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A new method for the determination of oil and water flow rates in vertical upward oil-water two-phase pipe flows has been
proposed. This method consists of an application of machine learning techniques on the probability density function (PDF)
and the power spectral density (PSD) of the power spectrum output of an ultrasonic Doppler sensor in the pipe. The power
spectrum characteristic parameters of the two-phase flow are first determined by the probability density function (PDF)
method. Then, the transducer signal is preprocessed by distance correlation analysis (DCA), and independent features are
extracted by principal component analysis (PCA). The extracted features are used as input to a least-squares fit, which gave the
oil flow rates as output. In the same way, the transducer signal is also preprocessed by partial correlation analysis (PCA), and
independent features were extracted using independent component analysis (ICA). The extracted features were used as inputs
to multilayer back-propagation neural networks, which water cuts as output. The present method was used to calibrate an
ultrasonic Doppler sensor to estimate the flow rates of both phases in oil–water flow in a vertical pipe of diameter 159mm.
Predictions of the present method were in good agreement with direct flow rate measurements. Compared to previously used
methods of feature extraction from the ultrasonic Doppler power spectrum signals, the present method provides a theoretical
basis for the interpretation of ultrasonic multiphase flow logging data. Ultrasonic multiphase flow logging has potential
application value in the production profile logging and interpretation evaluation of production wells with low fluid production
and high water cut.

1. Introduction

Production logging is a major means of oil well dynamic
monitoring. It is an important issue in the logging industry
to understand the production status of the oil well produc-
tion layer, the remaining oil production of the reservoir,
the evaluation of the reservoir reconstruction effect, and
the adjustment and improvement of the development plan
[1]. The production logging technology also plays a very
important role in the development of oil fields.

However, oil fields with low porosity and low permeabil-
ity in the middle-late mining stage are characterized by low
flow rate, high water cut, and sand out. The oil-water two-

phase flow in the oil well has complex flow regimes with ran-
dom and variable oil-water interface, as well as a serious slip
effect between the oil and water phases. These problems
have caused major challenges to traditional production pro-
file logging, such as spinner flowmeter responds poorly
under low flow conditions, and the fluid capacitance has
poor response under high water cut conditions [2]. Ultra-
sonic multiphase flow logging tool is a logging method that
uses the ultrasonic Doppler effect and the difference in
acoustic impedance between oil, gas, and water and uses
the spectral characteristics of the discrete phase reflected
sound waves to obtain the flow of fluids in each phase [3].
Ultrasonic multiphase flow logging technology solves the
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problems of two-phase flow and three-phase flow logging in
complex well conditions (low production fluid, sand out,
highly deviated well, etc.), and the logging data provides a
reliable basis for oilfield development engineers [4]. At this
stage, the realization of the instrument method is relatively
mature, and the difficulty lies in how to extract information
that can accurately reflect the flow of oil, gas, and water from
a single ultrasonic frequency spectrum data [5].

Due to the nonlinearity of the data, there are many diffi-
culties in establishing an accurate prediction model. The
measurement precision of split-phase flow is lower. Therefore,
it is significant to study on the soft measurement method of
split-phase flow. In recent years, machine learning models
have begun to be applied in various fields. Several investigators
suggested the artificial neural network (ANN) methods to
solve this problem for multiphase flow [6–8]. ANN techniques
have been proposed as a powerful and computational tool to
model and solve the complex problems that cannot be
described with simple mathematical models [9–11]. Osman
presented an ANN model for prediction of pressure drop in
horizontal and near-horizontal gas–liquid flow [12]. Zhao
et al. established an ANN prediction model based on the
conductance signal obtained by measuring the oil-water two-
phase flow with electrical methods, where water cut was from
51% to 91%, and good prediction results were obtained [13].

Dimensionality reduction methods are an essential step
in any machine learning model pipeline since they will have
major importance regarding the accuracy of the classifica-
tion or regression algorithm applied to the data [14].
Principal component analysis (PCA) is the most commonly
used dimensionality reduction method. PCA was originally
introduced by Pearson [15] and developed independently
by Hotelling [16]. PCA is an unsupervised linear mapping
based on an eigenvector search and suitable for Gaussian
data. PCA provides different strategies for reducing the
dimensionality of feature space and preserves the maximum
amount of variance of the original data [17, 18]. PCA can be
computed using different algorithms including eigenvalues,
latent variable analysis, factor analysis, or linear regression
(LR) [19]. Major applications of PCA include image and
speech processing, visualization, exploratory data analysis,
and robotic sensor data [20].

Aiming at the oil-water two-phase production character-
istics of low production, high water cut, and obvious
slippage, in order to improve the interpretation accuracy
and dig out more ultrasonic multiphase flow logging
information, this paper carried out the oil-water two-phase
simulation logging experiment of the ultrasonic multiphase
flow logging tool to study the ultrasonic frequency spectrum
information of the oil-water two-phase flow and the oil and
water flow interpretation model. It provides a new interpre-
tation method for the ultrasonic multiphase flow logging of
oil-water two-phase production wells with low production
liquids.

2. Experimental Facility and Logging Tool

All logging experiments were conducted in the oil-water
flow facility at the Yangtze University in China (Figure 1),

and the ultrasonic multiphase abortion profile production
logging instrument is shown in Figure 2.

This facility was mainly composed of clear Perspex tub-
ing with an inner diameter of 159mm, which permitted
visual observation of the flow, and the wellbore angle is
vertical 90° (relative to the ground). The water of the exper-
imental medium is tap water (density 988 kg/m3, viscosity
1.16mPa·s), and the oil is 10# industrial white oil (density
826 kg/m3, viscosity 8.29mPa·s). The total flow rate (Qm)
in the experiment ranges from 0.5m3/d to 40m3/d; the water
cut (Cw) varies from 0% to 100%. The oil and water are
transported by peristaltic pumps to the pressure-stabilized
irrigation and then enter the metering pipeline to ensure that
the fluid flow in the oil-water transportation pipeline can
ignore the impact of the pump pulsation. The oil and water
volumetric flow rates were controlled by butterfly valves, and
they were measured by high-precision mass flowmeter
(KLB-CMFI-DN6). A total of 42 sets of experimental operat-
ing conditions for oil-water two-phase flow with different
total flow rates and different water cuts were designed for
the experiment. In order to ensure that the fluid flow is suf-
ficiently stable, the measurement of the ultrasonic logging
instrument probe was set at 6.0 meters from the inlet of flow
fluid; after the oil-water flow rate of each experimental point
stabilized for 30 minutes, the ultrasonic instrument started
the test and continued at least 3 pulse periods, and the test
scenario is shown in Figure 3. All experiments were con-
ducted normal temperature and under the atmospheric
pressure.

The structure of the ultrasonic multiphase flowmeter is
shown in Figure 2. The ultrasonic probe is located at the
lower end of the instrument string during well logging, and
the instrument string is connected to the centralizer to make
the instrument centered for measurement. The ultrasonic
probe adopts spontaneous and self-receiving measurement,
and the transmitting and receiving surfaces are conical [4].
Basic principle is the ultrasonic probe that is the transmis-
sion of ultrasonic signal by cone, and sound waves meet
continuous water phase in the discrete phase (oil bubble,
bubble) reflects, when the ultrasonic wave propagation
direction and oil bubble movement direction are 90°, ultra-
sonic reflection in oil bubble surface, and the frequency of
the reflected ultrasonic wave relative to change in the fre-
quency of the ultrasonic before reflection, this change is
the Doppler frequency shift.

Transducer T emits ultrasonic waves of frequency f0 to
the fluid, and transducer R receives the waves scattered by
a particle in the sample volume [21]. Owing to the relative
motion between the particle and transducer T , the frequency
f1 of incident waves received by the particle is modulated
according to the Doppler effect:

f1 =
c + u cos θ

c
f0, ð1Þ

where c is the speed of sound in fluid, u is the particle velocity
in the main flow direction, and θ is the angle (Doppler angle)
between the sound beam axis and particle flow direction. For
the scattering waves, the moving particle is considered a
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secondary ultrasound source, and the relative motion between
the particle and transducer R produces a second Doppler
effect. Hence, the frequency f r of scattering waves received
by transducer R is also modulated by the relative motion
between it and the particle, which can be expressed as

f r =
c

c − u cos θ f1 = 1 + 2u cos θ
c − u cos θ

� �
f0: ð2Þ

Because the flow velocity u is usually much lower than c,
the term (c − u cos θ) in Eq. (2) can be approximated as c,
which simplifies frequency f r to

f r ≈ 1 + 2u cos θ
c

� �
f0: ð3Þ

As a result, the Doppler shift of a single oil bubble can be
calculated from [22]

f d = f r − f0 =
2u cos θ

c
f0: ð4Þ
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Figure 1: Schematic diagram of multiphase flow simulation well experiment device.
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Figure 2: Schematic diagram of ultrasonic multiphase flow logging tool structure.

Figure 3: Simulation logging experiment diagram.
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The signal reflected by a large number of oil bubbles in the
wellbore and the acoustic signal of the wellbore straight lotus
are superimposed on the receiving transducer. The signal is
transmitted and amplified by telemetry. The final difference
frequency signal obtained is the Doppler signal of the ultra-
sonic multiphase flowmeter [23]. The amount of frequency
change is related to the movement speed of the oil bubble,
and the amount of reflection of the ultrasonic wave on the sur-
face of the oil bubble corresponds to the number of oil bubbles.
Ultrasonic multiphase flow meters use the Doppler frequency
domain effect of reflected and scattered ultrasonic signals to
obtain fluid flow information [24].

The center frequency of the probe is set to 750KHz, the
measurement method adopts the static point measurement
of the instrument, the test time of each experimental mea-
surement point is 3 minutes, and at least 3 cycles of data
are collected. The probe is at the foremost end of the instru-
ment string, the fluid is in a noncollecting condition, and the
state of the fluid to be measured is basically unchanged.
When it flows through the ultrasonic probe, measurement
is performed to collect data.

3. Analysis of Experimental Results

3.1. Characteristics and Spectrum Analysis of Instruments
Influencing Oil-Water Two-Phase Flow. In order to study
the response characteristics of the ultrasonic flowmeter to
the oil bubble flow, the logging data collected by the ultra-
sonic flowmeter was analyzed and processed by the power
spectrum, the hydrostatic oil injection (the wellbore is filled
with water, increasing the flow of oil), and power spectrum
curve (as shown in Figure 4). The power spectrum curve of
the same total flow and different water cuts is as the oil-
water two-phase flow (as shown in Figure 5). From
Figures 4 and 5, the flow characteristics of the fluid at the
measuring point can be qualitatively analyzed by the curve
change trend.

In the case of hydrostatic oil injection, the amplitude of
the power spectrum curve increases with the increase of oil
flow. The greater the oil flow, the stronger the reflected sig-
nal. When the oil flow rate is very low (less than 1.5m3/d),
most of the acoustic waves emitted by the ultrasonic sensor
are dispersed, the reflected waves are weak, the amplitude
is low, and the measurement effect is not obvious. With
the increase of oil flow, discrete oil bubbles in the continuous
water phase increase, and part of the sound wave is reflected
on the surface of the oil bubble. The amplitude of the
reflected sound wave is relative to the number of oil bubbles.
The more oil bubbles (the larger the oil holdup), the stronger
the reflected wave, and the larger the amplitude. Because the
water is still, the oil bubbles move upwards at a static drift
speed in the water, and the slip phenomenon is obvious
[25]; so, the relationship between the change of the center
frequency and the change of the oil phase flow rate is not
obvious. When the oil flow rate is greater than 20 m3/d,
the oil flow rate increases, but the center frequency
decreases. That is, under low flow conditions, the increase
in oil flow is mainly due to the increase in the number of
oil bubbles (increased oil holdup), and the speed of oil bub-

bles hardly increases or even decreases. Therefore, in the
case of low flow, especially when the water is static or the
flow is very low, the center frequency has little correlation
with the oil flow.

In the case of oil-water two-phase flow, the amplitude of
power spectrum curve, left and right attenuation coefficient,
and center frequency has obvious changes under the same
total flow and different water cuts. The center frequency
moved to the right with the increase of water cut, and the
peak amplitude decreased with the increase of water cut.
This is mainly due to the increase in water cut and the
decrease in oil flow. There are fewer discrete oil bubbles in
the continuous water phase. Part of the sound waves reflects
weakly on the surface of the oil bubbles, and the reflected
wave received by the probe decreases, resulting in a drop-
in amplitude peaks. The amplitude peak value and center
frequency are proportional to the flow rate, but their propor-
tional relationship is uncertain under different total flow well
conditions. Therefore, it is necessary to use the statistical
results of the power spectrum data measured by the experi-
ment to find the relationship between the amplitude,
frequency, and the oil and water flow and obtain the corre-
sponding calculation model or make the relationship chart.

3.2. Measurement of Oil Flow Rates and Description of the
Algorithm. For the flow rate prediction, the PDF and PSD
are first calculated from the input signal, and appropriate
features are extracted by using PCA. The preprocessing steps
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Figure 4: Hydrostatic oil injection power spectrum diagram.
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Figure 5: Continued.
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employ methods that preserve as much of the information
contained in the differential the characteristic parameters
as possible, albeit extracting features with a relatively small
dimension.

In order to mine more power spectrum signal connota-
tion, the one-dimensional probability density function
(PDF) was used to fit the original measurement curve, and
the characteristic parameters such as amplitude of oil, fre-
quency of oil, variance of oil, and peak area of reaction oil
bubble distribution and flow velocity information were
obtained [26]. In order to reduce the complexity of the prob-
lem, the correlation analysis method is used to analyze the
distribution parameters of the oil-water two-phase flow
experiment and the characteristic parameters of the ultra-
sonic power spectrum to find the relationship between the
characteristic parameters of the ultrasonic power spectrum
and the oil-water flow parameters.
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Figure 5: Power spectrum curve of oil-water two-phase flow: (a)Qm= 10m3/d, (b)Qm= 15m3/d, (c) Qm= 20m3/d, (d)Qm= 25m3/d, (e)
Qm= 30m3/d, and (f) Qm= 40m3/d.

Table 1: Matrix table of approximate values of variables related to hydrostatic oil injection.

Correlation between vectors of power spectrum
Oil
flow

Peak
amplitude

Center
frequency

Amplitude
of oil

Frequency
of oil

Variance
of oil

Area of oil
peak

Logarithm of
amplitude ratio

Oil flow 1.000 .960 -.610 .958 -.582 .048 .857 .787

Peak amplitude .960 1.000 -.385 1.000 -.354 .294 .962 .920

Center frequency -.610 -.385 1.000 -.377 .984 .693 -.140 -.029

Amplitude of oil .958 1.000 -.377 1.000 -.348 .299 .966 .922

Frequency of oil -.582 -.354 .984 -.348 1.000 .763 -.116 .024

Variance of oil .048 .294 .693 .299 .763 1.000 .497 .641

Area of oil peak .857 .962 -.140 .966 -.116 .497 1.000 .973

Logarithm of
amplitude ratio

.787 .920 -.029 .922 .024 .641 .973 1.000

Table 2: Results of PCA.

Component Eigenvalue
Variance

contribution
rate/%

Cumulative variance
contribution rate/%

1 6.026 86.087 86.087

2 0.773 11.038 97.125

3 0.168 2.397 99.522

4 0.024 0.340 99.862

5 0.006 0.084 99.946

6 0.004 0.050 99.996

7 0.000 0.004 100.000
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First, the correlation analysis of the experimental
rationing parameters of hydrostatic oil injection and the
characteristic parameters of the ultrasonic power spectrum
are carried out. The correlation analysis of the variables
related to hydrostatic oil injection is based on the distance
process correlation analysis. The approximate value matrix
is shown in Table 1. The strength of the distance relationship
between variables can be observed through the approximate
matrix [27]. The results of the correlation analysis show that
the oil flow has a good correlation with many characteristic
parameters, if only one or two parameters for the traditional
linear or nonlinear fitting to obtain the formula to calculate

the oil flow, the results obtained error is larger, but too many
variables will inevitably exist data duplication and superpo-
sition, resulting in the complexity of the algorithm to
enhance. The basic principle of principal component analy-
sis (PCA) is to integrate the original variables into several
principal components, replacing a large number of variables
with fewer combined variables, to minimize the loss of
information carried by the variables, and to make them
uncorrelated with each other [28]. The mathematical model
of principal component analysis is as follows.

Suppose there are n samples, and each sample has p var-
iables: x1, x2,…, xp, the original data observation matrix is as
follows:

Xn×p =

x11 x12 ⋯ x1p

x21 x22 ⋯ x2p

⋮ ⋮ ⋱ ⋮

xn1 xn2 ⋯ xnp

2
666664

3
777775: ð5Þ

Establish the correlation coefficient matrix R of variables
and find the characteristic root of R (λ1 ≥ λ2 ≥⋯λp > 0) and
its corresponding unit characteristic vector (e1, e2,⋯, ep).

Then, determine the number of principal components,
define the contribution rate of the principal components
which is λi/∑

p
k=1λk, ði = 1, 2,⋯,pÞ, and the cumulative contri-

bution rate is ∑i
k=1λk/∑

p
k=1λk, ði = 1, 2,⋯,pÞ.

Generally, the eigenvalues λ1, λ2,⋯λm corresponding to
the first, second, ..., mth (m ≤ p) principal components
whose cumulative contribution rate reaches 85% or more
are taken. The PCA model can be formulated as

f1 = e11x1 + e12x2 + e13x3+⋯+e1pxp,
f2 = e21x1 + e22x2 + e23x3+⋯+e2pxp,

⋮

f m = em1x1 + em2x2 + em3x3+⋯+empxp,

8>>>>><
>>>>>:

ð6Þ

where eip is the p-dimensional eigenvector correspond-
ing to the i-th eigenvalue of the correlation matrix of the
original variables; ½x1 x2 ⋯ xp�T is the p-dimensional initial
input variable.

Principal component analysis was performed on the
characteristic parameters of the oil-water two-phase ultra-
sonic power spectrum, and the results are shown in Table 2.

It can be seen from Table 2 that the cumulative contribu-
tion rate of the first component reaches 86.087%, which
exceeds 85%, which can well summarize the original vari-
ables. Therefore, the principal component of the characteris-
tic parameters of the oil-water two-phase ultrasonic power
spectrum is the first extracted. According to the component
score coefficient matrix, the expression can be obtained as

F1 = 0:163X1 − 0:146X2 + 0:162X3 − 0:155X4 − 0:144X5 + 0:148X6 + 0:159X7:

ð7Þ
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Therefore, the oil flow rate and the principal compo-
nents extracted from the characteristic parameters of the
ultrasonic power spectrum are used for the rendezvous anal-
ysis to predict the oil flow rate. The result is shown in
Figure 6.

Figure 6 is fitted to get the relationship between the oil
flow rate (Qo) and the principal component value (F1) mea-
surement model which is

Qo = 7:5778F1 + 11:667: ð8Þ

The oil flow rate increases linearly with the principal
component value, and it has very good monotonicity. When
the oil flow rate is small, the data correlation is obviously
stronger than when the oil flow rate is high, indicating that
the ultrasonic flow logging tool is more sensitive to small
oil flow changes under the conditions of low oil flow and
high water holdup. This is because when the oil flow is low
and the wellbore water holdup is high, the size and number
of oil bubbles are small, and the oil phase is evenly distrib-
uted, which is conducive to ultrasonic Doppler measure-
ment. When the oil flow rate increases and water holdup
decreases, the size and number of oil bubbles in the wellbore
increase, small oil bubble collision and aggregation become
larger, oil phase distribution is uneven, ultrasonic Doppler
measurement sensitivity decreases, reflection intensity
increases, and amplitude increases. Therefore, ultrasonic
Doppler measurement has high sensitivity to high water cut.

Substituting the data obtained from the ultrasonic
measurement experiment of the oil-water two-phase flow
into Eq. (8), the oil flow rate prediction results as shown
in Figure 7 is obtained. In the case of different total flow,
the oil flow value in the ultrasonic multiphase flow simu-
lation experiment is in good agreement with the oil flow
prediction value.

Table 3: Approximate value matrix table of related variables for oil-water two-phase flow.

Correlation between vectors of power spectrum
Total
flow

Water
cut

Peak
amplitude

Center
frequency

Amplitude of
oil

Frequency of
oil

Variance of
oil

Area of oil
peak

Amplitude
ratio

Total flow 1.000 .000 .667 -.555 .668 -.573 -.455 .651 .659

Water cut .000 1.000 -.651 .601 -.648 .656 .556 -.647 -.690

Peak
amplitude

.667 -.651 1.000 -.778 .999 -.852 -.807 .939 .975

Center
frequency

-.555 .601 -.778 1.000 -.766 .959 .853 -.630 -.719

Amplitude of
oil

.668 -.648 .999 -.766 1.000 -.837 -.790 .947 .979

Frequency of
oil

-.573 .656 -.852 .959 -.837 1.000 .933 -.687 -.784

Variance of
oil

-.455 .556 -.807 .853 -.790 .933 1.000 -.572 -.684

Area of oil
peak

.651 -.647 .939 -.630 .947 -.687 -.572 1.000 .983

Amplitude
ratio

.659 -.690 .975 -.719 .979 -.784 -.684 .983 1.000

Table 4: Results of PCA for water cut.

Component Eigenvalue
Variance

contribution
rate/%

Cumulative variance
contribution rate/%

1 6.09 87.002 87.002

2 0.675 9.639 96.641

3 0.18 2.565 99.207

4 0.035 0.502 99.709

5 0.013 0.19 99.899

6 0.005 0.072 99.971

7 0.002 0.029 100
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Figure 8: Intersection diagram of water cut and amplitude ratio.
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On the whole, the oil flow rate prediction model estab-
lished by the hydrostatic oil injection experiment data is
effective in calculating the oil flow rate under the oil-water
two-phase flow. The overall average absolute error is
0.92m3/d, and the average relative error is 10.36%.

Although the oil flow rate in oil-water two-phase flow
can be accurately calculated by extracting principal compo-
nent value of the characteristic parameters of the ultrasonic
power spectrum, the main reason is that the total flow rate
is small, the oil phase velocity is close to the static drift veloc-
ity of oil in water, and the change of oil flow rate mainly

depends on the number of oil bubbles (oil holdup), which
is strongly related to the amplitude of oil and area of oil
peak. The total flow does not change, the water cut
decreases, and as the oil flow increases, the error value
increases. That is to say, the prediction model (8) has higher
prediction accuracy in the case of high water cut and less oil
bubbles. With the increase of oil bubbles, the flow pattern
changes from discrete bubble flow to emulsion flow, and
the measurement effect becomes worse.

3.3. Water Cut Measurement and Description of the
Algorithm. In the previous section, it was shown that the
PDF and PSD of the differential ultrasonic power spectrum
characteristic parameters followed certain systematic trends
as the oil, and water flow rates were changed [29].

The water cut reflects the relationship between the water
flow and the total flow in the oil-water two-phase flow and
has a complicated relationship with factors such as water
holdup and oil-water slip velocity. In the oil-water two-
phase flow of low-yield liquid, the water holdup is generally
high due to the serious water logging in the wellbore, which
brings more difficulties to the calculation of water cut. The
conventional production profile interpretation model (drift
flux model, slip model) is greatly affected by the fluctuation
of water holdup. Ultrasonic multiphase flow logging data
processing uses the power spectrum related characteristic
parameters to compare and analyze the water cut ratio of
the experiment to determine the water cut calculation
model. In the same way, for the water prediction, the PDF
and PSD are also calculated from the input signal, appropri-
ate features are extracted by using DCA followed by PCA,
and regression is performed using artificial neural networks.

It can be seen from the power spectrum analysis of ultra-
sonic measurement in Figures 4 and 5 that the total flow rate
has no obvious dependence on the related characteristic
parameters, when the total flow rate remains unchanged,
the water cut increases, the amplitude of the corresponding

Table 5: Analysis table of partial correlation of variables related to oil-water two-phase flow.

Correlation
Control variable Water cut Amplitude of oil Frequency of oil Area of oil peak Amplitude ratio

Total flow

Water cut

Correlation 1.000 -.872 .800 -.852 -.918

Significance (two-tailed) . .000 .000 .000 .000

Degree of freedom 0 21 21 21 21

Amplitude of oil

Correlation -.872 1.000 -.745 .907 .963

Significance (two-tailed) .000 . .000 .000 .000

Degree of freedom 21 0 21 21 21

Frequency of oil

Correlation .800 -.745 1.000 -.505 -.660

Significance (two-tailed) .000 .000 . .014 .001

Degree of freedom 21 21 0 21 21

Area of oil peak

Correlation -.852 .907 -.505 1.000 .971

Significance (two-tailed) .000 .000 .014 . .000

Degree of freedom 21 21 21 0 21

Amplitude ratio

Correlation -.918 .963 -.660 .971 1.000

Significance (two-tailed) .000 .000 .001 .000 .

Degree of freedom 21 21 21 21 0
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Figure 9: The relationship between water cut and amplitude ratio
at the same total flow rate.
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power spectrum decreases, and the center frequency shifts to
the right. Therefore, the distance correlation analysis (DCA)
method is also used to perform correlation analysis on the
experimental data of the oil-water two-phase flow. The anal-
ysis results are shown in Table 3. According to the analysis
results, Pearson correlation coefficients between total flow
and amplitude peak, center frequency, amplitude of oil, fre-
quency of oil, variance of oil, area of oil peak, and amplitude
ratio are not high, all less than 0.7, indicating that the dis-
tance correlation intensity between them is very weak, which
is consistent with the qualitative analysis results of power
spectrum in Figures 4 and 5.

The Pearson correlation coefficient between water cut
and ultrasonic characteristic parameters is not high, which

is positively correlated with the center frequency, frequency
of oil and variance of oil, but negatively correlated with the
amplitude peak, amplitude of oil, area of oil peak, and ampli-
tude ratio. Pearson correlation coefficient with the total flow
is 0, and there is no correlation between water cut and the
total flow. In the case of oil-water two-phase flow, the peak
amplitude is positively correlated with the oil amplitude,
and the center frequency is positively correlated with the fre-
quency of oil. The correlation coefficient is relatively close,
and the correlation coefficient with the oil-water amplitude
ratio (ln ðAo/AwÞ) is 0.69.

To investigate the effect of representing the total infor-
mation in the original dataset with a smaller number of
features, principal component analysis was performed on
the characteristic parameters of the oil-water two-phase
ultrasonic power spectrum, and the results are shown in
Table 4.

According to the component score coefficient matrix, the
expression can be obtained as

F2 = 0:158X1 − 0:149X2 + 0:163X3 − 0:156X4 − 0:144X5 + 0:143X6 + 0:158X7:

ð9Þ

Figure 8 is the intersection of the water cut and the oil-
water amplitude ratio, and the fitting formula is Eq. (10):

Ln Ao

Aw

� �
= 0:098974Cw + 2:60833: ð10Þ

The linear fitting correlation coefficient (R2 = 0:45784) is
low, and the water cut calculated by Eq. (10) has a large
error, which can be used as the pseudowater cut calculation
formula.
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Figure 10: Comparison chart of predicted flow and real flow.
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Further analysis of moisture content and the relationship
between ultrasonic power spectrum parameters, extraction,
and analysis of the results of correlation coefficient absolute
value are greater than 0.6 variable frequency amplitude
(amplitude of oil, frequency of oil, area of oil peak, amplitude
ratio), the partial correlation analysis (PCA) method, analysis
of traffic is fixed, and the water cut and the correlation between
ultrasonic power spectral characteristic parameters process the
results as shown in Table 5. It can be seen from the results that
when controlling the total flow, the partial correlation coeffi-
cient between the water cut and the amplitude ratio is
-0.918, and the probability (significance) that they are not cor-
related is p = 0. It can be concluded that under the condition of
a certain total flow, there is a significant negative correlation
between water cut (Cw) and oil-water amplitude ratio
(ln ðAo/AwÞ). Figure 9 is a graph showing the relationship
between water cut and amplitude ratio when the total flow rate
is constant under the oil-water two-phase flow.

It can be seen from Figure 9 that under a certain total
flow rate, the water cut and the oil-water amplitude ratio
have a good linear correlation. The larger the amplitude
ratio, the smaller the water cut. Using this chart, you can
calculate the water cut based on the amplitude ratio interpo-
lation when the total flow rate is determined, and you can
also calculate the total flow rate based on the amplitude ratio
interpolation when the water cut rate is determined. For the
flow rate prediction, water cut (Cw) and oil-water amplitude
ratio (ln ðAo/AwÞ) were used as inputs to multilayer back-
propagation neural networks, which gave the total flow rates
as output. Figure 10 presents the ratio of predicted and
measured flow rates for the ANN; the vast majority of pre-
dictions were within ±10% of the measured values.

3.4. Water Phase Flow Calculation. From the above power
spectrum Figure 5 and the distances process correlation
analysis result Table 3, it can be seen that it is difficult to
directly find the relationship between the water phase flow
rate and the relevant characteristic parameters of the power

spectrum. However, under a certain total flow rate, the rela-
tionship between the ratio of the water phase flow rate and
the amplitude obtained from the water cut is very obvious,
and the linear relationship is better. Therefore, based on
the above Eq. (5) of the oil phase flow calculation model
and the water cut calculation chart under a certain total flow,
the following method is proposed to calculate the water
phase flow.

(1) First, calculate the oil phase flow rate Qo from the
principal component value (F1) using Eq. (8)

(2) From the oil-water amplitude ratio (ln (Ao/Aw)),
use Eq. (9) to calculate the pseudo water cut Cw′

(3) Then, use the oil-water amplitude ratio (ln (Ao/Aw))
and the pseudowater cut Cw′ obtained in step (2) into
the same water cut and amplitude ratio relationship
chart (Figure 9) for the total flow rate for ANN to
obtain the total flow rate Qm. Recalculate the water
cut according to the definition formula of water cut

Cw = Qm −Qo

Qm
: ð11Þ

(4) Then calculate the error between the water cut calcu-
lated by Eq. (7) and the pseudowater cut calculated
by Eq. (6). If it is within the error range, the total
flow Qm and water cut Cw can be obtained, and the
water phase flow can be calculated by the relation-
ship between them

Qw =Qm · Cw: ð12Þ

Table 6: Well 13-1-2 power spectrum characteristic parameter table.

Layer
number

Measuring point
depth (m)

Temperature
(°C)

Pressure
(MPa)

Peak amplitude
(μv/Hz2)

Center
frequency

(Hz)

Amplitude of oil
(μv/Hz2)

Frequency of
oil (Hz)

Fluid phase

1 1390.25 68.00 2.90 1067.00 326.34 812.51 361.70
Oil-water
two-phase

2 1411.00 68.80 3.10 812.53 297.02 636.01 322.33
Oil-water
two-phase

3 1430.20 69.80 3.30 623.64 301.73 469.24 326.78
Oil-water
two-phase

4 1470.40 71.40 3.80 559.80 295.98 453.81 314.15
Oil-water
two-phase

5 1530.32 73.50 4.40 314.81 268.70 236.23 261.76
Oil-water
two-phase

6 1563.12 74.50 4.80 129.34 241.65 106.64 283.13
Oil-water
two-phase

7 1595.30 76.64 5.14 13.46 221.14 0.00 0.00 Static water
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(5) If the error is greater than the error limit, adjust the
pseudowater cut Cw′ according to the relationship
between the water cut Cw calculated on the plate
and the pseudowater cut Cw′ and continue to insert
it into the Figure 9 for interpolation calculations
until the error is less than the error limit

In order to check the calculation accuracy of the method,
the logging data of the ultrasonic Doppler flowmeter in the
full flow layer of 26 wells were measured by power spectrum
processing to extract the relevant characteristic parameters.
Because the calibration conditions of the logging instrument
laboratory are different from the working conditions of
downhole logging, and the physical properties of oil and
water are different, it is necessary to calibrate the amplitude
and center frequency of the total flow power spectrum curve
of the downhole test to the calibration conditions of the
same flow rate for explanation [4]. The calibration
coefficient is

KA = Alog/Aexp,
KF = F log/Fexp:

(
ð13Þ

In the formula, KA is the amplitude correction coeffi-
cient, Alog is the actual logging amplitude value, Aexp is the
amplitude value measured in the laboratory with the same
flow rate, KF is the frequency correction coefficient, K log is
the actual logging frequency value, and Kexp is the frequency
value measured by the laboratory with the same flow rate.

The calibrated power spectrum characteristic parame-
ter values were substituted into the above formula and
chart, and the interpretation results were compared with
the water flow calculated by the total production and
water cut of logging time at that time. The comparison
between the actual water flow in the full flow layer of
these 26 wells and the water flow calculated by this
method is shown in Figure 11. The average absolute error
of the water phase flow calculation is 1.502m3/d, and the
average relative error is 22.79%. The relative error of the
water phase flow rate under high water cut conditions is
obviously smaller than the relative error value under low
water cut conditions, which also shows that the ultrasonic
Doppler oil-water two-phase flow measurement has higher
sensitivity under high water cut conditions.

4. Field Application

Western Oilfield is a low-porosity and low-permeability
reservoir. It is currently in the middle and late stages of
development, and most of the oil wells are in a state of low
production fluid and high water cut. Well 13-1-2 is a
pumped well. Ultrasonic multiphase flow production profile
logging was performed on March 23, 2018. Before logging,
the daily production fluid at the wellhead was 5.55m3/d,
and the water cut was 41.4%.

The logging interpretation of ultrasonic polyphase abor-
tion profile is mainly based on the temperature, pressure,
and power spectrum curve of downhole fluid to judge the
phase state of downhole fluid, and the oil and water produc-
tion of each producing zone is calculated according to the
production status of wellhead and the amplitude and central
frequency of oil signal of power spectrum curve. The power
spectrum curve of ultrasonic multiphase flow test in well 13-
1-2 is shown in Figure 12.

According to the position of the downhole perforation
layer, there are a total of 7 test points, and the test point fluid
is a two-phase flow of oil and water. The power spectrum
curve of each test point is processed to obtain the power
spectrum characteristic parameters, as shown in Table 6.

The comprehensive interpretation results are shown in
Figure 13, and the interpretation results are shown in
Table 7. After comprehensive analysis, the interpretation
results are obtained: the main liquid producing layer is IV-
49 sublayer, the liquid production volume is 1.84m3/d, and
the water cut is 58.36%. The secondary liquid producing
layers are IV-25, IV-28, IV-30, IV-40, and IV-47, with liquid
production of 0.68m3/d, 0.69 m3/d, 0.27m3/d, 1.11m3/d,
and 0.97m3/d, respectively. Water cut were 0.0%, 27.09%,
36.98%, 41.64%, and 49.42%, respectively.

Compared with the actual oil and water flow in the field,
the accuracy of data-driven artificial intelligence interpreta-
tion is higher than that of traditional ultrasonic power
spectrum single-factor calculation of flow, and it also solves
the problem of water flow calculation.

5. Conclusion

In this paper, the ultrasonic multiphase flow logging tool is
used to test the acoustic frequency characteristics of the
oil-water two-phase flow in a vertical simulation experimen-
tal wellbore, and the data-driven methodology is used for the

Table 7: Well 13-1-2 interpretation result table.

Serial number Interpretation level
Perforated well section

Oil yield (m3/d)
Water yield Total fluid production

Water cut (%)
(m) (m3/d) (m3/d)

1 IV-25 1400.00-1401.50 0.68 0 0.68 0

2 IV-28 1421.90-1423.90 0.5 0.19 0.69 27.09

3 IV-30 1435.47-1437.70 0.17 0.1 0.27 36.98

4 IV-40 1501.38-1505.22 0.65 0.46 1.11 41.64

5 IV-47 1555.95-1557.55 0.49 0.48 0.97 49.42

6 IV-49 1570.10-1572.80 0.77 1.07 1.84 58.36

Total 3.26 2.3 5.56 41.37
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prediction of fluid flow in ultrasonic production logging data
processing. The following conclusions are obtained through
the analysis of the experimental data.

(1) The ultrasonic multiphase flow logging tool mainly
detects the movement parameters of the oil bubbles
in the continuous water phase. The power spectrum
curve obtained from the experimental data can
qualitatively analyze the change characteristics of
the total flow rate and water cut of the oil-water
two-phase flow

(2) Under low flow conditions, the oil bubbles move
upward at a static drift speed; so, the oil phase flow
is mainly related to the number of oil bubbles and
the ultrasonic reflection intensity that reflects the
number of oil bubbles

(3) The characteristic parameters extracted from the
ultrasonic power spectrum curve are related to the
oil flow and water cut, and there is a functional
relationship. This paper uses the distance process
correlation analysis method and partial correlation
analysis method to analyze the correlation of the
power spectrum characteristic parameters and
establishes the oil phase flow calculation model, the
water cut prediction chart, and the water flow
calculation method. The research results show that
the method has high precision and can be a very
good calculating the output profile parameters of
oil-water two-phase flow

(4) The data-driven artificial intelligence interpretation
accuracy is higher than the traditional single-factor
calculation accuracy of ultrasonic power spectrum
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