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We investigate the dynamic characteristics of oil-gas—water three-phase flow in terms of chaotic attractor comparison.
In particular, we extract a statistic to characterize the dynamical difference in attractor probability distribution. We first take
time series from Logistic chaotic system with different parameters as examples to demonstrate the effectiveness of the
method. Then we use this method to investigate the experimental signals from oil-gas—water three-phase flow. The results
indicate that the extracted statistic is very sensitive to the change of flow parameters and can gain a quantitatively insight

into the dynamic characteristics of different flow patterns.
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1. Introduction

Oil—gas—water three-phase flow widely exists in oil well
production, petroleum storage and transportation systems.
Owing to the interaction between the three phases of oil,
gas, and water, such as fluid turbulence, local relative move-
ments, the oil-gas—water three-phase flows are very com-
plex and varied with individual phase flow parameters, which
are usually called difficult fluid flows. Therefore, traditional
theoretical analyses based on mathematical analytical calcu-
lations or fluid models have many limitations in uncover-
ing the nonlinear dynamics of multi-phase flow,!"?! and it
is rather difficult to directly obtain the dynamic character-
istics by numerical simulation.>*! The current methods ap-
plied to multi-phase flow such as power spectrum analysis, >-6]
time-frequency representation,!”-8] artificial intelligence,[*!°]
nonlinear analysis,!' =1 and attractor morphology!'-'° have
made great progress in uncovering the fluid dynamics from
their own respect. However, the power spectrum analysis and
the time-frequency domain representation always lose phase
information of the system, and those methods usually need
a long time series to obtain a reliable result; artificial intel-
ligence can effectively identify flow patterns, but it is rather
difficult to uncover the mechanism governing the transition of
multi-phase flow; although the traditional nonlinear analysis
methods can provide one or more dynamical characteristics of
the system, these methods always neglect the dynamical rela-
tions between attractor interior vectors.

The attractor comparison method!?°! has been applied to
the early warning agglomeration of fluidized beds and the de-
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tection of foam formation in bubble columns by researchers
from different fields.!?!=2] The attractor comparison method
takes each vector’s local probability distribution into account
and can observe the changes of the attractor as a whole. More
importantly, it can quantitatively characterize the differences
between attractors. In this regard, according to the conduc-
tance signals measured from oil-gas—water three-phase flow
experiment, we employ the attractor comparison method to in-
vestigate oil-gas—water three-phase flow. The results yield a
quantitative insight into the dynamic characteristics of difficult
fluid flows.

2. Attractor comparison analysis of chaotic time
series

2.1. Method

The main idea of the attractor comparison method®"! is
to construct a general square distance Q between multidimen-
sional distributions, the square distance reflects the absolute
difference between attractors. From this point of view, the dis-
tance Q between two identical delay vectors is zero. To obtain
a general quantity, we use the statistic S to present a quantita-
tive description of the differences.

Assume xi(k = 1,2,3,...,N;) as the reference time se-
ries and yi(k = 1,2,3,...,N,) as the evaluation time se-
ries, we obtain X; = (x;,Xitr,... ,x,-+(m,l)1) and Y; =
(VisYitty- -+ Yir(m—1)z) after phase space reconstruction with
embedding dimension m and delay time 7, and the total num-
bers of the reconstructed vectors are M, and M, respectively,
and the probability distributions are p,(X;) and p,(Y;).
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Define the smoothed probability distribution p.(X;) as

the convolution of p,(X;) and the Gaussian kernel
X)= [odn

where the band width 4 is a fixed length scale, the smoothed

d\/277'c IXi—Rl/(MZ)dR7 (1)

distribution p;(Y;) can be calculated in a similar way. The
transformation means that the points in the state space are not
represented with probability one at the positions of their ex-
act values and probability zero elsewhere, but that they have
a certain Gaussian probability distribution around their actual
values.

According to the definition of the smoothed probabil-
ity distribution, we obtain the squared distance Q of the two
smoothed distributions as

= ava)y [[pUR -p(R’dR. @

To calculate an estimator Q for Q, the two sets X; and Y;
are combined as a new set Z; which is expressed as

(1<i<M,),

(M <i< M), ©)

where My = M, + M,,.
To eliminate the dependence between subsequent delay

vectors, Diks et al.[2

divided the (i, j)-plane representing all
possible pairs of Z; and Z; in N x N squares of size L x L,
by segment length L that is so large that pairs with |i — j| > L

are not correlated with each other. For each square, an average

value
1 L L
Hpy = =2 Z Zh NL+i, Z(g—1)L+j) “4)
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is calculated, and
WZ:, Z;) = |72 /), )

Suppose that there are Ny and N, squares in the reference
set and the evaluation set respectively, p and ¢ are the indices,
then we will obtain the unbiased estimator of Q as

o 2
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The larger the difference between the two sets of delay
vectors, the larger the square distance O between them will
be. To know whether a certain value of Q indicates a signifi-
cant difference between two delay vectors, an estimate of the
variance V, is given as

. AN —1)(N—2)
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in which
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The statistic S is defined as

s—— 2 (11)

Ve(Q)

In fact, Pukkelsheim er al.”?®! have provided a three-
sigma rule which shows that for any unimodal probability den-
sity, the probability for values larger than three times the stan-
dard deviation is smaller than 5%. According to the three-
sigma rule,!?®! we obtain the conclusion that the S value larger
than 3 indicates a significant difference between the two series
with more than 95% confidence. In addition, Diks et al.l?")
conducted numerical simulations and indicated that the confi-
dence level is about 98 to 99%, van Ommen et al.!*! applied
the method to the fluidized beds and confirmed this conclu-
sion.

A comparison of the statistic S with the traditional prob-
ability density method or the power spectral density method
shows that the statistic S considers more of the entire structure
of the attractor and the relevance of the time series, and the S
value can better reflect the differences between attractors.

2.2. Probability distribution differences of a typical
chaotic time series

We obtain a time series from the Logistic function as fol-
lows:

Xng1 = Ax, (1 —xp), (12)

as shown in Fig. 1(a), where A = 3.905, and n € [201,400] is
a sub-time series serving as a reference data set as shown in
Fig. 1(b).
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Fig. 1. Time series from Logistic system with (a) a time series for
€ [1,1000], and (b) a sub-time series for n € [201,400] serving as
reference data set.
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We obtain some logistic time series of length 1000 as the
evaluation time series with the parameter A changing in steps
of 0.01. We then divide each time series into 5 parts each with
a length of 200. Figure 2 shows the first 200 points of each
A value. Finally we employ the average S values (denoted
as S[—]) as the comparison results among these different time
series. Figure 3 shows the distribution of S[—] value with re-
spect to parameter A, where the embedding dimension m = 3,
time window 7 = 1, band width d = 0.01, and segment length
L =20. As can be seen from the figure, the S[—] value is larger
than 3, when A > 3.925, indicating that there appears a signif-
icant change in the dynamical mechanism.
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Fig. 2. Different logistic time series to be evaluated. (a) A = 3.915, (b)
A =3.925,(c) A =3.935,(d) A =3.945.
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Fig. 3. Distribution of S[—| value with respect to parameter A.

3. Data acquisition from oil-gas—water three-
phase flow experiment

An oil-gas—water three-phase flow experiment in a 125-
mm diameter vertical upward transparent Plexiglas pipe is
carried out in the multiphase flow loop of Tianjin University,
and the conductance fluctuating signals of different flow pat-

[27

terns are acquired from the VMEA sensors.!”’ The ranges

of the experimental flow rates are as follows: the total lig-
uid flow rates are 20, 40, 60, and 80 m3 per day, and the
values of oil volume fraction (f,) are mainly 0.1, 0.2, 0.3,
0.4, 0.5, 0.7, and 0.9 and the gas flow rates range from 8 to
180 m? per day. In the experiment, the liquid mixture flow
rate (oil and water) and the ratio of oil flow rate to liquid
mixture flow rate (f,) are fixed and gas flow rate is gradu-
ally increased. Finally, we observe and define the six typi-
cal oil-gas—water flow patterns in the experiment, i.e., oil in

0.01 f Uy, =0.0017 m/s, U,
0

VMEA conductance fluctuating signals/V

) p) 4 6 8 10

VMEA conductance fluating signals/V

VMEA conductance fluctuating signals/V

Fig. 4. Conductance fluctuating signals measured from (a) oil in water-
type bubble flow, (b) oil in water-type bubble-slug transitional flow, and
(c) oil in water-type slug flow.
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water-type bubble flow, oil in water-type bubble-slug transi-
tional flow, oil in water-type slug flow, emulsion-type bubble-
slug transitional flow, emulsion-type slug flow, and water in
oil-type slug flow. Figure 4 shows the conductance fluctuating
signals for three water-dominated flow patterns. The sampling
frequency is 400 Hz and the sampling data recording time for
one measuring point is 50 s in the experiment.
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4. Attractor comparison analysis of flow pat-
terns

Figure 5 shows the three-dimensional (3D) attractor mor-
phologies for three typical water-dominated flow patterns. We
can see that each attractor exhibits a distinct probability distri-

bution.
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Fig. 5. Attractor morphologies for three typical flow patterns with (a) U, = 0.0017 m/s, Usg = 0.0062 m/s, Usy = 0.017 m/s; (b)
Uso = 0.0017 m/s, Usg = 0.0747 m/s, Ugy, = 0.017 m/s; (c) Uso = 0.0017 m/s, Usg = 0.106 m/s, Ugy, = 0.017 m/s.

4.1. Selections of parameters

We choose a signal of length 10000 (25 s) for each flow
condition and divide the signal into 10 sub-signals each with a
length of 1000 (2.5 s). Then we choose a stable sub-signal
as a reference set, and compare other sub-signals with the
reference set to obtain 10 statistic values for each flow con-
dition. Finally, we calculate the mean value and the stan-
dard deviation of S to investigate the flow dynamical charac-
teristics. Note that two time series measured under similar
hydrodynamic conditions will present an S value close to 0,
whereas a maximal S value (at least > 3) indicates that the
two time series are measured from different hydrodynamic
conditions. We now investigate the influences of four pa-
rameters on the performance of the method, including time
window 7, embedding dimension m, band width d, and seg-
ment length L. The proper parameters will be chosen from
the calculations. We choose an oil in water-type bubble flow
(Uso = 0.00165 m/s, Usy = 0.017 m/s, Ugz = 0.01 m/s) data
set as the reference time series, and select another two fluc-
tuating signals as the evaluation time series, where one eval-
uation time series is a similar oil in water-type bubble flow
(Uso = 0.00165 m/s, Usy, = 0.017 m/s, Usg = 0.013 m/s) signal
and the other one is a time series from an oil in water-type slug
flow (Uso = 0.00165 m/s, Usy, = 0.017 m/s, Usy = 0.132 m/s).
The length of all the signals are 25 s and these signals are di-
vided into 10 sub-signals for calculation of S[—]. The results
are shown in Fig. 6.

Figure 6(a) shows the influences of the time window T
on the calculation of the S[—] value for the case of embedding
dimension m = 9, band width d = 0.05, and segment length
L =200 ms. As can be seen, for the oil in water-type slug flow,
the values of S[—] are high when the time window is around
30 ms—90 ms; while for the oil in water-type bubble flow, the

values of S[—] are very small and almost independent of time
window 7. Meanwhile, according to Takens’ theory,?®! at-
tractors of the three-phase flow will expand enough when the
time window is around 70 ms—100 ms, we thus finally choose
T = 87.5 ms as the proper time window.

Figure 6(b) shows the influences of the embedding di-
mension d on the calculation of the S[—] value for the case of
time window 7 = 87.5 ms, band width d = 0.05 and segment
length L = 200 ms. As can be seen, for the oil in water-type
slug flow, the values of S[—] are high when the dimension m
takes values between 4 to 11; while for the oil in water-type
bubble flow, the values of S[—] are very small and almost in-
dependent of the embedding dimension. Taking the Takens’
theory!?8! into consideration, we choose the embedding di-
mension m = 9.

The selection of the bandwidth d greatly influences the
performance of the method. (201 1 it is too small, the test will
pick up local differences between the two distributions, which
then leads to poor statistics. If it is too large, the delay vector
distributions will be smoothed to such an extent that they be-
come practically indistinguishable. The optimal value for the
band width is expected to be found at the trade-off between
these two effects. We, in Fig. 6(c), show the distribution of
S[—] with respect to bandwidth d for the case of time win-
dow 7 = 87.5 ms, embedding dimension m = 9 and segment
length L =200 ms. As can be seen, the statistic S|—] decreases
slowly with the up-growing of d for the oil in water-type slug
flow, and there is little influence on the oil in water-type bubble
flow except that d takes a too small value. Finally we select
d = 0.05 as the standard value for the calculation of S[—].

The function of segment length L is to eliminate the in-
teraction between nearby points. It is important to take it large
enough to remove dynamic correlations between successive
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points in the state space. Diks er al.[*] stated that the power

of the test is nearly optimal as long as the number of seg-
ments is not smaller than 8 and the segment length is long
enough to contain several cycles of the fluctuation signal. We,
in Fig. 6(d), show the distribution of S[—] with respect to seg-
ment length L for the case of time window T = 87.5 ms, em-
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bedding dimension m = 9, and band width d = 0.05. As can
be seen, S[—] decreases with L for the oil in water-type slug
flow, while S[—] is almost independent of the segment length
L for the oil in water-type bubble flow. According to the state-
ments by Diks et al.,”? and our test , we select L =150 ms as
the proper segment length for the calculation of S[—].
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Fig. 6. Proper parameters for the calculation of S[—]. (a) m =9, d = 0.05, L = 200 ms; (b) T = 87.5 ms, d = 0.05, L = 200 ms; (¢)
7=87.5ms,m=9,L=200ms; (d) T=87.5ms,m=9,d =0.05.

In addition, when the time window 7, embedding di-
mension m and segment length L take relatively small val-
ues, the calculation will be too time consuming, so we choose
relatively large values for these three parameters in practice.
Therefore, we choose T = 87.5 ms, m =9, d = 0.05, and
L = 150 ms as proper parameters.

4.2. Attractor comparison analysis of three-phase flows
4.2.1. Distributions of S[—| with respect to gas super-
ficial velocity

Figure 7 shows the distributions of S[—] with respect to
gas superficial velocity when the liquid mixture flow rate is
fixed at 20 m> per day, and the oil volume fraction is fixed
at 10% (Fig. 7(a)) and 20% (Fig. 7(b)). As can be seen, the
oil in water-type bubble flow evolves into oil in water-type
slug flow with the increase of gas superficial velocity under
a fixed oil volume fraction. We choose the relatively stable
bubble flows as references for the calculation of S[—]. When

the gas superficial velocity Usg < 0.043 m/s, the flow pattern
is the oil in water-type bubble flow, and the S[—] values are
less than 3, indicating that there is no significant change of
the fluid mechanism; when the gas superficial velocity reaches
Usg = 0.075 m/s, due to the increase of turbulence energy,
some small slugs appear and the flow pattern evolves into
bubble-slug transitional flow, meanwhile, the S[—] value is far
larger than 3, indicating a significant change of fluid mecha-
nism. When Uy > 0.1064 m/s, the turbulence energy increases
very rapidly and the flow pattern changes into a typical oil in
water-type slug flow. Correspondingly, the S[—] value stays
near 14—16 which are greatly larger than 3, indicating that the
fluid mechanism undergoes a significant change induced by
the increase of turbulence energy.

The standard deviations of S[—] for the oil in water-type
bubble flow and oil in water-type slug flow are both small,

indicating these two flow patterns are relatively stable. The
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explanation of the stability of the oil in water-type bubble flow  the other two flow patterns and some big bubbles or big slugs

is that it occurs at a low gas superficial velocity and no big  stochastically appear in this flow pattern, leading to the large
bubbles appear. The stability of oil in water-type slug flow re-  differences in conductance fluctuating signals among different
sults from the quasi-periodic movements between gas slugand  data sets, correspondingly, the standard deviations of S[—] of

liquid slug. The bubble-slug transitional flow occurs between  the transitional flow are relatively large.
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Fig. 7. Distributions of S[—| with respect to gas superficial velocity in the cases of Qmix = 20 m3 per day and (a) fo = 10% and (b)

fo =20%.
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Fig. 8. (color online) Distributions of S[—] with respect to gas superficial velocity with (a) Qmix = 20 m*® per day; (b) Qmix = 40 m?
per day; (¢) Omix = 60 m3 per day.
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In Fig. 8, the flow conditions with the same mixture lig-
uid flow rate (Qmix) and oil volume fraction (f;) are classified
into a group. For each group, we choose the oil in water type
bubble flow with the lowest gas superficial velocity as the ref-
erence flow condition, and then calculate the S[—] values of
each group. As shown in Fig. 8, for each group of flow condi-
tions, the values of S[—] for the oil in water-type bubble flows
are all less than 3, and the S[—] values for transitional flows are
distributed in a range from 3 to 11, while the values of S[—] for
the slug flows are located in the area S[—] > 11.

The distributions of the statistic S[—] in Fig. 8 further con-
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121
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o

firm that the flow conditions belonging to the same flow pat-
tern possess a similar fluid mechanism, and a difference be-
tween two flow conditions will lead to a large S[—], demon-
strating the sensitiveness and effectiveness of the attractor
comparison method.

4.2.2. Distributions of S[—| with respect to oil volume
fraction

Figure 9 shows the distributions of S[—] with respect to

oil volume fraction (f; ) for a fixed mixture liquid flow rate and

superficial gas velocity. We choose the flow conditions with

the lowest oil volume fraction (f;,) serving as the reference.
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Fig. 9. Distributions of S[—] with respect to oil volume fraction (f,), with (a) Qmix = 20 m? per day, Usg = 0.0081 m/s; (b) Omix =
20 m® per day, Usg = 0.043m/s; (¢) Omix = 40 m® per day, Us, = 0.0163 m/s; (d) Omix = 60 m* per day, Us, = 0.071 m/s.

We can see that with the increase of oil volume fraction (f,),
the flow pattern evolves from oil in water-type bubble flow into
a transitional flow and then finally into a slug flow. The S[—]
values of oil in water-type bubble flow are less than 3 and their
standard deviations are relatively small, indicating the stability
of this flow pattern. When the flow changes into a transitional
flow pattern, the values of S[—] are distributed in a range (3,
11), indicating the significant change of fluid mechanism, and
the relatively large standard deviation of S[—] suggests that
there exist large differences between different data sets of the
transitional flow. The values of S[—] become even larger as
the flow evolves into an oil in water-type slug flow, indicat-
ing the far greater difference compared with those of the other
two flow patterns, and the relatively small standard deviations

of §[—] indicating the stability of slug flow pattern.

5. Conclusions

We investigate the dynamic characteristics of oil-gas—
water three-phase flow by using the attractor comparison
method. We first demonstrate how to properly determine cal-
culation parameters, then we calculate the values of S[—] for
different flow conditions with the changes of gas superficial
velocity and oil volume fraction (f,). The results suggest that
the statistic S[—| can effectively characterize the dynamical
differences among oil in water-type bubble flow, transitional
flow, and oil in water-type slug flow induced by the changes of
the flow parameters.

Compared with the traditional nonlinear analysis method,
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the statistic S[—] considers complete probability distributions
of the reconstructed attractor, and reserves the phase informa-

tion of the attractor as much as possible, therefore it can effec-

tively reflect the differences between dynamical attractors. In

this regard, the attractor comparison method provides an effec-
tive analytical method of studying the dynamical mechanism
of three-phase flow.
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