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Flow distribution during gas—liquid-liquid upflow through a vertical pipe is investigated. The optical probe technique
has been adopted for an objective identification of flow patterns. The probability density function (PDF) analysis of the
probe signals has been used to identify the range of existence of the different patterns. Dispersed and slug flow have
been identified from the nature of the PDF, which is bimodal for slug flow and unimodal for dispersed flow. The water
continuous, oil continuous, and emulsion type flow distributions are distinguished on the basis of the PDF moments. The
method is particularly useful at high flow rates where visualization techniques fail. Based on this, a flow pattern detec-
tion algorithm has been presented. Two different representations of flow pattern maps have been suggested for gas—liq-

uid-liquid three phase flow. © 2014 American Institute of Chemical Engineers AIChE J, 60: 3362-3375, 2014
Keywords: gas—liquid-liquid flow, flow pattern, optical probe, PDF analysis, ternary flow pattern map

Introduction

Gas-liquid-liquid three-phase flow is commonly encoun-
tered in oil and gas industry. Gas pipelines often contain
water and hydrocarbon condensate and oil pipelines contain
water and vapor. There is significant increase in water pro-
duction during the later stages of a well and water is emitted
along with oil and natural gas. Moreover, it is common prac-
tice to pump water or steam during secondary and tertiary
recovery stages in oil fields. The methods used namely water
flooding and gas lift result in simultaneous flow of water,
oil, and natural gas, that is, a three-phase mixture. For an
efficient design of transport pipelines, it is necessary to
know the flow distribution under different flow conditions.
Further, the wetting characteristic of oil and water in pres-
ence of gas is important to ensure a long life of the pipeline
since the relative motion between pipe material and fluid
affects the protective layer at the wall and causes erosion of
pipeline and associated equipment. Apart from oil and gas
recovery, simultaneous gas—liquid—liquid flow occurs during
the flow of two immiscible liquids with one of them evapo-
rating/condensing or when two immiscible liquids react to
release a gaseous component and all three flows simultane-
ously through the reactor.

For any multiphase flow system, knowledge of the exist-
ing flow pattern is necessary to estimate the hydrodynamics
and heat and mass transfer characteristics of the mixture.
Several techniques based on radiation attenuation, electrical
impedance, photographic analysis, and so forth have been
adopted to identify the flow distributions under different
flow conditions. These objective methods have primarily
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been used for two-phase (gas-liquid and liquid-liquid) sys-
tems. For three-phase gas—liquid-liquid flow, the majority of
the studies (Table 1) have used visual and photographic
observations to identify flow patterns. The only exceptions
are Wang et al.* who have adopted the conductivity probe
technique and Piela et al.'"” who have investigated three-
phase dispersed flow in a horizontal pipe from signals
obtained from a single tip optical fiber probe.

The conventional approach to model three-phase flow has
been either to approximate the flow as a two-phase oil-gas
system neglecting the water phase or combining oil and
water into a single phase and considering the system as a
two-phase mixture comprising gas and pseudosingle phase
liquid (Tek'?, Oddie et al.'?). Both the approaches are lim-
ited to certain flow conditions and cannot be extended over
the entire range of operation. Table 1 also shows that the
majority of the studies have been confined to horizontal
pipes. Not much is known about gas—liquid-liquid three-
phase flows through vertical conduits. One of the earliest
work dates back to Woods et al." who experimented on ver-
tical cocurrent oil/water/air upflow in a 0.026 m inner diame-
ter (ID) pipe. They identified nine flow regimes by visual/
video observations and pressure measurement techniques and
studied the influence of input liquid and gas flow rates as
well as flow pattern on holdup. They proposed relations to
determine the transition between oil and water dominated
regimes. Descamps et al.>® studied the influence of gas
injection on phase inversion of oil-water vertical flow. They
observed that gas injection does not significantly change the
critical concentration of oil and water because the dispersed
(oil-water) phase has a strong influence on bubble size.
Wang et al.* identified oil-water—gas three-phase flow pat-
terns in a vertical pipe on the basis of two kinds of signal
measured from mini conductance probe array and vertical
multielectrode array. They have constructed six flow pattern
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maps under four total mixture liquid flow rates and reported
that an increase in the ratio of oil fraction in liquid (fp)
results in oil-in-water type slug flow at lower superficial gas
velocity and the phase inversion of liquids moves to lower
(fo) for high superficial velocity of gas.

With the above considerations, the present study reports
extensive experiments to understand the interfacial configura-
tion during gas—liquid-liquid upflow through a vertical pipe.
The optical probe technique (Jana et al.'®), which has been
reported to be successful for liquid-liquid and gas-liquid
cases has been adopted for an objective identification of flow
patterns during three-phase upflow. The nature of the probe
signals and the probability density function (PDF) analysis
of the random signals have been exploited to understand the
flow distribution. The device is particularly useful at high
phase velocities where visualization fails. The information
leads to an online pattern detection algorithm. Further
attempts have been made to propose suitable representations
of flow pattern map for three-phase systems.

Experiments
General information

A schematic of the experimental setup is shown in Figure
1. It comprises of fluid handling devices (compressor, pump,
flow meters, and storage tanks), test section, and separator.
The setup is a vertical transparent Perspex tube of 0.0254-m
diameter and 5.5-m length. Perspex (polymethyl methacry-
late) has been selected as the tube material to enable visual-
ization and photographic studies of the flow phenomenon
and also to facilitate optical measurements. The test liquids
are water (p = 1000 kg/m3, 1£=0.001 Pa s, 6 =0.072 N/m
at 27°C), kerosene (p =787 kg/m3, 1w=0.0012 Pa s,
6=0.027 N/m at 27°C), and air (p=1.167 kg/m’,
1 =0.0000198 Pa s at 27°C) and the respective range of
superficial velocities in the present experiments are 0.03—
0.99, 0.03-0.66, and 0.03-2 m/s. Green-dyed kerosene has
been used for better visualization of the flow distribution and
to ensure a wide difference in optical properties from air and
water. The three phases enter the test rig through a specially
designed nozzle. All the measurements are made after an
entry length of 2.5 m (L/D =98) to ensure fully developed
flow. The liquids after the test section enter the separator
where the liquids are gravity separated and recycled to their
respective storage tanks while air escapes to the atmosphere.

The experiments are initially conducted at a low velocity
of water. Keeping the water velocity constant, either the ker-
osene or the air velocity is increased from a low to a high
value. The signals are recorded at each combination of phase
velocity for a period of 40-60 s while the interfacial configu-
rations are observed visually and photographed. After the
signals are recorded for the entire range of both oil and air
velocity, the water flow rate is increased to a higher value.
This is repeated for 20 different water velocities. For each
water velocity, kerosene flow is set at 20 different values.
For constant water and kerosene flow rates, the air flow is
varied and flow patterns are recorded.

Visualization studies

The flow patterns have been observed visually and photo-
graphed by a digital camera (DSCH9, SONY). A movable
rectangular glass view box is attached to the visualization
section of the test rig to eliminate the effects of refraction
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and reflection by the circular pipe cross section. The studies
reveal that the flow configurations can grossly be categorized
as water continuous and oil continuous patterns. However,
only visual studies do not provide complete details regarding
the distribution of the dispersed phases in the continuous
medium. The technique is observed to be particularly limit-
ing under high mixture velocities and in the oil continuous
regime. Even at low flow rates, it is difficult to demarcate
the transitions between successive patterns from visualization
alone.

Optical probe technique

Further attempts have been made to devise a suitable tech-
nique for identifying flow patterns over a wide range of flow
velocities. The technique should be based on a physical
property, which is distinctly different for the three phases. A
nonintrusive, low-cost device capable of instantaneous
response with a good spatial resolution is preferable. The
optical probe technique proposed by Jana et al.' is adopted.
It has been shown to be useful for flow pattern identification
in liquid-liquid and gas-liquid systems. Hamad et al.'®
Chakrabarti et al.,'” Jana et al.,'®'” Mandal et al.,>>?! and
the present study extends the applicability of the probe for
three-phase gas—liquid-liquid cases.

The probe is composed of a point semiconductor laser
source (~2 mW, ~660 nm, wavelength and 2 mm beam
diameter) and a photodiode detector (SD 3410, manufactured
by Honeywell), which generates a DC voltage when light is
incident on it. The source and detector are at the same level
on two limbs of a U-shaped perspex block (tuning fork type
arrangement) that fits into the fluid carrying conduit and can
be fixed on the pipe by a screw arrangement.

The output from the detector depends on the intensity of
light incident on the photodiode. In case of single-phase flow
of air, water, and kerosene, these were noted to be 8.1, 7.9,
and 2.2 V, respectively. The variation between air and water
is small as both fluids are colorless and transparent showing
only a small difference in attenuation while colored kerosene
with much higher attenuation shows a lower voltage. During
multiphase flow, the output voltage, which is a function of
the intensity of light incident on the photodiode, is affected
by the attenuation by the medium. The scattering at the
interface also influences the output signal. The interfacial
configuration (liquid droplets, gas bubbles, and wavy interfa-
ces) decides the flow patterns.

It may be noted that the effect of refraction, including
total internal reflection at the interface of the bubbles/drop-
lets will attenuate the intensity of the laser beam unless the
interface surface is perpendicular to the path of the laser
beam. This attenuation due to the randomness of the inter-
face orientation is unavoidable and inherent to the system
and flow pattern. In fact, this is a common limitation for any
radiation attenuation technique. This effect has been mini-
mized (a) using a point semiconductor laser source, which
emits a beam of 2-mm diameter and (b) placing the source
and detector in a tuning fork type arrangement to ensure that
they are located diametrically opposite to each other (Figure
1). Further, we recall that the probe is used for qualitative
estimation of flow pattern and no quantitative inference is
drawn from the output signals. As a result, light refraction at
the interface does not affect the results significantly.

The main advantage of the device is the nonintrusive
nature of the probe. This has nullified the problems

DOI 10.1002/aic 3365
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

associated with obstruction to the flow passage or wetting of
the probe by the oil phase. Moreover, the device has oper-
ated both under water continuous and oil continuous flow
patterns during liquid-liquid flow experiments, and therefore,
is expected to elucidate flow pattern information over a wide
range of flow conditions during three-phase flow. It is reli-
able and inexpensive. The coherent character of the laser
light enables a better penetration through the fluids and a
high sensitivity of the photodiode makes the response of the
system extremely fast. Therefore, the device provides an
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instantaneous response as well as a good spatial resolution.
It is small in size, easy to handle and use, and the compo-
nents required are easily available. It is based only on the
difference in optical properties of the fluids.

The applicability of the device is limited by the require-
ment of (1) a transparent pipe wall or a pair of transparent
windows on it and (2) difference in transmittance between
the phases and nonopacity of the phases. For example, it
cannot be used to identify flow patterns if lubricating oil is
used instead of kerosene.

September 2014 Vol. 60, No. 9 AIChE Journal
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A survey of the past literature reveals that the most com-
monly used optical technique in two- and three-phase flows
is the optical fiber probe (Piela et al.,'” Fordham et al.**">*).
It is based on either Fresnel reflectivity or total internal
reflection of light emitted from the fiber tip and is a measure
of the refractive index contrast. In general, such probes fail
to detect phase elements, which are small or get deflected by
the probe tip. Further, the intrusive nature disturbs the flow
phenomenon inside the test section. In addition, during lig-
uid-liquid or gas-liquid-liquid flows, the wetting phase
tends to stick to the probe tip and this is the most serious
limitation of the device for multiphase systems. The present
optical probe does away with the aforementioned limitations
due to its nonintrusive nature. It can also identify small fluid
elements due to scattering of light at the interface. The past
researchers working with fiber optic probe have reported
(Fordham et al.**) that for three-phase flows, a single sensor
often fails to discern the three-phase distribution and a com-
bination of dual sensors is necessary to distinguish gas-lig-
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uid and “oil-not oil” components of the mixture. In the
present study, we have used a single probe to identify the
flow patterns for water predominant, oil predominant, and air
predominant flow conditions. We also note that the optical
fiber sensor has been used primarily for dispersed three-
phase flows while the present probe has been observed to be
effective over a wide range of flow conditions encompassing
several flow distributions.

Typical probe signals

Figures 2a, b shows the voltage signals for two cases—the
first with predominantly water (80%) along with small flows
of air (10%) and oil (10%). The superficial velocities are
0.33, 0.033, and 0.033 m/s, respectively. In Figure 2b, the
signals are recorded with the liquid velocities interchanged
such that the flow is predominantly oil (80%, 0.33 m/s) and
the air and water flows (10%, 0.033 m/s) being lower. The
signal obtained when the predominant phase flows alone in
the pipe is also recorded and superimposed in the figures for

DOI 10.1002/aic 3367
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comparison. In each case, single-phase flow is characterized
by an almost straight line output with negligible fluctuations
due to noise while multiphase flow is characterized by an
intensely fluctuating signal. Visual observations reveal dis-
persed flow in both the cases with oil droplets and gas bub-
bles dispersed in water in Figure 2a, and water and air
propagating through oil in Figure 2b. This clearly indicates
that the fluctuations occur due to scattering at the interfaces
formed due to the formation of gas bubbles and liquid drop-
lets. The mean output is lower than the weighted average
(7.352 and 3.36 V) of the individual single-phase flows. This
suggests the role of scattering along with light absorption in
the three-phase mixture. The scattering effect in Figure 2a
lower the mean signal voltage (=5 V) below the weighted
average value (/7.352 V) by around 32%. In case of pre-
dominant oil flow (Figure 2b), the lowering of signal of the
mean output (=1.5 V) is even below that of oil flowing as a
single phase (/2.2 V). The significantly higher scattering
effect in the second case (Figure 2b) can be attributed to the
higher refractive index of kerosene as compared to water.
Due to this, the incident rays at the water droplet or air bub-
ble interface get scattered by a larger angle. A close observa-
tion of the figures further reveals that the signal in case of
predominantly water flow (Figure 2a) shows both positive
and negative spikes. These are possibly contributed by the
higher transmittivity of air and lower transmittivity of oil as
compared to water. In case of predominant flow of oil (Fig-
ure 2b), long spikes appear mostly above the average signal
value contributed by air and water as both of these have sig-
nificantly higher transmittivity than oil. It may be noted that
while in Figure 2b air bubbles and oil droplets can be distin-
guished from positive and negative spikes, such a distinction
is not possible in oil dominant flow (Figure 2b) since both
air and water having higher transmittivity than oil and con-
tributes to positive spikes. Nevertheless, a distinction
between dispersed and continuous phase is possible in both
the cases.

The output signal, thus, depends on the phase content as
well as the interfacial configuration characterizing a particu-
lar flow pattern. Although the interfacial configuration varies
in space and time, the nature of variation of the signal gives
an insight into the nature of flow across a diametral plane
without affecting it.

Based on the aforementioned observation, it is felt that the
flow regimes can be better differentiated by normalized
rather than absolute signals. Accordingly, the signals have
been represented as

V—=Vau

Viso—— )]
Vwater - Voil

V*, Viyater, Voil, and V are the normalized voltage and
mean signals for water only, oil only, and three-phase flow,
respectively.

The PDF analysis of the signals provide a better appraisal
of the flow phenomenon and the statistical moments have
been used to identify the transition between different flow
patterns. The physical significance of the moments in rela-
tion to the various flow patterns have been provided by
Vince and Lahey?®® for gas—liquid flow and used extensively
by Chakrabarti et al." and Jana et al."” for identification of
liquid-liquid flow patterns.

During initial trials with varying duration of the sampling
window, we found that a sampling duration of 30 s and
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above does not significantly alter the nature of the PDF
curves and the quantitative measure of the PDF moments
extracted from the signal sample. Therefore, the results
reported are with sampling window of 4060 s.

Results and Discussion

The results for a few representative cases have been dis-
cussed in the following section and are presented in Figures
3 and 4. In Figure 3, the PDF analysis of the probe signals
have been presented along with schematic of visual observa-
tions at low phase velocities. The inferences are used to
derive the flow configurations under conditions where visual-
ization fails. The results for such cases have been depicted
in a similar fashion in Figure 4. The individual rows denot-
ing the flow situation for a particular combination of phase
velocities have been numbered as Figures 3.1, 3.2, and so
forth while the three columns for schematic, normalized sig-
nal, and PDF have been numbered as a, b, and c. The mean,
standard deviation, peak position, skewness, and ratio of two
peaks of the PDF have been denoted as m, o, PP, S, and
peak ratio in the figures. The peak position suggests the pre-
dominant phase and the mean provides an idea about the
average value of distribution with the variance being a mea-
sure of the distribution about the mean. In all the figures,
Usw, Usk, and Ugp refer to the respective superficial veloc-
ities of water, kerosene, and air.

Nature of flow from visualization and PDF
characteristics

For low flow rates of kerosene and air at moderate flow
rate of water, visualization techniques reveal a dispersion of
kerosene and air in water (Figure 3.1a). Kerosene is dis-
persed as discrete droplets while air appears either as cap or
irregular shaped bubbles. The probe signal displays oscilla-
tions with spikes directed toward both higher and lower val-
ues of V* about a mean of 0.5. This confirms dispersion of
kerosene and air in the continuous water phase and is further
corroborated by a spread out unimodal PDF with PP at 0.5
and m at 0.49. The distribution has been named water con-
tinuous dispersed flow taking a cue from the nomenclature
used for two-phase flows.

An increase in water velocity at constant kerosene and air
flow (Figures 3.2 and 3.3) is characterized by a similar vis-
ual appearance and is marked by a similar unimodal PDF,
which exhibits a slight increase in the mean and peak signal
while the spread remains relatively unaffected (¢ ~ 0.12).
Similarly, an increase in oil velocity does not have a signifi-
cant effect on the PDF characteristics except shifting the
mean and PP to slightly lower values (Figures 3.4 and 3.5).
Interestingly, a close observation reveals an increase in water
velocity results in a slight shift of skewness to a lower value
while the reverse occurs for increased oil flow. This prob-
ably arises due to an increased frequency and size of oil
droplets in the former case and a preponderance of air bub-
bles in the latter case.

An increase in air flow brings about an increase in the
size of the cap bubbles and leads to the formation of axisym-
metric bullet-shaped Taylor bubbles (Figure 3.6a) commonly
observed for gas—liquid flows. Under this condition, the flow
distribution assumes the periodic characteristic of slug flow
with air Taylor bubbles alternating with liquid slugs and is
characterized by bimodal PDF (Figures 3.6b and 3.6c) in
agreement to the common observation during gas—liquid slug
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Figure 3. Schematic, probe signal, PDF curve for the flow pattern at low phase velocities.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

flow. Visualization reveals liquid slugs to contain oil dis- lower V* (preponderance of dispersion) while the high volt-
persed in water and this explains the position of the low age peak exhibits a similar PP and is accompanied by
voltage peak between 0 and 0.5. increase in the ratio of the low to high voltage peak (peak

As we increase air velocity further (Figure 3.7), the PDF ratio in the figures). This suggests that an increase in air
remains bimodal with the low voltage peak shifting to still velocity in the slug flow pattern causes an increased
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

dispersion in the liquid slugs rather than an increase in the elongated bullet-shaped sections between successive liquid

length of the Taylor bubbles for the flow conditions investi- slugs. The configuration characterized by a bimodal PDF
gated. Possibly the turbulent energy dissipated to the liquid with the two peaks positioned at 0 <V* < 0.5 and ~1.0 has
mixture under slug flow is sufficient not only to attain a dis- been termed as the water continuous slug flow pattern.

persion of oil in water but also to maintain air dispersion in On interchanging the individual liquid velocities for the

the liquid slugs. Nevertheless, most of the air remains as same air flow, we note a completely different visual
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Figure 5. An algorithm for detection of flow patterns.

appearance (Figure 3.8). The flow assumes a uniform green-
ish appearance and the individual phases can no longer be
distinguished. The corresponding PDF curve is unimodal
with the mean and PP being less than zero. It exhibits a
large positive skewness and a significant reduction in PDF
spread. A comparison with the unimodal PDFs reported in
Figures 3.1-3.5 suggests dispersed flow with oil as the con-
tinuous phase. However, further investigations are necessary
to confirm the supposition and a detailed discussion in this
regard is provided in the next section.

For low velocities of water and air and moderate to high
velocities of kerosene, the flow passage appears green with
patches of air and droplets of water dispersed in it. The cor-
responding probe signal and PDF curve is depicted in Figure
3.9. The unimodal PDF confirms dispersed flow and the
peak at negative V* confirms kerosene to be the continuous

AIChE Journal September 2014 Vol. 60, No. 9
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phase. This has been named oil continuous dispersed flow
and can be distinguished from the water continuous situation
by the mean and peak position being less than zero in the
present case and greater than zero (V* ~ 0.5) in the former
situation. A further increase in oil velocity causes a homoge-
nized green appearance with uniform dispersion of colorless
bubbles and droplets (Figure 3.10). A comparison with Fig-
ure 3.9 indicates an abrupt decrease of the PDF skewness to
less than unity while the mean, peak position, and spread
remains relatively unaffected. This is indicative of an
increase in the kerosene phase and a predominance of
attenuation over scattering by the flowing mixture. Accord-
ingly this also corresponds to oil continuous dispersed flow.
We note that Figures 3.5 and 3.10 have been reported
with the liquid velocities interchanged for constant air flow.
Figure 3.5 shows air existing as cap bubbles or oblate
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coordinate.

spheroids, while in Figure 3.10 water and air are finely dis-
persed in oil. We recall that Chakrabarti et al."® could distin-
guish phase inversion in two-phase liquid-liquid flow by a
shift in the sign of the skewness. However, we do not
observe such a feature in three-phase flow probably due to
the presence of the air phase.

Flow distribution at high air velocities

At high air velocity (Ussx > 1 m/s), we observe a uniform
greenish white appearance of the flow passage under all flow
conditions. The intensity of color seems to change with flow
conditions but no additional information can be obtained
from visualization. The PDF for low liquid velocity (Figure
4.1) is unimodal with the peak being located at negative V*
and the curve spreads over the entire range of V* unlike the
dispersed flow PDFs in Figure 3. This has resulted in a large
standard deviation (¢ >0.3). Another unique feature marks
the present unimodal PDFs. We note that the mean is signifi-
cantly different from the peak position, whereas in Figure 3,
the mean and peak positions were always observed to be
close to each other for dispersed flow. Both were located
between 0.3 and 0.5 when water was the continuous phase
and were either negative or slightly positive for the oil con-
tinuous distribution. All these suggest that the flow situations
represented in Figure 3 had a preponderance of one of the
phases while at high air velocities, the position of the peak
(at a negative V*) arises primarily due to scattering. This

Water continuous dispersed flow
Oil continuous dispersed flow
Water continuous slug flow
Emulsion type slug flow
Emulsion type dispersed flow

=
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Figure 7. Three-phase flow pattern map on triangular
coordinate.
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hints at an emulsified flow situation with all the three phases
fairly well mixed and none serving as the continuous or the
dominant phase. In fact, the distinctly different visual
appearance of the PDFs brings out the difference in distribu-
tion as compared to the dispersed distribution presented in
Figure 3. Following the nomenclature proposed by Wang
et al.*, the flow pattern is termed as emulsion type dispersed
flow.

An increase in air velocity (Figure 4.2) causes a slight
shift of the mean to a lower V* and a broadening of the area
under the curve. This further confirms that the increased air
contributes to increased scattering of the laser beam. Never-
theless, the PDF moments namely mean, peak position, and
spread remains relatively unaltered showing that the gross
characteristics of the pattern is not significantly affected by
the higher air velocity. An increase in total liquid velocity
while maintaining the same proportions of oil and water
(Figure 4.3) results in a further shift of the mean to lower
V* (negative V*) accompanied by a decrease in the standard
deviation and an increase in the skewness. This hints at the
fact that the emulsion assumes a more homogeneous nature
at higher liquid velocities.

We also note that an increase in water velocity at constant
oil and air flow (Figure 4.4) results in a bimodal PDF. This
is indicative of the fact that at increased water velocity, air
dominant and liquid dominant zones are formed. The PDFs
do not provide any information regarding the shape of the
air plugs and it cannot be said whether air assumes the typi-
cal bullet shape characterizing Taylor bubble. Nevertheless,
the position of the high voltage peak close to unity and a
low voltage peak at V* <0 suggests that the flow distribution
is periodic. Hence the flow pattern is termed emulsion type
slug flow and can be distinguished from water continuous
slug flow by the position of the low voltage peak, which is
positive for the former case and negative in the present situa-
tion. The peak ratio has also been observed to be less as
compared to water continuous slug flow.

Interestingly, an interchange of the liquid flow rates at
constant air velocity results in disappearance of the high
voltage peak (Figure 4.5). The resulting PDF is unimodal
with a peak position ~—0.3 similar to that obtained in Fig-
ures 4.1-4.3. It also exhibits a decreased mean and a reduced
spread. This is probably due to enhanced attenuation by the
higher oil fraction in the pipe. Several such experiments
show slug flow to occur at high water and air velocity. How-
ever, at high oil flow, the increased air velocity causes a
greater dispersion but never leads to the formation of cap or
Taylor bubbles. We recall that similar results had been
reported in Figures 3.6 and 3.8 for a lower air and the same
liquid velocities.

Flow pattern detector from PDF moments

Based on the aforementioned discussion, the flow patterns
identified by the optical probe technique are (1) water con-
tinuous dispersed flow at moderate to high water velocity
and low air and kerosene flow, (2) water continuous slug
flow at higher air velocities, (3) oil continuous dispersed
flow at higher oil velocities, (4) emulsion type dispersed
flow at higher air velocities, and (5) emulsion type slug flow
for high water and air velocities. The distributions have been
distinguished by the number of peaks, mean, and peak posi-
tion(s) as well as the standard deviation. Interestingly, these
moments do not change significantly with change in phase
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flow rates within a particular flow pattern but exhibit a dis-
tinct change during transition. A summary of the PDF char-
acteristics identifying the different patterns are listed in
Table 2.

The table reveals that dispersed flow generates a unimodal
PDF whereas for slug flow it is bimodal in nature. Further,
water and oil continuous dispersed flow can be distinguished
by the mean and peak position(s) being greater than 0.3 for
water continuous dispersed flow and less than zero for the
oil continuous case. Emulsion type dispersed distribution has
a distinctly different appearance of the PDF. It is character-
ized by a large spread (¢ > 0.1) and the value of mean (lying
between —0.1 and 0.1) being significantly different from the
peak position (<—0.3). The high standard deviation indicates
dense dispersion and the low mean is attributed to scattering
rather than attenuation of light in contrast to the observation
for the oil continuous pattern. Water continuous and the
emulsion type slug flow can be easily distinguished by the
position of the low voltage peak of the bimodal PDF. The
high voltage (V*) peak lies close to 1 in both cases. The
position of the low voltage (V*) peak is positive for the
water continuous case and is negative for the emulsion type
flow. Further, a close observation of experimental data
reveals that for emulsion type slug flow the peak ratio is
greater than 2 while it less than 2 for the water dominant
regime.

From the above inferences, an algorithm is developed for
detection of flow patterns using the PDF moments of the
optical probe signals as the input. The algorithm is presented
as a flowchart in Figure 5. The inferences based on the qual-
itative nature of the signal are general but the numerical val-
ues of the parameters used in the algorithm are specific to
this setup.

Flow pattern map

Flow patterns in three phase is governed by the superficial
velocities/flow rates of the individual phases as well as the
total velocity/flow in the conduit. A survey of the past litera-
ture shows that for three-phase flow, two dimensional flow
pattern maps are constructed based on flow parameters of
any two phases keeping the corresponding parameter of the
third phase constant. The flow parameters selected by the
different researchers are either superficial velocities (volu-
metric flux) or volume fraction of the individual phases
(Wang et al.,* Ackigoz et al.,” Stapelberg et al..® Wegmann
et al.,” Chen et al.,'"> Oddie et al."’). This approach requires
several maps/plots to show the patterns in the entire range of
flow.

In the present study, two representations to identify the
range of existence of the different flow patterns as a function
of three-phase flow velocities has been attempted.

The first approach presents the range of phase superficial
velocities for each of the five flow patterns (Figure 6). The
prevailing flow pattern for different combinations of veloc-
ities can be detected by noting the pattern cluster, which
contains each of these phase velocities.

Three different symbols have been used to depict the flow
patterns inferred from the probe signals. From the figure, it
is evident that the flow is air dispersed in liquid at low air
velocities (0.03-0.1 m/s). The continuous phase is decided
by the individual liquid velocities and the distribution is
water continuous for water velocities greater than 0.1 m/s
and oil continuous for oil velocities above 0.3 m/s. At
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Table 2. Summary of PDF Characteristics for Different Flow Patterns

Standard
Deviation (o)

Brief Comments

Skewness (S)

Peak Position (PP) Peak Ratio (PR)

Mean m

Nature of PDF

Flow Pattern

Mean and peak position

—0.1t0 0.4

0.05-0.2

0.3-0.7

0.3-0.7

Unimodal

Water

Vvery near to one

another.
Skewness decreases with

continuous dispersed

flow

water velocity
Mean and peak position

0.1-2.0

<0.1

<0

<0

Unimodal

Oil continuous dispersed

close to one another.
Skewness decreases with

flow
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constant water velocity (say 0.3 m/s), water continuous slug
flow appears for moderate air velocity (>0.3 m/s) and low
kerosene velocity (<0.2 m/s). An increase in air velocity
causes the flow to become emulsion type in nature irrespec-
tive of the liquid velocity. Further, although emulsion type
dispersed flow is more common at high air velocity for all
combinations of water and kerosene velocity, emulsion type
slug flow appears beyond a critical water velocity for low
kerosene flow.

The second approach is developed taking a cue from con-
ventional two-phase flow pattern maps that use the superfi-
cial velocities in Cartesian coordinate as the axes. It is felt
that a ternary flow pattern map for three-phase flows would
be useful. Accordingly, the flow pattern map (Figure 7) has
been developed with the axes (scaled from O to 1) represent-
ing the normalized phase superficial velocities. The maxi-
mum velocity of the corresponding phase in the entire
experimental range is used for normalization. Each point on
the diagram thus represents a combination of phase superfi-
cial velocities. Five symbols have been used to depict flow
patterns in this case. A close observation of the plot reveals
that on moving away from extreme right vertex (correspond-
ing to maximum oil velocity) to closer to the top vertex (cor-
responding to maximum water velocity), the water velocity
at low air (<0.1 m/s) brings about the transition from oil
continuous dispersed flow to water continuous dispersed flow
via the emulsified dispersed flow regime. An increase in air
velocity at low kerosene velocity (say <0.1 m/s) causes a
transition from water continuous dispersed flow to water
continuous slug flow. Increasing air velocity beyond 0.7 m/s
brings about emulsified slug flow. It is also evident that the
air-liquid ratio is comparable in both water continuous and
oil continuous dispersed flow whrereas for emulsified flow it
is higher. The oil fraction in liquid for water continuous dis-
persed and water continuous slug flow are comparable. Thus,
we note that the ternary plot enables us to trace the path of
phase inversion as well as the transition between flow
patterns.

It may be noted that the ternary plot is possible only for
velocity combinations, which satisfy the condition of trian-
gular coordinate and accordingly, it cannot be extended for
the entire range of three-phase superficial velocities. How-
ever, the other approach (Figure 6) does not suffer from
such a limitation.

Conclusions

The present study adopts the PDF analysis of the optical
probe signals to infer the flow patterns during gas—liquid-lig-
uid three-phase upflow through a pipe. The technique is
noted to be more effective than the existing optical techni-
ques reported in literature.

The PDF moments as obtained from the probe signals
have enabled the identification of the flow patterns over a
wide range of flow conditions including water dominant, oil
dominant, and air dominant flow conditions. Online process-
ing of the probe signals with the suggested algorithm can be
exploited to identify the prevailing flow pattern in three-
phase upflow. The transition between consecutive flow pat-
terns can also be traced.

The flow pattern maps have been represented in the form
of a ternary plot and also by a bar graph. While the ternary
plot elucidates flow pattern transitions, the bar graph repre-
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sentation can be used over the entire range of phase
velocities.

Though the probe signal analysis and the novel representa-
tions of flow patterns has been performed specifically for
air—kerosene—water upflow in this work, the same can be
extended to other situations of three-phase flow provided the
phases have different optical property and a fair degree of
transmittance. In the light of the fact that estimation of flow
pattern is not easy even for two-phase flow, the present study
appears to be a fruitful endeavor for gas—liquid-liquid three-
phase systems.
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