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Abstract

:

Featured Application


This paper carries out the basic researches on the icing characteristics of a cylinder rotating around a vertical axis, which provides a foundation for exploring icing characteristics of the straight-bladed vertical axis wind turbine.




Abstract


Rotating machinery in cold and humid regions is prone to icing. For exploring the characteristics of icing on objects rotating around a vertical axis, such as vertical axis wind turbines (VAWT), a cylinder rotating around the vertical axis was selected as the research object in this study. Three cylinders with different diameters were selected, and icing tests carried out under different tip speed ratios (TSR) in a self-built icing wind tunnel. The icing characteristics were quantitatively analyzed using characteristic parameters, including the icing area, the dimensionless icing area, the stagnation point thickness and the dimensionless stagnation point thickness. The dimensionless stagnation point thickness decreased with increases in the diameter of the cylinder. The icing limit decreased with an increase in the rotational speed of the cylinder, and reached 50% under the high TSR condition. Various icing characteristics were also analyzed for two rotation modes: rotation around the vertical axis and around the horizontal axis. The research findings in the present study lay the theoretical and experimental foundations for exploring VAWT icing in depth.







Keywords:


low temperature; humid environment; vertical axis wind turbine; icing; rotating cylinder; wind tunnel test












1. Introduction


Extreme conditions, such as low temperatures, a humid environment, sandstorms and so on, have significant effects on rotating machinery, such as wind turbines and helicopters [1,2,3]. When wind turbines are working in cold and humid conditions, the blade surfaces are prone to icing. This changes the aerodynamic profile of the blade and reduces the output power of the wind turbine. As shown in Figure 1, icing accretions occur on the blade surfaces of horizontal axis wind turbines (HAWTs) and VAWTs, leading to increases in weight.



Moreover, icing also changes the distribution of the load of the rotor wheel, which leads to the collapse of the wind turbine. In addition, ice shedding may occur, which threatens nearby persons and buildings [4,5,6]. Therefore, researching the characteristics of icing on rotating objects, such as the rotating blades of wind turbines and helicopters, is necessary.



At present, two types of methods are widely used to research icing on the surfaces of objects. These are the numerical simulation method and the icing wind tunnel test method [7,8,9,10]. Yi Xian conducted a three-dimensional numerical simulation on the shape and the process of icing on a 1.5 MW HAWT, and summarized the icing characteristics [11,12]. Lu Tian examined the characteristics of icing on a three-dimensional aircraft wing surface [13]. Jin studied the characteristics of the ice accretion occurring on a large wind turbine blade surface and the effect of the ice formation on the performance of the wind turbine, using an icing wind tunnel test and numerical simulation [14]. Ismail H. predicted the sizes, the shapes and the types of icing at several cross sections along the blade span using a blade element momentum tool, and the power loss due to icing was also evaluated. The calculation results showed good agreement with the AERTS results [15]. Alberto Guardone computed the ice shapes along the blade span using a two-dimensional ice accretion simulation and established the shedding time and location using a robust and efficient numerical multi-step icing simulation tool [16]. Jin Jiayi comparatively analyzed the simulation results for the flow behaviors and the resultant ice accretion for 2D and 3D numerical approaches [17]. The author also carried out experimental research on the ice accretion on S826 and S832 airfoil blades and calculated the degradation of the aerodynamic performance using computational fluid dynamics (CFD) [18]. Han implemented the Ruff scaling method to scale the atmospheric icing conditions and studied the icing shape of a scaled-down model of the blade. The experimental results showed good agreement with simulation results using LEWICE [19]. Li Yan carried out experiments on the icing of a rotating blade with an NACA0018 airfoil [20,21]. Hu Hui carried out a field study of ice accretion on a realistic wind turbine blade and predicted the ice thickness distribution using the icing similarity concept and blade element momentum theory [22,23]. However, there are many different types of airfoil blades in HAWTs, and they have complex curved surfaces. This raises a difficulty in exploring the mechanism of icing on wind turbines. Therefore, empirical ice accretion models have been developed by some scholars and cited by IEA Wind TCP Task 19, which simplify the HAWT blade to a cylinder [24]. In this way, the empirical ice accretion model can simulate the growth of ice on structures under different atmospheric conditions. It provides results in a much shorter period of time for theory and experiments and uses empirical relationships to solve the flow field rather than using the more expensive CFD models. It is a practical method of carrying out basic research on wind turbine blade icing. Launiainen J. examined the process and the shape of icing on a non-rotating cylinder surface and quantitatively analyzed the characteristics of icing via heat transfer [25,26]. Lozowski E. P. established a simulation model for icing on a non-rotating cylinder and carried out icing tests in an icing wind tunnel [27,28]. Li Yan examined and parametrically analyzed the characteristics of icing on a cylinder rotating around a horizontal axis using the icing wind tunnel method [29].



In these studies, the research object was still based on the HAWT. In contrast, research on the characteristics of icing on straight-bladed vertical axis wind turbines (SB-VAWT) is scarce. Apart from the difference in the direction of the rotation axis, there are also other differences in characteristics between the HAWT and the SB-VAWT. For the HAWT, the linear velocity increases along the blade span from the hub to the tip. For the SB-VAWT, the linear velocity along the blade span is constant. In addition, the angle of attack (AOA) of the HAWT blade is constant under given working conditions. However, that of the SB-VAWT blade changes all the time under given working conditions. Therefore, it is necessary to study the characteristics of icing on SB-VAWTs. Baizhuma used a moving reference frame (MRF) to predict the ice type and the ice accretion shapes on a static VAWT using FENSAP-ICE [30]. Chankyu Son combined a multiple reference frame (MRF) and the sliding mesh technique (SMT) to predict the ice shape on a rotating VAWT using FENSAP-ICE [31]. The simulation results showed good agreement with the experimental results. Yan Li researched the characteristics of icing the blade with airfoil NACA0018 rotating around a vertical axis by a wind tunnel test and initially explored the distribution of icing on the blade surface [32].



Similarly, there are also many kinds of airfoil blades for SB-VAWTs, and the ice accretion mainly occurs on the leading edge. It is difficult to propose a norm for assessing the characteristics of icing on all types of wind turbine blades. For this reason, the blade also can be simplified to a cylinder, as in the research method for HAWTs, as shown in Figure 2.



In this study, in order to conduct basic research on the characteristics of icing on VAWTs, the rotating cylinder was selected as the research object, instead of a wind turbine blade. An icing wind tunnel system was built based on a conventional tunnel that could be used at low natural winter temperatures, and the icing tests were carried out in this experimental system. The characteristics of icing on rotating cylinders with different diameters were explored under different rotational speeds and icing times, and the changing laws of icing were parametrically analyzed. The experimental results were compared with those for a cylinder rotating around the horizontal axis in previous work, and the factors leading to the differences in the two rotation modes were analyzed. The research findings provide a foundation for exploring the icing mechanism of a rotating object.




2. Experiments


2.1. Model Sample


The cylinder samples used in the icing tests were made of aluminum material. Three sizes of cylinders were selected as the research objects in this study, with diameters of d1 = 20 mm, d2 = 30 mm and d3 = 40 mm. The heights were all 20 mm.




2.2. Experimental System


In the present study, the icing tests were carried out in an icing wind tunnel system, which was designed and built as a combination of a conventional wind tunnel and a cold natural environment. The computer model and a picture of the experimental system are shown in Figure 3.



As shown in Figure 3, the icing wind tunnel system is different from the conventional icing wind tunnels referred to in the literature. It is composed of a wind tunnel and a test section segment. The test section segment includes a spray section, a mix section, a rotor section and a water vapor exhaust section. The cooling system is omitted in this experimental system because the laboratory was located in the north-east of China. The average temperature is in the range of −21~−11 °C in winter. Outside low-temperature air is pulled into the wind tunnel and the test section. A low-speed, open-loop conventional tunnel, was modified to form the icing wind tunnel. The outlet size was 1 × 1 m2. An array of five spraying nozzles, which were movable, was located in the spray section in front of the outlet of the wind tunnel, providing the icing conditions for the test. As the experimental temperature was stable after precooling, the array of spraying nozzles was inserted into the mix section. The cross sections of the spray section, the mixing section and the test section were all 1 × 1 m2. When the icing wind tunnel system is operating, cold air is pulled into the wind tunnel and ejected into the test section. In the spray section and the mix section, the cold air is fully mixed with water droplets ejected from the spraying nozzles. Then, the water droplets are cooled and transformed into super-cooled water droplets, which flow with the cold air into the rotor section. In the rotor section, the super-cooled water droplets impinge on the rotating cylinder surface, and the ice accretion occurs. The icing shape occurring on the model sample surface was captured by a Phantom v5.1 high-speed camera. The resolution ratio was 1024 × 1024 pixels.




2.3. Experimental Scheme


In each test, two cylinders were mounted symmetrically on the rotor test stand, and the model samples rotated clockwise. The computer models are shown in Figure 4. In the present study, the radius of the rotor test stand was designed as 0.3 m, which was determined according to the outlet size of the wind tunnel and previous calibrations of the icing wind tunnel [26]. The rotor test stand is driven by a three-phase asynchronous motor, and the rotational speed was accurately modulated by a variable-frequency drive (VFD).



The experimental conditions in the icing wind tunnel system were measured according to previous work [26]. In the present study, the wind speed for the icing tests was 4 m/s. The liquid water content (LWC) was 0.58 g/m3. The average medium volume diameter (MVD) was 50 μm. The experimental temperature in the test section was −12 °C. For exploring the effect of the rotational speed on the characteristics of icing on the rotating cylinder, the tip speed ratio (TSR) λ, which is the ratio of the linear velocity of the rotor to the wind speed, was used in this paper to characterize the rotational state of the rotor. The TSR is also an important parameter for characterizing the working state of a wind turbine, as expressed by Equation (1).


  λ =   R ω  U  =   π D n   60 U    



(1)




where λ is the tip speed ratio, R is the radius of the rotor (m), ω is the angular velocity of the rotor (rad/s), U is the wind speed (m/s), D is the diameter of the rotor (m) and n is the rotational speed of the rotor (rpm).



In this study, six values of TSR were selected: 0.2, 0.6, 1, 1.5, 2.5 and 3.5. The experimental scheme and key experimental conditions are listed in Table 1.





3. Results and Discussion


3.1. Experimental Results


In the present study, the ice layer was assumed to be distributed evenly along the cylinder axis, due to the short cylinder height of only 20 mm. Therefore, at any cross section of the icing cylinder perpendicular to the axis, the profile of the icing shape can be selected as the icing shape on the cylinder surface. For convenience in recording the icing shape, the profile of the icing shape at the end face of the cylinder was used to explore and analyze the icing characteristics. Pictures of the icing on the rotating cylinder surfaces taken from the end face of the cylinder are shown in Figure 5.



Figure 5 shows the distributions of icing on the cylinder with a diameter of 40 mm under different TSR conditions. When the TSR is low, e.g., 0.2 or 0.6, the type of icing is rime, and the whole cylinder surface is covered by the ice layer. In contrast, when the TSR is high, e.g., 2.5 or 3.5, the type of icing is glaze, and only part of the cylinder surface is covered by the ice layer. The reasons for these results are discussed in later sections. Similarly, icing distributions on the other sizes of cylinders were also captured in the present study. After each icing test, the pictures showing the sectional icing shapes were imported into CAD software, and the size of the cylinder in the picture was adjusted to the same size as the sample. Then, the icing shape could be extracted using the SPLINE command in the CAD software, as shown in Figure 6.



The surface of the cylinder can be classified into two regions, i.e., the front surface and the back surface, as shown in Figure 7.



When the cylinder is rotating, the front surface is the windward side, and the back surface is the leeward side. When the TSR was 0.2, the ice layer covered the whole cylinder surface, and the icing shape was approximately circular. The ice shape was symmetrically distributed between the left part of the surface and the right part of the surface. With an increase in the rotational speed or the TSR, the icing shape became irregular, and the thickness of the ice layer on the front surface clearly increased. In contrast, the thickness of the ice layer on the back surface decreased and gradually disappeared. As the TSR reached 1, the icing shape became irregular and coarse, and the cylinder surface was not completely covered by the ice layer. The icing region contracted towards the horizontal center line, which is the demarcation between the front surface and the back surface, from the back surface. When the TSR was higher than 1, the ice layer on the cylinder surface was distributed more regularly and evenly in comparison with the case for a TSR of 1. In addition, with a further increase in the rotational speed or the TSR, the thickness of the ice layer on the left surface of the cylinder became larger than that on the right surface, and a bulge occurred on the left surface of the ice layer. The icing region on the cylinder surface contracted towards the front surface of the cylinder. Moreover, the icing time also affected the process of icing. With the other conditions held constant, it was found that the amount of icing on the rotating cylinder increased. However, the profile of the ice layer showed no significant change under each icing condition, and the ice layer just grew, layer by layer. Similarly, the cylinder diameter also had an effect on the icing characteristics. The distribution laws of icing on rotating cylinder surfaces with different diameters are the same, and the icing shapes are similar. The diameter only affects the development trends of the icing shape, such as the thickness and the curvature of the ice layer.



In summary, the rotational speed or the TSR of the rotor had a significant effect on the distribution and the shape of icing on the rotating cylinder. The icing time only determined the amount of icing on the cylinder surface, and the diameter of the cylinder only affected the curvature of the ice layer covering the surface.




3.2. Analysis of Icing Characteristics


For quantitatively characterizing the icing shape and the distribution of icing on the cylinder surface, several parameters are defined for the icing shape and the icing area. The evaluation method in the present study was based on previous studies that quantitatively analyzed the characteristics of icing on a cylinder rotating around a horizontal axis [25]. The parameters characterizing the features of icing on a rotating cylinder are shown in Figure 8.



As shown in Figure 8, typical parameters include the icing area S, the stagnation point thickness δ, the stagnation point deflection angle α, the left icing limit Ll and the right icing limit Lr. The icing area S characterizes the area of the ice layer covering on the cylinder surface. The stagnation point thickness δ is the vertical distance from the highest point on the ice layer to the cylinder surface. The stagnation point deflection angle α is the included angle between the vertical center line and the straight line distance from the stagnation point to the center point of the cylinder. The rotation direction of the cylinder is the same as the deflection direction of the stagnation point deflection angle, and the linear velocity V is shown in Figure 8. With regard to the circumferential velocity of the cylinder, the clockwise direction is positive and the counterclockwise direction is negative. The parameter L1 is the left icing limit, which is the arc length covered by the ice layer on the left half. Similarly, the parameter Lr is the right icing limit.



For comparatively analyzing the characteristics of icing on rotating cylinders with different diameters, the characteristic parameters defined above are nondimensionalized based on previous work [25]. The new sets of dimensionless parameters are defined in the following equations.


   η s  =  S  π   ( d / 2 )  2     



(2)






   η δ  =  δ d   



(3)






   η   L l    =    L l    π d / 2    



(4)






   η   L r    =    L r    π d / 2    



(5)




where ηS is the dimensionless icing area, ηδ is the dimensionless stagnation point thickness, ηLl is the dimensionless left icing limit, ηLr is the dimensionless right icing limit and d is the diameter of the cylinder.



The icing areas and the dimensionless icing areas covering the cylinders with different diameters are shown in Figure 9 and Figure 10.



As shown in Figure 9 and Figure 10, the icing areas and the dimensionless icing areas all increased with icing time. The experimental data show that the amount of icing on the rotating cylinder surface increased with the TSR or the rotational speed of the rotor. The reason for these results is that more super-cooled water droplets can be captured by the rotating cylinder per unit time with an increase in the TSR or the rotational speed. As shown in Figure 9, with the icing conditions held constant, the larger the diameter of the cylinder, the more water droplets are captured by the cylinder. The reason for this is that a cylinder with a larger diameter has a larger frontal area as it rotates. From Figure 10, it can be seen that the dimensionless icing area on the cylinder surface decreased with an increase in the cylinder diameter. The curvature of the profile of the ice layer decreased with an increase in the cylinder diameter. This shows that the diameter or the curvature of the cylinder has an effect on the dimensionless icing area. It indicates that a small cylinder with a large curvature is more easily affected by ice accretion. The relative amount of icing, i.e., the dimensionless icing area, is larger than that on the cylinder with a larger diameter. This means that small-scale VAWTs are more affected by icing accretion than large-scale ones, because the small-scale blade has a large curvature profile.



The variations of the stagnation point thicknesses and the dimensionless stagnation point thicknesses with icing time under the different TSRs are shown in Figure 11 and Figure 12.



As shown in Figure 11, when the diameter of the cylinder is constant, the stagnation point thickness increases with the rotational speed or the TSR. Similarly, when the TSR or the rotational speed is constant, the stagnation point thickness also increases with the icing time. However, the diameter of the cylinder has little effect on the stagnation point thickness. The stagnation point thicknesses are approximately the same for different diameters. The reason for this result is that the diameter has little effect on the quantity of super-cooled droplets captured by the unit arc length on the cylinder surface. It only significantly affects the icing area, because a cylinder with a large diameter or small curvature has a long arc length at the cross section, which can capture more super-cooled water droplets.



As shown in Figure 12, it was found that the dimensionless stagnation point thicknesses also increased with the rotational speed and the icing time. However, when the rotational speed or the TSR was constant, the dimensionless stagnation point thickness decreased with an increase in the diameter of the cylinder. This also indicates that icing on a cylinder with a large diameter or a small curvature has little effect on the profile of the cylinder.



The variations in the left icing limit and the right icing limit on the cylinder surfaces are shown in Figure 13 and Figure 14.



As shown in Figure 13 and Figure 14, the limits of icing on the left and the right sides of the cylinder reached 100% for low rotational speeds. This means that the surface of the cylinder was completely covered by the ice layer. As the rotational speed increased, both the icing limits gradually decreased and approached approximately 50%. This showed that the diameter of the cylinder and the icing time both had small effects on the icing limit. According to these data, it was found that the icing limits for each size of cylinder rapidly reached the maximum values in a short time from the beginning of the icing time. Then, they changed only a little with icing time.



For quantitatively analyzing the distribution of the ice layer thickness on the cylinder surface, the profile of the cylinder surface was divided into 200 parts and unfolded. A coordinate system for the cylinder surface was established, and a sketch map of this is shown in Figure 15.



As shown in Figure 15, the origin of the coordinate system is located at the highest point in the figure, which is the forefront point of the cylinder against the wind. The positive direction of the coordinate system is clockwise and the negative direction is counterclockwise. The range of coordinate values characterizing the relative positions of the points on the cylinder surface is from −0.2 to 0.2. The thickness of the ice layer at each point along the cylinder surface was characterized using the coordinate system, as shown in Figure 16.



As shown in Figure 16, the main icing region was near the origin position on the cylinder surface. When the rotational speed or the TSR was low, e.g., 0.2, the ice layer symmetrically covered the whole cylinder surface. With an increase in the rotational speed or the TSR, the icing regions in the ranges of −0.2 to −0.1 and 0.1 to 0.2 gradually decreased until they disappeared. As a result, the range of the icing region was from −0.1 to 0.1, representing the left icing limit and the right icing limit. From these figures, it is concluded that the thickness of the ice layer on the cylinder with a diameter of 20 mm was largest at the origin point. This indicates that icing on a cylinder with a small radius or large curvature has a significant effect on the profile of the icing body. In addition, with an increase in the rotational speed or the TSR, the effect of the rotational speed on the stagnation point deflection angle increased, especially for the cylinder with a large diameter. As shown in these figures, when the diameter was 40 mm and the TSR was 2.5 or 3.5, the stagnation point was located at the left limit position of −0.1.





4. Contrast Analyses between Different Rotation Modes


In previous studies [25], the characteristics of icing on a cylinder rotating around the horizontal axis were studied, and the icing results are shown in Figure 17. In this section, icing events occurring on the cylinders are analyzed for two rotation modes.



In the rotation mode of Figure 17, the relative wind speed, which is the vector difference between the wind speed and the linear speed of the cylinder, and its direction vary with the rotational speed of the cylinder, as shown in Figure 18 [25].



As shown in Figure 18, when the wind speed is constant, the relative wind speed Wi and its direction vary with the linear speed of the cylinder Vi. When the rotational speed increases, the relative wind speed also increases. Then, the included angle between the relative wind speed and the linear speed of the cylinder decreases. The variation of the direction of the relative wind speed W with the rotational speed of the cylinder is shown in Figure 19.



The reason for the variation shown in Figure 19 is that the linear velocity of the cylinder is perpendicular to the wind speed at all times. When the rotational speed of the cylinder increases, the direction of the relative wind speed changes. However, no matter how the rotational speed changes, the frontal area of the cylinder toward the relative wind speed remains constant. For this reason, the icing region on the rotating cylinder surface is always concentrated on half the surface of the cylinder, as shown in Figure 17, and the icing region changes with the direction of the relative wind speed.



In contrast, the rotation state of the cylinder rotating around the vertical axis is different from that of the cylinder rotating around the horizontal axis. When the cylinder rotates around the horizontal axis, the trajectory plane of the cylinder is vertical to the wind direction. However, when the cylinder rotates around the vertical axis, the trajectory plane of the cylinder is parallel to the wind direction. It is found that the relative position of the cylinder and the incoming flow varies all the time in a circle, as shown in Figure 20.



In Figure 20, U is the wind speed, V is the linear velocity of the cylinder and W is the relative wind speed. The region enclosed by the trajectory of the cylinder, can be divided into two regions, i.e., the forward motion region and the backward motion region. In this rotation mode, the whole cylinder surface is covered by the ice layer at a low tip speed ratio (TSR), e.g., a TSR lower than 1. The reason for this result is that when the cylinder rotates into the forward motion region, the front surface of the cylinder captures the super-cooled water droplets. Then the ice layer occurs on the front surface. Similarly, as the cylinder rotates into the backward motion region, the super-cooled water droplets impinge on the back surface of the cylinder, because the linear speed of the cylinder is lower than the wind speed. Hence, the whole cylinder surface is covered by the ice layer.



When the tip speed ratio (TSR) is high, e.g., a TSR higher than 1, only the front surface of cylinder is covered by the ice layer, as shown in Figure 6. The reason for this result is that when the cylinder rotates into the forward motion region, the front surface captures the super-cooled water droplets and is covered by the ice layer, which is similar to the result under the low TSR condition. However, as the cylinder rotates into the backward motion region, the water droplets cannot impinge on the back surface of the cylinder because the linear speed of the cylinder is higher than the wind speed. The front surface can also capture the water droplets in the backward motion region. Therefore, the ice layer converges on the front surface of the cylinder and becomes thicker than the layer under the low TSR condition.



It can also be seen from Figure 6 that the coverage area of the ice layer reduced with an increase in the TSR. The reason for this result is that the range of the inflow angle, which is the included angle between the relative wind speed and the linear velocity of the cylinder, decreases with an increase in the TSR. According to Figure 20, when the linear velocity of the cylinder is constant, the magnitude and direction of the relative wind speed changes at different positions in the circle. In contrast, when the cylinder rotates around the horizontal axis, the magnitude and the direction of the relative wind speed do not change, as shown in Figure 18. Based on the relative positions of the cylinder and the incoming flow, as shown in Figure 20, the ranges of the inflow angle under high TSRs were analyzed and are shown in Figure 21.



It is assumed that the vector of the linear velocity of the cylinder coincides with the x-axis, and the range of the inflow angle decreases with an increase in the TSR. Under the low rotational speed condition, the linear velocity of the cylinder is lower than the wind speed. The direction of the relative wind speed approximately coincides with the direction of the wind speed. In this condition, the range of the inflow angle is 360°. Therefore, in one circle of the cylinder trajectory, the whole cylinder surface can be in contact with the incoming flow, and ice accretion occurs on the whole cylinder surface. When the TSR is higher than 1, the range of the inflow angle gradually decreases, and the relative wind speed only acts on the front surface of the cylinder. The range of the inflow angle narrows towards the linear velocity of the cylinder when the TSRs are 1, 1.5, 2.5 and 3.5. The ranges of the inflow angle are −90~90°, −42~42°, −24~24° and −17~17°, respectively. Therefore, the decrease in the inflow angle is the key factor leading to the reduction of the icing region on the blade surface in the high TSR condition. Hence, the icing area ratio on the cylinder surface is approximately 50% in the high TSR condition.




5. Conclusions


In this paper, the characteristics of icing on a cylinder rotating around a vertical axis were studied, and some conclusions are summarized as follows.




	
The amount of icing in unit time and the stagnation point thickness both increase with the rotational speed. The rotational speed has a significant effect on the icing limit of the cylinder. The icing limit reduces to 50% as the rotational speed increases.



	
The factor of icing time has significant effects on the icing area and the stagnation point thickness but little effect on the icing limit.



	
With an increase in the diameter of the cylinder, the amount of icing on the cylinder surface clearly increases, but the dimensionless icing area decreases. The diameter of the cylinder has little effect on the stagnation point thickness and the icing limit, but it has a significant effect on the dimensionless stagnation point thickness. When the diameter increases, the dimensionless stagnation point thickness decreases. This indicates that the icing event has a minor effect on the profile of a model with a small curvature.



	
When the rotational speed of the cylinder is constant, the inflow angle of the cylinder rotating around the vertical axis changes all the time in one trajectory circle, in contrast to the case for the rotation mode around the horizontal axis. The range of the angle decreases with an increase in the rotational speed. This is the key factor in the shrinking of the surface area covered by the ice layer with an increase in the rotational speed.









6. Prospect


In the present study, the characteristics of icing on a cylinder rotating around the vertical axis were studied. The cylinder was used to simulate the leading edge of a vertical axis wind turbine blade. The icing test explored the effects of the rotational speed and the curvature of the cylinder on the icing shape and the icing distribution. In future work, the effects of other experimental conditions, such as the wind speed, the temperature and the liquid water content (LWC) on the characteristics of icing on the cylinder will be studied. In addition, the characteristics of icing on the cylinder were studied using an experimental method in the present work. In future work, a combination of the simulation method and the experimental method will be used.
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Figure 1. Icing on wind turbines. (a) Icing on a HAWT; (b) icing on a VAWT. 
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Figure 2. Simplified model of a VAWT. 
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Figure 3. Icing wind tunnel experimental system. (a) Experimental system; (b) picture of the test section. 
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Figure 4. Three-dimensional model of the rotor test stand. 
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Figure 5. Icing on the cylinder with a diameter of 40 mm. 
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Figure 6. Test results of icing on the rotating cylinder surface under different TSRs: (a) λ = 0.2, d = 20 mm; (b) λ = 0.2, d = 30 mm; (c) λ = 0.2, d = 40 mm; (d) λ = 0.6, d = 20 mm; (e) λ = 0.6, d = 30 mm; (f) λ = 0.6, d = 40 mm; (g) λ = 1.0, d = 20 mm; (h) λ = 1.0, d = 30 mm; (i) λ = 1.0, d = 40 mm; (j) λ = 1.5, d = 20 mm; (k) λ = 1.5, d = 30 mm; (l) λ = 1.5, d = 40 mm; (m) λ = 2.5, d = 20 mm; (n) λ = 2.5, d = 30 mm; (o) λ = 2.5, d = 40 mm; (p) λ = 3.5, d = 20 mm; (q) λ = 3.5, d = 30 mm; (r) λ = 3.5, d = 40 mm. 
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Figure 7. Sketch map of the cylinder surface regions. 
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Figure 8. Typical parameters characterizing features of icing on a rotating cylinder. 
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Figure 9. Icing areas covering the cylinder surfaces with different diameters: (a) d = 20 mm; (b) d = 30 mm; (c) d = 40 mm. 
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Figure 10. Dimensionless icing areas of the rotating cylinders with different diameters: (a) d = 20 mm; (b) d = 30 mm; (c) d = 40 mm. 
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Figure 11. Variations of the stagnation point thickness with the icing time: (a) d = 20 mm; (b) d = 30 mm; (c) d = 40 mm. 
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Figure 12. Variations of the dimensionless stagnation point thickness with the icing time: (a) d = 20 mm; (b) d = 30 mm; (c) d = 40 mm. 
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Figure 13. Left icing limit: (a) d = 20 mm; (b) d = 30 mm; (c) d = 40 mm. 






Figure 13. Left icing limit: (a) d = 20 mm; (b) d = 30 mm; (c) d = 40 mm.



[image: Applsci 11 10383 g013]







[image: Applsci 11 10383 g014 550] 





Figure 14. Right icing limit: (a) d = 20 mm; (b) d = 30 mm; (c) d = 40 mm. 
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Figure 15. Coordinate system for the cylinder surface. 
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Figure 16. Variation of the thickness of ice layer along the cylinder surface: (a) λ = 0.2; (b) λ = 0.6; (c) λ = 1.0; (d) λ = 1.5; (e) λ = 2.5; (f) λ = 3.5. 
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Figure 17. Icing on a cylinder rotating around the horizontal axis: (a) 100 rpm; (b) 200 rpm; (c) 400 rpm; (d) 600 rpm; (e) 800 rpm. 
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Figure 18. Sketch map of the direction of relative wind speed. 
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Figure 19. Variation of the direction of the relative wind speed at different rotation speeds [29]. 
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Figure 20. Schematic diagram of the relative positions of the cylinder and the incoming flow. 
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Figure 21. Ranges of the inflow angle under high TSR conditions. 






Figure 21. Ranges of the inflow angle under high TSR conditions.



[image: Applsci 11 10383 g021]







[image: Table] 





Table 1. Experimental scheme and conditions.
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TSR

	
Rotational Speed

(n/min)

	
Experimental Temperature

(°C)

	
LWC

(g/m3)

	
MVD

(μm)

	
Wind Speed

(m/s)

	
Time Interval of Icing Shape

Collection

(Δt)

	
Total Icing Time

(t)






	
0.2

	
25.4

	
−16 ℃

	
0.58

	
50

	
4

	
5 min

	
30 min




	
0.6

	
76.39

	
5 min

	
30 min




	
1.0

	
127.4

	
5 min

	
30 min




	
1.5

	
191.1

	
90 s

	
270 s




	
2.5

	
318.5

	
50 s

	
150 s




	
3.5

	
445.9

	
30 s

	
90 s
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