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ABSTRACT
In this work, the Particle Image Velocimetry (PIV) technique is used to characterise the flow around a single
Taylor bubble rising through a vertical column of stagnant liquid. The experimental facility and its operating
principle are described. The gas slug velocity is determined from the signals of two photocells that receive light
from two laser diodes placed opposite them in the column. The use of fluorescent PIV particles together with an
optical filter allows suppressing intense reflections at the liquid/gas interface. Details concerning the PCO CCD
camera and Nd: YAG laser synchronisation are presented. The gas slug surface co-ordinates are not accurately
determined from PIV images, due to spurious optical effects that occur at the bubble interface when cross
illuminated by a laser sheet. These important optical effects are investigated in detail by means of a silicon model
of the liquid around the bubble with the same fluorescent PIV particles embedded. An explanation for the spurious
optical effects is formulated. It is argued that one of the methods that is suitable to reliably determine the bubble
shape is the shadow detection technique. PIV results of the liquid flow in the rear and around the nose of the gas
slug are presented. PIV measurements at the liquid film surrounding the gas slug, for laminar liquid film, are
presented. The velocity profiles in the liquid film around the bubble are compared with theoretical values given by
the falling film theory. The encountered differences are less than 5%. The shear stress profile in the liquid film
around a gas slug is presented. Comparison between the theoretical and experimental results shows good
agreement. The experimental and theoretical values match within 5 % in the liquid film at a distance from the wall
of less than 2 mm; for higher distances the error grows until 15 %. Although optical problems are present near the
gas/liquid interface, the results are encouraging.

1. INTRODUCTION
Slug flows are a type of two-phase flow characterised by long bullet-shaped Taylor bubbles, which nearly occupy
the entire cross-section of a pipe. Between the Taylor bubble and the pipe walls flows a thin film of liquid. In fully
developed vertical slug flow, the Taylor bubble moves upward at constant speed while the liquid flows
downwards as a falling film. The nose of the gas slug is a very stable region. The rear of the Taylor bubble is a
separated region (wake), characterised by strong mixing, where all transfer processes are enhanced. In daily life,
slugs are encountered e.g. in a drinking straw when one’s glass is nearly empty, or in the neck of a bottle that is
being emptied too rapidly. In industry, slugs are often used in chemical and biological reactors to promote mixing.
They are also observed in oil drilling operations and in the cooling pipes of nuclear reactors.
Three different types of Taylor bubble wakes have been observed (laminar, transitional and turbulent) by Campos
and Guedes de Carvalho (1988). These authors have suggested that, for long gas slugs, the velocity field in the
wake is simply determined by the velocity profile in the annular film. In this study it is investigated if under these
conditions, for laminar liquid film, the flow in the annular liquid film can be well described by the falling film
theory. This would bring obvious advantages as the flow in the annular film could be described by a very simply
theory while the characterisation of the flow field in a separation region such as the wake is extremely complex.
The liquid velocity field around a single Taylor bubble in a vertical column of stagnant liquid is determined using
the Particle Image Velocimetry (PIV) technique with fluorescent seeding [Philip et al (1994), Dias and
Riethmuller (1998)]. The use of fluorescent particles allows to suppress the intense reflections near the wall and
interface regions.
Important optical effects at gas/liquid interfaces, in bubbly flow, were already described by Dias and Riethmuller
(1998). Similar phenomena are observed in the present work: these effects are analysed in detail.
The velocity profiles in the wake of gas slugs are measured for different solutions covering the three types of
wakes identified. For these solutions, the liquid falling film surrounding the gas slug is always laminar. From
these results in the wake, it is possible to determine the minimum distance between gas slugs beyond which there
is no interaction, i. e., the distance behind a single gas slug for which the liquid becomes motionless, and compare
them with empirical correlations reported by Pinto and Campos (1996). From the velocity field around the nose it
is possible to determine the distance from the gas slug nose where the liquid film becomes fully developed. The
velocity profiles in the fully developed region of the film are, then, compared with the falling film theory for
laminar flow.
This fluorescent PIV technique allows to acquire velocity profiles very close to the wall and to derive the wall
shear stresses. As far as the authors are aware no other calculation of these stresses have been reported earlier.

2 . EXPERIMENTAL SET-UP AND MEASUREMENT TECHNIQUES
2.1. Facility
The experiments are performed in a transparent acrylic column of about 6 m height and 0.032 m internal diameter
(Fig. 1). The box surrounding the test section (0.5 m × 0.12 m × 0.11 m) is filled with the studied liquid in order
to minimise the optical distortion. The test liquids are aqueous glycerol solutions covering a wide range of
viscosity (2 × 10-3 to 178 × 10-3 Nsm-2).
The gas bubbles are injected at the bottom of the test column. A section of tube is filled with air at atmospheric
conditions by closing the pneumatic valve 1 and opening the pneumatic valve 2. Then, the gas is released into the
liquid column after closing pneumatic valve 2, by opening the pneumatic valve 1, generating a Taylor bubble. The
volume of gas is controlled by a system that partially fills the volume between the two valves with the working
fluid so to reduce the volume of gas that is released. The volume of air used in the present experiments is 308×106 3
m.
Before each experiment the liquid circulates along the column, from the bottom to the top reservoir, by a
volumetric pump. This, together with the fact that the system is thermally isolated resulted in a difference of
temperature, measured between thermocouples 1 and 2 (Fig. 1), of less than 0.1°C. The liquid viscosity at the
temperature of each experiment is measured using a rotating Brookfield viscometer.
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Fig.1 Schematic representation of the experimental facility
2.2. Measurement techniques
The passage of the gas slug rising in the pipe is detected by a light barrier made of a laser diode. The light
received at the photocell decreases distinctly with the passage of the bubble. From the two signals obtained from
the two photocells, placed at a known distance of 0.109 m, it is possible to determine the velocity of the Taylor
bubble. From the signal of each photocell it is also possible to determine the bubble length. The signals from the
photocells are recorded at a frequency of 1000 Hz using a DAS20 acquisition card from Keithley.
The PIV image is obtained seeding the liquid with fluorescent particles and illuminating it with a double cavity
pulsed Nd: Yag laser with a wavelength of 532 nm and a pulse duration of 2.4 ns. A red filter (model OG-570,
from Image Optics components LTD), opaque below 550 nm, is used to block the intense green reflections and
allows the passage of the light emitted by the fluorescent particles (around 590 nm). The laser beam is formed into
a laser sheet of about 1 mm thickness in the test section. A PCO (SensiCam) CCD camera, with a resolution of
1280(H) × 1024 (V) pixels and 4096 grey levels, acquires images at an angle of 90° with the laser sheet. The
camera operates at the Double Shutter version, which means that it acquires two consecutive separate images. The
repetition rate of the PCO is a function of the resolution chosen. Increasing the resolution results in decrease of the
repetition frequency; therefore, it is necessary to optimise the camera settings according to the demands of the
work. In this study the full resolution is used,
which means that the acquisition frequency of the PCO camera, working at Double Shutter mode, is 4.12 Hz.
The synchronisation between the laser and the camera is made using the laser as the master. A Stanford delay
generator box triggers the firing of the laser at a frequency of 8.2 Hz and sends the triggering signal to the PCO
camera. In the PCO PC, the camera is set to acquire at the rising edge of the triggering signal. This means that the
camera will grab only once every two laser pulses, i.e, one PIV image is acquired in two laser firings. This
procedure is adopted because the laser has limitations in its frequency, in order to keep thermal balance the
frequency of the laser needs to be close to 10 Hz. The pulse separation is adjusted according to the measured

velocities (which depend on the viscosity of liquids used) and the measured area, and it varies from 400 µs to 10
ms.
The gas slug contour images are obtained by illuminating the gas slug from the rear using a diffused focus of light
(100 W), while a SONY colour model type CCD camera (resolution 512(H) × 512 (V) pixels) collects light in the
forward scattering mode. Coloured interlaced images are acquired with a MIRO DC30 acquisition card,
afterwards, these images are converted to black and white format and separated in the odd and even fields. The
contour of the slug in each field is determined using a program, written by Dias and Riethmuller (1998) to detect
bubble contours.

3. SPURIOUS OPTICAL EFFECTS
3.1. Problems observed
Important optical effects, previously observed by Dias and Riethmuller (1998) in bubbly flow, can also be seen, in
the present work, at the gas slug/liquid interface. These authors formulated a first explanation for the existence of
spurious images of particles inside the real interface. Figure 2 shows a typical PIV image of the film surrounding
the gas slug. The theoretical position of the interface is determined [White (1974)] and plotted in the figure. One
can observe particle images beyond the actual limit of the bubble.
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Fig. 2 Typical PIV image of the film around the gas slug (the image is rotated 90º to the right), for ReUs = 22
3.2. Analysis and explanation of the spurious effects
To analyse the optical phenomenon in the interface, silicon models of the liquid around the bubble with the same
fluorescent PIV particles embedded are built. They consist of a cubic box with a cylindrical hole in the middle.
The void region is occupied by air that simulates the gas slug, while the silicon and the PIV particles model the
liquid film. In Fig. 3, a shadow image of one of the models is shown. In these models the diameter of the
cylindrical holes is known and therefore, there is no ambiguity about the simulated film thickness.

Fig. 3 Shadow image of one silicon model
The performed tests consisted of illuminating the simulated flow with a laser sheet of variable width. As seen on
Fig. 4 a, b, c and d, as the extent of the laser sheet increases from the top, images of particles are also appearing in
the inner region of the simulated gas slug. Actually, two separate areas can be seen in this region. The first band of
particles appears on Fig. 4a and can be seen on Fig. 4b, when the second band starts appearing. The two separated
bands increase as the laser width increases in Figs. 4c and 4d. This phenomenon has been analysed and leads to
the following interpretation:
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Fig. 4 Typical PIV image of the silicon model when the laser sheet illuminates different regions far from the
interface.
Light scattered by particles illuminated by the laser sheet can follow three different paths before reaching the
camera (Fig.5).
-

Path one is the direct path that forms the regular images
Path two is a total reflection of light at the surface of the Taylor bubble. This also reaches the camera
and produces spurious particle images seen in the inner region of the gas slug.
Path three is the refraction of light rays through the Taylor bubble. This path produces a third area
where the images of the particles are inverted compared to path two (mirror effect). This is also seen
in the inner region of the gas slug.
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Fig. 5 Schematic representation of the ray tracing analysis
Figure 6 represents a typical PIV image of the liquid film around a gas slug. The existence of a double band of
reflections and refraction, separated by a black band, is evident.
The area produced by path two usually merges with the direct images of path one and it is therefore difficult to
distinguish between the two areas. Area three is usually clearly separated from the two others.
The result of this optical effect is that it appears essential to use a second method for determining the edge of the
gas slug since the PIV image itself cannot be trusted when identifying the contour of the bubble. A shadow
technique suites this purpose well. Note that the effects observed earlier [Dias and Riethmuller (1998)] on
spherical bubbles can be explained by the same analysis.
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Fig. 6 Typical PIV image of a gas slug: the spurious optical effects are clearly visible.

4. EXAMPLES OF MEASUREMENTS
PIV measurements are made around the gas slug, with different magnifications, in order to observe the different
characteristics of the flow. Figures 7 and 9 present examples of typical PIV images around the rear and the nose
of a gas slug, respectively. The corresponding velocity profiles are presented in Figs. 8 and 10. The examples of
measurements in the wake presented (Figs. 7 and 9) correspond to the laminar case, according to Campos and
Guedes de Carvalho (1988). The optical filter cuts 95% of the laser reflections eliminating most of the
disturbance it causes. Around the gas slug nose, because of the bubble curvature, the intensity of reflections is
much higher and some spurious light is still observed.
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Fig. 7 Typical PIV image of the rear of a gas slug, for ReUs =96 (image rotated 90° to the right).

Fig. 8 Measured velocity field in the wake of a gas slug for ReUs = 96 (image rotated 90° to the right).

Fig.9 Typical PIV image of the nose of a gas slug, for ReUs = 475 (image rotated 90° to the right)

Fig.10 Measured velocity field in the nose of a gas slug, for ReUs = 475 (image rotated 90° to the right)
Velocity vectors with no physical meaning are detected inside the Taylor bubble. These vectors are derived from
out of focus images of particles surrounding the Taylor bubble. This will obviously lead to a higher number of
non-valid vectors and needs to be taken in account when processing. The digital PIV images are processed using
the cross-correlation algorithm WIDIM, developed at VKI by Scarano and Riethmuller (1999). In this process, the
interrogation windows are displaced and their size is reduced iteratively. The processing of the PIV images uses a
Gaussian three point-fit for the sub-pixel interpolation peak determination. The initial image has 1280 (H) × 1024
(V) pixels and the initial window size is of 64 × 32 pixels, according to the privileged flow direction. The number
of refining steps and, therefore, the size of the final
window and the number of vectors determined, depends on the different measurement areas and velocities. The
velocity uncertainty is mainly associated with the uncertainty in determining the particle image displacement,
which is less than a tenth of a pixel. The high resolution allowed by the PCO camera leads to an estimated
uncertainty of 1.5%.
The measurements near the slug nose show a strong radial effect in the velocity and put in evidence that the
passage of the slug does not disturb the flow upstream. As the thickness of the film decreases, the flow rate
equilibrium leads to an increase of the liquid film velocity (Fig.10). From the velocity field in the rear of the slug,
it is possible to better understand the mixing effect of the wake and to determine the length needed to restore
motionless liquid in the pipe, lmin (Fig. 9). The length values obtained fall in the empirical correlations reported by
Pinto and Campos (1996); for the solution of ReUs = 22, which corresponds to laminar wake, the value of lmin is
found to be 0.06 m, which matches within 4% with the value predicted by the correlations, lmin = 0.0575 m.
The velocity profiles in the liquid film surrounding the gas slug measured at different distances from the nose of
the bubble are analysed here. For the case of a gas slug rising in a solution of glycerine (91.5% wt/wt), ReUs = 22
(Reynolds number based on the pipe diameter, D, and gas slug velocity, Us), the value of the distance from the
nose of the gas slug up to where the liquid film is fully developed, Z min, is 0.025 m, instead of the 0.0187 m
theoretically predicted [Campos and Guedes de Carvalho (1988)]. This discrepancy has already been observed by
Mao and Dukler (1990).
Figure11 shows the comparison between the theoretical and measured velocity profile in the annular liquid film,
for ReUs = 22. The gas slug has a length of about 0.25 m and the selected profile is taken at a distance of 0.15 m
from the nose, where the liquid film is fully developed. The theoretical profile corresponds to the behaviour of a
falling film with a free surface, when the shear stresses in the gas-liquid interface are negligible [White (1974) and
Dias (1999)]. As can be seen (Fig. 11), the measurements are in good agreement with the theoretical solution and
the error stays below 5 %, except near the interface, where spurious optical effects pare present. The velocities
measured after a distance of 4.61 mm are, in reality, already inside the gas slug

Fig. 11 Comparison between the theoretical and experimental velocity profiles in the film surrounding a gas slug,
for ReUs = 22.
The use of a fluorescent PIV technique allows to acquire velocity profiles very close to the wall (distance of 9.18
× 10-2 mm) and to derive the shear stresses from them (Fig.13). As far as the authors are aware, no other
calculation of these stresses has been reported in the earlier literature.
The shear stresses magnitude, measured at different distances from the wall, is studied. The experimental velocity
values, for ReUs = 22 (Fig.11), are fitted by a second order polynomial expression (Fig.12). Afterwards, the shear
stresses are calculated by deriving this expression with respect to the radial distance and multiplying it by the
viscosity. In these calculations, experimental velocities measured inside the gas slug are not taken into account,
since they correspond to spurious optical effects. Figure 13 shows the comparison between the experimental and
theoretical shear stresses profile. The theoretical profile corresponds to the derivation of the shear stresses from
the theoretical velocity profile of a falling film with a free surface, when the shear stresses in the gas-liquid
interface are negligible [White (1974) and Dias (1999)]. The results match within 5% in the liquid film at a
distance from the wall less of 2 mm, for higher distances the error grows up to 15%.
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Fig. 12 Second order polynomial interpolation of the velocity profile in the film surrounding a gas slug, for ReUs =
22.
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Fig. 13 Comparison between the theoretical and experimental shear stresses in the film surrounding a gas slug, for
ReUs = 22.

5. CONCLUSIONS
Particle Image Velocimetry has been successfully applied to the study of a single gas slug rising in a vertical
column of stagnant liquid. The use of fluorescent PIV particles allows the determination of velocities close to the
wall and to the gas/liquid interface; velocity vectors have been measured at a distance of 9.18 × 10-2 mm from the
wall.
Optical effects associated with the use of a laser technique near an interface have been studied by means of
illuminating silicon models with a laser sheet. In these models, fluorescent particles are embedded in the silicon.
An interpretation of the spurious optical effects has been put forward. The conclusion is to keep relying on
shadow techniques as a supplement to PIV measurements when determining the exact position of interfaces.
Liquid velocity profiles have been measured around the gas slug. The results in the wake of the gas slug are in
agreement with experimental data in literature. The velocity profile measured in the annular film surrounding the
gas slug, when the liquid is fully developed and in laminar flow, is in agreement with the falling film theory;
differences between experiments and theory are less than 5 %.
Values of shear stresses close to the wall have been presented as the PIV technique allows the determination of
velocity vectors in this region. Although there are the aforementioned problems near the gas/liquid interface, the
results are encouraging.
Further on this work will continue with the study of slug flow in columns with flowing liquid. The final goal being
the investigation of coalescence between two Taylor bubbles.
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