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Abstract

:

This study investigated the meteorological conditions leading to ice formation on wind turbines in a coastal mountainous area. An enhanced ice formation similarity criterion was developed for the experimental design, utilizing a scaled-down model of a 1.5 MW horizontal-axis wind turbine in icing wind tunnel tests. Three-dimensional ice shapes on the rotating blades were obtained and scanned using advanced 3D laser measurement technology. Post-processing of the scanned data facilitated the construction of solid models of the ice-covered blades. This study analyzed the maximum ice thickness, ice-covered area, and dimensionless parameters such as the maximum dimensionless ice thickness and dimensionless ice-covered area along the blade. Under the experimental conditions, the maximum ice thickness reached 0.5102 m, and the ice-covered area extended up to 0.5549 m2. The dimensionless maximum ice thickness and dimensionless ice-covered area consistently increased along the blade direction. Our analysis of 3D ice shape characteristics and the ice volume under different test conditions demonstrated that wind speed and the liquid water content (LWC) are critical factors affecting ice formation on blade surfaces. For a constant tip speed ratio, higher wind speeds and a greater LWC resulted in increased ice volumes on the blade surfaces. Specifically, increasing the wind speed can augment the ice volume by up to 57.2%, while increasing the LWC can enhance the ice volume by up to 149.2% under the experimental conditions selected in this study.
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1. Introduction


When wind turbines operate in cold climate conditions, they may encounter airflow containing supercooled water droplets or encounter rain and snow, resulting in icing on their surfaces. This not only affects their performance but also poses a threat to their safe operation. Therefore, studying icing issues and their mitigation measures for wind turbines is of significant theoretical and practical importance [1]. In icing research, accurately obtaining real ice formation information has long been a crucial focus in the field of icing experiments [2,3,4,5,6]. Detailed 3D ice shape information is a key parameter for experimental goals such as selecting critical ice forms, evaluating anti-icing system performance, and developing ice models. It also holds important value for validating computational fluid dynamics (CFD) icing calculations and aerodynamic calculations under icing conditions.



The primary approaches for investigating the icing morphology on wind turbine blades encompass field observations, simulation calculations, and icing wind tunnel tests. Field observations primarily entail monitoring wind turbine icing within wind farms. However, accurately mapping the ice shape proves challenging due to various practical factors, with the main data collected focusing on changes in wind turbine output power. Simulation calculations employ numerical simulation methods to individually address the flow field around the blades, droplet motion and impact characteristics, heat transfer, and phase change processes, to derive icing shapes [7,8]. With developments in computer technology and CFD technology, simulation calculations have emerged as a crucial tool in icing research. However, due to our limited comprehension of icing mechanisms, particularly the complex coupled mass and heat transfer processes subsequent to the impact of supercooled water droplets on the blade surface, simulation calculations may not precisely determine ice shapes under specific conditions [9,10,11]. Icing wind tunnel tests entail establishing an artificial icing cloud environment on the ground for icing investigations. In comparison to simulation calculations, icing wind tunnel tests can yield quantitative results at a relatively lower cost and serve as the primary method for obtaining icing shapes [12,13,14,15].



The predominant technique utilized to determine the geometric configuration of ice in large icing wind tunnels is the “hot knife method”. This method involves the utilization of heated copper metal sheets to melt ice within ice blocks, thereby creating gaps. Subsequently, ruler paper is inserted into these gaps, and the outer contour of the ice is delineated with a pencil. While this method is simple and easily executable, the process of cutting ice shapes with a hot knife can lead to the melting of ice surrounding the cutting seam, thereby disrupting the ice structure. Additionally, inaccuracies may be introduced into the measurement results of ice shapes due to variables such as the angle and position of the pencil during the manual tracing of ice shape trajectories [16,17]. An alternative approach, the casting method, involves direct contact with the ice to ascertain its 3D shape. Through the judicious selection of materials for manufacturing, this method achieves enhanced precision [18,19]. However, the high cost of casting materials, lack of reusability, and time-intensive casting process significantly constrain the widespread adoption of this technique. Three-dimensional scanning technology represents an efficient and practical non-contact measurement methodology that amalgamates structured light technology, phase measurement technology, and computer vision technology. This technology enables the rapid and effective acquisition of 3D object information, offering significant advantages such as high scanning accuracy, rapid speed, and an extensive scanning range. It has found broad applications in diverse domains including cultural heritage preservation, civil engineering, and industrial inspection [20,21,22,23,24]. When compared with the casting method, 3D scanning facilitates the generation of digital ice shapes. These digital representations serve three primary purposes: data analysis and preservation, model creation for aerodynamic testing, and grid development for CFD simulations. Despite its utility, 3D scanning technology has been underutilized in research pertaining to ice formation on rotating turbine blades. Recent studies conducted by National Aeronautics and Space Administration (NASA) researchers have employed 3D scanning technology to conduct ice shape assessments in icing wind tunnels, thereby acquiring digital ice shape data for aircraft wings and yielding promising results [25,26,27]. Nevertheless, these investigations primarily showcase the feasibility of obtaining detailed ice shapes using this method and do not delve deeper into the icing mechanism. Furthermore, the results are predominantly applicable to aircraft icing research, where substantial distinctions exist in icing behaviors between aircraft wings and turbine blades operating under rotating conditions.



This study focused on conducting icing wind tunnel tests on a scaled-down model of a 1.5 MW horizontal-axis wind turbine. A refined criterion for simulating rotating blade icing, which was developed based on meteorological icing conditions specific to wind turbines in a coastal mountainous region, was utilized. The research delved into exploring experimental and measurement techniques to capture ice formations on the turbine blades. Three-dimensional laser scanning technology was employed to gather detailed information on the ice shapes present on the rotating blades. Subsequently, the scanning data were processed to analyze various icing characteristics, including the maximum ice thickness on 3D cross-sections, ice-covered area, dimensionless parameters, and ice volume.




2. Experimental System


Figure 1 illustrates a schematic diagram of the icing wind tunnel test system that was designed and employed in this study. Situated in Northeast China, characterized by cold and extended winters, the laboratory introduced cold air into a standard wind tunnel during the winter season. Building upon this configuration, a naturally low-temperature icing wind tunnel was developed [28,29]. Through this experimental setup, a series of icing tests were performed on wind turbine blades [30,31].



The exit dimensions of the icing wind tunnel test system measure 1 m × 1 m, with an average wind speed accuracy at the exit section of ±3%. The wind tunnel exit section is composed of a spray section, mixing section, test section, and water mist discharge section. The spray system at the exit dispenses water droplets and includes a 2-layer, 4-nozzle spray rack, centrifugal nozzles, controller, air pump, filter device, water tank, and proportional–integral derivative (PID) temperature controller. Electric heating bands are incorporated on the spray rack to prevent water in the pipelines from freezing. The system enables control over the liquid water content (LWC) and mean volumetric diameter (MVD) of droplets through real-time adjustment of the liquid water flow and air pressure. Water droplets undergo supercooling as they pass through the wind tunnel test section with cold air, colliding and freezing on the rotating test blades downstream in the wind tunnel.



The primary parameters of the icing wind tunnel test encompass wind speed, temperature, LWC, and MVD. The wind speed calibration is conducted using an AVM-01 anemometer to measure the wind tunnel exit velocities. Wind speeds vary from 0 m/s to 17 m/s, adjusted by modulating the frequency of the wind tunnel fan motor. LWC calibration is achieved through a grid method employing organic glass (polymethyl methacrylate, PMMA). By regulating the flow rates of the spray system and air pressure, LWC levels are maintained between 0.2 g/m3 and 1.5 g/m3, in accordance with experimental specifications. MVD calibration is carried out using a laser particle size analyzer (Winner-319C (Jinan, China)), indicating that at flow rates ranging from 200 to 400 mL/min and a water pressure of 0.3 MPa, the wind tunnel predominantly consists of water droplets with diameters centered at approximately 30 μm.



2.1. Experimental Model


Figure 2 illustrates a schematic diagram of the downscaled wind turbine model utilized in the icing wind tunnel experiments. The model operates at a scale ratio of 100:1, featuring a rotor diameter of 0.8 m and blade length of 0.37 m. The central hub is constructed from 45 quenched and tempered steel, while the blades are fabricated using nylon material with a surface roughness of 0.05 mm by employing 3D printing technology. Each blade is affixed to the hub using two bolts, and the hub and blades are linked to a permanent magnet brushless variable frequency motor through a key coupling. The motor, with a power rating of 450 W and a torque of 1.23 N·m, delivers a constant torque output regulated by a controller to uphold a consistent rotational speed of the wind turbine model within the wind tunnel. The motor is securely mounted on a stand to the ground, ensuring alignment of the rotational center of the model with the center of the test section at the wind tunnel exit.




2.2. Measurement Equipment


The laser measurement equipment utilized in this research was the FreeScan X5 multifunctional handheld 3D scanner manufactured by SHINNING 3D (Hangzhou, China). This device is capable of achieving a scanning speed of up to 350,000 points/s with a measurement accuracy of 0.030 mm. The 3D scanner is utilized to capture the external 3D structure of ice formations, acquiring point cloud data of the ice shapes. The scanning measurement system is depicted in Figure 3, produced through 3D modeling and virtual reconstruction. To ensure a high resolution, a slow movement approach is adopted during scanning, with repeated scans of the same area to capture complete regional features.





3. Experimental Methods


3.1. Ice Accretion Similarity Criteria


To ensure that the results of ice accretion wind tunnel experiments are representative of actual icing conditions, adherence to the principles governing icing processes and the identification of suitable similarity criteria are imperative. These criteria serve as a foundation for the selection of appropriate experimental variables in ice accretion wind tunnel tests, guaranteeing that the ice buildup on the test model mirrors real-world scenarios as accurately as possible [32,33]. Presently, Arnold Engineering Development Complex (AEDC) criteria established by NASA and Office National d’Études et de Recherches Aérospatiales (ONERA) criteria developed by French research institutions are well-established systems of similarity criteria. While ONERA’s criteria allow for flexibility in choosing velocity and pressure values, they necessitate that pressure remains within a specific range to achieve comparable icing conditions. On the other hand, AEDC criteria provide guidelines for pressure determination but may surpass the capabilities of wind tunnel equipment in terms of selecting numerical parameters, thereby requiring adjustments in the size of the test model. Consequently, this research adopted an enhanced ice accretion similarity criterion proposed by Yi and Zhu [34]. This criterion incorporates the assumption of equal dynamic pressure as a prerequisite for defining similarity criteria, thereby establishing a connection between pressure and velocity and addressing the limitations of AEDC and ONERA criteria.



Additionally, to ensure similarity of the flow field, this study employed the equivalent velocity method. This methodology aids in overcoming the mutual restrictions imposed by Reynolds numbers on similarity assessments or computations of icing parameters, thereby enabling control over other similarity parameters. The utilization of the equivalent velocity method in achieving flow field similarity in the ice accretion system of rotating wind turbine blades is justified due to the typical location of the ice accretion region at the leading edge of the airfoil. This flow configuration allows the flow field at the leading edge of the wind turbine blade to be treated as a potential flow, resulting in an extremely thin boundary layer at the leading edge of the blade. Consequently, this thin boundary layer allows for the neglect airflow viscous effects and their minimal impact on the icing process [35]. Therefore, within a specific range, it is viable to select the same inlet wind speed for scaled model tests as for full-scale models, which corresponds to selecting the same Mach number. Consequently, the flow field similarity criteria established for the ice accretion similarity system in this study are expressed as follows:


    V   m   =   V   f    



(1)







Wind turbine blades are considered common rotating power equipment. Their icing behavior when not in operation resembles that of static airfoil icing. However, when in operation, they display dynamic icing behavior. Consequently, to establish similar icing conditions for wind turbine blades under rotational circumstances, this experiment took into account the necessity of ensuring that the model replicates the same tip speed ratio as an operational wind turbine experiencing the wind speeds, given the limited existing theoretical research on the subject:


    λ   m   =   λ   f    



(2)







In summary, the method for selecting ice accretion similarity parameters for rotating blades in this study can be described as follows:



	(1)

	
The characteristic length of the scaled model is selected as follows:


    c   m   = k   c   f    



(3)








	(2)

	
The pitch angle of the blades is determined based on geometric similarity as follows:


    θ   m   =   θ   f    



(4)








	(3)

	
The test wind speed for the scaled model is selected as follows:


    V   m   =   V   f    



(5)








	(4)

	
The test temperature (T) is determined using thermodynamic similarity as follows:


    T   m   =   T   f    



(6)








	(5)

	
The test droplet particle diameter (d) is obtained using the modified inertia parameter [36] as follows:


    d   m   =   d   f     (      L   m       L   f      )      1    2 -  κ        (      p   m       p   f      )      κ    2 -  κ        (      T   m       T   f      )      - κ    2 -  κ        (      v   m       v   f      )      κ  - 1     2 -  κ       



(7)








	(6)

	
The ice water content LWC in the scaled model test is calculated as follows [34]:


  ( LWC   )   m    = (  LWC   )   f        (   P   m   /   P   f   )   0.5       (   L   m   /   L   f   )   0.5     (   V   m   /   V   f   )   0.5       



(8)








	(7)

	
The test pressure (P) is determined based on dynamic pressure similarity principles as follows [34]:


    P   m   =   P   f   (      V   m       V   f      )   (      T   m       T   f      )   2    



(9)








	(8)

	
The test time (t) is determined based on the similarity aggregation factor (Ac) [34] as follows:


    t   m   =   t   f        (   L   m   /   L   f   )   1.5       (   V   m   /   V   f   )   0.5     (   P   m   /   P   f   )   0.5       



(10)








	(9)

	
The tip speed ratio during rotation is determined based on rotational parameter similarity as follows:


    λ   m   =   λ   f    



(11)












3.2. Experimental Parameters


Wind turbine blade icing can be classified according to its icing characteristics as rime ice, clear ice, wet snow, and mixed ice. The meteorological conditions for wind turbine icing in this study were derived from the research of Drage and Hauge [37], where they experimentally determined the meteorological conditions for atmospheric icing at Brosviksåta on the Norwegian west coast (Table 1).



In Table 1, the wind speeds are 6 m/s, 8 m/s, and 10 m/s, LWCs are 0.1 g/m3, 0.18 g/m3, and 0.25 g/m3, and the temperature is −8 °C, with an icing duration of 8 h for investigation. Based on these conditions and referring to the rated parameters under different wind speeds of a 1.5 MW horizontal-axis wind turbine generator, to the ice accretion similarity theory parameter selection method described above, and considering the comprehensive capabilities of the ice accretion wind tunnel test, the experimental conditions for scaled model icing wind tunnel tests were selected, as shown in Table 2.




3.3. Experimental Implementation


3.3.1. Preparation of Contrast Agent


The transparency and refraction of ice pose challenges in determining the central axis of the laser beam emitted by a 3D laser scanner when it irradiates the ice surface. This difficulty hinders effective scanning of the ice and impacts ice shape measurement. To address this issue, it is essential to apply a contrast agent on the ice surface before scanning to improve its reflectivity. This enhancement allows the scanner to recognize the surface characteristics of the ice. However, many commercially available contrast agents for 3D scanning contain ethanol, which is added to ensure volatility and leave white traces. When ethanol interacts with ice, it causes melting, leading to the mixing of melted water with ethanol. This mixture inhibits the proper evaporation of ethanol, diminishing the effectiveness of the contrast agent. In this research, a coating based on titanium dioxide was utilized. It was uniformly sprayed onto the ice surface using a spray gun [26]. The ice surface both before and after the application of the contrast agent is illustrated in Figure 4.




3.3.2. Experimental Procedure


The following steps outline the procedure for conducting the icing experiment, ensuring accurate measurement and data collection:




	
Before the icing experiment begins, the model is adjusted to the experimental state, the computer is started, and the scanner is connected. The scanner exposure is adjusted using the software to ensure optimal performance under the experimental conditions of the day;



	
The wind tunnel is opened, and the wind speed is adjusted to the experimental set speed, introducing outdoor cold air flow;



	
Once the temperature reaches the set experimental temperature, the spray system is activated, and the motor controller is adjusted to rotate the wind turbine model according to the specified parameters. The icing time is recorded, and the icing wind tunnel experiment is started;



	
After 120 s of icing time, the icing wind tunnel test system is shut down, marking the end of the icing wind tunnel experiment;



	
Following the experiment, the ice-covered blades are carefully removed. A contrast agent is uniformly sprayed on the ice positions using a spray gun, and the ice-covered blades are fixed on the scanning stage;



	
A handheld 3D laser scanner with a laser scanning probe is used to measure 3D ice profiles of the ice-covered blades from multiple angles. After scanning, the ice shape point cloud data are inspected to ensure comprehensive coverage of the areas to be measured, minimizing data discontinuities;



	
Both the clean model surface point cloud data and the ice shape point cloud data are reconstructed to form model reconstruction surfaces and ice shape reconstruction surfaces. These are aligned and matched to obtain the model-ice shape reconstruction surfaces.









3.3.3. Processing of Scanned Data


The processing of scanned data is conducted utilizing Geomagic Design X [26]. By following the scanning process, both organized and unorganized point cloud data are produced. Only the organized point cloud data are preserved and undergo surface reconstruction to produce solids, which are subsequently transformed into digital models compatible with forward modeling software such as SolidWorks and SCDM. These models are designed for further analysis, physical modeling, or numerical simulations. The detailed steps for processing point cloud data are outlined as follows:




	
Noise Reduction: During the scanning process, uncertainties stemming from the scanner and the scanning environment can lead to certain points deviating from the surface being scanned, thus creating outliers. The utilization of the noise reduction command aids in repositioning these points to their statistically accurate locations, thereby guaranteeing a more seamless arrangement of points;



	
Alignment and Merging: The process involves manually aligning multiple scanned point cloud data sets of the same ice-covered blade at various angles to create a more comprehensive point cloud data set. This procedure includes selecting two imported scanned point cloud data sets, identifying three corresponding points on the ice-covered blade that are not on the same plane based on morphological features, and aligning them using Geomagic’s algorithms. This alignment process is repeated for the remaining data sets to combine them and produce a more accurate and complete point cloud data set of the ice-covered blade (Figure 5);








	
Conversion to Triangle Mesh: The merged point cloud data are converted into a triangle mesh surface. During the conversion process, offsets between the camera and laser on the scanner can result in instances where the laser projection is not recognized by the camera, especially when the ice has significant depth or is obscured by other ice features. This can create holes of varying sizes and quantities in the mesh. Smaller holes are filled directly using the “internal hole” command, while larger holes necessitate the use of commands such as “boundary hole” and “bridging” to segment large holes into smaller ones before patching;



	
After analyzing the point cloud data, different model reconstruction surfaces and ice shape reconstruction surfaces are produced to create solid structures. Figure 6 illustrates a color map representing volumetric deviations between the processed model and the initial scan data, indicating that the majority of locations in the processed model adhere to the specified accuracy threshold of 0.03 mm. Figure 7 depicts detailed perspectives of the ice-covered blade entity formed during post-processing.









4. Experimental Results and Analysis


4.1. Three-Dimensional Morphology of Rotating Blade Ice Accretion


The ice accretion wind tunnel experiments were carried out according to the specified parameters, leading to the formation of fully ice-covered blades. Subsequently, a contrast agent was applied to the ice, followed by 3D scans under nine operational conditions. These scans unveiled the 3D morphology of the ice-covered blades (Figure 8).



Figure 8 graphically illustrates the suction and pressure surfaces of a single frozen blade model of a 1.5 MW horizontal-axis wind turbine under nine test conditions in a pictorial form. In Figure 8, ice predominantly forms on the leading edge of the blades. In the vicinity of the root, where the speed of water droplets is reduced because of the wind turbine’s rotation, the ice layer is thinner and smoother. Ice buildup progressively intensifies towards the radial direction; this is because the relative speed in the vicinity of the tip of the blade is greater than that at the root of the blade in the process of rotation, and the increase in the speed will increase the frequency of water droplets in the air impacting the surface of the blade, with scattered regions of localized icing. The external surface of the ice shifts gradually from a smooth to a rough texture along the blade spread, exhibiting inclined or irregular patterns on the rough ice surface. With the increase in wind speed and liquid water content, the increase in icing in the leading edge portion of the blade is relatively significant, and there is a tendency for the icing thickness in the leading edge portion of the blade to increase.



Figure 9 illustrates a comparison between 3D scan results and photographs of ice accretion on the blades, showing a significant level of agreement between the observed ice accretion and 3D scan results. The 3D scanning method effectively captures complex characteristics of the ice accretion.




4.2. Analysis of Ice Accretion Characteristics


To examine the ice properties on the surfaces of wind turbine blades, the blade was partitioned into different 2D planes utilizing the blade element momentum theory for the analysis of ice characteristics on the blade surface [38]. The airfoil sections of the wind turbine blade were divided at locations 16.3% (6 cm), 41.3% (15.2 cm), 66.3% (24.4 cm), and 91.3% (33.6 cm) from the blade root (Figure 10).



Since these characteristics are interdependent and not mutually exclusive, not all characteristics were analyzed. Two typical 2D characteristics were selected for analysis: the ice-covered area S and the ice thickness σ at the leading edge of each airfoil section. As the shapes and sizes of the airfoil sections vary along the span of the wind turbine blade, the dimensionless parameters ησ for the dimensionless leading σ and ηs for S were introduced as follows:



where ησ represents the dimensionless leading edge ice thickness, which can be determined as follows:


    η   σ   =    σ   c     



(12)




where ηs represents the dimensionless ice-covered area, which can be obtained as follows:


    η   s   =    S     S    blade        



(13)







The analysis of the ice accretion characteristics on the wind turbine blade surface at various cross-sectional airfoil positions under nine different conditions is presented in Figure 11.



The examination of dimensionless parameters related to the ice accretion thickness and ice-covered area at different cross-sectional airfoil positions (Figure 11) revealed variations. In proximity to the root of the wind turbine blade, the stationary ice thickness was observed to be thinner, with a smaller ice-covered area. Moving towards the spanwise position, the ice thickness initially increased, stabilized, and then decreased, while the ice-covered area initially increased and subsequently decreased. However, for wind turbine blades, an increase in the spanwise position led to a decrease in the chord length and cross-sectional area of the airfoil, resulting in an increase in the dimensionless stationary ice-covered area with the rise in cross-sectional position. This behavior is attributed to the varying curvature radii of the airfoil’s leading edge at different blade positions, causing differences in relative velocities. Smaller curvature radii correspond to higher relative velocities, making it challenging for supercooled water droplets to alter their trajectory when passing over the blade, increasing the likelihood of impacting the leading edge and enhancing water droplet collection efficiency along the spanwise direction. Additionally, the predominant formation of clear ice under the experimental conditions was observed. Upon making an impact with the wind turbine blade surface, supercooled water droplets do not immediately freeze but flow along the spanwise direction due to airflow shear force, gravity, and centrifugal force, gradually freezing over time. This phenomenon suggests that airfoils closer to the blade tip experience a greater impact from ice accretion.



Figure 12 illustrates the ice volume on the blade under various conditions. The influence of the liquid water content (LWC) on the ice volume is analyzed, where the other conditions remain unchanged, namely Cases 1, 2, and 3, Cases 4, 5, and 6, and Cases 7, 8, and 9. For LWC = 0.25 g/m3, 0.45 g/m3, and 0.62 g/m3, the ice volume is increased in all the conditions. The influence of the wind speed on the ice volume is analyzed, where LWC = 0.25 g/m3 and other conditions are kept constant, namely Cases 1, 4, and 7, where the ice volume increases in sequence. The influence of the wind speed on the ice volume is obvious; when the LWC is increased to 0.45 g/m3, namely Cases 2, 5, and 8, the ice volume still increases gradually, but the change is not obvious, and the influence of the wind speed on the ice volume weakens; when the LWC = 0.62 g/m3, namely Cases 3, 6, and 9, the difference in ice volume is small, and the ice volumes of Cases 6 and 9 are almost the same. This indicates that as the LWC increases, the influence of the wind speed on the ice volume gradually decreases.




4.3. Analysis of Ice Accretion Characteristics on Blade Surfaces at Different Wind Speeds


For the comparative analysis of ice forms on the blade surfaces of a 1.5 MW wind turbine under different wind speeds, Cases 1 and 4, Cases 2 and 5, and Cases 3 and 6 were chosen based on the same rated tip speed ratio. This investigation revealed that ice accumulation on the blades is significantly impacted by wind speed variations. Higher wind speeds lead to increased ice buildup on the blades, thicker ice formation at the leading edge, and a larger coverage area of ice. This phenomenon is attributed to the higher velocities of blade sections at an 8 m/s wind speed compared to 6 m/s under identical tip speed ratio conditions, which occurs because the relative speed of the blade section is bigger. When water droplets with the same MVD move along the airflow field at the same speed, the greater the wind speed, the greater the velocity at which the water droplets move with the flow field, the less likely they are to deflect with the flow field, and the more likely they are to impact with the leading edge of the blade, resulting in a greater impact area for water droplets.



In Figure 13, the total ice volumes under Cases 1 and 4, Cases 2 and 5, Cases 3 and 6 are 2480.828 mm3, 3900.713 mm3, 6183.353 mm3, 8853.484 mm3, 8426.813 mm3, and 13,048.866 mm3, respectively. The statistical analysis indicates that an increase in wind speed and consequently blade rotational speed results in a higher ice volume on the blade surfaces. Furthermore, higher wind speeds lead to a more significant increase in ice volume; specifically, when the wind speed rises from 6 m/s to 8 m/s, the ice volumes increase by 57.2%, 43.2%, and 54.8%, respectively. This phenomenon can be attributed to the fact that the enhanced inflow velocity modifies the flow field around the blade, elongating the wake region behind the blade. Consequently, this alteration in flow velocity induces a more substantial increase in velocity over the pressure side of the blade and a more pronounced pressure difference between the pressure and suction sides. Within the flow field surrounding the blade, supercooled liquid water droplets are impacted by variations in the airflow, with higher wind speeds leading to a greater number of droplets hitting the pressure side of the blade. As a result, the frequency of impacts on the pressure side increases, while the frequency of impacts on the suction side decreases as supercooled liquid water droplets move away from the blade.




4.4. Analysis of Ice Accretion Characteristics on Blade Surfaces under Different LWCs


The LWC in the air is a crucial parameter for studying wind turbine blade icing, as it reflects the amount of freezable water present. To analyze the impact of varying LWCs under identical icing conditions, Cases 1–3, Cases 4–6, and Cases 7–9 were selected for a comparative analysis of ice forms. Observations of blade surface icing under different LWCs revealed consistent ice morphology and accretion trends. With an increasing LWC, the ice thickness on the blade surface at the same location increases, the 2D cross-sectional area of ice formation enlarges, and there is varying expansion in the icing areas on the suction and pressure sides near the blade root.



In Figure 14, the total ice volumes on the blade surfaces under Cases 7–9 are 6228.42 mm3, 9039.214 mm3, and 13,513.986 mm3, respectively. The statistical analysis indicates that the total ice volume on the blade surfaces increases with a higher LWC in the air. Specifically, at a wind speed of 6 m/s, increasing the LWC leads to ice volume increases of 149.2% and 36.3% for the examined conditions; at 8 m/s, the increases are 126.9% and 47.4%; and at 10 m/s, the increases are 45.1% and 49.5%. This pattern is attributed to the higher LWC, which enhances the freezable water content in the air, resulting in more frequent impacts of supercooled water droplets on the blades. Consequently, this process increases ice thickness and the 2D cross-sectional area of ice formation. In the experimental setup, clear ice is the predominant type of ice formation, where impacted supercooled water droplets freeze upon impact and flow over the blade surface due to various forces. This phenomenon covers areas where no droplets directly impact, leading to ice formation in those regions during wind turbine operation and expanding the overall icing coverage. In contrast, if the ice formation were predominantly frost ice, minimal overflow water would be present on the blade surface, with most supercooled water droplets freezing upon impact. As a result, the icing coverage would approximate the wing surface area between the icing limit and water collection limit for the same icing duration on identical models, resulting in a smaller icing area for frost ice compared to clear ice.





5. Conclusions


Drawing upon pertinent research advancements in icing and taking into account practical engineering implications for wind turbine icing, this study developed a wind tunnel icing test system for 1.5 MW horizontal-axis wind turbine blades, in conjunction with 3D laser scanning technology for ice shape measurement on the test platform, and introduced an experimental research approach appropriate for examining ice buildup on rotating horizontal-axis wind turbine blades. This setup enabled the acquisition of detailed data models of blades covered in ice, offering precise ice shape data to support research on wind turbine icing and de-icing. The primary results can be summarized as follows:




	(1)

	
Under the specified experimental parameters, blade icing predominantly manifested in clear ice and mixed ice states. The icing area emerged within 30% to 50% of the leading edge of the blades. Progressing along the blade’s span from the base, the ice accumulation on the surface shifted from being smooth to rough, with the rough regions exhibiting inclined or irregular patterns that modified the aerodynamic properties of the blades;




	(2)

	
Under the limit conditions set in this study, the maximum ice thickness on 2D wing cross-sections of the ice-covered blades reached 0.5102 m, with an ice-covered area of up to 0.5549 m2, and the icing volume reached 13.514 m3 under the test conditions. When analyzing the influence of the position of the section on the ice accretion characteristics, the 0D maximum ice thickness and ice-covered area increased consistently along the blade’s direction, indicating that the impact of ice accretion is more pronounced on wing sections nearer to the blade tip;




	(3)

	
The quantitative analysis of experimental data revealed that wind speed and the LWC in the air are the predominant factors affecting ice accretion on blade surfaces. When tip speed ratios were held constant, higher wind speeds were found to correlate with elevated surface ice volumes, potentially increasing by 43.2%~57.2% with the escalation of wind speeds. Likewise, higher LWC levels were associated with a greater surface ice volume, potentially increasing by 36.3%~149.2% with higher LWC concentrations.
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Figure 1. Schematic of ice wind tunnel experimental system. 
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Figure 2. Installation of experimental model in wind tunnel testing area. 
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Figure 3. Handheld laser 3D scanning system. 
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Figure 4. Comparison of ice surface before and after spraying with white paint. 
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