
XA04NO031

TWO-PHASE FLOW MEASUREMENTS USING A PHOTOCHROMIC DYE
ACTIVATION TECHNIQUE

M. Kawaji
DePL of Chemical Engineering and Applied Chemistry

University of Toronto
Toronto, Ontario M5S 3E5

Canada

TEL: 416)978-3064, FAX: 416)978-9605
e-mail: kawaji�ecftoronto.edu

ABSTRACT
A novel flow visualization method called photochromic dye activation (PDA) technique

has been used to investigate flow structures and mechanisms in various two-phase flow regimes.
This non-intrusive flow visualization technique utilizes light activation of a photochromic dye
material dissolved in a clear liquid and is a molecular tagging technique, equiring no seed
particles. It has been used to yield both quantitative and qualitative flow data in the liquid phase
in annular flow, slug flow and stratified-wavy flows.

1. INTRODUCTION

A non-intrusive photochromic tracer technique can be used to visualize the instantaneous

motion of the liquid in various two-phase flow regimes from near the pipe wall to the gas-liquid

interface. In this measurement technique, a photochromic dye material is dissolved in a

transparent liquid and irradiated with a beam of ultraviolet (UV) light. The dye molecules absorb

light energy and temporarily change their molecular structure, which esults in a color change

of the liquid containing the dye. It is a molecular tagging technique, so that there is no slip

between the dye and liquid. Since its initial development by Popovich and Hummel 1967), the

photochromic dye activation technique has been used to investigate a variety of single-phase flow

problems (Iribarne et al., 1972; Seeley et al., 1975, among others). In these earlier studies, only

a limited amount of quantitative measurements could be obtained due to various problems.

Recent improvements (Johnson et al., 1985; Ojha et al., 1988; Walters and Marschall,

1999; Lorencez et al., 1993; Kawaji et al., 1993; Lorencez et al., 1997) have significantly

reduced these shortcomings. Modifications of the optics has resulted in sh&-per and thinner traces,

which has improved the overall accuracy in the velocity measurements, especially near the
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moving gas-liquid interfaces.

2. PHOTOCHROMIC DYE ACTIVATION TECHNIQUE

In the two-phase flow experiments performed in the past decade by the author and his

research team, a photochromic dye used was 1',3',3'-trimerhylindoline-6-nitrobenzospiropyran

commonly called NSB, with a short ultraviolet (UV) absorption spectrum and oluble only in

organic liquids. This dye was dissolved in kerosene, silicone oil, freon, ethanol and other clear

organic liquids at dilute concentrations ranging from 100 to 600 ppm.

In most of the work that will be described in this paper, a pulsed beam of UV light with

a wavelength of 351 nm from an excimer laser or 335 nm from a nitrogen gas laser was focused

using a lens with a proper focal length. The traces are formed as the photochromic dye molecules

in the path of the laser beam are activated and a dark color appears in the liquid containing the

activated dye molecules. The concentration of the dye in the liquid can be adjusted to optimize

the penetration depth of the U`V light beam and the contrast of the traces formed against the

lighted background. The best results have been obtained with a dye concentration of

approximately 001% by weight. The changes in the physical properties, such as surface tension,

of the host liquid due to the dissolution of the dye have been measured to be negligibly small.

The optical system is adjusted to create narrow, sharp traces in the liquid (see Fig. 1) In

many measurements, a lens array was used to produce multiple traces in the photochromic

solution simultaneously. If the flow field is strongly two-dimensional as in wavy stratified flow

and slug flow, two eams can be passed through separate lens arrays and intersected to form a

grid pattern as shown in Fig. 2 For grid traces, however, sufficient care must be exercised to

ensure that the traces are formed in the same plane.

The motion of the traces formed in a given plane in the liquid phase is viewed from a

direction normal to the plane and recorded with a video camera. In most two-phase flows of

interest, a high-speed video imaging and recording system is necessary because of the speed of

the liquid and significant displacement of the traces in a short period of time. In our previous

work, a digital high speed video camera system was used to capture the trace image s at fi-ame

rates up to about 1,000 fi-ames per second (fps). The image data stored in the high speed video

camera system are transferred to a video tape for pen-natient storage and also to a microcomputer-

based image analysis system for computer analysis.
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When a circular pipe is used as the flow channel, an optical correction box and matching

of refractive indices are necessary to minimize optical distortion caused by the curved pipe wall

when viewed from outside. The correction box is built around the flow channel and filled with

dye-free liquid as shown in Fig. 1. For example, when kerosene with a refractive index of 143

is used as the worldrig fluid, the pipe and correction box made of Pyrex glass with a rfractive

index of 147 are used. Insitu calibration for a 50 mm tube has shown little distortion of the light

ray passing through the correction box, test sction and kerosene, so that the distance from the

wall viewed from outside varies linearly with the actual distance.

From the displacement of the traces, the liquid velocity profiles can be directly computed.

Each trace usually has well defined end points such as at the gas-liquid interface and wall-liquid

boundary. If the flow is strictly one-dimensional, then each trace can be divided into a finite

number of segments and the displacement of each segment over consecutive frames can be

divided by the time elapsed to calculate the velocity profile. For two-dimensional flows,

intersecting traces are created to form a grid pattern and the velocity profiles are calculated from

the displacement of the grid points in x and y directions. Additional velocity data can be obtained

from the grid pattern by dividing the length of each trace segment located between two adjacent

grid points into, for example, N equal portions yielding Nl points, including the grid points.

Assuming that these N1 points moved into the corresponding N1 points along the same trace

segment of the next fi-arne, x and y velocity components are obtained for these interpolated

points.

T-he uncertainty in the calculated velocity profiles is low if the flow field is simple and

the end points of the traces are well defined, for example, being bounded by the gas-liquid

interface and the wall-liquid boundary. Lorencez 1994) has estimated that in the calculations of

instantaneous velocity profiles of a liquid stream with a turbulence intensity of 015, the relative

error involved is 25% due mainly to the limited spatial resolution of the CCD video camera and

image analysis system used. If one of the end points is unclear, however, the level of uncertainty

rises because additional uncertainty is introduced in estimating the exact location of the unclear

end point.

3. APPLICATION TO TWO-PHASE FLOW EXPERIMENTS

The photochromic dye activation technique has been recently used to investigate the flow
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structures and mechanisms in several gas-liquid two-phase flow regimes, having a continuous

liquid phase fire of many small bubbles. Examples of previous studies conducted and reported

previously by the author's research group are described below.

3.1 Wavy-Stratified Flow

In order to study the turbulence structure close to a gas-liquid interface in Wavy-stratified

flow, a combination of the photochromic dye activation method and hot wire (or film)

anemometry has been used to measure the instantaneous, two-dimensional velocity profiles in a

rectangular duct (Lorencez, 1994; Lorencez et al., 1991, 1996). To visualize the trace motion with

a video camera free of any optical obstruction by the surface waves when viewed normal to the

test section, the video camera is positioned at a slight upward angle to the interface to view the

traces from slightly below the interface. This arrangement allows simultaneous determination of

the interface position and shape at the plane of the trace formation since the liquid surface acts

as a mirror and reflects the trace images as shown in some of the following photographs.

In the experiments, laminar and turbulent open-channel flows, cocurrent and

countercurrent wavy flows were set up and velocity profiles measured with two different

techniques at essentially the same axial location. To examine the effects of gas flow, cocurrent

and countercurrent flow runs were conducted at the same liquid flow rates used for open channel

flows. Ile gas flow imposed a strong interfacial shear upon the liquid layer, inducing a wavy

interface which modified the Idnernatic structure in the liquid phase.

In the larninar open channel flow, multiple non-intersecting traces adopted a parabolic

shape after their formation in the liquid phase and no perturbations were observed as shown in

Fig. 3 In contrast, the traces formed in the turbulent open channel flow OL = 0076 m/s) were

almost immediately deformed as previously observed by Rashidi and Banerjee 1990) as a

consequence of the turbulent bursts generated near the lower wall gion and moving towards the

bulk of the liquid, as shown in Fig. 4 The grid traces formed in cocurrent and countercurrent

two-phase flows with a wavy interface were also affected by these disturbances and showed

subsequent deformations due additional.ly to the interaction of the waves and the gas flow. This

interaction causes an axially non-uniform interfacial shear acting on the wavy liquid surface. In

cocurrent and countercurrent flows, the shear accelerates the interface region of the liquid on the

windward side of the wave, as shown in Figs. and 6 respectively.
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Although the instantaneous velocity profiles appear to be highly distorted at times, they

yield reasonable Idnernatic and turbulence data when the time-mean velocity profiles are

calculated. 'Me presence of the two-phase region (wavy region) requires the application of

ensemble averaging to obtain the averaged flow characteristics A minimum of 150 velocity

profiles were required for the wavy region, while 100 profiles yielded good statistics in the bulk

liquid. The mean strearnwise velocity profiles for the three different experimental conditions are

shown in Fig. 7 where the error bars represent the standard deviation of the data from the mean.

For each flow condition, the data obtained with both HWA and PDA techniques agreed well in

the overlapping region and together they provide a detailed description of the mean velocity

profile in the entire liquid up to the gas-liquid interface.

For the larninar open channel flow, its strearnwise velocity profile matched closely the

theoretical velocity profile predicted by the Navier-Stokes equations. Meanwhile, although not

shown here, the mean strearnwise velocity profile for the turbulent open channel flow followed

closely the universal velocity distribution when plotted in dimensionless coordinates (Lorencez

et al., 1997). The flow in wavy cocurrent flow had a rather flat mean strearnwise velocity profile

in the bulk liquid, and only the layers close to the interface were moving slightly faster. The flat

mean velocity profile is possibly a result of the enhanced vertical mixing due to the presence of

larger waves, and the flatness of the velocity profiles was observed to increase as the wave

amplitude increased (Lorencez, 1994; Lorencez et al., 1997). In the countercurrent flow case, the

plane of the maximum velocity was always positioned just underneath the gas-liquid interface,

as a result of the opposing interfacial shear imposed by the gas flow. The overall effect of the

resulting interfacial shear was a etardation of the liquid flow causing an increase in the mean

liquid height.

Turbulent parameters such as turbulence intensity and Reynolds shear stress profiles

obtained by PDA and HWA also show good agreement in the overlapping regions as shown in

Figs. and 9 Lorencez et al., 1997).

3.2 Horizontal Annular Flow

Several liquid transport mechanisms have been proposed in the past to explain why and

how a liquid film can be maintained on the inner tube wall in horizontal annular flow. Different

hypotheses include secondary gas flow mechanism, liquid entrainment and deposition mechanism,
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wave spreading and mixing mechanism, and pumping action due to a disturbance wave.

To experimentally determine the liquid tansport mechanism in horizontal annular flow,

a direct measurement of the velocity of a liquid film in the circumferential direction was

performed using the PDA technique (Sutharshan et al., 1995). The test channel was a 528 m

long, round tube with 25.4 mm LD and 33.4 mm O.D, and made of Pyrex 'lass which is

transparent to ultraviolet light. Pulses of an ultraviolet light beam from a Lurnonics excimer laser

was fed at a rate of 50 or 100 Hz to activate the photochromic dye (TNSB) dissolved in the

liquid as shown in Fig. 10. The dye concentration of 006 by weight was used to obtain

sufficiently dark traces and achieve maximum contrast between the traces and the background.

A lens with a focal length of 130 mm was used to focus the beam onto the liquid film and form

a spot trace, which could be easily identified and distinguished from the shades of ripples

forming on the liquid film surface.

A high-speed video camera was used to ecord the dye trace in a rectangular 25 mm x

6 mm view field with a 64 x 256 pixel resolution at a rate of 744 fps and with a shutter speed

of 1/1000 s". he location of the spot dye trace in the view field is sketched in Fig. IL A 40

W sodium lamp powered by a 14 kHz A.C. power supply was used to provide flicker-free

background lighting for high-speed video photography. A flash opal plate glass screen was also

mounted between the correction box and the sodium lamp to diffuse the light for even

illumination. Cam was taken not to create dark shades of surface ripples which interfere with the

visualization of the dye trace.

The liquid film in horizontal annular flow consists of a thin base film, which flows with

a smooth surface with some ripples, and disturbance waves which are thicker and much more

rough on the surface, and also propagate at much faster speeds than the ripples in the base film.

T'he disturbance waves and the base film were easily distinguishable in the video recordings by

the shades of small ripples moving slowly on a smooth liquid surface for the base film and fast

moving shades of rough interface for the disturbance waves. When viewed in time sequence, the

periods of quiescent flow of the base film with little disturbance alternated with brief periods of

the rough disturbance waves passing by at much greater speeds.

Two sequences of photographs in Fig. 12 show the movement of a spot dye trace in the

base film formed at the side of the tube (E = 90') in Run I UL = 0.06 m/s, J = 16 rn/s) and Run
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4 (JL= 004 m/s, G= 30 Ws). The direction of liquid flow was from right to left and the spot

dye trace formed in the base film could be easily followed for more than ten consecutive frames

(13 ms) in Run 1, indicating absence of strong turbulent mixing or eddy motion in the base film.

'17he movement of the spot dye trace in both Runs indicated that the liquid in the base film drains

downward at some angle from the horizontal, which is proportional to th, ratio of the

circumferential to axial velocities. Every dye trace observed indicated, without any exception, no

upward nwtion of the liquid in the base film.

Ile motion of the spot dye trace in the disturbance waves is shown in Fig. 13 for Runs

I and 4 During the passage of each disturbance wave, the dye traces were seen to move upward,

very rarely in purely the axial direction and never downward. Although the trace became

dispersed much more quickly than in the base film, it remained visible long enough to determine

the direction of liquid transport in the film.

From the video cordings of the dye trace movement, the instantaneous velocity

components in axial and circumferential directions were obtained. The base film liquid had

velocity components in both the downward direction toward the bottom of the tube and the axial

direction, while the liquid in the disturbance wave had velocity components in the upward

direction toward the top of the tube and the axial direction. It became clear from these data that

the disturbance waves supply the liquid to the top of the tube and replenish the base film, and

between the passage of two consecutive disturbance waves the liquid in the base film drains

continuously due to gravity. Therefore, the disturbance waves play the most important role in

supplying the liquid to the upper wall of the tube within the range of the test conditions

investigated. Other mechanisms that have been proposed in the past were found to be negligible

in importance.

3.3 Freely Failing Film and Countercurrent Annular Flow

'Me flow structures in thin liquid films have been investigated for freely falling films

(Karimi and Kawaji, 1996, 1997a) and those with a countercurrent flow of gas which imposes

interfacial shear (Pun et al., 1994, Karimi and Kawaji, 1997b).

For a freely falling film, a number of interesting findings have been obtained. At

sufficiently low film Reynolds numbers, Ref = 4r'lg (where I' is the mass flow rate per unit

circumference and is the dynamic viscosity), the film is larninar and the surface is smooth
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showing little fluctuation in the film thickness or velocity profiles. The instantaneous and time

averaged velocity profiles agree well with the Nusselt's theoretical predictions for a laminar

falling film. As the film Reynolds number is increased, the film becomes wavy and the film

thickness fluctuates in space and time. As Ref exceeds about 3300, the film becomes both wavy

and turbulent, characterized by firquent passage of rough and high-amplitude distilrbance waves

alternating with thin substrate films. The measurements of velocity profiles in the thin substrate

films continued to show good areement with the Nusselt's larninar velocity profile. However,

the velocity profiles in the disturbance waves were found to be rather flat due to enhanced

mixing, as indicated by large vortices which have been clearly observed inside the disturbance

waves Karimi and Kawaji, 1996). Furthermore, the velocities in the disturbance waves are far

smaller than those expected from the Nusselt's theory for smooth falling films of the same

thickness. This has lead to an observation that the disturbance waves do not carry a large fraction

of the liquid mass contrary to previous hypotheses Karimi and Kawaji, 1997a).

An interesting result of the PDA measurements in a freely falling, wavy liquid film is the

observation of the vortex motion under the large-amplitude disturbance waves as shown in Fig.

14 (Karimi and Kawaji, 1996). The enhanced mixing inside those waves should contribute to a

significant increase in the interfacial and wall-liquid transport of heat and mass at high film

Reynolds numbers. If he frequency of the disturbance waves is sufficiently high, the role of

these vortex motions in =sport phenomena may be much more significant than that of the

turbulent eddies. Thus a steady-state analysis of scalar transport in wavy falling films assuming

an equilibrium film thickness and turbulent viscosity concept, and neglecting the mixing motion

under frequently passing disturbance waves may not be physically realistic. Further studies are

currently underway to relate the disturbance wave frequency with the enhanced scalar tratisport

coefficients.

In countercurrent annular flow experiments, the velocity profiles in falling liquid films

have been measured using the PDA technique at the onset of flooding conditions in a vertical,

25.1 mm diameter Pyrex tube (Pun et al., 1994, Karimi and Kawaji, 1997b). As shown in Fig.

15, the instantaneous velocity profile measurements in the liquid film clearly show some

retardation of the velocity near the interface due to the countercurrent interfacial shear imposed

by the gas flow, however, no reversal in the film flow direction was detected even at the
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interface (Pun et al., 1994). Thus, flooding is not triggered by the reversal in the flow direction

of the liquid film. Simultaneous measurements of the wavy film thickness at the onset of flooding

also showed no excessive growth of the wave amplitude large enough to bridge the tube cross

section (Karimi and Kawaji, 1997b). Thus, based on the studies conducted so far, flooding is

considered to occur due to the instabilities in the liquid inlet or the exit sections, Wherr, the gas-

liquid interacts more songly than in the thin falling film.

3.4 Vertical Slug Flow

Vertical slug flow is characterized by large bullet-shaped bubbles called Taylor bubbles

which occupy most of the cross-sectional area of the pipe and flow upward in succession, being

separated by liquid slugs that contain dispersions of small gas bubbles. Although slug flow is

seemingly a well-ordered flow, it is highly complex with an unsteady nature, making the

prediction of pressure drop, flow parameters (such as film thickness, slug lengths, etc.) and rates

of heat and mass transfer a difficult task.

DeJesus et al. 1994), Ahmad et al. 1996) and DeJesus 1997) have reported on the

measurements and analyses of instantaneous velocity profiles in the liquid surrounding a rising

Taylor bubble in a vertical column of kerosene. As the Taylor bubble rises, the liquid

surrounding the Taylor bubble falls downward due to gravity. The liquid accelerates downward

from the nose and up to 3 cm below the nose, and a strong radial velocity component exists as

the liquid film thickness decreases rapidly to 1.5 mm. Figure 16 shows the velocity profiles in

the liquid film on the side of the 6 cm long Taylor bubble. The film velocity increases from a

stagnant condition slightly ahead of the nose to 095 m/s at 59 cm below the nose. The liquid

near the gas-liquid interface moved faster than anywhere else due to the negligibly small

interfacial shear. On the other hand, a boundary layer starts to form at the tube wall, and the wall

shear stress tends to retard the liquid flow.

With the maximum velocity reached at the tail, the high velocity liquid film enters the

slowly moving liquid in the wake region. This sets up a countercurrent flow and an instability

sets in immediately as shown in Fig. 17 and vigorous mixing and circulation of liquid streams

occur below the tail of the Tailor bubble as shown in Fig. 18. This fgur, shows that the liquid

velocities rapidly decay at 3 cm below the tail. No large-scale eddy or vortex could be observed

beyond about 35 cm below the Taylor bubble tail, and the flow becomes essentially stagnant
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again.

The film penetration distances obtained from the data for 3 to I I cm long Taylor bubbles

are shown in Fig. 19, which clearly shows that the film penetrates farther for the shorter Taylor

bubbles and the penetration distance is relatively constant for Taylor bubbles greater than or

equal to 6 cm in length. '17he rather shon penetration distances (I - 1.5 tube diameters) observed

for a Taylor bubble lengths tested (up to II cm) were quite surprising, since the film velocity

increases with the Taylor bubble length and one would expect the faster falling film to penetrate

further into the wake.

This suggests that an important mechanism has been overlooked in the study of vertical

slug flow. It is obvious from the observations of the photochrornic dye traces that there is a

Kelvin-Helmholtz type instability at the shear layer between the core region and the falling liquid

film. This instability causes the falling film to penetrate only a short distance into the wake and

limits the size of the wake below a Taylor bubble to less than about 1.5 tube diameters. It is well

known that the rise velocity of a wailing Taylor bubble increases as it approaches a leading

Taylor bubble upstream. This increase in rise velocity with a decreasing separation distance or

liquid slug length between the Taylor bubbles, occurs at separation distances much gater than

the wake size detected. Thus, the acceleration of ailing Taylor bubbles can not be attributed

directly to the effect of the wake.

3.5 Horizontal Slug Flow

Two-dimensional flow structure in the liquid phase was studied in horizontal, cocurrent

gas-liquid slug flow in a 00 mm wide, 50 mm high and 72 m long rectangular channel as well

as in a 25.4 mm diameter, 528 rn long circular tube Kawaji et al., 1996). The photochrornic dye

activation technique was used to visualize the instantaneous motion of the liquid around the gas

slug, and to obtain the instantaneous velocity profiles in the gas-slug nose region, in the liquid

layer below the gas slug, and in the gas-slug tail region.

The velocity profile data for slug flow obtained in the rectangular duct and circular tube

at 44 m and 34 m from the inlet, respectively, were quite similar and based on the limited

amount of velocity profile data obtained, the liquid flow structure in horizontal slug flow can be
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depicted as shown in Fig. 20 in a fixed frame of reference and in Fig. 21 in a fi-arne of reference

moving with the gas slug. The liquid slug in fi-ont of a gas slug is pushed ahead by the faster

moving gas slug, and the flow is much like a single-phase liquid flow. The strearnwise velocity

profile in the liquid slug is relatively unaffected by the approaching gas slug and the effect of

the gas slug is observed only at distances less than one tube diameter. There, the liquid shows

a downward motion due to the downward moving gas-liquid interface near the nose.

The liquid layer under the gas slug rapidly decelerates and flows at a significantly rduced

velocity of about 12 of the liquid slug velocity in the present experiments. This nearly one-

dimensional liquid flow exists in most of the liquid layer below the gas slug. Near the gas slug

tail, the liquid begins to rise upward together with the interface and the streamwise velocity of

the liquid begins to increase as well. In a short distance behind the gas slug tail, the streamwise

velocity reaches the values seen in the bulk of the liquid slug. The eddies formed in the wake

can mix the liquid in the upper and lower layers of the liquid slug near the gas lug tail. The

eddies decay rapidly and the liquid flow quickly assumes a single-phase turbulent velocity profile.

CONCLUDING REMARKS

The photochromic dye activation technique has been successfully used to study detailed

flow structures in various two-phase flow regimes. Several examples of measurements have been

presented to illustrate the usefulness of this technique for flow visualization in two-phase flow.

The measurements made to date have led to a significantly better understanding of the flow

structures and confirmation or rejection of previous hypotheses for several two-phase flow

regimes such as wavy-stratified, slug and annular flows.
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(b) Cocurrent Wavy Flow; iL = 0.076 m/s, jo = 3.6 m/s,
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(c) Countercurrent Wavy Flow; L = 0076 m/s, j = 16 m/s
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ig- 14 Vortex Motion under Disturbance Wave in a Falling Liquid Film (Re=4385)
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