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ABSTRACT 
 

This thesis presents an analysis of power loss of a representative 1.5 MW wind turbine for 

variable icing conditions. Power losses are estimated using aerodynamic data obtained in a 

combination of two experimental methods. Atmospheric icing conditions varying in temperature, 

droplet size, and liquid water content are generated in an icing facility to simulate a 45-minute icing 

event on a representative wind turbine airfoil section. The ice shapes are then molded for 

preservation and subsequent wind-tunnel testing. Lift and drag measurements are made and used 

to estimate the total power production of the iced wind turbine using a blade-element momentum 

theory prediction code. Detailed measurements of ice profiles show that aerodynamic penalties are 

mainly a function of surface roughness due to icing. A 16% loss of airfoil lift at operational angle 

of attack is observed for freezing-fog conditions. Drag increases at a lift coefficient of 0.5 are 

observed to be 190% at temperatures near 0°C, 145% near -10° C, and 80% near -20°C. An analysis 

of the wind turbine aerodynamic loads due to atmospheric icing yields power losses ranging from 

16% to 26% near an average wind speed of 8 m/s. An exception to these results exists for a single 

super-large droplet icing case in which lift decrease and drag increase are more severe at 25% and 

219%, respectively. The analysis gives insight to potential control strategies for wind turbine 

operators attempting to minimize revenue loss in cold-climate operations. 
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Chapter 1  
 

Introduction  

Wind turbines are becoming increasingly prevalent and important in the generation of 

renewable energy around the world. Wind energy generating capacity in the US has increased from 

2500 MW in 1999 to 28,500 MW in early 2009 [1]. The growth of the wind industry is leading to 

an increased interest in wind farms in cold climate regions both in Northern Europe and North 

America [2]. These cold climate regions expose wind turbines to atmospheric icing conditions, 

which can result in multiple wind farm icing events during the winter season. Many studies show 

that these events lead to severe power degradation [2-16]. This results in large losses of revenue 

for wind turbine operators during the winter season and an Annual Energy Production (AEP) loss 

of up to 20% [5]. In addition to revenue lost by reduced AEP, costs can be incurred due to inaccurate 

power forecasting and penalties associated with grid integration [17]. 

The driving force behind these power losses is degradation of airfoil performance due to 

icing. In an icing event, super-cooled water droplets accrete to wind turbine blades, causing an 

alteration to both the shape and surface roughness of local blade airfoil sections [13, 18]. The 

aerodynamic changes associated with these alterations are well understood for aircraft airfoil 

geometries. Bragg gives an excellent review of iced airfoil aerodynamics, discussing the decrease 

in lift and increase in drag on the airfoil section for various types of ice [19]. However, aerodynamic 

penalties can be different for different airfoil geometries under the same icing conditions and less 

investigation has been given to wind turbine airfoils [19]. The lack of reliable aerodynamic data for 

iced wind turbine airfoils is illustrated by a recent study by Laasko et al. that suggests additional 

research is needed to better predict the aerodynamic penalties associated with particular icing 
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conditions [4]. This gap of information and burgeoning interest in cold climate wind farms is the 

motivation behind this research. 

Literature Review 

 There have been many studies related to aircraft and rotorcraft icing dating back to the late 

1920ôs [19]. However, icing studies related to wind turbines are less prevalent and are still in stages 

of discovery and learning. The studies range from numerical simulations of wind turbine power 

loss, experimental quantification of aerodynamic losses, and actual measurements of losses at wind 

energy sites. The following sections review recent research from each of these categories. 

Review of Numerical Studies 

Many recent studies of the changes in wind turbine performance are investigated with the 

use of computational simulations of both ice accretion and aerodynamics [6, 7, 10, 11, 16, and 20]. 

The ice accretion simulations provide accurate ice shapes, but must be supplemented with 

smoothing functions and surface roughness parameters to obtain the correct surface roughness. The 

surface roughness information is critical to predicting the correct drag of the iced airfoil because 

small changes in surface roughness can yield dramatic differences in airfoil performance. At times, 

the surface roughness can be more significant than the actual size, shape, and placement of the 

accreted ice [16]. Switchenko et al., in regard to FENSAP-ICE (a commonly used wind turbine ice 

accretion and aerodynamic solver), suggest that more research is needed in the area of surface-

roughness effects for particular icing conditions [16]. This conclusion motivates the study of this 

thesis to find detailed aerodynamic performance data for particular icing conditions on a commonly 

used wind turbine airfoil. 
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In addition to issues with unreliable surface roughness-information, numerical simulations 

can produce different aerodynamic results depending on the solver being used. Even with ice 

properties held constant, a comparative study of various RANS solvers yielded differences in airfoil 

performance depending on the type of turbulence modeling (specifically in the glaze ice regime) 

[20].  Attempting to numerically simulate the multi-phase flowfield about an iced wind turbine 

rotor is a difficult and computationally expensive task. Information provided in this thesis can help 

validate results obtained by these complex solvers.  

Experimental Studies 

Other research on wind turbine performance degradation due to icing includes 

experimental studies of many types [3, 9, 10, 13, and 15]. Similar to numerical studies, some of 

these experimental studies use ice accretion codes to generate simulated ice shapes for experimental 

wind-tunnel or water-tunnel testing [3, 13]. Once again, roughness must be simulated on these 

shapes by grit, and the aerodynamic drag results differ depending on the chosen k/c value [13]. 

These studies accurately document the aerodynamic performance of the grit roughness, but lose 

accuracy in predicting drag of the true ice roughness. 

Other studies experimentally generate actual ice shapes for aerodynamic analysis [9,10]. 

However, the chosen airfoils for these studies (S809 [9] and NACA 64-415 [10]) are for stall-

regulated wind turbines at lower operational Reynolds number and will have different aerodynamic 

characteristics than an airfoil designed for a utility-scale pitch-controlled wind turbine. These 

experiments provide valuable insight into the physics of ice accretion and the unique icing 

properties of wind turbine blade geometries. The assortment of data at similar icing conditions to 

the research performed in this thesis is important for comparison and validation of results. 
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Field Observations 

Some of the most valuable data available on wind turbine icing is from actual wind farms 

operating in cold climates. However, these data are difficult to analyze for wind turbines due to the 

large time scale of wind turbine power generation and the many variables involved. Some 

researchers have been able to analyze the data and publish summaries of power losses [2, 4, 5, and 

8]. 

A study of particular interest is from Gillenwater et al. regarding the energy losses at 

Canadian wind energy sites during the winter season [8]. The study integrated data collected over 

four years of wind farm operations at two separate sites. The study concluded that average power 

losses of 26% to 27% are observed and that ñoperation procedures during an icing event should be 

modified in order to reduce the risks (of performance losses) and maximize production [8].ò The 

conditions at these sites are very similar to conditions replicated in this research and are suited for 

comparison of experimental results. The end goal of the research presented here is to fulfill 

Gillenwater et al.ôs request by exploring operating procedures that reduce the risks of performance 

losses and maximize production based on detailed aerodynamic performance data.  

Research Objectives 

This thesis presents a combined experimental and computational effort to predict wind 

turbine performance changes due to ice accretion at various representative atmospheric conditions. 

The focus of this effort is to obtain accurate aerodynamic data by generating ice on a representative 

utility -scale wind turbine airfoil in an ice accretion facility and mold the ice shapes for subsequent 

wind-tunnel testing. The experiments are designed in order match Reynolds number as close as 

possible to the flowfield properties of a utility-scale wind turbine. The changes in airfoil 
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performance characteristics are measured to provide a comparison of aerodynamic penalties for 

varying icing parameters. The aerodynamic information is finally used as an input to a wind turbine 

performance analysis code to yield power losses for the icing conditions and to provide initial data 

for operational strategies. 

The following tasks will be conducted: 

 

1. Design a utility -scale wind turbine suitable for analysis based on experiments carried out 

on a representative airfoil. 

2. Choose properties for ice accretion and wind tunnel experiments based on the designed 

wind turbine and icing condition recommendations from the project sponsor. 

3. Perform ice accretion experiments and preserve ice shapes by molding and casting them. 

4. Perform wind-tunnel experiments on preserved ice shapes to obtain lift and drag data for 

the representative wind turbine airfoil. 

5. Computationally predict power loss on the representative wind turbine using experimental 

iced-airfoil data. Then provide an analysis of the power loss and strategies for mitigating 

power loss before, during, and after an icing event. 

Thesis Chapter Overview 

This thesis is organized into the following remaining chapters: 

Chapter 2: Selection of Experimental and Computational Conditions: The conditions for 

experimentation are defined by designing a representative wind turbine and choosing an airfoil for 

experimentation. 
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Chapter 3: Experimental and Computational Method: The experimental and computational 

method for determining wind turbine power loss is described in detail. This includes descriptions 

of ice accretion experiments, wind tunnel experiments, and XTurb-PSU calculations.  

Chapter 4: Results and Discussion: Results from ice accretion tests, wind tunnel tests, and 

XTurb-PSU calculations are presented objectively. The implications of the results are then 

discussed as well as their potential applications. 

Chapter 5: Conclusion: The work done in this thesis is summarized along with major results from 

the experiments and computational analysis. Recommendations for future work based on results 

and observations during experiments are also presented. 
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Chapter 2  
 

Selection of Experimental and Computational Conditions 

This research requires replicating flow conditions over a wind turbine blade for two 

different experimental disciplines: icing and aerodynamics. Each of these disciplines is governed 

by its own unique scaling laws and associated experimental limitations. Combining experimental 

methods requires careful attention to both types of scaling. A compromise is made, which allows 

for experimentation at the edge of both the icing and aerodynamic envelope. 

The following section on research design gives details on how the final experimental 

conditions are chosen. The basic icing and aerodynamic conditions of the research are defined. A 

utility -scale wind turbine is designed and modified to allow for experimentation on a primary 

airfoil. The design of the generic wind turbine using XTurb-PSU and the selection of icing 

conditions give flow field and icing parameters for use in ice accretion and wind-tunnel testing 

experiments. 

Selection of a Representative Wind Turbine 

This research attempts to quantify aerodynamic losses for a typical utility-scale wind 

turbine. A 1.5 MW power output is determined to be representative of the utility-scale with a GE 

1.5sle wind turbine representing a typical example. A generic 1.5MW wind turbine, the PSU 

1.5MW, created in XTurb-PSU is used as a baseline for selecting airfoils for testing. The airfoils 

on the PSU 1.5MW wind turbine are from the Delft University dedicated wind turbine airfoil 

family. These airfoils are used by wind turbine manufacturers worldwide and provide excellent 
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performance characteristics to pitch-controlled wind turbines in the 30 to 100 meter rotor diameter 

range [21]. 

To test as many icing conditions as possible, only one airfoil is selected for ice accretion 

experiments and subsequent wind-tunnel testing. The DU 93-W-210 airfoil is chosen because its 

radial location on the turbine blade typically spans much of the region of maximum torque 

generation (see Figure 2-1). The full airfoil distribution for the PSU 1.5MW wind turbine is also 

displayed in Figure 2-2a. 

 

Figure 2-1. PSU 1.5 MW wind turbine torque distribution at VWind = 12 m/s. 

 

The choice of only one blade airfoil motivated the design of a custom 1.5 MW Horizontal 

Axis Wind Turbine for analysis. As mentioned previously, this turbine is designed to be similar to 

a GE 1.5 MW wind turbine [22]. The design starts with the PSU 1.5MW airfoil distribution 
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displayed in Figure 2-2a. This airfoil distribution is then modified so that the DU 93W-210 airfoil 

is the primary airfoil and spans the majority of the torque generating portion of the blade. The inner 

40% region is spanned by cylinder bodies and two root Delft airfoils (see Figure 2-2b). The torque 

distribution in Figure 2-3 for this modified airfoil distribution shows that the inner airfoils only 

generate 16% of the torque at rated wind speed, so aerodynamic penalties on these airfoils due to 

icing are neglected. Setting the primary airfoil at the 40% span location also avoids power 

calculations at high angles of attack near the root, which is outside the range of measured iced 

wind-tunnel airfoil data in this research. 

 

a) Original airfoil d istribution  (PSU 1.5MW). 

 

b) Modified airfoil d istribution  (PSU-Ice 1.5MW). 

Figure 2-2. Generic and modified airfoil distributions. 
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Table 2-1. Airfoil d istribution information for Figure 2-2. 

Blade Span 

Location 
I  II  III  IV  V VI  VII  

a) DU Airfoil  Cylinders 
00-W2-

401 

00-W2-

350 

97-W-

300 

91-W2-

250 

93-W-

210 

95-W-

180 

b) DU Airfoil  Cylinders 
00-W2-

401 

00-W2-

350 

93-W-

210 
N/A N/A N/A 

 

 

Figure 2-3. PSU-Ice 1.5MW torque distribution at VWind = 11 m/s. 

 

A comparison of power curves for the PSU-Ice 1.5MW wind turbine is displayed in Figure 

2-4. It is clear that the modified airfoil distribution results in only small changes between the power 

curves. The PSU-Ice 1.5MW wind turbine performs slightly better than its predecessor because of 

the aerodynamic benefits of the (relatively) thin DU 93-W-210 airfoil. This yields a slightly lower 

rated wind speed, but the power curve still agrees well with the GE 1.5sle [22]. Therefore, the 

modified airfoil distribution for the PSU-Ice 1.5MW wind turbine (see Table 2-2 for technical 

specifications and Appendix C for the XTurb-PSU geometry input file) is representative of a typical 

utility -scale wind turbine. The design of this wind turbine using XTurb-PSU allows for the 

generation of local flowfield and blade geometry properties given a wind speed and radial location 

on the blade. This information is used to define experimental conditions, which are described in 

more detail in a later section. 
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Table 2-2. PSU-Ice 1.5MW baseline information. 

Number of Blades 3 

Rotor Diameter 77 m 

Rated Capacity 1,500 kW 

Cut-in Wind Speed 2 m/s 

Cut-out Wind Speed 25 m/s 

Rated Wind Speed 11 m/s 

Tip Speed Ration Range 2.2 ï 13.9 

Power Control Blade Pitch Control 

  

 

Figure 2-4. Power curve comparison. 

Icing Conditions 

Icing conditions for this research were suggested by collaborators at the National Center 

for Atmospheric Research (NCAR). The conditions are selected to be representative of freezing 

fog conditions encountered in the Great Plains region of the Northern United States. The cases are 

also selected to give reasonable comparisons between the three standard icing reference variables: 

Liquid Water Content (LWC), Median Volumetric Diameter (MVD) , and Temperature (T). The 
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first variable, LWC, is a measure of the concentration of super-cooled water droplets in the air. The 

second variable, MVD, is a measure of droplet size. The LWC, MVD, droplet impact velocity, and 

temperature each affect the physics of ice accretion in different ways. The LWC and MVD tend to 

affect the thickness of accreted ice shapes, while temperature and droplet impact velocity affects 

the local roughness, severity of ice feathers, and adhesion strength of the ice [18]. 

The conditions suggested by NCAR were a spread of low LWC and MVD values 

representing the values typical of freezing fog (see Figure 2-5). Initially, it was intended to define 

cases at each region suggested by NCAR. However, applying scaling laws to these full-scale 

conditions limited the testing envelope to the facility envelope displayed in Figure 2-5 due to testing 

facility limitations (see Chapter 3: Ice Accretion Experiments). The actual physics and details of 

scaling icing conditions are discussed in Chapter 3. 

 

Figure 2-5. NCAR icing conditions envelope. 

 

Six cases are selected from the facility envelope in Figure 2-5 and displayed in Table 2-3. 

Five of these conditions represent the aforementioned freezing fog type ice along with an exception 
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case. The exception case is to experiment with super large droplet (SLD) ice accretion, which is 

representative of a freezing drizzle type condition. The icing event time is chosen to be 45 minutes 

for all cases. This event time is long enough to accrete ice shapes with significant roughness, but 

little deviation in large-scale shape between cases. This is the optimal condition for comparing 

surface roughness characteristics of the different types of ice. Changes due to scaling are also 

displayed in Table 2-3 and are discussed further in Chapter 3. 

Table 2-3. Icing Conditions 

Field Conditions 

Case Ice Type LWC (g/m³) MVD (ɛm) T (°C) Time (mm:ss) 

1 Freezing Fog 0.1 28 -21.3 45:00 

2 Freezing Fog 0.22 25 -10.8 45:00 

3 Freezing Fog 0.22 30 -9.7 45:00 

4 Freezing Fog 0.24 33 -4.5 45:00 

5 Freezing Fog 0.48 33 -2.3 45:00 

6 
Freezing 

Drizzle 
0.26 250 -8.1 45:00 

Facility Scaled Conditions 

Case Ice Type LWC (g/m³) MVD (ɛm) T (°C) Time (mm:ss) 

1 Freezing Fog 0.12 16 -21.5 13:42 

2 Freezing Fog 0.255 14.5 -11 13:54 

3 Freezing Fog 0.255 17 -9.9 14:00 

4 Freezing Fog 0.255 19 -4.7 14:36 

5 Freezing Fog 0.453 19 -2.5 15:36 

6 
Freezing 

Drizzle 
0.295 143 -8.3 14:12 
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Chapter 3  
 

Experimental and Computational Methods 

The previous chapter focused on the selection of conditions for experimentation and design 

of a wind turbine for computational analysis. This chapter focuses on the experiments themselves 

as well as the final step of analyzing experimental data using XTurb-PSU. The basic process of 

determining total wind turbine power production for a given icing condition is displayed in Figure 

3-1. This figure gives the general overview of processes, which will be described in further detail. 

 

Figure 3-1. Chain of experimentation for iced airfoil performance measurement. 

 

Experimental Properties 

Experimental flow properties are based on the local flow properties near the region of 

maximum torque at a Region II wind speed of 8 m/s. Table 3-1 displays these properties along with 
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the properties that were used in the experiments. Based on these flow properties and limitations of 

the ice accretion facility, a half-scale chord blade is used for experimentation. The half-scale rotor 

blade, illustrated in Figure 3-2, carries a 28.5 in chord by 12 in span DU 93-W-210 airfoil section 

at its tip. 

 

Figure 3-2. Rotor test blade. 

 

As displayed in Table 3-1, experimental relative velocity is 41 m/s, which is 9m/s less than 

the full-scale velocity. The maximum velocity is 41 m/s due to structural limitations of the 

rotorstand and blades. An angle of attack of 0° is used in experimentation because vibrations on 

the rotorstand exceeded acceptable values at higher angles of attack. This discrepancy between 0° 

and 5° angle of attack will result in small changes in ice shape due to the low ice accretion time 

(roughly 15 minutes) and low LWC of the experiments (see Appendix A for comparisons of 

simulated ice accretion shapes at 0° and 5° angle of attack). Surface roughness details are of highest 

concern and are preserved through the discrepancy in ice accretion angle of attack. Reynolds 

number remains on the same order throughout experimentation at 1.5 to 2.4 million. Although the 

full -scale Reynolds number is 4.9 million, icing surface roughness reduces the effects of changing 

Re on aerodynamic performance [19]. Therefore, at these high Reynolds numbers, acceptable 

dynamic similitude is considered to be achieved throughout the experimentation. 

DU 93-W-210 Airfoil Section 
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Table 3-1. Flowfield Properties 

Wind turbine Properties Experimental Properties 

Wind Speed 8 m/s   

r/R 0.8   

Relative Velocity 50 m/s Relative Velocity 41 m/s 

Blade Chord 1.45 m Blade Chord 0.725 m 

Angle of Attack 5.5° Angle of Attack 0° 

Re 4.9x106 Re (Rotor Stand) 2.4x106 

  Re (Wind Tunnel) 1.5x106 

 

Ice Shape Generation 

Ice shapes are generated at the Penn State Adverse Environment Rotor Test Stand 

(AERTS) [23]. The AERTS facility (Figure 3-3) is a 20 ft x 20 ft x 20 ft cold chamber enclosing a 

120 Hp rotorstand. The facility can accurately generate a wide range of icing clouds with 

controllable LWC, MVD, and temperature input. The icing cloud is generated by NASA standard 

icing nozzles which, aerosolize water droplets with a precise combination of water and air pressure. 

This is regulated by a feedback control system, which maintains droplet size within 2 µm [23]. 
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Figure 3-3. Adverse Environment Rotor Test Stand (AERTS at Penn State) 

 

The LWC within the chamber is dependent on rotor-specific flowfield properties and is 

calibrated using measurements of leading-edge ice thickness in an iterative process for each flow 

condition. This process yields LWC values accurate to within ± 15% [23]. Icing conditions are 

scaled based on the change in blade chord with an in-house software, which uses a modified Ruff 

method [24]. The scaling code is based on a validated NASA scaling method, which evaluates ice 

accretion by matching collection efficiency, accumulation parameter, and freezing fraction with 

assumptions that airfoil geometry, flowfield properties, and surface water dynamics remain similar 

during the scaling [9]. These assumptions are met for the icing conditions and flowfield conditions 

in Tables 2-2 and 3-1. The scaled icing conditions require lowering MVD and test time to match 

full -scale conditions (see Table 2-3 for scaled parameters for each case). 

Rotor Diameter = 9 feet 
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LEWICE Validation Testing  

Two-Dimensional simulated ice accretions are generated using LEWICE [25] for each 

freezing fog type ice case in order to compare theoretical full-scale and facility-scale ice accretions. 

This is a computational validation of the scaling method used and shows how the deficiencies in 

relative velocity and angle of attack will affect results. A comparison of ice accretions for ice case 

three in Table 2-3 is displayed in Figure 3-4. LEWICE validation cases are available for all cases 

in Table 2-3 in Appendix A. 

As displayed in Figure 3-4, the facility-scale ice accretions are slightly different from the 

full -scale ice accretions due to the discrepancy between 0° and 5° angle of attack. The two 

dimensional area of the ice accretions remains the same, but the shape distribution is changed. The 

maximum thickness decreases by 14% for the ice accretion at 5° angle of attack and the location of 

maximum thickness has moved lower on the airfoil. In addition, the ice impingement limits on the 

upper and lower surface have shifted.  However, the surface roughness characteristics of the ice 

shape are preserved between angles of attack. 

The shape change will yield small differences in the airfoil flowfield and resulting 

aerodynamic performance, but the effect is expected to be that of adding or removing camber to 

the airfoil and thereby simply shifting the zero-lift angle of attack. This is less significant than the 

decrease in lift curve slope and increase in drag due to surface roughness impacting the boundary 

layer development. If a more significant horn shape were present, severe shape differences could 

cause separation at the leading edge and significantly change the flowfield properties. However, 

the relatively small changes in shape for these icing scenarios are not expected to cause this severely 

adverse flowfield behavior. 
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Figure 3-4. LEWICE accretion for Case 3 in Table 2-3. 

Ice Accretion Experiments 

Ice accretion experiments are performed in the AERTS facility by spinning two blades into 

an iced flowfield generated by overhead nozzles. A top view schematic of the facility is displayed 

in Figure 3-5 where dimensions of the DU 93-W-210 blade section and its distance from the 

rotational axis can be taken from Figure 3-2. 
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Figure 3-5. Top view schematic of AERTS facility. 

 

Experimentation required operation of the AERTS facility near a limiting boundary. The 

specific LWC characteristics of the test blade gave a minimum LWC of 0.255 g/m³ using only one 

of the array of eight overhead nozzles. This low LWC limit is represented by the bottom of the 

facility envelope in Figure 2-5. The low LWC also introduced a limitation in the minimum droplet 

diameter achieved in the facility. 

The low LWC placed the feedback controller at the lower bound of nozzle calibration 

curves, which control water and air pressure supplied to the nozzles. If the actual value of water 

pressure entering the nozzles fell below a certain threshold, the feedback control system was unable 

to recover and would shut down. Restarting the control system after a shutdown is possible, but 

this restart method leaves a critical gap of ice accretion time and compromises the integrity of the 

experiment. The lowest obtainable MVD without system shutdown was determined by iterative 

Ballistic Walls 

Leading-Edge 

DU 93-W-210 

Airfoil Section 

Rotation Axis 

400 RPM 
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experimentation to be 14 µm. This value determines the left-hand border of the facility envelope in 

Figure 2-5. 

As described in Chapter 2, icing conditions were selected after determining the limitations 

of the facility and are listed in detail in Table 2-3. A video of an ice accretion test is available in 

Reference 35. See Appendix D for detailed photographs of casted ice shapes. Some general 

photographs (see camera icon in Figure 3-5 for location of photograph) of rime ice and glaze ice 

accreted on the DU 93-W-210 blade section are pictured in Figures 3-6 and 3-7, respectively.  

 

Figure 3-6. Rime Ice - LWC: 0.21 g/mį, MVD: 20ɛm, T: -21°C, Time: 2 min. 
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Figure 3-7. Glaze ice - LWC: 0.45 g/mį, MVD: 18ɛm, T: -3° C, Time: 15 min. 

Ice Shape Preservation and Casting 

Once an ice shape is generated within the AERTS facility, it is preserved for subsequent 

wind-tunnel measurements. The delicate ice shapes are molded using a technique developed at the 

NASA Icing Research Tunnel [26], but modified with the use of high-precision molding and casting 

materials from Smooth-On, Inc. [18]. The blade section is removed after an icing test and placed 

into a custom fabricated aluminum molding box (Figure 3-8). The molding box is designed to 

enclose the blade up to 17.5% of the chord length from the leading edge. The length of the enclosure 

ensures that the mold captures all ice impingement and is determined by early experimentation and 

LEWICE accretion results. A silicone rubber molding material is mixed, poured, and cured for 24 

hours at a temperature below freezing to preserve detailed ice features. This molding process 

displayed in Figure 3-9 occurs immediately after running a test to ensure no ice features are lost to 

sublimation. 
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Figure 3-8. Aluminum molding box with DU 93-W-210 airfoil blade section. 

 

DU 93-W-210 

Blade Section Tip 

Molding Box 
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Figure 3-9. Mold pouring at -12° C. 

 

A single mold (Figure 3-10) is taken for each case and employed to make two 12ò span 

epoxy resin castings. Each casting is poured with preplaced mounting bolts that are aligned with a 

precision machined and custom designed aluminum template (Figure 3-11). The casting material 

simply fills around the nuts and bolts, anchoring the nuts and creating a precise thread pattern for 

the bolts. This method creates a high-precision mounting mechanism when the casting is mounted 

to the wind-tunnel model (see Figure 3-12). Removing the castings from the mold is a difficult 

process that does remove some material, but the vast majority of surface roughness elements 

remain. 
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Figure 3-10. DU 93-W-210 blade section: glaze ice mold. 
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Figure 3-11. Precision template with sunken bolts aligned for a casting. 
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Figure 3-12. Wind-tunnel model with mounted ice shapes. 

 

Special attention is given to each wind tunnel model once a casting has been mounted. The 

transition from the leading-edge casting to the aluminum wind-tunnel model is critical since a lip 

or gap could significantly alter the airfoil flowfield and associated airfoil performance. Each model 

is carefully studied to find lips and/or gaps and eliminate them with either sanding of the model or 

filling the gap with a pink putty filler material (see Figure 3-13). Although this process is done by 

hand, careful attention is given to not alter the shape of the airfoil when filling and sanding the 

model. Some cases hardly need treatment, but others require up to four or five iterations of filling 

and sanding until a completely smooth transition is ensured. 

 

Leading-Edge 

Castings 

Tightening 

Mounting 

Bolts 

x/c = 17% 



28 

 

 

 

Figure 3-13. View of wind-tunnel model transition region. 

 

The casting resolution (compared to a millimeter scale in Figure 3-14 and a dime in Figure 

3-15) captures details as fine as 1/1000th of an inch. This measurement is made by digitally 

measuring the smallest fully distinguished roughness element in Figure 3-14 and corresponds to a 

k/c value of 0.00003. The roughness elements vary greatly depending on the icing condition (see 

Figures D-1 through D-6 in Appendix D) and with k/c values ranging from 0.00003 to 0.0105. 

These castings capture the true surface roughness of the ice, which is responsible for significant 

differences in drag penalties between icing cases. 
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Figure 3-14. Microscope view of leading-edge rime ice compared to a millimeter scale. 

 

 

Figure 3-15. Leading-edge ice at the transition from the smooth to rough zones. 
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