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ABSTRACT

The experimental flow visualization tool, Particle Image Velocimetry (PrV), is being

extended to determine the velocity fields 'in two and three-dimensional, two-phase fluid

flows. In the past few years, the technique has attracted quite a lot of interest. PrV enables

fluid velocities across a region of a flow to be measured at a single instant in time in global

domain. This instantaneous velocity profile of a given flow field is deterniined by digitally

recording particle (microspheres or bubbles) images within the flow over multiple

successive video frames and then conducting flow pattern identification and analysis of the

data. This paper presents instantaneous velocity measurements in various two and three-

dimensional, two-phase flow situations.

INTRODUCTION

In two-phase flow studies, there is a major shift of research focus on the two-phase
patterns (behavior) from macroscale to microscale structures, wich presents not only new

challenges but also new opportunities to achieve a better understanding and control of the

physical phenomenon.

Particle Image Velocimetry (PIV) is a non-intrusive measurement technique, which can

be used to study the structure of various fluid flows (Adrian 1991; Hassan et al. 1992a,

1992b). PIV is used to measure the time varying full field velocity data of a particle-seeded

flow field within either a two-dimensional plane or three-dimensional volume. PIV is a

very efficient measurement technique since it can obtain both qualitative and quantitative

spatial information about the flow field being studied (Adrian 1991; Hassan et. al. 1992b).

This information can be further processed into information such as vorticity, pathlines,

Reynolds stresses and kinetic turbulent energy, etc.. Other flow measurement techniques
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Laser Doppler Velocimetry, Hot Wire Anemornetry, etc ... only provide quantitative

information at a single point.

PIV can be used to study turbulence structures if a sufficient amount of data can be

acquired and analyzed, and it can also be extended to study two-phase flows if both phases

can be distinguished. Some of the more recent works include Hilgers and Merzkirch

(1992); Kasagi and Nishino 1991); Kataoka and Ishii 1986); Moursali et. al. 1995);

Murai and Matsumoto 1995); Oakley et. al. 1995); Revankar and Ishii 1992); Sridhar

and Katz 1995); Taeibi-Rahni et. al. 1992); Yamamoto et. al. 1995) among others.

The PIV flow measurement technique is a full-ficid optical visualization measurement

technique for studying fluid flows. Recently, PIV has been applied to the simultaneous

study of the velocity fields of two phase flows. It relies on fast and accurate methods to

track instantaneously numerous particles suspended in the flow. These particles can be

seeds with micron size and with certain physical properties so that they accurately follow

the flow pathlines and respond to accelerations in the flow. The second phase can be

bubbles with various diameters in contineous, liquid phase or liquid droplets in contineous

gas phase. In addition to the velocity fields, optical imaging techniques are also capable of

providing information about the concentration and size of the suspended phase and their

distribution in space.A crucial element of the data processing is the particle tracking. Since

a large quantity of data needs to be analyzed, the tracking process must be fast and reliable.

Several tracking techniques have been developed and extended for three-dimensional

measurements Nishino et. al. 1989; Reese et. al. 1995; Trigui et. al. 1992). Some of

these routines are cross correlation methods (Hassan et. al. 1992a), spring model methods

(Okamoto et. al. 1995a), neural network tracking schemes and genetic algorithm techniques

(Cenedese 1992).

In this study, several instantaneous velocity measurements in various two-phase flow

situations w'll be presented: A bubbly flow measurement in a small pipe diameter was

performed. A mixture of water and small air bubbles flowing around a cylinder was

studied by finding the velocity of each phase simultaneouLy. The interaction between a

fluid and its free surface in a chanel was also investigated. The structure of turbulent two-

phase flows were also studied. This information is useful for developing or improving

existing computer constitutive models that simulate this type of flow field. It is also useful

for understanding the detailed structure of two-phase flows.

RESULTS

In this study, the two-phase flows in various two-phase flow situations will be presented:
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1. The flow structure around bubbles rising in a pipe filled with water was studied in

three-dimensions. The velocity of the rising bubble and the velocity field of the

surrounding water were measured. Then the turbulence intensities and Reynolds stresses

were calculated from the experimental data. Finally, the behavior of the turbulent kinetic

energy within the measurement zone due to a rising bubble was obtained.

A test facility was constructed to conduct experiments on the interaction between a

rising air bubble in a pipe flow and its surrounding fluid. Te flow setup consisted of a

vertical clear glass pipe, a pump, and a water filter. The size of the pipe is 1 I cm inside

diameter, and 1.5 cm outside diameter. A five micron water filter was used to filter out any

contaminants prior to the tracer particles being added to the water and the experiment being

conducted.

The flow was seeded with small polystyrene tracer particles. The density of these

particles is 1.05. Their diameter is 40 m. The particle diameter needs to be small enough

to effectively follow the flow, however, it also needs to be large enough to reflect enough

light that their image can be captured by the cameras.

The optical setup includes an Argon laser, a Bragg cell, mirrors, a beam splitter lens,

and a multimode fiber with a fiber coupler as shown in Fig. 1. The light source is a Watt

Spectra Physics model 165 ion laser. It produces light at approximately 514 nm (which

corresponds to green light). The laser beam passes through a Bragg cell which chops the

beam as triggered. After the Bragg cell, it is directed by a mirror to a beam litter which

separates the beam into two parts. Each part is directed to a separate fiber coupler. The

beam then passes into a 400 gm multimode fiber, which transmits the beam to the

experimental setup.

The data acquisition system consists of four digital cameras, each equipped with a

telephoto lens, a 2x range extender, a close-up lens, and a light intensifier system with a

gain factor of 1 12000. The cameras are the model GP MF-702 model manufactured by

Panasonic. They have a resolution of 640x 480 pixels when run in RS 170 frame

interlace mode at 30 frames per second. By running the camera in field mode, the

resolution is reduced to 64Ox240, however, the framing rate is increased to 60 frames per

second. Since the camera image is two-dimensional, particle positions for two out of

three coordinates may be easily calculated from one camera image which is perpendicular

to the test section wall. The other coordinate should be determined using information

obtained from the other camera. The facility setup and basic camera arrangement are

illustrated in Figure 2 Figure 3 shows the method which was used to find the three-

dimensional position of the particles.
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The images are exposed once and are recorded at 60 frames per second. After

acquiring the images, a displacement field in pixel values are obtained. By calibrating the

pixels to spatial values, and knowing the time difference between successive exposures,

the velocity field can be obtained (Okamoto et. al. 1995b, among others). Figure 4

presents a two-dimensional binary overlay of the 27 frames from one camera.

In this study, an investigation of the three-dimensional structure of the two phases in a

cocurrent, upward bubbly pipe flow was conducted by experimentally acquiring the

instantaneous three-dimensional velocity field distributions of the two-phase flow with the

three-dimensional Particle Image Velocimetry (PIV) technique. The first stage of this

investigation is to study the interaction between a single rising bubble in a pipe flow and its

surrounding fluid using PIV measurement technique in three dimensional setup.

Three different measurements were performed. First, a flow measurement through the

view volume when the fluid was stationary, and then a bubble was injected. Second, a

single phase experiment with upward flow rate. Third measurement was a concurrent

upward bubbly flow with same single phase flow rate as in the second measurement

For the first measurement, the bubble rise velocity was found to be 17.6 cm/s, and its

Reynolds number is 389.81, based on a measured bubble diameter of 2 nun. For the

second measurement, the stream fluid velocity was 1 1 mm/s, and its Reynolds number was

139.0, based on the diameter of the tube. In the third measurement the bubble rise velocity

was 16.9 cm/s, and its diameter was measured to be 2 mm. The fluid velocity was also 

MM/S.

Two different cases were considered to study the evolution of the fluid motion: when

the bubble is present in the viewing volume, and after the bubble leaves the viewing

volume. These conditions help to understand the transient behavior of the turbulence

induced by a single bubble.

The viewing volume is divided into small regions (segments) of size rArAzAO- In this

measurement the length Az and the azimuthal angle AO of the were fixed and equal to 24.6

mm and 27c, respectively. Ar was divided into 12 equal segments.

The data points'of the spatial distribution for different pysical quantities of interest are

determined by using an ensemble average in each region of the tube:

N

U i I I iljlk
N k=1

where is the component of the physical quantity (i = 1 2 3,

j is the number of volume segments, and

538



k is the number of vectors.

As an example of the results from the first measurement, Figure 5a shows the mean

value of each velocity component as a function of time. Te fluid was stationary prior to the

arrival of the bubble in the viewing volume. In this figure, time zero refers to the instant

when the bubble first appears in the viewing volume. The bubble departs at approximately

time =130 ms. Figure 5b illustrates the mean velocity components behavior for the

upward concurrent flow. Figure 5c shows the mean velocity components for a single

phase flow.

The kinetic energy values are shown in Fig. 6 For the first measurement, it is clearly

shown that once the bubble reach the viewing region, it generates a high turbulent motion

in the fluid. The mean kinetic energy of the fluid is very smaU. After the bubble leaves the

viewing volume 130 ms), it leaves a wake. At 70 ms after the bubble leaves, the effect

of wakes is dirainishing, consequently; the turbulent kinetic energy starts reducing.

Figures 6b and 6c show the other two measurement cases. The data points for the energy

plots were calculated by using an ensemble average over the whole viewing volume for

each instant in time.

Ile transient behavior of the kinetic energy for when the fluid was moving prior to the

arrival of the bubble does not show a sharp rise in the kinetic energy at time zero, as

occurred for the stationary fluid case. Moreover, the turbulent kinetic energy is smaller

compared the previous experiment. Also it should be noted that the decay in the energy is

delayed until 270 ms after the bubble leaves the viewing volume.

Figures 7a,7b, and 7c show the radial spatial distribution of the mean velocity,

Reynold's stress, and Normal stress, respectively for the first experimental measurement

(when the fluid was stationary prior to the arrival of the bubble), when the bubble is

present in the viewing volume. In these figures, the orgin lies at the center of the bubble.

Figures ga,8b, and 8c show the spatial distribution of the mean velocity, Reynold's

stress, and Normal stress, respectively for the first experimental measurement (when the

fluid was stationary prior to the arrival of the bubble), after the bubble has left the viewing

volume. For this case, the orgin lies at the center of the pipe.

When the bubble is in the viewing volume, there exist small fluctuations of the radial

and angular velocities around zero. After the bubble leaves the viewing volume, Figure 5c,

its wake produces turbulent motion. The magnitude of the radial and angular velocities has

increased considerably. The fluctuating components behave in a similar way, so the

resulting stresses reach the highest magnitudes after the bubble leaves the viewing volume.

Figures 9a, 9b, and 9c show the radial spatial distribution of the mean velocity,

Reynold's stress, and Normal stress, respectively for when the fluid was moving por to
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the arrival of the bubble, when the bubble is present in the viewing volume. In these

figures, the orgin lies at the center of the bubble.

Figures 10a, 10b, and 10c show the spatial distribution of the mean velocity,

Reynold's stress, and Normal stress, respectively, after the bubble has left the viewing

volume. For this case, the organ lies at the center of the pipe.

Figures I a, I I b, and 1 1 c show the radial spatial distribution of the mean velocity,

Reynold's stress, and Normal stress, respectively for the single phase flow. The figures

are centered on the center of the pipe.

II. Two-phase flow around cylinders in a channel flow

The use of the PIV flow visualization technique is an improvement over conventional

single sensor methods, such as laser doppler anemometry or hot-wire anemometry,

because it offers the opportunity of capturing all the in-plane velocities of a spatial velocity

field simultaneously.

The Particle Image Velocimetry (PIV) flow visualization technique was used to study a

two-phase bubbly flow over a cylindrical rod inserted in a channel. A two phase flow

consisting of small air bubbles and seeded with fluorescent tracers was sudied. The water

flow was 378 cm.3/s and the air flow was approximately 30 cm3/s.

One of the major concerns with steam generator operation is the tube vibration caused

by turbulent flow buffeting. The vibration can cause wear on the tube joints which may

eventually lead to ruptures and leaks. This repair procedure can be very costly. To help

avoid this problem, experimental data is needed to test te empirical correlations which

predict the behavior of the turbulent flow around the cylinders.

The objective of this study was to find the velocity of both phases in a two-phase flow.

This information might be useful for developing or improving computer models which

simulate this type of flow field. It may also be useful for understanding the structure of

two-phase flows.

The air bubbles for the experiment were generated by positioning a nozzle at the bottom

of the channel. The nozzle generated the bubbles by breaking up the inlet flow of air with a

stream of water. The flow through the channel consisting of water and entrained air

bubbles was then straightened by two screens inserted in the channel. The screens also

filtered the air bubbles. Figure 12 describes the experimental setup. Figure 13 shows the

velocity field of the liquid and gas phases as they flowed across a perpendicular cylinder in

a channel. The data was acquired by tracking a combination of fluorescent and white

polystyrene tracers. Figure 14 shows the drag and lift forces acting on one of the bubbles.
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III. Stratified Channel Flow

Experimental investigation of a two-phase, horizontal, stratified, flow rgime was

performed using Pulsed Image Velocirrietry (PIV) techniques to determine the interface

drag force, and correspondingly, the drag coefficient. Interface shear measurements were

made (Hassan and Blanchat 1993).

A horizontal, stratified flow test facility using water and air was constructed to measure

the interface shear with PIV techniques. Figure 15 shows the stratified flow test facility.

The clear channel was 3 m long, 15 cm wide and cm high.

Figure 16 shows a binary inverse overlay of 10 frames of experimental data. The

tracks of the particles through the 10 frames can be seen. The camera view area was 94

mm by 94 mm.

The practical use of PIV requires the use of fast, reliable, computer-based methods for

tracking numerous particles suspended in a fluid flow. A dynamic, binary, spatial, cross-

correlation tracking method, requiring only two sequential camera images, was used to

analyze the PIV data. Figure 17 shows the velocity and shear profiles for frames 12-13 of

from the experiment

The experimentally obtained local drag measurements were compared with theoretical

results given by conventional interfacial drag theory. Close agreement was shown when

local conditions near the interface were similar to space-averaged conditions. However,

theory based on macroscopic, space-averaged flow behavior was shown to give incorrect

results if the local gas velocity near the interface was unstable, transient, and dissimilar

from the average gas velocity through the test facility.

CONCLUSIONS

The PIV technique has been extended to study two and three-dimensional two-phase

flows. It has demonstrated its ability to provide quantitative velocity information in such a

manner that several advantages can be realized over the more traditional methodologies.

Several two-phase situations have been presented and the instantaneous full-field velocity

fields for various fluid phases are measured. PIV is a promising powerful tool to study the

structure of multiphase flows.
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Figure 15. Stratified Flow Experimental Setup
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Figure 16. Binary Inverse Overlay
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Figure 17. Velocity and Shear, Frame 12-13
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