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In the flow distribution of oil and gas gathering and transportation system, the flow pattern, inertia force, gravity, and other factors will lead to uneven flow distribution of each outlet pipe, which will seriously affect the economy and safety of the gathering and transportation system. Therefore, it is of great significance to analyze the characteristics of gas–liquid two-phase flow in horizontal pipelines. For this reason, an experimental device for maldistribution control of gas–liquid two-phase flow is developed in this article. In order to solve the problem of flow maldistribution in gas–liquid two-phase flow pipe, the test experiments of maldistribution control under the conditions of three flow patterns (stratified flow, slug flow, and annular flow) are carried out. Through experiments, we revealed the control law of flow pattern to liquid maldistribution and gas maldistribution with or without flute pipes and formed the maldistribution control scheme of gas–liquid two-phase flow in the horizontal pipeline. It is found that it is more beneficial to the control of average liquid maldistribution degree under the condition of slug flow pattern in horizontal manifold without flute pipe, and it is more beneficial to the control of average gas maldistribution degree under the condition of annular flow pattern without flute pipe. Without the function of the flute pipe and in the annular flow pattern, it is beneficial to the control of average maldistribution degree of gas–liquid two-phase flow. The findings of this research can be used as a reference for the field maldistribution control of oil and gas gathering and transportation systems.
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INTRODUCTION
In the oil and gas gathering and transportation system, when the flow is distributed in the manifold system, the flow pattern, inertia force, gravity, and other factors will lead to the uneven flow distribution of each outlet pipe (Kaichiro and Ishi, 1984; McQuillan and Whalley, 1985), which will affect the economy and safety of the gathering and transportation system. At present, there are few literature reports on the maldistribution problem of process systems in oil and gas fields. At the beginning, it is pointed out that in the system of a nuclear power plant, joint box, and heat exchanger, when the single-phase flow is distributed (Lahey, 1986; Yang and Azzopardi, 2007), the boundary layer separation occurs after the flow passes through the diffusion section due to the different angle of the left and right outlet of the double-hole flow (Azzopardi, 1999). As a result, maldistribution of the flow is easy to occur.
Kim et al. (1995) analyzed the effect of parallel pipe shape and Reynolds number on the flow distribution of parallel branch pipes at low Reynolds number, and found that the flow distribution in the parallel pipe set depends largely on the pipe shape and Reynolds number, and compared the effect of different shapes of pipes on the flow distribution of branch pipes. Duan and Liang-cai (2016) proposed a new method of splitter splitting to improve the flow maldistribution in parallel pipe sets. The effects of branch spacing, collector diameter, branch diameter, and inlet flow rate on the flow maldistribution in the parallel group were investigated. Miao (1999) established a physical model for the flow of single-phase fluids in distribution and convergence tubes with variable-pitch openings and obtained analytical solutions for the flow characteristics in the distribution and convergence tubes. The flow rate and flow deviation equations between small orifices, as well as the distribution of the pitch function and its discrete solution for uniform distribution and uniform pooling of flow, are derived. Li (2010) studied the gas–liquid two-phase flow distribution characteristics of a single-inlet radially introduced, four-branch pipe vertically led upward distribution coupled box using experimental studies and numerical simulations. Improved geometry of the coupled box with the addition of a flute pipe was proposed. By comparison, the flute pipe structure can greatly improve distribution uniformity. Zhu et al. (2013) studied the effect of inlet dryness on the flow distribution of the combined box and found that the flow maldistribution of the combined box without the introduction of a flute pipe was most serious when the inlet dryness was low, and the flow deviation of individual branch pipes gradually diminished as the inlet dryness increased. Li (2017) analyzed the influence law of structural factors, working condition factors, and phase changes on the flow distribution in the heat exchanger network for two typical parallel piping methods, Z-type and U-type, and obtained the relationship equation between fluid inhomogeneity and impedance ratio in the parallel heat exchanger system under two conditions of Z-type piping and U-type piping. Marchitto et al. (2012) experimentally investigated the main mechanisms driving the flow field distribution in a two-phase horizontal collector in order to design an improved collector to optimize the flow field distribution in a compact heat exchanger. Chen et al. (2019) analyzed that uneven distribution, turbulence, and inertial forces are the main causes of partial flow in single-phase flow manifold systems; compared with single-phase flow manifolds, the causes of partial flow in gas–liquid two-phase flow manifolds also include flow patterns, differences in inertia between gas and liquid phases, and the ability of gases to carry liquids. Marchitto et al. (2012) investigated the effect of flow direction in a straight parallel channel collector on the two-phase flow distribution, examining the effect of operating conditions, collector shape, and inlet nozzle in the range of 0.2–1.2 and 1.5–16.5 m/s for liquid and gas apparent velocities, respectively. It was confirmed that the flow distribution of liquid and gas in the collector could be greatly improved by a reasonable selection of the location, diameter, and number of flow openings between the feed distributor and the parallel channel system connected to the collector. Zhou et al. (2017) studied the single-phase flow distribution of a central compact parallel heat exchanger through a cylindrical head with a circular cross-section and a circular tube using CFD numerical simulation. The influence of key geometric parameters such as collector diameter and number of tubes on the flow field distribution was investigated, considering the influence of geometric parameters on the flow field distribution. Hao et al. (2016) analyzed the effects of heat flow density ratio, total flow rate, and system pressure on the flow distribution in parallel tubes. The results showed that the flow distribution became significantly worse with the increase of heat flow density and concentration ratio; the flow distribution was improved with the decrease of system pressure. Lee and Lee (2004) simulated the distribution of two-phase annular flow at the head-channel connection of the corresponding component of a compact heat exchanger. It has been found that: when the intrusion depth is zero, the amount of liquid separated through the rear channel is low. However, this trend reverses with deeper intrusion depths. The deeper intrusion prevents the liquid from flowing into the channels installed at the front of the collector. Wang and Newby (2018) used the sewage settling tank of the oil transfer and drainage station to analyze the causes of the flow maldistribution type with the help of Fluent and Gambit software to simulate the media motion pattern, establish a 2D pipeline model, and analyze the fluid motion pattern in the pipeline.
A flute pipe is a small pipe in flute shape, which has several small holes distributed on it. It is originally widely used in the development of spacecraft and the heat exchanger part of the generator unit. Later, petroleum engineers gradually find it possible to adapt it to the gathering and transportation of oil and gas. Yan (2019) used the variable diameter flute pipe shunt technology to design a high-efficient heat exchanger suitable for two-tube heat recovery, which solves the disadvantage of uneven heat transfer of the two-tube heat recovery. To investigate the influence of piccolo tube parameters on temperature distribution on a concave surface, Zhang et al. (2017) performed a numerical simulation considering the external and internal flows. The effects of jet-hole diameter, jet-to-jet spacing, circumferential orifice location, jet-hole arrangement, and flute pipe position on the concave surface temperature distribution were analyzed. Wang (2012) advanced a full-scale calculation method of piccolo heat and flow distribution based on the design principle of flute pipe, and demonstrated a flute pipe instance to reflect the change of the heat and flow of the flute pipe in the flow direction.
Previous scholars mostly focused on the phenomenon of flow maldistribution in the process of heat transfer but were seldom involved in the maldistribution phenomenon of gas–liquid two-phase flow in the process of oil and gas transportation. In addition, their research methods mostly fall in numerical simulation, which will be more or less deviated from the engineering practice. Therefore, in this article, we have developed an experimental device for maldistribution control of gas–liquid two-phase flow in a horizontal pipeline, aiming at the problem of uneven flow distribution of gas–liquid two-phase flow in the horizontal pipeline. The test experiments of maldistribution control under the conditions of three flow patterns (stratified flow, slug flow, and annular flow) are carried out, and the control law of flow pattern to liquid and gas flow maldistribution with or without flute pipe is revealed. The maldistribution control scheme of gas–liquid two-phase flow in a horizontal pipeline is formed.
EXPERIMENTAL INVESTIGATION OF MALDISTRIBUTION OF GAS‐LIQUID TWO-PHASE FLOW IN A HORIZONTAL PIPELINE
Purpose of the experiment
The flow distribution prototype of the horizontal manifold is applied to carry out test experiments of flow maldistribution under the conditions of stratified flow, slug flow, and annular flow and different gas–liquid ratios and the data of inlet velocity, inlet pressure, and inlet gas–liquid flow rate, outlet velocity, outlet pressure, and outlet gas–liquid flow rate are tested and the critical phenomenon of horizontal stratified flow, slug flow, and annular flow is determined, respectively. Based on the analysis of the flow pattern, gas–liquid ratio, converted gas-phase speed, converted liquid-phase speed, pressure, and other process operating parameters on the flow maldistribution in the gas–liquid two-phase flow manifold, the control scheme of flow maldistribution in gas–liquid two-phase flow manifold is formed, and the control effect of the three flow maldistribution control prototypes is evaluated and improvement suggestions are proposed.
Experimental setup

1) Experimental apparatus
The main experimental apparatus are as follows: horizontal inlet pipe, horizontal outlet pipe, flow distribution prototype (as shown in Figure 1A, and the flute pipe inside is as shown in Figure 1B), electronic scale, pressure sensor, anemometer, computer, air compressor, liquid collector, pump, and HD camera.
[image: Figure 1]FIGURE 1 | Flow distribution prototype for flow maldistribution test. (A) Schematic diagram of flow distribution prototype (B) Schematic diagram of flute pipe.
Experimental setup of flow maldistribution test is as shown in Figure 2. The transparent plexiglass pipe with a diameter of 50 mm and wall thickness of 5 mm is the main pipe and is connected with the tee. The red joint one is the connecting joint, the flute pipe is installed in the manifold, the diameter of the flute pipe is 20 mm, the total length is divided into 5 segments, the length of each section is 560 mm, and each section is connected by thread, with a total connection length of 2.8 m. A pressure sensor is installed on the conduit pipe from the 20 cm on both sides of the tee and at the outlet of the two leading-out pipes.
2) Experimental materials
[image: Figure 2]FIGURE 2 | Experimental setup of flow maldistribution test.
Air, water, and pigment.
Experimental steps

1) Equipment inspection before the experiment. Whether there are leaks in the gas and liquid pipelines, whether the data acquisition system is running normally, and whether the gas booster pump and the pump operation and flow rate adjustment are available should be checked.
2) When the air compressor and water pump are turned on, after the gas flow and liquid flow are stable, the liquid flow is kept unchanged, and the gas flow is adjusted through the gas throttle valve. After the gas flow is stable, the gas flowmeter flow on the gas pipeline and the liquid flowmeter on the liquid pipeline should be read, and the inlet pressure in the corresponding inlet pipe and the experimental time of each group should be read and recorded.
3) The high-definition camera and the pressure sensor on the computer should be turned on, and the gas–liquid two-phase flow pattern changes and pressure data of the horizontal lead-in tube and horizontal outlet pipes 1 and 2 during the whole experiment should be recorded. At the same time, the timing begins by the timekeeper, and the operator begins to measure the liquid mass of the horizontal exit tube 1 and the horizontal outlet pipe 2 at the same time, while the rest of the personnel begin to measure the gas-phase wind speed at the two ends of the horizontal outlet pipe 1 and outlet pipe 2 with the wind anemometer. The experiment should be repeated twice again.
4) After the experimental test is completed, the wind speed at both ends of the outlet is recorded and the liquid weight of the two outlets is measured.
5) The liquid flow rate must be kept unchanged, the gas flow rate should be changed and the experiment should be carried out again until the upper and lower criticality of the stratified flow is determined and the experimental workload is completed at the end of the experiment.
6) The liquid flow rate should be changed, the gas flow rate through the gas throttle valve should be adjusted, and the above experimental steps should be repeated until all the tests are completed.
All the detailed experimental parameters are listed in Table 1.
TABLE 1 | Experimental parameters of flow maldistribution in the horizontal manifold.
[image: Table 1]Experimental phenomena
Flow rate of gas and liquid in the inlet under different flow pattern conditions is as shown in Table 2. The experimental phenomenon of flow maldistribution in stratified flow in a horizontal manifold is as shown in Figure 3. The stratification of the gas–liquid interface in the inlet pipe is obvious, and the interface ripple is serious, but the ripple is smaller and denser. The liquid and gas in outlet pipe 1 fully mix and move forward, and the liquid moves forward in a small wave shape, which is relatively regular. The gas–liquid migration phenomenon in outlet pipe 2 is similar to that in outlet pipe 1. The liquid and gas in outlet pipe 2 are fully mixed and moved forward, the liquid level fluctuation is relatively smooth, and the ripple is not serious. The liquid flow rate of outlet pipe 1 is slightly larger than that of outlet pipe 2, and the gas flow rate of exit tube 1 is larger than that of outlet pipe 2, resulting in a phenomenon of flow maldistribution.
TABLE 2 | Flow rate of gas and liquid in the inlet under different flow pattern conditions.
[image: Table 2][image: Figure 3]FIGURE 3 | Experimental phenomenon of flow maldistribution in stratified flow in horizontal manifold [(A) outlet pipe 1, (B) outlet pipe 2, and (C) inlet pipe].
TEST ANALYSIS OF MALDISTRIBUTION OF GAS‐LIQUID TWO-PHASE FLOW IN A HORIZONTAL PIPELINE
The calculation procedures of maldistribution degree for gas and water are shown as follows:
[image: image]
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where [image: image] is the maldistribution degree for gas, [image: image] is the maldistribution degree for liquid, [image: image] is the flow rate of gas in the outlet, [image: image] is the flow rate of liquid in the outlet, [image: image] is the flow rate of gas in the inlet, and [image: image] is the flow rate of liquid in the inlet.
The flow pattern can be determined by many methods, and they all have their own merits and demerits. In this work, the flow pattern is determined by the gas–liquid ratio and the flow phenomenon of gas–liquid in the pipe, combined with the flow rate of gas and liquid meanwhile. The flow rate of gas and liquid in the inlet under different flow pattern conditions is shown as follows.
Maldistribution test of stratified flow in horizontal manifold without flute pipe
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of liquid in stratified flow in horizontal manifold without flute pipe (as shown in Figure 4), it can be found that the overall trend of the maldistribution degree of liquid with the increase of gas–liquid ratio is as follows: first, the maldistribution degree of liquid is relatively stable, but some of them are large, and then there is a sharp zigzag change. The maldistribution degree of partial gas is 0, and when the gas–liquid ratio is 9.40, 29.30, 62.80, 68.40, 78.60, 86.40, 109.90, and 140.40, the maldistribution degree of liquid is the lowest to 0. When the gas–liquid ratio is 54.80, the peak value of maldistribution is 40%. When the gas–liquid ratio is 20.90, 42.30, 54.80, 74.35, 99.00, and 126.70, the value of maldistribution is 20%.
[image: Figure 4]FIGURE 4 | Histogram of gas–liquid ratio and maldistribution degree of liquid in stratified flow in horizontal manifold without flute pipes (liquid injection volume 0.10L/s+0.17L/s).
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of gas in stratified flow in horizontal manifold without flute pipes (as shown in Figure 5), it is found that the overall trend of maldistribution degree of gas with the increase of gas–liquid ratio is as follows: first, the maldistribution degree of gas changes in a zigzag shape, and then the range of change becomes smaller. When the gas–liquid ratio is 9.40, the maldistribution degree of gas is the lowest, as low as 0, and when the gas–liquid ratio is 51.65, the maximum maldistribution degree of gas is 18.45%.
[image: Figure 5]FIGURE 5 | Histogram of gas–liquid ratio and maldistribution degree of gas in stratified flow in horizontal manifold without flute pipes (liquid injection volume 0.10L/s+0.17L/s).
Maldistribution test of stratified flow in horizontal manifold with flute pipe
The analysis of the histogram of gas–liquid ratio and maldistribution degree of liquid in stratified flow in horizontal manifold with flute pipe (Figure 6) show that the maldistribution degree of liquid changes sharply with the increase of gas–liquid ratio. When the gas–liquid ratio is 10.10, 30.00, 39.70, 54.70, 65.10, 84.70, and 101.60, the maldistribution degree of liquid is as low as 0.005%, and when the gas–liquid ratio is 72.47 and 82.35, the deviation degree is the highest, which is 52.94%.
[image: Figure 6]FIGURE 6 | Histogram of gas–liquid ratio and maldistribution degree of liquid in stratified flow in horizontal manifold with flute pipes (liquid injection volume 0.10L/s+0.17L/s).
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of gas in stratified flow in horizontal manifold with flute pipe (Figure 7), it is found that the overall trend of maldistribution degree of gas with the increase of gas–liquid ratio is as follows: the maldistribution degree of gas first increases with the increase of gas–liquid ratio, and then changes in a zigzag shape. When the gas–liquid ratio is 101.60, the maldistribution degree of gas is the smallest, as low as 0.79%, and when the gas–liquid ratio is 24.00, the maximum maldistribution degree of gas is 25.00%.
[image: Figure 7]FIGURE 7 | Histogram of gas–liquid ratio and maldistribution degree of gas in stratified flow in horizontal manifold with flute pipes (liquid injection volume 0.10L/s+0.17L/s).
Maldistribution test of slug flow in horizontal manifold without flute pipe
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of liquid in slug flow in horizontal manifold without flute pipe (Figure 8), it is found that the overall trend of liquid maldistribution degree with the increase of gas–liquid ratio is that it fluctuates slightly at first, and then decreases to a certain extent and then tends to be relatively stable. When the gas–liquid ratio is 6.77, the maldistribution degree of liquid is the largest, which is 20.00%. Through the analysis of the histogram of gas–liquid ratio and maldistribution degree of gas in slug flow in horizontal manifold without flute pipe (Figure 9), it is found that the overall trend of maldistribution degree of gas is relatively stable with the increase of gas–liquid ratio, but there is a larger maldistribution degree of gas when the gas–liquid ratio is 27.43, which is 20.83%.
[image: Figure 8]FIGURE 8 | Histogram of gas–liquid ratio and maldistribution degree of liquid in slug flow in horizontal manifold without flute pipes (liquid injection volume 0.35L/s+0.65L/s).
[image: Figure 9]FIGURE 9 | Histogram of gas–liquid ratio and maldistribution degree of gas in slug flow in horizontal manifold without flute pipes (liquid injection volume 0.35L/s+0.65L/s).
Maldistribution test of slug flow in horizontal manifold with flute pipe
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of liquid in slug flow in horizontal manifold with flute pipe (Figure 10), it is found that the overall trend of the maldistribution degree of liquid with the increase of the gas–liquid ratio is that the maldistribution degree of liquid increases gradually with the gas–liquid ratio, then decreases sharply, and then increases sharply, and finally tends to be relatively stable. When the gas–liquid ratio is 1.94, the maldistribution degree of liquid is as low as 7.69%, and when the gas–liquid ratio is 16.14, the peak maldistribution degree of liquid is 47.69%.
[image: Figure 10]FIGURE 10 | Histogram of gas–liquid ratio and maldistribution degree of liquid in slug flow in horizontal manifold with flute pipes (liquid injection volume 0.35L/s+0.65L/s).
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of gas in slug flow in horizontal manifold with flute pipe (Figure 11), it is found that the overall trend of maldistribution degree of gas with the increase of gas–liquid ratio is that it changes in a zigzag shape at first, then the value is larger and more stable in the range of gas–liquid ratio of 10.89–13.49, and the maldistribution degree of gas is stable and small in the range of the gas–liquid ratio of 16.43–29.03. When the gas–liquid ratio is 4.94, the maldistribution degree of gas is the lowest, as low as 0.58%, and when the gas–liquid ratio is 46.67, the maximum maldistribution degree of gas is 48.90%.
[image: Figure 11]FIGURE 11 | Histogram of gas–liquid ratio and maldistribution degree of gas in slug flow in horizontal manifold with flute pipes (liquid injection volume 0.35L/s+0.65L/s).
Maldistribution test of annular flow in horizontal manifold without flute pipe
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of liquid in annular flow in horizontal manifold without flute pipes (Figure 12), it is found that the overall trend of maldistribution degree of liquid fluctuates with the increase of gas–liquid ratio, but the fluctuation range is not very large, and then decreases to be stable when it increases to 25%. When the gas–liquid ratio is 70.06 and 103.38, the maldistribution degree of liquid is as low as 0, and when the gas–liquid ratio is 89.38, the peak value of the maldistribution degree is 25.00%. Through the analysis of histogram of gas–liquid ratio and maldistribution degree of gas in annular flow in horizontal manifold without flute pipes (Figure 13), we can see that the overall trend of maldistribution degree of gas is zigzag with the increase of gas–liquid ratio. When the gas–liquid ratio is 71.60, the maldistribution degree of gas is the lowest, as low as 0.56%. When the gas–liquid ratio is 165.50, the maximum maldistribution degree of gas is 8.46%.
[image: Figure 12]FIGURE 12 | Histogram of gas–liquid ratio and maldistribution degree of liquid in annular flow in horizontal manifold without flute pipes (liquid injection volume 0.16L/s+0.35L/s).
[image: Figure 13]FIGURE 13 | Histogram of gas–liquid ratio and maldistribution degree of gas in annular flow in horizontal manifold without flute pipes (liquid injection volume 0.16L/s+0.35L/s).
The comparative analysis shows that the horizontal manifold without a flute pipe is beneficial to control the maldistribution of liquid when the gas–liquid ratio is in the range of 32.09–76.11, and the horizontal manifold without a flute pipe is beneficial to control the maldistribution of gas when the gas–liquid ratio is in the range of 32.09–174.44.
Maldistribution test of annular flow in horizontal manifold with flute pipe
Through the analysis of histogram of gas–liquid ratio and maldistribution degree of liquid in annular flow in horizontal manifold with flute pipe (Figure 14), it can be seen that with the increase of gas–liquid ratio, the overall trend of maldistribution degree of liquid decreases slightly at first, then increases sharply, then the zigzag shape changes sharply, and then tends to be relatively stable. When the gas–liquid ratio is 46.67, the maldistribution degree of liquid is as low as 0, and the peak maldistribution degree is 48.57%.
[image: Figure 14]FIGURE 14 | Histogram of gas–liquid ratio and maldistribution degree of liquid in annular flow in horizontal manifold with flute pipes (liquid injection volume 0.16L/s+0.35L/s).
Through the analysis of the histogram of gas–liquid ratio and maldistribution degree of gas in annular flow in horizontal manifold with flute pipes (Figure 15), it is found that the overall trend of maldistribution degree of gas is zigzag with the increase of gas–liquid ratio. When the gas–liquid ratio is 49.29, the maldistribution degree of gas is the lowest, as low as 1.19%. When the gas–liquid ratio is 46.67, the maximum maldistribution degree of gas is 24.46%.
[image: Figure 15]FIGURE 15 | Histogram of gas–liquid ratio and maldistribution degree of gas in annular flow in horizontal manifold with flute pipes (liquid injection volume 0.16L/s+0.35L/s).
The comparative analysis shows that the addition of flute pipe into the horizontal manifold is beneficial to control the maldistribution degree of liquid when the gas–liquid ratio is in the range of 20.20–24.26 and 42.33–72.47, and the introduction of flute pipes is beneficial to control the maldistribution degree of gas when the gas–liquid ratio is in the range of 33.71–35.38, 41.60–42.33, and 49.29–69.88.
ANALYSIS OF MALDISTRIBUTION CONTROL IN DIFFERENT FLOW PATTERNS
According to the analysis of the maldistribution degree of liquid and gas of stratified flow, slug flow, and annular flow when flute pipe is considered and not considered, we obtained the scatter diagram of liquid maldistribution degree in different flow patterns in horizontal manifold with and without flute pipe and histogram of flow pattern and average liquid maldistribution degree in the horizontal manifold.
Through the analysis of the scatter diagram of liquid maldistribution degree in different flow patterns in horizontal manifold with and without flute pipes (Figures 16, 17), and the histogram of flow pattern and average liquid maldistribution degree in horizontal manifold (Figure 18), it is found that under the condition that the flute pipe is not added in the horizontal manifold, the average maldistribution degree of liquid in stratified flow, slug flow, and annular flow are 8.56, 5.16, and 7.26%, respectively. The average maldistribution degree of liquid under the three flow patterns is small as a whole, and the average maldistribution degree of liquid under the stratified flow condition is greater than that under the slug flow and annular flow conditions. Average maldistribution degree of liquid under the slug flow condition is less than that under the stratified flow and annular flow conditions.
[image: Figure 16]FIGURE 16 | Scatter diagram of liquid maldistribution degree in different flow patterns in horizontal manifold without flute pipes.
[image: Figure 17]FIGURE 17 | Scatter diagram of liquid maldistribution degree in different flow patterns in horizontal manifold with flute pipe.
[image: Figure 18]FIGURE 18 | Histogram of flow pattern and average liquid maldistribution degree in the horizontal manifold.
Under the condition of introducing a flute pipe into the horizontal manifold, the average maldistribution degree of liquid in stratified flow, slug flow, and annular flow are 18.56, 25.29, and 20.70%, respectively. However, the average maldistribution degree of liquid under the condition of stratified flow is less than that of slug flow and annular flow. The average maldistribution degree of liquid under the condition of slug flow is greater than that of stratified flow and annular flow. Compared with the horizontal manifold with and without the introduction of a flute pipe, the absence of a flute pipe is beneficial to control the average maldistribution degree of liquid. The introduction of a flute pipe will aggravate the maldistribution degree of liquid, especially under the condition of slug flow pattern. This is because after the gas–liquid fluid enters the flute pipe, the cross-section becomes smaller and the gas–liquid velocity increases relatively. The flow of the liquid becomes more unstable, so the flow maldistribution is more likely to occur at the two outlets. Under the condition of the slug flow pattern, the gas–liquid interface is in direct contact with the upper part of the flute pipe due to violent fluctuations, which separates the gas phase located in the upper part of the pipe into an aeroelastic and forms the slug flow pattern.
Through the analysis of the scatter diagram of gas maldistribution degree in different flow patterns in horizontal manifold with and without flute pipes (Figures 19, 20), and the histogram of flow pattern and average gas maldistribution degree in horizontal manifold (Figure 21), it is found that under the condition that flute pipe is not added in the horizontal manifold, the average maldistribution degree of gas in stratified flow, slug flow, and annular flow is 7.66, 9.08, and 3.02%, respectively. The average maldistribution degree of gas under the three flow patterns is small as a whole, and the average maldistribution degree of gas in the slug flow condition is greater than that in the stratified flow and annular flow conditions. Under the condition of annular flow, the average maldistribution degree of gas is less than that of stratified flow and slug flow.
[image: Figure 19]FIGURE 19 | Scatter diagram of gas maldistribution degree in different flow patterns in horizontal manifold without flute pipe.
[image: Figure 20]FIGURE 20 | Scatter diagram of gas maldistribution degree in different flow patterns in horizontal manifold with flute pipe.
[image: Figure 21]FIGURE 21 | Histogram of flow pattern and average gas maldistribution degree in the horizontal manifold.
When the flute pipe is introduced into the horizontal manifold, the average maldistribution degree of gas in stratified flow, slug flow, and annular flow are 11.66, 23.31, and 13.70%, respectively. However, the average maldistribution degree of gas under the condition of stratified flow is less than that of slug flow and annular flow. The average maldistribution degree of gas under the condition of slug flow is greater than that of stratified flow and annular flow. The introduction of a flute pipe will aggravate the maldistribution degree of gas, especially under the condition of an annular flow pattern. This is because after the gas–liquid fluid enters the flute pipe, the cross-section becomes smaller and the gas–liquid velocity increases relatively. The flow of the gas becomes more unstable, so the flow maldistribution is more likely to occur at the two outlets. Under the condition of an annular flow pattern, the central part of the flute pipe is a gas core with droplets, and there is a liquid film on the pipe wall. Under the influence of gravity, the liquid film of the lower pipe wall is thicker than that of the upper tube wall.
Through comparative analysis of the horizontal manifold with and without the introduction of flute pipe, the absence of flute pipes is conducive to the control of the average maldistribution degree of gas. Under the condition of introducing a flute pipe, it is disadvantageous to the control of the average maldistribution degree of liquid and gas in the slug flow pattern.
CONCLUSION

1) The influence of flow pattern and the introduction of flute pipes on the maldistribution degree of liquid and gas under the condition of different gas–liquid ratios is revealed.
① When the flute pipe is not introduced into the horizontal pipe under the condition of stratified flow, it is beneficial to control liquid maldistribution when the gas–liquid ratio is in the range of 22.29–40.12 and 58.00–86.40, and it is beneficial to control gas maldistribution when the gas–liquid ratio is in the range of 7.59–45.00 and 54.80–140.40.
② When the flute pipe is introduced into the horizontal pipe under the condition of stratified flow, it is beneficial to control both liquid and gas maldistribution when the gas–liquid ratio is in the range of 84.70–101.60, 77.70, 70.80, 49.10, and 10.10.
③ When the flute pipe is not introduced into the horizontal pipe under the condition of slug flow, it is beneficial to control liquid maldistribution when the gas–liquid ratio is in the range of 5.78–6.65 and 8.28–31.4, and it is beneficial to control gas maldistribution when the gas–liquid ratio is in the range of 4.09–10.83, 12.22–18.95, 21.11–24.31, and 54.80–140.40.
④ When the flute pipe is introduced into the horizontal pipe under the condition of slug flow, it is beneficial to control liquid maldistribution when the gas–liquid ratio is in the range of 1.94–3.69 and 16.43, and it is beneficial to control gas maldistribution when the gas–liquid ratio is in the range of 16.43–22.71, 4.94, and 13.91.
⑤ When the flute pipe is not introduced into the horizontal pipe under the condition of annular flow, it is beneficial to control liquid maldistribution when the gas–liquid ratio is in the range of 3.45–4.93, 165.50–174.44, 103.38, and 131.44, and it is beneficial to control gas maldistribution when the gas–liquid ratio is in the range of 2.23–174.44.
⑥ When the flute pipe is introduced into the horizontal pipe under the condition of annular flow, it is beneficial to control liquid maldistribution when the gas–liquid ratio is in the range of 46.67–49.29 and 58.24–72.47, and it is beneficial to control gas maldistribution when the gas–liquid ratio is in the range of 49.29–58.24 and 65.82.
2) A maldistribution control scheme of gas–liquid two-phase flow in the horizontal pipeline is proposed: it is more beneficial to the control of average liquid maldistribution in the horizontal manifold of slug flow pattern without the introduction of flute pipe; it is more beneficial to the control of average gas maldistribution in the horizontal manifold of annular flow pattern without the introduction of flute pipe; it is more beneficial to the control of both average liquid and gas maldistribution in the horizontal manifold of annular flow pattern without the introduction of flute pipe.
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