulence on swimming speed of fish.

Biology Bulletin 320(5): 461–466.

Madina K, Bernal L. 1994. Interaction of a turbulent round jet with the free

surface. Journal of Fluid Mechanics 261: 305–332.

Mallen-Cooper M, Stuart IG. 2007. Optimising denil fishways for passage

of small and large fishes. Fisheries Management and Ecology 14: 61–71.

Murzyn F, Mouaze D, Chaplin JR. 2006. Flow visualization and free surface

length scales measurements in a horizontal jet beneath a free surface.

Experimental Thermal and Fluid Science 30: 703–710.

Naughton GP, Caudill CC, Perry CA, Clabough TS, JepsonMA, Bjornn TC,

Stuehrenberg LC. 2007. Experimental evaluation of fishway modifi-

cations on the passage behaviour of adult chinook salmon and steelhead

at lower Granite dam, Snake river, USA.River Research and Applications

23: 99–111.

Nordlund M, Fernberg SP, Lundström TS. 2007. Particle deposition mech-

anisms during processing of advanced composite materials. Composites

Part A: Applied Science and Manufacturing 38(10): 2182–2193.

Nordlund M, Lundström TS. 2010. An investigation of particle deposition

mechanisms during impregnation of dual-scale fabrics with Micro

Particle Image Velocimetry. Polymer Composites. DOI: 10.1002/

pc.20910.

Northcote TG. 1998. Migratory behaviour of fish and its significance to

movement through riverine fish passage facilities. In M, Jungwirth S,

Schmutz S Weiss (eds). Fish Migration and Fish Bypasses, Fishing

News Books: Oxford. 3–18.

Plaut I. 2001. Critical swimming speed: its ecological relevance. Compara-

tive Biochemistry and Physiology Part A 131: 41–50.

Raffel M, Willert CE, Wereley Steven T, Kompenhans J. 2007. Particle

image velocimetry, a practical guide. Springer Verlag: Berlin and GmbH

& Co: Heidelberg

Reichl P, Hourigan K, Thompson MC. 2005. Flow past a cylinder close to a

free surface. Journal of Fluid Mechanics 533: 269–296.

Rice SP, Lancaster J, Kemp. P. 2010. Experimentation at the interface of

fluvial geomorphology, stream ecology and hydraulic engineering and the

development of an effective, interdisciplinary river science. Earth Sur-

face Processes and Landforms 35: 64–77.

Rivinoja P, McKinnell S, Lundqvist H. 2001. Hindrances to upstream

migration of atlantic salmon (Salmo salar) in a northern Swedish river

caused by a hydroelectric power-station. Regulated Rivers: Research &

Management 17: 101–115.

Rivinoja P. 2005.Migration problems of Atlantic salmon (Salmo salar L.) in

flow regulated rivers. PhD thesis, Swedish University of Agricultural

Sciences, Umeå, Sweden.
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PIV and CFD

T. M. GREEN, J. G. I. HELLSTRÖM, J. SHERIDAN, T. S. LUNDSTRÖM

Abstract

Flow design is important in the development and set-up of systems to attract migrating
fish to fishways. In previous studies an energy efficient method to attract fish was studied.
The concept is that water, with a certain amount of momentum, is accelerated within
a channel by the means of a ramp and a jet is formed that is aimed to attract fish.
In the present study the attraction channel is placed in an unbounded environment
and studied both experimentally with Particle Image Velocimetry and numerically with
Computational Fluid Dynamics. Experiments show that the jet out of the attraction
channel can be rather long providing the Froude number is low enough. Increasing
this number results in shorter jets. For Froude numbers around one and higher the
flow out of the channel is unstable and the jet, that should attract the fish, is weak. In
overall there is a good agreement between Particle Image Velocimetry and Computational
Fluid Dynamics. However, the CFD set-up used cannot capture oscillations seen in the
measurements. The CFD furthermore predicts a recirculation zone at the upstream end
of the attraction channel. This zone could not be revealed by PIV in the present study
but has been observed in other experimental studies.

1 Introduction

Barriers in rivers such as waterfalls, weirs and hydropower plants may delay and even
hinder up-stream migrating fish, such as Atlantic salmon (Salmo salar) and Sea trout
(Salmo trutta). A well designed fishway may facilitate the migration but attracting fish
to such passages is challenging [9, 17, 19, 20, 27]. One explanation to this is that the flow
rate from the fishway is typically small implying that the fish is attracted to the much
higher current from the main river, e.g. the hydropower plant [1, 26]. The interplay
between flow characteristics and migration is not understood in detail [23] but it has,
for instance, been shown that Chinook salmon, Steelhead trout and Silver salmon tend
to choose passages with higher velocity [25]. The fish maximum swimming speed sets
a higher limit on the velocity and for Pacific salmon the attraction water should be
between 1.2 and 2.4 m/s [2] where it must be noticed that the burst speed of fish can be
considerably higher. Laine et al. [8] , for instance, observed a pool-and-waterfall inlet
to a fishway where Atlantic salmon and sea trout successfully managed to enter through
water velocities around 4 m/s. It has also been shown that high turbulence level in the
water lowers the fish critical swimming speed [15] and large turbulent length scales (on
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the same scale as the fish) can even disorient fish and cause injury [23]. Fish can also
benefit from turbulence, for example by resting in the vortex wake behind a rock [11]. In
[8] it was proposed that turbulence, or the sound of it, at the inlet of a fishway attracts
the fish. Hence there are evidences and indications of that fish are attracted of different
kinds of flow characteristics.

Optimal and noticeable velocities may be obtained by adding extra water to fishways
or to increase the velocity out of it by the means of a pump [6]. Both these actions
means loss of energy and do not necessarily improve the attraction water. To exemplify,
[7] found out that the type of fishway pool-and-weir, Denil and vertical slot, severely
influenced the characteristics of the attraction water. It is thus of interest to investigate
difference ways to control the attraction water without loss of energy. A design intended
to attract fish and which does not require extra water or any external source of energy
was studied by [24] and [5]. The initial idea was to use the energy of the tail water of a
hydro power plant, or any free-stream but the concept can be developed for usage of the
water from the fishway. The device consists of an open channel with a U-shaped cross-
section where the water is accelerated by means of a parabola formed contraction, here
on referred to as a ramp, in the downstream end of the channel. This creates a water jet
with a predefined direction having a higher velocity than the surrounding water. Field
tests show that fish do swim through the channel [13] and once inside they follow the
bottom of the channel. This observation was explained in [5] as an effect of a vortex
located at the up-stream end of the attraction channel and near the water surface. The
explanation was based on measurements with Particle Image Velocimetry (PIV). Green
et al (2011) [5] also confirmed Laser Doppler Velocimetry results in [24] and the result
that the attraction water jet is perceivable at rather large distances downstream the
attraction channel. These experiments were, however, performed in a rather small water
flume which may imply that water was forced into the attraction channel. We here,
therefore, present results when the attraction channel is put into an environment where
the outer boundaries do not matter. We also initiates a deeper analysis of the flow through
the attraction channel introducing new flow characteristics that can be important for the
attraction of fish.

The attraction in the above mentioned device is based on the creation of a water jet
located close to the surface of the water. Such jets decay more rapidly than unconfined
ones [12, 16]. Using CFD, is was found in [18] that the average velocity between a cylinder
placed near the surface and the free surface decreases with the Froude number (based
on the free stream velocity and the cylinder diameter) and that the average velocity
has a maximum for a certain value of the gap ratio, defined as the ratio between the
nominal distance of the cylinder from free surface and the cylinder diameter. The study
in [5] yielded that increasing the depth over the ramp in the attraction channel did not
affect the maximum velocity to any large extend while it makes the accelerated water
more perceptible downstream the channel. It was also shown that a recirculation zone is
formed in the channel for the small depths tested and that modest tilts of the channel
do not alter the flow characteristics in any significant way.

In this work we further characterise the flow in the attraction channel now in an
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unbounded environment by PIV measurements and with CFD-calculations. Special at-
tention is put on the flow downstream the attraction channel including the length of the
attraction water.

2 Experimental set-up

The experimental set-up consists of a model of the attraction channel, a water flume
in which the attraction channel is placed and a system to measure the flow within and
around the attraction channel.

2.1 Attraction channel

The down-scaled model of the attraction channel is made from 2 mm window glass. The
channel is 500 mm long, 100 mm wide and the sides of the channel are 200 mm high. At
the downstream end of the channel a ramp, made of Styrofoam, is placed to create the
increase in water velocity that is of interest. A plastic film is glued on top of the ramp
to create a smooth surface. The ramp has the shape of

h(x′) = B − x′2

12B
, (x′ ≥ 0, h ≥ 0) (1)

where B is the highest point of the ramp and x′ originates at the highest part of
the ramp and runs upstream. The shape of the ramp was set after initial visualisation
experiments with different shapes of it. Although the here used shape gave the best
result it is by no means optimised and need to be analysed further in the future.

Following the work of [5] the height of the ramp was set to B = 80 mm, which
according to [24] gives the largest acceleration of the attraction water. As seen in Figure
B.7(a) the ramp has a vertical downstream end that is located 70 mm from the channel
outlet.

The principle of the attraction channel is that when it is put into a water stream
water enters into it, accelerates over the ramp and leaves the channel in the form of a
jet. Previous studies have shown that the vertical edge of the ramp lets the jet leave
the ramp horizontally to the water surface. This is not the case for all geometries. A
jet formed over a submerged cylinder follow the curvature of the cylinder and is, for
instance, directed downwards if the distance between the free surface and cylinder is less
than three quarters of the diameter [22].

2.2 Water flume

A main feature of the water flume employed in this study is that it has a large volume
where measurement can be conducted; 4000 mm long, 600 mm wide and a working depth
of 800 mm. The flume is well characterised and has operated in a number of studies, e.g.
[21, 28]. The flow is driven by the means of a pump located at the inlet to the flume.
This inlet is designed to generate a uniform flow by letting the water to move through
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a honeycomb section and fine turbulence screens. The stream wise residual turbulence
intensity is controlled to 1.45% due to a 3:1 contraction that accelerates the mean flow
at the upstream end of section used for the measurements. The bottom and side walls
of the flume are made out of glass to allow optical access from all sides of it.

2.3 PIV-system

Following the work in [5] the flow field was captured with a PIV-system. The main
component of the system applied was a double cavity Nd:YAG laser that was mounted
on a sled with a rail system beneath the flume. The rails enabled a controlled positioning
of the light sheet.

As recording media a PCO 2000 camera was used. It is a cooled 14-bit CCD sensor
type of camera. The camera was mounted on an ISEL computer guided traverse system.
Hence, the position of the camera could easily be changed in an accurate manner for
scanning the velocity fields.

The evaluation was performed with a PIV code developed at the FLAIR Laboratory
[3] as well as with the commercial code DaVis 8.1 from Lavision. For the evaluation of
the PIV measurements a cross-correlation scheme with three passes was employed. The
size of the interrogation areas was 64×64 for the first pass and decreased to 32×32 with
50% overlap for the second and third passes. With the DaVis code the interrogation was
extended with a dynamical mask so that the free distorted surface could be detected.
Due to different conditions (i.e. reflections depending on flow case specific curvature of
the surface) the dynamic mask was designed for each data set.

2.4 Measurements

The attraction channel was positioned in the middle of a water flume, i.e. from each
vertical wall in the attraction channel there was a free space of 250 mm to the vertical
side walls of the flume.

Previous investigations of the attraction channel have focused on the height of the
ramp [24], its efficiency in field [14] and the water depth above and inclination of the
ramp [5]. In this study the attention is put on the effects of the surrounding flow velocity
and water depth above the ramp on the length of the attraction water. The depth above
the ramp d is defined as the measured water column just above the vertical end of the
ramp. This study is carried out for three flow speeds of the water upstream the attraction
channel, i.e. in the flume, U20 = 0.2 m/s, U30 = 0.3 m/s and U40 = 0.4 m/s and for
two depths above the ramp; d10 = 10 mm and d15 = 15 mm. The former was adjusted
with the pump to an accuracy of ±0.005 m/s and the latter was adjusted and controlled
manually within ± 1 mm. An important dimensionless number in this context it the
Froude number which is defined as

Fr =
U√
g ∗ d (2)
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Depth [mm] U20 U30 U40

10 0.64 0.96 1.28
15 0.52 0.78 1.04

Table 1: In the table the Froude number for each depth and velocity is accounted for.

where U is velocity g is gravity and d is a characteristic length. The Froude numbers
for the present study are shown in Table 1 where d is set to the depth of the ramp and
U to the average velocity in the flume.

PIV measurements were performed at eight positions downstream the vertical end of
the ramp, denoted P1 to P8. Each position required a transportation of the camera and
light sheet, the camera was moved in steps of 113±0.1 mm for each position. Hence, the
downstream distance investigated is about 900 mm from the vertical end of the ramp. It
may however already now be revealed that the flow in the last six of the eight positions
is rather dull and only results from the first two are presented.

The light sheet was re-positioned manually. Hence, the light sheets position varies
stream wise within ±25 mm from the centre of the cameras field of view. This was
judged to be of less significance than the light sheets position across the water flume, as
the light sheet is much wider than the cameras field of view. Therefore special care was
taken after every repositioning to make sure that the light sheet was aligned with the
flumes centre line.

3 Numeric

To complement the investigation of the flow in the attraction channel Computational
Fluid Dynamics (CFD) simulations were performed on a 2.5 m long section of the water
flume. These were carried out with the commercial CFD-software ANSYS CFX-12.1
where the free surface flow was simulated with the use of the volume of fluid (VOF)
method implemented in the code. The principle is that an extra variable that ranges
from 0 to 1 describing the amount of phase in a cell is solved for that keeps track of
the position of the free surface. This technique requires that the grid resolution is high
in the area where the water surface is located, since the VOF-method tends to smear
out the position of the surface due to numerical dissipation of the extra variable. In
order to investigate the grid resolution required to resolve main flow phenomena in the
attraction channel solutions from four different grids were compared, see Figure 1 where
the number of nodes in the grid ranged from about 3 million to 9 million. The structured
computational grids consisting of hexahedral elements were created with the software
ANSYS ICEM CFD-12.1.

The boundary conditions were as follows; as inlet flow condition a velocity with a
plug profile was set, top and outlet were treated as openings allowing flow both out
of as well as into the domain, both the walls of the attraction channel and the flume
walls were treated as smooth walls with no slip conditions. In order to finally get a
well converged solution, results from simulations with a first order scheme was used as



60 Paper B

0,02

0,025

0,03

0,035

0,04

0 0,002 0,004 0,006 0,008 0,01

Di
ffu

se
vo
lu
m
e

Volume averaged number of nodes

SST

BSL

EARSM

Figure 1: The grid study indicates that the results of the simulations allows for a low cost
turbulence model.

an initial condition to the final second order accurate simulation. All simulation were
considered well converged, as to the iterative convergence, when the root mean square
residuals had dropped below 10−6 and when the maximum residuals were less than 1.5
decades higher than this. In addition the velocity at monitor points in different regions
around the attraction channel was analysed. From transient runs it was found that the
velocity at all monitor points was stable and hence the flow was solved neglecting the
time-dependency. Three different turbulence models were tested (Shear Stress Transport
model, BSL Reynolds Stress Model and Explicit Algebraic Reynolds Stress Model). All
three models gave similar result hence the SST-model was chosen since it resulted in the
shortest computational time, see Figure 1.

4 Results and Discussion

There are three main characteristics of the flow through the attraction channel: A wake
behind the ramp, a jet out of the attraction channel and a possible recirculation zone at
the upstream entrance of the attraction channel. The first two of these features are cap-
tured with both the PIV-measurements and with CFD while the last one is only revealed
by the CFD calculations. Another main difference between the PIV measurements and
the CFD simulations is that a fluctuating flow is captured with the PIV measurements
for high Froude numbers while the simulations only show a minor periodic behaviour and
thus most simulations results presented are with a stationary flow assumption.
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Figure 2: Position of saddle points as a function of Froude numbers. Circles denote PIV
results and squares CFD results. Open symbols are the downstream positions and filled symbols
the positions above the bottom of the flume

4.1 Wake

Down-stream the ramp a wake is formed. From the average velocity field in the experi-
mental results and stationary flow simulations the saddle point of this wake is defined as
the point where both u and v are close to zero. With this definition it was found that
the average length of the wake downstream the vertical end of the ramp changes very
little as a function of depth, velocity and Froude number, see Table 2 and Figure 2. It
can, however, be concluded that the real wake is generally shorter than predicted by the
CFD simulations.

Regarding the vertical positions of the saddle points the measurements yield that there
is a tendency that the saddle point moves towards the surface for the higher velocities and
Froude numbers; see Figure 2 and Table 2. This behaviour is a reflection of a periodic
motion of the wake, a motion which is tilted towards the surface as observed in instant
velocity fields such as the ones in Figures 3. No such trend is captured in the simulations.

The discrepancies between simulations and experiments as to the saddle point are
probably due to smaller and larger oscillations existing in the measurements which are
not captured by the simulations.

This difference is even more evident when comparing the vorticity field caught with
the PIV-measurements and generated with CFD. The vorticity in the simulations is
homogeneously distributed from the edges of the attraction channel and downstream
regardless of the Froude number as exemplified Figures 4. In the experiments instant
images show that vortex streets are formed even for the smaller Froude numbers but
that becomes very clear for the larger Froude numbers, Figures 5. When averaging the
PIV-results there is a qualitative agreement to the simulations.
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(a)

(b)

Figure 3: As the flow velocity and Froude number increase the wake becomes more unstable and
it tends to connect to the surface.
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Downstream [mm] Above bottom [mm]
[m/s] Exp Sim Exp Sim

10 mm
0.20 174 173 47 28
0.30 166 180 58 39
0.40 160 179 59 33

15 mm
0.20 167 180 43 32
0.30 160 178 60 31
0.40 168 181 56 37

Table 2: Saddle point positions. The origin is located at the point where the vertical end of the
ramp intersects with the bottom of the U-channel.

[m/s] Exp Sim

10 mm
0.20 122 75
0.30 55 40
0.40 N/A 47

15 mm
0.20 166 129
0.30 90 132
0.40 N/A 123

Table 3: Length of the exiting jet, i.e. presumed attraction water. The origin is located at the
vertical end of the ramp. For d10, U40 no satisfying length could be detected as the jet becomes
too narrow (only a few mm in width).

Both simulations and experiments show that a jet forms under the attraction channel
and that this jet penetrates horizontally downstream the channel. A similar jet was
visualised in [5] for the bounded surrounding. This jet, however, moved towards the
upper attraction water jet affecting the form of the recirculation zone. The reason for
the surface orientation motion is the relatively short distance from this jet to the bottom
of the flume used in [5].

4.2 Jet

Based on the assumption that fishes navigates by increased flow rates, the perceptibility
of a jet is defined as how far downstream it still offers an acceleration compared to the
surrounding velocity according to the ratio u/U ≥ 1, where u is the local velocity with
the additional condition that the width of the jet must be larger than half the depth over
the ramp. An example of a jet is shown in figure 7 showing an averaged PIV image and
a CFD image.

For the slowest flow case examined, U20, the average velocity fields for d10 and d15 the
exiting jet shows a uniform velocity profile. Interestingly, for the d15, U20 flow case the
experiments show that the jet reaches more than 166 mm downstream, see Table 3 and
Figure 8. At this position the velocity takes the value of the surrounding flow. This is not
the case for U20, d10 were the perceptibility is rather long, 122 mm, but where the velocity
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(a) d10, U20

(b) d15, U30

Figure 4: Vorticity fields from simulations.
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(a) Average vorticity d10, U20 (b) Instantaneous vorticity d10, U20

(c) Average vorticity d15, U20 (d) Instantaneous vorticity d15, U20

Figure 5: Averaged and instantaneous vorticity field from experiment.

downstream the jet becomes less than the averaged velocity, which is in agreement with
measurement in [5]. This indicates that the wake has an influence all the way to the
surface once the energy of the jet has diminished.

Increasing the velocity and thus the Froude number the experiments yields that the
length of the jet decreases as indicated in Table 3 and Figure 6. For the two U40 flow
cases it is not possible to define the length of the jet in the experiments because they
are so narrow and do not full-fill the requirements set (i.e. the thickness of the jet with
acceleration of the water is a few millimetres), as seen in Table 3.

In [5] where the velocity was U20 the jet was perceptible about 125 mm downstream
the ramp for a depth of 7 mm and > 200 mm for depths of 13 and 20 mm resulting in a
perceptibility of 18 times the depth over the ramp or more [5]. This should be compared
to 122 and 166 mm for depths of 10 and 15 mm in the present case. Hence, this distance
is reduced to about 12 and 11 times the depth above the ramp for the averaged flow
cases U20. There is thus a rather good agreement and the longer jet in [5] can be traced
to effects of the walls and the bottom of the more narrow and shallow flume in [5]. As
earlier discussed the jet under the attraction channel moves towards the attraction jet in
[5]. Such an entrainment of a jet into another jet may stabilize its motion [4, 10]. This
effect may contribute to the longer jet in [5] although the main explanation is that the
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Figure 6: The length of the jet as a function of Froude number. Circles denote PIV results and
squares CFD results. The filled square is from [5].

bounding geometry hinders some of the water to go around the channel.

Regarding the simulations there is only a small tendency that the length of the jet
decreases with the Froude number and the conformity to the experiments is rather poor
see Figure 6. The explanation may be two folded. The simulation produces a longer
jet for high Froude number since the simulations do not capture the periodic behaviour
apparent in the experiments. For low Froude numbers the upstream recirculation zone,
only present in the simulations, blocks the flow and thus makes the jet weaker.

To conclude the main results of this investigation is that for the velocity U20 the
experiments show that the attraction channel generates noticeable attraction water also
in a free stream but that the perceptibility is reduced as compared to the bounded case.

4.3 Upstream recirculation zone

In all simulations performed a recirculation zone form at the upstream entrance of the
U-shaped channel, see Figure 9. The existence of such a zone was also reported in [5],
an statement based on measurement with PIV, and indirectly observed in [13] since
fish that had moved over the ramp dived down towards the bottom of the attraction
channel. Interesting enough the recirculation zone could not be found in the results of
any PIV-measurement in this study nor was it traced by LDA measurements in [24].
This rather interesting phenomena seems thus to appear in a chaotic manner a topic for
future research. It could possible be due to different inlet conditions.
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(a) Experiment position 1

(b) Experiment position 2

(c) Extraction from simulation

Figure 7: Comparison of the exiting jet for d10, U20 between experiment and simulations.
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(a) Experiment position 1

(b) Experiment position 2

(c) Extraction from simulation

Figure 8: Comparison of the exiting jet for d15, U30 between experiment and simulations.
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(a) From side.

(b) From above.

Figure 9: Results from simulations for d15, U20 where the jet is oriented in a straight line along
the surface. The upstream recirculation zone captured in the simulation is clearly visible.

5 Conclusion

The flow within and in the vicinity of a previously investigated attraction channel is stud-
ied as it is placed in an unbounded environment. The methods applied are PIV and CFD.
Experiments show that also for an unconfined environment the jet out of the attraction
channel can be rather long given that the Froude number is low enough. Increasing this
number results in shorter jets. For Froude numbers around one and higher the flow out
of the channel is unstable and the jet, that should attract the fish, is very weak. It is also
revealed that vorticity streets are formed down-stream the attraction channel of which
effect on the migrating fish is unknown. In overall there is a good agreement between
PIV and CFD. However, with the SST turbulence model used the CFD cannot capture
oscillations seen in the measurements. The CFD furthermore predicts a recirculation
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zone at the upstream end of the attraction channel. This zone could not be revealed by
PIV in the present study but was present in the experiments performed in [5].

Future work involves CFD calculation with LES, a deeper analysis of the results from
PIV and possible further studies aimed to optimize the profile of the ramp. It is also of
interest to scrutinize the recirculation zone at the upstream entrance of the attraction
channel and the mechanisms that triggers the formation of it.
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Visualization of merging flow by usage of piv and cfd with application to grate-kiln
induration machines. Journal of Applied Fluid Mechanics, 6, 2012.

[11] G.V. Lauder. The physiology of fishes, chapter Locomotion, pages 3–46. CRC Press:
Boca Ranton, 3ed edition, 2006.

[12] D. Liepmann. Why do streamwise vortices form at the top and bottom of a round
jet moving parallel to a free surface? Journal of Fluids Engineering, 117:205–206,
1995.

[13] E. Lindmark and L. H. Gustavsson. Field study of an attraction channel as entrance
to fishways. River Research and Applications, 24:564–570, 2008.

[14] Elianne Lindmark, Torbjörn M. Green, H̊akan Gustavsson, and T. Staffan Lund-
ström. Increasing the attraction water velocity at fishway entrances: model and
field experiments. In Sigurdur Brynjolfsson, Olafur Petur Palsson, and Jong H. Kim,
editors, Proceedings of the 19th International Symposium on Transport Phenomena,
19, page 6, 2008.

[15] A. I. Lupandin. Effect of flow turbulence on swimming speed of fish. Biology Bulletin,
32(5):461–466, 2005.

[16] K. Madina and L. Bernal. Interaction of a turbulent round jet with the free surface.
Journal of Fluid Mechanics, 261:305–332, 1994.

[17] T. G. Northcote. Migratory behaviour of fish and its significance to movement
through riverine fish passage facilities. In M. Jungwirth, S. Schmutz, and S. Weiss,
editors, Fish Migration and Fish Bypasses, pages 3–18. Fishing News Books: Oxford,
1998.

[18] P. Reichl, K. Hourigan, and M. C. Thompson. Flow past a cylinder close to a free
surface. Journal of Fluid Mechanics, 533:269–296, 2005.

[19] S. P. Rice, J. Lancaster, and P. Kemp. Experimentation at the interface of fluvial
geomorphology, stream ecology and hydraulic engineering and the development of
an effective, interdisciplinary river science. Earth Surface Processes and Landforms,
35:64–77, 2010.

[20] P. Rivinoja, S. McKinnell, and H. Lundqvist. Hindrances to upstream migration of
atlantic salmon (salmo salar) in a northern swedish river caused by a hydroelectric
power-station. Regulated Rivers: Research & Management, pages 101–115, mar-apr
2001.



72

[21] M. Sheery, J. Sheridan, and D.Lo Jacono. Turbulence effects on wind flow over
complex terrain. In G.D. Mallinson and J.E Cater, editors, 17 th Australasian Fluid
Mechancis Conference. The University of Auckland, The University of Auckland,
2010.

[22] J. Sheridan, J.-C. Lin, and D. Rockwell. Flow past a cylinder close to a free surface.
Journal of Fluid Mechanics, 330:1–30, 1997.

[23] A. T. Silva, J. M. Santos, M. T. Ferreira, A. N. Pinheiro, and C. Katopodis. Effects
of water velocity and turbulence in the behaviour of iberian barbel (Luciobarrbus
Bocagei, Steindachner, 1864) in an experimental pool-type fishway. River Research
and Applications, 2010. DOI: 10.1002/rra.1363.

[24] E.M. Wassvik and T.F. Engström. Model test of an efficient fish lock as an entrance
to fish ladders at hydropower planst. In The proceedings of the Fifth International
Symposium on Ecohydraulics, volume 2, pages 915–920. IAHR, September 2004.

[25] C. R. Weaver. Influence of water velocity upon orientation and performance of adult
migrating salmonids. Fishery Bull. Fish Wildl. Serv. U.S., 63:97–121, 1963.

[26] J. Webb. The behaviour of adult Atlantic salmon ascending the rivers Tay and
Tummel to Pitlochry dam. Technical Report 48, Scottish Fisheries Research Report
48, 1990.

[27] J. G. Williams. Fish passage in the Columbia river, USA and its tributaries: prob-
lems and solutions. In M. Jungwirth, S. Schmutz, and S. Weiss, editors, Fish Mi-
gration and Fish Bypasses, pages 180–191. Fishing News Books: Oxford, 1998.

[28] J. Zhao, A Nemes, D.Lo Jacono, and J. Sheridan. The effect of incidence angle
variation of a square cylinder on its dynamic response and wake states. In G.D
Mallinson and J.E. Cater, editors, 17th Australasian Fluid Mechanics Conference,
2010.



Paper C

High-Cycle Thermal Fattigue in
Mixing Tees:

New Large-Eddy Simulations
Validated Against new Data

Obtained by PIV in the Vattenfall
Experiment

Authors:
Y. Odemark, T. M. Green, K. Angele, J. Westin, F. Alavyoon and T. S. Lundström

Original version of paper originally published in:
Proceedings, Conference, ICONE17, 2009.

c© 2009, ASME, Reprinted with permission.

73



74



Proceedings of the 17th International Conference on Nuclear Engineering 
ICONE17

July 12-16, 2009, Brussels, Belgium 

ICONE17-75962

HIGH-CYCLE THERMAL FATIGUE IN MIXING TEES: 
NEW LARGE-EDDY SIMULATIONS VALIDATED AGAINST NEW DATA OBTAINED BY PIV IN 

THE VATTENFALL EXPERIMENT 
 
 

Ylva Odemark 
Vattenfall Research and Development AB 

SE-81426 Älvkarleby, Sweden 

Torbjörn M. Green  
Luleå University of Technology

SE-97187 Luleå, Sweden

Kristian Angele 
Vattenfall Research and Development AB 

SE-81426 Älvkarleby, Sweden 

Johan Westin 
Vattenfall Research and Development AB 

SE-81426 Älvkarleby, Sweden  

Farid Alavyoon 
Forsmarks Kraftgrupp AB 

SE-74203 Östhammar, Sweden 

Staffan Lundström  
Luleå University of Technology

SE-97187 Luleå, Sweden 

 
 
 
 

ABSTRACT
New data was obtained for a previously studied T-junction 

experimental setup [1] for a range of flow ratios between hot 
and cold flows in order to validate new Large Eddy 
Simulations (LES). The instantaneous velocity field 
downstream of the T-junction was measured with two-
component Particle Image Velocimetry (PIV) in several 
horizontal and vertical planes at the centre line downstream of 
the T-junction. The generated PIV database enables a thorough 
validation of CFD turbulence statistics. The turbulence 
statistics are shown to be well predicted despite the fact that the 
mesh in the LES is rather coarse.  

 By usage of time resolved PIV the temporal evolution of 
the predominant low frequent large-scale structures, 
responsible for much of the mixing and the high amplitude 
temperature fluctuations on the walls, were captured. Those 
structures are, however, weaker in LES than in PIV, being in 
line with the fact that the wake region behind the penetrating 
vertical hot jet is underpredicted in LES.  

Tests regarding the influence of the LES-results to the 
shape of the inlet boundary conditions (developed or flat 
symmetric mean-velocity profiles) were carried out and the 
sensitivity in the results was shown to be small. Furthermore, 
the results show good agreement with the experimental data 

independent of the flow ratio between the hot and the cold 
flows. 

 
INTRODUCTION

Thermal fatigue is a well-known problem, which is 
relevant in the context of lifetime extension of nuclear power 
plants (NPP), both for economical and safety reasons. There are 
many piping systems (e.g. mixing-Tees) in NPPs where mixing 
between hot and cold water occurs, leading to high temperature 
fluctuations and detrimental thermal loads on the pipe walls, 
that can cause fatigue. In order to be able to conduct material-, 
structural- and damage analysis, knowledge about the location, 
amplitude and frequency of those temperature fluctuations is 
crucial. The temperature fluctuations may be predicted with 
computational fluid dynamics (CFD). Inevitable steps in that 
process is, however, the set-up of the numerical problem and 
the validation of it against experimental data. The mixing 
between hot and cold water in a T-junction is thus a challenging 
test case for CFD. However, modern unsteady scale-resolving 
methods such as Large Eddy Simulations (LES) have shown to 
be successful ([2]-[6]). The present paper describes a new 
combined experimental and computational effort with the 
following objectives: 

  Validation of the predicted LES turbulence statistics 
against a new PIV database 
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Investigation and validation of the evolution of the 
predominant large-scale vortical structures being 
responsible for high temperature fluctuations in LES 
using temporally resolved PIV-data 

Investigation of the sensitivity in the LES-results to the 
shape of the applied mean-velocity profiles at the inlets

Investigation of the sensitivity in the LES-results to the 
flow ratio between the hot and the cold flows

VALIDATION TEST CASE (EXPERIMENTAL DATA) 

Experimental setup
The test rig, located at the Älvkarleby Laboratory of 

Vattenfall Research and Development is illustrated in Figure 1.
It consists of a horizontal pipe with inner diameter 140 mm and 
a vertical pipe with inner diameter 100 mm providing the cold 
water flow (Q2), and the hot water flow (Q1), respectively. The 
vertical pipe is attached to the upper side of the horizontal pipe. 
The length of the horizontal and the vertical straight pipes 
upstream of the T-junction is more than 80 and 20 diameters 
respectively. Stagnation chambers with flow improving devices 
(tube bundles and perforated plates) are located before the 
entrances of the pipes. Near the T-junction the pipes were made 
of PMMA tubes surrounded by rectangular boxes filled with 
water in order to reduce the diffraction when the optical path of 
the camera and the beams of the lasers pass the curved pipe 
wall. 

A coordinate system is defined having its origin in the 
centre of the T-junction. The x-, y- and z-directions are oriented 
along the horizontal main pipe, perpendicular to the main pipe 
and along the branch pipe respectively. The corresponding 
velocity components are denoted u, v and w. 

Test conditions
The temperature difference between the hot and cold 

water, T was approximately 15 C. The tests were carried out 
at three flow ratios (FR) Q2/Q1=1, 2 and 4. 

The Reynolds number in both inlet pipes is approximately 
105 for a flow ratio of 2 with bulk velocities of approximately 
0.8 m/s. In an earlier investigation [1] it was shown that the 
flow is independent of the Reynolds number for Reynolds 
numbers above 5 · 104.

Figure 1 Side view of the test rig with a photo of the test 
section. Given dimensions are in mm. 

LDV measurements and inlet conditions
The inlet velocity profiles were measured with two-

component Laser Doppler Velocimetry (LDV) in each inlet 
pipe as well as in cross-sections located 2.6 and 6.6 diameters 
downstream of the T-junction. It was shown to be difficult to 
perform laser measurements with a temperature difference 
between the hot and cold water, due to the fact that changes in 
the index of refraction deflected the laser beams. Measurements 
were carried out both with a temperature difference of 15 C 
and at isothermal conditions both at the cross-sections in the 
hot inlet pipe and downstream of the T-junction at x/D=2.6 [1]. 
The isothermal conditions gave almost identical results as the 
ones obtained with a temperature difference between the two 
inlet flows for short distances from the pipe wall. However, 
further from the wall it was not possible to measure with a 
temperature difference. Therefore, the data had to be carried 
out at isothermal conditions. The small changes in density and 
viscosity due to the temperature difference should have a 
negligible effect on the flow.  

The inlet mean velocity and turbulence profiles in the 
horizontal pipe are in good agreement with experimental data 
on fully developed pipe flow at similar Reynolds numbers (see 
e.g. ref. [7]). However, the length of the hot water inlet pipe is 
too short to obtain fully developed flow conditions. 

The uncertainty in the LDV-data is divided into random 
and systematic errors. The total random uncertainty, normalized 
with the bulk velocity, is within 2-3% for the streamwise mean 
velocity and 3-4% for its rms. Systematic errors mainly consist 
of positioning errors for the LDV-system. The global 
uncertainty in the LDV-measurements was estimated to be 
between 6-8% for the different measured quantities. The 
deviation between the flow rate calculated based on the 
integrated LDV-data and the flow rate measured by the flow 
meter was approximately 5% according to [1].  

Temperature measurements
The temperature fluctuations were recorded with 

thermocouples located 1 mm from the wall at several positions 
downstream of the T-junction. The mean temperature, the 
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temperature fluctuations and the temperature fluctuation 
spectra were computed.  

When comparing computational and experimental results 
non-dimensional quantities are compared, such as 

coldhot

rmsrms

coldhot

cold

TT
T

T
T

TT
TT

T *

 

in which T is the temperature difference between the hot and 
cold water inlets (Thot-Tcold). This normalization reduces the 
influence of small temperature variations between different test 
days.  

The typical response time here is 13 ms. This is measured 
by dipping the thermocouple into a hot water bath, and defining 
the response time as the rise time from 0.1 T to 0.9 T.  

The uncertainty in the mean temperature measurements 
with thermocouples is estimated to be within 0.5 C [1], 
which gives a constant uncertainty of 0.03 in terms of T*. The 
statistical uncertainties in Trms are typically less than 3%, except 
for a few locations near the bottom wall where the signal is 
highly intermittent. However, an additional uncertainty of 5% 
has been added to account for possible systematic errors. The 
total uncertainty in the temperature fluctuations is estimated to 
be 8% of the measured value, except near the bottom wall 
where an uncertainty of 13% has been assumed.  

PIV measurements
 

 
 

Figure 2  A schematic illustration of the four streamwise 
positions where PIV measurements were performed 
compared to the location of thermocouples at 2D and 4D. 

 The PIV system consists of a LaVision GmbH's DaVis 
7.1.1.0 with a double-pulsed Litron Nano L 50-100 Nd:YAG 
laser as a light source. The laser is mounted on a traverse 
system so that the laser sheet can be positioned accurately (with 
an uncertainty of less than 0.5 mm) along the pipe downstream 
the T-junction. A LaVision FlowMaster Pro Plus HS camera, 
i.e. a 1280x1024 pixels CMOS camera with 10-bit dynamic 
range, was used along with a Nikkor 50 mm f/1.8D lens as a 
recording device.  

PIV measurements were performed at four streamwise 
positions, both in the vertical and the horizontal planes right 
before and after the thermocouples at x/D=2 and x/D=4, 
downstream of the T-junction; see Figure 2.  

The tracer particles used were AkzoNobel's Expancel 551 
WU 20 hollow thermoplastic spheres with a diameter ranging 
from 2 to 30 μm, and a density of 1.2 g/cm3. The typical 

particle image diameter is 2-3 pixels and the ratio between the 
maximum light intensity at the centre of the particles and the 
background is more than 40, which is more than sufficient 
according to the recommendations by [8] and [9]. For each 
streamwise position a background image (an average of 100 
images) is subtracted from each frame prior to correlation. 
Despite the fact that the particle image diameter is clearly 
above the recommended value of 2 pixels, a slight tendency 
towards peak-locking could be observed in the probability 
density functions of pixel displacements. The maximum errors 
introduced in the mean and rms values are less than 1% when 
the ratio of the discretization velocity, which is set by the PIV 
setup parameters, to the rms, given by the flow, is lower than 2. 
This is fulfilled in the major part of the flow here. Furthermore, 
no wiggling behaviour can be seen in the statistics, which is a 
typical symptom of severe peak-locking as shown by [10].  

For best spatial resolution across the pipe, the camera was 
aligned so that the CCD-sensors short side is parallel to the 
pipe. This results in an image size of 143 x 114 mm in the 
vertical and the downstream directions respectively. This gives 
a spatial resolution of 7 mm x 7 mm. The resolution can 
influence the quality of the data close to the walls due to 
velocity gradients across the interrogation area (IA). However, 
the focus of the present investigation is not the near-wall 
region, where also the LES has problems.   

For the PIV-evaluation the normalized cross-correlation 
function with four multi passes was used. In the two initial 
passes an IA with 128 x 128 pixels and an overlap of 25% was 
used. For the two final passes the size was reduced to 64 x 64 
pixels with 50% overlap. The 64 x 64 IA typically contains 
more than 10 clearly distinguishable particle images, which 
follows the recommendations by [11].  

A peak value ratio (PVR), i.e. the ratio between the highest 
and the second highest peak in the correlation plane, of 1.3 was 
used as a validation criterion. Furthermore the following 
restrictions on the allowable velocity range in the streamwise 
direction were applied: –0.6 m/s < u < 2 m/s. This range is 
slightly changed depending on the flow ratio. For the cross-
stream velocity component the allowed range was ± 1 m/s for 
all cases. After the final pass, the results were post-processed, 
using the same validation criteria. In average 116 vectors were 
rejected in every PIV vector plot containing 32 x 40 vectors 
giving a valid detection rate (VDR) of about 90%. However, 
the VDR is not homogeneous throughout the vector field, there 
are more rejected vectors close to the walls where reflections 
from the light sheet in the walls are present and the velocities 
are much smaller. The validation does not detect all spurious 
vectors, which contaminates the calculated statistics. A stronger 
validation might on the other hand remove vectors which are 
correct, leading to a bias in the data. The undetected spurious 
vectors are random and do not affect the mean velocities but 
lead to a visible noise in the rms-profiles.    

The statistical errors in the PIV-data were estimated to be 
below 1% in the mean and the rms-values, by comparing the 
calculated statistical moment based on n and n+1 samples.  
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The uncertainty in the calibration of the image size, and 
thereby the velocities, is small (less than 0.5 mm).  

As a sensitivity check, the data at one position was 
evaluated with two different softwares based on different 
algorithms and with slightly different settings displaying 
differences of 1.7 % (in average) in the mean velocity and up to 
4 % locally.  

The bulk velocity used for the normalization is based on 
two independent measurements of the flowrate, using electro 
magnetic flowmeters. The differences between them and day-
to-day variations in the measured flow rate are within 1 %.    

The different error estimations for the PIV velocities were 
conservatively added as independent errors and error bars are 
added to the PIV-data. Close to the walls the errors in the rms-
values can locally be larger since the rms-velocities become 
very small as they approach zero and are difficult to measure 
due to peak-locking. There are also some positions in the center 
of the flow where reflections have not been removed by the 
background subtraction and the rms is locally overestimated 
(seen as a local peak in the rms-profile).  

The time delay within each pair of recordings, t, was 600 
μs, 400 μs and 240 μs for flow ratio 1, 2 and 4 respectively. 
The maximum velocity then roughly corresponds to a 
displacement of 5 to 6 pixels. 

For each position two separate recordings were performed, 
at 60 Hz and at 4 Hz, with 1424 image pairs in each set. The 
dominant large-scale turbulent structures are captured with 60 
Hz while the 4 Hz recordings are used to calculate turbulent 
statistics based on independent samples.  

All PIV-measurements were carried out at isothermal 
conditions.  

COMPUTATIONAL MODEL 
 

Mesh and numerical schemes
      In order to minimize the computational times, a rather 
coarse mesh with only approximately 280 000 cells was used. 
In previous studies [1], [4], [12], the case has been performed 
with a number of different meshes, with total number of cells 
ranging from only 130 000 up to 10 million. The results 
showed that there is a problematic area at the pipe sides at 
x/D=2, where the coarser meshes highly overestimated the 
temperature fluctuations. In [4], increasing the total number of 
cells from 280 000 to 450 000 caused a change in the predicted 
T  of approximately 7-10% on average, except at the pipe 
sides at x/D=2, where the change was above 30%. Overall, 
these previous studies indicate that even coarse meshes give 
fairly good results for this case, and it is meaningful to further 
investigate the coarser meshes and validate them against 
experimental data.  

rms

       In the circular cross section of the main pipe, the mesh has 
a rectangular core and an O-grid, as can be seen in the upper 
figure in Figure 3. The mesh is gradually refined close to the 
walls, resulting in a first cell size of approximately 0.6 mm in 

the wall-normal direction. The bottom figure in Figure 3 shows 
the grid in the cross section at y=0.   

All Large Eddy Simulations reported in the present paper 
are done in Fluent and make use of the Wall-Adapting Local 
Eddy Viscosity (WALE) model. The WALE-model is a 
Smagorinsky-type model but with a modified dependence on 
the resolved strain field which is supposed to provide an 
improved near-wall behavior. Non-iterative time advancement 
(NITA) has been chosen for time control with a second order 
implicit scheme. The time step is set to 1.2 ms to get a Courant 
number less than 1 in most of the model. The Fractional Step 
algorithm has been used for the pressure-velocity coupling. For 
the pressure, the discretization scheme is Presto, for 
momentum, Bounded Central Differencing, and for energy, 
Quick. For more details on the models, see ref. [13]. 

Boundary conditions
All calculations make use of adiabatic walls and no-slip 

boundary conditions. The mean inlet velocity profile for the 
cold inlet is taken from a RANS-calculation based on a straight 
pipe with periodical boundary conditions, since the 
experimental data showed that the flow field is in good 
agreement with fully developed pipe flow. For the hot inlet, the 
mean velocity profile is taken from a RANS-calculation under 
development in order to fit the experimental 
profile.

 

 
Figure 3 The mesh in the cross section of the main pipe at 
x/D=2 (top), and in the cross section at y=0 (bottom). 
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Performed simulations
Table 1 summarizes the main settings in the simulations of 

the T-junction. Simulations were performed for three different 
flow ratios, Q2/Q1, which is the mass flow in the cold inlet 
divided by the mass flow in the hot inlet.  

A comparison was made between inlet profiles obtained 
from [12], (case 4D, Developed profiles), and a case with flat 
inlet profiles (case 4F, Flat profiles). In case 4F, the constant 
inlet velocities were set to the bulk velocity for the respective 
inlets. Since the vortex method uses the velocity gradients to 
set the perturbations, it would generate different turbulence 
inlet conditions for the two cases. The vortex method was 
therefore not used, and the computations were done without 
any applied inlet turbulence. The lack of inlet turbulence 
should not pose a problem, since this has previously been 
shown not to influence the flow in a significant way [12]. 

The sampling time (tsamp) denotes the length of the time 
sequence used in the data evaluation. Usually the simulation 
was carried out for approximately 4 seconds before the data 
sampling was started, which corresponds to at least two 
complete flow passages through the model. 

 

Table 1 Simulations performed. All simulations are made 
with LES using the WALE subgrid-scale model. Q2 is the 
mass flow in the cold inlet and Q1 is the mass flow in the hot 
inlet.
Case Q2/Q1 tsamp

(s)
Unsteady BC Cold inlet 

profile
Hot inlet 
profile

FR1 0.97 18.5 Vortex method Fully dev. Under dev. 
FR2 1.94 32.3     -“-     -“-     -“- 
FR4 3.88 23.0     -“-     -“-     -“- 
4D 1.94 15.0 No perturbations     -“-     -“- 
4F -“- 36.0 No perturbations Flat Flat 

RESULTS 

Velocity data
Mean velocity profiles obtained from the simulations are 

compared to experimental data in Figures 4 and 5, for a flow 
ratio of 2. At x/D=2.6 LDV data from [1] is also included. Even 
though the mesh is rather coarse (280 000 cells), the 
simulations manage to capture the main characteristics of the 
flow field.  The results from the simulations can in many cases 
be considered as adequate, although the wake created behind 
the hot water stream is underestimated. This also results in a 
faster development towards a uniform profile for the 
simulations, as compared to the experimental data. The small 
V- and W-velocities in Figure 5 are also fairly well predicted by 
the simulations, with somewhat poorer results for the W-
component. 

The corresponding Reynolds-stresses are presented in 
Figures 6-8. It is worth noticing that even these small 
fluctuating velocities are surprisingly well predicted by the 
simulation.  

 
 

 
Figure 4 Mean streamwise velocity profiles at four different 
downstream positions. The upper figure shows the 
horizontal profile (z=0), and the lower figure shows the 
vertical profile (y=0). At one position, error-bars are 
included in the PIV and the LDV data.  

 

 
Figure 5 Development of the mean V-velocity at z=0 (top) 
and mean W-velocity at y=0 (bottom). At one position, 
error-bars are included in the PIV and the LDV data. 
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Figure 6 Reynolds stresses <u´2> at z=0 (top) and y=0 
(bottom) at different downstream positions. At one position, 
error-bars are included in the PIV and the LDV data. 

 

 
Figure 7 Reynolds stresses < v´2> at z=0 (top) and < w´2> at 
y=0 (bottom) at different downstream positions. At one 
position, error-bars are included in the PIV and the LDV 
data.

 

Figure 8 Reynolds stresses <u´v´> at z=0 (top) and <u´w´> 
at y=0 (bottom) at different downstream positions. At one 
position, error-bars are included in the PIV and the LDV 
data.  

Influence from inlet velocity profiles
The results for T* and Trms for the the cases with different 

inlet velocity profiles are shown in Figures 9 and 10. Overall, 
the differences between the two cases are small. One clear 
difference is though that case 4F is predicting a higher mean 
temperature at the top and a lower mean temperature at the 
bottom, which suggests that there is less mixing of the hot and 
cold water in case 4F. It should be noted that both profiles are 
symmetric, since this case did not include any secondary flows 
created by for example upstream bends. Previous studies (e.g. 
refs. [5] and [6]) have shown the importance of a correct 
prediction of the secondary flows originating from an upstream 
bend in order to predict the temperature fluctuations in the T-
junction. The scenario that an unsymmetric profile would have 
a larger influence on the flow downstream of the T-junction is 
therefore quite possible.  

 
Figure 9 Mean temperatures for the cases 4D and 4F 
together with experimental data. 
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Figure 10 Fluctuating temperatures for the cases 4D and 4F 
together with experimental data. 
 

Figure 11 shows the velocity profiles at different 
downstream positions. At x/D=2.6 the simulations are also 
compared to LDV measurements from [1]. Once again one can 
conclude that the flat inlet velocity profiles lead to a smaller 
mixing, due to a higher velocity at the bottom and a lower 
velocity near the top wall.  

  
 

 
Figure 11 Velocity profiles at different downstream 
positions.  In the upper right figure experimental data 
(LDV) is also included. 

Influence from flow ratio
From the development of the mean temperatures in Figure 

12 it can be seen that the mixing zone is moved upstream with 
a decreasing flow ratio, which is also supported by an upstream 
shift of the maxima in Trms (not shown). The agreement with the 
experimental data is rather insensitive to the flow ratio for flow 

ratios ranging from 1 to 4, both regarding the mean 
temperatures and the fluctuating temperatures. 

 
 

 
Figure 12 Mean temperatures at the top and bottom for the 
three different flow ratios. Included in the figure are also 
the asymptotic temperatures. 
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Figure 13 Visualization from the experiments, FR1 (top), 
FR2 (middle), and FR4 (bottom).

 

 
 

 
 

 
Figure 14 Instantaneous static temperatures at y=0, FR1 
(top), FR2 (middle), and FR4 (bottom). The color bar is in 
K.
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Figure 15 Temperature spectra (experimental data) at the 
right side of the main pipe at 4 diameters downstream. FR1 
(top), FR2 (middle), and FR4 (bottom). The shift of the 
peak from 3 to 4 to 6 Hz for flow ratio 1, 2 and 4 can clearly 
be seen. 

Large scale vortical structures
The hot water creates a blockage to the cold water, and 

thus a wake is created immediately downstream of the T-
junction. Previous work has shown the existence of a spanwise 
oscillation similar to vortex shedding behind a circular cylinder 
[12].  

The spectra of the temperature signals at the right side of 
the pipe at x/D=4 are shown in Figure 15. Peaks are clearly 
visible in the spectra, which correspond to the spanwise 
oscillations. It can be seen here that the characteristic peak at 4 
Hz for FR=2 is shifted towards a lower frequency for FR=1, 
about 3 Hz, and a higher value, about 6 Hz, for FR=4. Thus, 
the frequency is not directly proportional to the bulk flow 
velocity, but depends on the global flow picture, i.e. the flow 
ratio.  

 

 

 
Figure 16 Instantaneous static temperature in Kelvin (top), 
and instantaneous non-dimensional Q-value (bottom) in the 
horizontal plane at y=0.  

These large-scale vortical structures are to a large extent 
responsible for the high temperature fluctuations at the sides of 
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the pipe at two and four diameters downstream, and it is 
therefore important to analyse these structures further.  

When attempting to identify vortices, the vorticity is 
sometimes inadequate, since large magnitudes of vorticity are 
possible even if there is no rotation. The maxima due to shear 
stress (like at a solid wall) are not distinguished from those due 
to a vortex core. To get a picture of the pure rotation, one can 
look at the second invariant of the velocity gradient tensor, Q, 
which represents the local balance between shear strain rate 
and vorticity magnitude [14]. Rotation is defined as regions 
where Q>0. In detecting vortices, Q is an improvement 
compared to the vorticity, and it only yields maxima at vortex 
cores where the fluid motion resembles that of a solid body 
rotation [15].  

Figure 16 shows the instantaneous temperature and Q-
value in the xy-plane at z=0 from the LES. One can observe a 
fairly strong correlation between vortices (large values of Q) 
and coherent regions with hot fluid, indicating that the large-
scale vortical structures play an important role in the transport 
and mixing of the temperature. 

Figure 17 shows the temporal evolution of instantaneous 
values of Q in the xy-plane at z=0 between x/D=1 and 1.8. The 
top row is from temporally resolved PIV-data at 60 Hz and the 
lower row is from the LES. The range in the color bar is the 
same in both figures so one can conclude that the vortices that 
are convected downstream are weaker in the LES than in the 
PIV experiments. This is in line with the fact that the wake 
region behind the penetrating vertical hot jet is underestimated 
in the LES, see Figure 4.  
 

 
Figure 17 Instantaneous Q-values in the horizontal plane at 
y=0 (1<x/D<1.8), PIV (top) and LES (bottom). Based on the 
bulk velocity, it would take a disturbance 0.096 s to travel 
across the plane (0.8D). 

 

CONCLUDING REMARKS 
Prediction of thermal mixing in a T-junction is a 

challenging test case for CFD, and advanced scale-resolving 
methods are required in order to simulate the flow field. To 
validate and assess such methods detailed experimental data are 
needed. The present paper describes a continuation of the 
experimental and computational study [1].  

Mean velocity profiles and Reynolds stresses obtained 
from PIV measurements were compared to numerical 
simulations using LES. Even with a fairly coarse mesh, the 
computational results were in good agreement with the 
experimental data. 

The sensitivity to different inlet velocity profiles was 
found to be small, both regarding the temperature fluctuations 
and velocity profiles downstream of the T-junction. The 
agreement with experimental data is good, even with a flat inlet 
profile without any turbulence. These observations show that 
the strong large-scale instabilities that are present in the mixing 
region are triggered independently of the applied inlet 
perturbations and can be captured even with fairly coarse mesh 
resolution. However, it has previously been shown that the 
predicted flow field can be significantly improved in the entire 
flow domain if the grid is refined [1].  

Simulations were performed for three different flow ratios 
(mass flow in the cold inlet divided by mass flow in the hot 
inlet), ranging from 1 to 4. The quality of the predictions was 
found to be quite insensitive to the global flow picture, at least 
for the flow ratios studied here. 

With temporally resolved PIV the evolution of the flow 
field can be investigated. By comparing PIV to LES one can 
conclude that the predominant large-scale vortical structures 
are weaker in the LES than in the PIV. This is in line with the 
fact that the wake region behind the penetrating vertical hot jet 
is underestimated in the LES. 
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Abstract

Grease is commonly used to lubricate various machine components such as rolling
element bearings, seals, open gears etc. Understanding the flow properties is crucial for
understanding the lubrication mechanisms in these components. Very often the grease
is supplied to the bearings by lubrication systems. Accurate control of the grease supply
can only be achieved by providing the correct pressure to pipes and/or nozzles and
through the internal geometry of the bearing to replace the aged grease. Thus, the
flow properties are important. The strong non-Newtonian rheology of the grease makes
prediction of this flow very difficult, especially for the case when the flow is not one-
dimensional. The current paper is an extension of earlier work on flow measurement on
a one dimensional grease flow. In the present paper some restrictions have been added
to the one dimensional flow, simulating a stationary configuration that could resemble
a part of a labyrinth-seal, inner-ring-flange or raceway-guide ring configuration giving a
more complex (2 dimensional) velocity field. In the preceding paper micro Particle Image
Velocimetry (μPIV) techniques were used to study the 1D flow in a rectangular channel.
This technique will also be used here. For the channel with one flat restriction, the flow
was measured to be symmetric at the inlet and outlet, and the distance for the flow to
fully develop is comparable with the height of the channel; slow motion was followed
near the step corner at the inlet. For the channel with two flow restrictions, the vector
profiles show that the maximum velocity appears at the restrictions; In-between the two
restrictions, a part of the grease is not moving. This particularly applies to cases with
low-pressure drop and where high consistency grease was used.

1 Introduction

Compared to lubricating oil, grease has some advantages. It is easy to use since it does
not easily leak out, it acts as a seal, shows low friction and may have anticorrosion
properties [14]. For this reason, greases are commonly applied for lubricating rolling
element bearings. Unlike oil, grease consists of a multi-phase system (oil, additives
and thickener) giving it a consistency, which is defined from the grease matrix resisting
positional change [15] until the yield stress is reached. Grease lubricated rolling element
bearings often run under starved elastohydrodynamic (EHD) lubrication conditions [4].
This means that the thickness of the lubricant film is mainly determined by the supply
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of lubricant to the contacts. The lubricant is supplied by oil bleeding from grease outside
the running tracks and/or by grease flow itself. The position from where the grease is
bleeding is determined by the flow in the initial phase of bearing operation. Especially
when the bearing is not fully packed with grease (which is usually the case), this flow will
determine the distribution of grease inside the complex internal geometry of the bearing
at the point in time when a semi-stationary situation is reached. Obviously, this flow
is extremely complex, not only because of the complex internal bearing geometry, but
also by the fact that this is a multi-scale 3D multiple phase flow (air/ grease, where the
grease may have partly separated in base oil and thickener material) with a visco-elastic
medium. The grease has a finite life, which is usually (much) shorter than the bearing life.
If possible, relubrication is applied. In that case fresh grease is pumped into the bearing
using a lubrication system or manually with a grease gun. For an optimal performance
of the lubrication systems the grease should flow with well described quantities through
pipes [5, 6, 7, 25]. Moreover, the old grease should be replaced by fresh grease in the
bearing by pumping it through the bearing. In that case the flow is not a simple pipe
flow but a flow through restrictions such as through the roller sets, across the guide rings
(for spherical roller bearings), across flanges, through (labyrinth) seals/shields etc. These
configurations have a complex geometry and the measurement of the flow/velocity field
is therefore very difficult, if not impossible. Some work on the flow close to the flange in
tapered roller bearings has been done [8], however, qualitative only. Also the grease flow
in the contact of a journal type bearing configuration has been measured [16, 17, 18].
However, the grease velocity in a non-continuous configuration has not been reported
as yet. Radulescu et. al. [22, 23] have investigated the grease flow in a region with
discontinuities mainly with simulation methods.

The micro Particle Image Velocimetry method (μPIV) has been proven a good method
to study flows [19, 20, 30]. The objective of this study is to better understand grease
flow in a channel with different types of restrictions. Two new channels were used to
investigate a more complex velocity field: one channel with one flat restriction to simulate
grease flow in a step bearing D.1(c) and one channel with two triangular restrictions
similar to a double lip seal geometry D.1(d).

2 Method and equipment

2.1 Materials

In the present study the Herschel-Bulkley rheology model is used

τ = τ0 +K(
du

dy
)n. (1)

where K is the consistency of the grease [Pasn], τ0 the yield stress [Pa], n the power
law exponent, τ the shear stress [Pa], du/dy the shear rate [1/s]. Three lithium greases
with different consistency have been used in this study. They have been analyzed in a
plate-plate rheometer and the Herschel-Bulkley parameters are shown in Table 1 [30].
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τ0 [Pa] K [Pa·s] 1
n n

NLGI00 0 1.85 1
NLGI1 189 4.1 0.797
NLGI2 650 20.6 0.605

Table 1: Rheology parameters for the greases based on the Herschel-Bulkley rheology model.
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b

Pos 1 Pos 2
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Figure 1: D.1(a) Schematic drawing of the channel configuration. Width d=1.5 mm, height
h=2mm, and length L=49 mm. D.1(b) Air pressure driven grease pump. D.1(c) The ’step
bearing’ configuration at the channel boundary (mm). D.1(d) The double restriction configura-
tion at the channel boundary (mm).

It is observed that the NLGI00 grease shows Newtonian behaviour since its yield stress
is 0 and n is 1. The NLGI1 and NLGI2 greases show non-Newtonian (shear thinning)
properties with a non-zero yield stress value and the power law exponent less than unity.

2.2 Channel configuration and generation of grease flow

The channel configurations used in this study are shown in Figure 1. The side walls,
called bars here, are made of brass with an Ra value of 5.4 μm. The channel configuration
consists of a bottom steel frame plate to support the viewing glass plate, a middle (brass)
plate where the side boundary bars are mounted to form the channel, and a top plate of
anodized steel with the inlet and outlet connections.

The grease flow is generated using an air pressure driven grease pump including a
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Figure 2: Overview of the μPIV equipment. From [19].

syringe, which is connected to the channel inlet via a flexible tube. The grease is doped
with polymer, Rhodamine B, particles with a size of diameter 7.68 μm are supplied by
MicroParticles GmbH. In order to measure the pressure at the inlet, a manometer is
connected between the syringe and the channel inlet connection. The grease pump uses
air pressure as the driving force, enabling a stable flow during the test, see Figure D.1(b).
The channels have rectangular cross-sectional areas.

2.3 The μPIV system

The number of papers on visualisation and quantification of flow in micro structures is
increasing. A method developed over the last decades is Micro-Particle Image Velocime-
try (μPIV) [29]. The technique is similar to PIV [2, 9, 10, 11, 12, 13, 24, 31] but differs
considerable in the optical and mechanical constraints and is thus regarded as a separate
technique [29]. The general conversion for μPIV is to illuminate the particle doped flow
(typically using a pulsed laser light) and take a sequence of double frame images for
analysis of the change of pattern between the images using a cross correlation algorithm
[1, 19, 21, 20, 28]. The particles are assumed to follow the flow and are of a material
which generates a satisfactory light signal for the cross correlation. The μPIV system
used in this study is commercially available from LaVision GmbH (Figure 2). It consists
of a double pulsed Nd:YAG laser from Litron, model Nano L PIV. The operating fre-
quency ranges between 50-100 Hz with an emitted wavelength of 536 nm. As recording
device a LaVision Nano Sense camera with a spatial resolution of 1280 × 1024 pixels,
was used. A Carl Zeiss Axiovert 200 microscope was used with a 5× /0.16 lens. Image
acquisition is performed with the DaVis 7.1 software, evaluation with the DaVis 7.2, and
post-processing with Matlab 2009.

The overall accuracy of the μPIV measurements is judged to be high enough for the
results presented. To start with errors in the time between two pulses can be neglected
compared to errors caused by the uncertainty in measuring the displacement between
two images [9] since velocity is low. For high spatial resolution it is crucial that the
particles are small enough to follow the flow. The resolution can be further improved by
using appropriate optics and resolve the particles with at least 3-4 pixels per particle [29].
The set-up and systems used full-fills these requirements. The uncertainty in measuring
the displacement of particles in an interrogation window is nearly constant with respect
to the displacement length when considering displacement up to 10 pixels; unless the
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displacement is less than 0.5 pixels where the uncertainty is much lower [24]. Adrian [9]
recommends displacements of 1/4 of the interrogation window. Bearing this inmind the
uncertainty may also be minimized by securing that correlation peak is narrow and that
the number of speckles in the subimages is high enough [26, 27].

3 Results and discussion

The results are presented mainly in terms of vector field plots and velocity profiles.
Some more figures are used in order to describe the results more clearly. Three pressures
between 30-250 kPa have been applied to the greases. These are referred to low, medium
and high pressure respectively. This was done in order to see how the flow rate changes
with pressure. The flow rates were derived by integrating the velocity from the top of
the restriction to the top of the channel at position 1 (Figure D.1(d)).

3.1 Channel with one flat restriction

For the channel with one flat restriction, three positions are selected for measurements:
inlet, steady flow on the step and outlet, which is shown in Figure D.1(c). Figure 3
shows some examples of measured velocity fields for the NLGI1 and NLGI2 grease. As
expected, the velocity increases as grease flows into the narrow channel, and exhibits a
parabolic flow profile across the step (Figure D.3(b), green line in Figure 4a, and red
line in Figure 4b), and then decreases at the exit of the restriction. The velocity profiles
at different positions in the inlet and outlet zones were analysed in more detail and are
shown in Figure 4. In this figure, the different plotted velocities are those measured at
different positions, where the colours of the line-plots correspond to those of the lines in
Figure 3. At the inlet, the grease velocity distribution changes gradually from a wide
parabolic flow to a narrow parabolic flow, inverted at the outlet. This indicates that
the yield stress is reached in a large part of the restriction. The distance for the flow to
develop from a wide parabolic flow to a fully developed narrow parabolic channel flow
(and the other way around) was defined as the transition zone and has been determined
for both inlet and outlet zones, and the results are similar: 1.26 mm as shown in Figure
D.3(a) and D.3(c). The transition zone is between 1.2-1.5 mm for all three greases for all
pressure drops. It is observed that there are slowly moving particles near the step bottom
corner at the inlet, the area shown in Figure 5, which is defined as the stagnant core by
[22, 23]. To investigate this phenomenon, a zoomed area with particles is studied. Only
qualitative measurements are done since the velocity of the particles at the corner is very
slow compared to the main plug flow in the channel, making it difficult to determine the
low velocities near the corner. From the observations of all tests it is concluded that the
particles followed the main flow along the border of the stagnant corner area and passed
through the step without moving into the stagnant corner as the blue arrows indicate.
Within this stagnant corner area, it is observed that the NLGI00 grease at high velocity,
exhibits minimal circulation, as the red arrows indicate. Tests on the NLGI1 grease with
an extra high flow rate also shows this circulating flow but with several small vortices.
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The appearance of vortices can be coupled to the shear stress, which makes the grease
flow for values higher than the yield stress. Therefore, it is likely that this circulating
flow within the stagnant corner area will only occur with high enough stresses, i.e. at
higher flow rates. No vortices could be detected at the outlet.

3.2 Double restriction channel

Considering the channel configuration with double restrictions, the maximum flow veloc-
ity is located above the two restrictions. As expected, a high-pressure drop resulted in a
high velocity (Figures D.6(a) and D.6(b)). From Figure D.6(b) it can be observed that
grease flows closer to the boundary between the two restrictions due to the high velocity.
For the NLGI00 grease, a flow can be observed down to the bottom between the two
restrictions (Figure D.6(c)).

Figure 7 shows the velocity profiles for three greases at position 1 and position 2
(Figure D.1(d)). More tests for NLGI1(30-250 kPa) and NLGI2(50400 kPa) have been
done in order to investigate the flow depth (discussed later). When comparing velocity
profiles for the three greases over the first restriction (position 1 in Figure D.1(d)), it can
be seen that NLGI00 grease has a more Newtonian flow profile compared to the NLGI1-
and NLGI2 grease, i.e. the velocity profile of the NLGI00 grease has a parabolic-shape.
At low flow rate (low pressure drop), the velocity profiles of the NLGI1 and NLGI2
grease exhibit nearly a plug flow over the first restriction, which is in accordance with
the work of [30]; as the flow rate increases, the velocity profiles become more parabolic,
corresponding to Newtonian behaviour. The velocity profiles at the middle of the two
restrictions (position 2 in Figure D.1(d)) indicate that there are regions (marked in
Figure D.6(a)) with no motion of the grease. As the NLGI number decreases or the
flow rate increases, grease flow is detectable further down in the space between the two
restrictions. In order to investigate this, the term flow depth is introduced. As shown
in Figure D.1(d), the red curve presents the border between the moving grease and the
seemingly stationary grease, and the flow depth is defined by the distance between the
straight line of the two tips of the two restrictions and the red curve at position 2 (the
red arrow line ab). To calculate the flow depth, the velocity profiles in Figure 7 were
used. The vertical position of point a in Figure D.1(d) is defined as the bottom point of
the velocity profile at position 1. To determine the vertical position of point b in Figure
D.1(d), a velocity of 9×10−3 m/s was chosen for all three greases, below which the grease
flow velocity was assumed negligible. The irregular velocity profiles at lower flow rates
have not been included due to the noise in the velocity signal. The relationship between
flow depth and flow rate is shown in Figure 8. For the NLGI00 grease, the flow depth
is linear with flow rate as would be expected for Newtonian fluids [3]. The flow depths
of NLGI00 are higher than that of NLGI1 and NLGI2 in all the tests and reaches to the
bottom at flow rate 0.19 × 10−3 m2/s (the distance from the tip of the restrictions to
the bottom is 0.6 mm, Figure D.1(d)); more tests are needed to investigate flow depth
at low flow rate of NLGI00 grease. For NLGI1 and NLGI2 grease, the flow depth and
the flow rate have a logarithmic relationship; there is no penetration depth even though
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(a) NLGI2 at inlet

(b) NLGI1 steady flow at the step

(c) NLGI2 outlet

Figure 3: Averaged velocity field for high pressure.
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(a)

(b)

Figure 4: Velocity profile at different position denoted by different colours, corresponding to the
coloured vertical lines in Figure D.3(a), and Figure D.3(b), respectively.

Figure 5: Close up view of the inlet corner of the flat step, NLGI00 Grease.
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(a) NLGI2 low pressure

(b) NLGI2 high pressure

(c) NLGI00 high pressure

Figure 6: The averaged vector field for D.6(a) NLGI2 grease at low pressure, D.6(b) as in
D.6(a) but with high pressure, D.6(c) NLGI00 grease at high pressure
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there is a flow rate when extrapolating the logarithmic line to the x coordinate. This
could be explained by the rheological behaviour of the grease, i.e. the yield stress of
the grease. Internal binding forces give grease a solid character [15], until the external
stresses are beyond the yield stress, then the grease starts to flow. At low flow rates
the flow depth is zero since the shear stress between the moving grease and the grease
trapped in the area between the two restrictions is lower than the yield stress. Only when
the flow rate is high enough, the grease between the two restrictions will start to move,
which results in a flow depth. As a result, high consistency grease needs a high flow
rate to induce flow down into the area between the two restrictions. If a contaminant
particle is located in the stationary grease between the two restrictions at a relatively
low velocity, the particle will start to flow and pass through the second restriction when
the flow velocity increases, i.e. the flow depth increases. Therefore increasing grease
flow velocities endangers contaminant particles that previously have settled in corners or
in-between restrictions, to flow again.

From Figure D.3(c), when the grease flows through the restriction, it becomes fully
developed after some distance (1.26 mm). Thus, it is expected in the double restrictions
channel that, when the distance between the two restrictions increases, the grease flow
will further develop and the flow depth will increase.

4 Conclusion

4.1 For the channel with one flat restriction

The grease flow is symmetric in the inlet and outlet zones for all three grease. The
transition zones are about 1.2-1.5 mm, comparable to the height of the channel before
the step, which is 1.5 mm. In the corner area before the restriction, no flow is observed
which is defined as the stagnant corner area, for NLGI2 greases while for NLGI00 and
NLGI1 grease, at high velocity, a small circulation flow has been discovered.

4.2 For the double restriction channel

NLGI00 grease exhibits a parabolic velocity profile, (Newtonian fluid behaviour) while
the flow profile of higher NLGI number greases has a plug flow shape. As the velocity
increases, these flow profiles change to more parabolic shapes.

The flow depth, i.e. the penetration of flow in-between the two restrictions, is linear
with flow rate for the NLGI00 grease and follows a logarithmic relationship with flow
rate for NLGI1 and NLGI2 greases: the higher the velocity, the deeper the flow depth.
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(a) NLGI00

(b) NLGI1

(c) NLGI2

Figure 7: Velocity profiles captured from Pos 1 (solid lines) and Pos 2 (dashed lines) as described
in Figure D.1(d). q is the integrated flow across the channel for each position [×10−3m2/s].
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Figure 8: Flow depth vs. integrated flow rate across the channel for NLGI00, NLGI1 and
NLGI2.
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A new method to visualize and quantify grease flow in be-

tween two sealing lips or, in general, a double restriction seal is

presented. Two setups were designed to mimic different types

of seals; that is, a radial and an axial shaft seal. The flow of the

grease inside and in between the sealing restrictions was mea-

sured using microparticle image velocimetry. The results show

that grease flow due to a pressure difference mainly takes place

close to the rotating shaft surface with an exponentially decay-

ing velocity profile in the radial direction. Consequently, con-

taminants may be captured in the stationary grease at the outer

radius, which explains the sealing function of the grease.
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INTRODUCTION

Radial shaft seals and bearing seals are designed to retain
lubricant and prevent contamination from entering the system.
Seals operating in heavily contaminated environments often con-
tain multiple contacting or noncontacting lips to increase sealing
performance. The space in between these lips is filled with grease
for lubrication. It is believed that this grease also provides an ad-
ditional sealing function. In contrast to oil seals (Baart, et al. (1)),
physical knowledge on the sealing mechanism of the grease is
lacking. It is assumed that the grease flow velocity profile has a
crucial role and is therefore the subject of this study.

In experimental fluid mechanics, particle image velocimetry
(PIV) has been used for the last decade as a method to visual-
ize and quantify fluid flow in various applications (Raffel, et al.
(2)). Because the understanding of microfluid mechanics is be-
coming more important, PIV techniques have been adapted to a
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microscopic level (Meinhart, et al. (3)). This technology is called
micro-PIV (μPIV) and has proven to be a feasible method to
study flows in complex microscale structures; for example, blood-
plasma velocity in an embryonic heart (Vennemann, et al. (4))
and deposition of particles in composite molding (Nordlund, et al.
(5)). Recently, Westerberg, et al. (6) applied the method success-
fully to study the pressure-driven flow of grease in a rectangular
microchannel. Li, et al. (7) proceeded to investigate how differ-
ent geometries influence a pressure-driven grease flow; that is,
how grease behaves in a 2D restriction. The μPIV technique is
used in the current study for the visualization and quantification
of the grease flow in small sealing geometries.

The aim of this work is to study the flow velocity profile of
grease in a double restriction sealing (DRS), with a rotating shaft
configuration where two narrow gap sealing restrictions represent
sealing contacts or a labyrinth type of seal. The DRS geometry is
designed to facilitate optical observations and flow field measure-
ments within the chamber formed between the two restrictions.
Two DRS setups were developed representing different types of
seals. First, the radial DRS setup with two radial sealing restric-
tions simulates a radial shaft seal including a dust lip (Fig. 1a).
Second, the axial DRS setup, containing one radial and one ax-
ial sealing restriction, represents a seal with a radial and axial lip
(Fig. 1b).

The two DRS setups and the experimental method are de-
scribed in the next section. Subsequently, the measured flow pro-
files of the grease in the DRS are presented and discussed.

METHOD

Common for both setups is the use of orthogonal optical
access to the measurement planes in either the tangential or
the axial direction. It is assumed that the grease chambers can
be represented with a symmetric geometry to facilitate the
measurements.

Relatively low speeds, compared to normal applications, were
applied in order to protect the μPIV equipment and because the

784
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Fig. 1—Radial shaft seal with (a) a dust lip, that is, two radial restrictions, and (b) an axial lip running against an additional axial flinger.

main purpose of this study is to demonstrate a new methodol-
ogy. Also, the low shaft speed allowed for very accurate measure-
ments of the grease velocity gradients in the grease chambers.

Radial DRS Setup

The radial DRS setup contained a small circumferential sym-
metric grease chamber enclosed by two radial identical sealing
restrictions; see Fig. 2. The sealing restrictions had a small gap
of 0.1 mm to allow for grease flow in the axial direction induced
by a pressure difference. The symmetrical split housing of the ra-
dial DRS was made of polymethyl methacrylate (PMMA), which
is transparent. One side of the PMMA housing was flat and pol-
ished to improve optical transparency. The grease chamber could
be observed through this flat side in the radial direction. The ro-
tating shaft was made of steel so that the wetting and adhesion
properties of the grease to the shaft surface were similar to a real
sealing application. The shaft was supported by two deep-groove
ball bearings, which were mounted in the PMMA housing. The
shaft was driven by an external electrical motor at 300 to 400 rpm,
resulting in a tangential shaft surface speed of 0.8 to 1.0 m/s.

Axial DRS Setup

In the axial DRS setup (Fig. 3), one of the sealing restric-
tions was on the axial surface of the rotating shaft. A main
advantage of this axial DRS setup is that it is possible to do
measurements from two orthogonal directions and thus cap-
ture a true 3D flow velocity profile of the grease. To optimize
the optical system, 0.75-mm-thick sheets of microscope objec-
tive glass were used as transparent windows to minimize the dis-
tance between the microscope lens and grease chamber. In or-
der to create a radial observation window, the horizontal win-
dow in Fig. 3, that is, the top window, was mounted partly into
the circular grease chamber, which reduced the radial height up
to 0.14 mm of the chamber’s total height. It was assumed that
the flat window would not significantly influence the global flow
field of the grease. The steel housing is symmetrically split in
the horizontal plane to allow easy assembly of the shaft. An
additional advantage with the steel housing is that is has good
heat conductivity, reducing temperature gradients in the grease
when it is sheared in the grease chamber and in the sealing
restrictions. For all visualizations and measurements the shaft

Fig. 2—Radial DRS setup with a rotating steel shaft and one radial sealing restriction on each side of the grease chamber. The camera is located in radial
direction; that is normal to the shaft surface. (1) and (2) are the two halves of the housing and (3) is a sleeve mounted on the shaft. (color figure
available online.)
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Fig. 3—Axial DRS setup with one radial restriction at the right side and
one axial restriction at the left side of the grease chamber. The
camera can be located in radial and axial directions; that is, nor-
mal to the shaft surface and at a 90◦ angle. For detail A and
dimensions see Fig. 5.

rotated at 24 rpm, resulting in a tangential shaft surface speed of
0.05 m/s.

Grease and Supply

The grease used was a multipurpose lithium soap/mineral oil
grease with a consistency (resistance to deformation by an ap-
plied force) NLGI 2 and base oil viscosity of 0.25 Pa s at 25◦C.
The optical transparency of the grease was good enough for the
measurement. Baart, et al. (8) measured the rheological proper-
ties of this grease (called grease D in their work). To fill the DRS,

grease was applied under pressure from one side using a syringe.
In the same way, a pressure difference could be created over the
grease chamber, which forces the grease to flow in the axial di-
rection; that is, through the first sealing restriction, through the
grease chamber, and through the second sealing restriction. The
grease left the DRS at ambient pressure. A pressure difference
of maximum 0.1 MPa was applied in the radial DRS setup and in
the axial DRS setup to drive a grease flow in the axial x-direction.
For the μPIV measurements, the grease was mixed with dry pow-
der of rhodamine B particles, with a diameter of 7.68–0.19 μm.
These particles were considered to be sufficiently small to follow
the motion of the grease while not influencing the grease viscosity
and grease flow itself.

Measurement Setup μPIV

The velocity profile in the two DRS grease chambers was
investigated with a μPIV system, consisting of a high-speed,
double-frame CCD camera with a spatial resolution of 1,280 ×
1,024 pixels in combination with an optical microscope with ob-
jectives of a magnification of 5× and 10×. The light source was
a laser with a wavelength of 527 nm. Recording frequencies were
150 to 200 Hz, depending on the shaft speed. A schematic rep-
resentation of the setup is shown in Fig. 4. The μPIV technique
enables instantaneous measurements of the fluid velocity field in
a 2D plane. The general convention for 2D PIV is to illuminate a
single plane in a volume with a light sheet from a double-pulsed
laser, where the thickness of this light sheet is less than the field of
depth of the camera such that only the tracer particles in the light
sheet will be captured (Green, et al. (9)). However, due to the
small scale of the DRS geometry, the entire grease volume will
be illuminated by the laser. Therefore, the measurement plane
is set by the depth of focus of the microscope lens. To construct
the 3D velocity profile of the grease in the axial DRS setup, mea-
surements were performed in two orthogonal directions, B and F,
resulting in a total of six vector fields; see Fig. 5. With the high-
speed CCD camera, 50 to 100 double frame images were recorded
in a set. Subsequently, each image was divided into small interro-
gation areas (IA), where cross-correlation, based on fast Fourier
transform, was performed. This resulted in an averaged vector
velocity field of the measurement plane. The time interval, �t,
between first and second frame image was set to 150 μs so that
the displacement of the fluorescent particles was large enough

Fig. 4—Setup for μPIV measurements including a CCD camera and microscope, including the DRS setup and a laser for illumination of the fluorescent
particles in the grease.
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Fig. 5—Closeup of the grease chamber in the axial DRS setup corre-
sponding to the dashed line box detail A in Fig. 3. The focus
planes of the camera are indicated with F for the axial observa-
tions and B for the radial observations.

to obtain a cross-correlation peak while the particles were still
inside the interrogation areas. Notice that �t affects the size of
the interrogation area, IA. Typically a two-pass scheme with a
starting IA of 128 × 64 pixels and a final IA of 32 × 16 pixels,
containing around four to eight particles in the final IA, with a
50% overlap was chosen. To improve the particle contrast, an av-
erage image was first created for all images in a set of double
images. Then each individual image was filtered with the average
image before cross-correlation. The results were postprocessed
with a 3 × 3 median filter. Some variations needed to be intro-
duced dependent on the quality of the particle images.

Increasing the number of double-frame images (to more than
100 in this case) often results in an improved velocity average. In
the present case, however, it was found that the slow-moving par-
ticles close to the stationary wall became oversaturated and faded
so much that they no longer could be distinguished on additional
frames. Hence, larger sets of double frames, and thus longer time
for the measurements, would not have increased the accuracy.

RESULTS AND DISCUSSION

The radial DRS setup was first used to determine whether it
was possible to measure the grease flow velocity using μPIV. The
results indicated that μPIV measurements in the small grease vol-
ume were possible but difficult. The method of using the focus
plane of the camera as the measurement plane limits the mea-
surement distance into the grease chamber volume. The optical
path through the housing and grease chamber was too long and
made it impossible to capture images sharp enough to derive the
velocity close to the shaft surface. This finding was one of the

motivations for designing the axial DRS setup enabling measure-
ments of the 3D flow field of the grease. Detailed results from
each setup will now be presented and discussed.

Grease Flow in the Radial DRS Setup

Measurements with the radial DRS setup were conducted
with ≈0.1 MPa pressure difference over the grease chamber
and rotational speed of 0.8–1.0 m/s. This pressure difference
induced a grease flow in the axial direction through the grease
chamber. Measurements were performed in the inlet sealing
restriction, grease chamber, and outlet sealing restriction, respec-
tively. The optical difference between the grease chamber and
the PMMA housing made it impossible to obtain measurements
over the boundary between the sealing restrictions and the
grease chamber close to the shaft. It is shown that the flow
in the sealing restrictions was mainly directed along the shaft,
that is, in the x-direction in Fig. 2. This can also be seen in
Fig. 6, showing the grease flow in the 0.1-mm-high inlet sealing
restriction, the left sealing restriction in Fig. 2. The vector length
and background greyscale represent a nondimensional speed
with a leading component along the shaft in the x-direction
and with a weak component in the tangential y-direction. The
former was due to the applied pressure and the latter was mainly
generated by the rotation of the shaft. From this point of view,
measurements could not be carried out at axial positions in
the positive x-direction, as seen in Fig. 6. The long optical path
through the housing and the grease made it impossible to obtain
a sharp image of the grease close to the shaft. However, it was
possible to measure the grease flow at a distance of 1 mm away
from the shaft as demonstrated in Fig. 7. In this plane, the grease
flow in the tangential y-direction was dominant. The results from
Figs. 6 and 7 indicate that the axial flow of grease in the chamber
only took place close to the shaft surface. Such a scenario would
imply that for a radial lip seal application experiencing a pressure
difference, the outward or inward flow will be along the shaft
surface. Further investigations on this observation will be done
using the axial DRS setup. The velocity profile in the tangential y-
direction resembled a plug flow similar to that found in pipe flow
(Westerberg, et al. (6)). In Fig. 7 the characteristic plug flow
structure is indicated by the arrows of equal length for respec-
tive y-values. In Westerberg, et al. (6), the velocity profiles
were measured and analytically modeled for the case of a flow
through a straight channel. It was shown that the velocity profile
approached a traditional parabolical, Newtonian form as the
pressure gradient driving the flow was increased and as the thick-
ness of the grease was reduced. For the present study, however,
we focus on the overall picture of the flow characteristics in
the radial DRS chamber as shown by the vector field in Fig. 7.
Here the velocity was constant for most of the width in the axial
x-direction and quickly diminished to zero at the wall at x =
3.2 mm. The absolute flow velocity was greater around y =
0.4 mm than around y = 2.0 mm (Fig. 6). There were at least
two reasons to this. First, the sealing restriction had a curvature
(shaft radius) and the measurement plane was set close to the
shaft surface at y = 0.4 mm and was consequently farther away
from the shaft at y = 2.0 mm. Therefore, when assuming a linear
velocity profile in the narrow sealing restriction between the



788 T. M. GREEN ET AL.

Fig. 6—Grease velocity field in the radial DRS chamber, left radial restriction (cf. Fig. 2): the area in the negative x-direction is the 0.1-mm-high restriction
and the area in the positive x-direction is the 1.6-mm-high grease chamber where no vector field could be calculated. The intensity of the
background is the magnitude of the grease flow, and the tangential direction is denoted by y.

shaft and housing, a higher velocity may be expected. Second,
it is likely that there was a pressure gradient in the tangential
y-direction because the grease was supplied through a single hole
in the housing close to the grease chamber. It may be argued that
computational fluid dynamics (CFD) could be used to reveal the
existence of such a pressure gradient. Denn (10) and Walters and
Webster (11), among others, however, have pointed out the diffi-
culties in modeling grease flow, because the viscosity of grease is
strongly shear dependent and severely affects the quality of the
numerical stability. Hence, the focus in the present work was on
the experimental observations, and simulating grease flow was
considered to be a good continuation. The assumed tangential
pressure gradient was avoided in the axial DRS setup by using
a pressure chamber to generate a uniform pressure around the
grease inlet sealing restriction circumference.

From Fig. 7 it seems like the tangential velocity suddenly
dropped at x = 1.6 mm. This artefact is due to the fact that here
the two halves of the split housing meet and the static joint con-
tributes with a zero velocity to the interrogation areas in the eval-
uation process.

Grease Flow in the Axial DRS Setup

A main result of the radial measurements (B planes in Fig. 5)
was that the tangential grease velocity close to the glass window

(B1) and halfway between the rotating shaft and window (B2)
was very low compared to that close to the rotating shaft (B3);
see Fig. 8. Clearly, most of the grease flow takes place close to
the shaft (B3). The same conclusion was drawn from the results
with the radial DRS setup. Figure 9 shows the flow velocity in
the axial x-direction in the same measurement planes as shown
in Fig. 8. It is again shown that the axial grease flow took place
near the shaft surface. This is in line with the static flow depth
measurements reported in Li, et al. (7). Grease close to the wall,
in particular the grease close to the glass window, did not seem
to flow. From the results it can be concluded that the grease in
the corners and close to the window (outer diameter of grease
chamber) did not contribute to mixing the grease. This implies
that if contaminations move to this stationary area, for example,
due to centripetal forces, they are likely to stay and will not mix
with the rest of the grease in the chamber. Unfortunately, it was
not possible to quantify radial migration of contaminants or mea-
sure radial velocities of the fluorescent particles due to the long
timescales over which this radial migration took place; that is,
the radial velocities were too small compared to the tangential
velocities. With such a scenario, only part of the grease volume
has an active role where the grease moves and the other part
has a passive role, able to capture contamination. This may ex-
plain the sealing function of the grease in between two sealing
restrictions.
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Fig. 7—Grease velocity field in the radial DRS chamber: measurement taken in the tangential plane about 1 mm distance from the shaft. The intensity
of the background is the magnitude of the grease velocity; dark grey equals no flow and white indicates the regions of highest flow within the
measurements.

Fig. 8—Grease flow velocity in axial DRS: tangential y-direction in the xy plane B from Fig. 5.
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Fig. 9—Grease flow velocity in axial DRS: axial x-direction in the xy plane from Fig. 5.

The jagged shape of the B3 graphs in Figs. 8 and 9 are artifacts
from reflections in the shaft and stray light from the particles in
front of the measuring plane.

The result that the grease mainly flowed close to the rotating
shaft surface becomes even more evident from the measurements
in the axial x-direction (F planes in Fig. 5). This is exemplified
with a vector plot of the velocities in plane F2; see Fig. 10. The
tangential grease flow velocities were large close to the rotating

shaft. Here the flow velocity in the top half of the grease chamber
was very low, indicating that the grease ddid not move. The flow
velocities in the tangential y-direction as a function of the radial
z-position are shown in Fig. 11 for all three F planes defined in
Fig. 5. It should be noted that the F1 plane, which was close to
the glass window, entered into the axial restriction. It therefore
did not reach the surface of the shaft as the F2 and F3 planes did.
The results for the F2 and F3 plane were similar. In both cases, the

Fig. 10—Vector flow velocity field in axial DRS: the yz plane F2 from Fig. 5. The bottom side represents the rotating shaft and the top side is the bottom
glass window.
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Fig. 11—Grease flow velocity in axial DRS: tangential y-directions in the
yz plane F from Fig. 5.

grease velocity was close to zero for r ≥ 20.8 mm. Below this ra-
dius, the grease velocity increased exponentially toward the rotat-
ing shaft. The maximum grease velocity that could be measured
in Fig. 11 was approximately half the shaft velocity. No higher
velocities closer to the shaft surface could be measured because
of poor cross-correlation. In order to measure the grease velocity
closer to the shaft surface, measurements were done using smaller
particles of 3.23 ± 0.06 μm and a 10× microscope magnification.
For this case the interrogation window was reduced in size, re-
sulting in twice the number of data points, and measurements
could be done closer to the moving shaft surface. The result was
that the flow velocity profile could be extrapolated toward the
shaft surface (see Fig. 12 where the measurements using 10× and
5× magnification lenses are compared). Consequently, there was
no evidence of grease phase separation or wall slip. The flow ve-
locity profiles for both 7.68- and 3.23-μm-diameter particles are
nearly the same, which verifies the PIV method and the assump-

Fig. 12—Comparison of repeatability and accuracy of the axial DRS with
5× and 10× magnification in the tangential y-direction in the yz
plane F2 from Fig. 5.

tion of having particles sufficiently small to follow the motion of
the grease without influencing the grease flow. The disadvantage
of the 10× magnification lens was that it was not possible to mea-
sure the flow velocity field in the whole grease chamber volume
because the focal length was shorter.

CONCLUSIONS

This study has shown that μPIV can be used to determine the
3D flow velocity field of grease in a sealing system. There are,
however, some difficulties regarding the measurement depth into
the grease volume, which is restricted by the length of the optical
path. It was found that a larger microscope magnification reduced
the measurement depth but allowd for more accurate measure-
ments of the flow velocity close to the rotating shaft.

It was shown that grease flow took place close to the moving
shaft surface due to a pressure difference in the axial direction. A
large part of the grease near the outer radius of the chamber, be-
tween the two sealing restrictions, did not contribute to the flow.
The grease flow in the tangential y-direction, induced by the ro-
tational movement of the shaft, mainly took place close to the
shaft. Here the measured grease flow velocity profile increased
exponentially when approaching the moving shaft surface. The
experimental data can be used in future work to validate numeri-
cal models for predicting the grease flow profile in more complex
geometries.

The observations may explain the sealing function of the
grease as follows: contamination that passed the first sealing re-
striction subsequently moved to the outer radius of the grease
chamber due to centripetal forces. Then the contamination was
captured in the stationary grease in the grease chamber. If a pres-
sure difference induced an axial flow of grease, the flow only took
place close to the shaft surface, and contamination in the station-
ary grease did not move. To strengthen this theory, further exper-
iments with the DRS setups are required to fully understand the
sealing function of grease.
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Microparticle image velocimetry (μPIV) is used to mea-

sure the grease velocity profile in small seal-like geometries and

the radial migration of contaminant particles is predicted. In

the first part, the influence of shaft speed, grease type, and tem-

peratures on the flow of lubricating greases in a narrow dou-

ble restriction sealing pocket is evaluated. Such geometries can

be found in, for example, labyrinth-type seals. In a wide

pocket the velocity profile is one-dimensional and the Herschel-

Bulkley model is used. In a narrow pocket, it is shown by the

experimental results that the side walls have a significant influ-

ence on the grease flow, implying that the grease velocity pro-

file is two-dimensional. In this area, a single empirical grease

parameter for the rheology is sufficient to describe the velocity

profile.

In the second part, the radial migration of contaminant par-

ticles through the grease is evaluated. Centrifugal forces acting

on a solid spherical particle are calculated from the grease ve-

locity profile. Consequently, particles migrate to a larger radius

and finally settle when the grease viscosity becomes large due

to the low shear rate. This behavior is important for the sealing

function of the grease in the pocket and relubrication.

KEY WORDS

Grease Flow; Microparticle Image Velocimetry; Particle Mi-
gration; Double Restriction Seal

INTRODUCTION

Lubricating greases are widely used for lubrication of rolling
bearings, seals, and gears. Grease provides also a sealing function
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in order to protect the system against contaminants. In a previous
study the authors used a microparticle image velocimetry (μPIV)
method to measure the grease velocity profile in a double restric-
tion seal (DRS) and evaluated the sealing function of the grease
(Green, et al. (1)). They measured a nonlinear velocity profile in
a grease-filled pocket as indicated in Fig. 1 and described the seal-
ing function as the ability to capture contaminant particles in the
pocket between two sealing restrictions. Depending on the grease
velocity profile in the pocket, the contaminant particles will mi-
grate in the radial direction, which will be further investigated in
this study.

The problem of small contaminant particles moving in a qui-
escent Newtonian fluid is well described in, for example, Batch-
elor (2) and Kundu and Cohen (3). The flow of particles in non-
Newtonian fluids like lubricating grease is more complex. Putz,
et al. (4) and Tabuteau, et al. (5) studied the settling of spherical
particles in a quiescent yield stress fluid. Spherical particles are
found to fall down and reach a constant terminal velocity when
their density is significantly larger than the fluid density. If the
particle density is below a critical density, the particle comes to a
complete stop. In a rotating fluid, centrifugal forces can be added
to the gravitational forces, resulting in radial particle migration
(Annamalai and Cole (6)). In order to calculate the centrifugal
forces on the particle, the fluid velocity profile should be deter-
mined, which is nonlinear in Couette flow with large gaps and
non-Newtonian fluids. Kelessidis and Maglione (7) presented a
methodology to calculate the velocities and shear rates in a Cou-
ette rheometer based on the Herschel-Bulkley model.

In the current study, the grease velocity profile will be evalu-
ated in two different sealing geometries, one with a wide pocket
and one with a narrow pocket between two sealing restric-
tions. Such geometry can be found in many sealing applications;
two examples are shown in Fig. 2. The velocity profile in wide
pockets will be modeled as a one-dimensional problem using
the Herschel-Bulkley rheology model based on Kelessidis and

1
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Fig. 1—Typical velocity profile between a rotating shaft and a stationary
housing. The dashed line represents a Newtonian fluid and the
continuous line represents a shear thinning fluid.

Maglione’s (7) research. The grease velocity in the narrow pocket
will be measured using the DRS setup from Green, et al. (1) for
different greases, different shaft speeds, and temperatures. Sub-
sequently, the grease velocity profile models are used as input for
a radial migration model that predicts how solid contaminant par-
ticles settle in the grease pocket. Finally, the sealing function of
the grease will be discussed.

PART 1—GREASE VELOCITY PROFILE

The experimental setup and measurement method for μPIV
will be briefly explained and the obtained velocity profiles in the
wide and narrow pocket will be discussed.

Methodology

Green, et al. (1) quantified three-dimensional grease velocity
profiles with μPIV in a grease pocket with a rotating inner cylin-
der and stationary outer cylinder (housing). A detailed descrip-
tion of the setup and (μPIV) methodology can be found in Green,
et al. (1). The setup was modified with a new grease supply system
and a hot air box to examine the influence of elevated ambient
temperatures on the grease velocity profiles. The elevated tem-
perature was monitored with thermocouples that were inserted
in the housing at the outer radius of the grease pocket. Follow-

Fig. 2—Seals including a labyrinth: (a) oil seal with dust lip and wide
grease pocket and (b) double lip bearing seal with narrow grease
pocket.

ing previous work, fluorescent seeding particles with a diameter
of 3.23 ± 0.006 μm were used in combination with a 10× magnifi-
cation. A multipass cross-correlation scheme was applied, with a
decreasing interrogation window size from 128 × 64 pixels to 32 ×
16 pixels and typically 55–62 data points were acquired in each ve-
locity profile, resulting in a spatial resolution of 0.024–0.027 mm.
Measurements were performed in a plane located 0.1 mm behind
the end face of the rotating shaft; that is, approximately 0.2 mm
away from the transparent window as seen in Fig. 3. This is not
the same plane as that in previous work and the typical image that
is observed is shown in Fig. 1. The shaft is driven at speeds from
0.01 to 0.1 m/s shaft surface velocity.

Greases with different rheological behaviors were used: a rel-
atively stiff NLGI2 grease, a softer NLGI1 grease, and a very soft
NLGI00 grease. These greases are transparent and it is possible
to set the focal plane for measurements some distance into the
grease pocket volume, F2′ in Fig. 3. While the shaft is rotating, a
small grease flow of 0.1 mL/min is forced to flow from the pres-
sure chamber through the first sealing restriction into the grease
pocket and leave the test rig through the second sealing restric-
tion as indicated by arrows in Fig. 3. This grease flow ensures that
the grease pocket is filled with grease throughout the measure-
ment. As shown previously in Green, et al. (1), this grease flow
takes place close to the rotating shaft and is sufficiently small that
it does not significantly influence the tangential velocity measure-
ments.

The rheology model for the grease used here is the Herschel-
Bulkley model including an extra base oil viscosity term as pre-
sented by Palacios and Palacios (8) and used in Baart, et al. (9).
This four-parameter Herschel-Bulkley model is defined as

τHB = τy + Kγ̇n + ηbo γ̇, [1]

where τγ is the apparent yield stress, K is the consistency param-
eter, n is the shear thinning parameter, and ηbo is the base oil

Fig. 3—Close-up of the grease pocket in the DRS setup with the focus
plane of the camera indicated by F2′.
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viscosity. The parameters τγ and ηbo are measured directly and K
and n result from fitting the model to the rheometer flow curve.
The rheological properties were measured at 25◦C using a rotat-
ing parallel plate rheometer according to the methods described
by Baart, et al. (9). In the rheometer, wall slip at the plate surfaces
is present below shear rates of ∼10 s−1. The parameter fit for K
and n is done for shear rates above this value and the parame-
ters are presented in Table 1. The greases in Table 1 are equal
to the greases used in previous studies by Westerberg, et al. (10)
and Li, et al. (11). Because of the currently used four-parameter
model and the use of an automatic best fit method, different val-
ues for the rheology parameters were found compared to the ear-
lier manual fit used in Westerberg, et al. (10).

The base oil viscosity in Eq. [1] was calculated at the cor-
rect temperature from the viscosities at 40 and 100◦C using the
Walther equation (Sánchez-Rubio, et al. (12)). For determina-
tion of the apparent yield stress, a vane geometry was used on the
rotational rheometer. This setup included a rotating vane with an
outer diameter of 20 mm and length of 20 mm, including six vanes
having a 0.1 mm thickness, shown in Fig. 4. The vane geometry
was submerged 20 mm into a cup with a 25-mm inner diameter
filled with grease. The wall of the cup was made of rough sand-
paper to prevent wall slip (Keentok (13); Barnes (14); Barnes
and Nguyen (15)). During the measurement, an increasing torque
was applied on the vane and the angular velocity was measured.
Figure 5 shows the results of the angular velocity against the ap-
plied torque for the NLGI2 and NLGI1 grease. Below a critical
torque Tc, the angular velocity increased linearly with the applied
torque, which was due to small elastic deformation at stresses be-
low the apparent yield stress. Above the critical torque the angu-
lar velocity increased quickly and nonlinearly because the grease
started to flow at stresses above the apparent yield stress. This
point of critical torque can be visually observed in the graph and
the apparent yield stress was subsequently defined as

τγ = Tc

2πR2
(
h + R

3

) , [2]

where Tc is the critical torque, R is the vane radius, and h is the
penetration depth of the vane into the cup. For greases with a
high yield stress, the penetration depth h can be reduced, which
consequently reduces the required torque to reach the apparent
yield stress point. The average apparent yield stress can be de-
termined from Fig. 5 and is shown in Table 1 for the NLGI1 and
NLGI2 greases at 25◦C.

Velocity Profile in Wide Pocket

The grease velocity profile in the wide pocket, where any in-
fluence of the end walls can be neglected, is approached as a one-

TABLE 1—GREASE RHEOLOGICAL PROPERTIES BASED ON THE

FOUR-PARAMETER HERSCHEL-BULKLEY MODEL FIT TO A FLOW

CURVE OBTAINED FROM A PARALLEL PLATE RHEOMETER AT 25◦C

Grease Type τyield (Pa) K (Pa.sn) n ηbo (Pa.s)

NLGI 2 500 8.2 0.63 0.25
NLGI 1 260 61 0.42 0.49
NLGI 00 15 12 0.63 0.89

Fig. 4—Schematic drawing of the vane geometry for apparent yield stress
measurements.

dimensional case. For a Newtonian fluid in a Couette type of ge-
ometry, the velocity profile only depends on the shaft speed and
geometry; that is, the gap height relative to the shaft diameter.
In the case that the gap is large compared to the shaft diame-
ter, a nonlinear fluid velocity (nonconstant shear rate) may be
expected. This tangential velocity profile is given for Newtonian
fluids as (Batchelor (2))

u(r) = Us

[
ro/r − r/ro

ro/ri − ri/ro

]
, [3]

where Us is the shaft surface velocity, ri is the inner radius or
shaft radius, and ro is the outer radius or housing radius. For suf-
ficiently small gaps where the gap relative to the shaft radius is
small, that is, (ro − ri)/ri � 1, Eq. [3] approaches a linear velocity
profile.

Lubricating greases generally show a nonlinear flow behavior
and consequently Eq. [3] cannot simply be applied. The fluid ve-
locity profile is calculated based on the four-parameter Herschel-
Bulkley rheology model using the parameters in Table 1. Keles-
sidis and Maglione (7) presented a methodology to calculate the
tangential velocity through the gap height in a Couette rheometer
based on the three-parameter Herschel-Bulkley model. To use
the four-parameter Herschel-Bulkley model from Eq. [1], their
flow equation was modified. Figure 6 shows the model results
for a Newtonian oil according to Eq. [3] and for the NLGI2 and
NLGI1 grease based on the four-parameter model at 0.01 and
0.05 m/s shaft speed, respectively. The velocity profile of the New-
tonian oil is linear because (ro − ri)/ri is small. The greases show
a small deviation from the Newtonian case due to shear thinning.
However, when the shaft velocity is increased, this effect is re-
duced.

Velocity Profile in Narrow Pocket

The velocity profile in the narrow pocket is significantly influ-
enced by the presence of the side walls; that is, left and right walls
in Fig. 3. Consequently, lower velocities than those based on the
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Fig. 5—Yield stress (angular velocity) measurement results for NLGI1 and NLGI2 grease.

one-dimensional analysis are expected. The DRS setup and μPIV
method from Green, et al. (1) were used to evaluate the grease
tangential velocity profile at different shaft speeds and temper-
atures for three greases. Figure 7 presents the measured grease
velocity profile of the NLGI2 grease at several shaft speeds in the
F2′ plane from Fig. 3. The velocity curves of the grease show sig-
nificant nonlinearity due to shear thinning effects. Consequently,
higher shear rates than for a Newtonian fluid case are present

close to the rotating shaft. Close to the stationary housing at 1.5
mm from the shaft (radial position 0.0215 mm) the grease seems
to stand still, indicating an apparent unyielded area.

Plotting the same data from Fig. 7 with the velocity on a log-
arithmic scale as in Fig. 8, shows that the data points approach a
straight line. This indicates an exponential velocity profile in the
form

u (r) = Us eβ(r−ri), [4]

Fig. 6—One-dimensional tangential velocity profiles for a Newtonian fluid and for greases based on the four-parameter Herschel-Bulkley model.
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Fig. 7—Grease velocity of the NLGI2 grease in a narrow seal pocket at different shaft speeds at T = 25◦C. The velocity profile is nonlinear and the grease
at the outer radius seems to be unyielded.

where Us is the shaft surface velocity, r is the radius from the cen-
ter of rotation, and ri is the radius of the shaft surface, where β is a
shear thinning parameter of the grease. Equation [4] is plotted in
Fig. 8 to show that Eq. [4] gives a non-zero velocity at the housing
wall. Therefore, Eq. [4] is corrected with Eq. [3] to obtain

u (r) = Useα(r−ri)
[

ro/r − r/ro

ro/ri − ri/ro

]
, [5]

where ro is the outer radius of the gap and α is a new shear
thinning parameter. The α-value was found to be constant (α =
−3,000) for the NLGI2 grease at all shaft speeds. Equation [5]

Fig. 8—Grease velocity of the NLGI2 grease in a narrow seal pocket at different shaft speeds at T = 25◦C. The straight lines for all experiments indicate
an exponential velocity profile.
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Fig. 9—Grease velocity of NLGI2, NLGI1, and NLGI00 greases in a narrow seal pocket at T = 25◦C. The different greases show different amounts of shear
thinning.

was tested with data from the three different greases at differ-
ent shaft speeds, and the results are shown in Fig. 9. Also, Eq.
[5] is plotted here for each measurement condition and the α-
values were determined for the different greases. This confirmed
the idea that the α-value can be used as a grease property to de-
scribe its flow behavior or rheology in the DRS setup. The differ-
ent α-values for the greases are presented in Table 2.

The shear thinning properties of grease are temperature de-
pendent, and this behavior should reasonably be reflected in the
α-value. Figure 10 shows flow measurement results of the NLGI2
grease at four different temperatures. At each temperature a fit
was made using Eq. [5] with different α-values. The model fit
(continuous line in Fig. 10) at T = 25◦C appears to be a poor
fit. However, this fit is based on the results at five different speeds
in Fig. 8 where it fits very well with the other shaft speeds. New
α-values were fitted for the other temperatures and are presented
in Table 3. The table also contains the temperature-dependent
α-values for the NLGI1 grease.

A model fit using the data in Table 3 was made to find an
equation for the temperature dependence of the α-value, giving

α = A ln (T) + B, [6]

TABLE 2—SHEAR THINNING PARAMETER α FOR DIFFERENT

GREASE TYPES IN THE F2′ PLANE IN THE NARROW POCKET AT 25◦C

Grease Type α-Value (m−1)

NLGI2 −3,000
NLGI1 −2,000
NLGI00 −1,000

TABLE 3—TEMPERATURE-DEPENDENT α-VALUES FOR NLGI2
AND NLGI1 GREASE IN THE F2′ PLANE IN THE NARROW POCKET

Grease Type 25◦C 50◦C 70◦C 100◦C

NLGI2 −3,000 −2,200 −1,800 −1,400
NLGI1 −2,000 −1,450 −1,200 −900

where A and B are grease parameters given in Table 4 and T is
temperature.

The temperature model, Eq. [6], for the shear thinning param-
eter α is substituted into Eq. [5] to obtain the equation for the
grease velocity in the DRS F2′ plane as a function of grease type,
temperature, shaft speed, radial position, and geometry according
to

u (r, T) = Use[A ln(T)+B](r−ri)
[

ro/r − r/ro

ro/ri − ri/ro

]
. [7]

Only the narrow pocket’s radial dimensions are included in Eq.
[7], and the axial dimension or width of the pocket is not included.
This width and the position of the measurement plane should be
included in the α-value, which has the dimension of m−1. For the
current work only the measurement plane at the position F2′ is
evaluated.

TABLE 4—TEMPERATURE PARAMETERS FOR α-VALUE MODEL IN

THE F2′ PLANE IN THE NARROW POCKET

Grease Type A [(mT)−1] B (m−1)

NLGI2 1,160 −6,720
NLGI1 790 −4,540
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Fig. 10—Grease velocity of NLGI2 grease in a narrow seal pocket as a function of temperature. Shear thinning decreases with increasing temperature.

DISCUSSION

Equations for predicting the grease velocity profile in wide
and narrow pockets, as can be found in double restriction seals,
have been presented. It is shown that the grease velocity profile
in a wide pocket (Fig. 6) significantly deviates from the velocity
profile in a narrow pocket (Fig. 9). The wide pocket model as-
sumes a one-dimensional case where the effects of the side walls,
that is, left and right walls in Fig. 3, are neglected. Because the
width of the narrow pocket is almost equal to the height and be-
cause the measurement is performed at only 0.2 mm from the
transparent window wall, the side walls do have a significant in-
fluence on the grease velocity profile here. This is due to the
momentum equation, which includes the (shear) stress tensor τij,
and ∂τij/∂xj in both spatial directions has to be accounted for. For
a one-dimensional scenario, however, where the width is much
greater than the height, the rate of change of the shear stress is
zero in the axial direction. In the narrow gap situation, the walls
slow down the flow and hence lower velocities are measured. Be-
cause the measurement method—that is, the time step in velocity
measurement—was optimized for velocities close to the shaft, the
signal-to-noise ratio at low velocities, <0.001 m/s, was relatively
large, as shown in Fig. 8. The calculation method with interroga-
tion windows may result in misleading results at the walls (Green,
et al. (1)). The effect of the side wall on the velocity profile cannot
be predicted by the one-dimensional model and an extension to
two dimensions should be made if more detailed predictions are
required in future work.

However, the grease velocity profiles in the F2′ plane in
the narrow pocket can be calculated using a simple analyti-
cal/empirical equation (Eq. [7]) where the shear thinning parame-
ter α is temperature dependent. In Table 3 the α-values are found
to overlap, meaning that equal velocity profiles in the pocket can
be found for the two different greases at different temperatures.

For example, α = −1,450 for the NLGI1 grease at ∼50◦C, which
equals α = −1,400 for the NLGI2 grease at ∼100◦C.

Furthermore, the Herschel-Bulkley model in Eq. [1] contains
a yield stress, or apparent yield stress (Barnes (14)), below which
the grease is assumed to stand still. In Fig. 6 such an unyielded
area at the outer radius is visible at very low shaft speed; for ex-
ample, 0.01 m/s. At higher shaft speed, for example, 0.05 m/s, such
unyielded are is no longer present and all of the grease flows. In
the narrow pocket, where the side walls significantly influence
the velocity profile, such an apparent unyielded area is clearly
visible as shown in Fig. 7. However, here the unyielded area de-
creases with increasing shaft speed and is smaller for greases that
are less shear thinning, as shown in Fig. 9. It is well known that
the yield stress of greases depends on temperature (Gow (16))
and, consequently, a smaller unyielded area was measured at el-
evated temperatures, as shown in Fig. 10. However, although it
appears that some grease was apparently unyielded in the nar-
row pocket in Fig. 7, in the experiment some very slow (creep)
flow was measured. This becomes evident from Fig. 8, where the
velocity is plotted on a logarithmic scale. Here it is shown that
the grease does flow with a velocity that is an order of magnitude
lower than the velocity close to the shaft. The occurrence of wall
slip at the housing wall where shear rates are low may also explain
that the velocity does not approach zero. Due to wall slip the bulk
grease in the apparently unyielded area may move without be-
ing sheared. In combination with some creep flow as described
above, this explains the non-zero velocity values at the outer
radius in Fig. 8. The one-dimensional four-parameter Herschel-
Bulkley rheology model would have predicted the grease to stand
still in such a case due to the yield stress term in the model. In
order to predict creep flow behavior, a rheology model with addi-
tional parameters should be used to include a maximum viscosity
plateau at low shear rates.
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Wall slip is expected to occur in the parallel plate rheometer
experiments at low shear rates, as shown by Keentok (13) and
Baart, et al. (9), and typically occurs at shear rates at the geometry
wall below ∼10 s−1. At the shaft surface in the DRS such wall
slip was not observed from the velocity profile measurements. By
using the derivative of Eq. [7] to calculate the shear rates in the
DRS, it becomes clear that at the lowest shaft velocity of 0.01 m/s
the shear rate at the shaft surface is 30 s−1 and therefore is large
enough to avoid wall slip.

PART 2—CONTAMINANT MIGRATION

The sealing function of grease was discussed in Green, et al.
(1); it was suggested that solid contaminant particles that pass
through the first sealing restriction are captured by the grease in
the pocket, or grease chamber, and therefore reduce the prob-
ability of particles passing through the second restriction. These
particles typically have a larger density than the grease and conse-
quently migrate to a larger radius in the pocket, due to centrifugal
forces. In the second part of the article the migration of solid con-
taminant particles in the grease due to centrifugal body forces is
simulated using the grease velocity profiles from Part 1.

Migration Model

Solid contaminant particles in the grease pocket are assumed
to move with the same circumferential velocity as the grease.
Consequently, centrifugal forces act on the particle and force the
particle to migrate to a larger radius. The particle is slowed down
due to drag forces as the particle migrates through the grease.
Any hydrodynamic effects due to shear, shear thinning, or nor-
mal stresses, as discussed in fundamental work by, for example,
Karnis and Mason (17) or Gauthier, et al. (18) for naturally buoy-
ant particles, are neglected. The force balance is written as

Fc.r + Fd.r = m · ar, [8]

where Fc is the centrifugal force, Fd is the drag force, m is the
particle mass, and ar is the particle acceleration, all in the radial
direction. The particle mass can be calculated from the density ρp

such that m = 4πρpa3/3 assuming that the contaminant particle
can be approached as a sphere with an effective particle radius
a. With the particle suspended in the grease, a correction for the
difference in density between particle and grease has to be made.
The equation for the centrifugal force then reads

Fc.r = 4
3
πa3 (ρp − ρg)

U2
θ

r
, [9]

where Uθ is the circumferential velocity and ρg is the grease den-
sity. The drag force is predicted using the Stokes drag equation
(Batchelor (2)):

Fd.r = −6πa ηrUp,r [10]

for a spherical particle moving through a stationary or quiescent
fluid with the Reynolds number Re << 1. Here ηr is the grease
viscosity and Up ,r is the particle velocity given that the grease ve-
locity in the radial direction is zero. Although the grease veloc-
ity and the grease viscosity will vary over the particle height, it
is assumed that Eq. [10] can be used when the effective particle
diameter is small. The local grease viscosity depends on the local

shear rate and is calculated for the one-dimensional case from the
four-parameter Herschel-Bulkley model in Eq. [1] as

ηr = τy

(
dUθ

dr

)−1

+ K
(

dUθ

dr

)n−1

+ ηbo. [11]

In Part 1 it was shown that the grease velocity profile Uθ in the
pocket is nonlinear and therefore the shear rate is a function of
the radial position in the pocket. Consequently, the grease viscos-
ity and drag force are a function of the radial position.

Because contaminant particles are small and the grease viscos-
ity is high, the radial migration velocities will be very low. Particle
accelerations ar can therefore be neglected, which sets the right-
hand side of Eq. [8] to zero. This assumption was checked and
validated. Substituting Eq. [9] and Eq. [10] into Eq. [8] gives the
local particle velocity in the radial direction as

Up.r = 2
9

a2 1
ηr

(ρp − ρg)
U2

θ

r
, [12]

where ηr and Uθ are calculated from the grease velocity profile.
Due to the nonlinear rheology model including the shear thinning
of the grease, it is not possible to solve Eq. [12] analytically, and a
numerical integration is used to calculate the radial migration of
the particle as a function of time. At each time step the particle
velocity is calculated using Eq. [12] and multiplied by the suffi-
ciently small time step dt = 1 s to calculate the radial migration
distance.

Migration Results

To predict the radial migration position of a solid contaminant
particle in a grease pocket, Eq. [12] and the velocity profiles ob-
tained in Part 1 are used for the wide and narrow pocket and the
default model parameters in Table 5. Figure 11 shows the results
for the wide and narrow pocket in the same graph. It is only after
approximately 10 min that a difference between the grease types
and pocket width becomes significant. For the wide pocket the
radial migration of the particle in the different greases is almost
equal due to the very small differences in the grease velocity pro-
file; see also Fig. 6. For the narrow pocket, differences become
clear after approximately 1 h, where the particle migrates fastest
in the lowest consistency grease. In the high-consistency NLGI2
grease, which has the highest viscosity at low shear rates, the par-
ticle velocity is lowest.

The radial migration also depends on the shaft speed, particle
diameter, and temperature. This is shown in Figs. 12 and 13. Fig-
ure 12 first shows the radial position of a 14-μm-diameter particle
after 100 h at different shaft speeds assuming a constant temper-
ature of 25◦C at all speeds. It is shown that at higher shaft speeds
the particles migrate to a larger radius due to the larger centrifu-
gal forces acting on the particle and reduced viscosity due to shear

TABLE 5—DEFAULT PARAMETERS FOR THE CALCULATION OF

CONTAMINANT PARTICLE MIGRATION

Temperature 25 ◦C
Particle diameter 14 μm
Particle density 2,100 kg/m3

Grease density 930 kg/m3

Shaft speed 1 m/s
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Fig. 11—Radial migration as a function of time; position of a 14-μm-diameter particle for different greases at Us = 1 m/s and T = 25◦C.

thinning. Figure 13 shows a very similar trend where larger size
particles migrate to a larger radius in a time period of 100 h. By
increasing the temperature, the grease velocity profile becomes
more linear and the viscosity decreases (see Part 1 and Fig. 10).
Consequently, contaminant particles migrate further at elevated
temperatures.

DISCUSSION

Results of the radial particle migration showed the settling of
contaminant particles in a seal-like geometry. In a wide pocket,
the three different greases give very similar results, where parti-
cles migrate within 2 h to half the height of the pocket; see Fig. 11.
In the narrow pocket this migration takes significantly longer for

Fig. 12—Radial migration as a function of speed; position of a 14-μm-diameter particle for different greases after 100 h at T = 25◦C.
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Fig. 13—Radial migration as a function of particle size; position of a particle for different greases after 100 h at Us = 1 m/s and T = 25◦C.

all greases: just over 2 h for the NLGI00 grease, 20 h for the
NLGI1 grease, and over 70 h for the NLGI2 grease at a shaft
speed of 1 m/s.

It was shown in a previous study by Green, et al. (1) that in
the narrow pocket an axial grease flow due to breathing of the
bearing system or relubrication mainly takes place in the first few
tenths of a millimeter close to the rotating shaft. Li, et al. (11)
evaluated the flow depth for the three greases in more detail but
in static conditions; that is, no shaft rotation. Their experimen-
tal setup contained two sealing restrictions in a pipe flow, simi-
lar to the narrow pocket, and the flow depth was measured as a
function of flow rate and grease type. They found a significantly
lower flow depth for the NLGI1 and NLGI2 grease than for the
NLGI00 grease. Consequently, contaminant particles that have
migrated further away from the shaft in low-consistency grease
can still be picked up in an axial grease flow. They also showed
that when there is just one restriction, the flow takes a length of
the order of the pipe diameter to fully develop. This means that
in a wide pocket the whole grease volume may flow in the axial
direction due to a pressure gradient except for the volume close
to the corners.

The observations described above are related to the operation
cycle in a sealed and greased-for-life bearing unit; for example,
Fig. 2b. Here contaminant particles may enter through the first
sealing restriction into the grease pocket. During system oper-
ation, speeds and temperatures are relatively high and particles
migrate more easily to a large radius as indicated in Fig. 11. At
a later stage, when the rotational speed is reduced or stopped
and temperature decreases, breathing or axial grease flow into
the bearing system may take place. As shown in Green, et al.
(1) and Li, et al. (11), this axial flow will mainly be close to the
shaft surface in a narrow pocket and has a rather limited penetra-
tion into the grease pocket, especially when the temperature has

dropped. Consequently, particles that have migrated further than
the flow depth will not flow into the bearing. In the wide pocket
the whole grease volume flows, which increases the probability of
contaminant ingress but also enables refreshment of the grease
when relubrication is applied.

It has been assumed that the whole pocket between the sealing
restrictions is filled with grease, as indicated in Fig. 14a, and that
all of the grease is being sheared. These conditions will gener-
ally not take place in applications because the pocket is normally
not fully filled with grease and grease may leak out in the case of
noncontacting sealing restrictions. Additionally, it was shown in
Part 1 (for example, Fig. 7) that in the narrow pocket the high-
est shear rates take place close to the shaft and subsequently the
grease will mechanically age here. Consequently, the grease con-
sistency decreases, which may also result in leakage. Finally, after
some time, less grease will contact the shaft and only in the loca-
tions close to the contact restrictions can some grease meniscus
be present, as indicated in Fig. 14b.

Fig. 14—Indication for grease position: (a) fully filled narrow pocket and
(b) partly filled wide pocket.
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The seal pocket geometry is important in order to hold a cer-
tain amount of grease that fulfills the sealing function as described
in this study. The velocity profile in the grease meniscus will be in-
fluenced by the presence of the side wall and, consequently, the
velocity profile, as measured in the narrow pocket, can be also
expected here. This emphasizes the importance of understanding
the nonlinear flow behavior of the grease as presented in Part 1
regarding the sealing function of the grease.

CONCLUSIONS

The grease velocity profile in the narrow pocket DRS geom-
etry was measured for different shaft speeds, grease types, and
temperatures. The grease shear thinning behavior or nonlinear
correction on the Newtonian velocity profile in the narrow pocket
does not depend on shaft speed and is defined by the α-value.
This α-value is grease type dependent and changes with tempera-
ture, resulting in less shear thinning at higher temperatures. As a
consequence, equal velocity profiles can be found for the differ-
ent greases at different temperatures. The side walls of the small
grease pocket geometry are found to influence the measured ve-
locity profile significantly. This was proven by comparison with
a one-dimensional model based on the Herschel-Bulkley model.
The one-dimensional model was also used to predict the grease
velocity profile in a wide pocket.

The radial migration of solid contaminant particles was sim-
ulated in a narrow and wide seal pocket. It was concluded that
in the wide pocket contaminant particles migrate to a larger ra-
dius than in a narrow pocket. The migration also depends on the
grease type and operating conditions. In a narrow pocket the ra-
dial migration reduces the probability for contaminants to flow
into the bearing where an axial grease flow, for example, caused
by breathing of the bearing, only takes place close to the shaft. In
the wide pocket the whole volume of grease in the pocket flows
in the axial direction and consequently also transports contami-
nant particles that are located at the outer radius. This explains
the sealing function of the grease in the seal pocket in a double
restriction seal.
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