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Abstract In this work, simultaneous High Speed Particle Image Velocimetry (HS-PIV) and pulsed
shadowgraph (PS) with one camera are used to characterize the velocity and turbulence fields in different
two-phase flow patterns in a horizontal pipe. This PIV technique uses fluorescent tracer particles as markers
in the liquid flow and records the Laser Induced Fluorescence (LIF) signal of the particles. The same camera
simultaneously records the shadow of the gaseous zones close to the interface. An optical filter placed in
front of the camera blocks scattering-light and intense reflections close to the gas-liquid interface regions and
the pipe walls. A separation of the signals originating from the different phases with a digital mask technique
is made before the PIV evaluation algorithm. Using this method evaluation errors are avoided near the gasliquid interface. The measurement technique, the set-up of the measurement system, the image processing,
the test rig, the operating principle and experimental data of stratified, wavy, and slug flow in a horizontal
pipe are presented and analyzed. The results show that simultaneous PIV and PS is well suitable for the
investigation of stratified, wavy and elongated bubble flow. The combined measurement technique is able to
measure, with high resolution, velocities of the liquid phase and the interface in two-phase flows. The
measurements also serve to investigate the turbulence structure in different flow-patterns. For the
investigation of bubbly, slug and plug flow this measurement technique is conditionally applicable. If the
gaseous phase is highly mixed with the liquid phase, only a part of the tracer particles can be seen and an
accurate determination of the velocity vectors is not possible.

1. Introduction
The application of numerical flow simulation has increased in the last years. With the rapid
advance of computer technology, numerical predictions of transient behaviours of two-phase flow
become more affordable and may help to clarify questions regarding the optimization, interpretation
and safety of two-phase flow in a large number of industrial applications, like nuclear or chemical
reactors.
In the past three decades, great efforts in the development of instrumentation for the
characterization of two-phase flows have been made to establish a detailed experimental database.
While some of this data can be used to improve and validate Computational Fluid Dynamic Codes
(CFD-Codes), much experimental work is still necessary to provide a thorough physical
understanding of the internal structure of the different two-phase flow patterns and their transitions.
In this work a simultaneous Particle Image Velocimetry (PIV) technique and Pulsed
Shadowgraph (PS) technique is used to measure the velocity and turbulence fields in different twophase flow patterns. The main problem in two-phase flows is an accurate detection and separation
of the phases. If the separation of the phases is not realized, the standard PIV image evaluation
would generate incorrect velocity vectors in the gas phase and near the gas-liquid interface. The
simultaneous use of a shadow technique, based on a uniform background illumination of the flow,
enables a clear separation of the phases in the PIV images. With it, it is possible to determine more
accurately the velocities, especially near the interface.
Tokuhiro et al. (1998), Hassan et al. (2003), Fujiwara et al. (2004), Kitawara et al. (2005)
among others, use one or more digital cameras for PIV and an extra one for the shadow technique.
With these approaches accuracy problems arise from overlying the images. Therefore Lindken and
-1-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

Merzkirch (2002), as well as Nogueira et al. (2003) use only a single camera for PIV and the PS
technique. With this procedure the information from the bubbles and tracers are recorded
simultaneously in the same frame of the CCD chip, which eliminates this source of error.
For phase-separation by image processing the following techniques have been reported:
Hassan et al. (1998) took PIV measurements of individual ascending bubbles in a vertical pipe.
Using a predetermined threshold value to the gray-scale digital image a binary image was obtained
and a reconstruction of the bubbles was made. While fast and easily applied, with this procedure,
the recognition of the bubble contour can not be accurately done without the use of a shadow
technique.
Bröder and Sommerfeld (2002) accomplished PIV measurements in vertical bubbly flow. Using
a pulsed panel of light emitting diodes (LEDs) located in the background of the test section opposite
the camera. The shadow of the bubbles and the shadow of the tracer particles were recorded in the
same image. For post processing, first, a median filter was applied to the images to eliminate the
particles and further disturbances. Then the contour of the bubbles was emphasized with a sobel
filter and finally the contour was extracted using the gradients of the gray values. But by first using
the median filter some distortion of the grey values incurs which may lead to subsequent shifts in
the bubble contours.
Lindken and Merzkirch (2002) realized PIV/PS measurements in a vertical bubbly flow. Again a
median filter was applied to the images to extract the tracer particles. But subsequently the
separation of the image information is performed with a dynamic gray value threshold.
Nogueira et al. (2003) conduct PIV/PS measurements of a single Taylor bubble rising in a
vertical column of stagnant liquid. They also first applied a median filter to eliminate the tracer
particles from the images. But subsequently a background image is subtracted from the filtered
image in order to determine the shape of the bubble after binarization with a selected threshold.
In this work we report a new algorithm based on the work by Lindken and Merzkirch (2002) as
well as Nogueira et al. (2003) to process the images obtained from a simultaneous PIV/PS
experiment. Contrary to the previous work, the use of a median filter is avoided in order not to
falsify the grey values of the PIV/PS images.
The primary purpose of this work is to obtain experimental data, using PIV/PS, of the local
liquid phase velocity field in a horizontal air-water pipe flow. In the following we present the
measurement technique, the image processing, the test rig and the experimental procedure before
we show and discuss the obtained experimental data of stratified, wavy, plug and slug flow in a
horizontal pipe.

2. Measurement technique
2.1. Simultaneous PIV and PS technique: Principle and Set-up
Our simultaneous PIV and PS technique is based on the work of Lindken and Merzkirch (2002),
which was developed for a vertical bubbly flow. In the present work, we adapt and apply PIV/PS to
two-phase flow in a horizontal pipe.
Figure 1 shows the optical set up of the experiment. The horizontal plexiglass pipe test section is
surrounded by a plexiglass box filled with the same liquid as in the pipe in order to minimize the
optical distortion. The light sheet produced from the bottom by the 527 nm PIV laser illuminates the
vertical symmetry plane of the flow, which is seeded with fluorescent particles. The flow is
illuminated from the back with a monochrome 643 nm LED panel. The digital camera is focused on
the symmetry plane and records the information of the fluorescent particles of the PIV measurement
and the back light shadow of the air phase. An optical filter blocking the PIV laser wavelength
eliminates the effect of light scattered and reflected at the interface regions and pipe walls.
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Fig. 1. Set-up of the simultaneous HS-PIV and PS technique.

Figure 2 explains the principle of the recording of the camera. In the upper part, the recording of
the particle images (PIV) is sketched while in the lower part the acquisition of the shadow images
(PS) is shown. The light of the PIV laser at 527 nm and the LED panel at 643 nm enters the flow,
where the PIV laser excites fluorescence of the particles with a peak at 573 nm. Also scattering and
reflections at the phase interfaces and the pipe walls are created. But the optical filter located in
front of the digital camera blocks wavelengths smaller than 570 nm. Therefore, only the background
illumination of the LED panel, with wavelength of 643 nm, and the emitted light of the particles
pass on to the camera. As a result only the undisturbed signals from the gaseous phase and the
tracers are recorded.

Fig. 2. Principle of the combined measurement system (modified schema of Lindken and Merzkirch, 2002).

2.2. Paticle Image Velocimetry
The PIV technique uses fluorescent tracer particles as markers in the water flow, which were
illuminated with a New Wave Pegasus double cavity Nd:YLF laser with a wavelength of 527 nm
and an energy up to 10 mJ per pulse. The fluorescent particles are made of polystyrene with
Rhodamine B as fluorescence dye which is excited by the laser light sheet at wavelengths of 555585 nm with an emission peak at 573 nm. These particles have a mean diameter of 10,5 µm and a
density of 1,06 g/cm3. The concentration of tracer particles in the flow was about 10-5.
The laser beam was focused into a light sheet of about 1,5 mm thickness in the xz plane in the
symmetry plane of the horizontal pipe test section as it is shown in figure 1.
A Photron APX CMOS camera with a resolution of 1024x1024 pixels and 8 bit was positioned
orthogonal to the laser sheet. A 85 mm focal length and a 12mm extension ring were used. The
camera frequency was set to 1000 frames per second.
The whole commercial PIV System (Intelligent Laser Application, ILA) was controlled by a
hardware timing unit. The distance between pulses of cavity 1 and 2 was adapted to the respective
parameters of the operating point in order to get an optimal particle displacement.

-3-

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

2.3. Pulsed Shadowgraph
To obtain the shadow images of the gas phase, the flow was illuminated with a monochrome
panel of light emitting diodes placed in the background of the test section. Due to this background
illumination the zones close to the interface of the gaseous phase produce a shadow, which was
recorded by the digital camera of the PIV system. For the LED panel 144 high-power diodes with
wavelength of 643 nm were used. Between the diodes and the test section a diffuser paper was
located.
The LED panel was operated in a pulse mode in order to avoid a blurred image of the moving
gas-phase due to the long exposure time of the camera. An electronic system was developed to
synchronize the LED panel with the PIV system. These diodes feature a dead time, which results
from the fact that the LEDs only emit beyond a threshold current. Since the response time and
duration of the pulses have to be very short, a permanent current must be applied. Also, the
wavelength of the diodes depends on their temperature, so the LED panel must be put into operation
before taking measurements as to bring them up to operating temperature.

Fig. 3. Timing diagram of the synchronization of the camera, laser and LED panel of the simultaneous PIV/PS system

The distinction between the light emitted by the tracer particles and the background lighting is
optimized by adjusting the intensity of the LED panel. The electronic system of the LED panel is
timed over the Q-switch out signals of the laser cavities(see figure 3).

3. Image processing
3.1 Principle of the detection of the air phase
The principle of the air detection is based on the characteristic differences of gray levels
recorded in the PIV/PS images relative to background image values. Three different ranges of gray
levels can be observed. A high level range corresponding to the light emitted from the tracer
particles, a medium gray level range containing the light coming directly from the LEDs and the
lowest gray levels that correspond to the shadow zones near the interface of the gaseous phase.
Figure 4 shows a typical PIV/PS image of a slug front with a horizontal and a vertical white line
drawn in. The gray value distribution along this white lines is shown on the bottom and on the right
side of the image. The fluorescent tracer particles appear in the image as bright points and in the
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gray level distribution as pikes on the curve. The low levels of the gray distribution represent the
gas phase. Due to the small depth of sharpness and the focusing on the laser light sheet, the contour
of the gas phase appears slightly blurred. However it can be quite well distinguished from the
background lighting by its gray tone distribution.
Therefore, given the gray values of the image pixels relative to their background image values
they can be assigned to the different phases. Pixels which are brighter than the background lighting
correspond to the tracer particles. Those pixels which are darker than the background lighting
represent the gas-liquid interface. Thus the image contains all information necessary to separate the
phases.

Fig. 4. Distribution of gray values along the two white lines of the PIV/PS image

3.2. Steps of the detection of the air phase
Based on the principle outlined above the images are processed with a self developed software.
Prior to the actual experiments a set of background pictures of the pipe-test section only filled
with water and without laser lighting must be taken. This should be acquired for every pulse
frequency used in order to avoid intensity differences between PIV/PS and background images that
are caused by the frequency response of the LED array. The background images for a particular
pulse frequency are median filtered and then averaged individually.
Then the particular PIV/PS image, e.g. in figure 5a, is read in. For optimal effect, the brightness
of the PIV/PS image is calculated using a dynamic gray value threshold. This procedure allows to
remove the brightness values of the tracer particles, without influence on the brightness value of the
background in the PIV/PS images. After this step an optimal background image can be assigned to
each PIV image, which is slightly brighter than the background of the PIV/PS image. In order to
remove the reflections at the air-water interface, which cannot be avoided despite the optical filter, a
static threshold is applied. Reflections and tracer particles which both have high grey levels are now
assigned the low grey levels of the air regions.
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The resulting image is binarized by subtracting the assigned background image. Gray tone
values of the gas phase and tracer particles which become negative in this step are set to zero, e.g.
figure 5b. Then the pipe walls are removed leaving only the flow region. Additionally, the image is
inverted, i.e. the gas phase becomes white. To capture zones within the gaseous phase which were
not set to zero by the binarization a search is done. Every region which is enclosed by a white frame
is supposed to be a zone of the gas phase and is subsequently filled with white. For the recognition
of the gas phase in slug flow, a white border is added to the top and both sides of the image. This
step gives e.g. figure 5c. Afterwards a size threshold is applied in order to find and remove
remaining tracer particles and remaining disturbances, allowing the reconstruction of the interface.
In the last step the resulting binary image is subtracted from the original PIV/PS image. Now the
air phase is filled with black, while the liquid phase remains unchanged, as seen e.g. figure 5d.
Additionally the walls of the pipe are covered by a black bar. This image is now ready for the PIV
evaluation.

Fig. 5. Steps of the detection of the air phase: figure 5a shows the original image of the PIV/PS measurement. The first
step is to subtract to the original image, an image of the liquid flow which has been taken only with the background
illumination and it is adapted to the brightness of the PIV image. The resulting image is binarized over a gray value
threshold, as it is seen in figure 5b. Afterwards the image is inverted, the pipe walls are removed and the zones of the
gaseous phase are completely set to zero, resulting figure 5c. At this point, the still existing tracer particles and
remained disturbances are removed with a size threshold. In the last step the binary image is put over the original PIV
image. Additionally the walls of the pipe are covered by a black bar. Figure 5d shows the masked image, which is used
for the PIV evaluation.

3.3. PIV evaluation
The evaluation of the vector fields from the masked PIV images is performed with the
commercial software package VidPIV4.6XP from ILA. The typical displacement of the particles
between a pair of images is around 4 pixels. The pulse distance between the cavities of the laser was
adjusted for every operating point in order to obtain the mentioned displacement. The interrogation
area was 16x16 pixel with an overlap of 50% resulting in 127x127 vectors with a spatial resolution
of ∆x = 0.49 mm.

4. Experiment
4.1. Experimental facility
The experimental facility consists of a horizontal pipe with a length of 11 m and a diameter of
0.0054 m that contains the measuring test section. It also includes water and air delivery systems, a
two-phase mixing section, a two-phase separator and different measurement instrumentation. The
regulation of both flow rates and the design of the new two-phase mixer, which define the initial,
inlet and boundary conditions of the different experiments, were carefully made for the generation
of clearly defined and quantified flow patterns. The water flows in a closed loop, while the air is
released to the environment downstream of the horizontal test section, where both phases are
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separated. The two-phase loop is operated at pressures and temperatures close to atmospheric
conditions. The air volumetric flow rate is measured upstream of the mixing device by means of a
metering orifice. The water flow rate is measured before entering into the two-phase mixer by an
inductive flowmeter.
The PIV-PS measurements were accomplished 89D downstream of the two-phase mixer. A
plexiglass box (0.5 m×0.18 m×0.18 m) filled with water surrounds the test section to minimize the
optical distortion. A dark room was built around the measurement system and the test section in
order to avoid disturbing effects of ambient light.
4.2. Experimental procedure
In order to study the suitability of the measurement technique 15 different operating points of
the experimental facility, shown in table 1, are investigated. These operating points include the flow
regimes of stratified, wavy, slug and plug flow.
It is important to note that in order to find the optimal pulse distance between the laser cavities,
preliminary tests must be conducted before the final PIV/PS measurement is recorded. Table 1 also
shows the pulse distance used for the different operating points. For slug flows the pulsing
frequency was adapted for each zone separately, because of the largely different velocities between
the slug and the film zone. Otherwise a suitable compromise of the pulse distance for the study of
both zones was found.
Table 1. Overview of the experimental operating points
Water inlet
Measurement
flow rate
[number]
[l/s]
01
0.345
02
0.364
03
0.604
04
0.594
05
1.158
06
1.156
07
1.176
08
1.178
09
1.178
10
1.709
11
1.723
12
1.737
13
1.736
14
1.729
15
1.745
* Superficial velocity

Water inlet
velocity*
[m/s]
0.15
0.16
0.26
0.26
0.51
0.51
0.51
0.52
0.51
0.75
0.75
0.76
0.76
0.76
0.76

Air inlet
flow rate
[l/s]
0.23
3.67
1.37
2.52
0.23
1.37
2.52
3.67
4.82
0.23
0.80
1.37
2.52
3.67
4.82

Air inlet
Velocity*
[m/s]
0.10
1.60
0.60
1.10
0.10
0.60
1.10
1.60
2.10
0.10
0.35
0.60
1.10
1.60
2.10

Pulse distance
[µs]
1000
390
290
210
450
300
210
190
150
280
190
150
120
100
70

5. Results and discussion
5.1. Analysis of the flow patterns
The technique presented has been used to study two-phase flow patterns in a horizontal pipe.
Figure 6 shows from right to left the mean value of the superficial velocity of stratified, wavy and
slug flow respectively (measurement number 1, 2 and 6 of table 1). For the stratified flow regime
the mean value is significantly lower than the inlet superficial velocity due to the influence of the
boundary layer and increase of the water level in the pipe. As it is seen by wavy flow, when the air
flow rate is increased, the mean superficial velocity of the liquid phase oscillates. Its mean value is
increased compared to the stratified flow because of the influence of the air, even when the water
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flow rates are almost the same for both measurements. By slug flow can be observed that the mean
liquid velocity of the slug zone is up to four times higher than the mean velocity of the film zone.
The difference between the nose and tail velocities of the slug zone can be explained by the fact that
the flow is not fully developed where the measurements were taken (after 89D).

Fig. 6. Absolute mean velocity of stratified, wavy and slug flow respectively

Figure 7 shows a slug flow. More concrete it is to be seen the tail of the slug zone and the nose
of the liquid film. A time sequence of the instantaneous fluctuation of the velocity is presented (the
vectors represented correspond to one out of two vectors in order to observe the main features of the
flow). In the top left part of each figure the maximal value of the fluctuation velocity is printed. The
fluctuation velocity has been obtained by subtracting the mean velocity to the instantaneous
velocity vectors. The velocity of the liquid flow near the bottom part of the pipe is clearly lower
than the upper part, due to the pipe wall friction and the bubble interaction respectively.
t=t0

t=t0+6ms

t=t0+2ms

t=t0+8ms

t=t0+4ms

t=t0+10ms

Fig. 7. Time sequence of the fluctuation of the velocity field of the slug tail and nose of the liquid film.

5.2. Limits of the measurement technique
One of the problems with PIV technique in two-phase flows can be clearly observed in figure
8a, where the particles above the bubble are not illuminated, because the laser light sheet is blocked
by the bubble. The velocity vectors are calculated by the software, but they may not be correct. In
figure 8b, when there is a high amount of bubbles in the liquid phase, the flow cannot be correctly
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illuminated and also many bubbles overlap the flow or do not lie in the focus of the camera. A
determination of the velocity vectors of the flow is not possible.

Fig. 8. Limits of the measurement technique. Fig. 8a: None illuminated flow above the bubble. Fig. 8b: Occlusion of the
particles because of the bubbles.

Another problem is the use of a commercial PIV-software for the evaluation of the two phase
images. Even when the images are masked, some velocity vectors in the gaseous phase are
computed (especially by the use of an adaptive cross correlation, which takes into account a bigger
area). The PIV-software also notices the displacement of the mask, so velocity vectors are
computed which may not be correct. This problem, could be avoided by development of software,
where the displacement of the particles and the mask of the gaseous phase are estimated separately.

6. Summary and conclusion
With the simultaneous PIV/PS technique the detection and separation of the liquid and gas
phases can be accurately done. In order to block intense reflections of the laser light sheet close to
the interface regions, an optical filter and fluorescent tracer particles were applied. The PIV/PS
image is covered with a black mask of the gaseous phase, allowing proper determination of the
velocity vectors.
Simultaneous PIV/PS is well suitable for the investigation of stratified, wavy and elongated
bubble flow. The results show that the combined measurement technique is able to measure the
velocities of the liquid phase and the interface with high resolution in two-phase flows. The
measurements may also serve to investigate the turbulence structure in different flow-patterns. For
the investigation of bubbly, slug and plug flow this measurement technique is only conditionally
applicable. If the gaseous phase is highly mixed with the liquid phase, only a part of the tracer
particles can be seen and an accurate determination of the velocity vectors is not possible.
In the near future, the current work will be extended to a more profound analysis of the structure
of the different two-phase flow patterns in horizontal pipes.
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