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INTRODUCTION 

Taylor bubbles or slug bubbles, characterized by a bullet 

shape, are significantly different from spherical or distorted 

bubbles in gas-liquid two-phase flows. The interfacial 

structures, which strongly affect the interfacial transfer of mass, 

momentum, and energy, change significantly when the flow 

transitions from bubbly flow to cap/slug flow.  In an effort of 

modeling two-phase flows mechanistically, interfacial area 

transport equations have been introduced to model the 

evolution of the interfacial area concentration [1].  The primary 

challenge in developing the interfacial area transport equation 

is to model the bubble/bubble and bubble/liquid interactions. 

Two of the major bubble interaction mechanisms are bubble 

coalescence and disintegration due to the turbulence of the 

liquid phase.  Therefore for slug flows, local measurements of 

the surrounding liquid flow field of Taylor bubbles becomes 

important in better understanding the flows and providing 

liquid turbulence data to assist the closure model development 

for the interfacial area transport equations.  The obtained 

liquid-phase velocity and turbulence data can also support 

multiphase computational fluid dynamics model benchmark 

and validation. 

Among several existing non-intrusive measurement 

techniques, particle image velocimetry (PIV) technique has 

been well developed to acquire field velocity and turbulence 

data [2].  For instance, PIV measurement technique has been 

implemented to investigate the turbulence structures in two-

phase bubbly flows by Hassan et al. [3, 4].  This technique was 

later extended to the measurement of flow patterns or structures 

in slug flows [5-7]. With the PIV measurement technique, large 

uncertainties may potentially exist in the determination of the 

bubble interface due to the extraneous optical effects caused by 

light reflection and refraction at bubble-liquid interfaces. 

Nogueira et al. [8] applied a simultaneous PIV and pulsed 

shadow technique (PST), which was originally developed for 

bubbly flows by Lindken and Merzkirch [9], to investigate 

Taylor bubble shape and turbulence data in vertical flow 

channels [10]. The principle of this measurement technique is 

to obtain PIV images of fluorescent tracer particles and shadow 

images from light emitting diodes (LEDs) by one single camera 

with an optical filter.  The laser and LEDs are synchronized 

with a charge-coupled device (CCD) camera. There were a 

total of three ranges of grey levels observed from the PIV and 

PST images taken for Taylor bubbles [8].  The image 

processing of the liquid flow field and the Taylor bubble shape 

were performed separately in the work by Nogueirs et al.  

In the present work, an improved simultaneous PIV and PST 

measurement technique is implemented to study the flow 

structures around Taylor bubbles for vertical upward flows in 

a circular pipe. Instead of taking a combined image of PIV and 

PST, two images can be taken separately with an image doubler 
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ABSTRACT 
 

Due to limitations of currently available measurement techniques for the liquid-phase turbulence in gas-liquid two-phase flows, 

existing databases for the development and benchmarking of two-phase turbulence models are limited in covering a wide range 

of two-phase flow regimes, such as bubbly to churn-turbulent flows.  A particle image velocimetry (PIV) system combined with 

an optical phase separation method, i.e., the planar laser-induced fluorescence (PLIF) technique using fluorescent particles and 

optical filtration, has been applied, with an image pre-processing technique, to measure the liquid-phase turbulence in air-water 

two-phase flows of void fractions up to about 40%.  Experiments have been performed in a vertical circular tube of an inner 

diameter of 50 mm and a height of 3.2 m.  This PIV-PLIF measurement technique has demonstrated its capability of obtaining 

high-resolution liquid-phase turbulence data with acceptable uncertainties.  

In our current research, this existing PIV-PLIF technique has been further developed to improve its measurements for 

slug/Taylor bubbles in slug flows.  To capture both the liquid velocity field and liquid-gas interface simultaneously, an image 

doubler technique from LaVision that is designed to double the image of an object and project two images on the left and right 

sides of one camera, has been implemented in the measurements of the liquid phase velocity information near Taylor bubbles as 

they rise in a stagnant liquid.  By using the image doubler together with the PIV-PLIF system, the liquid-phase velocity field can 

be obtained in the vicinity of a Taylor bubble nose and in the annular liquid film region, as well as in the wake regions of the 

Taylor bubbles.  In our experiments, Taylor bubble sizes are varied to study any bubble size effect on the liquid velocity field.   
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installed on a CCD camera.  With this enhanced PIV technique, 

synchronization procedures and image processing can be 

further simplified compared to other similar techniques. In this 

paper, the experimental facility used is first briefly introduced, 

and then the PIV and PST measurement technique applied are 

presented, followed by some experimental data and discussion. 

EXPERIMENTAL FACILITY 

The experiments in this study are performed in an air-water 

two-phase flow loop.  The test section is a 50-mm inner 

diameter (ID) vertical acrylic pipe with a total height of 3.2 m 

between the bubble injector and air-water separator. The 

operating pressure of the loop is about 1 atmospheric pressure 

at the air-water separator, which is open to the ambient.  There 

are three main measurement ports along the test section 

housing four-sensor conductivity probes for measurements of 

the void fraction, bubble velocity, and interfacial area 

concentration. Right below each measurement port, a square 

viewing box made of transparent acrylic is installed, which 

encloses the test section and is filled with water to minimize 

image distortion caused by the circular curvature of the test 

section pipe wall (see Fig. 1).  The viewing boxes are designed 

to allow access of the high-speed imaging and the PIV-PLIF 

measurements.  The detailed description of this test loop can be 

found in other literatures [11]. 

MEASUREMENT TECHNIQUE 

Measurement system 

As shown in Fig. 1, the PIV-PST measurement system 

consists of a PIV system and an LED system.  The PIV system 

is utilized to measure the liquid-phase velocity field around 

Taylor bubbles by the PLIF technique, while the LED system 

is used to record the accurate shape and location of the Taylor 

bubbles by the pulse shadow technique. The primary 

components include a laser setup, an LED panel, a CCD 

camera with an image doubler, and a synchronization unit. 

There are two separate Nd: YA laser heads in the laser setup. 

Each head can emit a 532-nm wavelength laser beam with a 

power up to 200 mJ/pulse at a pulse frequency up to 15 Hz and 

each laser pulse has a duration of 5-7 ns.  The time interval 

between the two pluses is typically chosen to be about hundreds 

of microseconds, which can be set by the user, due to the 

separate control of the two laser heads.  At the laser heads, a 

compound sheet optics is to expand the laser beam to a two-

dimensional (2D) fan-shaped laser sheet, which passes through 

the centerline of the test section. Poly seeding particles (methyl 

methacrylate) (PMMA) coated with Rhodamine B are used as 

the trace particles in the liquid phase.  The trace particles emit 

fluorescence at around 580 nm wavelength when they are 

illuminated and excited by the laser sheet of 532 nm 

wavelength. The pulsed LED panel, called backlight blue, is 

integrated with the PIV measurement setup. The backlight blue 

from Lavision Inc. is used as a background illumination for the 

PST technique.  It is a panel light with an active area of 268 

mm × 158 mm and has a wavelength of 451 nm.  It features a 

high-energy output with a homogeneous light intensity, which 

ensures moving bubbles would not cause blurred images.  The 

CCD camera is an Imager pro X CCD camera from LaVision 

Inc. with a resolution of 4 MP, a dynamic range of 14-bit, and 

a maximum frequency of 14 fps.  A maximum of seven PIV 

image-pairs per second could be obtained by this camera 

(limited by the PIV laser pulse frequency).  In the time interval 

between the two frames of one image-pair, the interlined 

progressive scan is applied on the CCD chips.  This time 

interval lasts at least hundreds of nanoseconds.  The pixel 

intensity of the CCD camera ranges from 0 to 10,000 counts.  

The image doubler and two different optical filters, shown in 

Fig. 2, are the key components used to realize the simultaneous 

PIV and PST measurements.  It is designed to double the image 

of an object and to project the two images on the left and right 

sides of one CCD camera.  This method enables us to capture 

two different types of images with a single camera.  A pair of 

the usable images can be achieved by limiting the field of the 

view of the camera to the half size of that without using the 

image doubler.  However, the resolution of the images will not 

be affected by using the image doubler.  By using the two 

optical filters mounted on the image doubler, only the light with 

a wavelength larger than 540 nm (high filter) and the light with 

a wavelength about 450 nm (band filter) can pass through and 

reach the camera.  As a result, the light with wavelength around 

580 nm from the fluorescent seeding particles and the light with 

wavelength around 450 nm from the LED panel can be 

effectively captured by the CCD camera.  The light beam path 

of the system is shown schematically in Fig. 3.  

 

 

Fig. 1  Test section with PIV and LED system 

 

 

 

Fig. 2  Image doubler and two optical filters  
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Fig. 3  Light beam path schematic of the PIV-PST system 

 

 

Fig. 4  Time diagram of the camera, laser, and LEDs 

 

For simultaneous recording of the bubble shadow and the 

PIV images, a LaVision timing unit has to be reprogrammed.  

Fig. 4 shows the timing diagram used in the measurement of 

slug flows.  The timing of the camera is different between the 

first frame and the second frame.  In the first recording, light is 

collected for 90 μs.  Within 1 μs, the data are removed from the 

light sensitive part of the pixels.  Then the second recording 

collects light for 125 ms.  At the beginning of the first frame 

recording, a 5-7 ns laser pulse illuminates the flow.  The 

information from the laser light is recorded on the first frame 

of the same CCD chip.  After a time interval of 125 μs, the laser 

is triggered again and the pulsed LED array is triggered at this 

same moment.  The LEDs emit light for about 5 μs.  The 

information from the laser light and information from the LED 

illumination are recorded in the second frame of the PIV and 

PST recording. 

Measurement Principle 

Fig. 5 shows the measurement principle of the image 

acquisition with the combined laser light sheet illumination of 

fluorescent tracer particles and shadow imaging of the gas 

bubbles.  The upper part of the diagram shows the recording of 

the PIV images.  The lower part shows the recording of the 

bubble shadow images.  In addition, this flow chart describes 

the light illumination and image recording.  To record the 

particle images in the double frequency, double-pulsed Nd: 

YAG laser at 532 nm wavelength illuminates a 2D light sheet 

in two-phase flow field.  Fluorescent tracer particles in the flow 

reflect part of the laser light but also emit light at a new 

wavelength of 580 nm due to the fluorescent effect.  To obtain 

images of gas bubbles, the LED panel illuminates the flows 

with a 451 nm wavelength.  As shown in Fig. 5, after the 532 

nm wavelength laser light sheet and the 451 nm LED light from 

the two light sources pass through the test section, lights of 580, 

532, and 451 nm wavelengths will reach the two optical filters 

installed at the image doubler.  One filter is an optical high pass 

filter at 540 nm wavelength, so only the fluorescence light can 

pass this filter.  The other optical filter is an optical bandpass 

filter at about 450 nm, so only the LED light can pass this filter.  

After the optical filtering, only the fluorescence light at 580 nm 

wavelength and blue light at 451 nm wavelength could reach 

the detector and be recorded separately by the CCD camera.  

 

 

Fig. 5  Principle of the combined PIV and PST measurement 

 

The fluorescent and LED lights are recorded simultaneously 

in the left and right half parts of one same frame by the camera, 

respectively. Therefore, in this method, the velocity field 

information and the bubble information are recorded 

simultaneously without mutual interference, which is different 

from other PIV and PST measurements [10].  One of the 

advantages of the current method is the simplification of the 

post-processing without an extra separation procedure for the 

PIV and PST images. 

Image processing 

Fig. 6 shows the obtained raw PIV and PST images and their 

layout.  Since the CCD camera is operated under the double-
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frame mode, there are a total of four images included in Fig. 6. 

The left two images are captured in the first pulse frame while 

the right two are in the second pulse frame.  However, the image 

on the left bottom is a dummy image since the LED backlight is 

only initiated during the second frame.  Therefore in Fig. 6, the 

two PIV images are shown at the top while the bubble shadow 

image is at the right bottom during the second pulse frame.  

    

(a)                                            (b) 

Fig. 6  Layout of the PIV and bubble shadow images: (a) 

Taylor bubble 1 and (b) Taylor bubble 2 

 

The image processing is summarized in Fig. 7 to obtain the 

liquid velocity field around Taylor bubbles in slug flows.  The 

first step is to convert the raw images into binary images.  The 

raw PIV images include some noise, such as bubble residuals, 

background noise, and optically distorted particles.  Three major 

steps, namely image segmentation (i.e., binarization), particle 

geometry criteria, and intensity restoration, are included in the 

pre-processing scheme [11-13].  The image segmentation is to 

separate the particle images from the bubble residuals and 

background noise that exist in the raw PIV images by applying 

an optimal intensity threshold, which corresponds to the 

minimum intra-class variance [13].  Then the intensities of the 

objects and the background are binarized to 1 and 0, respectively.  

Though most of the background noise and bubble residuals could 

be removed by the image segmentation, some other noise, such 

as large particles, small particles, distorted particles, defocused 

particles, and intensive bubble residuals, remain in the PIV 

images.  Then the next step is to remove these noises using the 

actual particle geometry criteria, i.e., a shape criterion and a size 

criterion [13].  The shape criterion is based on the eccentricity of 

actual fluorescent particles.  The particle image size criterion is 

based on the physical size of the fluorescent particles.  Finally, 

the intensity information of each object in the image can be 

restored by multiplying the intensity of the corresponding pixel 

in the raw image.  After these three steps, most of the noises in 

the raw PIV images can be removed.  A bubble mask needs be 

made based on the bubble shadow image because the interface 

shown in the bubble shadow image is the actual boundary of the 

bubble (after considering the image distortion due to the test 

section pipe curvature).  The coordinates of the PIV images and 

the bubble shadow image are completely same and the two 

images (the second PIV image and the bubble shadow image) 

are recorded almost simultaneously, therefore the mask made 

using the bubble shadow image can be directly used on the PIV 

image.  Then the instantaneous liquid-phase velocity vector field 

could be calculated by using the processed PIV images and the 

masks. 

 

 

Fig. 7  Image processing flow chart 

RESULTS AND DISCUSSION 

Applying the above discussed PIV-PLIF and shadow 

measurement and the image processing techniques, we were able 

to obtain the instantaneous flow fields in the nose, near wall, 

wake region of individual Taylor bubbles that rise in stagnant 

water.  Fig. 8, Fig. 9 and Fig. 10 show the velocity vector fields 

and the streamlines around the Taylor bubble, in the bubble wake 

region, and in the farther wake region of Taylor bubbles 1 and 2.  

Fig. 11 is a zoom-in plot of the velocity vector field in the nose 

region of Taylor bubble 1.  As shown in the figure, the rising 

Taylor bubble displaces the liquid ahead of it and a strong radial 

displacement of liquid is observed.  As the liquid starts moving, 

it acquires a radial velocity component and accelerates 

downwards around the slug bubble, creating a thin liquid film 

between the bubble and wall.  This acceleration continues till the 

Taylor bubble radius becomes fairly constant.  Then the liquid 

in the thin liquid film discharges into the wake region of the 

Taylor bubble.  The unstable and unsymmetrical recirculation 

regions are observed.  The wake region is in turbulent flow 

regime for this operating condition.  The rear of the Taylor 

bubble is very unstable.  There are a number of small bubbles 

following the Taylor bubble in the wake region (as shown in Fig. 

9) and even in the farther wake region (as shown in Fig. 10).  

CONCLUSION 

A measurement technique that combines a PIV system and a 

pulse shadowgraph technique has been developed and applied to 

air-water slug flows.  The advantage of this measurement 
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technique is that the PIV images and shadowgraph image are 

recorded simultaneously on the separate parts of a photo 

captured by one single camera.  The signals of the two different 

types of images do not disturb each other.  Therefore, it is not 

necessary to adjust the light intensities of the LED and the laser 

to make the grey levels clearly differentiable.  In addition, the 

signals of the PIV and LED images do not need to be separated 

in the data processing since they have been separated in the 

recording process.  This method is then used to investigate the 

flow field around Taylor bubbles, which demonstrates its 

capability for slug flows.  Additional experiments are planned 

for slug flows with well-controlled and quantified boundary 

conditions. 

 

  
(a) 

   

(b) 

Fig. 8  Velocity vector field and streamlines around: (a) Taylor 

bubble 1 and (b) Taylor bubble 2 

 
(a) 

  

(b) 

Fig. 9  Velocity vector field and streamlines in the wake region 

of: (a) Taylor bubble 1 and (b) Taylor bubble 2 

 

 



2017 Japan-U.S. Seminar on Two-Phase Flow Dynamics 
June 22-24, 2017, Sapporo, Hokkaido, Japan 

6 

 

 

(a) 

  

(b) 

Fig. 10  Velocity vector field and streamlines in the farther 

wake region of: (a) Taylor bubble 1 and (b) Taylor bubble 2 

 

  

(a)                                        (b) 

Fig. 11  Velocity vector field in (a) the nose region and (b) the 

wake region of Taylor bubble 1 
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