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Summary of contents 

Experimental fluid mechanics has for a long time been used to visualize flow 
phenomenon. An early pioneer was Ludwig Prandtl who used aluminum particles in 
water flumes to describe the flow in a qualitative manner. In line with the rapid 
development of Computational Fluid Dynamics, CFD, the need for new validation 
tools has increased. By combining Prandtls attempt to trace particles and 
contemporary tools in laser and computer technologies  a quantitative non intruisiv 
whole field technique, so called Particle Image Velocity (PIV) has been developed. 
The PIV technique has been improved and grown in popularity through recent 
decades with the increase in computer capacity. This thesis describes three rather 
different areas of application of PIV measurements. In the first case PIV is used as 
pure measurement technology tool to describe the flow field inside an attraction 
channel in connection to fish migration. In the second case, PIV is applied as a 
validation tool for CFD calculations with Large Eddy Simulation (LES) including an 
extensive analysis of the results. 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.  

The attraction channel is a U-shaped channel designed to facilitate salmonoid like 
fihes to migrate upstream to their spawning grounds. The attraction channel has a 
restriction in the downstream outlet that provides an acceleration of the attraction 
water up to 38% of the sourunding water velocity according to the PIV 
measurements. With PIV measurements it is also shown that the depth of 
displacement over the restriction is significant for how far downstream the 
acceleration is perceptible.  

CFD technology is constantly evolving and new methods will become the future 
standard in the industry. In the current situation Reynolds Avereaged Numerical 
Simulations (RANS) is the most used method in CFD. But development is 
approaching LES technology. This is, for instance, motivated by energy production 
units which has many applications with high turbulence and temperature 
fluctuations. In the current situation it is required to extend the service life of 
existing power plants. Therefore it is desirable to be able to estimate these 
fluctuations impact on thermal loads on the materials inside the plant, for example 
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. 



Double Restriction Sealings (DRS) have been used in bearings and other lubricated 
applications since the 1940’s. A DRS is intended to prevent contamination from 
entering and is therefore used to increase the life span of lubricated parts, i.e. hinder 
polutants to reach the rolling elements in bearings for example. Although it is widly 
applied little is known about the actual function and mechanism of the DRS. To 
learn more about the flow and particle tracks within a DRS, a new method to 
visualize and quantify grease flow within a DRS has been developed based upon 
micro PIV. The main result from this study is that it is possible to make 
quantititative measurement of the flow within a DRS. 
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Paper abstracts 

Paper A: The flow within and down-stream a U-shaped attraction channel is 
characterised as a function of its vertical position relative to a free 
water surface. This is done in order to optimise its performance. 
The attraction channel accelerates a small fraction of the tailwater, 
or any free stream, to catch the attention of fish to fishways and it 
has been successfully evaluated in field tests. The acceleration of the 
water is created by means of a bump which decreases the cross 
sectional area in the main flow direction. The flow through the 
channel is subcritical and the bump may under certain 
circumstances also block some of the water flowing into the 
channel. In order to find the optimum vertical position a down-
scaled model channel is placed in a water flume and flow fields in 
vertical planes directed along the flow are visualised using Particle 
Image Velocimetry (PIV). Results show that increasing the depth 
over the bump has little effect on the maximum velocity obtained 
downstream the attraction channel while it makes the attraction 
water more perceptible downstream the channel possibly increasing 
the odds to attract fish. It is also shown that a recirculation zone is 
formed in the attraction channel for the smaller depths tested 
leading to an extra blockage of the flow. Finally it is shown that a 
modest tilt of the attraction channel will not affect the flow field in 
any significant way. 

Paper B: 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. 



Paper C: Little is known about contamination transport in a double 
restriction sealing with a rotating shaft. To learn more about the 
phenomenas involved, a new method to visualize and quantify 
grease flow in a double restriction sealing is here presented. Two 
experimental cells have been designed and the flow within them 
has been measured with micro particle image velocimetry. The 
procedure for this is described and the main result is that it is 
possible to measure the flow of grease in one of the experimental 
designs tested. Initial measurements where the flow is mostly 
tangential to the rotating axis also indicate that grease flow in a 
double restriction sealing have an exponentially decaying velocity 
profile in the radial direction with the highest velocity near the 
rotating part. In the axial direction it was found that near the shaft 
the velocity profile is uniform and directed tangential to the shaft. 
Far from the shaft the wall effects become more significant as the 
velocity near the stationary walls approaches zero. 
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Abstract

The flow within and down-stream a U-shaped attraction channel is
characterised as a function of its vertical position relative to a free
water surface. This is done in order to optimise its performance. The
attraction channel accelerates a small fraction of the tailwater, or any
free stream, to catch the attention of fish to fishways and it has been
successfully evaluated in field tests. The acceleration of the water is
created by means of a bump which decreases the cross sectional area
in the main flow direction. The flow through the channel is subcritical
and the bump may under certain circumstances also block some of the
water flowing into the channel. In order to find the optimum vertical
position a down-scaled model channel is placed in a water flume and
flow fields in vertical planes directed along the flow are visualised us-
ing Particle Image Velocimetry (PIV). Results show that increasing
the depth over the bump has little effect on the maximum velocity
obtained downstream the attraction channel while it makes the at-
traction water more perceptible downstream the channel possibly in-
creasing the odds to attract fish. It is also shown that a recirculation
zone is formed in the attraction channel for the smaller depths tested
leading to an extra blockage of the flow. Finally it is shown that a
modest tilt of the attraction channel will not affect the flow field in
any significant way.

Keywords: Fishway, Attraction water, Salmon, Migration, PIV.

-
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1 Introduction

When migrating fish, such as Atlantic salmon (Salmo salar) and sea trout
(Salmo trutta), swim upstream rivers to spawn they encounter several bar-
riers including water falls, weirs and hydropower plants. To guide the fish
around such obstructions different kinds of fishways are often used. The prob-
lem with fishways is that the fish have problem finding the entrance (North-
cote, 1998; Rivinoja et al., 2001; Williams, 1998). Common explanations for
this are that the entrance of the fishway is poorly placed (i.e. not based on
knowledge of fish preferences) and that the fish is attracted to the rapid water
current from the power plants instead of the weaker current leaving the guid-
ance device (Arnekleiv and Kraabøl, 1996; Webb, 1990). It has 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
capability and for Pacific salmon the recommended velocity of the attraction
water is between 1.2 and 2.4 m/s (Clay, 1995). One common solution applied
in order to increase the attraction of a fishway is thus to increase the spilling
from it. This, however, reduces the efficiency of the hydropower plant and it
does not necessarily increase the velocity of the attraction water. 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 to the
bottom while the flow from Denil and vertical slot fishways is more surface
oriented. In anyway it is of interest to investigate how the direction and
speed of the water from a fishway can be optimized to attract as many fishes
as possible. Wassvik and Engström (2004) studied the flow in an attraction
channel designed to increase the speed of the water without using any extra
energy (i.e. no extra water will be supplied to the fishway). The concept is
that parts of the tail water from a hydropower plant, or any free stream, is
lead into an open U-shaped channel where the water is accelerated by means
of a contraction in the downstream end of the channel. This creates a water
jet with a predefined direction having a higher velocity than the surrounding
water and the experiments presented in Wassvik and Engström (2004) shows
that for the designs tested the speed of the jet created can be as much as 38 %
as compared to the surrounding water velocity. Field tests of the attraction
channel also showed that fish prefer to swim through the channel (Lindmark
and Gustavsson, 2008). One observation made during the field experiments
was that fish swimming through the channel did so close to the bottom of
the channel; this will later be discussed in terms of the results in this report.
In the present paper the flow within the same attraction channel and the
jet formed downstream it will be further characterised as a function of the
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vertical position of the attraction channel relative to a free water surface in
order to optimise its performance.

Round water jets directed along, and located close to free surfaces decay
more rapidly than unconfined ones (Madnia and Bernal, 1994; Liepmann,
1995). Still, the detailed flow around such jets, is not completely revealed
although measuring techniques such as Particle Image Velocimetry are well
established (Murzyn et al., 2006). In particular very little is known about
the behaviour of planar jets in this context. Such jets form in Reichl et al.
(2005) when the flow around a cylinder being close to a free surface is studied
with Computational Fluid Dynamics. One result is that the average velocity
between the cylinder and the free surface decreases with the Froude number
defined as

Fr =
V 2

gd
, (1)

where V is the velocity, g the gravity constant and d a suitable length scale.
Another and even more interesting result is that this velocity has a maximum
as to the distance between the cylinder and the free surface that is dependent
on the Froude number. This shows the potential to optimize the appearance
of the planar jet generated in the attraction channel in focus in the current
study.

In previous work on the attraction channel the focus has been on the
attraction water and not the surrounding water. The contraction in the at-
traction channel increases the speed of the water by continuity but it also
hinders some water to enter the attraction channel. This blockage effect
needs to be scrutinized further in order to fully understand how the attrac-
tion channel works. It is therefore important to reveal the function of the
attraction channel and how it can be improved. Hence, in this work focus is
set on how the depth and the angle of the channel influences the speed of the
attraction water and how the detailed flow field within and down-stream the
channel is composed. This is done by measurement in lab-scale using Par-
ticle Imaging Velocimetry (PIV). With PIV it is possible to capture instant
velocity fields in arbitrary planes in the fluid. The technique is computa-
tional heavy and has therefore only lately been used to study complex flow
fields such those around fish (Sakakibara et al., 2004; Siddiqui, 2007) in order
to, for instance, detecting vortices in the wake region behind the fish. PIV
has also successfully been applied to open channel flow (Hyun et al., 2003;
Agelinchaab and Tachie, 2008) showing that PIV 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.
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2 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 7.5 m long and has a cross-section of 295 mm × 310 mm;
see Figure 1. To create a uniform velocity distribution at the inlet to the
attraction channel a polymer honeycomb and a metal net were placed at the
inlet of the water flume. The honeycomb is 75 mm thick and the holes have
a diameter of 7.6 mm. The net is made of a 0.8 mm thick steel wire that is
woven with a spacing between the wires of 2.5 mm × 2.5 mm. The water
depth in the flume was kept at 118 ± 1 mm with a weir at the outlet of the
water flume. The water temperature was controlled to 20.1 ± 0.6◦ C and was
supplied to the flume by a pump at the flow rate of 0.0056 m3/s resulting in
an average speed of 0.2 m/s in the flume. The temperature and flow rate were
monitored with a Danfoss MassFlo Coriolis flowmeter (error < ± 0.5 %);
see Figure 1(c).

2.1 The attraction channel

The down-scaled model of the attraction channel is made from 1.7 mm win-
dow glass. The channel is 500 mm long, 100 mm wide and the sides of the
channel are 200 mm high; see Figures 1(a) and 1(b). At the downstream end
of the channel a bump, 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 bump
to create a smooth surface and painted in a matt black colour to reduce re-
flections from the laser sheet. The channel was placed in the middle of the
water flume and could be set at any depth in the flume. The bump has the
shape of

h(x′) = B − x′2

12B
(x′ ≥ 0, h ≥ 0) (2)

where B is the highest point of the bump and x′ originates at the highest
part of the bump and runs upstream. According to Wassvik and Engström
(2004), B = 80 mm gives the largest acceleration of the attraction water
for a depth corresponding to small depth in this study and is therefore used
in this study. As seen in Figure 1(c) the bump has a vertical downstream
end that is located 70 mm from the channel outlet. The attraction channel
is placed 4015 mm downstream the steel net at the flume inlet.
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Figure 1: Schematic presentation of the experimental setup; all dimensions
in mm. (a) The attraction channel with the bump. (b) Cross section of the
water flume and attraction channel. (c) The flume as seen from the side.
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2.2 Instrumentation

An attractive method to visualise and measure fluid flows in a two-dimensional
plane is Particle Image Velocimetry, 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 di-
vided into small interrogation windows where cross-correlation based on FFT
is performed between respectively 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., 1998). 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 (Goldstein,
1996).

The PIV-system used is a commercially available system from LaVi-
sion GmbH. It consists of a Litron Nano L PIV laser, i.e. a double pulsed
Nd:YAG with a maximum repetition rate of 100 Hz, and a LaVision Flow-
Master 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 500 mm in the x-, y- and z-directions.

The tracer particles used, hollow glass spheres with a diameter of 6 μm
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.,
1998). To get a sufficient spatial resolution an interrogation window size of
64 × 64 pixels with three multi-passes and decreasing window size to 32 × 32
pixels and 75 % overlap were used. The flow rate in the channel is about
0.2 m/s, hence the time separation between laser pulses are set to 1400 μs.
The repetition rate of the laser is set to 50 Hz and each measurement include
250 picture pairs.

2.3 Measuring procedure

The flow in the pure flume was characterised as to repeatability and velocity
profile. The results of this served as a guide for the placement of the attrac-
tion channel. 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 bump; see d in Figure 1(b). The depths
were 7 mm, 13 mm and 20 mm. Further on these cases will be referred to as
the small, medium and large depth.
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Figure 2: 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.
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Figure 3: A schematic figure to demonstrate the attraction channels position
when the upstream inlet is lowered 7 mm.

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:
the water inlet into the channel, the water outlet over the bump and the
velocity field downstream the channel. 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; see Figure 2.

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 14 mm and risen 14 mm in the vertical
direction, while the depth over the bump was kept constant as the small
depth (7 mm). For this series the camera was setup 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 3.

2.4 Errors

Due to instabilities of the free surface near the bump, and reflections from
the light sheet in the surface, precise measures near the surface were rare.
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Figure 4: Velocity profiles in the pure flume 4015 mm downstream the net.

This artefact was compensated for by masking the area close to this border.
This implies that this area is excluded from the vector calculations.

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.

3 Results and discussion

The measurements in the pure flume showed a developing velocity profile
from the inlet and onwards. At x = 4015 mm the profile was found to be
stable and repeatable (see Figure 4), indicating that measurements with the
attraction channel could be made at this position.

The flow field naturally changes when the attraction channel is put into
the flume. Main feature 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 bump and that the strength of the jets decreases in the flow direction
downstream the bump; see Figure 5.

The measurements on the different depths show that for the small depth
there is a recirculation zone from the water inlet to the bump; see Figure 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
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Figure 6: A scaled presentation of main flow features within the attraction
channel. In figure (a) the recirculation and bottom jet are shown. In figure
(b) the velocity distribution is drawn in a cross section.

the channel. This blockage effect was also noticed for the medium depth,
although not so distinguishable as for the small one. Indications of such a jet
was 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. The jet formed along the
bottom may explain that fish prefer to move near the bottom of the channel
as observed in field tests by Lindmark and Gustavsson (2008). 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 Figure 6(b) and 7(a). Still the mean velocity
is lower within the attraction channel than what it is in the pure flume.

When tilting the attraction channel the flow pattern with in the attraction
channel do not change in character. A jet is still formed along the bottom of
the channel, the more open the flow inlet to the channel is the stronger the
bottom jet, as seen in Figure 8(a).

When examining the downstream velocity profile near the bump (Fig-
ure 7(b)) it can be seen that the velocity profile peaks near the surface for
all three depths. Interestingly, for the small depth, 150 mm downstream
the bump some of the water moves opposite to the main flow direction; see
Figure 7(c). If the hypothesis holds, that salmonids are attracted to high
velocities, then this upstream flow would have a negative influence on the
migrating fish if caught in that area. For the large depth this negative flow
also appears but at a larger depth. Consequently, the attraction water has a
larger area that entices the fish to swim through the attraction channel.

The velocity out of the attraction channel is not affected of the angle of
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Figure 7: Vertical velocity profiles at different positions in, and downstream
the attraction channel. ♦ = small depth. ◦ = medium depth. � = large
depth
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Figure 8: Vertical velocity profiles at the upstream inlet and over the restric-
tion for the three tilted positions of the attraction channel. ◦ = Horizontal
position. ♦ = Minus 15 mm. � = Minus 7 mm. + = Plus 14 mm.
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Figure 9: Dimensionless maximum velocity downstream the attraction water.
The downstream end of the attraction channel is at x = 70 mm.
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the channel when keeping the depth over the bump constant at 7 mm; see
Figure 8(a). Hence, rather the depth over the bump than the angle of it
decides the characteristics of the flow.

In order to quantify the speed 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

V0
= f (x) . (3)

Evident is that the small depth is perceptible about 125 mm downstream
the bump, corresponding to 18 times the depth over the bump (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 depth. It is however ob-
vious that increasing the depth increases the downstream perceptibility of
the attraction water. Decreasing the depth of the attraction channel even
further would eventually result in that the jet becomes weaker as indicated
in Reichl et al. (2005). Hence, a large depth should be chosen to obtain
a larger perceptible area for the attraction water; see figure 7(c). In field
the depth of the entrance (and the attraction water) should correspond to
the swimming depth of the fish. For Atlantic salmon this has been studied
by Rivinoja (2005), and the result showed upstream migrating salmon at a
depth of one meter. This is consistent with Clay (1995) who recommends an
entrance depth of 1.2 m for Pacific salmon. 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 x = -20 to 50, where
the jet is narrow, and 140 to 180 mm, where the jet is weak, in Figure 9
are due to differences in measuring techniques. LDV is a pointwise measur-
ing technique with good temporal resolution while PIV measurements yield
instant velocity fields with good spatial resolution. Hence the LDV is more
accurate representing the average speed in one point. Otherwise the velocity
measurements from the techniques match, supporting results in Hyun et al.
(2003).

For the scaling of the model it is important to notice that gravity and in-
ertial forces dominate. The Froude number is a dimensionless number, given
by 1, describing the relation between these forces. Using Froude scaling im-
plies that the Froude number is kept constant between the model and the full
scale case. The Reynolds number is another dimensionless number depicting
the ratio between the inertial and viscous forces. When using Froude number
scaling it is important that the Reynolds number is sufficiently high (Ceder-
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wall and Larsen, 1976; Finnemore and Franzini, 2002). What a sufficiently
high Reynolds number means is case dependent. Here, the Reynolds number
in the model and the full scale model is 36 000 and 500 000, respectively.
Hence it is judged that the criteria is fulfilled in this case.

To exemplify usage of Froude scaling on the attraction channel in a river
with the surface velocity 0.5 m/s an attraction flow of 0.7 m/s is obtained
using an attraction channel that is 1 m deep and has a bump height of 0.44
m.

4 Conclusion

The flow within and downstream an attraction channel as entrance to a
fishway was characterised using PIV. The results show that the depth over
the contraction does not affect the maximum velocity generated. On the
other hand it is shown that the depth over the contraction has a significant
effect on the downstream traceability of the attraction water. Increasing the
depth over the contraction 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 contraction 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. Further tests are needed to investigate how
the attraction channel will perform in an unbounded surrounding.
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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 

 1  



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. Little is known about contamination transport in double restriction sealings
with rotating center. To learn more about the phenomenas involved, a new method to
visualize and quantify grease flow in a double restriction sealing is here presented. Two
experimental cells have been designed and the flow within them has been measured with
micro particle image velocimetry. The procedure for this is described and the main result
is that it is possible to measure the flow of grease in one of the experimental designs
tested. Initial measurements where the flow is mostly tangential to the rotating axis also
indicate that grease flow in a double restriction sealing have an exponentially decaying
velocity profile in the radial direction with the highest velocity near the rotating part.
In the axial direction it was found that near the shaft the velocity profile is uniform
and directed tangential to the shaft. Far from the shaft the wall effects become more
significant as the velocity near the stationary walls approaches zero.

Keywords: Grease flow, Double Restriction Sealing, micro Particle Image Velocimetry,

1. Introduction
Rotary shaft seals are designed to retain lubricant and prevent contamination from

entering the system. Seals operating in heavily contaminated environments often contain
multiple contacting or non-contacting 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 additional sealing action. However, physical knowledge on the sealing
mechanism of the grease is lacking.

In experimental fluid mechanics Particle Image Velocimetry, PIV, has gained grounds
over the last decade as a feasible method to visualize and quantify fluid flow in vari-
ous applications (Raffel et al. 2007). As the understanding of micro fluid mechanics is
becoming more important PIV-techniques have been adapted to microscopy techniques
(Meinhart et al. 2000). This technology is called μPIV and has proven to be a feasible
method to study flows in complex micro scale structures, for example blood-plasma ve-
locity in an embryonic heart (Vennemann et al. 2006) and near-wall turbulence (Kälher
et al. 2006). This technique can also be used for the visualization of the grease flow in
small geometries.

The aim of this work is to study the flow of grease in a Double Restriction Sealing
(DRS) configuration where two narrow gap restrictions represent sealing contacts. The
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DRS geometry is designed to facilitate optical visualizations and measurements within
the chamber formed between the two restrictions. Two versions of DRS test cells have
been developed. The first cell was developed to show if it is at all is possible to visualize
the flow of grease within a DRS with μPIV. Based on the conclusions from experiments
with the first model cell, a new design was proposed, developed, and tested. In what
follows the design of both cells is described. This is followed by a chapter describing
the experimental procedure, next initial results are presented and finally the results are
concluded.

2. Test Cells
2.1. First version of the DRS test cell

A first test cell was developed with the aim to investigate the possibilities to visualize
and quantify grease flow within a DRS. Since we aimed for optical visualizations and
measurements a generic transparent physical model of a DRS was created. The model
consists of a transparent housing of PMMA and a solid rotating steel shaft, see Figure
1(a). The steel shaft has an interchangeable steel cylinder, allowing the diameter of
the shaft to be easily varied just by changing the cylinder thus changing the clearance
between shaft and housing. The shaft is supported by two deep groove ball bearings.
The housing, in its turn, consists of two halves each with a circumferential slot forming
a circumferential chamber during assembling. This chamber is designed to act as the
channel formed inside of a real DRS. In order to mimic a real DRS as much as possible
it was decided that the width of the grease chamber should be twice its depth, as shown
in Figure 1(b). There is a clearance of 0.1 mm, between the steel shaft and the PMMA
housing so that a circumferential restriction is formed on each side of the circumferential
chamber. These restrictions simulate the sealing contacts in a real application.

To create a pressure gradient in the axial direction of the shaft a syringe is attached to
the housing on one of the sides of the grease chamber. This makes it possible to drive the
flow through one of the circumferential restrictions across the circumferential chamber
and to the circumferential restriction on the other side where there is an opening for the
grease to leave the cell. Since the objective of the project is to measure the velocity field
within the grease chamber it is assumed that grease is also located next to the restrictions,
i.e. the ’air side’ of the seal is also filled with grease. This was done in order to make it
possible to measure grease flow over longer periods of time without entraining air into
the grease chamber. Underneath, the housing has a polished flat surface, serving as view
port for the visualization and measurements with, for instance a μPIV equipment. The
flat surface also operates as a standing base for the model, see Figure 1(c) and 1(d).

2.2. Second version of the DRS test cell
Experience from experiments with the first version of the test cell revealed that the
design had to be more rigid, preventing vibrations and other unwanted motions. It was
also shown that the distance between the lens in the microscope and the measuring plane
should be as short as possible. To obtain a uniform axial grease pressure the narrow space
in the first test cell was redesigned into a circumferential reservoir. Measurements of the
grease temperature before, within and after the grease chamber were also desired.

Following these demands the final design of the second version of the test cell is two
rectangular metal blocks that are joined together; see Figure 3. The supports, i.e. the
bearings, for the shaft were shifted to one side of the grease chamber, resulting in that
the optical distance between the grease chamber and the microscope lens was reduced
as compared to the first design. To be able to do measurement in two perpendicular
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(a) Version 1 of the DRS test cell lined up
before assembly.

(b) Viewpoints for test cell1 for the mi-
croscope and the dimension of the grease
chamber. The thin restrictions simulate ra-
dial lips.

(c) The first DRS test cell with its polished
surfaces, i.e. the bottom and 45◦ inclina-
tion.

(d) The test rig mounted on the micro-
scope.

Figure 1. The first DRS test cell consists of a transparent house and a steel shaft. When the
DRS test cell is assembled there is a small gap between the house and the shaft with a thin
film of grease between. At the conjunction of the two halves there is a larger grease chamber
representing the actual double lip sealing.

directions within the chamber a radial slit formed between the end of the axis and the
outer housing was designed to operate as the down-stream restriction. It is thus assumed
that the direction of the flow in the down-stream restriction (radial or axial) has little
importance for the flow in the chamber, see Figure 2.2. On the up-stream side of the
chamber the grease is pumped into a circumferential pressure reservoir through two
holes on the side of the test cell; see Figure 3. The pressure reservoir is intended to
supply uniform pressure around the circumferential up-stream restriction to make the
grease flow evenly into the grease chamber with respect to the angular coordinate and
therefore generate an axial pressure gradient only through the restriction; see Figure 2.2.
Velocity field measurements are conducted through the two view ports beneath and from
the front of the test cell; as seen in Figure 3.2. The view ports are cut out from 0.75 mm
thick microscope objective glass. This type of glass is preferred since it has good optical
properties for microscopes. Also, it is flat which makes the measurements accurate since
optical distortions are avoided. The view ports are mounted in respectively slit on the
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Figure 2. Conceptual description of the second DRS test cell. Grease is allowed to flow from a
circumferential reservoir and axially through a circumferential slip then into the grease chamber
out of which the grease can escape in the radial direction through a circumferential slip. This
slip ends up in a hole letting the grease leave the cell in the axial direction. The short optical
distance between the grease chamber and microscope lens allow for orthogonal measuring in the
grease chamber.

realm of the grease chamber with liquid gasket, acting as both glue and sealing, see Figure
2.2. The two glass pieces are then glued together in a 90◦ angel to form an air tight seal.
The usage of a flat bottom in a circumferential chamber will naturally affect the global
grease flow. Hence efforts was put on the position of the view-ports to minimize their
entrainment. For the grease chamber that has a diameter of 43.0 mm and a view port
with a total width of 4.8 mm the glass surface will entrain only 0.13 mm in to the grease,
i.e. about 9 % of the depth of the grease chamber. It is assumed this small penetration, of
the flat bottom viewport, into the grease chamber will not affect significantly the global
flow field of the grease. This assumption is based on the fact that it is it is the inner wall
of the circumferential grease chamber, the shaft, that is rotating.

Three NTC thermistors of type SC30G503V, mounted on the opposite side from the
bottom view port, allows fast and accurate monitoring of the temperature near the walls
before, within and after the grease chamber.

3. Experimental procedure
The grease used is SKF LGMT2 which is an all purpose lithium soap / mineral oil

grease with a consistency 2 and base oil viscosity of 0.17 Pa.s at 25◦ C. In order to measure
the grease flow μPIV is applied. The μPIV technique enables instantaneous measurements
of the fluid velocity field in a two-dimensional plane. The general convention for two-
dimensional PIV is to illuminate a single plane of the flow with a light sheet whose
thickness is less than the depth of field of the image recording system (Meinhart et al.
2000). In μPIV a double pulse laser is used to illuminate fluorescent particles added
to the fluid studied. For both studies a dry powder of Rhodamine B particles, from
Microparticles Gmbh, with a diameter of 7.68 ± 0.19μm was used. These particles are
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Figure 3. The red arrow points to one of two grease inlets leading to the circumferential grease
chamber. The yellow arrow points to the holes for the thermistors. The purple arrow points to
the grease outlet.

Figure 4. CAD drawing of DRS test cell version 2. In the small picture to the left the yellow
area indicates the view port glass holder. Grease is pumped into the stagnation chamber, the
most right blue area, and flows into the grease chamber to the left in the picture.

considered to be sufficiently small to follow the grease motion closely due to the high
viscosity of grease in low temperature.

Due to the small scale of the geometry the entire volume is illuminated, where the
measurement plane is set by the depth of focus of the lens of the microscope. Having
a double frame image, each image is divided into small interrogation areas, IA, where
cross-correlation being based on Fast Fourier Transform is performed, resulting in a
velocity vector field of the entire measured plane. The time interval is determined from
the condition that the displacement of the tracer particles is large enough to obtain a
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cross-correlation peak, while the particles are still inside the interrogation areas. μPIV
is successfully used in a variety of areas of application. The geometry can be varied in
almost any manner as long as the flow can be observed, and measurements of transient
as well as steady state flow conditions can be performed together with average flow field
measurements. In the experiments here presented only averaged flow fields are considered.

3.1. Measurements with the first DRS test cell
The μPIV system used with the first cell consists of a Litron Nano L PIV laser, i.e. a
double pulsed Nd:YAG laser with an operating frequency up to 100 Hz and a wavelength
of 532 nm. As recording device a LaVision FlowMaster Imager Pro CCD-camera, with
a spatial resolution 1280 × 1024 pixels was used. The camera was mounted to a Zeiss
Axiovert 200 microscope with a Zeiss EC Plan-NEOFLUAR 10x/0.3 lens and a Zeiss
EC Plan-NEOFLUAR 5x/0.16 lense of which the latter was used in this investigation.
Image acquisition and post-processing is controlled and performed with the DaVis 7.1.1.0
software also supplied by LaVision Gmbh. All measurements presented on the flow in
the first cell are either from the restrictions or rather close to the stationary wall of the
chamber. Hence the optical distance in the grease is comparably small.

3.2. Measurements with the second DRS test cell
The μPIV system used to measure the velocity field of grease in the second cell is a com-
mercially available system from Dantec Dynamics A/S. It consists of a Litron LDY301
Laser, i.e. a double pulsed Nd:YLF laser with an operating frequency from 1 to 10 KHz
and a wavelength of 527 nm. The flow of the particle doped grease was recorded with
a NanoSense MkIII CMOS-camera having a spatial resolution of 1280×1024 pixels. The
camera was mounted onto a Leica Performance microscope for which a 5x/0.12 lens
was used. Image acquisition and post-processing is controlled and performed with the
Dynamic Studio v. 2.30 software, also from Dantec Dynamics A/S.

To map the 3D grease flow in the DRS, measurements have been performed in three
positions from two orthogonal directions, bottom (B) and front (F), resulting in a total
of six vector fields; see Figure 3.2. The shaft is rotated with 24 revolutions per minute,
resulting in a tangential velocity about 0.05 m/s, from here on denoted as vshaft, at the
shaft surface. A steady pressure is applied from a syringe connected via a tube to the
two inlet holes of the pressure reservoir. The pressure is monitored with a manometer on
the tube near the syringe to keep a constant level of 1.0 bar.

In the evaluation process an interrogation window (IA) of 128×64 pixels and 300 image
pairs were used in the evaluation processes. Due to the relatively large IA, overlaps of
50 % were chosen to increase spatial resolution. In order to get even better results an
average image was created for all series. Each image was then filtered with the average
image before cross-correlation.

4. Results and discussion
4.1. Results from the first DRS test cell

The main objective with the first version of the DRS test cell is to investigate the pos-
sibility to visualize and measure the flow of grease with techniques such as μPIV in a
complex geometry. Hence, focus is set on solutions giving a good indication of the quality
of the results. The secondary objective with the first study was to investigate the flow
dynamics of grease across the grease chamber.

Figure 6, 7 and 8 show the grease flow pattern in the circumferential restriction leading
the grease into the circumferential chamber, in the middle of the circumferential chamber
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Figure 5. Sketch of the six measurement planes and the two view directions in the DRS. The
arrows illustrate the main path of the pressure driven grease flow.

and in the restriction through which the grease leaves the grease chamber, respectively,
as viewed from ’underneath’ the rig, on the flat polished surface. The vector color scale
represents a non-dimensional speed since we at this stage are only interested in relative
velocity differences and flow structures.

A first observation is that the flow of grease in the inlet restriction is directed mostly
axially but is also affected by the rotation of the shaft, see Figure 6. Then when moving
into the much larger chamber it is not possible to register any particles mainly due
to the long optical distance through the grease. However by doing measurements near
to the outer wall of the circumferential chamber it can be seen that the flow rotating
component is dominating, see Figure 7. Finally when the grease leaves the chamber
through the downstream restriction the axial velocity component has again taken over,
see Figure 8. Also in this case it is impossible to do measurements in the chamber near
to the rotating shaft. Hence in the shallow restrictions the actual focal plane and thus
the plane of measurements is located very close to the shaft showing that it is possible to
do measurements at this position. In the grease chamber however, the focal plane is close
to the bottom of the grease chamber a distance away from the shaft and the restrictions;
see Figure 7. Since the flow in the actual position in the grease chamber experiences no
gradient in the axial direction, the transport of grease in that direction must take place
closer to the surface of the shaft. This indicates that the grease entering the chamber does
not move to the outer wall of the chamber but takes a shorter path. To investigate how
long this path is on average and how it is influenced by parameters such as the pressure
applied on the grease and the rotational speed a cell with improved optical transparency
needs to be constructed.

The results presented above are obtained without tilting the cell, see Figure 1(c). The
measurements with the cell tilted 45◦ were very difficult to perform, partly caused by
differences in the optical pathway in a single image. Hence, no reliable results could be
produced. It was therefore suggested that, to be able to map the 3D grease flow within
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Figure 6. Position left of the grease chamber. Rig having zero inclination. Vector color repre-
sents non dimensional speed. The color shift at 3.5 mm on the horizontal axis marks the realm
of the grease chamber.

the grease chamber with more ease, the measurements should be conducted from two
orthogonal directions, as seen in Figure 2.2.

4.2. Results from the second DRS test cell
The objective of this work is to evaluate the performance of the second DRS test cell for
future work, as mentioned in section 1. Evaluation of the grease flow has been made in
three planes from two orthogonal sides, as described in Figure 3.2 and section 3.

A first and main conclusion from this study is that it is possible to do quantitative
measurements throughout the whole chamber. The quantitative evaluation in the axial
planes, i.e. plane B1-B3 in Figure 3.2, show a rather uniform velocity distribution near
the outer and inner wall of the circumferential chamber while in the middle plane the
velocity is considerably higher near the wall with the grease inlet restriction; see Figure
9-11. When scrutinizing all three measuring planes in the horizontal direction, i.e. the
tangential direction of the rotating shaft, it is obvious that the driving force for the grease
flow is the rotating inner wall of the circumferential chamber, cf. the velocity profiles
for the local U-components in Figure 9(a)-11(a) to the local V-component in Figure
9(b)-11(b) for the measurement planes. By extracting a velocity profile for the local U-
component in the middle of vector fields, B1 and B2, it is evident that the maximum of
the velocity is in the middle of the grease chamber. Near the walls the velocity is nearly
zero. This flow structure resembles the one reported from the qualitative analysis of the
first DRS test cell, far from the rotating shaft in the circumferential chamber.

The quantitative evaluation in the radial planes, i.e. plane F1-F3 in figure 3.2, shows
that the local U-component has its maximum near the rotating inner wall of the cir-
cumferential chamber. When scrutinizing all three measurement planes in the vertical



Grease flow in Double Restriction Sealing 9

Figure 7. Position in the middle of the grease chamber. Here it is evident that the flow direction
is along the circumference with no velocity component in the transverse direction. The present
measurement is made close to the bottom of the grease chamber, much further away from the
shaft (≈ 1 mm) compared to the case viewed in Figure 6. The lack of arrows along the position
≈ 2.2 mm in the horizontal direction is due to the joint between the two halves of the rig.

direction, it is evident that the local U-component decay exponentially to zero near the
outer stationary wall of the circumferential chamber; see Figure 12, 13 and 14. Also no-
tice that the maximum velocities obtained in plane F2 and F3 are about half of vshaft,
0.021 m/s and 0.027 m/s as compared to 0.05 m/s. Due to the rapid grease flow near
to and light reflections from the rotating inner wall there is a poor correlation near this
wall and the velocity profiles have only been extracted from trustworthy areas in Figure
13(c) and 14(c). Hence, the discrepancy can either be due to this lack of information or
a slip at the shaft.

Worth noticing is that the maximum velocity for the local U-component is much lower
near the front view port, F1, than for velocity profile in the middle, F2, and opposite
side, F3, of the grease chamber, compare 12(a) to 13(a) and 14(a). It is obvious from
these measurements as well as from B1-B3 that grease flow is driven by the rotating
inner wall of the circumferential chamber rather than by the pressure applied, cf. the
local V-component for all three radial measurements in Figure 12(b), 13(b) and 14(b).
Also notice that the velocity gradient is rather steep in the middle of the chamber, F2,
which may explain the uneven distribution of velocity in the middle of the chamber from
the horizontal view; see Figure 10 and 13.

The radial measurements, F, give generally higher values on the local U-component
than the axial measurements, B, at similar positions. As an example the maximum ve-
locity in the axial plane near the surface of the shaft, B3, is about 0.01 m/s while it
is 0.02 m/s for the radial measurement in the middle of the chamber, F2, cf Figure 11
and Figure 13. The reason to this may be traced to the μPIV technique, i.e. too many
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Figure 8. Position right of grease chamber. Corresponding view to the one presented in Figure
6 but on the other side, across the grease chamber. Due to the inclined surface located right
of the grease chamber, the region where measurements corresponding to zero inclination can
be made is much narrower than left of the grease chamber. Therefore the rather thin region of
vector plots in the present case.

out-of plane particles are considered when the axial fields are calculated. This speculation
needs, however, to be further evaluated.

5. Conclusions
This report describes test runs of two experimental cells for measuring grease flow in

a Double Restriction Sealing. It has been shown that μPIV can be used to quantify the
grease flow in a Double Restriction Sealing with a rotating shaft.

Near future work will involve more rheologic studies and extensive parameter studies
including shaft speed, grease pressure, etc.
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(a) Grease inlet at 2.0 and outlet at 0.0 (b) Grease inlet at 2.0 and outlet at 0.0

(c) Shaft rotates counter-clockwise, hence grease flow is driven to right in picture.

Figure 9. Velocity profiles and averaged vector field as seen from beneath, near the view port,
i.e. plane B1 in Figure 3.2.
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(a) Grease inlet at 2.0 and outlet at 0.0 (b) Grease inlet at 2.0 and outlet at 0.0

(c) Shaft rotates counter-clockwise, hence grease flow is driven to right in picture.

Figure 10. Velocity profiles and averaged vector field as seen from beneath, in the middle of
the circumferential chamber, i.e. plane B2 in Figure 3.2.
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(a) Grease inlet at 2.0 and outlet at 0.0 (b) Grease inlet at 2.0 and outlet at 0.0

(c) Shaft rotates counter-clockwise, hence grease flow is driven to right in picture.

Figure 11. Velocity profiles and averaged vector field as seen from beneath, near the rotating
shaft, i.e. plane B3 in Figure 3.2.
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(a) Shaft at 1.0 and bottom view port at 0.0 (b) Shaft at 1.0 and bottom view port at 0.0

(c) Shaft rotates counter-clockwise, hence grease flow is driven to right in picture.

Figure 12. Velocity profiles and averaged vector field from the front, near the view port, i.e.
plane F1 in Figure 3.2.
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(a) Shaft at 1.0 and bottom view port at 0.0 (b) Shaft at 1.0 and bottom view port at 0.0

(c) Shaft rotates counter-clockwise, hence grease flow is driven to right in picture.

Figure 13. Velocity profiles and averaged vector field from the front, in the middle of the
circumferential chamber, i.e. plane F2 in Figure 3.2.
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(a) Shaft at 1.0 and bottom view port at 0.0 (b) Shaft at 1.0 and bottom view port at 0.0

(c) Shaft rotates counter-clockwise, hence grease flow is driven to right in picture.

Figure 14. Velocity profiles and averaged vector field from the front, near the grease inlet to
the circumferential chamber, i.e. plane F3 in Figure 3.2.
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