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The corrugated plate dryer (CPD) is an important steam-water separation (SWS) equipment in the steam generator in the secondary loop of nuclear power plants (NPPs). Therefore, it is very important to understand the process and mechanism of liquid film rupture (LFR) on the wall surface of the CPD. In this paper, for the first time, the process of rupture of the liquid film (LF) on the surface of the corrugated plate is studied. The mechanism of LFR on the wall surface of a vertical corrugated plate was studied experimentally. A high-speed camera was used to collect the image of the broken liquid film, and an experimental research on the broken position, the broken process, and the broken shape of the liquid film was carried out. The results show that the rupture of the liquid film on the wall surface of the corrugated plate under the horizontal shear of airflow (HSA) mostly occurs at the upper middle position of the main flow of the liquid film. Also, the rupture position moves up with the increase in the Reynolds number of the liquid film. LFR needs to go through the process of stable flow, single strip-shaped liquid film (SSLF) detachment, two strip-shaped liquid film (TSSLF) formation, and finally chaotic disordered rupture. The angle between the two strip-shaped liquid films (ATSSLF) is positively related to the Reynolds number of the liquid film.
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INTRODUCTION

The corrugated plate dryer (CPD) is an important steam-water separation (SWS) equipment in the steam generator in the secondary loop of nuclear power plants (NPPs; Zhang et al., 2015; Huang et al., 2019; Wang and Tian, 2019a, b, c; Wang et al., 2019; Chen et al., 2020a, b; Fang et al., 2020a, b; Wang et al., 2020a,b,c). Therefore, it is very important to understand the process and mechanism of liquid film rupture (LFR) on the wall surface of the CPD. The structural diagram of the CPD and the distribution of airflow and LF inside the CPD are shown in Figure 1.
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FIGURE 1. Structure of the corrugated plate and the distribution of different phases in the corrugated plate dryer (CPD).


The LFR due to the horizontal shear of airflow (HSA) has a great influence on the gas–water separation effect of the CPD. As the HSA increases, the stable LF will rupture at a certain instant. The separation mechanism of the LFR is also closely related to the position of the LFR and the movement behavior after the rupture. Zhang et al. (2015) studied the fluctuation of the LF on the wall surface of the CPD. Wang and Tian studied the rupture characteristics of the LF on the surface of the CPD (Wang et al., 2019; Wang and Tian, 2019a,b,c; Wang et al., 2020c). Chen et al. (2020a; 2020b) studied the motion behavior of droplets in the CPD. For the current research status of the LF on CPD, refer to reference (Wang et al., 2019). This article will not repeat them here.

The above studies mainly focused on the study of the volatility of the liquid film and the separation efficiency of the CPD. The current research shows that there is no characteristic frequency for the volatility of the liquid film on CPD wall. When the Reynolds number is small enough, the gravity of the LF will not cause the LF to break. Therefore, based on this, many scholars simplified complex three-dimensional problems into two-dimensional models when studying LFR. Nonetheless, due to the complexity of the LFR process, research on the LFR and morphology under HSA has not been unified. There is not enough research on the phenomenon of two strip-shaped liquid film (TSSLF) accompanied by large airflow velocity. In this paper, the LF on the wall surface of the CPD under the HSA is taken as a research object to study the shape and process of LFR.



EXPERIMENT ON LFR

An LFR experiment was conducted on a corrugated plate with a plate spacing of 18.2 mm, height of 250 mm, and folding angle of 33 degrees. The schematic diagram of the experimental bench can refer to reference (Wang et al., 2020c), because this article uses the same experimental bench as reference (Wang et al., 2020c). However, the parameters of CPD applied for the article and reference (Wang et al., 2020c) are different. Similarly, the capture of LF and measurement of PLIF can be seen in reference (Wang et al., 2020c). The parameters of the CPD selected in the article are much smaller than those applied in NPPs. This is because these CPD parameters may contribute to small NPPS such as nuclear power ships.

The LF with Rhodamine B fluorescent stain with a maximum absorption wavelength of 555 nm flows from the high-level water tank to the stabilized water tank (Wang et al., 2020c). The level of height of the liquid on the left side of the stabilized water tank will not change, and the excess liquid will flow into the tank, which makes the LF pressure unchanged. The liquid film generated by the LF generator flows stably and uniformly down the wall. The LF flowing through the experiment section flows from the drain water tank at the CPD bottom to collection tank and enters the circulating water tank. In this study, a slit method is applied for the generation of a thin LF, that is, a horizontal slit is set on CPD so that the LF flows smoothly on the wall (Wang and Tian, 2019a). The air flowing from the blower passes through the stable section and enters the experimental section area. In the experiment, the airflow speed was gradually increased. When the LF just broke, it was observed that small droplets flew out from the LF mainstream surface, that is, the LF was considered to have broken. Specific details can be found in reference (Wang and Tian, 2019c). For details of the experimental error analysis, image capture method, and PLIF measurement, please refer to the references (Wang and Tian, 2019c; Wang et al., 2020c).



RESULTS AND ANALYSIS


LFR Process

Figure 2 is the image of the liquid film on the wall surface at the corner of the corrugated plate taken by a high-speed camera, which records the rupture process of the liquid film on the wall surface under the HSA. The rupture process when airflow velocity increases from 0 to 7.5 m/s is as follows:
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FIGURE 2. Image of liquid film rupture (LFR) characteristics and process on corrugated plate dryer (CPD) wall.



(1) The liquid film flows stably.

(2) The boundary of the liquid film is inclined to the convex angle position of the bending angle of the corrugated plate.

(3) LFR occurs.

(4) Small droplets splash out on the surface of the liquid film mainstream.

(5) Single strip-shaped liquid membranes are detached.

(6) Double strip-shaped liquid film appears.

(7) The mainstream part of the liquid film becomes disordered and ruptures.



The rupture process and morphology of LF under different LF Reynolds numbers are similar (Wang and Tian, 2019b; Wang et al., 2020a, b). LF flows steadily before rupture, and its distribution on the wall surface is very uniform (Figures 2A,B). As airflow speed increases, LF distributed at the center of CPD will move to the corner under HSA (Figures 2C–E). When it reaches the edge of the CPD corner, due to the surface tension on the solid–liquid interface, the LF will not immediately rupture, but will form a convex arc curve (Figures 2F,G). As the airflow rate increases further, LF will suddenly break down at the convex corner of the inflection angle. At the moment of rupture, there will be smaller droplets detached from the LF mainstream. Under the joint action of the gravity of the droplet itself and the airflow, it splashes out in a downward direction, which is the starting moment of the LFR (Figures 2H–J). The increase in the airflow rate continuing, the LFR gradually changed from a splash of small droplets to detachment of a single SSLF (Figures 2K,L). At this time, due to gravity, the flying distance of the SSLF is significantly reduced compared with the flying distance of small droplets flying away from the LF (because SSLF is heavier than the droplet). As airflow speed gradually increases, the single SSLF gradually develops into the phenomenon of double SSLF splashing. One of the relatively thin strip-shaped liquid films flew away from the surface of the main flow of the liquid film in a horizontal direction or in a downward direction. The other relatively thicker liquid film still maintains the flight direction when the airflow rate is low. Therefore, a certain angle will be formed between the two band-shaped liquid films (Figures 2M,N). The increase in the airflow speed kept, most of the LF mainstream cracked. The band-shaped LF disappears, and the shape of the LF when flying away from the LF mainstream has no obvious characteristics (Figures 2O,P).



LFR Rupture Position

A schematic diagram of the LFR position and the relationship between LFR position under HSA and Re is shown in Figure 3.
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FIGURE 3. Liquid film rupture (LFR) position. (A) Schematic diagram of the LFR position. (B) Curve of the LFR position for different Re.


Most of the LFR occurs in the middle and upper parts of the LF, and the rupture position shows an upward trend with the increase in the Reynolds number of the LF. In the small Reynolds number zone, the rupture position rises faster as the liquid film Reynolds number increases. In the middle Reynolds number zone, the position of the LFR is relatively stable. At high Reynolds numbers, the position of the rupture rises significantly. When the Reynolds number of the LF is large under the same airflow rate, the probability of LFR is relatively high, which will cause the position of the LFR to gradually move up. The phenomenon that the double-strip LF flew away from the wall mainstream LF is due to the fact that when the wind speed is large, an airflow vortex will be formed at the lower part of the LF, causing some LFs to flow back, making the thickness of the upper part of the LF obvious increase (Wang and Tian, 2019a; Wang et al., 2020a). At the same airflow rate, the upper part of the LF is more likely to rupture than the lower half. Therefore, the experiment showed that the LFR mostly occurred in the upper middle part of the mainstream of LF. Moreover, the position of LFR moves up as the Reynolds number increases. In addition, the mass of the reflux of liquid film caused by the vortex is much smaller than the mass of the LF in the lower part of the mainstream; thus, a relatively thin SSLF is formed at the upper part of the LF. The shape of this LF is relatively small, and its gravity is small. It often flew away from the LF surface in a horizontal or slightly downward direction when flying away from the mainstream.



ATSSLF

In the phenomenon of double-strip LF when it ruptures, a certain angle is formed between the flying directions of the TSSLF, that is, the angle between the two strip-shaped liquid films (ATSSLF; as shown in Figure 4). The Reynolds numbers of the LF from left to right are 442.4, 706.2, 1088.7, 1330.0, 1684.9, 2014.1, 2213.1, 2509.0, 2818.6, and 3030.5. The curve of the ATSSLF and Reynolds numbers is shown in Figure 5.
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FIGURE 4. Schematic diagram of two strip-shaped liquid film (TSSLF) for different Reynolds numbers.
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FIGURE 5. Curve of angle between the two strip-shaped liquid films (ATSSLF) and Reynolds numbers.


It reveals that ATSSLF gradually increased with the increase of Re. This is because with the increase in Re, the gravity of the thicker one of TSSLFs gradually increases, and the flying distance gradually becomes shorter as it escapes from the LF mainstream. In the experiment, it was found that the flight state of another relatively thin SSLF flying away from the surface of the LF mainstream in the horizontal direction or the downward direction will not change significantly with the Reynolds number. Therefore, the angle of the double-strip liquid film gradually increases with the increase in Re. The research on the ATSSLF will still be an important prospect in the future.



CONCLUSION AND PROSPECTS

In this paper, through the experimental study of LFR of the vertical CPD wall under HSA, the following conclusions are drawn.


(1) LFR mostly occurs at the upper middle position of the LF mainstream on the CPD wall surface, and the rupture position generally gradually moves upward as the Reynolds number of the liquid film increases. In the low and high Reynolds numbers, the rupture position increased sharply with the increase in the liquid film Reynolds number. In the middle Reynolds number zone, the position of the rupture did not change significantly.

(2) LFR on the CPD wall surface under HSA passes through the following process.

(a) The LF flows stably.

(b) The LF boundary is inclined to the convex angle position of the CPD dryer.

(c) LFR occurs.

(d) Small droplets splash from the LF mainstream surface.

(e) SSLF is detached.

(f) TSSLF appears.

(g) The mainstream part of the LF becomes disordered and ruptures.

(3) The phenomenon of the TSSLF is caused by the vortex of the airflow generated in the lower part of the experimental section when the airflow rate is large, which causes the upper part of LF to reflux, and the LF is more likely to rupture. Therefore, the angle gradually increases as the Reynolds number of the LF increases. The research on the ATSSLFs will be the prospect research in the future. Nevertheless, due to the difficulty of measurement, our data is relatively small. It is necessary to add experimental data and conduct experiments on CPDs with different parameters in future research. At present, the law of the rupture position of the LF cannot be obtained and unified because the influence of the CPD parameters on the LFR position is great. This is also an important research direction in the future. Many parameters in the LF have non-linear characteristics, which is the future research direction.
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