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We experimentally investigate the inclined oil–water two phase flow characteristics in 125 mm inner
diameter pipe by using the vertical multi-electrode array (VMEA) conductance probe and mini-conduc-
tance probes. For the oil and water superficial velocities in the range of 0.0052–0.3306 m/s and inclina-
tion angle at 15� and 45� from vertical, we observe the four typical inclined oil–water flow patterns, i.e.,
Dispersion of oil-in-water-Pseudoslugs, Dispersion oil-in-water-Countercurrent, Transitional Flow and
Dispersion of water-in-oil flow pattern. Since the mini-conductance probes are sensitive to local change
of flow pattern, with the help of high speed camera, we exactly identify different flow patterns under dif-
ferent flow conditions by analyzing the measured signals. In addition, we also propose the inclined oil–
water two phase flow pattern maps for large diameter pipe. Furthermore, we further characterize the
flow patterns by applying recurrence quantification analysis and chaotic attractor geometry morpholog-
ical description to VMEA signals. The results show that the proposed nonlinear analysis method is an
effective tool not only for classifying different water-dominated flow patterns but also for characterizing
the complex flow structure of inclined oil–water two phase flow system.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Inclined oil–water flows are common phenomena in petroleum
industry, such as oil wells and crude oil transportation system.
During the oilfield development, production logging interpretation
model often needs flow pattern information, and pressure drop pre-
diction in inclined oil wells also strongly depend on flow behavior.
Due to many complex factors, such as gravity, fluid turbulence, the
interaction and local relative motion between phases, etc., the in-
clined oil–water flow presents high irregularity and instability.
Especially at large inclination angles from vertical, the intermittent
growing or attenuating internal waves (Kelvin–Helmholtz Wave)
will happen, the wave structure, local velocity and phase fraction
in radius direction are so complex that it is difficult to describe the
details of flow structure even in using the computational fluid
dynamics technique. So far, inclined oil–water flow pattern transi-
tion mechanism is still an unsolved problem.

In early studies, semi-empirical and semi-theoretical methods
were often employed in the study of inclined oil–water two phase
flows. Mukherjee et al. (1981) studied the effect of input liquid frac-
tion and inclination angles on water holdup and friction pressure
gradient in 38.1 mm ID pipe with inclination angels from ±30 to
±90�, and found that the maximum friction pressure gradient at
ll rights reserved.

.

phase inversion point and oil–water slippage are both functions of
inclination angles. In 152 mm ID pipe, Hill and Oolman (1982) found
that the most troublesome effect of well deviation on production
logging tool response is the non-uniform phase distribution across
the pipe section. They observed a kind of segregated flow pattern
with water phase occupying most of the pipe and steady reverse flow
of water along the bottom pipe, and indicated that little change of
deviation angels will cause great change of velocity profile distribu-
tion. Davarzani et al. (1985) observed two type of flow patterns in a
160 mm ID pipe at inclined 30�, which are stratified flow and strati-
fied wavy flow respectively. Zavareh et al. (1988) concluded that
countercurrent bubble flow pattern exists over a wide range of flow
conditions in 184 mm ID pipe at inclined 5� and 15�, and described
the characteristics of countercurrent bubble flow and dispersed
bubble flow patterns. Vigneaux et al. (1988) measured the inclined
oil–water flows in 200 mm ID pipe by using high frequency imped-
ance probe, and summarized two main flow patterns of dispersed
oil-in-water-pseudoslugs flow and dispersed oil-in-water-counter-
current flow. Tabeling et al. (1991) found that mean holdup and devi-
ation angle are main parameters controlling mean flow structure,
while total flow rate has little effect on the overall shape of velocity
profiles. Based on ‘‘equivalent mixing layer” idea, they also proposed
a phenomenological model for local phase holdup. Ding et al. (1994)
tested that the modified drift flux model is useful for water holdup
prediction in vertical and deviated oil–water flow systems. Hasan
and Kabir (1998) concluded that the drift flux of oil phase depends
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on its in situ volume fraction in addition to the terminal bubble rise
velocity in vertical and deviated oil–water flows. It is worth to point
out that Flores et al. (1999) made a comprehensive experimental
study in vertical and inclined oil–water flows with 50.8 mm ID pipe.
They summarized seven flow patterns in inclined oil–water flows
with four water-dominated, two oil-dominated and a transitional
flow pattern (TF). The water-dominated flow patterns include
Dispersion of oil-in-water-Pseudoslugs (D O/W PS), Dispersion of
oil-in-water-Countercurrent (D O/W CT), Dispersion of oil-in-
water-Cocurrent (CC) and Very fine dispersion of oil-in-water (VFD
O/W). The oil-dominated flow patterns are Dispersion of water-in-
oil (D W/O) and Very fine dispersion of water-in-oil (VFD W/O).
Lucas and Jin (2001a,b) studied the drift velocity model in inclined
oil-in-water pipe flows, and indicated that the phase distribution
parameter and single droplet terminal rise velocity are greatly
affected by inclination angles. By using resistance cross-correlation
flow meter, they also found that the measured property of cross-cor-
relation velocity depends on flow patterns, especially at 60�. Dong
et al. (2001) discussed the applicability of flow pattern identification
by using the electrical resistance tomography technique in inclined
and horizontal pipes. Oddie et al. (2003) investigated gas–water, oil–
water and oil–gas–water multiphase flows in 150 mm ID inclinable
pipe by using several water holdup measurement techniques, and
three type of flow patterns are identified at inclination angles less
than 70�, which are Semi-mixed flow, Dispersed flow and Homoge-
neous flow pattern. Lum et al. (2006) experimentally studied the
pipe inclination effect on flow pattern, holdup and pressure gradient
in 38 mm ID stainless steel pipe, and they found that oil plug flow
pattern exists at 80� and 85�, the stratified wavy flow pattern will
disappear at 95�.

Since the 1990s, numerical simulation methods have been widely
used in the study of inclined oil–water flows. Mobbs and Lucas
(1993) proposed a turbulent model of large amplitude Kelvin–Helm-
holtz eddy qualitative characteristics for inclined liquid–liquid flow,
and indicated that the eddy will periodically grow and eclipse, and
the largest amplitude of which can reach pipe diameter. Lucas
(1995) proposed a mathematical model of velocity profile for
inclined oil–water flows, the prediction result of local velocity is
close to experiments in upper and central part of the pipe, but far
from the bottom of the pipe. Brauner (2002) theoretically studied
the near horizontal liquid–liquid flows, and indicated that fluid
property parameters will remarkably affect flow pattern transition,
such as Eotvös number, liquid velocity, the interfacial density differ-
ence, surface intension and viscosity. Other researchers have done
similar works (Trallero and Brill, 1996; Al-Wahaibi and Angeli,
2007; Al-Wahaibi et al., 2007).

For nonlinear dynamics of inclined oil–water flows, our previous
works in Daqing Oilfield multiphase flow loop facility indicated that,
based on the conductance fluctuating signals measured from VMEA
sensor, the water-dominated and transitional flow pattern could be
effectively identified by using the multi-scale recurrence plot analy-
sis method. But because of the indistinct definition of flow pattern in
experimental observation, it is difficult to differentiate between D O/
W PS and D O/W CT flow pattern. As a consequent research, the pur-
pose of this paper is to further investigate the two water-dominated
flow patterns, i.e., D O/W PS and D O/W CT flow, and explore the cor-
responding nonlinear dynamics by analyzing the signals measured
from the mini-conductance probes as well as the VMEA sensor.
The flow pattern definition in our experiment is mainly based on
the response of mini-conductance probes, and the nonlinear dynam-
ics of flow pattern is characterized by using the recurrence plot
(recurrence quantification analysis) and chaotic attractor geometry
morphological description. In particular, we propose a new nonlin-
ear analysis method, which is based on the attractor geometry mor-
phological area, long axis and short axis. Finally, we propose the
inclined oil–water flow pattern maps at 15o and 45o respectively.
The results indicates that the two main water-dominated flow pat-
terns, i.e., D O/W PS and D O/W CT flow, can be effectively identified
by using recurrence quantification analysis and chaotic attractor
geometry morphological description.
2. Experimental flow loop facility and data acquisition

The experiments of inclined oil–water flows were carried out in
multiphase flow laboratory of Tianjin University. The schematic of
flow loop facility is shown in Fig. 1. The 125 mm ID transparent Plex-
iglas pipes is 6 m long and can be inclined at any angle from vertical
(0�) to horizontal (90�), the transparent pipe enables visualization of
the flow patterns. The flow rates of oil and water phase can be mea-
sured by calibrated turbine and electromagnetic flow meter.

Fig. 2 shows the experimental setup of inclined oil–water flows.
VMEA and mini-conductance probes are installed at 3 m from the
inlet in test section. The structure of VMEA probe is shown in Fig. 3,
the details of VMEA probe have been described by Jin et al. (2008).
The mini-conductance probes have been widely used for flow
pattern identification in gas–water or oil–water flow systems
(Flores et al., 1999; Trallero and Brill, 1996; Angeli and Hewitt,
2000; Fairuzov et al., 2000). For the purpose of local parameters
measurement, multi-sensor conductance probes were also used
by some researchers (Hogsett and Ishii, 1997; Wu and Ishii,
1999; Ishill and Kim, 2001; Hibiki et al., 2003; Lucas and Mishra,
2005). Fig. 4 shows the geometry structure of mini-conductance
probes, the outer diameter of conductive casing is 3 mm and it is
small enough to avoid changing local flow pattern character, which
has been validated by high speed Video Camera Recorder (VCR).
For the purpose of flow pattern identification, five mini-conduc-
tance probes were arrayed in equidistance at test section, and
the distance of each probes in flow direction is 150 mm. Fig. 5
shows the installation schematics of mini-conductance probes,
which are inserted at different depth. Probe A, B, C, D, E are respec-
tively at 1/8D, 1/8D, 1/4D, 1/4D, 1/2D from pipe wall, where
D = 125 mm is pipe diameter. When the flow loop is inclined from
vertical, probe A and C are in the upper part of the pipe, probe E in
middle region and probe B and D at the bottom part of the pipe.

The mini-conductance probes are mainly composed by needle
electrode and conductive casing, the space between them is filled
with insulation. To avoid the polarization of needles, the conduc-
tive casing is excited by +5 V and the needle electrodes act as mea-
surement port. In experiments, when the needle electrode was
surrounded by conductive water, the circuit formed between nee-
dle electrode and casing, the corresponding output signals were at
low voltage; when the needle electrode was immerged in non-con-
ductive oil, the circuit was broken, and the corresponding output
signals would perform high voltage. The output signals from nee-
dle electrode are modulated by a follower circuit and acquired by
data acquisition card PXI-4472 and PXI-6115 under the control of
LabVIEW software, the analogue to digital converters in PXI-4472
and PXI-6115 card are respectively 24 bits and 12 bits. The modu-
lating circuit of mini-conductance probe is shown in Fig. 6. Influ-
enced by mixed degree of oil and water and fluids velocity, the
circuit between needle electrode and the conductive casing usually
does not at ideal on–off state, but presents some equivalent resis-
tance character, which is more obvious in water-dominated flow
patterns.

The experimental mediums are tap water and No. 15 industry
white oil, the oil density is 856 kg/m3, viscosity is 11.984 mPa s
(40 �C) and surface tension is 0.035 N/m. The medium of water
phase is dyed with red colored for the convenience of observation,
the inclination angles are 15� and 45� from vertical respectively. At
each inclination angle, the experimental process is increasing oil
flow rates at fixed water flow rates, when both phases flow rates
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Fig. 1. Schematics of oil/gas/water three phase flow loop facility in Tianjin University.

Fig. 2. Schematics of inclined oil–water two phase flow experiment.

Fig. 3. Structure of VMEA probe.

Fig. 4. Structure of mini-conductance probe.
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reach into steady flow condition, the measurement system is
started and the flow pattern in each flow conditions is observed
and the fluctuating signals of VMEA probe and mini-conductance
probe are recorded simultaneously. In experiment, the oil and
water superficial velocities are in the range of 0.0052–0.3306 m/s
respectively, the sampling frequency of VMEA and mini-conduc-
tance probes are 400 Hz, and the duration of sampling is 30 s. More
details of data acquisition system can be referenced in our previous
publications (Jin et al., 2008; Zheng et al., 2008).



Fig. 5. Installation schematics of mini-conductance array probe.
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3. Experimental results and flow pattern maps

3.1. Flow pattern description based on mini-conductance probes

In inclined oil–water flow conditions, at normal oil and water
flow rates, oil phase will gather in the upper side of the pipe, while
water phase will present local countercurrent flow in the bottom
side of the pipe. Four flow patterns have been observed in this
experiment, which are D O/W PS, D O/W CT, TF and D W/O flow
pattern respectively. Fig. 7a–d show typical mini-conductance
probe signals in different flow patterns with the increasing of oil
superficial velocity (Uso) at fixed water superficial velocity (Usw)
of 0.0374 m/s. The location of each probe has been shown in Fig. 5.

The D O/W PS flow pattern occurs at low to moderate oil and water
superficial velocities in large diameter pipe. In this flow pattern, oil
phase will form intermittent oil swarms in the upper side of the pipe
and move fast in the upward direction, while countercurrent water
flow exists at the bottom of the pipe for the effects of pressure, viscos-
ity and gravity component in the opposite direction of main flow.
Fig. 7a shows the typical probe signals in D O/W PS flow pattern. In
inclined conditions, since probe A is the nearest to the upper side of
the pipe wall, probe A signals show much more intermittent positive
fluctuations from low to high voltage than others, probe C signals
show that a little intermittent positive fluctuations exist in this probe
location, while other three probes, i.e., probe B, D and E, almost do not
change at low voltage, which indicate that these probes are sur-
rounded completely by water, and all probes present water-domi-
nated flow pattern. By comparing signals of probe A and C, it can be
seen that the intermittent oil swarms concentration becomes less
and less from the upperside to the lower side of the pipe. In this exper-
iment, the D O/W PS flow pattern occurs in a quite wide range of flow
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conditions, which include the whole range of water superficial veloc-
ity and most of oil superficial velocity.

The D O/W CT flow pattern occurs at low to moderate water
superficial velocities and moderate oil superficial velocities. In D
O/W PS flow pattern, increasing oil phase flow rates at fixed water
phase flow rates, the interval between oil swarms will become
shorter and shorter, and disappear at certain oil phase flow rates
at last, at this time, the flow pattern will translate into D O/W CT
flow. In this flow pattern, water-countercurrent flow at bottom
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Fig. 8. The mini-conductance probe signals at different flow pattern
side of the pipe still exists, which also causes counter flow of some
oil droplets far away from the top side of the pipe. Fig. 7b shows
the typical probe signals in D O/W CT flow pattern. Probe A shows
that local oil-in-water flow and water-in-oil flow pattern alterna-
tively occurs in this flow conditions, this phenomena also occurs
in probe C, just more oil-in-water flow and less water-in-oil flow
pattern exist in probe C location. Probe E, locating at the central
of the pipe, indicates some oil droplets, and presents local oil-in-
water flow pattern. Both probe B and D, at the bottom of the pipe,
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still present low voltage, which is the character of continuous
water flow. In this flow pattern, the transitional flow in upper side
of the pipe indicated by probe A and C is rarely reported in related
literatures. For the flow pattern maps proposed by Flores et al.
(1999) in 50.8 mm ID pipe, the D O/W CT flow pattern occurs in
wide range of oil and water superficial velocities, while in
125 mm ID pipe, this flow pattern occurs in a quite narrow range
of oil and water superficial velocities in this experiment.
The TF flow pattern also occurs in a quite narrow range of oil and
water superficial velocities in large diameter pipe. Further increas-
ing oil flow rate in D O/W CT flow, the flow pattern will be translated
into the transitional flow (TF). For unsteady transitional flow pat-
tern, oil swarms will coalesce into larger swarms, and for the effects
of agglomeration, coalescence and gravity components, thin and
elongated oil film will form at the top of the pipe; Below the oil film,
oil-dominated and water-dominated flow pattern alternation
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process will occur; local flow pattern at the bottom of the pipe is still
oil-in-water flow. Fig. 7c shows the typical probe signals in TF flow
pattern. Locating at the upper side of the pipe, probe A and C signals
show typical negative pulses from high voltage to low voltage, which
is the character of water-in-oil flow pattern. In this flow pattern,
probe A and C are mainly surrounded by oil phase, whose signals will
always keep high voltage, only when some dispersed water droplets
come to touch the probe, the signals will fall down from high to low,
and once the water droplets leave the probes, the signals will back to
high voltage again. Therefore, probe A presents local water-in-oil
flow pattern, and probe C that is further than probe A from the top
side of the pipe, mainly presents water-in-oil flow pattern and a little
oil-in-water flow pattern once in a way. Probe E, at the middle region
of the pipe, shows that oil-in-water flow and water-in-oil flow pat-
tern alternatively occurs, and the local oil-in-water flow pattern is
predominant. Probe D indicates continuous water flow and some-
times encounters oil droplets, while, probe B still keeps at low volt-
age, which indicates that the local flow pattern is still in continuous
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water flow without any oil droplets. According to the analysis of all
probe signals, we can see that water-in-oil flow pattern is predomi-
nant in the upper side of the pipe, oil-in-water pattern often takes
place in the bottom side of the pipe, and at the whole pipe section,
the flow behavior presents complex TF flow pattern.

The D W/O flow pattern occurs at high oil superficial velocities
and low to moderate water superficial velocities. In this flow pat-
tern, oil presents as continuous phase in whole pipe section, while
water is dispersed phase. The transition to D W/O originates with
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Fig. 8 (cont
the increasing of oil flow rate in TF flow pattern. Fig. 7d shows typ-
ical probe signals in D W/O flow pattern. All the five probes signals
show the characters of water-in-oil flow patterns. There are more
dispersed water droplets at lower side of the pipe, while in the
top side of the pipe, such as location of probe A and C, there are al-
most pure oil phase flow without water droplets. From the analysis
of probe signals, it can be seen that the mini-conductance probes
are sensitive to local flow pattern transition and can be used to
identify different inclined oil–water flow patterns.
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Fig. 8 shows the mini-conductance probe signals when the
oil superficial velocity increases from 0.0090 to 0.2881 m/s with
the water superficial velocity fixed at 0.3047 m/s. The signal le-
vel of each mini-conductance probes, as shown in Fig. 8, reflects
the flow pattern evolution trend from D O/W PS to D O/W CT,
DO/W CT to TF, and TF to D W/O. With combinations of the
mini-conductance probes and high speed VCR, we can make
reasonable and dependable flow pattern definition in our
experiment.
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Fig. 8 (cont
3.2. VMEA conductance probe signals

The signals measured from VMEA probe mainly reflect global
conductance character of inclined oil–water mixed fluids. Fig. 9
shows the VMEA probe signals at different oil superficial velocities
when Usw is fixed at 0.0374 m/s at 45�. Obviously, the signals in
Fig. 9 can be classified into three regions, region-I is greater than
2 V, region-G is less than 2 V and greater than 1 V, and region-I
is less than 1 V. Comparing with mini-conductance probe signals,
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the three regions are consistent with three flow patterns: region-I
corresponds to water-dominated flow pattern, including D O/W PS
and D O/W CT flow pattern, region-G corresponds to TF flow pat-
tern, and region-I corresponds to D W/O flow pattern.

Fig. 10 shows the mean of VMEA probe signals in all flow condi-
tions. That is, Uso and Usw are in the range of 0.0052–0.3306 m/s,
and inclination angles are 15� and 45� from vertical, respectively.
When Usw is lower than 0.0929 m/s, VMEA probe signals will de-
crease with the increasing of oil flow rate, when Usw is greater than
0.1321 m/s, VMEA probe signals are always higher than 2 V at any
oil flow rate. This indicates that the corresponding flow pattern is
water-dominated flow. The decrease of signal amplitude not only re-
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Fig. 10. Mean of VMEA probe signals in all flow conditions.
flects the decreasing of water volume fraction in the pipe, but also
indicates the fact that the flow pattern is evolving from D O/W PS
to D W/O flow pattern. From the VMEA probe signals distribution,
as shown in Fig. 10, we can find that there also exist three regions
that are consistent with the description of Fig. 9. Region-I, greater
than 2 V, reflects the character of oil-in-water flow pattern, where
water is continuous phase. Region-I, lower than 1 V, reflects the
character of water-in-oil flow pattern, where oil is continuous phase.
The internal region-G reflects the flow pattern transition from
water-dominated to oil-dominated pattern, and the significant de-
crease of signal amplitude in this region reflects the characters of un-
steady TF flow pattern. Although the mean of VMEA probe signals
can well reflect TF flow pattern, it is difficult to distinguish between
D O/W PS and D O/W CT directly. Since the mini-conductance probes
are sensitive to flow pattern transition, it is necessary to combine
mini-conductance probes with VMEA probe to completely analyze
the flow patterns under different flow conditions.

Fig. 11 shows the mean of mini-conductance probe signals and
that of VMEA probe with the increasing of Uso when Usw is fixed at
0.0374 m/s at 45�. Since high voltage level in mini-conductance
probe signals represents oil phase and low voltage level represents
water phase, in water-dominated flow patterns, the mean value of
mini probe signals will increase with the increasing of oil flow rate,
while the trend of VMEA probe signals is on the contrary comparing
with mini-conductance probe signals during the flow pattern
evolution.

3.3. Inclined oil–water flow pattern map

The combination analysis of mini-conductance probe signals
(see Section 3.1), VMEA probe signals (see Section 3.2) and video
recordings can ensure the exact identification of inclined oil–water
flow patterns. Fig. 12 shows the inclined oil–water flow pattern
maps in 125 mm ID pipe at 15� and 45� from vertical, respectively.

The D O/W PS pattern is predominated for both Uso and Usw in
the range of 0.0052–0.3306 m/s, while the regions of D O/W CT
and TF flow pattern are quite narrow in these experimental flow
conditions, which is different with the conclusions of Flores in
smaller diameter pipe. The flow pattern transitional boundaries
are also different with Flores et al. (1999).
4. Nonlinear dynamic characteristics of inclined oil–water flow
patterns

In early studies, it has been proved that nonlinear time series
analysis method is an effective tool for understanding the flow
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dynamic characteristics from multiphase flow signals (Franca et al.,
1991; Oddie, 1991; Rawes et al., 1994; Yeung et al., 1994; Johnsson
et al., 2000; Wu et al., 2001; Jin et al., 2003; Jana et al., 2006; Lee et
al., 2008; Gao and Jin, 2009). Recurrence plot and recurrence qual-
ification analysis (Eckmann et al., 1987; Zbilut and Webber, 1992)
have proved themselves particularly suitable and flexible analysis
tool for many complex systems in recent years. Our group first ap-
plies this analysis method to vertical and deviated oil–water flow
pattern identification (Jin et al., 2006; Zong and Jin, 2008). Re-
cently, Gandhi et al. (2008) predicted local gas holdup for bubble
column reactor by using chaotic measure quantities of recurrence
quantification analysis in soft-measurement model. In this study,
we propose a new combination analysis method of recurrence
quantification analysis for inclined oil–water flows.
4.1. Recurrence plot and recurrence qualification analysis

The embedding theory introduced by Takens (1981) is the base
of phase space reconstruction; Abarbanel et al. (1993) summarized
the analysis methods of observed chaotic data in physical systems.
For VMEA probe time series s(it), i = 1, 2, . . . , n, (t is time interval, n
is total number of the time series), choosing s delay time and N
embedding dimension, the points XðkÞ in phase space is

XðkÞ ¼ s1ðkÞ; s2ðkÞ; � � � ; sNðkÞf g
¼ sðktÞ; sðkt þ sÞ; � � � ; s kt þ ðN � 1Þs½ �f g ð1Þ

where k ¼ 1;2; . . . ;M; M ¼ n� ðN � 1Þ � s=t is total number of
points in phase space.
Recurrence plot (RP) describes the dynamic behavior of trajec-
tory Xi 2 RN with the change of delay time, which denotes the
recurrence state of trajectories in phase space. The representation
is based on matrix

Ri;j ¼ H e� kXi � Xjk
� �

; i; j ¼ 1; . . . ;M ð2Þ

where M is total points of trajectory Xi, e ¼ a � stdðsðitÞÞ is a prede-
fined distance threshold, stdðsðitÞÞ is the standard deviation of ob-
served data, and a is a predefined threshold. ||�|| is Euclidean
norm, H(�) is Heaviside function. The matrix consists of the values
1 and 0 only. The graphical representation is M �M grid of points,
which are encoded as black for 1 and white for 0. A black point in
RP means that the system falls into a e-neighborhood of the corre-
sponding point in phase space.

To quantify the structures of RP, Zbilut and Webber (1992) pro-
posed recurrence quantification analysis (RQA) method.

Recurrence Rate (RR) is a measure of density of recurrence points
in RP, which is defined as the ratio between the number of all
recurrence points and total number of points in RP.

RR ¼ 1
N2

XN

i;j¼1

Ri;j ð3Þ

Determinism (DET) is the ratio of recurrence points forming
diagonal structures to all recurrence points.

DET ¼
PN�1

l¼lmin
l � PðlÞ

PN
i;j¼1Ri;j

ð4Þ

where lmin = 2, P(l) denotes the probability to find a diagonal line of
length l in RP. DET can distinguish the recurrence points forming
line segments with discrete recurrence points.

Average Diagonal Line Length (L) is the average time that two
segments of the trajectory are close to each other and can be inter-
preted as the mean prediction time.

L ¼
PN�1

l¼lmin
l � PðlÞ

PN�1
l¼lmin

PðlÞ
ð5Þ

Analogous to the definition of DET and L, Marwan et al. (2002)
proposed two new measures of complexity, which are Laminarity
(LAM) and Trapping Time (TT) respectively. Laminarity (LAM) is
the ratio between the recurrence points forming vertical structures
and the entire set of recurrence points.

LAM ¼
PN

v¼vmin
v � PðvÞ

PN
v¼1v � PðvÞ

ð6Þ

where vmin = 2, P(v) denotes the probability of vertical line of length
v in RP. LAM is a measure of the amount of vertical structures in the
whole RP and represents the occurrence of laminar states in the sys-
tem without, however, describing the length of these laminar
phases. LAM will decrease if the RP consists of more single recur-
rence points than vertical structures.

Analogous to the definition of Average Diagonal Line Length,
Trapping Time (TT) is the average length of vertical structures in RP

TT ¼
PN

v¼2v � PðvÞPN
v¼2PðvÞ

ð7Þ

TT contains information about the amount and the length of the ver-
tical structures in RP. It measures the mean time that the system
will abide at a specific state or how long the state will be trapped.

Fig. 13 shows the RP of the VMEA probe signals in different flow
patterns for different oil superficial velocities when Usw =
0.0374 m/s at inclined 45�. As can be seen, when Uso ranging from
0.0090 m/s to 0.1296 m/s, block intermittent texture can be clearly
detected from the RP corresponding to D O/W PS flow pattern.



Fig. 13. Recurrence plot of VMEA probe signals in different flow patterns (inclination 45�, Usw = 0.0374 m/s, Uso = 0.0090–0.2881 m/s, N = 3, s = 3, e ¼ 0:25 � stdðsðitÞÞ).
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When Uso = 0.1682 m/s, for the RP corresponding to D O/W CT flow
pattern, there are much less structures and the lines are no matter
in diagonal or vertical direction. When Uso increases to 0.1905 m/s,
both the line structures and block textures in the RP of TF pattern
become higher than that of D O/W CT flow pattern, and some drift
structures can be detected. From the above analysis, we can find
that the line structures in RP will change with flow pattern transi-
tion, which can be validated by RQA quantities more clearly in the
following part.

Figs. 14 and 15 show the results of RQA on VMEA probe sig-
nals in D O/W PS, D O/W CT and TF flow pattern. Though the re-
sults of D O/W PS and TF flow pattern are mixed with each
other, the results of D O/W CT flow pattern are markedly differ-
ent with other two flow patterns. Taking RR for example, in D O/
W PS flow pattern, RR locate in the range of 0.06–0.12 with the
increasing of oil flow rates, then it will decrease to lower than
0.06 in D O/W CT flow pattern and finally increase to higher
than 0.06 in TF flow pattern. As can be seen, the RR of D O/W
PS flow pattern is higher than that of D O/W CT flow pattern.
In fact, there is better intermittent motion of the pseudoslug
flow structure in D O/W PS flow pattern, while the pseudoslug
flow structure will disappear in D O/W CT flow pattern, which
may cause the decrease of recurrence property and the differ-
ences of RR for D O/WPS and D O/W CT flow pattern. Other re-
sults of RQA are consistent with RR also.

Though the RQA results of D O/W PS and TF flow pattern are
mixed with each other, these two flow patterns can be differenti-
ated easily by the mean of VMEA signals just as shown in Section
3.2. It is enough for RQA to distinguish between D O/W PS and D
O/W CT flow pattern. Since the definitions of LAM and TT are very
similar to that of DET and L, the flow pattern distribution of D O/W
PS and D O/W CT can be seen from either Fig. 16 (LAM–DET plane)
or Fig. 17 (TT–L plane). Hence, we can clearly identify D O/W PS and
D O/W CT flow pattern with the help of RQA quantities.
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Fig. 14. Relationship between recurrence quantification analysis results and flow patterns in all flow conditions (inclination 15�).
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4.2. Attractor geometry morphological characteristics

Annunziato and Abarbanel (1999) and Annunziato et al. (1999)
proposed attractor morphologic description method, and applied
in flame detection and flow pattern classification. The research
showed that this method could rapidly get good results in flow pat-
tern classification. Llauró and Llop (2006) analyzed the flow pat-
terns of gas–solid flows in fluidized beds by using this method
and got good classification results. Xiao and Jin (2007) optimized
the choice of reference sections, applied it in pressure fluctuation
signals of gas–liquid two phase flow in vertical upward pipe, and
realized effective flow pattern classification. Zheng et al. (2008)
differentiated bubble flow and slug flow pattern of gas–liquid
flows in nontransparent stainless steel pipe by this method, and
found that the slope of attractor moments M1,2 and M2,2 are a pair
of effective parameters to identify flow patterns. In fact, only the
characteristics of attractor moments changing with delay time
are extracted in above literatures. In this study, new measures
describing attractor characteristics are defined, such as attractor
area, attractor long axis and short axis, the change of above mea-
sures with delay time are studied. The combination of above mea-
sures is expected to identify inclined oil–water flow patterns.

In two-dimensional phase space, the trajectory points will be
Xi = (xi, yi), where xi = s(it) and yi = s(it + s), s(it) is the observed time
series, t is sampling interval and s is delay time. To extract the
attractor characteristics proposed by Annunziato and Abarbanel
(1999) and Annunziato et al. (1999), the bisector of first and third
quadrants is selected as principal axis; the bisector of second and
fourth quadrants is selected as secondary axis. The distances of
each point to the two axes and original point are defined as

d1;i ¼
ffiffiffi
2
p

2
ðxi � yiÞ ð8Þ

d2;i ¼
ffiffiffi
2
p

2
ðxi þ yiÞ ð9Þ

d3;i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

i þ y2
i

q
ð10Þ

j (j = 1, 2, 3, 4) order attractor moments for each distance are also
defined as

Mm;jðsÞ ¼
PM

i¼1dj
m;i

M
ð11Þ

where M is total number of points in attractor and m = 1, 2, 3 de-
notes the kind of distance.

Attractor area A(s) is defined as the area surrounded by the out-
line of the attractor trajectory in two-dimensional phase space,
which is computed by cumulative integration in the following
three steps.

The first step is rotation and non-overlap division in x-axis. The
attractor will be rotated 45� to let the principal axis in x-axis
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Fig. 15. Relationship between recurrence quantification analysis results and flow patterns in all flow conditions (inclination 45�).
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direction and the secondary axis in y-axis direction for the conve-
nience of computation, then, the maximal difference in x-axis
direction is computed by

Dx ¼maxðxiÞ �minðxiÞ; i 2 1; . . . ;N ð12Þ

The maximal distance Dx is equally divided into K intervals, with
each interval length l = Dx/K.

The second step is searching maximal difference in y-axis. The
point Xi meets

minðxiÞ þ l � ðj� 1Þ 6 xk < minðxiÞ þ l � j; k 2 1; . . . ;N; j 2 1; . . . ;K

ð13Þ

The maximal difference in y-axis direction in each interval is

Dyk ¼maxðykÞ �minðykÞ ð14Þ

Then, the attractor area A(s) is integrated by

AðsÞ ¼ lim
K!1

Xk¼K

k¼1

Dyk �
Dx
K

ð15Þ

where K is selected 500.
The attractor long axis LaxisðsÞ is defined as the maximal dis-

tance between two points in principal axis

LaxisðsÞ ¼maxðXi � YiÞ ð16Þ

where Xi and Yi are trajectory points in principal axis.
The attractor short axis SaxisðsÞ is defined as the maximal dis-
tance between two points in secondary axis

SaxisðsÞ ¼ maxðXi � YiÞ ð17Þ

where Xi and Yi are trajectory points in secondary axis.
In this study, the characteristics of attractor moments and area

are extracted here based on the VMEA probe signals. Moreover, the
Laxis(s) and Saxis(s) are not suitable for extracting the attractor
characteristics.

4.3. The extracting of attractor geometry morphological characteristics

Figs. 18 and 19 show the dynamic attractor shape changing
with delay time in D O/W PS and D O/W CT flow pattern respec-
tively, which reflects the process of dynamic attractor from com-
pressed line to completely unfolded states. With the definition of
attractor moments and area, the curve of Mm,j(s) � s and A(s) � s
can be figured out, such as the curve M1,2(s) � s and A(s) � s in
Fig. 20.

If the curves Mm,j(s) � s or A(s) � s appears maximum or
minimum after certain delay time, which is defined as transform
delay time sf. If there is no extreme, the delay time correspond-
ing sudden change of slope can also be defined as the transform
delay time. The part before sf is called first zone, and second
zone after sf.
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Fig. 17. D O/W PS and D O/W CT flow pattern distribution in TT–L plane.
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Fig. 16. D O/W PS and D O/W CT flow pattern distribution in LAM–DET plane.
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The first zone corresponds to attractor unfolding process from
compressed to unfolding state at suitable delay time, this zone is
approximately linear process, so the slope of the curves can serve
as characteristics of attractor, namely the attractor geometry mor-
phological characteristics, denoted as SMm,j and SA respectively,
which means the growth rate of the attractor moments and area.
The following equation should be satisfied.
Mm;jðsÞ � SMm;j � sþMm;jð0Þ ð0 6 s 6 sf Þ ð18Þ
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Fig. 18. Dynamic attractor changing with the increasing of delay time (incli
AðsÞ � SA � sþ Að0Þ ð0 6 s 6 sf Þ ð19Þ

where Mm;jð0Þ and S(0) are intercept of each curve. As the slope of
moments or area in first zone are taken as attractor geometry mor-
phological characteristics, which is not affected by traditional meth-
od of choosing delay time. The second zone corresponds to
completely unfolded state of the attractor structure.

Fig. 20 shows the curves of the moments M1,2(s) and area A(s)
with the change of delay time s in water-dominated flow pattern
when Usw = 0.0374 m/s with different Uso at 45�. Fig. 20a shows
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nation 45�, Usw = 0.0374 m/s, Uso = 0.0730 m/s, D O/W PS flow pattern).
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Fig. 19. Dynamic attractor changing with the increasing of delay time (inclination 45�, Usw = 0.0374 m/s, Uso = 0.1682 m/s, D O/W CT flow pattern).
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the curve M1,2(s) � s, the slope of moment M1,2 in the first zone are
markedly different for D O/W PS and D O/W CT flow pattern, and
the flow pattern distribution in SM1,2–SM2,2 plane are shown in
Fig. 21. The absolute value of slope of the attractor moments in D
O/W PS are generally higher than that of D O/W CT flow pattern,
which indicates that the unfolding process of attractor in D O/W
PS is faster than that of D O/W CT flow pattern.
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Fig. 20. Curves of attractor moment M1,2(s) and area A(s) changing with delay time s.
Fig. 20b shows the change of attractor area A(s) with the in-
crease of delay time s, which indicates that the slope of area SA
in the first zone and the terminal area A of D O/W PS flow are both
higher than that of D O/W CT flow pattern. The flow pattern distri-
bution of D O/W PS and D O/W CT flow pattern in SA� A plane is
shown in Fig. 22, from which the good flow pattern classification
results can be seen.
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Fig. 21. D O/W PS and D O/W CT flow pattern distribution in SM1,2–SM2,2 plane.
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5. Conclusions

In summary, we have experimentally investigated the flow
structures of inclined oil–water two phase flow in large diameter
pipe by the combined application of VMEA and mini-conductance
probes. Though DO/W PS and D O/W CT flow pattern cannot be di-
rectly identified by simple statistics of VMEA probe signals, they
can be effectively distinguished with each other by nonlinear anal-
ysis method. Through analyzing the mini-conductance probe sig-
nals, we not only exactly identify the four inclined oil–water two
phase flow patterns but also provide the corresponding flow pat-
tern maps. Moreover, it should be pointed out that, since the pipe
diameter in this experiment is markedly different from that of Flo-
res, D O/W PS flow pattern is predominant, while D O/W CT and TF
flow pattern only exist in a quite narrow region in flow pattern
maps, and the flow pattern transition boundaries are also different
from that in Flores flow pattern maps.

Using recurrence quantification analysis and attractor geometry
morphological description method, we have analyzed the signal
time series measured from VEMA sensor and achieved good flow
pattern classification results. Our research indicates that the non-
linear dynamic analysis methods can be effectively applied to
quantitatively characterize the inclined oil–water two phase flow
pattern transitions.
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