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Abstract

:

A series of experimental studies were conducted to explore the fluctuation characteristics of the water film under the air flow condition with the research background of the anti-icing system. The dynamic measurement of the water film on the surface of the aluminum-based plate was achieved using the digital image projection measurement technology. The influence of diverse wind speeds and Reynolds numbers on the average water film thickness, fluctuation intensity, and velocity of the liquid film was analyzed. The piecewise characteristics of the wind speed and Reynolds number for the fluctuation characteristics of the water film were analyzed innovatively. The fluctuation characteristics and formation principle of each stage were also examined. The results had a significant impact on establishing and modifying the mesoscopic models of aircraft icing to improve the design methodology of the anti-icing process.
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1. Introduction


Icing is a serious threat to aircraft flight safety as many aircraft accidents are caused by the icing phenomenon [1]. Icing is a phenomenon in which supercooled droplets from clouds impact on the leading edge of the airfoil and freeze [2]. Nowadays, most commercial aircraft use anti-icing or de-icing systems. The anti-icing system works by not letting the supercooled water droplets immediately freeze after the impact. In this way, a large number of supercooled water droplets are collected on the surface, hence forming a stable water film. In addition to the anti-icing system, many aircraft are coated with anti-icing coatings to solve the icing problem. Supercooled droplets on the anti-icing coating will converge to form a water film. The interaction between the water film and anti-icing coating can be obtained by studying the flow behavior of the water film on the surface. The water film on the surface begins to move gradually under the action of airflow shear [3,4]. During the flow process, the water film interacts with the aircraft surface and forms a gas–liquid interface with the air. The water film flow does not remain the same and may produce large fluctuations. Therefore, the study of the water film motion law can considerably improve the understanding of the solid–liquid interface. The anti-ice coating can be designed according to the flow characteristics of the water film.



For a better understanding and analysis of the mechanism of the water film flow, it is crucial to implement experimental methods to describe the phenomenon. Many scholars have conducted experimental studies on water film flow processes [5]. Rothmayer et al. [6] studied the water film flow process based on the boundary layer theory in fluid mechanics. Wang et al. [7] studied the flow process of the water film on a small size roughness surface based on the boundary layer theory at a high Reynolds number. Planquart et al. [8] developed the Level Detection and Record (LeDaR) technology at the Von Kaman Institute. Fluorescent dyes were added to the liquid, and the free surface of the liquid was characterized by the laser irradiation and charge-coupled device (CCD) imaging techniques. Similarly, Touron et al. [9] used the LeDaR technique to measure the horizontally layered two-phase flow in a rectangular cross-section pipe, and compared the spectral differences between the two-dimensional and three-dimensional wavy stratified flow patterns. Cherdantsev et al. [10] studied the process of the water film flow on the surface of a horizontal flat plate under the action of high-speed airflow shear and proposed the three-dimensional structure of the water film surface fluctuations and its possible mechanism. Zhang et al. [11] investigated the average thickness of the water film at different wind speeds based on the digital image projection (DIP) technique and studied the reflux phenomenon of the water film on the airfoil surface [12,13]. Chang et al. [14] used a planar laser-induced fluorescence method to analyze the thickness and fluctuation characteristics of the water film. However, the water film boundary extraction process used by Chang et al. required multiple splicing of the image to obtain the water film surface data. Therefore, it was difficult to perform a large-scale three-dimensional measurement. Leng et al. [15] investigated the water film thickness at a spot on the surface of a flat plate using a dispersive confocal displacement meter and proposed a new model to calculate the interfacial shear coefficient based on the results. However, there were some limitations when using this single-point measurement method to determine a large-scale liquid film flow. It can be observed that the current research on the water film is highly prevalent. However, research on the water film fluctuation characteristics of the airflow—water film interaction is still not very systematic.



The study of the water film flow on the surface plays a critical role in the design of an anti-icing system. Accurate measurement of the water film at large-scales has always been challenging in experiments. Therefore, this study aimed to develop a set of DIP technology to perform the global measurement of the large-scale liquid film flow on the flat, while the instantaneous visualization of the water film flow was achieved by the three-dimensional surface reconstruction of the water–air interface. This provided a lot of experimental data for the examination of the surface fluctuation characteristics of the liquid film on a large flat. The study of the water film flow in the anti-icing process has a certain guiding significance. In the subsequent sections, the experimental system and principles will be introduced, followed by the quantitative analysis of experimental results. Finally, the research conclusions will be summarized.




2. Experimental Setup


2.1. Construction of Measurement System


Figure 1 demonstrates the experimental system of the water film flow on the flat [16]. The air flowed into the experimental section of the wind tunnel after being rectified in the contraction section. Grilles and damping screens were installed upstream of the constriction section to ensure a uniform airflow. The cross-section area of the experimental section was kept as 300 mm × 75 mm. In order to facilitate the replacement of the experimental flat, a piece of removable glass was employed at the top of the experimental section. The experimental flat was an aluminum-based plate, and a lifting table was installed under it. In order to study the water film flow on the aircraft surface, the 2024/LY12 aluminum alloy was used. One end of the experimental flat was provided with a water outlet, which was connected with a water supply tank, while the water flow was regulated by a high-precision gear pump. At the same time, the CCD camera was used for the image acquisition with an acquisition frequency of 100 Hz. The relative position of the camera and the projection were adjusted to restrain the specular reflection of the experimental flat and water film surface.




2.2. Principle of the DIP Measurement Technology


The basic principle of the DIP measurement technology is shown in Figure 2. The camera, the projection, and the experimental flat formed a triangular layout. The projector projected the grid image on the experimental flat before the start of the fluid flowing through it. Meanwhile, the camera collected the grid image as the reference image. When the fluid started flowing through the experimental flat, the grid image was projected on the fluid surface and deformed. The camera recorded the deformed grid as the experimental image. By analyzing the displacement of the corresponding points of the experimental image and the reference image, the three-dimensional shapes of the measured fluid could then be reconstructed. To convert the displacement of the corresponding points into the fluid thickness, the DIP system needed to be calibrated to establish the relationship between the thickness and the displacement.



As shown in Figure 2, the height of the camera from the reference plane was  H  and the height of water film was  h . The camera lens  C  was taken as the origin, and the plane was parallel to the reference plane. Since   Δ A B O   is similar to   Δ C P O  , therefore:


   h  H − h   =     A B  ¯      C P  ¯     



(1)







As   H > > h  , the formula can be simplified to:


  h =   H − h     C P  ¯      A B  ¯  ≈  H    C P  ¯      A B  ¯  = K ⋅   A B  ¯  ,  



(2)




 H  and     C P  ¯    were taken as the constant values for a given optical system. Therefore, the thickness displacement conversion coefficient  K  was also constant with the unit of mm/pixel.



Based on the principle of thickness displacement conversion, the thickness can be converted to pixel displacement for both the experimental and reference images to accurately describe the motion behavior of the water film.




2.3. Calibration and Measurement of Experimental System


For a given DIP system, the displacement of the corresponding points in the experimental image and reference image changed linearly with the fluid thickness. Calibration of the DIP system can be used to determine the conversion coefficient K between the displacement of the experimental image and the reference thickness. The grid image was projected onto the experimental flat by the digital projection. The experimental flat was horizontally installed on the top of the lifting table, and its thickness was adjusted by a micron driver. The camera was used to capture the image projected on the experimental flat, and the obtained image was then stored on the computer for image processing.



In the process of the system calibration, by adjusting the thickness of the lifting table, the experimental flat was moved to multiple positions in the  Y  direction at certain intervals to obtain the grid image projected on the experimental flat. After that, the image was processed by using the image cross-correlation algorithm. Taking the image at   Y = 0   as the reference image, the displacement of the focus points was calculated when the experimental flat was in other positions. In this way, the displacement value of the corresponding point could be obtained. The relationship between the thickness and the displacement of the corresponding point can be fitted by the linear function. The linear scale factor obtained in the calibration process was the K value of the DIP measurement system, and the K value was set as constant.



The experimental image was taken where the flat was restored to the   Y = 0   origin, as shown in Figure 3a. A reference image is presented in Figure 3b. It can be observed that the surface grid of water film had moved.



For the accuracy of the calibrated DIP system, the thickness of the standard bench was measured using the system. The thickness of the table was 500 μm, and the platform was measured according to the experiment procedure previously mentioned. According to the measured results, the average thickness of the water film was 502.97 μm and the   R M  S f    was 0.089. The experiment error was negligible compared to the measurement results of the experiment.




2.4. Measurement Results Processing Method


Dimensionless parameters were introduced to represent the flow rate of the water film. The Reynolds number of the water film,     Re  f    is defined as:


    Re  f  =  Q  L  v l    ,  



(3)




where  Q  is the volume flow rate;  L  is the wetting width of the water film; and    v l    is the kinematic viscosity of the liquid.



Considering that the fluctuation intensity and randomness of the water film at different moments are different, the average value of the water film thickness at different times was taken as the experiment result.



For the measured range   a b  , the average thickness   δ ¯   of the water film was defined as:


   δ ¯  =  1  a b     ∑  q = 1  b     ∑  p = 1  a    δ  p q       ,  



(4)




where  a  and  b  are the total number of grid points of the horizontal and vertical coordinates of the selected grid area, respectively.    δ  p q     is the thickness of the local water film at the grid point, and   δ ¯   is the average of the thickness of the water film in the selected grid area. At least five repetitive tests were implemented to achieve the average thickness of the water film.



The fluctuation intensity of the water film was measured by defining the average root mean square   R M  S f    of the liquid film extension direction for the grid area of the selected   a b  , which is defined as:


  R M  S f  =  1 b      ∑  q = 1  b    [   1 a    ∑  p = 1  a      (   δ  p q   −    δ q   ¯   )   2     ]      1 / 2   ,  



(5)




where  p  is the flow direction of the water film;  q  is the direction perpendicular to  p  on the flat plate;      δ q   ¯    is the average thickness of the water film in line of  q ;   R M  S f    is the overall representation of the fluctuation of the water film in the direction of the selected grid region, omitting the error caused by the lateral tilt of the experimental bench.



Additionally, the average   R M  S f    was achieved by at least five repetitive calculations.





3. Results and Analysis


The whole process of the fluctuation transmission in the water film is shown in Figure 4. The fluctuation propagation of the water film flow was recorded using a high-speed camera to obtain the fluctuation velocity of the water film under different conditions. The sampling frequency of the camera was set at 100 Hz. The position of the fluctuation crest before and after the transmission along the direction of the water film flow in the grid was tracked and selected. The fluctuation transmission speed on the grid line was obtained by converting the selected pixel displacement into the actual flow distance and dividing it by the shooting interval. The final fluctuation velocity of the water film was obtained by calculating the transmission velocity of the fluctuation on each grid line and averaging it.



3.1. Effect of Wind Speed on the Water Film Flow


The Reynolds number of the water film was set at 70.7 to explore the influence of the wind speed on the film flow. Figure 5 displays the typical measurement results of the water film flow in the wind speed range of 10–50 m/s.



Figure 5a shows that the water film surface was very stable at the speed of 10 m/s. The reason for this phenomenon was that the surface tension of water was the dominant force at this time, and it resisted the influence of the airflow shear force on the gas–liquid interface. At the same instance, the average thickness of the water film   δ ¯   was the largest. However, the   R M  S f    value representing the surface fluctuation intensity was the smallest as the surface fluctuation was very weak. Similarly, the fluctuation velocity was also found to be very small.



When the speed increased to 15 m/s, a rolling fluctuation with a large amplitude and small frequency was formed at the gas–liquid interface under the combined action of the surface tension and airflow shear force, as shown in Figure 5b. This occurred because of the enhanced influence of the airflow shear force. As the surface tension still played a strong role, the small-scale clutter had not yet appeared. Meanwhile, the average thickness of the water film   δ ¯   decreased rapidly, the   R M  S f    value increased significantly, and a gradual increase was observed in the fluctuation velocity.



As shown in Figure 5c, when V = 20 m/s, further enhancement could be spotted in the influence of the shear force, whereas the frequency of gas–liquid interface fluctuation significantly increased. Under the action of the surface tension, the water film interfacial fluctuation could essentially maintain the transverse integrity. In the meantime, the average water film thickness   δ ¯   continued to drastically decrease. However, the   R M  S f    value remained at a high level with the gradual increase in the fluctuation velocity.



At V = 25 m/s, the effect of the shear force on the water film movement slowly increased while there was a further decrease in the influence of the surface tension. The interface fluctuation could be transversely integrated near the leading-edge outlet of the water film, and gradually decomposed into the multisequence clutter in the mid-stage. Figure 5 clearly shows that the water film at this instance is close to the flat surface at the trough. The larger amplitude of the interfacial fluctuation could clearly not be maintained, and the influence of the lower surface on the flow of the water film was enhanced. The average thickness of the water film   δ ¯   started to decrease slowly. The   R M  S f    value, which represents the strength of the fluctuation, also showed a rapid drop with the continued rise in the fluctuation velocity.



As shown in Figure 5e–h, when V = 30–45 m/s, a similar flow pattern of the water film was observed in this region. However, it broke into tiny clutters once the water film flowed out of the outlet. As the velocity increased, the clutters became smaller. Since the water film was very thin, the water film near the viscous bottom was not in its peak position. The water fluctuations indicated a rapid movement of the isolated peaks on the wet surface. With the increase in the velocity, the average thickness   δ ¯   of the water film showed a linear downward trend, while both the moving peak and the   R M  S f    value decreased gradually. However, due to the similarity in the water film flow law, the variation in the fluctuation velocity was not significant in this range.



The water film was still very thin at V = 50 m/s, especially in the nonpeak position. Therefore, it could only maintain the continuous wet environment on the surface of the experimental piece. Under the action of the high-speed airflow, water fluctuations formed isolated and tiny droplets. Due to the surface tension of the water at this point, the droplets propagated faster on the wet surfaces while withstanding the aerodynamic forces. Consequently, the fluctuation velocity increased significantly in this state.



Figure 5, Figure 6, Figure 7 and Figure 8 show that when the Reynolds number of the water film was 70.7, the influence of the wind speed on the flow of the water film could be divided into three stages. In the first stage, the wind speed was 10–25 m/s. The influence of the lower surface on the surface fluctuation of the water film was limited, but the surface tension of the water had a great influence on it. With the increase in the wind speed, a significant drop was observed in the average thickness   δ ¯   of the water film. Additionally, the   R M  S f    value representing the fluctuation intensity initially increased and then decreased, whereas the fluctuation velocity increased steadily. In the second stage, when the wind speed was 30–45 m/s, the water film became reasonably thin. The impact of the lower wall on the surface of the water film was very large. The water film at the nonpeak was found to be close to the viscous bottom. The surface fluctuation of the water film was more like isolated clutters sliding on a wet surface. In this interval, unnoticeable variation was observed in the fluctuation velocity. In the third stage, the wind speed was greater than 50 m/s. Small clutter peaks became small moving droplets under the action of the surface tension of the water. The fluctuation velocity increased significantly under the aerodynamic action.



In this experiment, the Reynolds number of the water film was calculated as 70.7. This Reynolds number helped in the better characterization of the variation in the gas–liquid interface fluctuation in each stage under the limited wind speed range. Otherwise, it was necessary to expand the experimental wind speed range to obtain similar results if the Reynolds number of the water film was increased.




3.2. Effect of Reynolds Number on the Water Film Flow


As shown in Figure 9, when     Re  f    = 16.5–23.6, the water flow at this time was too small at the same speed. The average thickness of the water film was also very small. The lower wall had a greater influence on the fluctuation of the water film. Therefore, it was impossible to maintain a large fluctuation intensity, resulting in a lower   R M  S f    value. Within this interval, a small increase in     Re  f    resulted in a substantial increase in the fluctuation velocity.



When     Re  f    = 47.1–117.9, the average thickness of the water film increased linearly with the increase in     Re  f   . Under the combined action of the surface tension of the water and the shear force of the airflow, a complete transverse fluctuation was formed on the surface of the water film and was transmitted in the backward direction. As the thickness of the water film was sufficient to satisfy the fluctuation transmission at the corresponding speed, the   R M  S f    value remained small in an interval. No major variation was observed in the fluctuation transmission speed.



When     Re  f    = 141.4–165.0, the average thickness of the water film continued to increase with the increase in     Re  f   . The influence of the lower wall on the gas–liquid surface fluctuation was weakened. Meanwhile, the increasing water flow rate made the thick water film exhibit obvious turbulent characteristics under the action of the shearing force of the airflow. Furthermore, the fluctuation amplitude of the water film also remarkably increased. The water–film interface exhibited a distinct rolling fluctuation morphology, and the   R M  S f    value and fluctuation transmission velocity also increased significantly.



When the wind speed was 25 m/s, the Reynolds number of the water film and the average thickness exhibited a linear growth relationship, as observed in Figure 10, Figure 11 and Figure 12. The variation in the wave structure was mainly divided into three stages. In the water film at a low Reynolds number (approx. 20), the wave strength and the wave velocity were found to be very small. In the water film at a medium Reynolds number (40–120) interval, the wave was fully developed and the fluctuation intensity and the wave velocity change were gentle. However, in the water film at high Reynolds number (140–160), the wave amplitude increased significantly, forming a distinct rolling wave, and the fluctuation intensity and wave speed were also substantially increased.



Using the method in [15] to process the experiment results in this paper, the relationship between the dimensionless height and Reynolds number can be obtained as    h +  = 1.3973   Re  f  0.5689    . Compared to the values obtained by Leng and Kosky [15], the error between them was within the acceptable range.



The wettability also had an effect on the water film flow. In this paper, the water film flow experiment was carried out using conventional materials, so the water film flow process was continuous without breaking. Fluctuating characteristics and flow characteristics of the water film motion can be observed. When a superhydrophobic material was used as the surface, the contact angle of the surface became large and the water film could not completely cover the surface. In the low flow state, the water film thickness was thicker and clustered due to the weak airflow shear force. After the wind speed gradually increased, the airflow shear force was enhanced, and the water film on the superhydrophobic surface could only maintain a small continuous water film at the initial position, which will break rapidly during the development process. Therefore, the flow characteristics of the water film on the surface of different materials can vary greatly, and the flow characteristics of the water film on the surface of aluminum was studied in this paper.





4. Conclusions


In this paper, the flow process of the water film on the flat was observed using the digital image projection measurement system. The fluctuation characteristics of the water film under different wind speeds were obtained. The fluctuation structure of the water–air interface was deeply examined. It was found that when the Reynolds number of the water film was 70 or the wind speed was 25 m/s, the influence of the wind speed and Reynolds number on the fluctuation structure could be divided into three stages. When the Reynolds number of the water film was 70.7 and the wind speed was 50 m/s, droplets moved at a high speed on the surface. This study has a certain significance for understanding the microphysical process of anti-icing. In this paper, the flow characteristics of the water film on the surface of conventional materials were studied, and further research on the flow of the water film on the surface of superhydrophobic materials will be carried out.
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Figure 1. The water film measurement system [16]. 
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Figure 2. The optical principle of the thickness position conversion. 
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Figure 3. The optical principle of the thickness position conversion: (a) experimental image; (b) reference image. 
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Figure 4. Images of the water film flow experiments at (a) t = 0 s; (b) t = 0.01 s; (c) t = 0.02 s; (d) t = 0.03 s; (e) t = 0.04 s; (f) t = 0.05 s; (g) t = 0.06 s; (h) t = 0.07 s; (i) t = 0.08 s; (j) t = 0.09 s; (k) t = 0.1 s; (l) t = 0.11 s; (m) t = 0.12 s; (n) t = 0.13 s; (o) t = 0.14 s; (p) t = 0.15 s; (q) t = 0.16 s; (r) t = 0.17 s; (s) t = 0.18 s; (t) t = 0.19 s. 
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Figure 5. The images of the water film flow experiments at (a) V = 10 m/s; (b) V = 15 m/s; (c) V = 20 m/s; (d) V = 25 m/s; (e) V = 30 m/s; (f) V = 35 m/s; (g) V = 40 m/s; (h) V = 45 m/s; (i) V = 50 m/s. 
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Figure 6. The variation in the wind velocity and the average water film thickness. 
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Figure 7. The variation in the wind speed and RMSf. 
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Figure 8. The variation in the wind and fluctuation velocity of the water film. 
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Figure 9. The DIP measurements at 25 m/s wind speed: (a)     Re  f    = 16.5; (b)     Re  f    = 23.6; (c)     Re  f    =47.1; (d)     Re  f    = 70.7; (e)     Re  f    = 94.3; (f)     Re  f    = 117.9; (g)     Re  f    = 141.4; (h)     Re  f    = 165. 
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Figure 10. The variation in the Reynolds number and the average thickness of the water film. 






Figure 10. The variation in the Reynolds number and the average thickness of the water film.



[image: Coatings 12 01040 g010]







[image: Coatings 12 01040 g011 550] 





Figure 11. The variation in the Reynolds number of the water film and RMSf. 
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Figure 12. The variation in the Reynolds number and fluctuation velocity of the water film. 
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