
F R 0 2 0 0 4 3 5

ANALYSIS OF BUBBLY FLOW USING

PARTICLE IMAGE VELOCIMETRY

D. R. Todd, J. Ortiz-Villafuerte, W. D. Schmidl,
Y. A. Hassan, F. Sanchez-Silva*

Texas A&M University, Nuclear Engineering Department,
129 Zachry, Building, College Station, TX 77843-3133, USA

Ph: (979) 845-4109 Fax: (979) 845-6443
Email: drtodd@tamu.edu

* Visiting professor from E.S.I.M.E., I.P.N. Mexico

Key Words: Two Phase Flow, Flow Imaging, Turbulence Measurement

Abstract

The local phasic velocities can be determined in two-phase flows if the phases can be
separated during analysis. The continuous liquid velocity field can be captured using
standard Particle Image Velocimetry (PIV) techniques in two-phase flows. PIV is now a well-
established, standard flow measurement technique, which provides instantaneous velocity
fields in a two-dimensional plane of finite thickness. PIV can be extended to three
dimensions within the plane with special considerations. A three-dimensional shadow PIV
(SPIV) measurement apparatus can be used to capture the dispersed phase flow
parameters such as velocity and interfacial area. The SPIV images contain only the bubble
images, and can be easily analyzed and the results used to separate the dispersed phase
from the continuous phase in PIV data.

An experimental system that combines the traditional PIV technique with SPIV will be
described and sample data will be analyzed to demonstrate an advanced turbulence
measurement method in a two-phase bubbly flow system. Aiso, a qualitative error analysis
method that allows users to reduce the number of erroneous vectors obtained from the PIV
measurements will be discussed.

Introduction

Two-phase bubbly flows are widely applied in engineering processes. The interaction
of the dispersed phase with the continuous phase has a great effect on transfer
processes in and between the phases. Instantaneous continuous phase velocity field
measurements have a great importance in characterizing two-phase flows. Point
measurement techniques offer the advantage of having high time resolution, but their
spatial resolution is poor, and no information about the vorticity field is available in
unsteady flows. Since vorticity is associated with turbulence generation and
dissipation, it is appropriate to use a measurement technique capable of obtaining
instantaneous full-field information.
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Particle Image Velocimetry (PIV) is now a well-established, standard flow
measurement technique, which provides instantaneous velocity fields in a two-
dimensional plane [1]. PIV can be used to study unsteady two-phase flows if the
component phases can be separated during analysis [2][3][4][5]. A Shadow PIV
(SPIV) technique has been used with great success to determine the dispersed
phase flow parameters, including three dimensional location and displacement,
interfacial area, volume, and shape of the phasic interface [5].

Most of the difficulties faced by the experimental and numerical communities when
studying turbulence structures in two phase flows are the large range and fluctuation
of velocity scales existing in the flows. Consider, for example, the case of a single
bubble rising in stagnant water. In this case all the liquid turbulence is pseudo-
turbulence caused by the bubble rising through the liquid. The ratio of the liquid
velocity magnitude near the bubble to the velocity magnitude several bubble
diameters away from the bubble's surface is orders of magnitude. This implies
significant differences in the velocity scales and especially the local flow orientation.
Liquid that is displaced by the bubble passage must flow downward in the pipe in
order to maintain continuity. Further, the bubble wake creates flow fluctuations that
reach several bubble diameters behind the bubble [5]. Measuring the entire fluid
velocity field in two-phase flow is difficult, at best, for such a range of velocity
magnitude and direction.

With the improvement in computers and associated computer hardware in recent
years, the quality, framing rate, and number of digital images that can be
sequentially captured with a digital camera and written to disk has drastically
increased. This improvement in image acquisition, coupled with improvements in
laser technology, has resulted in significant improvement to the resolution and
accuracy of the PIV flow measurement technique. Taking advantage of these
improvements, PIV systems are now capable of capturing high-resolution digital
images of two-phase, air-water, flows in which the continuous liquid phase is
unsteady and constantly evolving.

Since the liquid phase velocity is multi-dimensional and unsteady, instantaneous
three-dimensional measurements must be performed to capture the effects of rising
air bubbles on the continuous liquid phase. Little experimental data exists for this
type of flow, mainly from point measurement techniques, which do not capture the
entire velocity field. To enhance our understanding of the multiphase phenomena, a
new PIV data collection system for capturing the liquid velocity vector field and
bubble trajectories in circular ducts with laminar flows is being developed. Data from
the system will be used to characterize the behavior of the two-phase flow for use in
developing new analytical and numerical turbulence models.

The new measurement system is presented in detail in the following sections, along
with an advanced algorithm for analysis of the frames that improves the velocity
measurement accuracy. Significant advancements have been made to the suite of
programs used to analyze and present vector data and analyze the bubble
parameters. Results will be shown for a set of frames that were captured during
initial trials of the PIV system components. These test frames will show the
effectiveness of the advanced algorithm in analyzing the bubbly flow data.
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Experimental Overview

Flow description

A new PIV system has been developed based on over a decade of PIV experience.
The system is used to analyze multidimensional two-phase air-water flow within a 5
cm diameter vertical pipe with bubble diameters varying from 0.25 to 4. mm. The
past experience in this type of flow has aided in the development of a PIV system
that is able to capture the most significant velocity scales within the liquid and gas
phases in three dimensions.

The bulk continuous liquid, Mbuik, and gas phase velocities are experimental
parameters of the investigations. Continuous liquid Reynolds Number, Rej., is varied
from 0 to 2000 and the resulting instantaneous bubble Reynolds Numbers, Res,
range from 0 to 800. The Reynolds Numbers are defined here:
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In the case of small bubbles (< 0.5mm), the bubbles tend to follow the local fluid flow.
This is an especially important phenomenon when a small bubble is flowing in close
proximity behind a large bubble, where the local liquid velocities can be less than the
bulk velocity. Hence the norm of the difference of the velocity vectors is used in the
bubble Reynolds Number.

Facility description

The bubbly flow is generated at the bottom of a long, water filled, glass pipe with an
inner diameter of 5 cm, as seen in Figure 1. Connected to the pipe are the bubble
generator, two pumps and two reservoir tanks. Details of the experimental
apparatus can be found in [8].
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Figure 1: Experimental two-phase flow apparatus

The apparatus can achieve liquid Reynolds Numbers in excess of 2000. The flow
regime can range from single-phase liquid to dispersed bubbly flow to the slug flow
regime with small cap bubbles and significant bubble coalescence. The regime is
adjusted by changing the superficial inlet velocities. The pipe is about 200 cm long
and the measurement volume is approximately 30 L/D from the inlet, where L is the
length from the bottom of the pipe, and D the pipe diameter.

Measurement system description

There are three key improvements to the new measurement system. First, two new
high-resolution digital cameras allow the system to perform three-dimensional
stereoscopic reconstruction of the liquid velocity field in the two-phase flow using the
PIV technique. Second, a new high power, twin Nd:YAG laser is utilized to
significantly improve the illumination of the flow. Finally, two additional digital
cameras enable the system to capture, full field, three-dimensional, orthogonal,
Shadow PIV images of the air bubbles.

The high-resolution (1016x1016 pixel) digital cameras and associated frame grabber
boards have two modes of operation. The normal mode has a continuous 30 frame
per second (fps) framing rate. The frame-straddling mode enables the cameras to
capture two consecutive frames with a very small time delay controlled by the user,
while the system still maintains a capture rate of 30 fps. In straddling mode the
effective framing rate for capturing low velocity liquid is 15 Hz (using the first image
of a triggered pair), while large velocity scales can be resolved with the straddled
image pair. Each camera is capable of capturing 400 sequential PIV frames prior to
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exhausting the computers' RAM, resulting on 13.3 seconds of continuous run time
before the frames must be written to hard disk.

A twin Nd:YAG high energy (400 mJ) pulsed laser (9.0 ns pulse width) is used to
illuminate the flow for the PIV frames. The twin laser head configuration is
necessary when the cameras are in straddling mode because of the short time delay
between frame capture for the straddled pair. Thus, each of the laser heads has in
independently controlled triggering rate of 30 Hz. Typical high-energy optics are
used to manipulate the laser beam and form the laser sheet necessary for PIV
measurements. The synchronization signals originate from the cameras and are
passed through a pulse generator and trigger the laser.

The PIV technique depends on illuminating small tracers suspended in the flow. The
tracer size used in a PIV system is a function of the laser power and camera
resolution. A tracer size of 6 jxm has been found to be very suitable for this system.
Preliminary results with the 6 urn tracers will be presented later.

Two older digital cameras are used for SPIV. The cameras are capable of capturing
frames at 60 Hz with a resolution of 640x240, or 30 Hz with a resolution of 640x480.
The 640x240 resolution is sufficient for capturing bubble locations and shape with
the advantage of rapid sampling. Illumination is supplied by red light emitting diodes
(LEDs), which oppose each of the cameras around the measurement volume. A
screen diffuses the LED light and filters are attached to each camera to remove any
reflected laser light.

An optical correction tank encloses a portion of the pipe where the PIV measurement
volume is located. This tank is filled with oil to reduce the optical refraction effects of
the cylindrical pipe. The laser sheet, Optical correction tank, and camera positions
are indicated in Figure 2.

PIV Camera Pair

LED Screens

Optical Correction Tank

Laser Sheet

Figure 2: PIV Camera Arrangement
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Measurement considerations

For laminar flow, low local liquid velocities result in a small displacement of the tracer
particles between frames for a typical framing rate of 30 Hz, thus the measurement
uncertainty between frames is high in relation to the velocity magnitude. The percent
uncertainty of measuring low velocities is reduced in the new PIV system by analysis
of a sequence of three or more images — and tracking an individual flow tracer
throughout the entire sequence. Thus, a tangible velocity can be recorded for the
tracer by investigating the tracer displacement between the first and the last
locations in the sequence. This tracking method is possible since the new PIV
system is capable of capturing long sequences of images.

The upper bound of the local liquid velocity in two-phase flow is approximately the
velocity of the bubbles rising in the liquid. Each bubble drags on liquid in the vicinity
of the bubble and accelerates the liquid to approximately the velocity of the bubble.
This velocity scale can be several orders of magnitude larger than that of liquid
located several bubble diameters away from the surface of the bubble [5]. The new
PIV system has the ability to capture these upper bound velocity scales using the
frame straddling approach. This results in the slower liquid appearing 'stagnant' and
reduces the displacement of the fast liquid between frames. The combination of
frame straddling and tracking low velocity liquid through several frames enables the
measurement system to capture the entire range of velocity scales present in this
two-phase flow.

The three-dimensional effect of a single bubble on the liquid phase has been
investigated and the necessity of knowing the bubble location within the
measurement volume has also been determined [5]. Also, the turbulence intensity
that a bubble traverses through infers the bubble rising path. This turbulence is
generated by bubbles that previously passed through the volume, and the wall shear
effect of the liquid phase. The new PIV system has been designed to capture the
three-dimensional location of each bubble through a series of images using the SPIV
technique. Conditional sampling can then be used in the PIV data based on the
bubble locations and displacement patterns, i.e. zigzag or helical rising path. The
measurement will give the radial void fraction distribution, bubble-bubble, and
bubble-wall interactions as well.

Data Analysis

The significant improvements in computer speed have led to more powerful
algorithms being developed that would have been too computationally expensive a
few years ago. The algorithms can now track individual flow tracers or bubbles
through a sequence of several frames. Tracking individual particles is known as
Particle Tracking Velocimetry (PTV), and is a specific class of algorithm used in PIV
flow analysis [1].

PTV is the preferred analysis method of data collected by this system. This is due in
part because of the restrictions placed on the number of flow tracers that can be
used in two-phase flow. The flow tracers are contaminants in the liquid phase and
tend to change the characteristics of the air-water interface of a bubble. Algorithms
that depend on a large number of flow tracers cannot be used for this reason. Three
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different algorithms can be used for the tracking process: a binary cross-correlation
[2], an ART2 neural network using a Hough Transform [6], and the Spring Model [7].

Several sets of sample test data have been collected with the system to date. These
data sets have been captured using only one of the high-resolution cameras in
continuous mode to gain familiarity with camera operation and to aid in development
of the new analysis algorithms. Shadow frames have been captured by the SPIV
cameras as well. The PIV and SPIV frames presented are taken from one of these
data sets to show the effectiveness of the new algorithms.

PIV frame analysis

Figure 3a shows a typical, negated, high-resolution frame (from a set of 400 frames)
captured by the PIV technique. Figure 3b shows the same frame that has been
operated on with a histogram equalization operator. Notice that many of the faint
tracers in Figure 3a are brought out of the background in Figure 3b.

3a: Original 3b: Equalized

Figure 3: Typical high resolution PIV images

The resulting vector field has been calculated for the PIV frame and the five previous
frames. Results of the analysis are presented in Figure 4, where the left hand figure
is a five-frame sequence of thresholded frames and the right hand frame is the
calculated vector field for the five frames. Colors denote the time of capture, with
black representing the most recent frame, notice the chains of vectors and how
erroneous vectors obviously violate continuity.
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Figure 4: Colorized double image for qualitative vector comparison

The analysis of the PIV frames is discussed in great detail in Reference [8].

SPIV image analysis

Analysis of SPIV frames is performed in a similar manor to PIV analysis [8]. The first
step involves thresholding each frame to remove the background and highlight the
bubble images. The next step is to locate the centroid of each bubble image and
create a data file for each frame containing all the bubble information: centroid,
bubble area, average bubble image intensity, etc. Finally, the data files are input into
a bubble-tracking algorithm to determine where the bubbles move from frame to
frame. Advancements have been made to each of these steps, and qualitative error
analysis steps have been added between each step to ensure accurate results are
attained. Also, a loop has been added to the bubble-tracking step that enables the
vector information captured from one calculation to be input into the tracking
program as an estimate of the bubble behavior for a new calculation using the
bubble-tracking program. This step increases the overall tracking accuracy.
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Thresholding

Thresholding the frames is a very important step. If the threshold is poor two things
can happen, the bubble images are distorted or incomplete, or erroneous data can
be used for tracking if all of the background is not removed. Many different methods
have been used to threshold with varying degrees of success. A hybrid approach
has been chosen for analysis of the sample data presented here, which thresholds
the images even when the background has an uneven intensity.

The hybrid thresholding scheme calculates an average image from a set of frames
(100 in this case) for the original and equalized frames, and uses the average frame
images as the basis of a local thresholding operator. Both original and equalized
frames are used because more information about the bubble perimeter is attained
from the threshold image because of the optimal usage of the gray scale levels. The
original frames from cameras 1 and 2 are shown in Figure 5a and 5b.

5a: Camera 1 5b: Camera 2

Figure 5: Original frames from cameras 1 and 2

The test frames presented here were collected while performing familiarization with
the SPIV system, thus the images are not ideal. The intense white spots at the edge
of each frame are the LEDs. Frames collected for actual data analysis will be much
clearer, with more evenly distributed illumination. The hybrid thresholding scheme
successfully locates nearly all the bubbles, even when the clarity of the frames is
degraded. Figures 6a and 6b show the effectiveness of the thresholding scheme for
camera 1.
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6a: Thresholded

Figure 6: Threshold image for Camera 1

6b: Error

Figure 6a is the actual thresholded image that will be used in the next step of
processing while Figure 6b shows what was excluded by the thresholding. The
addition of Figure 6a to 6b would result in Figure 5a. While this scheme did not
capture the entire bubble shape, it was clearly successful in identifying all of the
bubbles. Some additional background was included in Figure 6a, however this can
be erased manually and would not be present in higher quality frames.

Centroid detection

The centroid of each bubble image must be found from the thresholded image.
Minimum and maximum image area criteria are used to remove unwanted images.
Criteria for the minimum and maximum image intensity can also be used. The result
of these steps yields a data file that contains an estimate of each bubble centroid,
bubble area, maximum intensity, and the average intensity along with an output
frame that qualitatively shows which bubble images pass through the centroid
detection and which are rejected. Centroid marks can also be included in the output
frame. These frames can then be turned into movies for qualitative analysis of the
effectiveness of the thresholding and centroid detection.

Bubble tracking

Bubble tracking is performed using a simple tracking program that uses an iterative
loop to determine the bubble motion based on a guess for the displacement. The
program looks backward and forward for each data set to effectively track all the
bubbles.

Qualitative error analysis of the vectors can be performed by converting the vectors
into a vector map, with arrows indicating the bubbles' flow direction. A composite
image can then be constructed of five frames of vector maps and movies
constructed so the flow patterns can be visualized. Figure 7 shows a typical frame
for camera 1. The original frame is on the left and the composite vector map on the
right.
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Figure 7: Original frame and composite vector map for SPIV

The varying gray scale levels in the figure represent the time of capture, with white
arrows representing the current location of the bubbles in the original frame. Notice
the old vectors near the top of the composite image showing the path of earlier
bubbles.

Bubble shape analysis

Once the vector field has been analyzed and erroneous vectors removed, the vector
data is input into the bubble analysis program as a guess of the bubble locations so
a more thorough analysis of the bubble parameters can be made. It is important to
accurately determine the centroid of the bubble and the actual bubble shape; this is
performed using an elliptical Hough Transform [5]. Figure 8 shows the result of this
analysis, where the calculated bubble shape is overlaid on the original frame for
qualitative accuracy determination.
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Figure 8: Results of bubble shape analysis

Once the shape analysis is complete the instantaneous bubble velocity, acceleration,
eccentricity, and area can be calculated.
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Three dimensional reconstruction

The three-dimensional bubble information can be reconstructed from the two two-
dimensional sets of data. When the flow is highly dispersed, as is the case here, the
reconstruction is easily performed using the bubble velocity vectors. Once bubbles
are paired between frames, the three-dimensional bubble shape can be
reconstructed from the bubble eccentricity data.

Summary

A new measurement system and experimental facility have been described for
collecting two-phase, air-water flow in a vertical pipe. The system is currently being
assembled and preliminary testing performed, but some sample data has been
collected for use in developing new analysis algorithms. The sample data
demonstrates the effectiveness of the new algorithms in analyzing the two-phase
flow.
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