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ABSTRACT

The motion of expanding slug bub-
bles in near vertical �ows is investigated
for non-Newtonian liquids simulating
drilling �uids. It is a challenge both
from engineering points of view and for
theoretical-numerical simulations of slug
�ow to know how the gas bubbles trailing
a Taylor bubble will spread along the tail
of the bubble. A very important industrial
example is gas-kicks during drilling of
petroleum wells. The in�uence of main
parameters including shear conditions and
turbulence intensity at the rear of the
bubble, as well as the ability of the �uid
to keep the trailing bubbles in suspension
were investigated. The experiments were
done using high speed camera and PIV
technique in a 5 meter high pipe of 8 cm
inner diameter. Comparisons were done
between Newtonian and non-Newtonian
�uids. Di�erent initial pressures in the
slug bubbles were used to investigate
transient e�ects.

INTRODUCTION

Di�erent �ow patterns occur through a
vertical conduit during simultaneous �ow-
ing of liquid and gas. One of these �ow pat-
terns is slug �ow. Such �ow pattern is char-
acterized by an alternate �owing of large
bubbles, known as Taylor bubbles, sepa-
rated by liquid slugs. This type of �ow is
identi�ed in engineering applications, such

as gas kick in oil and gas wells and geother-
mal fermentation, among others1,2. The
slug can in some situation give e�cient
mixing by taking pro�t from the wake re-
gion.

TAYLOR BUBBLE

Following the description of Das et al.
3,

a Taylor bubble in a circular pipe is sym-
metric about the vertical axis and com-
prises two regions, see �gure 1. As seen in

Figure 1: Photograph of a Taylor Bubble.

�gure 1 the upper part is the nose region
and the lower part the tail region. The
shape of the nose region is spherical while
that of the tail region is cylindrical. The



�owing liquid around the bubble forms a
falling �lm under gravity. The end of the
bubble is separated from this �lm and cre-
ates a liquid wake. This is attached to the
bubble rising and the pipe wall. This �lm
creates a vortex as it merges to the sur-
rounding liquid below,i.e at the rear of the
bubble.
An universal correlation for the rise veloc-
ity of long gas bubbles in round pipe has
been compiled4. It was found that:

U = K
√
gD (1)

where,

U is bubble velocity
K is an empirical value about 0.351,
D is pipe diameter, and
g is acceleration due to gravity

This equation has been mentioned4 to be a
result of a large amount of compiled data
by Dumitrescu in 1943 and further investi-
gated by several authors. The goals of this
work was to compare e�ects on Taylor bub-
bles in Newtonian versus non-Newtonian
systems, as well as to determine the dy-
namics of quickly expanding bubbles.

EXPERIMENTAL

Experimental facility

The study was performed in the experi-
mental setup schematized in �gure 2. The
facility consists mainly by an acrylic cylin-
drical pipe of 3.6 m height, H1 and 8 mm
internal diameter. The top of the pipe
is made opened to the atmosphere. An-
other tube, H3 is connected beneath the
main column. A ball valve, H2 is attached
between these two pipes to facilitate the
launch of a Taylor bubble. Another pipe
L is further connected to the setup in or-
der to make drainage easy during change
of di�erent �uid systems. Four di�erential
pressure stations (P0, P1, P2, P3), as seen in
�gure 2 were mounted to the pipe. They
were located at 1m apart from each other
except from P0 which was situated at 9cm
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Figure 2: Schematic representation of the bubble
transport system.

beneath the valve. A T-joint is connected
to this station for air injection. The vol-
ume of bubble is controlled by closing the
valve. Air is then injected to substitute ap-
proximately 700mL of drained liquid. The
section below the valve can be pressurized
in order to create initial conditions where a
bubble expands more than if just starting
to rise in stagnant liquid.

Di�erential pressures

∆P1 measures the pressure di�erence be-
tween the pressure stations P2 and P1,
while ∆P2 measures the pressure di�erence
between the pressure stations P3 and P2.
∆P0 measures the pressure at P0 relative
to the atmosphere. When a bubble passes
the pressure stations, the di�erential pres-
sures drops instantly. The bubble velocity
can then be determined from the time of
its passage between the di�erential pres-
sure stations. The distance between two
stations is, as mentioned set to ∆H = 1m.

From the ∆P signals the bubble veloc-
ity and length could be determined since



the distance between the ∆P locations are
known. When the signal drops quickly, the
bubble nose passes the pressure stations, as
illustrated in �gure 3. ∆t is the time di�er-
ence between t2 and t1 which are relative
to ∆P2 and ∆P1 locations.

Figure 3: Illustration of the ∆P signals when the
bubble nose passes two pressure locations.

LabView package was designed for the
recording of the ∆P's. The scan rate was
set to 250Hz. The visual test section was
located at approximately 50 cm from the
top of the tube. This was chosen to assure
that the �ow is well established.

The analysis of the experimental results
is aimed at describing the detailed features
of the �ow using both Newtonian and non-
Newtonian �uids.

Fluid rheology

Two di�erent concentrations of polyanionic
cellulose, PAC regular obtained from MI-
Swaco, were used: 200 and 400 ppm PAC
dissolved in water. A dispermix - stator
on struts and foot bearing, type Shaft MD-
LDT 1 connected to an Ystral motor from
Maschinenbau + processtechnik was used
for the preparation of the solution before
pouring to the tube. The rheological mea-
surements were taken using a Physica UDS
200 rheometer with cone plate con�gura-
tion MK 24 (75 mm, 1o). The two sam-
ples were measured at 20oC with increasing
shear rate to the maximum (1022 s−1) and
decreasing again to the minimum (1.5s−1).
This was chosen to see any hysteresis ef-
fect.

The viscosity measurements were taken
after the tests have been run. The viscosity
of the �uids used is presented in �gure 4.

Figure 4: Viscosity versus shear rate at 20oC of the
200 and 400 ppm concentrations of PAC dissolved
in water.

For each solution, the focus was on Tay-
lor bubble with a volume of approximately
700 mL air, as mentioned earlier. This
is considered to be a su�cient length and
that the liquid falling �lm �owing around
the bubbles has developed.

Image analysis

The PIV technique is described by Raben-
ja�manantsoa et al.

6 but we recall it here
for brevity. The PIV system includes a
Suwtech continuous wave (CW) diode laser
giving a beam with 532nm wavelength.
The beam is collimated into a 1mm thick
and 5cm wide, nearly parallel "light sheet",
using two cylinder lenses. The beam en-
ergy is adjustable up to 200mW using a
Photop LDC-2500S power supply. A high
speed camera (MiniVis e2, 512x512 pix-
els, 2500 fps) was computer controlled us-
ing the software program MotionBlitz from
Mikrotron, to record series of pictures. Ac-
quired images from the MiniVis camera
were imported in DynamicStudio7 version
2.10 from DantecDynamics for postpro-
cessing. The processing unit performs pic-
ture analysis to determine particle velocity
based on a two-dimensional cross correla-
tion technique. In addition, light emitting
diodes (LEDs) were also setup in some situ-



ations. In this work, the interrogation win-
dows was 32x32 pixels with 50% overlap.

MatPIV8 version 1.6.1 was also used
in postprocessing the images. The de-
tail performance of this Matlab toolbox
is explained in Rabenja�manantsoa9, but
brie�y recalled here for clarity. Pairs of
images were used for calculation of ve-
locities in the (x,y)-plane. The velocities
were obtained by a four step cross cor-
relation calculation (64x64, 32x32, 16x16,
16x16, 50% overlap). This is achieved us-
ing the 'multin' option (multiple pass anal-
ysis) which calculates the PIV vectors us-
ing 4 iterations starting from 64x64 win-
dows and �nishing with 16x16. The scale
factor which is the conversion from pix-
els to the 'real world' co-ordinates was ob-
tained from DynamicStudio.

EXPERIMENTAL RESULTS

Figure 5 shows the ∆P signals from wa-
ter �ow when the bubble passes through
the pressure stations (top) and the pres-
sure applied during the release. This was
clearly illustrated in �gure 3. The plot in
�gure 5 shows a "running time average" of
original pressure recordings at 250 Hz sam-
pling rate, together with error bands given
by one standard deviation. For the plot
is used the average of 20 recordings, cen-
tered within each time segment. As seen
in �gure 5 (top) and referring to �gure 3,
the ∆P 's are zero and the ∆P0 is mea-
sured to be 650mbar. At approximately
3.5s abrupt increases in ∆P1 and ∆P2 is
observed. At the same time ∆P0 decreases
to approximately 325mbar. This is the
time of release of the bubble. The ob-
served permanent loss is due to two fac-
tors; the release from the pressurized sec-
tion below the valve, and the gas trapped
and released as the Taylor bubble. In �g-
ure 5 (top), two datatips are displayed,
∆P1(6.764) and ∆P2(10.12). They show
the respective time and ∆P when the bub-
ble nose has traveled 1m. At these times,
the ∆P 's drop abruptly indicating that the

Figure 5: ∆P signals in water �ows showing the
passage of the bubble between two pressure sta-
tions (top) and the pressure applied to the bubble
during release (bottom).

bubble nose has passed the pressure sta-
tions. Knowing that the stations are lo-
cated at 1m apart from each other, it can
be calculated that the bubble velocity is
equal to be 0.295 m/s. In addition, apply-
ing the equation (1) the bubble velocity is
calculated to be 0.31 m/s.

The �ow �eld ahead of the Taylor bub-
ble nose were captured by applying the
PIV technique. The averaged vector �elds
as seen in �gure 6 are superimposed with
the image for a better visualization. This
was processed using the DynamicStudio
software. From �gure 6 the averaged veloc-
ity pro�les in the vertical direction shows
the Newtonian liquid �ow in front of the
bubble. The liquid is pushed upwards
and the liquid which is �owing around
the bubble forms a falling �lm. The av-
eraged velocity �elds presented here were
determined from 20 instantaneous velocity
�elds.

The same region was also processed us-
ing MatPIV. The time between two con-



Figure 6: Superposition of the average �ow �eld
and a bubble image around the nose region of the
Taylor bubble in water �ows.

secutive images captured by the high speed
camera was 0.04s. The images was inverted
in order for MatPIV to work. 100 µm of
glass beads were used as seeding particles.
Figure 7 shows a superposition of a bubble
image and an instantaneous velocity pro-
�le around the nose region using 400 ppm
PAC. It can be seen from �gure 7 that as
the Taylor bubble moves upwards, the 400
ppm PAC solution in front of the bubble is
pushed forward and away from the center.
The velocity vectors are showing the in-
tensity and the direction of the �ow. This
situation leads to the falling liquid thin
�lm between the pipe wall and the bubble.
The bubble shape in Newtonian is di�erent
from that of non-Newtonian �uids at the
bottom region of the bubble. High speed
images used for PIV showing this di�erence
is represented in �gure 8. For the PAC
�ows as seen in �gure 8 (left) the bottom
surface is more or less stable as the bubble
rises. As the viscosity was increased, the
trailing edge becomes more �at. This was
also observed by other authors1,2 in Car-
boxymethylcellulose (CMC) and Polyacry-
lamide (PAA) �ows.

A sequence of images from di�erent

Figure 7: Instantaneous velocity pro�le superim-
posed with the bubble image around the nose re-
gion in PAC 400 �ows. The image is inverted for
clarity.

Figure 8: Bottom region high speed images for 400
ppm PAC (left) and water �ows.

frames is presented in �gure 9. It is from
the recorded frame 3077 (left) to frame
3097 (right) in �gure 9, possible to ob-
serve capillary wave. These waves ap-
peared some time after the coalescence of
the bubble with the surrounding liquid.
From the high speed images the time be-
tween the frames 3077 to 3097 was 80ms
corresponding to a 3.6cm �lm length. This
will give a wave velocity of 45cm/s. A vi-
sualization box is needed to measure the
thickness as a function of �uid viscosity as
well as its dynamics.

Small bubbles are present in the wake
and tail several meters behind the Tay-
lor bubble. This is re�ected both in the



Figure 9: Sequence of frames showing capillary
waves (encircled) in 400 ppm PAC �ow. The time
between frames is 40ms.

high-speed images and in the ∆P measure-
ments. These small bubbles are formed due
to the jet and the wake instability at the
trailing edge of the Taylor bubble. Even
for a very long pipe this pattern will be an
integral part of the Taylor bubble regime,
when its rise velocity exceeds a critical
value determined by viscosity and surface
tension.

Similar �gures as illustrated in �gure 3
and plotted in �gure 5 (top) were expected
both of 200 and 400 ppm PAC �ows. How-
ever, during the experimental runs, elec-
trical noise and / or grounding problems
in the experimental hall impacted strongly
on the pressure readings making the logged
values improbable. As an example, 200
ppm PAC dissolved in water is presented in
�gure 10 using the same averaging method
as mentioned earlier. It can be seen from
�gure 10 (top) that ∆P1 is essentially zero
until at approximately 13s where the bub-
ble was released. A sudden increase is ob-
served followed by a decrease to reach a
minimum. At the same time ∆P2 starts
to decrease indicating that the bubble has
passed the ∆P2 location. The ∆P2 which
was expected to follow the same trend as in
�gure 5 (top) might have been exposed to
erroneous signals, as mentioned, and there-
fore has too small negative amplitude. The

Figure 10: ∆P as a function of time (top) and
the pressure applied to the bubble during release
(bottom) for 200 ppm PAC �ow.

time of release is also shown in �gure 10
(bottom) where the pressure decreases to
approximately 300mbar. Pressures were
recorded for approximately 80s. Although
the same trend as seen in �gure 3 and �g-
ure 5 is seen from �gure 10, it is clear that
the small bubbles in the wake of the Taylor
bubble remains for a quite a long long time
in PAC �uids. This is re�ected as a longer
relaxation time before the di�erential pres-
sures converge back to zero.

PIV analysis of the falling �lm is very
di�cult with the present setup, due to lack
of an optical correction box. The intense
light re�ection of the laser sheet in the bub-
ble as well as in the pipe was very disturb-
ing for the analysis. Although processing
the images using grey scale and histogram
processing, the appearance of these distur-
bances were still present. However, an-
alyzing the high speed images frame by
frame, it is possible to identify the posi-
tion and velocity of a seeding particle that
follow the bubble �lm as a function of time.
The result from such analysis is presented



in �gure 11. This plot was produced by

Figure 11: The position and speed (circled) of
seeding particles following the falling �lm in 400
ppm PAC �ow.

tracking the particles from approximately
70 frames. The slug bubble velocity using
high speed images was measured to be 31.5
cm/s which essentially matches the calcu-
lated velocity from the ∆P data. The seed-
ing particles are small and nearly immobile
in the PAC �uid above the Taylor bub-
ble until they are reached by the bubble
nose. It can be seen from �gure 11 that
the �lm velocity accelerates from its mini-
mum, i.e. just above the bubble, until close
to position 9.5 cm, i.e. when the bubble
has passed the �eld of view. The velocities
are calculated as the time derivative of the
particle positions. The development of the
falling �lm from nose to tail is consistent
with Sousa et al.

1,2,5 and with Bugg and
Saad10. It is in principle possible to calcu-
late the thickness of the �lm surrounding
the Taylor bubble at any position based
on the local �lm velocity. The procedure
is based on tracking selected seeding parti-
cles that follow the averaged �lm velocity -
a method still under development. A pre-
liminary analysis of some particles in 400
ppm PAC �ows indicates a ratio of ter-
minal �lm thickness to pipe radius equal
to 0.14. Published data from Bugg and
Saad10 for water indicate a value of 0.24.

CONCLUSIONS

A �ow rig for studying Taylor bubble
dynamics propagating through a vertical
tube has been constructed and used for the
tests. The focus has been to study various
section of the bubble pattern, in particular
the nose and tail regions.

The velocity of the bubble was mea-
sured both using PIV and by sets of dif-
ferential pressures.

The prediction of the rise velocity of the
bubble was in good agreement with the re-
sults from ∆P measurements. Tests indi-
cate that the main e�ect of a sudden pres-
sure release is that the Taylor bubble ex-
periences a fast initial expansion leading to
a liquid level rise in the pipe. This stage
is then followed by a stabilized �ow as in
traditional stagnant liquid situations. The
time required for stabilization depend on
the liquid column height, and is associated
with the time it takes to accelerate the liq-
uid.

200 and 400 ppm of PAC dissolved in
water have been used for demonstrating
the e�ect of non-Newtonian �uid. The
non-Newtonian �uids used for the tests are
shear thinning. Generally, high viscosity
�uids give more stable bottom region of
the Taylor bubble, i.e �at edge, than water.
This also causes less bubble production in
the wake behind the Taylor bubble. On
the other hand, the shear thinning prop-
erty forces the smaller bubbles to remain
in the wake for much longer time than for
water. An interesting question from these
two opposing trends then arises as to what
rheology causes the least - or alternatively
most bubbles - in the bubble wake. This
may have important impact on �uid frac-
tion and pressure pro�les with relevance
also to industrial applications. In this con-
nection also quickly expanding bubbles be-
have di�erently, since the wake is initially
much more irregular.
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