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Abstract

:

In the gas-water two phase of horizontal well, gas holdup is usually obtained by inverse calculation of the water holdup measured by the array capacitance probes. Gas Array Tool (GAT) has been developed to directly measure gas holdup. This instrument has been introduced into China and its simulation experiment in gas-water two phase flow in horizontal wells has been carried out for the first time to study the applicability of gas holdup measurement. Firstly, the response principle and measurement method of GAT are analyzed; secondly, the experimental data of GAT under different flowrates, water cut, and different cable speed are plotted and analyzed; finally, the gas holdup data measured by GAT and Capacitance Array Tool (CAT) are compared by using an interpolation algorithm. It is found that the response of the optical fiber probe is consistent and stable. It also proves the accuracy of gas identification and the applicability of gas holdup measurement under test conditions by GAT, which lays a foundation for further gas holdup measurement, interpretation, and field test in the future.
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1. Introduction


During the exploitation of clean energy natural gas, water is often produced. In order to reduce the adverse effects of water on natural gas exploitation, it is necessary to accurately measure the gas holdup of the fluid in the wellbore, hoping to increase the gas recovery rate as much as possible. Gas holdup refers to the share of gas area in total area of flow section in two phase or three phase flow, which is also known as void fraction, void fraction, or true void fraction. The traditional gas holdup measurement methods such as capacitance method, ultrasonic method, differential pressure method, and gamma ray method are not suitable for the measurement of horizontal well gas holdup [1,2,3,4,5,6]. Foreign horizontal well production logging technology started early, and the data processing software is very complete. For example, General Electric Company’s (GE’s) Multiple Array Production Suite (MAPS) array imaging instrument and Schlumberger’s FloScan Imager (FSI) array imaging instrument have achieved commercial applications [7,8,9]. The Capacitance Array Tool (CAT) and Resistance Array Tool (RAT) in MAPS can be used to measure water holdup. The CAT consists of twelve capacitance probes. It uses the different dielectric constants of oil, gas, and water, and it obtains the instantaneous local water holdup per unit time by identifying the fluid by measuring the value of the dielectric constant. RAT consists of twelve resistance probes, which use the different conductivity of oil, gas, and water, and it obtains the instantaneous local water holdup per unit time by identifying the fluid by measuring the conductivity. There are six GHOST optical fiber probes in FSI for the measurement of gas holdup, and six FloView resistance probes for the measurement of water holdup. GHOST is a type of optical fiber probe. The tip of the optical fiber probe has different refractive indices in oil, gas, and water. When it encounters gas, it will be totally reflected and recorded as a high-level signal. When it encounters oil, it will be totally refracted and recorded as a low-level signal. Refraction and reflection occur in the water, and the medium level between gas and oil can be obtained. When measuring, the fluid can be identified according to the different levels identified, and the instantaneous local holdup of each phase per unit time can be obtained. FloView is a type of resistance probe. The principle is similar to that of RAT. It uses the impermeable conductivity of oil, gas, and water to identify the fluid and obtain the instantaneous local water holdup per unit time. The new array instrument Flow Array Sensing Technology (FAST) has also launched measurement services. The instrument has four arms, each arm is fixed with an optical fiber probe and a resistance probe, and the probe can be replaced. The FAST holdup measuring instrument uses both optical fiber probes and resistance probes for fluid identification, and at the same time records the response of oil, gas, and water to obtain the instantaneous local holdups of each phase per unit time. China’s horizontal well production logging technology started late, and there is no horizontal well measuring instrument and data processing software that can be tested on site. Some companies have introduced the MAPS array imaging instrument for research and horizontal well measurement. Due to the confidentiality of Schlumberger technology, only a testing service is carried out. In order to make up for the gap in gas holdup measurement of horizontal wells in China, the Gas Array Tool (GAT), an array gas holdup meter launched by GE company in 2018, was introduced in China. In order to study the applicability of GAT in gas–water two phase gas holdup measurement in horizontal wells, the multiphase flow laboratory has been used to simulate the gas holdup under different flowrates, water cut, and different cable speed measurement conditions by GAT and CAT instruments. In this paper, the GAT and CAT data under different flowrates, water cut, and cable speed measurement conditions are compared and analyzed.




2. Experiment and Interpolation Algorithm Analysis


2.1. Gas Array Tool


The six spring arms of the GAT are distributed in a circular shape at equal intervals, and an optical fiber probe is fixed in each spring arm, as shown in Figure 1.



The head of the optical fiber probe is sapphire, and the refractive indices of light in sapphire, gas, water, and crude oil are 1.76, 1.00, 1.33, and 1.50, respectively [10,11,12,13]. As shown in Figure 2, when the optical fiber probe is in contact with gas, most of the light is reflected back due to the large difference in refractive index between the gas and the sapphire, and the intensity of the reflected light is the largest. When the optical fiber probe touches water, since the refractive index difference between water and sapphire is relatively small, most of the light will pass through the sapphire, and the intensity of the reflected light will be small. Gas and water can be distinguished by measuring the light intensity reflected from the cone-shaped sapphire, and the gas holdup of the wellbore section can be obtained by using the data of six optical fiber probes. With the flow of oil, gas, and water downhole, the phase state in contact with the probe will continue to change, and signals of high and low fluctuations can be obtained, and the obtained signal data can be processed to obtain the local instantaneous gas holdup.




2.2. Capacitance Array Tool


CAT has 12 spring arms distributed in a circular shape at equal intervals, and a capacitance probe is fixed inside each spring arm for water holdup measurement, as shown in Figure 3.



The principle of the capacitance probe to measure water holdup is that oil, gas, and water have different dielectric constants. The response value of the sensor will frequently change due to the change of the dielectric constant of the nearby liquid. The phase state of the liquid near the sensor can be identified by the scale of the sensor. However, because the dielectric constants of gas and oil are relatively close, it is actually difficult to distinguish between them. Therefore, capacitance probes are more sensitive to water, and they are often used to measure water holdup. In the gas–water two phases, since the sum of the gas holdup and the water holdup is 1, the gas holdup can be obtained by inverse calculation of the water holdup.



Compare and analyze FSI (Schlumberger, Houston, TX, USA) and MAPS (General Electric Company, Boston, MA, USA) instruments. FSI contains two types of holdup measurement probes, GHOST and FloView, and MAPS includes RAT, CAT, and GAT three holdup measurement probes. The parameters are shown in Table 1. It can be found that GAT has the advantage of being less affected by the rotation of the instrument when measuring in horizontal wells compared with FSI. Compared with CAT and RAT, it has the advantage of directly measuring gas holdup to improve the accuracy of measuring gas holdup. GHOST and GAT are both optical fiber probes, and the measurement principles of both are the same. Both identify the fluid by measuring the intensity of the reflected light, and at the same time accumulate the frequency to obtain the local instantaneous gas holdup.




2.3. Experimental Scheme


The experiment was carried out in a multiphase flow simulation experimental device of Yangtze University. The simulated wellbore was made of transparent plexiglass with an inner diameter of 124 mm and a length of 12 m. The simulated wellbore was set to be completely horizontal at 90°, as shown in Figure 4. The experimental instruments GAT (General Electric Company, Boston, MA, USA) and CAT (General Electric Company, Boston, MA, USA) adopt a centered method in the wellbore for pulling measurement. In the experiment, tap water was used instead of water, air was used instead of gas, and the temperature is 25 °C. After the instrument is calibrated in pure water and pure gas, we perform the gas–water two phase measurement according to Table 2 and obtain 48 sets of data.




2.4. Data Type Analysis


Load the data measured by the simulation measurement experiment to the CIFLog (2.1 version) platform. In the data management, you can see that there are 121 one-dimensional curves in the data, including an instrument rotation angle, gas state sampling rate, bubble count rate, gas holdup, water holdup, and the original value of holdup. As shown in Figure 5, DEPTH represents the simulated depth recorded during the experiment; ROT represents the rotation angle of the instrument; CATROT represents the CAT rotation angle; GATROT represents the GAT rotation angle; DEG is the unit of rotation angle, which is defined by the software; GATHUT means GAT gas holdup; and NCAP means CAT water holdup. Carry out holdup plotting analysis on the calibration data in pure gas. As shown in Figure 5a, it can be seen that the gas holdup of GAT is high, and the response of each probe is consistent. The water holdup of CAT is low, but the response of each probe is different; the calibration data in pure water is subjected to holdup plot analysis. As shown in Figure 5b, the GAT holdup is low, and the response of each probe is consistent. The water holding capacity of CAT is high, but the response of each probe is different.




2.5. Interpolation Algorithm Analysis


When the instrument is carrying out the holdup measurement, it can only measure the holdup value at a limited point. In order to obtain the holdup of the entire wellbore section, it needs to be realized by interpolation. After investigating and analyzing the interpolation algorithm, this paper chooses the inverse distance weighted interpolation algorithm with better applicability [14,15,16].



In the inverse distance weighted interpolation algorithm, it is reasonable to assume that the distribution of local gas holdup on the wellbore section is continuous and changes; then, the correlation between points decreases continuously as the distance increases. A simple distance inversely weighted interpolation is based on the relationship that the influence of the value of a known measurement point on other points to be interpolated decreases as the distance increases. The interpolation algorithm is that the gas holdup of the point to be interpolated on the wellbore section is the weighted average of the gas holdup of the known GAT probe on the wellbore section, and the coefficient is related to the distance between the point to be interpolated and the GAT probe on the wellbore section. The reciprocal of the k power of the distance (k generally takes 2) is:


   T j  =     ∑   i = 1  n     T i     D  i j  2        ∑   i = 1  n   1   D  i j  2       



(1)




where    T j    represents the interpolated predicted value at the unmeasured point   T  (  i , j  )    of the wellbore interface;    T i    represents the measured response value of the  i -th probe; and    D  i j     represents the  i -th probe to the point   T  (  i , j  )    the distance.





3. Interpolation Results


The inverse distance weighted interpolation algorithm is used to interpolate the data of different measurement conditions to obtain the gas holdup image shown in Figure 6. Both GAT and CAT instruments are distributed in a ring shape. When the instruments are rotated, the probe may no longer be symmetrically distributed. After interpolation, the gas–liquid interface in the gas holdup image will be tilted, which is similar to the actual horizontal well. There is a difference in the ratio, which cannot better reflect the distribution of gas and water in the wellbore.



Due to the influence of gravity, the flow pattern of horizontal wells is different from that of vertical wells. Horizontal wells are mainly divided into six flow patterns, namely stratified flow, wavy stratified flow, plug flow, slug flow, annular flow, and dispersed bubble flow [17]. The main observations in this experiment are stratified flow and wavy stratified flow. The gas–water interface is clear and level, and the horizontal and clear interface is obtained by projection. In order to solve the problem of liquid surface tilt in interpolation imaging, as shown in Figure 7, the GAT and CAT measurement points are projected, and all the points are projected to the center vertical position. Then, we interpolate to get the gas holdup imaging comparison chart, as shown in Figure 8. The gas holdup measured by GAT and CAT is compared with the gas holdup measured by the quick-closing-valve (QCV), as shown in Table 3, where YgGAT represents the gas holdup of GAT, YgCAT represents the gas holdup of CAT, and YgQCV represents the gas holdup of the QCV.




4. Discussion


In Figure 8, it is found that when the total flowrate is 300, 500, and 700 m3/d, as the water cut increases, the liquid level rises, and both GAT and CAT can reflect the change of reduced gas holdup. As shown in Table 3, the gas holdup measured by GAT and CAT is compared with the gas holdup measured by the QCV.



When the total flowrate is 300 m3/d, the minimum absolute error of YgGAT and YgQCV is 0.2%, and the maximum absolute error is 5.6%; the minimum absolute error of YgCA and YgQCV is 0.8%, and the maximum absolute error is 13.7%.



When the total flowrate is 500 m3/d, the minimum absolute error of YgGAT and YgQCV is 1.5%, and the maximum absolute error is 17.6%; the minimum absolute error of YgCA and YgQCV is 0.7%, and the maximum absolute error is 6.6%.



When the total flowrate is 700 m3/d, the minimum absolute error of YgGAT and YgQCV is 4.1%, and the maximum absolute error is 18.7%; the minimum absolute error of YgCA and YgQCV is 12.5%, and the maximum absolute error is 14.1%.



Through the above absolute error comparison of different flowrates, it is found that GAT has the best results at a flowrate of 300 m3/d, and each has advantages at 500 and 700 m3/d. At the same water cut and different flowrates, the gas holdup measured by GAT and CAT is compared. In the case of low water cut, the measurement results of GAT and CAT are consistent with the actual situation. In the case of high water cut, although both GAT and CAT have certain errors. In this experiment, the gas holdup measurement response of GAT is slightly better than that of CAT.



Through the above analysis, it can be found that the data measured by the GAT instrument are relatively stable, the results obtained by interpolation are consistent, and measurement stability of GAT is better under different water cuts. However, some problems have been found. There are only six probes in GAT, which has a slightly lower resolution in the longitudinal direction than CAT with 12 probes. In some cases where the water cut of GAT increases, because the height change of the liquid level is small, and the probe also has a certain height difference in the vertical direction, the liquid level is still between the two probes after the change of the liquid level, which makes it difficult for the instrument to measure the information of liquid level changes and will also result in similar interpolation images under different water cut. If future conditions permit, increase the number of GAT probes to increase the resolution in the longitudinal direction and improve the accuracy of the measurement of the interface height change.




5. Conclusions


(1) The response of each GAT probe is consistent, and the stability of each GAT probe is better than that of CAT in the experiment.



(2) GAT can accurately identify the gas in the gas-water two phase at different flowrates, different water cuts, and different cable speed measurement conditions, and the response results are consistent with the theoretical analysis.



(3) The applicability and accuracy of the gas holdup measurement of GAT under different flowrates, different water cuts, and different cable speed measurement conditions are verified, which can lay the foundation for further gas holdup measurement, interpretation, and field testing in the future.
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Figure 1. Structure diagram of Gas Array Tool (GAT) instrument. 
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Figure 2. Response principle of optical fiber probe tip. 
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Figure 3. Structure diagram of Capacitance Array Tool (CAT) instrument. 
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Figure 4. Schematic diagram of simulated wellbore. 
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Figure 5. Instrument calibration data. (a) Pure gas calibration, (b) Pure water calibration. 
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Figure 6. Comparison of GAT and CAT interpolation imaging under different measurement conditions. 
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Figure 7. Projection diagram of GAT and CAT measurement points. 
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Figure 8. Comparison of GAT and CAT interpolation imaging under different measurement conditions after projection. 
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Table 1. Comparative analysis of Schlumberger’s FloScan Imager (FSI) and Multiple Array Production Suite (MAPS).
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Instrument

	
Probe

	
Probe Type

	
Measurement Parameters

	
Number of Probes






	
MAPS

	
CAT

	
Capacitance probe

	
Water holdup

	
12




	
RAT

	
Resistance probe

	
Water holdup

	
12




	
GAT

	
Optical fiber probe

	
Gas holdup

	
6




	
FSI

	
GHOST

	
Optical fiber probe

	
Gas holdup

	
6




	
FloView

	
Resistance probe

	
Water holdup

	
6
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Table 2. Measurement points of gas–water two phase experiment.
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	Total Flow Rate

(m3/d)
	Cable Speed

(m/min)
	Water Cut

(%)





	300
	10, 15, 20
	5, 15, 30, 80, 90, 95



	500
	10, 15, 20
	5, 15, 30, 80, 90, 95



	700
	10, 15, 20
	5, 15, 30, 80
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Table 3. Comparison of gas holdup of GAT, CAT, and quick-closing-valve (QCV).
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Water Cut (%)

	
Total Flow Rate (m3/d)




	
300

	
500

	
700




	
YgGAT (%)

	
YgCAT (%)

	
YgQCV (%)

	
YgGAT (%)

	
YgCAT (%)

	
YgQCV (%)

	
YgGAT (%)

	
YgCAT (%)

	
YgQCV (%)






	
5

	
76.3

	
70.8

	
75.5

	
76.8

	
63.0

	
63.7

	
50.4

	
70.6

	
56.6




	
15

	
65.9

	
50.1

	
60.3

	
76.4

	
62.5

	
59.8

	
50.2

	
40.2

	
54.3




	
30

	
50.5

	
49.5

	
50.3

	
50.5

	
50.8

	
49.0

	
24.8

	
30.7

	
43.5




	
80

	
45.6

	
30.1

	
43.4

	
25.3

	
30.9

	
37.5

	
11.2

	
11.8

	
24.3




	
90

	
45.7

	
38.0

	
43.7

	
28.1

	
38.7

	
31.8

	
−

	
−

	
−




	
95

	
32.5

	
37.8

	
30.0

	
25.8

	
29.9

	
31.3

	
−

	
−

	
−
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