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Trapped air bubbles in pipelines significantly affect the safety and efficiency of water supply systems, potentially inducing water hammer and leading to pipeline explosions and interruptions. This study investigates the sweeping velocity of air bubbles in horizontal pipelines by analyzing the forces acting on a single air bubble and deriving a theoretical expression for calculating the sweeping velocity. Physical model experiments and numerical simulations are conducted to examine the variations in sweeping velocity with respect to bubble volume and dimensionless bubble volume. Results indicate that the sweeping velocity increases with bubble volume, and the diameter of the pipeline significantly affects the movement of air bubbles. These findings contribute to a better understanding of air bubble behavior in horizontal pipelines and can inform strategies for mitigating risks associated with trapped air bubbles, ultimately improving the safety and reliability of water supply systems.
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1 INTRODUCTION
Constructing long-distance water supply projects is one of the most direct methods to ensure the optimal allocation of water resources, and has become the main means of water supply for water-deficient cities and regions around the world (Zhang et al., 2015; Li et al., 2018; Ge et al., 2022). These projects require complicated fluid transportation systems which equipped with long pipelines with large flow, high pressure, many branches, wide range, and complex terrain conditions. Their operational safety requirements are extremely high (Leila et al., 2016; Wang et al., 2022; Zhang et al., 2023). Trapped air is a dominant factor which may induce pipeline burst in pressured pipeline transportation systems, and it has been one of the major potential risks that threaten the safe operation of water supply projects. The sweeping velocity of air bubbles reflects the ability of the fluid in the pipeline to carry air pockets, which can be used as a measure to estimate the movement and retention of air pockets in water pipelines.
Numbers of researches have been conducted to study the moving status, morphological variations, and physical processes of air bubbles in water pipelines. Benjamin T, 1968 determined the Fred number corresponding to the sweeping velocity of air bubbles in horizontal pipelines based on theoretical analysis. Bendiksen (1984) conducted physical model experiments using horizontal pipelines with the diameters ranged from 0.02 to 0.05 m, and proved the existing of the slip velocity. Escarameia et al. (2005) found that the velocity of bubbles in closed pipelines is directly proportional to the diameter of the pipe. The velocity of the air bubbles increase with the increasing of the diameters of pipeline. Yang et al. (2007) demonstrated that pressure affects the physical mechanism governing the gas-liquid interaction, and accordingly influences the dynamics of air bubbles. The dynamics of air bubbles plays a key role in dictating the transport phenomena in gas—liquid fluidization systems. Pothof (2011) deemed that the dimensionless velocity of air bubbles in an outlet pipe n is related to the bubble volume and pipe diameter. Previous researchers have linked the bubble sweeping velocity with the pipe diameter, pipe inclination, and gravity acceleration. However, there is a gap in the effect of bubble volume, surface tension, and other parameters on the bubble sweeping velocity. Ni et al. (2008) believed that bubbles are merely affected by surface tension and buoyancy force. Liu et al. (2008) proposed the correction relation of the friction coefficient between the air phase and water phase using theoretical and experimental analysis. Wang et al. (2019) conducted air-water two-phase flow experiments using a horizontal pipeline, and deduced the friction coefficient between the air phase and water phase.
A numbers of numerical simulation methods also have been proposed to study the law of movement of air bubbles in pipelines. The interface tracking methods (Jafari and Okutucu-Özyurt, 2016; Wu et al., 2021; Wang et al., 2023) such as, MAC (marker and cell technology) model (Santos et al., 2012), etc., have been introduced. The interface capture methods such as the level-set (Zhang et al., 2013; Zhai et al., 2021; Amin and Majid Eshagh, 2020), VOF (volume of fluid) (Ye et al., 2020; Mohammad et al., 2020; Li et al., 2021), and CLSVOF models also have been widely used. Song (2011) proved that when computing the sweeping velocity of air bubbles using convection transport equation, the precision of air–liquid two-phase flow using the CLSVOF model is much more accurate than that of the level-set model and the VOF model. The CLSVOF model is also used to simulate the bubble rising process. This model can not only overcome the shortcomings of the level-set and VOF methods, but also benefits from the advantages of the two methods (Shang et al., 2017; Ge et al., 2020).
Researchers have used machine learning methods to analyze the velocity and shape of air bubbles obtained from physical model experiments. The precision of these methods are more accurate comparing with that of the empirical equations (Deng et al., 2019). Bak et al. (2020) proposed a semi-theoretical correlation developed from a steady-state bubble number density transport equation for predicting the distribution of local bubble size. To obtain physical mechanism governing the air-water interaction, a new method to determine the bubble velocity magnitude was proposed (Qu et al., 2020). Giorgio et al. (2016) provided an experimental method to observe the motion of air bubbles by using a light-field camera, and then analyzed the flow properties and distribution of the air bubbles. Himr (2015) observed the trapped air in the pipeline using a high-speed camera and workbench, and determined the relevant movement laws of trapped air. In order to describe the gas—liquid two-phase flow; Baranivignesh et al. (2019) proposed a new observation method that can locally measure the gas—liquid two-phase flow using particle image velocimetry (PIV) technique, and they verified that the measured bubble size error was small. The optical flow method is a technical method used to detect underwater gas (Sandsten and Andersson, 2012). Xu et al., 2020 designed an automatic detection method for underwater gas, and predicted the motion of underwater gas by using the Farneback optical flow method. The systematical error analysis of the optical flow method in velocity measurements was valid by comparing with the cross-correlation method using in PIV technique (Liu et al., 2015).
The sweeping velocity of the air bubbles is an important index to estimate the carrying capacity of the water supply system. At present, the understanding of the sweeping velocity is still not sufficient. Also, the conclusions obtained from different studies are lack of consistency. This paper studies the motion of bubbles in horizontal water pipelines experimentally and numerically, and deduces the formula of bubble sweeping velocity on the basis of forces analysis. Then, the effect of bubble volume and pipe diameter on the bubble sweeping velocity is discussed.
2 THEORETICAL ANALYSIS
In practical engineering, the pipes can be horizontal or with certain slopes depending on actual construction conditions. To simplify the complexity of practical engineering, we only considered horizontal pipeline in this study. We first define the dimensionless bubble volume as:
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where n is the dimensionless bubble volume, Vb is the volume of the bubble, and D is the diameter of the water pipeline.
For the situation of n > 0.8, the air in the pipeline is mainly in the form of air pocket, i.e., the bubbles gathers together, and the sweeping velocity of the air pocket is mainly affected by the diameter and inclination of the pipeline. For the situation of n < 0.8, the air is mainly in the state of dispersive bubbles. The universal movement law of air bubbles is still lacking. In this section, the forces and sweeping velocity of air bubbles in a horizontal pipeline is analyzed.
When n < 0.8, the air bubbles in the horizontal pipeline are mainly affected by the buoyancy force, the support force of the side wall of the pipeline, the drag force of the water flow, the friction resistance of the side wall of the pipeline, and the surface tension. When the fluid velocity in the horizontal pipe is small, the resultant force acts on the bubbles in the horizontal direction is zero, and the bubbles remain still close to the upper wall of the pipe. Figure 1 illustrates the force analysis of a single air bubble in a horizontal pipeline. FD is the drag force, Ff is the frictional resistance of the side wall of the pipeline to the bubble, FN is the support force of the side wall of the pipeline on the bubble, FB is the buoyancy force, FS is the surface tension of the bubble with FSY the vertical component of surface tension and FSZ the horizontal component of surface tension. If the resultant force in the vertical and horizontal directions is zero, the bubble will adhere to the pipe wall.
[image: Figure 1]FIGURE 1 | Force analysis of a single air bubble in a horizontal pipeline.
For the horizontal direction:
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For the vertical direction:
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The expressions of the drag force FD are as follows:
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where [image: image] is the length of the long axis of the bubble, [image: image] is the length of the central axis of the bubble, [image: image] is the length of the short axis of the bubble, [image: image] is the average velocity of the bubble, Reb is the Reynolds number of the bubble, [image: image] is the dynamic viscosity coefficient of the water, [image: image] is the velocity of the bubble, [image: image] is the average flow velocity of the water, and [image: image] is the distance from the bubble to the pipe wall. The direction of the buoyancy force is vertically upward, and the buoyancy force is proportional to the volume of the bubble. The buoyancy force [image: image] can be written as:
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where VB is the volume of the bubble in the pipeline, [image: image] is the density of water, and [image: image] is the density of air. The surface tension of the bubble in the horizontal direction [image: image] and vertical direction [image: image] are calculated as follows:
[image: image]
[image: image]
where [image: image] is the liquid stress tensor acting on the surface of the bubble, [image: image] is the contact angle between the bubble and the tube wall, and [image: image] is the circumferential angle of the contact surface between the tube wall and the bubble. The frictional resistance of the side wall of acts on the air bubble [image: image] is as follows:
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where [image: image] is the friction coefficient of the side wall of the pipeline. The sweeping velocity of the air bubble in the horizontal water pipeline [image: image] can be deduced from the above analysis.
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3 PHYSICAL MODEL EXPERIMENT
3.1 Experimental facilities
Figure 2 illustrates the experimental facilities used in the physical model experiments of this study. The experiments were conducted in constant temperature and pressure environment. The temperature was 25°C and the temperature was the standard atmospheric pressure. Figure 2A shows the panorama Gram of the facilities which mainly include three parts: an air—water two-phase flow test platform, a data acquisition system, and an image acquisition system. The air—water two-phase flow test platform mainly included a water supply module, an air transmission module, and a bubble movement observation module. The pipe material commonly used in practical engineering is concrete. In our experiments, we used transparent plastic pipe to visualize the motion of bubble inside the pipeline. The material of the pipe may affect the dynamic of the fluid via influencing the resistance of the side wall. However, we do not enter the errors result from difference of side wall materials in this study. The data acquisition system can not only collect the characteristics of the flow such as velocity, but also controls the velocity of flow and volume of air bubbles. The image acquisition system mainly includes a high-speed camera. In order to improve the quality and accuracy of images, the experimental setup was equipped with a high-precision and high-speed camera with a built-in 12bit CMOS sensor. The resolution of the camera includes 1920 × 1,080, 1,280 × 1,024, and 800 × 600, with a minimum pixel of 5 × 5 μm. In this experiment, we have used a camera with a resolution of 1920 × 1,080 with a minimum pixel of 5 × 5 μm. The sensitivity is 12,000–3000 ISO monochrome, 4,800–1200 ISO color, shutter speed 3 μs to 41.667 ms. The velocity and state of bubble initiation were recorded using the high speed camera. The image acquisition system is shown in Figure 2D. An electromagnetic flowmeter was used to measure the real time velocity of fluid. The measurement range of the electromagnetic flowmeter is 0–15 m/s, and the flow velocity accuracy was 0.005 m/s. The layout of the electromagnetic flowmeter is shown in Figure 2B. The air flow measurement assembly is shown in Figure 2C. These facilities are used to explore the dynamic of air bubbles in horizontal pipelines with different inclinations and diameters.
[image: Figure 2]FIGURE 2 | Experimental facilities: (A) the panoramagram of the facilities, (B) the electromagnetic flowmeter, (C) the air flow measurement assembly, (D) image acquisition system.
The high-speed camera collected images with a frequency of 500 frames per second. The velocity of air bubbles can be determined by using the distance and time interval between different frames of images, where the difference between the bubble and water flow velocity is the slip velocity vs, and the ratio of bubble velocity to water flow velocity is the slip velocity ratio Ks.
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where vs is the slip velocity (m/s), vw is the water velocity in the pipe (m/s), vb is the bubble velocity (m/s), and Ks is the slip ratio.
In addition, to study the effect of the diameter of pipeline on the sweeping velocity of air bubbles, the DN100 and DN200 pipelines were used. Both of them are horizontal pipelines with a length of 2 m. The diameter of the DN200 pipeline is 0.2 m, and the diameter of the DN100 pipeline is 0.1 m.
3.2 Experimental results
This experiment mainly investigated the sweeping velocity of bubbles in horizontal water pipelines. Using different pipe diameters (DN100 and DN200), horizontally arranged pipes, and bubbles of different sizes, we collected data using the image acquisition system and data acquisition system, and explored the sweeping velocity of air bubbles under different conditions. We then analyzed the sweeping velocity of air bubbles and influence of trapped air in combination with the theoretical analysis, and determined the pressure, flow rate, and other data in the pipeline. In the numerical simulation and theoretical analysis, the case of one bubble was studied. However, in the experimental part, due to the limitation of the experimental facility, several bubbles were produced in the pipe. We neglected the potential errors result from the interaction among bubbles.
For the DN100 and DN200 horizontal pipelines, the bubble sweeping velocity tests under different working conditions were carried out by controlling the parameters including the long axis of the bubble, the bubble volume, the dimensionless bubble volume, the bubble velocity, the slip velocity, and the slip ratio Table 1 shows the results of experiments conducted using the DN100 pipeline. The results of experiments conducted using the DN200 pipeline are listed in Table 2.
TABLE 1 | The results of experiments conducted using the DN100 horizontal pipeline.
[image: Table 1]TABLE 2 | The experimental results of the bubbles starting to move in the DN200 horizontal pipeline.
[image: Table 2]The variations of the sweeping velocity of air bubbles to the bubble volume and dimensionless bubble volume n under two different pipeline diameters (DN100 and DN200) are shown in Figure 3. In this study, the bubble volume varies within the range of 0 to [image: image], and the dimensionless bubble volume ranges within 0 to [image: image]. Accordingly, the sweeping velocity varies from 0.05 to 0.30 m/s. It is obvious that the sweeping velocity of air bubbles in horizontal pipeline increase with the increasing of bubble volume. In addition, the sweeping velocity of air bubbles in a large diameter pipeline is significantly higher than that in a small diameter pipeline. As shown in Figure 3B, estimating using the dimensionless bubble volume, the sweeping velocity of air bubbles in the DN200 pipeline is also higher than that in the DN100 pipeline.
[image: Figure 3]FIGURE 3 | Variations of the sweeping velocity of air bubbles to the (A) bubble volume and (B) dimensionless bubble volume obtained from experiments conducted using DN100 and DN200 pipelines.
4 NUMERICAL SIMULATION
We established a three-dimensional horizontal pipeline numerical model using the same parameters as physical model experiments, including the velocity of water in the pipeline, the parameters of air bubbles, etc. The schematic diagram of the three-dimensional numerical model is shown in Figure 4. Same as the experimental part of this study, the diameter of the pipeline is 0.2 m for DN200 and 0.1 m for DN100.
[image: Figure 4]FIGURE 4 | Schematic diagram of the three dimensional numerical model.
By processing the calculation results of the numerical simulation, the bubble sweeping velocity, bubble moving pattern, and bubble shape changes with different pipe diameters and bubble parameters in the horizontal pipeline were analyzed. The fluid dynamics at the cross-section of the pipeline were obtained from the three-dimensional numerical model. Figure 5 shows the motion of the air bubble obtained from the numerical simulation, where the blue part indicates the water phase, and the red part indicates the air phase.
[image: Figure 5]FIGURE 5 | Process diagram of bubbles starting to move in the DN200 pipeline diagram. (A) under the conditions of long axis is 0.012 m, middle axis is 0.012 m, and short axis is 0.008 m; (B) under the conditions of long axis is 0.067 m, middle axis is 0.026 m, and short axis is 0.024 m.
Figure 5A shows the initiation process of air bubbles in the DN200 horizontal pipeline under the conditions of long axis is 0.012 m, middle axis is 0.012 m, and short axis is 0.008 m. At the initial stage, the fraction of the water-phase volume is 1, and the velocity of water is 0.05 m/s. A bubble was introduced into the front end of the observation section. At this time, the bubble was mainly affected by the buoyancy force and the drag force. The bubble moves to the vicinity of the side wall of the pipeline, and then approaches the side wall under the influence of the surface tension and the friction resistance of pipeline. Henceforth, the bubble tended to be stable. After the bubble was stable, we increased the water flow rate gradually, with the increase rate not exceeding 0.02 m/s each time. After the water flow became steady, we increased the flow rate again until the bubble moved. When the velocity of water reaches 0.196 m/s, the bubble was sweeping slowly, and the bubble slip velocity was slow in the initial stage before increasing slowly until it was washed out of the observation section by the water flow. The bubbles moved close to the side wall of the pipeline throughout the whole process.
Figure 5B shows the start of the bubbles’ movement process in the DN200 horizontal pipeline, under the conditions of long axis is 0.067 m, middle axis is 0.026 m, and short axis is 0.024 m. When the flow rate increased to 0.274 m/s, two bubbles (after bubble splitting) were washed out of the observation section by the water flow at different flow velocities and accelerations.
Figure 6 shows the streamline of the DN200 horizontal pipeline under the conditions of long axis is 0.024 m, middle axis is 0.026 m, and short axis is 0.024 m, where the blue part is the water phase, the red part is the air phase, and black is the streamline. After the initiation of the bubble, the flow field around the bubble changes, and the water flows around and through the bubble. The streamline above the bubble’s front end is sparse, and the streamline below the bubble’s front end has a high density. We think the reason is that the overflow section area is hindered when the bubble is close to the wall, resulting in the sparse streamline above the bubble’s front end and the dense streamline below the bubble’s front end. Then, the water flow bypasses the bubble, and the back end of the bubble gradually returns to a uniform flow field. When the bubble is washed out of the observation section by the water flow, the whole flow field returns to a uniform flow field, and the flow field under other working conditions is similar to that under this working condition.
[image: Figure 6]FIGURE 6 | The flow line of bubbles starting to move in the DN200 horizontal pipeline.
In order to simplify the observation of the air bubble, the shape of moving air bubbles under different working conditions as shown in Figure 7, where the black part is the bubble and the light blue part is the water phase. After the bubble is filled into the pipe, it becomes oval due to the influence of surface tension and other forces. During the period near the pipe wall, the shape is constantly changing; the short axis becomes longer and the long axis becomes shorter. Near the pipe wall, the bubble profile changes from oval to semi-oval. During the forward movement of the air bubbles adsorbed on the pipe wall, the long axis of the air bubbles changes slightly, but the overall shape remains semi-oval until it rushes out of the observation section.
[image: Figure 7]FIGURE 7 | The shape of moving air bubbles in the DN200 horizontal pipeline. (A) under the conditions of long axis is 0.064 m, middle axis is 0.064 m, and short axis is 0.064 m; (B) under the conditions of long axis is 0.012 m, middle axis is 0.012 m, and short axis is 0.008 m; (C) under the conditions of long axis is 0.024 m, middle axis is 0.02 m, and short axis is 0.017 m; (D) under the conditions of long axis is 0.067 m, middle axis is 0.026 m, and short axis is 0.024 m; (E) under the conditions of long axis is 0.095 m, middle axis is 0.028 m, and short axis is 0.024 m; (F) under the conditions of long axis is 0.15 m, middle axis is 0.031 m, and short axis is 0.025 m.
In Figure 7, the initial section shape of the bubble adsorbed on the pipe wall after filling the pipe is semi-elliptical. When adsorbed on the pipe wall, the long axis is continuously elongated and the short axis is continuously shortened under the action of surface tension and buoyancy. With the increase in the drag force, the bubble gradually splits into two semi-elliptical bubbles and rushes out of the observation section at different movement rates.
For the DN100 and DN200 horizontal pipelines, numerical simulations of the bubble sweeping velocity under different working conditions were carried out. The simulation results are shown in Tables 3, 4. It can be seen from the velocity data in Tables 3, 4 that in the horizontal pipeline, the sweeping velocity of the bubbles is affected by factors such as bubble volume and pipe diameter. In the horizontal pipeline with the same diameter, the sweeping velocity of the bubbles increases with the increase in the bubble volume. When it reaches a certain critical value, the change in the bubbles’ sweeping velocity tends to be gentle.
TABLE 3 | The numerical simulation results of the bubbles starting to move in the DN100 horizontal pipeline.
[image: Table 3]TABLE 4 | The numerical simulation results of the bubbles starting to move in the DN200 horizontal pipeline.
[image: Table 4]Figure 8 shows the variations of the sweeping velocity of air bubbles to the bubble volume and dimensionless bubble volume obtained from numerical simulation conducted with DN100 and DN200 pipelines. The results are quite similar with those obtained from physical model experiments. The sweeping velocity of air bubbles in horizontal pipeline increase with the increasing of bubble volume. In addition, the sweeping velocity of air bubbles in a large diameter pipeline is significantly higher than that in a small diameter pipeline. Estimating using the dimensionless bubble volume, the sweeping velocity of air bubbles in the DN200 pipeline is also higher than that in the DN100 pipeline.
[image: Figure 8]FIGURE 8 | Variations of the sweeping velocity of air bubbles to the (A) bubble volume and (B) dimensionless bubble volume obtained from numerical simulation conducted with DN100 and DN200 pipelines.
5 DISCUSSIONS
The numerical simulation results of the sweeping velocity of air bubbles in horizontal pipelines with different pipe diameters were compared with the results of theoretical calculation proposed in Section 2. Figures 9, 10 show the comparison of the theoretical calculation and numerical simulation results for the sweeping velocity of air bubbles in the DN100 pipeline and DN200 pipeline, respectively.
[image: Figure 9]FIGURE 9 | Comparison of the sweeping velocity of air bubbles to the (A) bubble volume and (B) dimensionless bubble volume obtained from DN100 horizontal pipelines conducted with theoretical calculation and numerical simulation.
[image: Figure 10]FIGURE 10 | Comparison of the sweeping velocity of air bubbles to the (A) bubble volume and (B) dimensionless bubble volume obtained from DN200 horizontal pipelines conducted with theoretical calculation and numerical simulation.
As can be perceived from Figure 9, in the DN100 horizontal pipeline, when the bubble volume is less than 1.25 × 10−5, the theoretical calculation value is greater than the numerical simulation result. When the bubble volume is greater than 1.25 × 10−5, the theoretical calculation value is less than the numerical simulation result. When the n is less than 1.5 × 10−2, the theoretical calculation value is greater than the numerical simulation result. When n is greater than 1.5 × 10−2, the theoretical calculation values are less than the numerical simulation results. As shown in Figure 10, in the DN200 horizontal pipeline, when the bubble volume is less than 1 × 10−5, the numerical simulation results of the bubble sweeping velocity fit the theoretical calculation value; when the bubble volume is greater than 1 × 10−5, the bubble sweeping velocity in the numerical simulation is slightly larger than the theoretical calculation value, and the average error rate is less than 3%; when the n is less than 1.5 × 10−3, the numerical simulation results fit the theoretical calculation value; and when the n is greater than 1.5 × 10−3, the theoretical calculation value is less than the numerical simulation result.
The formula deduced above was used to calculate the sweeping velocity of the bubbles, which was then compared with the results measured by the physical experiments to verify the reliability of the formula. Figures 11, 12 show the comparison of experimental results and theoretical calculation results for the sweeping velocity of air bubbles in the DN100 pipeline and DN200 pipeline, respectively.
[image: Figure 11]FIGURE 11 | Comparison of the sweeping velocity of air bubbles to the (A) bubble volume and (B) dimensionless bubble volume obtained from DN100 horizontal pipelines conducted with physical experiment and theoretical calculation results.
[image: Figure 12]FIGURE 12 | Comparison of the sweeping velocity of air bubbles to the (A) bubble volume and (B) dimensionless bubble volume obtained from DN200 horizontal pipelines conducted with physical experiment and theoretical calculation results.
It can be perceived from Figures 11, 12 that in the DN100 horizontal pipeline, when the bubble volume is less than 1 × 10−5, the experimental result is greater than the theoretical calculation value; when the bubble volume is greater than 1 × 10−5, the experimental results are in excellent agreement with the theoretical calculation values. When the dimensionless bubble volume n is less than 2 × 10−2, the experimental results are less than the theoretical calculation value. When n is greater than 2 × 10−2, the experimental result is in excellent agreement with the numerical simulation results. In the DN200 horizontal pipeline, when the bubble volume is less than 1.25×10−5, the experimental results are less than the theoretical calculation results. When the bubble volume is greater than 1.25 × 10−5, the experimental results are greater than the theoretical calculation results. When n is less than 2.2 × 10−2, the experimental results are greater than the theoretical calculation results; and when n is greater than 2.2 × 10−2, the experimental results are less than the theoretical calculation results.
The numerical simulation results in horizontal pipelines with different diameters were compared with the bubble sweeping velocity measured by experiments under the same working conditions. Figures 13, 14 show the comparison of physical experiment and numerical simulation results for the sweeping velocity of air bubbles in the DN200 horizontal pipeline, respectively. In the DN100 horizontal pipeline, when the bubble volume is less than 5 × 10−6, the experimental results are greater than the numerical simulation results; when the bubble volume is greater than 5 × 10−6, the physical experimental results are less than the numerical simulation results. When n is less than 5 × 10−3, the experimental results are greater than the numerical simulation results; and when n is greater than 5 × 10−3, the experimental results are less than the numerical simulation results. In the DN200 horizontal pipeline, when the bubble volume is less than 1.25 × 10−5, the experimental results are less than the numerical simulation results; when the bubble volume is greater than 1.25 × 10−5, the experimental results are greater than the numerical simulation results. When n is less than 2.3 × 10−3, the experimental results are less than the numerical simulation results; and when n is greater than 2.3 × 10−3, the experimental results are greater than the numerical simulation results.
[image: Figure 13]FIGURE 13 | Comparison of the sweeping velocity of air bubbles to the (A) bubble volume and (B) dimensionless bubble volume obtained from DN100 horizontal pipelines conducted with physical experiment and numerical simulation results.
[image: Figure 14]FIGURE 14 | Comparison of the sweeping velocity of air bubbles to the (A) bubble volume and (B) dimensionless bubble volume obtained from DN200 horizontal pipelines conducted with physical experiment and numerical simulation results.
In general, the results of the numerical simulations fit well with the results of physical model experiments. The sweeping velocity obtained from the numerical simulations is higher than that of experimental results. In addition, the error of numerical simulation is smaller comparing with that of experiments. In general, the sweeping velocity of bubbles in pipeline increase with the increasing of the diameter of the pipeline and the dimensionless bubble volume. The results confirms the finding of previous studies that the velocity is influenced by these two factors. In addition, by comparing the theoretical results with the experimental and numerical results, the theoretical expression proposed in this study can be validate, which provide a simple way to estimate the sweeping velocity of bubbles in pipeline.
6 CONCLUSION
This paper gives insights to the sweeping velocity of air bubbles in horizontal pipelines in water supply system. We first analyze the forces act on a single air bubble in a horizontal pipeline, and provide a theoretical expression for calculating the sweeping velocity of the air bubble. Physical model experiments are conducted with different parameters of air bubbles and pipelines. The variations of the sweeping velocity to the bubble volume and dimensionless bubble volume are determined experimentally. We then carry out numerical simulations with the same initial settings as experiments and analyze the flow line, velocity field, as well as the sweeping velocity of the bubbles. The conclusions are as follows:
First, the sweeping velocity of air bubbles in horizontal pipelines obtained from theoretical calculation, simulated simulation, and experiments fit quite well. The results indicate that the sweeping velocity of air bubbles increases with the increase of bubble volume. When the bubble volume is less than 2.8 × 10−5 the sweeping velocity of air bubbles in the DN100 pipeline varies from 0.05 m/s to 0.23 m/s; when the bubble volume is greater than 1.8 × 10−5, the sweeping velocity reaches a steady state at 0.23 m/s. When the bubble volume is less than 3.1 × 10−5, the sweeping velocity of air bubbles in the DN200 pipeline increases from 0.06 m/s to 0.28 m/s; when the bubble volume is greater than 1.7 × 10−5, the sweeping velocity reaches a steady state at 0.28 m/s.
In addition, the moving process of air bubbles can be divided into four stages: bubble attachment, bubble sweeping, bubble slip, and bubbles breaking away from the wall. When the water velocity is low, the bubbles remain in their original shape under the multiple action of several forces. When the velocity of water increases to reach the sweeping velocity of the air bubble, the bubble shape changes, the bubble deforms significantly, and then splits into two bubbles. The mechanical equilibrium of the bubble is broken, and the bubble enters a sliding state. At this time, the bubble moves close to the up-side wall of the pipeline, and the bubble velocity is lower than water velocity. After a period of time, the bubble may break away from the wall. With the bubble velocity increasing, the bubble is washed out of the observation section by the water flow.
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