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Abstract

:

This research investigates the effects of freezing temperature and salinity on the adhesion shear strength of amphibious aircraft tires under static icing. It found that the lower the freezing temperature, the greater the ice adhesion shear strength, and the higher the salinity of the water sample, the lower the ice adhesion shear strength. This is related to the thickness of the brine layer at the ice-tire substrate interface; the temperature decreased, the brine layer became thinner, and, accordingly, the adhesion shear strength increased. This paper analyzes the problem of brine precipitation during seawater freezing and its influencing mechanism on the ice adhesion shear strength. In addition, it also found that the lower the temperature, the greater the growth rate of the ice adhesion shear strength. When the salinity in different ranges changed, its influence on the adhesion shear strength was different. When the salinity of the water sample is close to 0%, a small change in the salinity will cause a large change in the ice adhesion shear strength. When the salinity is large, the change of salinity has a weaker influence on the ice adhesion shear strength. This research provides a strong reference for the design and study of amphibious aircraft tires.
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1. Introduction


An amphibious aircraft is an aircraft that can take off and land on both land and water. It can adapt to two different environments, i.e., the water and the air. Figure 1 shows an amphibious aircraft taking off from water. Generally, there are two types of hull and pontoon [1]. When an amphibious aircraft is operating on the water, the lower part of the fuselage is immersed in water. Because the landing gear compartment is non-watertight, the water enters the compartment through the joints of the compartment cover, and the landing gear and wheels are immersed in the water, with the surface being wetted by water. When an amphibious aircraft operates in a low-temperature environment or takes off from a water surface into a high altitude, the liquid water freezes on the surface of structures at low temperatures, and icing poses a threat to the flight safety of aircraft [2]. Aircraft landing gear can use anti-icing or deicing facilities in key parts to eliminate the effect of icing on the retractable performance of the landing gear. Since the wheels are movable parts, it is difficult to directly install anti-icing or deicing devices on them.



The icing of wheels brings risks to the flight of amphibious aircraft. The statistics of the American Safety Advisor from 1990 to 2000 show that the flight accidents caused by icing accounted for 12% of all flight accidents caused by meteorological factors [3]. When the liquid water attached to the wheels freezes, it may freeze together with the searchlight line, hydraulic actuator, and brake system pipeline in the landing gear compartment, and cause mechanical damage to the above pipeline when the landing gear is retracted and the wheels are forced to rotate, resulting in the serious consequences of circuit breaking and pipeline damage; when the aircraft lands, the ice frozen in the tire crown touches the ground first, and the friction between the ice and the ground is much lower than the friction between the wheels and the ground, and it skids and even rushes out of the runway; the compressive strength of freshwater ice can reach 4.47 MPa [4]. The moment the wheels touch the ground when the aircraft is landing, the ice attached to the tire crown is squeezed and impacted by the ground and the tire crown, and the resulting debris may cause damage to the surface of the wheels. Damage such as splits and punctures shorten the service life of wheels and cause the wheels to be scrapped ahead of time.



In order to avoid the possible adverse effects of wheel icing, reasonable anti-icing and deicing methods can be used. Therefore, it is necessary to study the adhesion shear strength of tire icing as a basis for selecting wheel anti-icing methods. In addition, aircraft tire materials are mainly vulcanized rubber made from different vulcanization processes. The adhesion shear strength of the tire material under severe low temperature conditions can be obtained through studies. Besides, when simulating the landing state of the aircraft with iced wheels through simulation analysis, it is necessary to consider the constitutive parameters of adhesion shear strength under static icing to obtain more accurate simulation results.



The ice adhesion shear strength is the force between the ice and the substrate, mainly in the direction of shear. There are two kinds of icing between ice and substrate, i.e., impact icing, which usually freezes under ice wind tunnel conditions and its adhesion is measured; in-mold icing, that is, water freezes with a static state in a mold. At present, the research on the ice adhesion shear strength is relatively extensive, mainly focusing on two aspects, the ice adhesion mechanism and the influencing factors of the ice adhesion shear strength.



In the aspect of the ice-adhesion mechanism, the influences of the contact angle, surface roughness, rolling angle, receding angle, and surface microstructure of the substrate on the ice adhesion shear strength are mainly studied. Fortin et al. [5] proposed a model to explain the mechanism of ice adhesion. The model was based on the water behavior before and after freezing, the roughness of the substrate, and the ice type during the dynamic icing process, which could predict the cohesive failure of ice. However, the model is not perfect and more in-depth research is needed to quantify physical parameters. Chen et al. [6] prepared silicone rubber materials with different microstructures. After laser treatment, tiny gaps were processed on the surface of the silicone rubber. This caused the existence of air between the surface of the silicone rubber and the ice layer, and the adhesion shear strength of icing was small. Jin et al. [7] used aluminum to prepare anti-icing materials with super-hydrophobic surfaces and studied the static icing process of samples with different contact angles. It was found that the freezing time of water droplets on superhydrophobic surfaces was much longer than that on other surfaces, and the contact area between water droplets and the surface of superhydrophobic materials was much smaller than other surfaces. Yang et al. [8] studied the adhesion strength and static and dynamic water contact angles of fluoropolymers, including fluorinated room temperature vulcanized silicone rubber coatings. The results showed that the fluoropolymers with a smooth surface could significantly reduce the ice adhesion strength, but the anti-icing effect was not obvious when the temperature was lower than −8 °C. Jellinek et al. [9] studied the ice adhesion strength of concrete slabs and smooth aluminum slabs. At −10 °C, the adhesion strength of ice adhering to the aluminum slab surface could reach 0.556 ± 0.108 MPa. Meuler et al. [10] investigated the relationship between the strength of ice adhesion on steel disks and the water contact angle and found that the average strength of ice adhesion had a strong correlation with the adhesion scaling parameter of liquid water. Wang et al. [11] studied the ice adhesion strength on aluminum surfaces, and found through experiments that the microstructured superhydrophobic aluminum surface could reduce the adhesion strength. Ronneberg et al. [12] tested the ice adhesion strength at −10 °C and −18 °C using centrifugation and vertical shear methods, confirming that ice formation is a key parameter of the ice adhesion mechanism.



The main influencing factors of adhesion shear strength under static icing are freezing temperature, salinity, and substrate surface roughness. Makkonen [13] systematically proposed the concept and model for estimating ice adhesion, and discussed the influence of freezing temperature, ice salinity, and substrate material properties on ice adhesion. Hohne et al. [14] studied the adhesion shear strength of icing on the surface of different chemical groups, and explored the influence of water quality on the adhesion shear strength. They found that a small amount of impurities in the water could have a significant impact on the adhesion shear strength. Andersson et al. [15] studied the adhesion shear strength between ice and rubber, and tested the surface wettability and adhesion shear strength of different rubber materials. For water contact angles below 90°, the adhesion shear strength decreased linearly with the increase of the contact angle, and when the contact angle exceeded 90°, the adhesion shear strength remained almost unchanged. In addition, they also found that the high surface energy additives in the substrate could significantly improve the adhesion shear strength. Roberts [16] studied the contact phenomenon of rubber and found that the adhesion of ice to rubber depended on the salinity of the ice. Tetteh et al. [17] used centrifugal and push methods to study the adhesion shear strength of static ice and impact ice. The experimental results showed that factors such as material surface wettability, roughness, and temperature all affect the adhesion shear strength. Adhesive shear strength decreased for high receding angles and soft material surfaces. Dong et al. [18] explored the factors of the ice adhesion strength, and the experimental results showed that the surface roughness was nonlinear with the ice adhesion strength. The adhesive shear strength increased with decreasing temperature, but tended to stabilize when the temperature was lower than −20 °C. Using a new centrifugation method, Boinovich et al. [19] investigated the ice adhesion strength, and the results showed that the ice adhesion strength of superhydrophobic surfaces and SLIPS was closely related to temperature, and the degradation of anti-icing performance had a significant effect on the ice adhesion strength.



Existing research mainly involves the adhesion and shear strength of metals, superhydrophobic coatings, polymer films, silicone rubber, etc., and there is a lack of systematic research on the icing of amphibious aircraft tires. In view of this, this paper explores the effects of freezing temperature and the salinity of freezing water samples on the adhesion shear strength of tires through experiments. The experimental results are analyzed and discussed.




2. The Relationship between Adhesion Shear Strength and Freezing Temperature


When an amphibious aircraft is taking off from and landing on seawater, the water in the landing gear compartment will cause the seawater to freeze on the wheels. To formulate a reasonable anti-icing and deicing method and provide the necessary constitutive parameters for the simulation analysis, this paper investigates the influencing factors of adhesion shear strength of amphibious aircraft tires under static icing. The effects of freezing temperature and salinity of icing water samples are mainly explored. In this section, the influence of freezing temperature is studied, and the experiments in Dalian, Qingdao, Fuzhou, and Zhuhai are selected for exploration.



2.1. Principle of the Experiment


There are various methods for the measurement of icing adhesion strength in existing research, including but not limited to the centrifugal method, push-pull method, and so on [20,21,22]. In this study, the push-pull method is used for experiments. When liquid water freezes on the surface of the tire substrate, there is an adhesion layer at the interface of the ice-tire substrate. Either the tire substrate or ice is fixed, and a pulling force parallel to the adhesive layer is applied to the other. Under the action of pulling force, shear stress is generated at the interface of ice and tire substrate. When the shear stress is greater than the adhesion shear strength at the ice-tire substrate interface, the adhesion layer will undergo shear failure. According to the tensile force F at the time of failure, the adhesion shear strength can be calculated by:


  τ =  F A   



(1)




where A is the adhesion area of ice on the surface of the tire substrate.



In the experiment, to avoid the force perpendicular to the adhesion layer during loading, the tensile force was loaded close to the ice-tire substrate interface. Figure 2 shows the mechanical model for the adhesion shear strength in this study. Considering that ice may crack or even damage itself because of concentrated stress at low temperatures, ice is frozen in a ring-shaped icing mold. When loading, the tensile force is applied to the position where the bottom end of the ring-shaped icing mold contacts the tire substrate to avoid the influence of normal stress. The experiment is susceptible to temperature fluctuations. To strictly control the temperature during the experiment, the entire experiment should be completed in a high and low temperature environment test box.




2.2. Experimental Device


Based on the above experimental principles, an experimental device was built for measuring the adhesion shear strength of amphibious aircraft tires under static icing. The device could directly measure adhesion shear strength in a high and low temperature environment test box. This device was composed of a high and low temperature environment test box, a tire-sample-clamping device located in the test box, and a tensile-force measurement system located outside the test box. The adhesion shear strength of the tire sample in the test box was measured by the tensile force measurement system through the operation hole on the side wall of the test box, as shown in Figure 3, Figure 4, and Figure 5. Figure 3 was the schematic diagram of the experimental device, Figure 4 was the tire sample clamping device, and Figure 5 was the measurement system.



The test box provided the low temperature environment required for the experiment and maintained the stability of its internal temperature field. The temperature of the test box was calibrated before the experiment. After measurement, the temperature error in the test box was ≤±1 °C, which met the requirements. The tire-sample-clamping device in the test box played the role of fixing the tire sample during the experiment. For the tensile-force measurement system outside the test box, the screw slide table was driven by a stepping motor to exert load. The loading rate was adjustable at a uniform speed, with the range of the tension sensor being 0–500 N and an accuracy of ±0.2% Full Scale (FS). The tension sensor was calibrated with a standard weight before the experiment.




2.3. Preparation of Experimental Materials


2.3.1. Tire Samples


The tire samples used in the experiment came from the tires normally used by the amphibious aircraft, as shown in Figure 6. The crown of the tire had traces of wear left by normal use. The sample was taken from the crown of the tire and cut into long strips for testing. The range of the surface roughness of the tire material is obtained: 0.05~0.1 mm. Figure 7 and Figure 8 show the prepared tire samples.




2.3.2. Seawater Sample


Four kinds of seawater samples were used in the experiment, all collected from the sea areas near Dalian, Qingdao, Fuzhou, and Zhuhai. After the seawater samples were collected, they were filtered with filter paper and then stored in a 4 °C refrigerator for subsequent use. The salinity of the four seawater samples was measured with a salinometer and recorded in Table 1. And the model of the salinometer is SMART SENSOR AR-8012 (Walfront, Toronto, ON, Canada), the range is 0.00 ppt~9.99 ppt, 10.0~50.0 ppt, and the accuracy is ±3% FS + 1 dig.



Due to the presence of salt in seawater, the freezing temperature of seawater is lower than that of freshwater. In the initial experiment, seawater could not be directly frozen on the surface of the tire because the salt in the seawater would gradually precipitate during the freezing process of seawater. The precipitated salt increased the salinity of part of the seawater. Due to the presence of seawater with higher salinity, the seawater could not be completely frozen at the set temperature. There was a saltwater layer at the interface between the ice sample and the tire substrate. This phenomenon was more obvious when the temperature was relatively high (−20–0 °C). Figure 9 records this phenomenon in the initial experiment. From the figure, frozen brine could be clearly seen on the surface of the tire substrate and there was also unfrozen brine. Li Zhijun et al. [23] researched the adhesion shear strength of seawater ice and building materials under static icing, where ice-melted seawater was used to freeze the sea ice and building materials together to measure the adhesion shear strength. This research refers to this approach, and preprocesses the seawater sample used in the experiment. The processing method is as follows.



An appropriate amount of raw seawater sample was taken and poured into a silicone mold, followed by being placed in a high and low temperature environmental test box and frozen at −10 °C for 3 h. Then, the frozen ice cubes were taken out from the silicone mold, and the brine on the surface of the ice cubes was removed. Next, the ice cubes were crushed, and gauze was used to filter out the remaining brine inside the ice. Finally, the broken ice was bottled and sealed, and melted under airtight conditions.



After the above-mentioned processing, the seawater sample was filtered again with filter paper, and its salinity was measured at room temperature. Table 2 shows the salinity of the treated water samples. The seawater sample was refrigerated for later use. Compared with the original seawater sample, the salinity of the treated seawater was significantly reduced.





2.4. Experiment Procedure


During the experiment, the ice sample was prepared first, and then the adhesion shear strength was measured on the prepared ice sample. The preparation of the ice sample and the experiment were carried out in a high and low temperature environment test box. The specific steps are as follows:




	
Install the experimental devices inside and outside the high and low temperature environment test box and calibrate the positions of the tire material clamping device and the tension sensor, so that the center lines of the two overlap and maintain a horizontal state.



	
Remove the dust with dust cloth and blower on the surface of the tire sample and place it in the test box. Place the ring-shaped icing mold on the surface of the tire sample. When the set temperature is reached, use a syringe to inject 1 mL of the water sample into the ring-shaped icing mold. Then continue to freeze at the set temperature for 3 h.



	
Install the frozen tire sample on the clamping device, start the tensile force measurement system to apply the load at a rate of 10 mm/min, and end the experiment when the frozen ice on the surface of the tire sample falls off, and record the tensile sensor readings.








Return the tension sensor to zero and repeat Step (2) and Step (3) to continue the experiment.




2.5. Analysis and Discussion of Experimental Results


According to the experimental procedures mentioned above, seawater samples from Dalian, Qingdao, Fuzhou and Zhuhai were taken to measure the adhesion shear strength. To investigate the adhesion shear strength of amphibious aircraft tires under extreme low temperature, four temperatures of −20 °C, −30 °C, −40 °C, and −50 °C were selected to measure the adhesion shear strength of tire materials at different temperatures and different seawater sample conditions. The tire material surface and sea ice samples after the test are shown in Figure 10 and Figure 11. The experimental results are presented in Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16. The loading rate in the experiment was 10 mm/min.



In this study, the adhesion shear strength of tire samples under static icing was negatively correlated with temperature—that is, the lower the temperature, the greater the adhesion shear strength. Specifically, the adhesion shear strength of the four seawater samples (Dalian, Qingdao, Fuzhou, and Zhuhai) under static icing was 0.039~0.823 MPa, 0.060~1.044 MPa, 0.063~0.836 MPa, and 0.059~0.898 MPa, respectively. At −50 °C, the adhesion shear strength of the four seawater samples under static icing reached the maximum.



Petrenko and Whitworth [24] proposed the microscopic mechanism of ice adhesion, claiming that there were three kinds of interactions between ice and substrate, i.e., covalent bond or chemical bond, van der Waals force, and ionic electrostatic interaction. The study of Petrenko and Peng [25] confirmed that the ice adhesion force increased with the increase in the number of hydrogen bonds, and hydrogen bonds might be the most important force in the microscopic mechanism of ice adhesion. Wenzel [26] studied the relationship between surface roughness and contact angle. There are two states of contact between liquid water and the surface of the rough substrate [5]. Specifically, when the droplet stayed on the surface structure of the rough substrate, the contact angle was larger. When the droplet wetted the surface structure of the rough substrate, the droplet was in full contact with the surface structure of the substrate, and the contact angle was small, which was in the Wenzel state. Figure 17 shows two states of liquid water in contact with the rough substrate surface. When water froze on the surface of the rough substrate, if the surface tension of the water is less than the water pressure, the liquid water would enter the uneven micro grooves on the surface of the rough substrate. As the temperature decreases, the liquid water undergoes a phase change, and the ice formed by the liquid water that wets the surface of the substrate and the tiny part of the surface of the substrate produce a mechanical anchoring effect. This mechanical anchoring effect and the microscopic force of the ice and the tire substrate coexist, making the ice adhere to the surface of the tire sample substrate.



As shown in Figure 12, Figure 13, Figure 14 and Figure 15, when the temperature was relatively high (−20–30 °C), the increase in the adhesion shear strength caused by the decrease of the freezing temperature was relatively small. With further reduction, the increase in adhesion shear strength of seawater samples under static icing became increasingly larger—that is, the lower the freezing temperature, the more significant the influence of temperature changes on the adhesion shear strength of seawater samples under static icing. In the experiments, this phenomenon was the most obvious in the Zhuhai seawater sample.



During the seawater freezing process, brine will be precipitated. Seawater ice is composed of salt-free ice and a cavity containing brine [9]. In this study, the seawater sample was gradually cooled from 4 °C to the experimental temperature. During the cooling process, a part of ice was formed first. As the temperature further decreased, the water in the cavity continued to freeze on the inner wall of the cavity, which caused the salinity of the water in the cavity to continue to rise. After the water in the cavity froze, the volume of the ice was greater than the volume of the original liquid water. This caused a part of the liquid water with higher salinity to be discharged from the cavity, and a part of the discharged water reached the interface between the ice sample and the tire substrate. Thus, a saltwater layer was formed at the interface between the ice sample and the tire substrate. The original solid-solid contact interface between the ice sample and the tire substrate was destroyed by the solid-liquid-solid contact form. The presence of the saltwater layer would reduce the adhesion of the ice sample on the tire substrate surface. As the temperature decreased, the amount of saltwater discharged from the cavity of the ice sample itself increased, which increased the thickness of the saltwater layer; on the other hand, due to the decrease in temperature, part of the discharged saltwater continued to freeze, the amount of saltwater decreased, and the thickness of the saltwater layer became thinner. Under the combined action of the two factors, the thickness of the saltwater layer reached a maximum value at a certain temperature.



The ice adhesion is closely related to the thickness of the saltwater layer. The thinner the saltwater layer, the greater the ice adhesion. At a relatively high experimental temperature, there was relatively more saltwater at the interface. As the experimental temperature decreased, the saltwater at the interface further froze, and the thickness of the saltwater layer decreased, which was manifested by the increased adhesion of the ice sample on the surface of the tire substrate. When the experimental temperature was low enough (below −40 °C), the saltwater layer was almost completely frozen, and the adhesion was significantly increased. In this experiment, as the temperature decreased, there was no inflection point of the minimum value of adhesion, that was, the thickness of the saltwater layer did not reach the maximum value. Presumably, it might be because in the seawater samples selected in experiment, the temperature at which the thickness of the saltwater layer reached the maximum value was higher (above −20 °C).



Comparing the measurement results, it was found that the adhesion shear strength of the Dalian, Qingdao, and Fuzhou seawater samples was less distinguishable from each other (Figure 16), and slightly lower than that of the Zhuhai seawater sample, while the salinity of the Zhuhai seawater sample was lower than that of the other three seawater samples. Based on the freezing temperature experiment, we should further study the effect of the salinity of the freezing water sample on the adhesion shear strength.





3. The Relationship between Adhesion Shear Strength and Salinity


According to the previous experiment, as the temperature decreased, the adhesion shear strength under static icing of seawater on the surface of amphibious aircraft tires gradually increased. Because of the difference in seawater composition and salinity, the corresponding adhesion shear strength of seawater samples in different regions are also different. Since it is inconvenient to study the influence of the composition of inorganic salts in seawater on adhesion shear strength, this research selects salinity as another influencing factor to investigate the adhesion shear strength under static icing. To control the variables, Dalian seawater samples with salinities of 5.0‰ and 3.0‰ were used for experiments and compared with the above results. In addition, the test results of the adhesion shear strength under static icing of freshwater samples on the surface of amphibious aircraft tires were used as a control.



3.1. Water Sample Preparation


A certain amount of original Dalian seawater sample was taken and placed in a measuring cylinder. A certain amount of deionized water was added into the cylinder in proportion, and the original Dalian seawater sample was prepared into the seawater samples with salinity of 5.0‰ and 3.0‰.




3.2. Experimental Results


The prepared Dalian seawater samples with salinities of 5.0‰ and 3.0‰ were used for static icing experiments at −50–−20 °C. The freshwater samples could freeze on the tire substrate at −10 °C, so the freshwater freezing test under −10 °C was conducted. The experimental device and the experimental process were consistent with those described above. The experimental results are shown in Figure 18, Figure 19, Figure 20, Figure 21 and Figure 22. Figure 23 shows the tire sample surface after a freshwater static icing test at −50 °C.



The temperature changes of the water sample in the freezing mold at different temperatures were measured to characterize the freezing rate. In the experiment, after pouring freshwater (1 mL) into the freezing mold, the temperature change process of the water sample was recorded, and the temperature in the test chamber was kept at the set temperature. The initial temperature of the water sample is 3 °C, and the average freezing rate can be calculated by the time the water sample reaches the set temperature. Figure 24 shows the temperature measurement process of the water sample, Figure 25 shows the temperature change during the freezing process of the water sample, and Figure 26 shows the average freezing rate.




3.3. Results Analysis


According to the test results, there was also a significant negative correlation between the adhesion shear strength of freshwater icing and the temperature. As the salinity of the water sample increased, the adhesion shear strength under static icing showed a decreasing trend. Especially when comparing the adhesion shear strength of freshwater with salinity of 0‰ and the Dalian seawater samples with salinity of 3.0‰ and 9.1‰, the salinity increased from 0‰ to 3.0‰, and the reduction in adhesion shear strength under static icing far exceeded the reduction in salinity from 3.0‰ to 9.1‰. The adhesion shear strength of the Dalian seawater samples with salinity of 5.0‰ and 3.0‰ was less distinguishable from each other. When the salinity was relatively low (less than 3.0‰), a small increase in the salinity of the water sample could have a significant impact on the adhesion shear strength. In the experiment, the freshwater sample had the highest adhesion shear strength, reaching 0.307–2.06 MPa, and the adhesion shear strength under static icing of the Dalian seawater sample with a salinity of 3.0‰ was in the range of 0.052–0.799 MPa. The Dalian seawater sample with a salinity of 5.0‰ could reach 0.081–0.727 MPa. It was also found that the dispersion of the adhesion measurements in the experiment was high, especially at −40 °C and −50 °C, which was related to the sensitivity of the adhesion shear strength to temperature, and was also affected by the freezing salinity.



When the salinity of the water sample was low, a small amount of salt in the water sample could greatly reduce the adhesion shear strength. When the salinity of the water sample reached a certain value, the influence of the increase in salinity on the adhesion shear strength became very weak. In Section 2, the adhesion shear strength of the seawater samples from Dalian, Qingdao, and Fuzhou was less distinguishable from each other, which might be related to this—that is, when the salinity of the water sample exceeded a certain value (about 9‰), the increase in the salinity of the water sample would have little effect on the adhesion shear strength under static icing.



Impurities in the water will affect its ice adhesion. The effect of salinity on the adhesion was produced by affecting the thickness of the brine layer when it froze. Water with different salinity showed a similar change trend in the thickness of the brine layer when it froze [13]. Due to the influence of inorganic salt ions in seawater on icing at the same temperature, the higher the salinity, the thicker the saltwater layer in experiment. As the temperature decreased, the thickness of the saltwater layer would be less affected by the salinity, especially when the salinity was at an intermediate level and the difference between them was small (about 10‰). Even at lower temperatures, there was only a slight difference in the thickness of the saltwater layer. It showed that under the same low temperature condition, although the salinity had obvious difference, the difference in the ice adhesion was less. However, when the salinity was low, at the same temperature, a small change in salinity led to a large change in the thickness of the saltwater layer, which was manifested as a small increase in salinity that caused a large decrease in adhesion. According to Makkonen’s research results, the thickness of the saltwater layer frozen by seawater is usually on the order of 102 μm, while the thickness of the liquid layer frozen by freshwater is estimated to be on the order of 10−2 μm [8]. The thicker the saltwater layer, the lower the ice adhesion. The difference in the thickness of the saltwater layer caused a huge drop in the adhesion of the freshwater and the Dalian seawater sample with salinity of 3.0‰. The test results show that there is a negative correlation between freezing temperature and freezing speed.





4. Conclusions


This experiment was conducted on the adhesion shear strength of amphibious aircraft tires under static icing. The relationship between the adhesion shear strength and the freezing temperature and the salinity of the freezing water sample was investigated by using the method of controlled variables. Through the analysis and discussion of the experimental results, the following conclusions can be obtained:




	
The adhesion shear strength of amphibious aircraft tires under static icing increases with the decrease of freezing temperature, which is related to the thickness of the saltwater layer at the interface between the ice sample and the tire substrate during seawater icing. The thicker the saltwater layer, the lower the adhesion shear strength, and the lower the temperature, the increasing trend of adhesion shear strength is more significantly affected by the decrease in temperature. At −50 °C, the extreme value of the adhesion shear strength of seawater samples is close to 0.9 MPa.



	
The adhesion shear strength of amphibious aircraft tires under static icing is negatively correlated with the salinity of the icing water sample. At lower salinity, the change in salinity has a great impact on the thickness of the saltwater layer at the interface between the ice sample and the tire substrate. A small increase in the salinity of the water sample will result in a significant drop in the adhesion shear strength. With the increase of salinity, the influence of salinity on the adhesion shear strength is greatly reduced. Freshwater (salinity is 0‰) has the highest adhesion shear strength, and its extreme value even exceeds 2 MPa.



	
When formulating the anti-icing scheme, it is suggested to select mechanical deicing or heating deicing when consider the characteristics of the tire material and the influence of temperature on the adhesion shear strength.








This paper studies the effects of freezing temperature and salinity of frozen water samples on the adhesion shear strength under static icing. In addition to these two influencing factors, the adhesion shear strength under static icing will also be affected by factors such as the surface roughness of the tire substrate, icing time, and loading rate. The tire samples in this study were from normally used amphibious aircraft tires with uniform surface roughness, and the icing time and loading rate were kept consistent in the experiment. In the follow-up research, tire materials with different surface roughness can be used to conduct experiments to explore the influence of surface roughness on the adhesion shear strength. In addition, the factors of impact ice adhesion strength can also be explored.
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Figure 1. Amphibious aircraft taking off from water surface. 
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Figure 2. Mechanical model. 






Figure 2. Mechanical model.
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Figure 3. Schematic diagram of the experimental device. 
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Figure 4. Tire-sample-clamping device. 
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Figure 5. Tensile-force measurement system. 
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Figure 6. Amphibious aircraft tire. 
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Figure 7. Tire samples. 
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Figure 8. Processed tire samples. 
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Figure 9. Tire substrate surface (Zhuhai seawater sample, −10 °C). 
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Figure 10. Tire sample and sea ice sample after the test (Zhuhai seawater sample, −20 °C). 
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Figure 11. Tire sample and sea ice sample after the test (Zhuhai seawater sample, −30 °C). 
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Figure 12. Adhesion shear strength of Dalian seawater sample. 
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Figure 13. Adhesion shear strength of Qingdao seawater sample. 
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Figure 14. Adhesion shear strength of Fuzhou seawater sample. 
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Figure 15. Adhesion shear strength of Zhuhai seawater sample. 
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Figure 16. Comparison of adhesion shear strength of different seawater samples. 
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Figure 17. Contact between liquid water and rough substrate surface. Adapted from ref. [5]. 
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Figure 18. Adhesion shear strength of Dalian seawater sample with salinity of 5.0‰. 
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Figure 19. Adhesion shear strength of Dalian seawater sample with salinity of 3.0‰. 
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Figure 20. Adhesion shear strength of freshwater sample with salinity of 0‰. 
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Figure 21. Comparison of adhesion shear strength of water samples with different salinities. 
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Figure 22. Relationship between adhesion shear strength and salinity of water samples at different temperatures. 
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Figure 23. Tire-sample surface after freshwater static icing test (−50 °C). 
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Figure 24. Temperature measurement process of water sample. 
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Figure 25. Temperature change of water sample. 
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Figure 26. Average freezing rate. 
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Table 1. Seawater sample salinity.






Table 1. Seawater sample salinity.





	Seawater Sample
	Dalian
	Qingdao
	Fuzhou
	Zhuhai





	Salinity (‰)
	29.3
	28.1
	26.5
	8.7
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Table 2. Salinity of the treated seawater sample.






Table 2. Salinity of the treated seawater sample.





	Seawater Sample
	Dalian
	Qingdao
	Fuzhou
	Zhuhai





	Salinity (‰)
	9.1
	13.3
	13.0
	6.7
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Adhesion strength
Ice sample

Tire sample






media/file52.png
3.12

(urw/

_
&)
o\

9}

| | | |
S . o 1
(@ — — [

) 93e1 3U1Za1) 93RIdAY

-30 -20 -10

Temperature/C

-40





media/file39.jpg
20

30
Temperature/'C

-40

254

. o'e L[] 3
< ) 3 o =
o = . 8 =
CAN/BS RS 1eaS SAISIUPY

-10

50

-60





media/file18.png





media/file21.jpg





media/file44.png
+-407C

---207C
— 9
—A
—

-o--50C
-2--30C

©° L &5 a < o v ¥ o o
— —_— - - O o @ ©

eJIA/YI3UaIls 1eays UoIsaypy

10

Salinity (%o )





media/file26.png
1&&2 /ISUL1)S JBAYS QAISAYPY

0.0 -

-20

-30

-45 —40

-00

Temperature/°C





media/file7.jpg





media/file28.png
T
00
S

| " |
O AN

S S
eJIN/YISUa1)S JBYS JATISAY

|
(AN

=

PV

0.0

-20

—25

=30

-35

-40

~-50

Temperature/°C





media/file10.png





media/file49.jpg
Temperature/ C

-40

-50

a0C
20
30C
1 40C
S0C
0 10 15 20

Freezing time/min

2%





media/file11.jpg





media/file6.png
High and low temperature
environmental test chamber

Tensile force Tire sample
measurement system clamping device

/

S LSS S S S SSS S S S S S S S S S S S S S S S S





media/file36.png
1.2 S

| |
S 0 0 * >
— o 2, = o

e JIN/YISUa1}s 1eays AISIUPY

0.0

-10

-60

Temperature/C





media/file15.jpg
Test area

Clamping area





nav.xhtml


  aerospace-09-00170


  
    		
      aerospace-09-00170
    


  




  





media/file2.png





media/file23.jpg
®
S

© - ~

S s S
BJIN/PIBUANS 1B3YS AAISAYPY

°
s

30

10

Temperature/°C





media/file24.png
T
o
S

1 > |
O =

S S
BdJA/YISUI)S JBIYS DAl

I
N

S

SIYpy

T
o
S

—20

-25

-30

-10

—45

—50

Temperature/°C





media/file29.jpg
104

By © - o

©dIN/IBUIIS I8 FAISIUPY

°

20

30

40

45

Temperature/°C





media/file1.jpg





media/file12.png





media/file9.jpg





media/file42.png
Adhesion shear strength/MPa

ol
N
|

ol
o
|

o
Qo
]

o
o)}
|

i
N
|

o
N
]

— - =+ 9.1%o0 Dalian seawater
- = =5.0%0 Dalian seawaten

—3.0%o0 Dalian seawaten

- -+ =+ Breshwater

=~
o

=55

1
=0

-45

-40

=35

Temperature/C

-30

-25

-20

-15

|
-10

=D





media/file47.jpg





media/file38.png
1.2 =

1
<
1

_ ' T . T _
®© \° = N
o o o o

B JIN/YI3UD13S 183YS dAISIUPY

0.0

-40 -30 -20 -10
Temperature/C

-50

-60





media/file17.jpg





media/file30.png
1.0~

T . T : _ . I
00 © < N
o S S S

edIN/YISuans Jeays dAISAYPY

T
&
=

—20

—25

=30

~40

Temperature/°C





media/file51.jpg
-30
Temperature/C





media/file35.jpg
30 20 -10

Temperature/'C

-40

124

S

x_ 6 4. L
3 3 3 s
N/ PBURTS 8IS FAISIPY






media/file48.png





media/file27.jpg
T
@
S

© -

s s
BJIA/NBUSNS T83YS OAISY

24

PV

o.

0.0

20

30

40

Temperature/°C





media/file3.jpg
Adhesion strength
Ice sample

Tire sample






media/file22.png
WS - TR :

‘ O e ey
"’ b

§ S 4 4 _"'; ‘l;’-'.' r E
t . .
. : . .
- ‘ -
i Pant -
: : e " z
; = . Y

re-—w
.
¢ e
-

: ) .
! s .
E - ; 5
5
: -
] .
. Gy~ <
r - »
. 2
! P - ;
. - - -
i >
! -
) .
N .
- ; ;-
e g
. -
» -






media/file19.jpg





media/file40.png
2.5 -

| ! I T I . I
S O S L0
N i e (o]

e JIN/YI3UaIS 1eays dAISAUPY

0.0

-40 -30 -20 -10
Temperature/'C

-50

-60





media/file33.jpg
—— Liquid water —@

(a) Cassie state (b) Wenzel state





media/file32.png
Adhesive shear strength/MPa

.8 =

0.6 -

0.4+

0, 2

0.0

Fuzhou sea water
—— Zhuhai sea water

—-—-Dalian sea water

—= = -Qingdao sea water

—95

—50

—45

1 > 1 = I ] 1 % |

=40 -39 ~30 —29 —20)
Temperature/°C

-15





media/file14.png





media/file41.jpg
Adhesion shear strength/MPa
e s o B &

o = o ® =3

I B

o
=

==+ 9.1%o Dalian seawate:
~ =5.0%o Dalian seawates
3.0%o Dalian seawates

E - Freshwater

&
a

-50

-45

-40

35 30 25 20 -5
Temperature/'C

-10

-5





media/file37.jpg
-10

T
-30 -20
Temperature/

-40

-50

124

<

2 ° ] o
S S 3 S

edN/pBUaLS 1eaYS FASIYPY

00
-60





media/file46.png





media/file45.jpg





media/file16.png
Test area

Clamping area





media/file20.png





media/file50.png
10

—
o

Temperature/C

N

~N—
N

AN

N et

k

5 10 15 20
Freezing time/min

25





media/file5.jpg
High and low temperature
environmenta tet chamber

Tensile force Tire sample
measurement system clamping deviee

/





media/file31.jpg
Adhesive shear strength/MPa

Fuzhou sea water
0.8 Zhuhai sea water
- - - Qingdao sea water|
|~~~ Dalian sea water
0.6
0.4
0.2

=50 -45 -40 -35 =30 =25 -20 -15
Temperature/°C






media/file25.jpg
1.0

edIN/yISuans Hauﬁ AAISAYPY

0.0

-20

2

g
2
g
£
g
2
5
&

10

-50





media/file0.png





media/file8.png





media/file43.jpg
Adhesion shear strength/MPa
© 2 9 = = = = =
885855 &

o
S

50T 40T

#-30C  --20C

4 6
Salinity (%)






media/file34.png
—— Liquid water —

(a) Cassie state (b) Wenzel state





