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ABSTRACT
For many years the design of systems with dispersed multiphase flows was based primarily on empiricism. However,
more sophisticated measurement techniques have led to improved process control and quantification of fundamental
parameters. Increased computational capability has enabled the development of numerical models that can be used to
complement engineering system design. The aim of this study is to measure the properties of turbulent bubbly flow in a
cylindrical mixing vessel. The results are utilized in the development of a two-phase CFD model of an industrial mixing
vessel. The turbulent bubbly flow in air-water and CO2-butanol dispersions is studied. The measured attributes are
bubble quantity, bubble size, the axial and radial velocities of bubbles, the local volume fraction of bubbles, and the
fluid velocity field and turbulence properties in a measurement plane.
The PIV technique requires disturbance-free optical access to the measurement plane. Bubbles hamper visibility on the
measurement plane. Thus, this technique is limited to measuring bubbly flows with void fractions less than 2 %.
Bubbles as a dispersed phase are a very challenging research subject. Bubbles change their shape and size continuously,
they collapse, collide and merge with other bubbles. In laser light illumination the light complexly scatters from
bubbles. The bubbles are imaged at the Brewster angle to use selectively light scattering of bubbles. Some bubble
detection methods are developed and implemented in this study. The sources of errors in measurements of the size of
bubbles are studied and the effect of spatial resolution of image on the measurement results is emphasised. A crosscorrelation method is applied to the calculation of velocity of each individual bubble. The developed velocity
calculation method is tested with artificial images providing good results. The highly three-dimensional turbulent flow
field and the long optical paths to the measurement plane lead to challenging measurement conditions. The
measurement results together with a reliability and accuracy analysis are briefly reviewed.

Incident laser light

Figure 1. An image of bubbly flow in a laser light illumination. There is a number of sharp bubble images,
some over-exposed bubble images on the left, bubble images that overlap each other and out-of-focus
bubble images, which are created by bubbles that move in front of the measurement plane.
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1. Measurement setup
The experiments are carried out in a cylindrical mixing vessel, which is housed in a rectangular container. A four-blade
turbine is located in the center of the vessel. There are four baffles on the sidewalls. The bubble injector is placed in the
middle of the bottom, 70 mm from the turbine. The nozzle of the injector has a diameter of 0.66 mm. The gas bubbles
upwards, towards the tip of the turbine. The gas flow is controlled by a mass flow rate controller with a maximum flowthrough of 4.0 normal litres per minute. The dimensions of the vessel are presented in Figure 1.

.
Figure 1. The dimensions of the mixing vessel
in millimeters. Numbered measurement areas
are also shown in the figure.

Figure 2. Top view drawing of the measurement
system.

Top view of the measuring system is shown in figure 2. Angles ϕ1 and ϕ2 are changed in each measurement set to
optimise the scattering of the bubbles. The (400mJ) Nd-YAG laser and the cameras can be moved with a device which
has an accuracy of 0.1 mm. The measurement area is located parallel to the turbine axis in the cross-section of the
vessel so that two baffles are included in the cross-section. The measurement area is illuminated by a laser light sheet
with a thickness of about 5 mm. The profile of the light sheet is similar to a Gaussian curve. The thicker laser light sheet
provides a wider profile with a flatter intensity peak. Thus, the overexposure of bubbles can be avoided. The relatively
thick laser light sheet is used to improve the illumination of large bubbles. Another advantage of a thick laser light sheet
in PIV measurements is the decreased number of out-of-plane loss of particle pairs. On the other hand, the accuracy of
velocity measurements decreases because of the thick laser light sheet. The flow field in the measurement area is highly
3-dimensional and the out-of-plane velocity, i.e. tangential velocity, is great.
The fixed measurement areas are presented in Figure 1. The image sizes from 41.4x33.2 mm2 to 27.8x22.2 mm2 were
used in the measurements. Thus the spatial resolution was around 0.02-0.03 mm/pixel. The physical properties of the
CO2-butanol dispersion at 22°C are ρ=784.5 kg/m3 and ν=3.5*10-6 m2/s. The surface tension for air-water dispersion is
72.5 mN/m and for CO2-butanol dispersion 25.2 mN/m.
2. Multiphase PIV recording techniques
The PIV technique requires disturbance-free optical access to the measurement plane. Bubbles hamper visibility on the
measurement plane. The high concentrations of bubbles attenuate the intensity of light. Thus, this technique is limited to
measuring bubbly flows with void fractions less than 2 %. In order to get information from the core of a bubbly flow, it
is necessary to minimise disturbances caused by light scattering of bubbles outside the plane illuminated by the light
sheet. When a back lighting is used, the measurement volume becomes too opaque to detect the bubble shadows from
the background noise. The contrast between bubble shadows and the background of the image is too low. The back
lighting method gives precise estimates of bubble sizes and shapes, but it is not appropriate for long optical paths with
high concentrations of bubbles. The images with laser light illumination have high contrast between the bubble images
and the background. Thus, the bubbles can be detected from laser light images in spite of background noise. In addition
the optical path of the laser light sheet (130 mm) is half of the path of back lighting (260 mm).
Firstly bubble images were recorded without tracer particles. In the second measurements tracer particles were added to
the flow and the images of tracer particles and bubbles were recorded by the same camera. The narrow band 532 nm
optical filter was used to minimise the disturbances of unwanted light sources, such as sun light and room lighting. 10
µm glass spheres were used as tracer particles. The tracer particle images and the bubble images were separated by a
digital two-dimensional median filtering method presented by Kiger and Pan (2000). The filter widths of 3 and 5 pixels
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were used both for the evaluation of tracer particles and the evaluation of dispersed particles. The bubbles could be
distinguished in all size categories. Therefore two phases overlap each other in size. The filter did not remove all the
largest tracer particles from the bubble image. However, the smallest bubbles could be recognised in the digitally
masked tracer particle image. Thus, the digital 2D-median filter did not properly separate the bubbles and the tracer
particles. An additional phase discrimination technique had to be used.
With the LIF method, the continuous phase is seeded with tracer particles which have a fluorescent dye that can be
excited by the illumination source. One camera is equipped with an optical narro band filter (570±3 nm). Therefore, the
camera records only the light scattered by fluorescent tracer particles (see Figure 3a). The light reflected by bubbles is
totally filtered and fluorescent particles can be detected without any disturbances. However, the bubbles in front of the
measurement plane refract the light rays and cause distortions in the tracer particle image. The other camera has a
typical optical narrow band filter (532±3 nm) and it records the light scattered by bubbles (see Figure 3b).

Figure 3. (a) An image of fluorescent tracer particles. Bubble shadows and reflections on the surfaces of largest
bubbles can be detected. (b) An image of bubbles. The intensity range is wider than in the tracer particle image.
The scattering light intensity of air bubbles in water decreases strongly for off-axis angles larger than ϕC=82,5°. Bröder
and Sommerfeld stated that the CCD camera for recording images of the bubbles should be placed at an off-axis angle
of about 80°, so that the maximum light intensity scattered by bubbles can be attained and thus the contrast for bubbles
inside the light sheet is enhanced. They concluded that images of bubbles recorded by this camera showed bubbles only
as points because of reflections on the surface of bubbles. It was not possible to realise the contours of bubbles or
tracers because of their low scattering light intensity. Later Bröder et al. denoted that large particles might produce two
visible glare points when reflection and refraction intensities are of the same order. In this case the contours of large
particles can be detected (/Bröder et al., 2001). In the case of bubbly flows these conditions are attained in the backward
scattering range.
In this study problems arise with the over-exposure of bubbles. Thus, the CCD camera for recording images of the
bubbles should be placed at an off-axis angle close to 106°. The minimising of reflections of bubbles enables the
visualisation of the second-order refraction on bubble surfaces. The refraction of the rear edge of a bubble can be
detected and the whole bubble contour is observed. The overall dimensions of the bubble projection on the
measurement plane are detected precisely. If the depth of field of the image is great enough, also big bubbles can be
recorded sharply. The aperture of camera is adjusted to the smallest possible value (f-number is 11) to minimise the
light intensity scattered by bubbles and to avoid overexposed images. The f-number 11 correlates with the depth of field
of 8 mm.
In the case of bubbly flows the optimal place for the CCD camera for recording images of the fluorescing tracer
particles is at an off-axis angle of 106°. (/Bröder, Sommerfeld, 2000) The reflections of bubble surfaces are
extinguished and the disturbances of bubbles are minimised. In this study the CCD camera for recording the fluorescing
tracer particle images is not placed in the optimal place, but roughly symmetrically with a CCD camera for bubble
images due to the perpendicular line of a measurement plane (see Figure 2). The intensity of light caused by the
fluorescent phenomenon is not as strong as the light intensity of Mie's scattering. Hence the maximum laser power is
used. The aperture of camera is adjusted to the greatest possible value (f-number is 4). When the recording angles
deviate significantly from the perpendicular position, the image depth of field has to be long enough to ensure image
sharpness on both sides of the image. The f-number 4 correlates with 1 mm. Within this measurement setup a depth of
field greater than 2.5 mm is required. Thus, the depth of field of camera (i.e. 1 mm) is not sufficient to record particles
in the 5 mm thick light sheet. Hence the tracer particle images are not in focus and they are not as detectable as usual.
To compensate this fault, the tracer particle density was increased to maximum. The large recording angles introduce a
significant decrease in the horizontal sharpness of the image --- even if the Scheimpflug correction is used.
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3. Digital processing of an image
A two-phase PIV image is more sensitive to noise than a typical one-phase image. Because the dispersed phase
occupies part of the image, the tracer particle image density is necessarily smaller than for a one-phase image. Each
phase introduces noise to the measurements of the other phase. In the vicinity of the dispersed particles the noise that
affects the tracer particles becomes stronger, thus making the measurements in these regions less reliable. Dias and
Reithmüller (1998) concluded in their study that the minimum distance from the air/liquid interface at which PIV
measurements can be safely interpreted is half of the final interrogation window size. The fluid velocities closer to the
bubble are more or less erroneous. The absolute distance can be reduced using smaller interrogation windows, but on
the other hand the number of particles contributing to the correlation function is also diminished, decreasing the
reliability of the measurement. The smaller the spatial resolution of the recordings is, the closer to the bubble the fluid
velocity can be calculated. In addition, the always-present background noise reduces the measurement reliability. The
background noise is reduced by digital masking and levelization procedures. In this study the levelization is done by
calculating the average image of the set of images and subtracting it from each of the images. Levelization is
recommended also by Satoh and Kamada (2001) and Todd and Hassan (2001).
4.

Interaction between bubbles and tracer particles

Usually for water flows hollow glass spheres with a diameter of 10 µm are used as the tracer particles. If the phase
discrimination method is based on the difference in the wavelength of the scattered light, fluorescently doped polyamide
particles with a diameter of 20-45 µm are used as tracer particles.
In multiphase flows the interaction of the tracer particles and the dispersed phase has to be studied. Hassan et al. (1998)
found discrepancy between their measurements and the theory in the wobbling of the bubble shape. The discrepancy
can be explained based on the addition of tracer particles to the water. Lindken and Merzkirch (2000) have investigated
the influence of the contamination of tracer particles on their measurement results. In visualisation studies they could
not detect particles moving away from the bubbles, nor particles settling on the bubbles’ surfaces, but when they
compared the measurements in de-ionized water and in water seeded with tracer particles (D=10 µm), they measured a
significant drop in the bubble rise velocity especially for bubbles smaller than 3 mm. Yamamoto et al. (2001) estimated
that the particles smaller than 10 µm have a clear influence on bubbles. Larger particles and particles with a porous
surface do not noticeably interact with bubbles. These phenomena are poorly understood and thus the bubble
experiments are done also without tracer particles. On the other hand, small particles exist also in practise in industrial
mixing processes.
5. Bubble detection methods
Visually it is easy to measure the size of a bubble image. The problem is how to write the visual detection mechanism
into an algorithm. The measurement evaluation methods should be reliable, accurate and simple enough to give good
results within a reasonable calculation time.
The developed software allows manual and automatic evaluation of bubble images. Manual evaluation guarantees the
evaluation of all the bubbles that the researcher has marked. The bubble size is specified more accurately by manual
evaluation. The researcher can draw a rectangle around a bubble by dragging the mouse on the image. The program
offers calculated properties of a bubble and the researcher can accept them, reject them or set his or her own values.
This procedure is repeated for every bubble. In order to settle the cumulative mean value of the measurement set, 500
two-phase images are recorded. If every image contains 50 bubble images, the total number of detected bubbles is
25000. In the mixing vessel case more than 50 measurement sets are carried out. The manual evaluation of all the
bubbles requires too much time. Thus, the bubble properties are evaluated automatically by different bubble detection
algorithms.
The Particle Mask Correlation (PMC) method is one of the methods for particle image extraction from a plane
(/Takehara et al., 1999). The particle mask is a template of the brightness pattern of a particle image. A reference bubble
is used as a particle mask. A reference bubble image is created and bubble images are adjusted with the reference. The
scattering pattern of bubble depends on the shape and position of bubble with respect to the laser light sheet. Many
reference bubble shapes have to be used if all bubble images are to be detected correctly. Even though good results are
achieved with the optimal adjustment of the threshold value, the computation time of PMC method is found to be too
long for large sets of PIV measurements.
In this study bubbles are detected by a thresholding method in the produced image of the bubble phase. The
thresholding algorithm detects pixel segments which have a sufficiently strong light intensity peak and a sufficiently
large pixel area, so the thresholding is done by intensity values, i.e. grey scale values1, by size2 and by intensity peak
value3. The segment that consists of pixels that exceed the grey scale threshold value (=250-300 counts) is detected as a
bubble if the segment is larger than the given size threshold value (=30-50 pixel counts) and if the intensity peak of the
segment is higher than the intensity peak threshold value (=1800-2000 counts).
4

The detected bubble images are labelled and their centre coordinates, area, width and height, aspect ratio and the
average brightness are calculated. The calculated information is forwarded to the bubble velocity calculation procedure.
6. Errors in bubble size measurement
Errors in bubble size measurement are caused mainly by the location of the measured bubble in the image plane. The
different cases of bubble position are sketched in Figure 4. The exact shape and the size of the randomly chosen bubble
remain unknown because of many error factors recognised in this method. Sometimes two bubbles close to each other
are detected as one big bubble and sometimes one big bubble is detected as many small bubbles. The misalignment of
the bubble in the measurement area causes a significant reduction in the size of the detected bubble. The size of bubbles
located centrally in the laser light sheet can be detected with the accuracy level of the thresholding algorithm, which is
around one image pixel, i.e. usually 0.02-0.03 mm.

Figure 4. Top view drawing of bubbles in the laser light sheet. A grey area on the surface of a
bubble represents the recorded bubble image.
The effect of image size on the spatial resolution of bubble size measurements is studied. Two different image sizes are
used in the measurements of bubble size: 22.1x27.7 mm2 and 7.9x10.0 mm2. The spatial resolutions of these images are
21.6 µm and 7.8 µm, respectively. Sets of 50 images with both image sizes are taken. The normalized number
frequency distributions of bubbles are calculated and compared. The comparison shows that bubbles smaller than 0.1
mm are not detected with a larger image size. However, they still exist in flow. In fact most of the bubbles in this case
are smaller than 0.4 mm. The effect of spatial resolution on the measurement of bubble size distribution is found to be
evident.
7. Measurements of bubbly flow velocities
The fluid velocity field is calculated from tracer particle images with a multi-pass cross-correlation method. The first
pass uses standard FFT-based algorithm with 64x64 pixel interrogation areas with 50 % overlap and the second pass
uses normalized algorithm with 32x32 pixel interrogation areas. A large dynamic range for measured velocities is
attained. The correlation peaks are detected with a 3-point Gaussian peak fit. Bubble velocity is also calculated with a
cross-correlation method. Cross-correlation is calculated for each bubble once with a normalized FFT-based algorithm
and with an interrogation area that is adaptive to the size of the bubble. In the upper frame of the image the interrogation
area is placed in the centre of the bubble and it is shifted in the lower frame. The measured local instantaneous fluid
velocity vector is selected as the initial shift of the interrogation area in lower frame. This enables the use of small
interrogation windows which are adaptive to the size of the measured bubble. The dependence of the interrogation
window size on the bubble diameter is presented in Table 1. The correlation peak is detected with a two-dimensional
five-point Gaussian peak fit. The basics of this velocity calculation method are presented in Figure 6. The interrogation
windows used for the bubble velocity estimation are shown as red rectangles. The local instantaneous fluid velocity is
measured at the centre point of the bubble by measuring the validated and interpolated fluid vector field given by the
tracer particle image. The size of the velocity vector represents the size of the displacement of the bubble or fluid. The
fluid velocity is marked with a white arrow and the bubble velocity with a yellow arrow.
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The instantaneous velocity vector field of fluid
is shown in the upper image. The zoomed
image on the right shows the detected bubbles
and their velocities in yellow colour. The
interrogation windows used for the bubble
velocity estimation are shown as red
rectangles. The fluid velocity is marked with
white arrows and it is calculated from validated
and interpolated fluid vector field at the centre
point of the bubble.

Figure 6. Principle of the calculation of the relative fluid velocities of bubbles.
Table 1. The dependence of interrogation window size on bubble diameter.
The bubble diameter D in pixels
The interrogation window size (2x) in pixels
D < 20
32x32
20 < D < 50
64x64
50 < D < 110
128x128
D > 110
256x256
The velocity of each bubble is compared with the local instantaneous fluid velocity. The relative velocity of a bubble is
defined as the difference between the bubble velocity and the velocity of the fluid surrounding the bubble.

ρ
ρ
ρ
U SLIP = U B − U F

(1)

X-component: U SLIP = U B − U F

(2)

Y-component: VSLIP = VB − VF

(3)

Absolute relative velocity of bubble or slip speed can be defined as:

ρ
U SLIP = (U B − U F ) 2 + (VB − VF ) 2

(4)

and the slip angle is defined as an angle between the fluid and bubble velocity vectors:



U B ⋅ U F + VB ⋅ VF


α = cos
 (U 2 + V 2 ) ⋅ (U 2 + V 2 ) 
B
B
F
F


−1

(5)

Also a bubble’s Reynolds number Reb could be calculated from:

Re b =

U slip ⋅ d b

(6)

νf

Lindken and Merzkirch (2001) stated that measuring the velocity of the bubbles from the reflections of bubbles causes
errorneous results due to curvature effects. In this study the average bubble size is about 0.5 mm and most of the
measured bubbles appear spherical. The effects of the changing intensity pattern of the bubble image are considered.
The optimal bubble image pair is shown in Figure 7a. The calculated correlation plane (Fig. 7b) shows high signal-tonoise ratio and a clear, slim correlation peak. The displacement of the bubble is detected reliably and with good
accuracy. The image pair of a large bubble in Figure 7c has quite a stable intensity pattern. The correlation peak (Fig.
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7d) is high and although noise exists in the correlation plane, the signal-to-noise ratio is still rather good. The
correlation peak is broader. The peak detection estimators do not perform well for this type of correlation peak. Thus,
peak locking effect will appear and displacements bias to the nearest integer values.

a)

b)

c)

d)

Figure 7. The image pair of a bubble in Figures (a) and (c). The cross-correlation between the upper and lower part of the image
yields a correlation plane shown on the right-side of the image, (b) and (d) .

Example image of detected bubbles is presented in Figures 8. Figure shows that
detected bubbles vary in size and that their motion does not always follow the
liquid motion.
The fluid velocity field is validated by criteria based on velocity range and
spatial filtering. The remaining holes in the velocity field are interpolated and
the fluid velocities are combined with bubble velocities. Bubble velocity is
validated by criteria based on the differences between bubble velocity and
surrounding fluid velocity and on the signal-to-noise ratio of the calculated
correlation plane. The validation of bubble velocity is troublesome, because no
boundary values for a bubble velocity in a turbulent flow field are known.
In this study the average number of spurious vectors in a fluid flow field is
about 9 %. The number of spurious vectors is increased with the increase in
turbulent kinetic energy in the flow (see Table 2). Strong velocity gradients
decrease the reliability of the velocity measurement. The same effect can be
found for a bubble velocity field. The average number of spurious vectors in a
bubbly flow field is about 11 %. The reason for the high number of spurious
vectors in areas (50,75) and (50,50) is the time delay between the frames, which
was in this case too long. The dt-value was set shorter for other measurement
areas.

Figure 8. The detected bubble images are
marked with an ellipse and their velocity
is shown with a blue arrow. The fluid
velocity vector field is also presented.

Table 2. The detected spurious vectors in different measurement areas. The measured turbulent
fluid flow field is also listed here.
Measurement area coord.(X,Y)
50,100 50,75 50,50 50,25 50,0
25,-25 50,-25
Turbulent kinetic energy
0.0070 0.0084 0.0099 0.0106 0.0163 0.1180 0.0494
Spurious vectors in a fluid flow field 5.5% 5.3% 5%
4.7% 6.0% 16.0% 17.6%
Spurious vectors in a bubble flow 2.9% 9.3% 10.1% 7.6% 7.5% 21.5% 18.0%
field

kinetic energy of the
75,-25
0.0228
12.7%
11.9%

8. Accuracy test for bubble velocity calculation
The velocity calculation method is tested with artificial images with a mean bubble diameter of 30 pixels. The bubble
images are shifted linearly and the constant displacement is compared with the calculated dispacement value. Table 3
shows the accuracy test results with different correlation functions, interrogation window sizes and bubble
displacements. In the case of bubble velocity calculation, the optimal displacement for the bubble is observed to be
about 10 pixels. In optimal circumstances the velocity calculation method may reach the accuracy of 99.5 %.
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Table 3. The accuracy test results. The relative errors in displacement with different calculation methods and different
displacement values in horizontal and vertical direction.
Correlation function
Window size
1+1
5+5
10+10 15+15 20+20 25+25 30+30
(pix)
Standard
64
0.62% 0.22% 0.14% 0.08% 2.54% 5.77% 16.7%
Normalized

64

0.74% 0.27%

0.14% 0.08% 2.61% 6.56% 19.4%

Normalized(2x iterative)

64

-

Standard+shift

Adaptive

3.31% 0.13%

0.21% 5.40% 30.7% 37.7% 49.0%

Normalized+shift

Adaptive

1.04% 0.11%

0.05% 4.29% 27.1% 37.7% 49.4%

14.11% 6.72% 4.19% 2.11% 1.02% 0.36%

The effect of the bubble size on the velocity calculation accuracy is
evident. The uncertainty of the calculation increases exponentially when
the bubble size becomes smaller than 10 pixels. The cross-correlation
calculation performs worse for a small bubble image than for a big
bubble image. In Figure 9 the results of the velocity calculation test show
a significant correlation between the bubble size and the relative error in
bubble’s velocity calculation. The logarithmic fit correlates with the data.
When a bubble is in truly linear translation, the velocity calculation
method can define the velocity of the bubble with at least 95 % accuracy.
The deformation and rotation of the bubble, the changes in the intensity
pattern and disturbance by neighbouring bubbles introduce additional
sources of error in bubble velocity calculation. Thus, the practical
accuracy of this method is weakened. The allowable displacement rate
with this method can be from subpixel displacement until 20 pixels
displacement. The relative error in velocity estimation decreases as the
bubble displacement increases up to the displacement of 15 pixels. The
measurements of subpixel displacements are inaccurate.

relative displacement error [%]

If the normalized algorithm is used twice, so that the first iteration gives an initial interrogation window shift for the
second iteration, the algorithm performs well with large bubble displacement values, but very poorly for small
displacements. The velocity calculation test shows a small improvement in results if the adaptive interrogation window
size and initial shift are used. Especially for relatively dense bubbly flows the adaptive window size prevents the
disturbance of other bubbles in the calculation of the velocity of each bubble. In experiments the local instantaneous
fluid velocity gives the initial shift for the bubble velocity calculation.
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Figure 9. The results of the velocity calculation
test with a constant displacement of 5 pixels of
a bubbly flow image. Standard correlation
function is used. The relative error in the
displacement of a bubble increases when the
bubble diameter decreases.

9. Other remarks
Figure 10 shows the displacement histogram for fluid flow and bubble flow in measurement area 3. An obvious peak
locking effect is seen in the histogram. The displacement distribution of bubbles in y-direction (dark blue) correlates
with the displacement distribution of tracer particles in y-direction (light blue). The displacement distribution of bubbles
in x-direction (pink) is shifted left (towards the turbine) from the displacement distribution of tracer particles in xdirection (green).

Figure 10. Displacement histogram of tracer particles and bubbles in measurement
area 3, in water flow with turbine speed 400rpm and gas injection 0.25l/min.
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Other displacement histograms show that the fluid velocity near bubbles has about the same value as the fluid velocity
away from bubbles. The existence of bubbles does not have a great influence on the velocity of fluid flow. The peak
locking effect is greater for the data calculated near bubbles. The displacement histogram of the data measured in
measurement area 3 showed a huge fluctuation in the
velocity. The displacement values vary from –10 pixels
to +10 pixels and even more. The number of spurious
vectors increases, because of large displacements. On
the other hand, the peak locking effect becomes less
relevant. When a peak locking effect occurs, the error
of the measured displacement is ±0.5 pixel. This
correlates with relative error in velocity of about 5 %
presuming 10 pixel displacements. Thus, the practical
accuracy of velocity measurements is about 95 %.
Large bubbles (5-15 mm) exist in the flow and disturb
the flow field. Large bubbles are detected especially in
measurement area 1. Figure 11 shows a typical situation
in measurement area 1. The image is covered with
large, deformed bubbles. Large bubbles are hard to
detect with a detection method for laser light images.
They also hinder the signal from tracer particle images
and the velocity field becomes noisy. Thus, the
reliability of the measurements decreases.

Figure 11. Some large bubbles in measurement area 1.
The measured fluid velocity field is also presented.
10. Results

Fluid flow field in the vessel
The fluid flow field is calculated for bubbly flow and for one-phase flow. The results are compared. In these
measurements the existence of the bubbles in the flow does not remarkably change the turbulence properties of the
flow. The turbulence generated by the turbine dominates the flow field in the vessel. However a small decrease in the
turbulent kinetic energy was observed if gas injection was increased. On the other hand, as expected, the gas injection
increased the turbulence near the nozzle in measurement area 1. The bubbles disrupt the turbulence scales with a size
equal to the bubble size.
The fluid flow field changes a bit if fluid is changed. The butanol flow field differs significantly from the water flow
field. The four-blade turbine works more or less axially for water flow and rather radially for butanol flow.
Average properties of bubbles
The number of detected bubbles N, their average cross-sectional area An [mm2] and average diameter dn are presented.
The number average bubble diameter dn and the average cross-sectional area An are:

dn =

1
N

N

∑ di

and An =

(7)

i =1

π 1
4

⋅

N

∑d
N
i =1

2
i

(8)

The area fraction of bubbles ca represents the ratio of overall cross-sectional area of bubbles and the total measurement
area of the set of images.

ca =

N ⋅ An
=
Ameas

N⋅

π 1
⋅

N

∑d
N

4
i =1
500 ⋅ FOV

2
i

(9)

Field of view (FOV) means size of the individual image. These measurement sets consist of 500 images. Presumably
the change in gas hold-up is proportional to the changes in the area fraction of bubbles. The measurements of local void
fractions of bubbles are presented more closely in Honkanen and Saarenrinne (2002).
The quantity and size of bubbles decrease towards the water surface. The gas hold-up is highest under the head of the
turbine blades. The hold-up decreases towards the surface. When air injection is doubled, the hold-up is doubled as
well. Both the quantity of bubbles and the size of bubbles have increased.
The increase in turbine speed from 400 rpm to 500 rpm forces the bubbles to stay longer in the vessel. The number of
detected bubbles is increased. The increase in turbine speed also decreases the bubble size. Most of the bubbles rise up
to the surface near the walls of the vessel and in the middle of the vessel bubbles move downwards to the turbine.
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The addition of tracer particles to the flow caused an increase in gas hold-up in the flow, so the interaction between
bubbles and tracer particles was detected. Table 4 shows the average properties of air bubbles in water.
Table 4. Water flow with fluorescent tracer particles, turbine speed 400 rpm and air injection of 0.25 l/min
Avg
Measure- Coord. Bubbles Avg. Avg.
Avg.
Avg.
Area
Avg
Avg
Avg
ment area
U
V
Speed Diameter fraction slip
slip
Slip
relative
U
Ca
V
Speed
Re_b
(x,y) [pcs]
[m/s] [m/s] [m/s] [mm]
[%]
[m/s] [m/s] [m/s]
[-]
6
50,100
5615 -0.09
0.00
0.16
0.55
0.37 -0.03
0.01
0.12
66
5
50,50
4940 -0.13
0.06
0.22
0.63
0.42 -0.02
0.01
0.15
95
4
50,0
5069 -0.18
0.08
0.28
0.81
0.70 -0.01
0.00
0.19
154
3
75,-25
5449 -0.08 -0.06
0.26
1.05
1.28
0.00
0.00
0.23
242
2
50,-25
4330 -0.02
0.13
0.36
0.99
0.91 -0.04 -0.03
0.32
432
1
0,-25
5512 -0.18
0.22
0.55
2.36
6.55 -0.06 -0.06
0.49
1156
• avg = average
• U = radial velocity (positive direction towards the wall of the vessel)
• V = axial velocity (positive direction downwards)
The bubble velocity has a specific distribution in each measurement area. The rate of gas injection does not have a
noticeable influence on the velocity distribution of bubbles when gas injection is less than 1.0 l/min. The same tendency
is noticed for slip velocities of bubbles. It can be seen from Table 4 that bubbles follow the fluid flow better when the
flow direction is upwards than when it is downwards. This is due to buoyant force. Slip velocities are averaged in each
size category of bubbles and the results for CO2-butanol flow with gas injection of 0.5 l/min and turbine speed 400rpm
in the measurement area 5 are shown in Figure 12. Flow direction is downwards, accelerating towards the turbine (note:
positive direction is downwards). A small increase in the average slip speed can be detected when the bubble size
increases. Smaller bubbles follow the fluid flow better and smallest bubbles move downwards faster than the fluid.
Most of the bubbles are smaller than 1.2 mm and thus larger size gategories are more or less irrelevant.
(a)

(b)

(c)

(d)

Figure 12. Averaged slip velocity in each size category of bubbles. Water flow with 400 rpm and 0.25
l/min in measurement area 5. Figure (a) shows slip velocity component in radial-direction, (b) shows
slip velocity component in vertical-direction, (c) shows the slip speed and (d) shows the slip angle.
The correlation between a bubble’s slip angle and slip speed depends on the velocity of the surrounding fluid. If the
fluid flow is slow, the correlation is weak. In a strong fluid flow field the slip angle increases with increasing slip speed
(see Fig. 12d).
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The dynamics of CO2-butanol dispersion differ significantly from air-water dispersion. The density of butanol is lower
than the density of water. Hence the buoyancy force on a bubble is weaker. The surface tension in CO2-butanol
dispersion is also less than in air-water dispersion. The less the surface tension is, the smaller the bubbles tend to be.
The decrease in bubble size and the significant increase in the number density of bubbles are measured for CO2-butanol
dispersion. The results also reveal that the increase in turbine speed decreases the bubble size. Tables 5 and 6 show the
average properties of CO2- bubbles in butanol.
Table 5. Butanol 500 rpm and CO2 injection of 0.20 l/min
Coordinates
U
V
Avg.
Detected
speed
bubbles
Meas. Area
(x,y)
[pcs] [m/s]
[m/s] [m/s]
6
50,100
18129
-0.13 0.07
0.22
5
50,50
16026
-0.14 0.16
0.28
4
50,0
5948
-0.03 0.18
0.44
1
-10,-30
10804
0.02 -0.05
0.27
2
25,-30
13267
0.11 0.09
0.44
3
50,-30
23416
0.21 0.16
0.54
Table 6. Butanol 400 rpm and CO2 injection of 0.50 l/min
Coordinates Detected U
V
Avg.
bubbles
speed
Meas. Area
6
5
4
1
2
3

(x,y)
50,100
50,50
50,0
-10,-30
25,-30
50,-30

[pcs] [m/s]
[m/s] [m/s]
14163
-0.10 0.02
0.18
14749
-0.11 0.09
0.21
15241
-0.02 0.08
0.37
14537
0.00 -0.02
0.34
16181
0.09 0.12
0.48
29321
0.19 0.18
0.53

Avg. Area
Avg.
Avg.
diame fraction slip U slip V
ter
[mm] [%]
[m/s] [m/s]
0.38
0.54
0.03
-0.01
0.37
0.48
0.02
-0.03
0.39
0.19 -0.03
-0.04
0.93
1.97 -0.04
0.02
0.52
0.75 -0.11
0.00
0.44
0.95 -0.15
-0.01

Avg.
slip
speed
[m/s]
0.10
0.12
0.22
0.15
0.26
0.34

Avg
relative
Re_b
[-]
11
13
25
40
39
43

Avg. Area
Avg.
Avg.
diame fraction slip U slip V
ter
[mm] [%]
[m/s] [m/s]
0.49
0.71
0.02
-0.01
0.54
0.90
0.01
-0.03
0.61
1.18 -0.03
-0.03
1.15
4.05 -0.02
0.03
0.74
1.88 -0.09
0.00
0.56
1.97 -0.14
0.00

Avg.
slip
speed
[m/s]
0.08
0.10
0.20
0.20
0.29
0.32

Avg
relative
Re_b
[-]
11
15
35
66
61
51

Size distributions of bubbles
The size distributions of bubbles can be described by number frequency distribution or by volume frequency
distribution. The size interval of 0.2 mm is chosen. The number of bubbles in each size interval is counted and divided
by the total number of bubbles in the sample.
Although there is a small number of large bubbles, a significant fraction of gas volume is in large bubbles. However, the
number of samples in large size intervals is very small, leading to an irregular size distribution. In order to increase the
number of samples, a larger set of bubble images should be measured.
Number frequency, volume frequency for CO2 bubbles in butanol flow are presented in Figures 13 and 14. The gas
injection is 0.50 l/min and the turbine speed is 400 rpm.

Figure 13. A normalized number frequency
distribution of bubbles.

Figure 14. A normalized volume frequency
distribution of bubbles.
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11. Conclusions
The properties of turbulent bubbly flow in a cylindrical mixing vessel are measured. The performance of different kinds
of PIV multiphase measurement methods is compared in this study. Satisfactory results are gained with laser light
illumination. When a back lighting is used, the measurement volume becomes too opaque to detect the bubble shadows
from the background noise. The contrast between bubble shadows and the background of the image is too low. The
back lighting method gives precise estimates of bubble sizes and shapes, but it is not appropriate for long optical paths
with high concentrations of bubbles. The most suitable PIV method for measuring the bubbly flow in a mixing vessel is
that in which the fluorescent tracer particles and the bubbles are illuminated with a laser light sheet and the phases are
separated with optical filters. A careful tuning of measurement parameters is required. The bubbles are imaged at the
Brewster angle to minimise reflections of bubbles. High concentrations of bubbles attenuate the intensity of the laser
light. This reduction of light intensity is realised especially for images of the fluorescent tracer particles. The tracer
particle images are fuzzy and their intensity is not strong enough to create strong signal. To compensate this fault,
maximum laser power was used and the tracer particle density was increased to maximum. When the optical phase
discrimination method is used, Mie’s scattering at surfaces of dispersed particles and at surfaces of the vessel is filtered
out and a clear image of tracer particles is generated. The background noise in the bubble images can be minimised with
a 2-dimensional median filter or with a levelization procedure, and a digital mask is used to block the light reflected
from surfaces.
The flow dynamics and the properties of bubbles are studied. A cross-correlation method is applied to the calculation of
velocity of each individual bubble. The developed velocity calculation method is tested with artificial images providing
good results. Due to ’pixel locking’ effect the practical accuracy of velocity measurements is about 95%. When the flow
field has strong turbulent kinetic energy, the slip velocities of bubbles can be great, but also the measurements of
velocity are less reliable. The existence of bubbles in the flow does not significantly change the time-mean turbulence
properties of the flow. The turbulence generated by the turbine dominates the flow field in the vessel.
The highly 3-dimensional turbulent flow field and the long optical paths to the measurement plane lead to challenging
measurement conditions. Flow field has a great tangential velocity. This velocity is not measured in these PIV
measurements. Thus, the results given by these measurements are to a certain extent uncertain. The measurements of
highly three-dimensional dilute bubbly flow field in the middle of the vessel are a source of lots of challenges, which
are not totally met in this study. This study will continue in future and further improvements of the measurement
technique are expected.
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