

  fluids-10-00196




fluids-10-00196







Fluids 2025, 10(8), 196; doi:10.3390/fluids10080196




Article



Gas–Liquid Two-Phase Flow in a Hydraulic Braking Pipeline: Flow Pattern and Bubble Characteristics



Xiaolu Li 1,*, Yiyu Ke 1, Cangsu Xu 2,*, Jia Sun 1 and Mingxuan Liang 1





1



College of Mechanical and Electrical Engineering, China Jiliang University, Hangzhou 310018, China






2



School of New Energy and Intelligent Networked Automobile, University of Sanya, Sanya 572022, China









*



Correspondence: lxl2006@cjlu.edu.cn (X.L.); xucangsu@zju.edu.cn (C.X.)







Citation: Li, X.; Ke, Y.; Xu, C.; Sun, J.; Liang, M. Gas–Liquid Two-Phase Flow in a Hydraulic Braking Pipeline: Flow Pattern and Bubble Characteristics. Fluids 2025, 10, 196. https://doi.org/10.3390/fluids10080196



Academic Editors: T. Hoehne, Alireza Keramat and Bin Pan



Received: 10 July 2025 / Revised: 27 July 2025 / Accepted: 28 July 2025 / Published: 29 July 2025



Abstract


An in-depth analysis of the two-phase flow in a hydraulic braking pipeline can reveal its evolution process pertinent for designing and maintaining the hydraulic system. In this study, a high-speed camera examined the two-phase flow pattern and bubble characteristics in a hydraulic braking pipeline. Bubble flow pattern recognition, bubble segmentation, and bubble tracking were performed to analyze the bubble movement, including its behavior, distribution, velocity, and acceleration. The results indicate that the gas–liquid two-phase flow patterns in the hydraulic braking pipeline include bubbly, slug, plug, annular, and transient flows. Experiments reveal that bubbly flow is the most frequent, followed by slug, plug, and transient flows. However, plug and transient flows are unstable, while annular flow occurs at a wheel speed of 200 r/min. Bubbles predominantly appear in the upper section of the pipeline. Furthermore, large bubbles travel faster than small bubbles, whereas slug flow bubbles exhibit higher velocities than those in plug or transient flows.
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1. Introduction


The gas–liquid two-phase state of the transmission fluid in a pipeline can lead to cavitation, noise, vibration, and deterioration of the pressure transmission characteristics, which quickly reduces the system’s stability and reliability [1]. So far, the investigations into the causes of the gas formation in a transmission fluid focus on aspects such as the dissolved or entering air, absorbed water, induced heat, and alternating transfer pressure. The dissolved or entering air in the brake fluid includes inherent or self-dissolved air in the brake fluid, residual air in the pipeline when the brake fluid is added, and air sucked from the liquid storage tank during braking. Most of the air exists in free or dissolved states. Therefore, they easily form bubbles under the influence of ambient conditions [2]. Moreover, brake fluid is easy to absorb water and turns into vapor under heat and alternating transfer pressure effects. For example, Hunter et al. [3] studied the water absorption of DOT3 brake fluid at the boiling point of 200~250 °C. The study revealed that after six months, one year, and two years, the water content in the brake fluid was 1.5%, 3.0%, and 4.5~5.0%, respectively.



High ambient temperature, the compression effect of the alternating braking pressure, heat dissipation from the engine and car body, and the heat from the brake friction all contribute to an increase in brake fluid temperature. That is, the braking process of a car generates a large amount of heat, which increases the brake fluid temperature. Jun et al. [4] investigated the heating process of a brake system during a high-mountain car test and found that the brake disc temperature and fluid temperature were 526 °C and 163 °C, respectively, after 47 min of continuous braking, leading to vaporization of the water in the brake fluid. Furthermore, the braking frequency of a braking system is several times per second. Acoustic cavitation occurs once the local pressure is lower than the saturated vapor pressure of water [5,6].



The investigation of gas–liquid two-phase flow in a pipeline is of paramount importance, including flow pattern, split-phase holdup, velocity, etc. [7,8]. Many researchers have used the visualization method to study the flow pattern and split-phase holdup because it is noninvasive and has high accuracy. Deng et al. [9] used a high-speed camera to investigate the flow pattern of kerosene (RP-3) in vertical and horizontal quartz tubes at subcritical and supercritical conditions. They observed different flow patterns that are were related to pressure and temperature. Also, Thaker and Banerjee [10] used a high-speed camera to study the flow pattern characteristics of slug and plug flow. They established a relationship between the apparent velocity of gas–liquid two-phase flow and flow pattern parameters such as two flow pattern frequencies (the number of flow patterns passed in a unit of time), flow pattern transformation speed, and length of the liquid-phase and gas-phase parts of the two flow patterns. Considering the large errors in the frequency prediction of slug flow, Al-Safran et al. [11] proposed a probability model that was a function of pipe diameter, liquid phase apparent velocity, and slip factor to predict slug flow frequency. Setyawan et al. [12] examined the influence of fluid characteristics on the wave velocity and frequency of annular flow in a circular tube and indicated that the frequency of the wave decreased with increased viscosity and decreased surface tension of the liquid. In a different research, Al-Kayiem et al. [13] used a high-speed camera to study the characteristics of a slug flow of water and air in a pipeline. Kajero et al. [14] evaluated the effect of viscosity on the flow pattern and bubble behavior of silicone oil in a small-diameter bubble column using electrical capacitance tomography and high-speed photography. They found that the developing slugs in liquid viscosities of 5 and 100 mPa·s were deformed. The Taylor bubble obtained from 1000 mPa·s was called as a prolate spheroid, while that obtained from 5000 mPa·s was called as an oblate spheroid. The bubble behavior was further characterized using the inverse dimensionless viscosity and Eötvös number.



The study of split-phase holdup based on the visualization method is mainly to calculate the volume of the bubbles in a two-phase flow [15]. Therefore, several studies have investigated the calculation method of bubble volume. Pedro et al. [16] used the fuzzy inference to segment images and adjusted the parameters according to the acquisition focus. They used a random Hough transform combined with a neural network to reconstruct the shape of each bubble and calculated its volume to analyze the porosity of the two-phase flow in a pipeline. Ashish and collaborators [17] also proposed a multi-level image analysis method. The bubble was assumed to be an ellipsoid. Whereas the image was used to determine the center, size, and shape of the bubble, the sphere and ellipsoid volume formulae were used to calculate the bubble volume. Lau and co-workers [18] used the watershed algorithm to segment the bubble cluster in an image and calculated the equivalent diameter using the pixel area of each isolated bubble to determine the bubble volume. Moreover, Markus et al. [19] suggested an overlapping object recognition (OOR) algorithm for bubble segmentation. The OOR algorithm was utilized to calculate the overall perimeter of a segment, found the points at the perimeter representing the connecting points of overlapping objects, clustered the perimeter arcs that belonged to the same object, and fitted ellipses on the clustered arcs of the perimeter.



To the best of the author’s knowledge, studies on the gas–liquid two-phase flow pattern identification and bubble characteristics in automobile hydraulic brake pipelines are scarce, especially research involving the visualization method. In light of this importance, this study used the visualization method and image processing technology to comprehensively investigate the gas–liquid two-phase flow in an automobile hydraulic braking pipeline. The novel contribution lies in the system-level integration of bubble-volume-resolved algorithms and their application to the hydraulic-braking context. The paper consists of five parts. In addition to the introduction, Section 2 introduces the experimental device and processes and provides the flow pattern recognition method, bubble volume calculation method, and bubble tracking method. The flow pattern, bubble volume, and bubble velocity are statistically analyzed in Section 3. Section 4 presents the bubble distribution and force situation, and the gas holdup in the selected windows. Finally, Section 5 provides the conclusions of the study.




2. Experimental Device and Research Methods


2.1. Experimental Device


The experimental device is shown in Figure 1. It is a modified Santana 3000 ABS (Anti-braking system, ‌Wanxiang Qianchao Co., Ltd.; Hangzhou, China) test rig, which mainly consists of a hydraulic brake system and a video acquisition module. The hydraulic brake system can control the wheel speed between 0–1600 r/min. A horizontally placed transparent quartz tube with an inner diameter and length of 4 mm and 150 mm, respectively, was installed in the hydraulic pipeline of the right front wheel of the brake platform. The transparent pipeline was equipped with a pressure sensor (Swiss Keller brand PA-25TAB, Beijing Handarsen Machinery Technology Co., Ltd.; Beijing, China) at the ends to measure the pipeline inlet and outlet pressures. The power supply for the pressure sensor was provided by a WD-5 regulated power supply. The pressure sensor used a 15 V power supply with a sampling frequency of 1 kHz. An OLYMPUS·ISPEED·2·MONO (4G) high-speed camera (Olympus Corporation‌; Tokyo, Janpan) with a resolution of 800 × 600 and a maximum frame rate of 3000 fps was used to record the two-phase flow in the transparent quartz tube. The frame rate used in this study was 100 fps. The BL series (Fuzhou Boring Imaging Equipment Co., Ltd.; Fuzhou, China) studio light was used as backlighting and a sheet of sulfuric acid paper was layered behind the quartz tube to improve the photograph’s quality.



The two-phase flow video was recorded as a sample video at every 100 r/min wheel speed between 200 and 1200 r/min wheel speeds.




2.2. Image Preprocessing


Image processing was performed on the recorded video in the hydraulic braking pipeline using the Python-OpenCV package (3.13.5). The Hough line transformation [20,21] was used to fit the upper and lower boundaries of the transparent pipeline in the video. The pipeline position was corrected by the fitted upper and lower boundary lines to eliminate the small angle between the pipeline and the horizontal direction. According to the inner diameter d of the transparent pipe in the video and the actual inner diameter D of the transparent pipe, the unit length of each pixel grid could be determined as D/d mm. The segmentation of the bubble foreground and pipe background is the premise of bubble contour and bubble feature extraction. Usually, dynamic detection algorithms such as the frame difference [22], background subtraction [23] and vibe [24] are used to complete the image segmentation. However, as shown in Figure 2, it is difficult to identify the bubble contour completely for bubbles with extremely slow movement velocity or uniform intensity of internal pixels using the dynamic detection algorithm.



Based on the fitting of the upper and lower boundaries of the pipeline through the Hough transform, the bubble contour was extracted by performing the following steps: (1) The image was masked according to the upper and lower boundaries of the pipeline; (2) An appropriate threshold was selected for Otsu’s binarization of the image, and (3) Contour detection was performed for the image after binarization. The bubble foreground and background were distinguished by binarization. By contour detection, the bubble shape and position were obtained. Figure 3 shows the final contour extraction result.




2.3. Bubble Flow Pattern Recognition


2.3.1. Classification of Bubble Flow Pattern


According to the classification method of Ref. [25], the flow patterns in the hydraulic braking pipeline are bubbly, slug, plug, and annular flows (see Figure 4). The bubbles in a bubbly flow are characterized by small volume, large roundness, and a large aspect ratio. The bubbles in the plug flow have a large volume and a good symmetry degree. The bubbles in the slug flow are similar to a bullet shape, with left and right asymmetry. The annular flow bubble is characterized by the air inside the pipeline forming a liquid film on the inner surface of the pipeline. Also, there were bubbles in the pipeline whose shapes were in between the plug flow and slug flow bubbles, as shown in Figure 4e. These bubbles are classified as transient flow bubbles in this paper.




2.3.2. Bubble Classification Criteria


According to the characteristics of each bubble flow pattern described in Section 2.3.1, five bubble shape characteristics, namely area (S), aspect ratio (Ar), roundness (C), area symmetry (SS), and half-area symmetry (HSS), were used as the bubble classification criteria. As Figure 5 shows, the ellipse in the bubble diagram represents the bubble contour and the rectangle on the ellipse is the circumscribed rectangle of the bubble contour, with length and width of h and w, respectively. The two lines in the rectangle divide the circumscribed rectangle equally into four parts. The bubble contour is also divided into four parts by the two lines, with areas R, Y, G, and B. The area S refers to the outline area of the bubble, whereas L is the bubble circumference. The aspect ratio (Ar) is defined as the ratio of the longitudinal length of the bubble to the transverse length of the bubble, which can be obtained from the ratio of the width to the length of the circumscribed rectangle of the bubble (Ar = w/h). The roundness (C) represents the roundness of the bubble. It is calculated as   C = 4 π S /   L   2   .  



The ratio of the area in the left and right halves of the bubble is expressed as area symmetry   ( S S =   min     R + Y , G + B     / m a x ( R + Y , G + B ) )  . The ratio of the left and right halves of the upper bubble is expressed as half-area symmetry   ( H S S =   min     R , G     / m a x ( R , G ) )  .




2.3.3. Determination of Classification Characteristics


To find the classification rules for the classification characteristics for each bubble flow pattern, the classification characteristics were extracted from the sample video as the dataset for further analysis. Sometimes, there were bubbles of various bubble flow patterns in the vision window. Herein, the ROI (Region of Interest) man–machine interaction was used to extract the classification characteristics of bubbles in each bubble flow pattern.



As shown in Figure 6, the ROI interaction directly acts on the image after the binarization, so that the bubbles could be better boxed. The largest bubble contour in the box would be displayed. The classification features of the bubble contour are further extracted and labeled with the corresponding bubble flow pattern after confirmation.



This study obtained a dataset composed of 98 sample data points based on the sample video and further proposed 12 sample data points for each bubble flow pattern from the dataset to form a training set, while the 50 sample data points remained as a test set.




2.3.4. Visualization of Classification Characteristics


The classification characteristics of each bubble flow pattern in the training set are shown in Figure 7. The figure presents the discrimination effect of different classification characteristics on each bubble flow pattern. The annular flow bubbles have obvious characteristics, which can be distinguished from bubbles of other bubble flow patterns by the aspect ratio and area characteristics, so they are not described in the figure.



Figure 7a shows that the area can distinguish bubbles in bubbly flow from bubbles in the other flow patterns, whereas Figure 7b indicates the aspect ratio of bubbly flow bubbles is generally close to 1. According to Figure 7c, bubbles in bubbly flow and small plug flow exhibit greater roundness, whereas those in transient and slug flow are less round. This classification characteristic plays an auxiliary role in the identification of bubbly and slug flow bubbles. As shown in Figure 7d, plug flow bubbles have greater area symmetry. Furthermore, one side of the slug bubble is sharp as a bullet while the other side is cylinder-like leading to less area symmetry of slug flow bubbles. Transient flow bubbles are asymmetrical in shape but can have symmetrical areas. Therefore, the area symmetry can be used to distinguish plug flow bubbles from slug flow bubbles. Referring to Figure 7e, the half-area symmetry can be used to differentiate plug flow bubbles from transitional bubbles.




2.3.5. Classification Process


Figure 8 presents the method for flow pattern recognition based on the classification characteristics. The annular flow bubbles are distinguished by their aspect ratio and area. The bubbly flow bubbles are classified by area, roundness, and aspect ratio. The slug flow bubbles are determined by area symmetry and roundness. The transition and plug flow bubbles are differentiated by the half-area symmetry.



Figure 9 shows a scatter plot of the classification characteristics of each flow pattern. From Figure 9a, it can be seen that the area, aspect ratio, and roundness can distinguish annular flow and bubbly flow from the other flow patterns. Also, Figure 9b shows that roundness, area symmetry, and half-area symmetry can well determine slug flow, plug flow, and transient flow.





2.4. Calculation of Bubble Volume


There are two difficulties in the bubble volume calculation in the hydraulic braking pipeline, including the segmentation of bubble clusters and the application of appropriate algorithms to evaluate the volume of isolated bubbles. In this study, the watershed algorithm was used to segment the bubble clusters. The bubble volume was approximated to the volume of the rotating body by the numerical integration method.



2.4.1. Improved Watershed Algorithm


Methods such as Hough transform [26], watershed algorithm [17,27], breakpoint detection [28], and the edge pixel gradient algorithm [29] have been used to segment bubble clusters. But, among these methods, the Watershed algorithm has the best universality and strong applicability to different bubble morphology and different ranges of image pixel gradients [30]. Therefore, the watershed algorithm was adopted in this study to segment bubble clusters.



In this study, a grayscale image is generated according to the shortest distance between each pixel point and the bubble contour, as shown in Figure 10. In Figure 10, the pixels closer to the bubble contour have higher pixel values, and the Watershed algorithm was applied to complete the bubble group segmentation accurately.




2.4.2. Bubble Segmentation


As Figure 11 shows, the bubbles are in contact with each other. To calculate its volume, specific methods should be developed to divide the overlapping bubbles into isolated bubbles.



In this study, contour defects were used to distinguish the bubble clusters from isolated bubbles, and different bubble segmentation methods were used for two-bubble clusters and multiple-bubble clusters (the bubble cluster involving more than two bubbles), respectively. The specific segmentation process is enumerated in Table 1.





 





Table 1. Bubble segmentation process.






Table 1. Bubble segmentation process.








	
	Step 1: 

	
Use Otsu’s algorithm to binarize the original image.









	
	Step 2: 

	
Use the concave defects to identify the two-bubble clusters, multiple-bubble clusters, and isolated bubbles. Paste the two-bubble clusters and multiple-bubble clusters into two pictures, respectively.









	
	Step 3: 

	
For the two-bubble cluster in Figure 12b, connect the two defect points in the bubble cluster to complete the bubble segmentation. The bubble segmentation result of the two-bubble clusters is shown in Figure 13a.









	
	Step 4: 

	
For the multiple-bubble cluster in Figure 12d, fill in the inner contour of the bubble cluster in Figure 12e.









	
	Step 5: 

	
Invert Figure 12e in black and white, and compare the inverted image with that in Figure 12c to obtain all the subblocks inside the bubble cluster (there will be a subblock inside each bubble due to the round reflection of the bubble), as shown in Figure 12f. These subblocks can be used as the initial marked blocks for the Watershed algorithm.









	
	Step 6: 

	
Generate the grayscale image shown in Figure 10.









	
	Step 7: 

	
Carry out the watershed on the grayscale image shown in Figure 10, and find the dividing line. The bubble segmentation result of the multiple-bubble clusters is shown in Figure 13b.
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Figure 12. Bubble segmentation. (a) Binarization picture of multiple bubbles; (b) binarization picture of two-bubble cluster; (c) bubble cluster extracted from (a); (d) bubble cluster extracted from (b); (e) bubble cluster after internal filling from (c); (f) bubble interior profile for (c). 






Figure 12. Bubble segmentation. (a) Binarization picture of multiple bubbles; (b) binarization picture of two-bubble cluster; (c) bubble cluster extracted from (a); (d) bubble cluster extracted from (b); (e) bubble cluster after internal filling from (c); (f) bubble interior profile for (c).
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Figure 13. Results of bubble segmentation. (a) Results of bubble segmentation for the two-bubble cluster; (b) results of bubble segmentation for the multiple-bubble cluster. 






Figure 13. Results of bubble segmentation. (a) Results of bubble segmentation for the two-bubble cluster; (b) results of bubble segmentation for the multiple-bubble cluster.
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2.4.3. Volume Calculation Method of Isolated Bubble


For bubbles with relatively regular shapes, some studies used the volume formula of a sphere or an ellipsoid to solve the bubble volume [31]. For bubbles with complex shapes, researchers used the complete matching method based on a virtual stereo vision to reconstruct the bubbles in three dimensions. This method uses one mirror so that a camera can capture images of bubbles at different angles and carries out a three-dimensional reconstruction of complex bubbles based on the captured images [32,33]. In this study, the bubbles are approximated as rotating bodies (shown in Figure 14), and the bubble volume is calculated by Equation (1).


  V =   ∫  0     x   n      π   f ( x )   2   d x =    π (   x   n   − 0 )   n      ∑  i = 1   n − 1      f (   x   i   )   2        



(1)









2.5. Bubble Tracking Method


2.5.1. Hungarian Algorithm


Maximum matching [34] and optimal matching [35] are the types of Hungarian algorithms. The maximum matching can obtain a matching method with the maximum number of matching groups between two groups of variables. The optimal matching is determined based on the consumption matrix to minimize the total cost of matching. In the tracking algorithm of this study, the Hungarian maximum matching algorithm was first used to find bubbles with similar characteristics in the new frame. The Hungarian optimal matching algorithm was then used to find the most reasonable matching scheme.




2.5.2. Matching Characteristics


The matching characteristics of the Hungarian algorithm have to be extracted to show if two bubbles are allowed to match the matching effect. Three matching characteristics of bubble horizontal position m, bubble lengthwise position n, and bubble area S was proposed in this study.



	(1)

	
Match admission threshold







Before the Hungary maximum matching algorithm is performed, it is necessary to ascertain whether the object and target can be matched. The thresholds for the horizontal position deviation   Δ m =     m   t a r g e t   −   m   o b j e c t      , the lengthwise position deviation   Δ n =     n   t a r g e t   −   n   o b j e c t      , and the area deviation   Δ S =        S   t a r g e t   −   S   o b j e c t       m a x (   S   t a r g e t   ,   S   o b j e c t   )      are determined. Matching between two bubbles is permitted when the deviation of each matching characteristic between the two bubbles is within the matching admission threshold.



	(2)

	
Characteristic distance







In this study, the Hungarian optimal matching algorithm requires a parameter to measure the matching effect between the bubbles. A shorter characteristic distance between two bubbles indicates a higher similarity and a higher matching degree. Equations (2)–(4) express the characteristic distances of three matching characteristics.


    m   d i s t a n c e   =        m   t a r g e t   −   m   o b j e c t       m i n (   h   t a r g e t   ,   h   o b j e c t   )     



(2)






    n   d i s t a n c e   =        n   t a r g e t   −   n   o b j e c t       m i n (   w   t a r g e t   ,   w   o b j e c t   )     



(3)






    S   d i s t a n c e   =        S   t a r g e t   −   S   o b j e c t       m i n (   S   t a r g e t   ,   S   o b j e c t   )     



(4)







The above parameters are used to quantitatively express the similarities between bubbles by using the significant shape characteristics of large bubbles and the significant position characteristics of small bubbles. The weighted values of the three characteristic distances are used as the loss values between bubbles. The Hungarian optimal matching algorithm is proposed based on a loss matrix composed of the loss values.




2.5.3. Implementation of Bubble Tracking


For bubble tracking, a pre-stored database and a primary database are established. The pre-stored database stores the parameters for the bubbles that are detected for the first time. The primary database stores the parameters for the bubbles that are tracked. The instantaneous velocity of the tracked bubbles is calculated using the bubble position deviation and the time difference between two frames, and the next location of tracked bubbles is predicted. The life cycle of tracked bubbles (the number of frames that bubbles are tracked) is calculated during the process of bubble tracking. During tracking, if a bubble with a life cycle of less than 4 fails to match in a frame, its relevant parameters will be deleted from the primary database. If a bubble with a life cycle of not less than 4 fails to match in a frame, its vanishing period is calculated, and its position in each frame is predicted to match in each subsequent frame. If the vanishing period of the bubble is greater than 60 or its predicted position is beyond the window range, the relevant parameters of this bubble would be deleted from the primary database. This matching process can increase the stability of bubble tracking. The matching process of bubbles in the bubble tracking process is shown in Figure 15.





2.6. Error Analysis


2.6.1. Error Analysis of Bubble Flow Pattern Recognition


To test the accuracy of the bubble flow pattern recognition, 50 test datasets were substituted into the flow pattern identification rule to predict the flow pattern. Only one transition bubble in the 50 test datasets was misidentified as a plug flow bubble. The accuracy of the bubble flow pattern recognition method based on the bubble shape characteristic reached up to 98%. The recognition speed was fast and real-time. Only a small number of training set samples were needed to determine the bubble characteristic threshold.




2.6.2. Integral Error of the Bubble Volume Calculation


There is a truncation error in the calculation of bubble volume by using the compound trapezoidal formula. The remainder term of the compound trapezoidal formula is expressed as:


  R   f   = −        x   n     2     12      h   2     f   ′ ′   ( η )  



(5)




where   f   is the function of the integral curve, and     x   n     is the abscissa of the rightmost point of the bubble contour. The [0,    x   n    ] area is divided into   n   equal parts for integration. The length of each integral region is   h =      x   n     n    , η ∈ ( 0 ,   x   n   )  . The bubble contours in this study were discrete sampling points. The derivative value of the curve at each point is required by calculating the residual term. To observe the error of quadrature by the compound trapezoidal formula for bubble contours of each flow pattern, four bubble contours of different bubble flow patterns were fitted polynomially. As seen in Figure 16, the fitting effect of the fourth-order polynomial is good. The fitting coefficients and fitting residuals are summarized in Table 2.



The above four fourth-order polynomials were used to solve the volume integral remainder of the flow bubbles. When     f   ′ ′     η     in Equation (5) was maximum, the integral errors in Table 3 were obtained. From each remainder value, it could be seen that the maximum integration error using the compound trapezoidal formula to integrate the bubble contour of the nearly fourth-order curve is within 1%, showing that the accuracy of the integration is satisfactory.




2.6.3. Error Analysis of Bubble Tracking


There were similar, occluded, or extremely small bubbles in the bubble matching process, which caused the wrong matching of the bubbles. The bubble velocity and bubble acceleration do not change suddenly when the bubble moves in the pipeline. Therefore, when the velocity or acceleration of a bubble deviates too much from its average velocity or acceleration in a frame, it is determined that the bubble has error tracking in this frame. The velocity and acceleration distributions of different bubble samples with the same serial number are shown in Figure 17. Based on the characteristics of bubble velocity and acceleration, the 3  σ   norm or the t-test norm could be used to eliminate the mismatched bubbles.



For bubbles with a sample number less than or equal to 10 and larger than 10, the t-test norm and 3σ norm are used to eliminate bubble samples with abnormal velocity or acceleration. The bubbles in the two-phase flow videos at 11 vehicle speeds were screened using the above criteria. Finally, 3456 bubble samples were eliminated from the 269,483 bubble samples. The rejection ratio was 1.283%. The accuracy of bubble tracking was relatively high.






3. Experimental Results


3.1. Bubble Flow Pattern


The bubbles were divided into six flow patterns: bubble cluster, bubbly flow bubble, slug flow bubble, plug flow bubble, transient flow bubble, and annular flow bubble. The recognition method for each flow pattern was proposed. Some bubbles experienced a variety of flow patterns as they flowed through the photo window. The evolution of the flow pattern in the window was observed and its proportion was calculated. Table 4 shows the proportion of bubbles of each flow type at each wheel speed, while Table 5 lists the proportion of bubbles in unsteady flow for each flow pattern.



As shown in Table 4, the occurrence frequency of bubbly flow in the hydraulic braking pipeline is the largest, followed by slug flow. Transient flow and plug flow occurrence frequencies are very low. The annular flow is observed at a low wheel speed of 200 r/min. The possible reason is that at low speeds, due to the relatively extended duration, bubbles tend to accumulate around the pipeline while liquid remains at the center, thus forming annular flow. Table 5 shows that bubbles in plug and transient flow exhibit low stability, rapidly transitioning to other flow patterns. The stability of slug flow is better than that of the first two flow patterns, but the slug flow bubbles with flow pattern conversion in the window still account for 71.5% of the total number of slug flow bubbles. The flow pattern of the cluster is unstable because the bubbles in the cluster will always separate and merge in the process of movement. Bubbly flow has the highest stability because of their small volume.




3.2. Bubble Volume


The volume of bubbles that appeared in the hydraulic braking pipeline was as small as ten minus cubic millimeters and as large as hundreds of cubic millimeters. Statistics of the bubble volume distribution at different wheel speeds are shown in Figure 18.



Figure 18 shows that the proportion of small-volume bubbles in the hydraulic braking pipeline is relatively high. The volume of the bubbles is generally concentrated within 0.001–1 mm3. As the wheel speed increases, the proportion of small volume bubbles in the pipe first decreases, then increases. This is because the pressure in the pipe increases with the increase in the wheel speed. However, as the pressure in the pipe increases, some small volume bubbles dissolve into the brake fluid, reducing the proportion of small volume bubbles in the pipe. With the further increase in pressure in the pipeline, some large volume bubbles break into small volume bubbles, raising the proportion of small volume bubbles in the pipeline.




3.3. Velocity of Bubbles


3.3.1. Velocity Distribution of Bubbles in the Transparent Pipe


The bubble was tracked to obtain the bubble velocity. The velocity of the bubble reflects the movement of the bubble and the flow state of the two-phase flow. The average velocity of a single bubble in the entire flow process in the window was used as the bubble velocity. The velocity distribution of the bubbles at different wheel speeds is shown in Figure 19.



Figure 19 shows that the bubble velocity in the hydraulic braking pipeline is between −0.15 m/s and 0.45 m/s. The bubbles that move in the opposite direction between −0.05 m/s and 0 m/s have the highest proportion in the pipeline at each wheel speed. As can be seen from Figure 19, the bubble velocity of reverse movement in the pipeline is generally within 0.1 m/s, while the bubble velocity of forward movement is more than 0.4 m/s. This is because the backflow pressure difference in the hydraulic brake pipe is much smaller than the brake pressure difference, which causes the forward movement of bubbles under the action of a large pressure difference to accelerate to a higher speed.




3.3.2. Velocity Distribution of Bubbles


The bubble flow pattern is closely related to its motion. Figure 20 plots the velocity distributions of five flow patterns under 11 wheel speeds. As Figure 20 shows, the velocity distribution extent of bubbly flow bubbles, slug flow bubbles, and bubble clusters is relatively wide. Figure 20 indicates that the velocity distribution extent of slug flow bubbles is the widest, and the proportion of high-speed bubbles in the two-phase flow of this flow pattern is the highest. The velocity distribution extent of the plug flow and transient flow bubbles is extremely narrow. Most of the plug flow bubbles have a velocity of 0–0.02 m/s, and the maximum velocity of the plug flow bubbles is 0.07 m/s. The velocity distribution extent of the transient flow bubble is slightly larger than that of the plug flow bubble, and the maximum velocity is 0.12 m/s. It can be inferred that when the pressure in the pipeline is not high, the gas holdup in the pipeline is relatively large and large bubbles are easily formed. At this time, the two-phase flow has a slow flow velocity. Under gravitational effects, plug flow bubbles develop. If there is a pressure difference between the two ends of the pipeline at this time, the flow velocity increases and the plug flow bubbles continue to accelerate. Gradually, it evolves into transient flow bubbles and metamorphoses into slug flow bubbles at a high flow rate. The formation of bubbly flow bubbles is related to the local gas holdup in the pipeline. The flow pattern of bubbly flow bubbles will not change with the fluctuation of the pipeline pressure difference. Therefore, the velocity distribution of bubbly flow bubbles is very wide.




3.3.3. Average Velocity of Different Volume Bubbles


In the video of the two-phase flow, many large bubbles exceeded small bubbles or collided with small bubbles, as shown in Figure 21. Therefore, this section discusses the relationship between bubble volume and bubble velocity.



The average velocity of bubbles in different volume ranges was calculated (0–0.1 mm3, 0.1–1 mm3, and 1–10 mm3), as displayed in Figure 22.



The average velocity of large-volume bubbles is greater than that of small-volume bubbles. The average velocity of forward-moving bubbles is greater than the average velocity of reverse-moving bubbles, as shown in Figure 22a,b.






4. Further Discussion


4.1. Distribution of Bubbles


The pixels inside the bubbles in each frame of the images are termed as covered pixels. The frame-wise occupancy that each pixel in the window is covered by bubbles is defined as the coverage rate. Since bubbles mostly move in a straight line in the pipeline, the distribution of bubbles in the vertical direction is considered. The pixels covered in the horizontal direction of the pipeline are averaged to obtain the average coverage rate. The average coverage rate indicates the probability of bubbles appearing in each position of the hydraulic braking pipeline in the longitudinal direction. It also reflects the concentration of bubbles in the longitudinal distribution of the hydraulic braking pipeline. The longitudinal position of the pipeline is divided into 100 equal parts as the x-axis of the statistical graph in Figure 23. Moreover, the average coverage is the y-axis of the graph, as shown in Figure 23.



According to Figure 23, the peak of average coverage always appears in the middle and upper parts of the pipeline. Most of the bubbles are concentrated in the position of 10–20% from the top-down of the pipeline. Bubbles at the 200 r/min wheel speed have a wider distribution of locations in the vertical direction due to the larger bubble size. The peak value of the average coverage rate at 200 r/min is about 40% from the top-down of the pipeline, and the average coverage rate of the entire longitudinal pipeline is relatively large. Increasing wheel speed elevates brake pressure while reducing gas holdup in the pipeline and lowering peak average coverage. Furthermore, under the action of inertial force, the bubble does not have time to float up to reach the position of the pipeline wall. So, as the wheel speed increases, the average coverage rate peak gradually moves down. Until the wheel speed of 1200 r/min, the peak of the average coverage rate appeared at approximately 25% from the top to the bottom of the pipeline.




4.2. Average Gas Holdup of Observation Window


The gas holdup in gas–liquid two-phase flow will directly affect the performance and safety of equipment. According to the total volume of bubbles and the volume of pipes in the observation window, the observation window gas holdup in each frame image can be calculated. By averaging the gas holdup of each frame in the whole video, the average gas holdup can be determined. The formula for obtaining the average gas holdup is:


  σ =      ∑  j =   k      ∑  i = 1   n      V   i , j         k π   r   2   w     



(6)




where   k   is the number of video frames,   n   is the number of bubbles in each frame, r is the inner radius of the transparent pipe, and   w   is the window width. Hence, the average gas holdup of the forward and reverse flows in the hydraulic braking pipeline can be obtained. As shown in Figure 24, the average gas holdup of forward flow is higher than the average gas holdup of reverse flow in the pipeline at low wheel speed, but the average gas holdup of forward flow is generally lower than the average gas holdup of reverse flow in the pipeline as the wheel speed increases. This is due to the positive braking pressure increasing with the increasing wheel speed of the vehicle, leading to bubbles merging into the brake fluid. Therefore, the gas holdup of the positive flow brake fluid continues to decrease.




4.3. Bubble Acceleration Analysis


The real-time position and velocity of the bubbles can be used to obtain the real-time acceleration of the bubbles. The acceleration represents the bubble’s inertial force. Figure 25 presents the acceleration distribution of bubbles with different bubble flow patterns. The bubble acceleration in the pipeline is between 0–4 m/s2. The high acceleration of slug flow bubbles, bubbly flow bubbles, and bubble clusters accounts for a relatively large proportion. The proportion of high acceleration of plug flow and transient flow bubbles is much smaller. Bubbles with different velocities collide to form a bubble cluster, which will have a relatively large acceleration under the action of inertial. So, the bubble clusters have the highest proportion of large acceleration. Presumably, the acceleration of bubbles in the pipeline is changeable and intermittent. Figure 26 depicts the evolution of bubble velocity and acceleration during bubble acceleration phases. The uneven turntable surface induces fluctuating bubble acceleration, resulting in undulating velocity. Despite this kinematic instability, bubble morphology remains stable due to delayed feedback.



The aspect ratio is an important parameter that reflects the stress condition of the bubble [36,37]. The scatter plot of bubble acceleration and aspect ratio is provided in Figure 27. The figure shows that the bubble aspect ratio has a wide distribution range when the bubble acceleration is relatively small. The main reason is that the bubble acceleration exists in the form of fluctuation and the change of bubble shape is delayed by the change of bubble force. Increasing acceleration narrows the bubble aspect ratio distribution: its upper bound decreases while the lower bound rises, converging toward unity. This is because, with the increase in acceleration, the large bubbles with a small aspect ratio in the pipeline break into small bubbles, which increases the aspect ratio of the bubbles, and the small bubbles with a large aspect ratio in the pipeline dissolve into the liquid. Eventually, the aspect ratio of bubbles in the pipeline tends to be one.



It is worth noting that temperature strongly affects bubble dynamics in brake fluid. Heat from the ambient, cyclic braking compression, engine and body dissipation, and brake-pad friction all raise the fluid’s temperature. How this heating alters bubble behavior remains an open question for future work.





5. Conclusions


This study investigated the gas–liquid two-phase flow in a hydraulic braking pipeline. The bubble flow pattern of bubbles was analyzed using the bubble morphological features. At all tested wheel speeds, bubbly flow was predominant, followed by slug flow, and other patterns occurred in negligible proportions. Plug and transient flows exhibited significant shape instability, rapidly evolving into other flow patterns.



The bubbles were segmented to calculate the bubble volume using the numerical integration method to quantify the bubble volume distribution across wheel speeds. As the wheel speed increased, the proportion of small-volume bubbles initially decreased and then increased. Time-resolved tracking captured bubble kinematics. The results indicated that the velocity of the bubble in the forward flow was greater than that in the reverse flow. Moreover, the bubble velocity increased with increasing wheel speed. The relationship between bubble volumes, bubble flow patterns, and bubble velocity was investigated. The results revealed that the transient flow and plug flow bubbles were mostly at a low speed. The velocity of large-volume bubbles was greater than that of small-volume bubbles.



In addition, the longitudinal distribution of bubbles in the hydraulic braking pipeline was analyzed. Bubbles concentrated primarily in the upper pipeline regions, though this distribution shifted downward with increasing wheel speed. The average gas holdup of the observation window was determined using the volume of each bubble. The average gas holdup of the reverse flow was higher than that of the forward flow, but the gas holdup in the pipeline decreased with increasing wheel speed. The acceleration fluctuation state of the bubble movement was also assessed, as well as, the relationship between the bubble aspect ratio and the bubble acceleration. High-acceleration bubbles consistently exhibited aspect ratios approaching 1.
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Figure 1. Experimental facility. 






Figure 1. Experimental facility.
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Figure 2. Dynamic detection result. 






Figure 2. Dynamic detection result.
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Figure 3. Extraction. (a) Original image; (b) binarization picture; (c) image after contour detection. 
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Figure 4. Image of bubble flow patterns. (a) Bubbly flow bubble; (b) slug flow bubble; (c) plug flow bubble; (d) annular flow bubble; (e) transient flow bubble. 
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Figure 5. Bubble diagram. 
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Figure 6. ROI interaction. 
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Figure 7. Classification characteristics of each flow pattern. (a) Area; (b) aspect ratio; (c) roundness; (d) area symmetry; (e) half area symmetry. 
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Figure 8. Bubble flow pattern identification method. 
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Figure 9. The scatter diagram of bubble flow pattern recognition. (a) roundness (C); (b) half-area symmetry (HSS). 
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Figure 10. A grayscale image according to the shortest distance between the pixel point and bubble contour. 
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Figure 11. Bubble cluster. 
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Figure 14. Integral diagram. 
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Figure 15. Matching flow chart. 
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Figure 16. Bubble contour fitting diagram. 
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Figure 17. Bubble velocity and acceleration distribution with the same serial number. (a) velocity; (b) acceleration. 
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Figure 18. Bubble volume distribution at different wheel speeds. 
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Figure 19. Bubble velocity distribution at different wheel speeds. 
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Figure 20. Velocity distribution of bubbles with different flow patterns. 
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Figure 21. Bubble chasing in the pipeline. 
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Figure 22. Average velocity of bubbles at different volumes. (a) forward; (b) backward. 






Figure 22. Average velocity of bubbles at different volumes. (a) forward; (b) backward.



[image: Fluids 10 00196 g022]







[image: Fluids 10 00196 g023] 





Figure 23. Average bubble coverage in the longitudinal direction of the pipeline. 
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Figure 24. Average gas holdup in observation window. 
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Figure 25. Acceleration distribution of bubbles with different bubble flow patterns. 
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Figure 26. Evolution of velocity and acceleration of an accelerating bubble. 
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Figure 27. Scatter plot of aspect ratio versus acceleration. 
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Table 2. Fitting coefficient.
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	Pattern
	Fourth Order Coefficient
	Third Order Coefficient
	Second Order Coefficient
	First Order Coefficient
	Constant Term
	Residual





	Bubbly
	−1.045
	3.309
	−4.249
	2.686
	−0.032
	0.1224



	Transient
	−0.113
	0.699
	−1.700
	1.937
	0.106
	0.2048



	Slug
	−0.016
	0.216
	−1.055
	2.185
	0.132
	0.5631



	Plug
	−0.004
	0.081
	−0.529
	1.477
	0.231
	1.1469










 





Table 3. Integral error.
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	Type
	Volume (mm3)
	Remainder Term
	Error (%)
	      f   ′ ′     x      





	Bubbly
	1.4679
	0.0108
	0.74
	     f   ′ ′     x   = − 12.534   x   2   + 19.854 x − 8.4988   



	Transient
	6.4176
	0.0292
	0.46
	     f   ′ ′     x   = − 1.3596   x   2   + 4.1958 x − 3.3996   



	Plug
	46.987
	0.1675
	0.36
	     f   ′ ′     x   = − 0.1932   x   2   + 1.2972 x − 2.1098   



	Slug
	82.715
	0.2552
	0.31
	     f   ′ ′     x   = − 0.0516   x   2   + 0.486 x − 1.0576   










 





Table 4. Proportion of bubbles of each flow pattern at each wheel speed.
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	Wheel Speed (r/min)
	Bubbly (%)
	Slug (%)
	Annular (%)
	Transient (%)
	Cluster (%)
	Unsteady (%)





	200
	81.88
	4.88
	0.35
	0.35
	2.79
	9.75



	300
	96.12
	0.49
	0
	0
	0.65
	2.74



	400
	93.81
	1.50
	0
	0
	0.56
	4.13



	500
	93.37
	0.78
	0
	0
	0.58
	5.27



	600
	94.88
	0.43
	0
	0
	0.28
	4.41



	700
	95.31
	1.08
	0
	0
	0.36
	3.25



	800
	96.41
	0.21
	0
	0
	0
	3.38



	900
	93.42
	0.34
	0
	0
	0.60
	5.64



	1000
	93.90
	0.38
	0
	0
	0.38
	5.34



	1100
	94.13
	1.41
	0
	0
	0.23
	4.23



	1200
	97.73
	1.52
	0
	0
	0
	0.75










 





Table 5. Proportion of bubbles in unsteady flow for each flow pattern.






Table 5. Proportion of bubbles in unsteady flow for each flow pattern.





	Bubbly (%)
	Slug (%)
	Plug (%)
	Transient (%)
	Cluster (%)





	30.5
	71.5
	100
	99
	86.5
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