International Journal of Heat and Technology
Vol. 36, No. 2, June, 2018, pp. 543-547

\Z I El' A International Information and

Engineering Technology Association .
Journal homepage:http://iieta.org/Journals/IJHT

Research on estimation of optical fiber probe gas holdup based on the adaptive weighted data
fusion algorithm

Rui Li>%", Ruiquan Liao?

! School of Electronics & Information, Yangtze University, Jingzhou 434034, China

2 petroleum Engineering College, Yangtze University, Wuhan 430100, China

% National Demonstration Center for Experimental Electrotechnics and Electronics Education, Yangtze University, Jingzhou
434034, China

Corresponding Author Email: liruidx@yangtzeu.edu.cn

https://doi.org/10.18280/ijht.360217 ABSTRACT

Received: 17 October 2017
Accepted: 20 February 2018

The gas holdup of oil-gas-water three-phase flow is intimately connected with stream pattern,
flow rate and tension. Regarding the deviation problem in the measurement of fiber optic probe
gas holdup in oil-gas-water three-phase flow, this paper presents an evaluation method to
measure the gas holdup of fiber optic probe based on data fusion. Firstly, the method applies
the Grubbs criterion to eliminate the omission errors in the gas holdup data collected by a
single fiber optic probe in a period of time. Secondly, it acquires the optimal value of the fiber
optic probe in a certain time quantum by estimating the data collected by the fiber optic probe
in batches. After obtaining the optimal value of the data collected by the four fiber optic probes
in the downhole optical fiber probe array, the author adopts the self-adaptive weighted fusion
algorithm, fuses data according to the optimization principle of the total minimum mean
squared error and calculates the accurate value of the gas holdup of oil-gas-water three-phase
flow in the wellbore in a certain time quantum. The experimental results show that this kind
of method can improve the measurement accuracy of gas holdup and achieve more accurate
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estimate in oil-gas-water three-phase flow.

1. INTRODUCTION

The gas holdup is an important parameter for the well
production profile evaluation and measurement. It is very
important for the accurate positioning of the water production
horizon and the improvement of oil and gas production.
Through the measurements of the gas holdup, the downhole
gas content can be obtained, which helps evaluate the
production status of wells and the production structure of the
oil layer [1-3]. Experimental measurement is the main method
for studying gas holdup. Various methods for measuring gas
holdup have been studied at home and abroad, such as: optical
Doppler-reflection wave method, ultrasonic method, fast
closing valve method and capacitance method, etc. They all
have their own characteristics and limitations. The use of
fiber-optic probes to measure the gas holdup of oil-gas-water
three-phase flow is a more advanced measurement method,
whose greatest advantages are light weight, non-conductivity,
and convenient data processing. The multi-phase flow in oil
wells is complicated. During the measurement of gas holdup,
due to the influences from various factors and the accuracy of
the fiber probes, there will be some deviations in the detection
results. In order to accurately measure the gas holdup, afiber
probe array must be used. Selecting an appropriate data fusion
algorithm for fiber probe array is the key task to improve the
gas hold-up accuracy [4-6].

The multi-sensor data fusion technology helps resolve data
redundancy, reduce data measurement errors, and improve
measurement accuracy [7-10]. Zhang Pin et al. proposed an
optimized Bayesian estimation multi-sensor data fusion
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method by incorporating the Kalman filter, effectively solving
data inconsistency and uncertainty [11-13]. Ding Lei et al.
proposed a new multi-sensor data fusion method based on
support vector machine regression estimation, and proved that
the method is superior to the multidimensional regression
analysis and artificial neural network data fusion methods
through experiments [14]. Based on the data fusion method for
fiber probe gas holdup estimation, firstly, the author first uses
the Grobas criterion to eliminate the omission errors in the gas
holdup data collected by a single fiber probe over a period of
time, and divides the fiber probe collected data to obtain the
optimal estimate of the fiber probe for a certain period of time,
and then obtains the optimal estimated value of the data
collected by the four fiber probes in the downhole fiber-optic
probe array, and then fuses the data with the adaptive weighted
fusion algorithm according to the optimal weight distribution
principle and calculates the accurate gas holdup of the oil-gas-
water three-phase flow in the wellbore.

2. GAS HOLDUP MEASUREMENT PRINCIPLE

The refractive index of the liquid phase is approximately
1.35, and the refractive index of the gas phase is approximately
1. Due to the different degrees of total reflection of light in the
gas phase and the liquid phase with different refractive indices,
the gas holdup can be measured by a fiber probe according to
this principle. As shown in Figure 1, when the optical probe is
in contact with water, due to the large refractive index of the
medium, total reflection will not occur at the probe, with a



small optical power detected at the exit end, and the output at
an approximately low level which use v represent [15-17];
but when the optical probe is in contact with the gas phase, due
to the small refractive index of the medium, total reflection
will occur at the probe, with a large optical power detected at
the exit end, and the output at an approximately high level
which use vyrepresent. Therefore, the signals from the high
and low levels of the emitted light can be used to determine
whether the contacted medium is in the liquid phase or gas
phase, so as to achieve gas holdup measurement. The fiber
optic probe uses a sapphire fiber as the sensitive probe. The
diameter of the sapphire fiber probe is 600um. The probe is
designed into a conical shape with a tip angle of 25-35" .
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Figure 1. Working principle of the optic fiber probe

Set up threshold voltage asvg. A single threshold method is
used in the processing of the fiber probe output signal. The
threshold vis used to distinguish whether the signal is in the
gas or liquid phase. When the signal is greater than the
thresholdvy, the fiber probe is in the gas phase; otherwise the
probe is in the liquid phase.

Letv, = 0.3 X (vyg — v.),compare thevy andv withvg,then
let the output pass a shaping circuit; the output waveform of
the optical fiber probe is shown in Figure2. The gas holdup can
be obtained based on the measured high-level time and the
total measurement time.
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where, T is the total measurement time,t is the time occupied
by the gas phase, i=1, 2...n, and « is the instantaneous gas
holdup.
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Figure 2. Fiber probe output waveform after signal
processing
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3. FIBER OPTIC PROBE MEASURED GAS HOLDUP
DATA FUSION SCHEME

In order to effectively measure the average gas holdup of
oil-gas-water three-phase flow in oil wells, according to the
uneven distribution feature of gas holdups in oil wells, four
fiber-optic probes are used to compose the fiber array structure
to measure the cross-section to maximize the effective
measurement range of each fiber probe. The Grubbs criterion
is applied in the measurement of the local instantaneous gas
holdup by a single fiber probe. In this way, the omission errors
are eliminated. The optimal estimate of the optical fiber probe
within a certain period of time is obtained using the batch
estimation theory. Finally, the radial section of the tube is used.
Considering the feature of uneven gas holdup distribution, the
adaptive weighted fusion estimation method is used to process
the sensor data in the fiber probe array to obtain the fusion rate
of gas holdups in the well. The block diagram of the fiber
probe array sensor data fusion and gas holdup estimation is
shown in Figure 3.

Fiber Probe 1
collects data
Fiber Probe 2
collects data

Grobas criterion
pretreatment

Grobas criterion
pretreatment

Adaptive
Weighted
fusion est

Fiber Probe 3
collects data
Fiber Probe 4
collects data
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pretreatment
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Figure 3. Block diagram of optic fiber probe array sensor
data fusion and gas holdup estimation

4. FIBER PROBE ARRAY SENSOR DATA PRE-
PROCESSING

The pattern of oil-gas-water three-phase flow in oil wells is
complex. The flow and volume at each sensor in the fiber-optic
probe array are different in a certain period of time, resulting
in certain errors in the data collected by each fiber-optic probe
[18-21]. In order to eliminate the sensor data with large errors,
all data collected by the fiber probe array arepre-processed
using the Grubbs criterion. This paper studies the data
collected by one of the fiber probes that make up the fiber
probe array. The data collected during a certain period of time
is represented asi=/...n. The arithmetic mean of the first group
of n data is:

l n
T,==2 % )
N
Residual error:V, = x. —T, 3)
- . 1 1 2
Approximate error: o, =, [—— >V,
Nt @

According to the Grubbs criterion, the author uses a table
look-up method to find out the critical value of the Grubbs
statisticgy (n, a), where a is usually taken as 0.05. Let b =
g0(n,0.05) X g; .The author compares the relationship
between b and the residual error. If |V;| > b, it indicates that
the corresponding sensor data x;should be rejected; and if
|V:| < b, the corresponding sensor data x; should be retained.



This method is used to analyze the n-1 remaining sensor data
until all omission errors are removed.

5. FIBER PROBER ARRAY SENSOR DATA FUSION
ALGORITHM

The gas holdup at a certain time in the oil wellbore is
determined based on the results of multiple sensors in the fiber
probe array. In order to improve the measurement accuracy of
gas holdup in the wellbore, a single fiber-optic probe is firstly
used to collect data during this period of time. Then the author
estimates the acquired values in batches, and then fuses the
multi-fiber probe sensor data.

5.1 Batch estimation of individual fiber probe sensor data

The author divides the single fiber probe sensor data after
the omission errors are divided into two groups, calculates the
arithmetic average and standard error of each group, and
performs data fusion according to the batch estimation theory.

Let the number of measurement data of a single fiber probe
sensor be n, which is divided to 2 groups. Let the number of
first group of datax;;be a, and the number of second group of
datax,;be b, where a + b =n.

The arithmetic average of the first group of measurement

. 1
datais: Ty = 22?21 X1
The corresponding standard error is:

1 a
Ow = \/a;(xn _T(l))2 (5)

The arithmetic average of the second group of measurement
data is:

1 b
T<2) :Bzxzi (6)
i=1
The corresponding standard error is:
1 2
O = Z(Xzi ~T) (N
b-113

According to the research 819, the data fusion of the optimal
estimates of a single fiber probe can be achieved by using the
batch estimation theory in statistics. The optimal estimation of
the data is:

2 2
_%0To %0

= 5 > (8)
w9
The squared error:
2 2
- loNey
o =—0"@ 9)

- 2 2
Op 0

Using the same method, the author estimates the gas holdup
and squared error for each of the remaining 3fiber probes in
the fiber probe array based on the batch estimation theory. The
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fused value is recorded asy; and the squared error is recorded
asa;.

5.2 Multi-fiber probe sensor adaptive weighted data fusion

After batch estimation, the algorithm measures the fused
value and squared error of gas holdups of single fiber-optic
probe sensors. According to the principle of total minimum
mean squared error, the algorithm finds the corresponding
weight of the data measured by each fiber probe in an adaptive
manner, so that after fusion, the gas holdup value will be

optimal. With the weighting factor W; introduced, the fused

value of the gas holdup data in the fiber probe sensor array
measurement is:y = »'7_, wyy;where}.}_, w; = 1. So the total
mean squared error is: 62 = Y/, w?a?, where 6%is a
multivariate quadratic function for every weighting factorw;.
In order to minimize the total squared error, the extreme value

is obtained according to the multivariate function, and only
when w; = 1/62 Y%, =, 62 can be minimized. At this

i=157 »
tlme, /O\-#lln = 1/2:.1;1 6,:2.

Substitute the squared errora? in single fiber probe sensor
measurement into the solutionw;. Finally, w;andy; are used
to jointly solve the fused valueyof gas holdup data.

6. EXPERIMENTAL RESULTS AND ANALYSIS

In order to improve the data fusion accuracy, the data
collected by a single fiber-optic probe is used to eliminate the
omission errors in the previous period, and then a batch
estimation algorithm is used to perform fusion estimation of
the measured values of the fiber probe in a certain period of
time. However, the multi-phase flow in the wellbore is
complex, and the final determination of gas holdup is based on
the results of data fusion obtained from fiber optic arrays
composed of four fiber optic probe sensors. Therefore, the data
from the four fiber probe sensors are minimized based on the
total mean squared error.

The optimization principle is to perform adaptive weighted
fusion within the group and reduce errors at each level. In the
implementation process, the accuracy of three-phase flow
average cross-sectional gas hold-up rate measurement is
closely related to the number of fiber-optic probes in the tube
and their placement positions using fiber optic probe sensors.
Figure 4shows the structure of the four fiber probes, in which
the main probe is in the middle, three probes are distributed
around the main probe, and the front and rear probe end faces
maintain a distance of about 1mm in the axial direction.

Smm

3mm

7mm

Figure 4. Fiber probe array structure



In order to verify the effectiveness of the method, the
multiphase flow laboratory of Yangtze University was used as
the experimental platform. Gas holdups were measured under
four different conditions: the total flow of oil and water was
30m?®/d and the air flow was 6m?3/d, 12m?d, 18m?3/d and24m?/d,
respectively. The experimental results are shown in Table 1.
The gas rate refers to the ratio of gas volume to oil volume,
and the standard gas holdup refers to the ratio of gas volume
to the total oil-gas-water three-phase volume.

According to the analysis results of the gas holdup estimated
by the adaptive weighted fusion and the arithmetic average in
Table 1, the gas holdup estimation algorithm using self-

adaptive weighted fusion under different ratios of oil-gas-
water three-phase flow is superior to the cross-sectional gas
holdup estimation. Compared with those obtained by the
arithmetic mean estimation method, the cross-sectional gas
holdup of the oil-gas-water three-phase flow can be increased
by 0.05%-3.36%, which is closer to the true value.

In the table 1, Q30G6- total oil and water flow is 30m%/d and
total gas flow isém®/d; Q30G12 - total oil and water flow is
30m?/dand total gas flow is12m3d; Q30G18-total oil and
water flow is 30m?/d and total gas flow is18m®d; Q30G24 -
total oil and water flow is 30m%/d and total gas flow is24m?/d.

Table 1. Fused cross-sectional gas holdup under different flow rates of oil-gas-water three-phase flow

Gas Standard condition Optical fiber Optical fiber probe  Optical fiber probe Optical fiber Arith-  Adaptive
holdup probel 2 3 probe 4 metic  weighted
rate (%) Batch Squared  Batch Squared Batch Squared Batch Squared  mean fused
(%) estimation  error estimation error estimation error estimation  error (%) value
(%) (%) (%) (%) (%)
20 16.7 Q30G6 5.43 0.53 3.65 0.09 4.06 0.05 5.87 0.54 4.05 4.10
40 28.6 Q30G12 9.48 0.33 8.30 0.01 16.34 0.26 13.400.51 8.34 8.77
60 375 Q30G18 16.79 0.22 15.83 1.10 25.37 0.38 22.151.16 16.36 19.72
80 44.4 Q30G24 24.28 0.02 31.04 0.02 34.95 0.52 28.09 0.10 26.49 28.00
fluid mechanics, 437: 2030228.
7. CONCLUSIONS https://doi.org/10.1017/S0022112001004335
[5] Schmitt A, Homann K, Loth R. (1995). A transputer-

In this paper, an adaptive weighted fusion algorithm is
proposed to estimate the gas holdup in oil-gas-water three-
phase flow. The algorithm first uses the Grubbs criterion to
eliminate the data with large errors collected by a single fiber-
optic probe sensor over a period of time, and then it estimates
the data of the fiber-optic probe sensor in batches to obtain the
best estimate of the fiber-optic probe during this period of time,
and obtains the best estimate of the gas holdups of the
remaining three fiber-optic probe sensors. According to the
principle of total minimum mean squared error, four fiber
probe sensor data are adaptively weighted and fused to
calculate the accurate cross-section gas holdup of the oil-gas-
water three-phase flow in the wellbore at this time. The
experimental results show that compared with the arithmetic
average method, the adaptive weighted fusion algorithm can
more effectively pre-process the anomaly data in the case of
complex three-phase flow when being used to estimate the gas
holdup in the oil-gas-water three-phase flow.
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