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Abstract

The flow in the nose region and in the annular film around individual Taylor bubbles rising through stagnant and co-current vertical
columns of liquid were studied, employing particle image velocimetry (PIV) and pulsed shadowgraphy techniques (PST) at the same time.
The combined techniques enabled simultaneous determination of the bubble shape and the velocity profiles in the liquid film. Experiments
were performed with water and aqueous glycerol solutions in a wide range of viscosities (1 × 10−3 Pa s <�< 1.5 Pa s), in an acrylic
column of 32 mm ID.

Values for the distance ahead of the nose in which the flow is disturbed by the presence of the bubble are presented for the conditions
studied. The bubble shapes in the nose region are compared with Dumitrescu’s shape for potential flow. The velocity profiles show that
after the nose region the liquid begins to accelerate downwards, and at a certain distance from the bubble nose the velocity profile and
the liquid film thickness stabilise. The liquid film acquires characteristics of a free-falling film. Values of the developing length and film
thickness are reported for the experimental conditions studied. Average velocity profiles in the fully developed film are also presented. A
critical Reynolds number of around 80 (based on the mean absolute velocity in the liquid film and on the film thickness) is reported for
the transition from laminar to turbulent regime. Shear stress profiles (in the fully developed film) are also provided.

The data reported are relevant for the validation of numerical codes in slug flow.
� 2005 Elsevier Ltd. All rights reserved.

Keywords: Fluid mechanics; Multiphase flow; Slug flow; Bubble; Films; Particle image velocimetry (PIV)

1. Introduction

Slug flow is a two-phase flow pattern observed when gas
and liquid flow simultaneously in a pipe over a determined
range of flow rates and is characterised by long bullet-shaped
bubbles, also called Taylor bubbles or gas slugs, which oc-
cupy nearly the entire cross-section of the pipe. The liquid
moves around the bubbles in a thin film and in the bulk
between successive bubbles. The liquid moving around the
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bubble expands at the rear of the bubble, inducing a liquid
wake.

This type of flow is found in many practical applica-
tions, such as: gas absorption units, nuclear reactors, oil–gas
pipelines, steam boilers, heat exchangers and air-lift reac-
tors. A great amount of research has been devoted to the
study of this flow pattern since the early 1940s (Dumitrescu,
1943; Moissis and Griffith, 1962; Nicklin et al., 1962; White
and Beardmore, 1962; Brown, 1965; Collins et al., 1978;
Fernandes et al., 1983; Campos and Guedes de Carvalho,
1988; Mao and Dukler, 1991; Pinto and Campos, 1996; Pinto
et al., 1998, 2001). A complete review of this topic is given
by Fabre and Liné (1992).

In a slugging column with gas and liquid flowing in
co-current conditions, the flow field is extremely complex.



A detailed study of the entire flow field around an individual
Taylor bubble is a fundamental step towards a reliable hy-
drodynamic understanding and simulation of this complex
two-phase flow.

In the literature, there are some doubts concerning the ve-
locity and shear stress boundary conditions at the gas–liquid
interface. Experiments performed by Mao and Dukler (1991)
using intrusive techniques, showed that a liquid film of
constant thickness is never reached. Nicklin et al. (1962)
observed a stabilised film velocity and thickness below a
certain distance from the bubble nose. Accurate velocity pro-
file measurements in the liquid surrounding the bubble are
needed to dispel these uncertainties. None of the model pre-
dictions on the velocity field around the Taylor bubble has
been experimentally validated since there is a lack of veloc-
ity data, mainly in the annular liquid film.

Polonsky et al. (1999) studied the motion of an isolated
gas slug rising in a vertical pipe filled with water for different
liquid flow rates. They used an interlaced image technique
to perform particle image velocimetry (PIV) measurements
around the bubble nose. van Hout et al. (2002) also per-
formed PIV measurements in stagnant water slug flow for
air–water systems. In both studies the authors determined
the shape of the Taylor bubble and the velocity field sepa-
rately. They had problems to accurately determine the ve-
locity fields in the liquid film and in the near- wake region
using this technique. Bugg and Saad (2002) studied the flow
around a Taylor bubble rising in a viscous solution, sketch-
ing the bubble shape by hand directly from the PIV image.
This technique is not sufficiently accurate to obtain the ve-
locity field close to the interface or the bubble shape.

In the present study, a recent non-intrusive technique com-
bining PIV and pulsed shadow techniques (PST) was applied
to characterise the flow in the nose region and in the annular
film around the Taylor bubble. Nogueira et al. (2003) de-
scribed this simultaneous technique in detail. Bubble shapes,
velocity profiles in the region ahead of the nose, as well as
velocity fields and shear stress profiles in the liquid film,
were obtained for individual bubbles rising in a 32 mm ID
vertical tube, in stagnant and co-current flow conditions. Ex-
periments were performed for a wide range of liquid viscos-
ity, (1 × 10−3 Pa s <�< 1.5 Pa s).

2. Experimental set-up and techniques

2.1. Facility

The experimental study focused on describing the flow
field ahead of and around a single Taylor bubble rising in
a vertical column with stagnant and co-current liquid. The
velocity fields were obtained by simultaneously applying
PIV and PST. The experimental set-up is sketched in Fig. 1
and is described in detail by Nogueira et al. (2003).

The experiments were performed in a transparent acrylic
column, 6-m in height and 0.032-m internal diameter. The
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Fig. 1. Experimental set-up.

test section was located near the top of the tube to avoid
entrance effects and to ensure a stabilised flow (Moissis
and Griffith, 1962). A transparent box with plane faces sur-
rounded the test section (0.5 m × 0.12 m × 0.11 m) and was
filled with the same study liquid in order to minimise the
optical distortion. This box does not completely eliminate
the optical distortion, in particular near the tube wall. Cali-
bration images of a very dense scale placed inside the tube
filled with liquid show no optical distortion at 0.5 mm from
the tube wall and an extremely low radial distortion between
the wall and 0.5 mm, which has a non-significant impact on
the accuracy of the results.

The individual Taylor bubbles were generated and injected
at the bottom of the column by manipulating valves 1 and 2
(Fig. 1). The volume of air used in these experiments ranged
from 40 × 10−6 m3 to 265 × 10−6 m3.

For the experiments in co-current flow conditions, the
liquid flow rate was controlled by means of a peristaltic
pump. In order to have a continuous flow rate in the test tube,
a damping chamber was placed between the pump outlet
and the inlet of the column.

The system was thermally insulated and the temperature
difference, measured by thermocouples 1 and 2 (Fig. 1), was
less than 0.3 ◦C. The liquid viscosity at the temperature of
each experiment was measured using a Brookfield rotating
viscometer. Care was taken to measure the viscosity of the
glycerol solutions right after each set of experiments, in
order to minimise water absorption and evaporation.

The test solutions were of water and aqueous glycerol,
covering a range of viscosities from 1 × 10−3 to 1.50 Pa s.



2.2. Measurement techniques

The Taylor bubble velocity was measured by two laser
diodes 0.25 m apart, mounted perpendicular to the tube and
aimed at two photocells on the opposite side of the column.
The signal yielded by each photocell drops abruptly when
the bubble passes between the laser diode and the photocell.
The bubble velocity was thus obtained; dividing the distance
between the photocells by the time lag between their signal
drop.

The PIV/PST technique consists of a board of light emit-
ting diodes (LEDs) placed behind the test section, pulsing in
synchronisation with a laser source, so that a CCD camera
(PCO camera with a resolution of 1280 (H)×1024 (V ) and
4096 grey levels) is able to acquire a frame containing both
the seeding PIV particles and the bubble shadow. To obtain
a close-up view of the flow in the liquid film, a 50 mm fo-
cal length lens was used. Fluorescent particles (orange vinyl
pigment, 10 �m mean size) emitting light at 590 nm were
used as seeding. The particles remained evenly dispersed in
the test liquids after a day of testing.

A double-cavity pulsed Nd:Yag laser with a wavelength
of 532 nm (pulse duration of 2.4 ns) and an adjustable pulse
separation between each laser firing was used. The laser
sheet had a thickness of about 1 mm in the test section. A red
filter, opaque below 590 nm, was used to block the intense
green laser reflections and to allow the passage of the light
emitted by the fluorescent particles and by the LEDs. For
more details see Nogueira et al. (2003).

The synchronisation between the laser, CCD camera and
LEDs was made using a single signal generator. Each frame
of the camera simultaneously recorded a LED pulse and a
laser pulse. The resulting images had three different grey
levels in descending order; corresponding to the seeding
particles, background light and bubble shadow.

2.3. Data processing

The images recorded contained both the PST (bubble
shape) and the PIV (flow field) information. The data pro-
cessing was performed separately.

The flow field in the liquid was determined by process-
ing the acquired images with the cross-correlation window
displacement—iterative—multigrid algorithm (WIDIM),
developed by Scarano and Riethmuller (1999). In this algo-
rithm, the interrogation windows are displaced (according
to the first vectors estimate) and their size is reduced it-
eratively. The use of a Gaussian interpolation function
gives an estimate of the correlation peak location with
sub-pixel accuracy. In this work, the initial image had
1280 (V ) × 1024 (H) pixels and the initial window size
was 64 × 32 pixels, according to the flow direction. Two
refinements were performed to reach the final interroga-
tion windows of 16 × 8 pixels. An overlap of 50% refined
the grid spacing to 8 × 4 pixels, which allowed a resolu-

tion of 0.342 mm × 0.171 mm (0.01D × 0.005D) in the
measurements around the bubble nose and a resolution of
0.138 mm × 0.069 mm (0.04� × 0.02�, � being the film
thickness) in the annular liquid film. The time gap between
the pulsing of the two laser cavities (pulse separation) was
adjusted according to the measured velocities and varied
from 120 to 2000 �s. The identification of spurious vectors
was made, eliminating vectors with a signal-to-noise ratio
(S/N) less than 1.5. Interpolated vectors from the adjacent
ones neighbours replaced these spurious vectors. The av-
erage signal-to-noise (S/N) in a processed PIV image was
around 10. Some erroneous vectors appeared inside the
bubble, due to virtual particle images formed by refraction
and reflection of the light emitted by the particles at the
gas–liquid interface. The elimination of these vectors was
possible since the simultaneous PIV and PST allows the
determination of the exact position of the interface. The
image processing to obtain the shadow of the bubble (and
therefore the bubble shape) was performed in several steps,
described in detail by Nogueira et al. (2003).

Tests made with known particle displacements showed a
maximum uncertainty of 0.8 pixels in the liquid velocity
around the bubble nose. This corresponds to a maximum
relative error of 4% in the velocity around and ahead of the
nose of the Taylor bubbles, for all the solutions studied and
PIV times chosen.

3. Results and discussion

The flow fields ahead of the nose and in the annular re-
gion of individual Taylor bubbles rising through stagnant
(S) and co-current (C) flowing liquids were determined. The
viscosity of the liquids used varied in the range of 1 × 10−3

to 1.50 Pa s. The experimental conditions are summarised in
Table 1. The bubble Reynolds number, ReU∞ , is based on
the bubble velocity U∞ in stagnant conditions, and the film
Reynolds number ReU� is defined as U��/�, U� being the
absolute mean velocity of the liquid in the stabilised (liquid)
film of thickness �.

The measured values of Taylor bubble velocity in stagnant
conditions, UB , are in very good agreement with those pro-
posed by White and Beardmore (1962). For the experiments
in co-current flow, the experimental values of UB were com-
pared with the predictions from Nicklin’s equation (Nicklin
et al., 1962):

UB = cUL + �
√

gD = cUL + U∞, (1)

where UL is the mean velocity of upward liquid flow in
the tube and � is a parameter depending on the viscous,
interfacial and inertial forces (White and Beardmore, 1962).
Coefficient c takes values of around 1.2 when the liquid flow
is turbulent and around 2.0 when it is laminar.

After measuring the rising velocity of the bubble, UB , and
the main liquid velocity, UL, values of c were determined



Table 1
Experimental conditions (S—Stagnant; C—Co-current)

� (Pa s) � (kg/m3) T (◦C) UB (m/s) �exp × 103 (m) ReU∞ UL/U∞ ReU� S/C

1.500 1262.0 19.7 0.120 5.14 3 0 0.5 S
0.205 1232.4 19.7 0.303 3.87 — 0.29 6 C
0.200 1232.8 20.4 0.188 3.84 37 0 6 S
0.190 1232.8 20.8 0.190 3.78 37 0 6 S
0.111 1222.2 20.2 0.197 3.29 69 0 12 S
0.109 1221.8 20.4 0.197 3.27 70 0 12 S
0.046 1201.9 19.8 0.226 2.48 — 0.07 33 C
0.045 1201.3 20.9 0.394 2.71 — 0.46 42 C
0.043 1199.9 21.3 0.197 2.40 177 0 34 S
0.043 1200.3 21.3 0.282 2.69 — 0.21 37 C
0.043 1200.3 21.3 0.364 2.67 — 0.37 43 C
0.028 1188.4 20.3 0.197 2.15 263 0 53 S
0.025 1183.4 19.2 0.197 2.19 296 0 59 S
0.025 1183.4 19.2 0.358 2.33 — 0.41 73 C
0.016 1169.0 19.2 0.251 — — 0.14 — C
0.016 1170.0 19.0 0.318 — — 0.31 — C
0.015 1168.0 20.2 0.209 1.87 — 0.03 105 C
0.014 1169.9 21.8 0.197 1.84 511 0 106 S
0.014 1170.0 21.9 0.272 — — 0.20 — C
0.014 1169.7 21.8 0.358 2.39 — 0.40 130 C
0.014 1170.0 21.8 0.378 2.58 — 0.51 116 C
0.005 1120.7 22.0 0.197 1.54 1315 0 282 S
0.004 1099.1 23.1 0.197 1.51 1881 0 405 S
0.003 1086.3 22.2 0.197 1.49 2504 0 540 S
0.002 1070.2 19.9 0.268 1.89 — 0.18 661 C
0.002 1071.4 18.4 0.197 1.62 2826 0 603 S
0.001 1000.0 22.3 0.197 1.17 6293 0 1403 S

from Eq. (1) as

c = UB − �
√

gD

UL

. (2)

The obtained values are very close to the value of 2.0, which
is predictable for laminar regime in the liquid.

The liquid velocity just ahead of the bubble nose (a stag-
nation region in a reference frame attached to the bubble)
should be identical to the bubble velocity. For all the con-
ditions studied, the liquid velocities measured just ahead of
the nose are around 3% above UB , which is a value lower
than the experimental velocity uncertainty.

Fig. 2 shows the liquid flow field ahead of a Taylor bub-
ble rising in a stagnant glycerol solution (� = 0.19 Pa s) in
a fixed frame of reference (a), and in a reference attached
to the bubble (b). The vectors correspond to only one out
of seven vectors to help visualisation of the flow. The axial
coordinate z is taken relative to the nose of the bubble, and
it is positive downwards. The shape of the bubble, which is
simultaneously determined, is also represented. As depicted
in the figures, the gas slug displaces the liquid ahead of it,
and the vectors near the interface and slightly below the nose
show a strong radial component. As the liquid film thickness
decreases the axial liquid velocity increases, thereby insur-
ing a constant volumetric flow rate. The maximum liquid
velocity in the axial direction in a given cross-section ap-
proaches the gas–liquid interface, and the liquid film thick-

ness, �, tends to become constant. The equilibrium between
the weight of each infinitesimal fluid element and the vis-
cous forces acting on its boundaries is then reached, and the
flow in the liquid film becomes fully developed.

3.1. Flow in the nose region of the Taylor bubble

Fig. 3 shows instantaneous liquid velocity profiles ahead
of a Taylor bubble rising through a stagnant aqueous glycerol
solution (� = 0.20 Pa s). The presence of the bubble is ‘felt’
for some distance ahead of the nose. Values for the distance
until where the flow is disturbed by the presence of the
bubble were determined in a dimensionless form, Z′/D, for
all the conditions studied, using the following method:

• For seven radial positions and different axial distances
ahead of the bubble nose, the axial velocity component
was extracted from the velocity profile.

• For each radial position, the square of the deviation be-
tween the local value of the axial velocity and the value
for the same radial position far ahead (3D) of the bubble
was determined. The variable R, equal to the square root
of the mean squared deviation (sum of the seven squared
deviations divided by seven), was then computed and rep-
resented as a function of the axial dimensionless distance
from the bubble nose, as shown in Figs. 4(a) and (b) for
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stagnant and co-current flowing conditions, respectively.
The axial distance from the nose at which R reaches a
constant value (very close to zero) is the required value
of Z′/D.

• For each experiment, in both stagnant and co-current flow
conditions, the velocity profile unaffected by the bubble
was obtained from the PIV images at a distance of around
3D ahead of the bubble nose.
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Fig. 3. Axial velocity profiles in a fixed frame of reference for different
distances ahead of the bubble nose for a Taylor bubble rising in a stagnant
solution with � = 0.200 Pa s.

Fig. 5 shows the values of Z′/D for the different condi-
tions studied as a function of the bubble Reynolds number,
ReU∞ . For stagnant conditions (dark symbols), the absolute
values of Z′/D slightly increase for decreasing liquid vis-
cosities, suggesting that the presence of the bubble is felt
slightly further away, as the inertial forces are higher relative
to the viscous ones. The absolute values of Z′/D also in-
crease for increasing mean liquid velocities (open symbols).
In a reference frame attached to the bubble, the higher the
values of UL are, the higher are the values of the downward
liquid flow rates. These increasing liquid flow rates justify
the higher Z′/D values observed. The value of Z′ = 0.35D

obtained for pure glycerol compares well with the value of
Z′ =0.3D obtained by Bugg and Saad (2002) in their exper-
iments with kerosene. Polonsky et al. (1999) and van Hout
et al. (2002) report values of 0.66D and 0.55D for bubbles
rising in stagnant water. As far as the authors are aware, there
are no values reported for Z′/D in co-current conditions in
the literature.

Dumitrescu (1943) was the first to study an individual
bubble rising in a stagnant liquid. He derived, from poten-
tial flow, a Taylor bubble shape that agrees very well with
experimental data (Mao and Dukler, 1991) for air–water
systems.

Dumitrescu’s shape profile was divided into two regions,
the nose region and the film region:

( z

D

)
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Fig. 4. Representation of variable R along the axial distance from the
bubble nose, for experiments in stagnant flow conditions (a) �=0.200 Pa s
and (b) � = 0.109 Pa s.

The obtained shapes for the nose region are presented in
Figs. 6(a)–(d). In Fig. 6(a) the bubble shapes are plotted
for stagnant conditions and different liquid viscosities (1 ×
10−3 Pa s <�< 1.5 Pa s). The curvature of the nose (in the
vertical plane containing the column axis) is lower for higher
viscosities, evidence of the increasing influence of the vis-
cous forces. Figs. 6(b) and (c) show the shapes of Taylor
bubbles rising through aqueous glycerol solutions with vis-
cosities of 0.015 and 0.043 Pa s, respectively, corresponding
to inertial controlled regime (according to White and Beard-
more, 1962). For both solutions, the curvature radius is lower
for the higher bubble velocities in order to accommodate
the higher liquid flow rates coming downwards (reference
frame attached to the bubble).
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The experimental shapes for stagnant flow conditions are
compared in Fig. 6(d) with Dumitrescu’s profile for potential
flow, according to Eqs. (3a) and (3b). The Taylor bubble
shapes approximate this theoretical profile as the viscosity
decreases, and is in excellent agreement for water.

3.2. Flow in the developing and stabilised film

Fig. 7 shows an instantaneous liquid velocity profile in
the developing film region around a Taylor bubble rising in
a stagnant aqueous glycerol solution (� = 0.19 Pa s) in a
fixed frame of reference. When the velocity profile becomes
fully developed the film thickness (�) becomes constant.
The distance from the bubble nose at which the liquid film
reaches a constant thickness, Z∗, as well as the thickness �
of the stabilised film are important parameters to determine.
The flow pattern in the wake of the Taylor bubble is expected
to be independent of the bubble length for lengths greater
than Z∗, and strongly dependent on � (the film thickness).

In Figs. 8(a) and (b) instantaneous axial (uz) and radial
(ur) components of the liquid velocity along the annular
film are represented for a radial position of r/D = 0.44
for (a) stagnant conditions, and of r/D = 0.42 for (b) co-
current conditions (both radial positions are approximately
at the middle of the stabilised films). As before, the origin
of the axial coordinate z is taken at the bubble nose. In the
figures the average values of uz, uzav , calculated with all
the data between each axial position and around 4D to 6D

downwards, are also plotted. These data were obtained from
several consecutive PIV images ‘stitched’ together in order
to have the entire film.

The axial velocity component increases along the film un-
til it becomes fully developed, i.e., until it reaches a con-
stant thickness. From the axial velocity component, values
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for the length of the developing film (Z∗) were estimated:
about 2.2D for stagnant liquid and about 3.6D for co-current
flowing liquid (for the experiments represented in the fig-
ure). The radial component of the film velocity reaches a
value around zero (fully developed film) for the same val-
ues of Z∗. Similar developing lengths were found analysing
the values of uzav , since they reach a constant value for the
same values of Z∗.

A theoretical estimate of the length Z∗ for which the
boundary layer from the wall reaches the free streamline
along the bubble interface, as reported by Campos and
Guedes de Carvalho (1988), can be given by

Z∗

D
≈ [(g�2/2�) + UB ]2

2gD
, (4)

where g is the acceleration due to gravity and � is the kine-
matic viscosity. This equation was deduced supposing uni-
directional flow in a liquid layer with a free surface in a two-
dimensional vertical wall, and applying Bernoulli’s equation
along the free surface streamline.

In Fig. 9, the ratio between experimental values of Z∗/D
and the predictions of Eq. (4) is represented against the
film Reynolds number, based on the absolute mean velocity
in the liquid film (U�) and on the film thickness (�) for
the conditions studied. As depicted in the figure, Eq. (4)
under-predicts the film developing length for low values of
ReU� . This is due to the hypothesis of potential flow in the
deduction of Eq. (4). For intermediate values of ReU� the
theory seems to well predict the developing length. Above
values of ReU� around 80, the experimental values are lower
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than the predictions, which might indicate the transition from
laminar to turbulent regime in the film flow.

Brown (1965) theoretically deduced an expression for
the velocity profile in a stabilised free-falling laminar film
around a Taylor bubble rising trough a co-current flowing
liquid (mean liquid velocity UL):

uz = g

�

[
R2 − r2

4
− (R − �)2

2
ln

R

r

]
, (5)

where the film thickness (�) is given by

� =
[

3�
2g(R − �)

((R − �)2UB − R2UL)

]1/3

. (6)

This equation was obtained by applying a material balance,
in a reference moving with the bubble, between a plane far
ahead of the bubble nose and a plane located at the fully
developed film, giving

Qv = (UB − UL)�R2 =
∫ R

R−�
(uz + UB)2�r dr , (7)

where Qv is the volumetric liquid flow rate in a reference
moving with the bubble.

In the absence of friction at the free gas–liquid interface,
the wall shear stress (�w) supports the total body force on
the film, so that

�w = �(2R − �)

2R
�g, (8)

for cylindrical geometry.
Assuming a plane wall geometry (�/D � 1), Eq. (6) can

be simplified, yielding

� =
[

3�R
2g

(UB − UL)

]1/3

. (9)

For this case, the mean absolute liquid velocity in the film
(U�) is given by

U� = g�2

3�
. (10)

The film Reynolds number (ReU�) is defined as

ReU� = Qv

��D
(11)

after combining Eqs. (7) and (9).
Figs. 10(a) and (b) show the average developed veloc-

ity profiles in the annular film for the stagnant conditions
(UL = 0) and co-current conditions studied, respectively.
The experimental profiles represent the average of 60 in-
stantaneous profiles along the stabilised film. The lines rep-
resent, for each experiment, the theoretical laminar pro-
file given by Eq. (5) with the film thickness predicted by
Eq. (6). For each value of ReU� , the average experimental
profile is plotted within the film thickness determined from
the bubble shadow. The values of Qv , needed to compute
ReU� , were calculated by integration of the experimental
velocity data, and are in close agreement with those pre-
dicted from Eqs. (5)–(7). The experimental profiles compare
well (mean deviations under 5%) with the predictions from
Brown’s equation for low values of ReU� . The deviations
are particularly significant (more than 50%) for the high-
est value of the film Reynolds number. A similar conclusion
arises from the comparison between the experimental val-
ues of the film thickness and the predictions from Eq. (6).
For low values of ReU� , Eq. (6) predicts the film thickness
very well (deviations below 3%), while for values of ReU�

greater than around 80, the deviations become greater than
30%, suggesting the onset of flow transition in the film. The
plot of Fig. 11 gives evidence of this feature. The transition
from laminar to turbulent regime might start at values of
ReU� around 80, since from there on the ratio between the
experimental values of � and the predictions from Eq. (6)
becomes significantly different from 1.0.

Fulford (1964) reports the results of different investiga-
tors, concerning the critical film Reynolds number at which
the turbulence in a falling film starts. Several of these stud-
ies have quoted upper and lower critical values enclosing
the transition region. In spite of a reasonable scattering of
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the reported values, the bulk of evidence seemed to support
a lower value of the critical Reynolds number in the region
of 250–400 (a few studies reported values around 100–140),
and a less well-defined upper value of about 800.

Because of the great complexity of turbulent flow in thin
films, information on this is scarce in the literature. Von
Kármán (1939) suggested the existence of a universal ve-
locity profile for single-phase turbulent flow in a smooth
pipe in terms of two parameters (neglecting free surface

oscillations):

u+ = uz

u∗ , (12)

y+ = u∗y
�

, (13)

where y is the distance from the wall and the friction veloc-
ity, u∗, is defined as

u∗ =
(

�w

�

)1/2

. (14)

In his data, Nikuradse (1933) verified this universal profile
and demonstrated the existence of a buffer region between
the laminar sub-layer and the main turbulent stream. The
equations and limits of application suggested by Nikuradse
and presented by Duckler and Bergelin (1952) are

u+ = y+ for 0�y+ �5 (laminar sub-layer), (15)

u+ = −3.05 + 5.0 ln y+

for 5 < y+ �30 (buffer layer), (16)

u+ = 5.5 + 2.5 ln y+

for 30 < y+ �b+ (turbulent zone), (17)
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where b+ is defined by

b+ = u∗�
�

. (18)
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In Fig. 12, the axial velocity profile in the stabilised film
(for Reu� = 106 and stagnant conditions) extracted from
Fig. 10(a) is compared with the theoretical predictions (open
symbols) from Eqs. (12) to (17) for turbulent film flow. The
values of the predicted axial velocity in the film are calcu-
lated using the wall shear stress, �w, given by Eq. (8). The
film thickness in Eqs. (8) and (18) was obtained by an iter-
ative procedure integrating the theoretical velocity profile,
until the experimental volumetric liquid flow rate Qv (in a
reference moving with the bubble) was obtained (Eq. (7)).

The results compare reasonably well with the predictions,
especially just near the wall in the laminar sub-layer. The
deviations, always lower than 20%, are more significant in
the buffer zone near the gas–liquid interface where some
shear stress may occur. For this experimental condition the
predicted value for the dimensionless film thickness, b+ =
15.7, suggests the inexistence of the main turbulent layer
occurring for b+ > 30.

The determination of the shear stresses along the annular
film can also be performed from the velocity data obtained.
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This information is important, since data is scarce in the
literature.

In Fig. 13, the shear stress profile is plotted for the stag-
nant liquid conditions. The experimental values of the shear
stress along the film were obtained from the averaged fully
developed velocity profiles presented in Fig. 10(a).

The results show a decrease in the shear stresses for de-
creasing liquid viscosities (higher values of ReU� ). For the
laminar regime, the linearity of the shear stress profiles was
expected, because the liquid velocity profile (Eq. (5)) is a
second-order velocity profile since the parcel with the log-
arithm is negligible. The obtained values of the interface
shear stresses are low, confirming the generally accepted as-
sumption of null interfacial shear stress.

Figs. 14(a) and (b) show the shear stress profile in the
film around Taylor bubbles rising through aqueous glycerol
solution with viscosities 0.043 and 0.015 Pa s, respectively,
obtained in stagnant (UL/U∞ =0) and co-current flow con-
ditions (UL/U∞ 	= 0). For the most viscous solution the
shear stress profiles are almost coincident, meaning that the
influence of the liquid flow rate is not significant. For the less
viscous solution, however, the increase of the stabilised film
thickness for increasing liquid flow rates leads to a lower
mean velocity in the film and a lower velocity gradient at
the wall. Once again, the values of the shear stress at the
gas–liquid interface are very low.

Finally, in Fig. 15, the values of the wall shear stress
are represented versus ReU� for all the conditions studied.
A general tendency for decreasing wall shear stress with
increasing ReU� is evident from the plot of the figure. The
experimental values are in accordance (deviations under 5%)
with the wall shear stresses predicted from Eq. (8), with the
exception of the value around 3 Pa obtained for the more
dilute solution (� = 0.002 Pa s). However, this value agrees
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Fig. 14. (a) Shear stress profile in the developed liquid film around Taylor
bubbles rising in aqueous glycerol solutions (� = 0.043 Pa s) obtained in
stagnant (UL/U∞ = 0) and co-current (UL/U∞ 	= 0) conditions; (b)
shear stress profile in the developed liquid film around Taylor bubbles
rising in aqueous glycerol solutions (� = 0.015 Pa s) obtained in stagnant
(UL/U∞ = 0) and co-current (UL/U∞ 	= 0) conditions.

reasonably well with reported values by Nakoryakov et al.
(1986) and Mao and Dukler (1991) for similar conditions.
The values of shear stress in the film presented are important
for the simulation of processes such as depolarisation by
slug flow in tubular separation membranes (Taha and Cui,
2002).

4. Conclusions

The flow in the nose region and in the annular film around
individual Taylor bubbles rising through stagnant and co-
current vertical columns of liquid was studied employing a
non-intrusive technique, particle image velocimetry (PIV)
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and pulsed shadowgraphy techniques (PST) simultaneously.
This combined technique allows the simultaneous determi-
nation of the bubble interface shape from the PST, as well
as the velocity profiles in the liquid film and nose region
from the PIV.

Values for the distance ahead of the nose for which the liq-
uid is disturbed by the presence of the bubble are presented
for the conditions studied, showing that this distance is low,
for both stagnant and co-current flow conditions. The longer
distances are for low liquid viscosities and high liquid flow
rates.

Bubble shapes in the nose region are presented and com-
pared to Dumitrescu’s theoretical predictions supposing po-
tential flow. The shape profiles approximate the theory as the
liquid viscosity decreases, and are in excellent agreement
with experiments in water.

The velocity profiles near the nose region indicate accel-
erating flow in the initial stages of the falling film formation.
Further downwards the velocity profiles are those of a devel-
oped falling film, and the thickness of the film is constant.
This result is in contrast with the findings several authors
obtained with intrusive techniques (Mao and Dukler, 1991).

Values for the dimensionless developing film length are re-
ported and compared with theoretical predictions supposing
potential flow in the nose region. For values of the Reynolds
number based on the mean absolute velocity in the liquid
film, ReU� , greater than around 80, the experimental values
for the developing length become lower than the predictions,
suggesting that transition from laminar to turbulent regime
occurs. Accordingly, the experimental velocity profiles are
characteristic of developed laminar falling film until values
of ReU� around 80. The determined experimental values for
the film thickness are also well predicted by laminar falling

film theory in the same range of ReU� . A value for the crit-
ical Reynolds number, ReU� , around 80 is suggested from
the present study, where a non-intrusive and accurate exper-
imental technique was used.

An attempt was made to compare the experimental ve-
locity profiles in the fully developed film for a value of
ReU� > 80 with the universal velocity profile for single-
phase turbulent flow proposed by Von Kármán and adapted
to turbulent film flow by Duckler and Bergelin (1952). The
experimental results compare reasonably well with the pre-
dictions, especially at the wall in the laminar sub-layer,
showing significant deviations in the buffer zone near the
interface.

Finally, the shear stress profile in the fully developed film
was obtained for the conditions studied. The results show
a decrease of the shear stresses for decreasing liquid vis-
cosities. The influence of the liquid flow rate on the shear
stresses is more significant for low viscosities. The lower
values of the wall shear stresses were obtained for the higher
liquid flow rates. For all the conditions, the values of the
gas–liquid interfacial shear stress were low.

As shown in the present work, the nose shape, film thick-
ness and wall shear stress are strongly influenced by viscos-
ity, therefore this property is expected to play an important
role in slug flow processes involving heat and mass transfer.

The data reported are relevant for the validation of nu-
merical codes in slug flow.

Notation

b+ dimensionless film thickness (Eq. (15)), m
c velocity coefficient (Eq. (1))
C co-current conditions (Table 1)
D internal column diameter, m
g acceleration due to gravity, m s−2

H number of pixels in the horizontal direction
Qv volumetric flow rate in a reference moving with

the bubble, m3 s−1

r radial position, m
R internal column radius (Eqs. (5) and (6)), m or

mean velocity deviation, m s−1

S stagnant conditions (Table 1)
u+ normalised velocity (Eq. (12))
u∗ friction velocity (Eq. (14)), m s−1

ur radial component of the velocity, m s−1

uz axial component of the velocity, m s−1

uzav average value of uz below an axial position,
m s−1

UB Taylor bubble velocity, m s−1

UL mean superficial liquid velocity, m s−1

U∞ velocity of an individual bubblerising in a stag-
nant liquid, m s−1

U� liquid average velocity in the film relative to the
tube wall, m s−1



V number of pixels in the vertical direction
y distance from the wall, m
y+ dimensionless distance from the wall, y+ =

u∗y/�
z distance from the Taylor bubble nose, m
Z′ distance from the Taylor bubble nose for

which the annular the flow is disturbed by the
presence of the bubble, m

Z∗ distance from the Taylor bubble nose for
which the annular liquid film stabilises or film
developing length, m

Dimensionless groups

ReU� Reynolds number based on the mean absolute
velocity in the liquid film (=u��/�)

ReU∞ Reynolds number based on the velocity of an
individual bubble rising in a stagnant liquid
(=U∞D/�)

UL

U∞ velocity ratio
Z′
D

dimensionless distance from the nose where
the flow is disturbed by the presence of the
bubble

Z∗
D

dimensionless film developing length(
Z∗
D

)
exp

experimental values of the dimensionless film
developing length(

Z∗
D

)
Eq. (4)

theoretical predictions of the dimensionless
film developing length from Eq.(4)

Greek letters

� parameter (Eq. (1)), m
� liquid film thickness, m
�exp experimental values of the liquid film thick-

ness, m
�Eq. (6) theoretical predictions of the liquid film

thickness from Eq. (6), m
� liquid dynamic viscosity, Pa s
� liquid kinematic viscosity, m2 s−1

� liquid density, kg m−3

� shear stress, Pa
�w wall shear stress, Pa
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