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ABSTRACT 

 

 

Wind energy supplied 11.6% of Europe’s electricity demand in 2017. Regions with cold 
climates represent a strong potential for wind energy companies because of their sparse 
populations and favorable wind conditions. Global wind energy installations in cold climate 
regions are forecasted to reach a capacity of 186 GW by the end of 2020. However, wind 
turbines in cold climate regions are prone to the risks of ice accumulation, which affects their 
aerodynamic behavior, safety, and structural loads.  

The aerodynamic forces on a wind turbine can be affected in two main ways: ice accretion, 
which changes the blade profile and thus the flow path curvature, and surface roughness. The 
importance of these two parameters depends on the ice type. This thesis focuses on smooth 
leading-edge glaze ice with a horn shape. The aerodynamic consequences of the changes in the 
blade profile due to this type of ice are studied in detail.   

The findings of this thesis are presented in five main sections. The first section considers 
the methodology used to model the performance of a wind turbine. The wake behind the turbine 
is also explored. Different aspects of the simulation methods of computational fluid dynamics 
using the Reynolds-averaged Navier-Stokes equations are investigated in both steady-state and 
transient conditions. In the second section, the time-dependent effects of icing are studied, 
including the moving vortices created by the irregularity of the ice and their frequencies and 
amplitudes. The main frequency modes of the flow dynamics are analyzed. In the third section, 
three-dimensional simulations of icing are performed, and the fluid flow pattern through the 
rotor is investigated. Two well-recognized approaches, the Blade Element Momentum (BEM) 
and Computational Fluid Dynamics (CFD), are applied and compared. In the fourth section, an 
automated setup is programmed and launched to implement multiple CFD simulations to 
provide the aerodynamic data for structural analysis. The developed methodology is illustrated 
on a large-scale wind turbine. In the fifth section, the effects of an uncertain level of ice 
accretion is studied through an uncertainty quantification method, and the aerodynamic losses 
are statistically analyzed. A scenario study is then conducted based on the obtained polynomial 
chaos expansion, in which the probability distribution of the wind power loss due to icing is 
inspected. 

The results of this thesis can be used in the design of wind turbines for use in cold climates 
and to assess the economics of a predesigned wind turbine operating in a cold region.  
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��#� axial (streamwise) component of the pipe flow velocity 

��#� velocity magnitude (mean value) 

$%� ��#� instantaneous velocity at cell i 
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��#� lateral component of the pipe flow velocity 

��� volume 

()*+� ��#� relative wind velocity with respect to the airfoil 

',� ��#� wind velocity 

',-� ��#� wake velocity 

.� ��#� vertical component of the pipe flow velocity 

/� �� axial induction factor 

/0 � �� angular induction factor 

1� �� right-hand side matrix of a linear equation 
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2� �� chord 

3�� ��� surface element  

4� 56��7�#�� flow oscillation frequency 

-� 8�-9� turbulent kinetic energy per unit mass 

�: � -9�#� mass flow rate 

;�
�� radial position 
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<=� �� normalized residual  


7� #� arbitrary time 
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wall-tangential velocity 

?@� �� dimensionless velocity 
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�� axial flow location 

�� axial distance at the rotor downstream  

B� �� the first node distance from the wall 

C@� �� wall coordinate 

D� ;�3� angle of attack 

E� �� blend factor 

F� �� intermittency 

GH� #� time step 

GI� �� mesh size in the axial direction 

J� ������� turbulent dissipation rate 
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;�3� summation of the pitch and twist angle 

�� boundary layer momentum thickness 

K%L� ;�3� inflow angle: angle between the relative velocity alignment 

and the rotation plane 

MN� ������ turbulent eddy viscosity 

O� ������� density 

P� ������������ stress tensor 

QR� ������������ wall shear stress 

S� �� any flow property 

T� ;�3�#� rotational velocity of the rotor 

U�
;�3�#� rotational velocity of the wake  

7�#� turbulent frequency (specific dissipation rate) 

Abbreviations/subscript� Description 

V�� Two-Dimensional 

W�� Three-Dimensional 

1X�� Blade Element Momentum 
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CHAPTER I 

1 INTRODUCTION 
The world’s wind power capacity was 18 GW in the year 2000, and it had increased to 

539GW in 2017 [1]. Several sites in cold climates have either existing or proposed wind parks, 

including Northern and Central Europe, Northern America and Asia; see Figure 1. In 2003, 

these sites comprised approximately 1.27% of the world’s wind power capacity [2]. In 2017, 

Sweden’s portion of the worldwide wind power capacity reached 1.25%, and 1% of the new 

installed world wind power capacity belonged to Finland [3].    

 
Figure 1. Locations of operating wind turbines in cold climates [2]. 

The cumulative installed wind power capacities for several cold climate countries are plotted 

in Figure 2, which shows the growth over the last 17 years [1].  
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Figure 2. Increases in wind power capacities in cold climates. 

Cold climate areas often have low population densities. The combination of good wind 

resources and low population densities makes such areas attractive for wind energy generation, 

but weather conditions limit the exploitation of these resources. For example, in Scandinavia, 

icing occurs occasionally on the coastline and is commonly severe at high altitudes.  

In this chapter, the effects of icing on wind turbines are described. Then, icing types and the 

way each type affects the aerodynamics are presented. Ice roughness is discussed to illustrate 

its contribution to the aerodynamics of ice-contaminated wind turbines. Different primary 

methods for aerodynamic analysis of wind turbines, as well as the specific method used in this 

thesis, are then described. The current state of knowledge and the gaps are pointed out to 

demonstrate the necessity of this research. Finally, the goals of the thesis are clarified, and the 

research approaches are outlined. 

1.1 Problem outline: effect of icing on wind turbines 

Heavy icing can cause total stoppage of a turbine. Without ice prevention systems, turbines 

at sites that experience these conditions would be covered by ice for long periods. Because the 

icing season can be relatively long at some sites, long downtimes due to iced rotor blades may 

cause severe losses of production. Therefore, it is crucial for site developers to have reliable 

tools to ascertain the benefits of installing ice mitigation systems. One of the most difficult 

problems is to assess the icing risk at a given site. Meteorological and climatic data can only 

serve as a warning for potential risks. Further studies are necessary to determine how the wind 

turbine production will be affected by ice and the extent of the effect.  

0

2

4

6

8

10

12

Po
w

er
 C

ap
ac

ity
 [G

W
]

T
ho

us
an

ds

Cold Climate Country

2000 2017



 

3 

 

Icing of wind turbines can impact the design (e.g., aerodynamics, structures), safety (e.g., 

ice throw, noise emission) and economics (e.g., energy yield, design life), as shown 

schematically in Figure 3.  

 
Figure 3. Schematic of the effects of ice on wind turbines (wind energy conversion systems: WECS) [4]. The 

subjects treated in this thesis are marked with blue bullets. 

The aerodynamics of a wind turbine can be affected by icing in two main ways: ice accretion 

changes the blade profile and thus the flow path, and the surface roughness is affected by the 

ice layer. The importance of these two parameters depend on the ice type (Sections 1.1.1 & 

1.1.2). This thesis focuses on the change in the blade profile due to ice accretion as we study 

the effects of the ice profile on the aerodynamics of wind turbines. This assessment can be used 

to design a wind turbine to operate in cold climates as well as to estimate the economics of a 

predesigned wind turbine in a cold region.  

1.1.1 ICING TYPES 

The type of ice that forms depends on the atmospheric and meteorological conditions as 

well as on the heat balance occurring at the surface. Predicting the type and shape of ice 

accretion for a specified set of icing conditions is difficult because of the complex interactions 

between the atmospheric and meteorological parameters [5]. 

The many types of ice accretion can be classified according to the physics behind the ice 

accretion process [6]. These include rime ice, glaze (clear) ice, mixed ice, beak ice, runback 

ice, intercycle ice, frost, wet snow, mixed ice and many others. Based on the thermal conditions 

prevailing during ice formation, the icing on wind turbines is divided into two classes: glaze 

and rime (Figure 4).  

Structure
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Rime ice typically occurs at temperatures less than -5° C [4] 1. Rime ice is the name given 

to a deposit of ice that forms on the windward side of an exposed object. The ice is sometimes 

clear and on other occasions milky and opaque. Rime ice forms when cloud or fog droplets 

collide with an object and then freeze very rapidly. Cloud and fog droplets can exist in liquid 

form at temperatures below 0° C, a state known as supercooled droplets, but they freeze very 

rapidly when they strike an object.  

Glaze ice usually occurs in regions where the temperatures are near 0° C and the droplets 

are relatively large. As a result, supercooled liquid water striking the body does not freeze 

instantly on impact. As the droplet strikes the body, it partially freezes and releases some latent 

heat. Glaze ice is the name given to a coating of ice that forms on exposed objects when 

supercooled rain or drizzle droplets fall on them and freeze. Glaze ice can become significantly 

thick, but the layer of ice, also called black ice, is typically thin, hard and transparent. Clear 

ice typically forms when temperatures are approximately 0° C to -5° C [4] 2. 

 
Figure 4. Formation mechanisms of glaze and rime ice [5]. 

Although this nomenclature is appropriate for the accretion of ice, it may not be as useful 

for aerodynamic simulations. Bragg et al. [9] recognized four categories of ice accretion that 

induce different aerodynamic behaviors, which are based on the flow field physics. These ice-

shape classifications are (1) dispersed roughness, (2) horn ice, (3) streamwise ice, and (4) 

spanwise-ridge ice (Figure 5). 

 

 

 

                                                 
1 The reported ranges of temperatures differ in the reported references; for example, 0° C to -40° C [7] and between -15° C 
and -20° C [8]. 
2 The reported ranges of temperatures differ in the reported references; for example, 0° C to -6° C [7] and between 0° C and -

10° C [8]. 
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Figure 5. Ice types based on the flow field [4]. 

This study focuses on ice accretion on the leading edge from glaze type ice with a horn 

shape.  

1.1.2 ICE ROUGHNESS 

Generally, roughness significantly decreases the performance of a wind turbine, and the 

total power loss can reach 35% [10]. Glaze ice is commonly known as a smooth ice, whereas 

rime ice is considered rough ice [5]. However, roughness can also occur on glaze ice due to a 

combination of air speed, atmospheric and meteorological conditions. For instance, the horn 

shape in Figure 6-a shows a classic upper-surface horn typical of a glaze-type accretion. The 

streamwise shape in Figure 6-b is more conformal to the leading-edge radius with a smooth 

zone on the nose followed by downstream rime feather roughness. The glaze roughness in 

Figure 6-c has a smooth zone in the stagnation region followed by large roughness downstream 

[11]. 

In some cases, the ice can change the stall behavior of the airfoil. However, for roughness-

type (and streamwise-type) ice shapes, the original aerodynamic behavior tends to be preserved 

because the clean original shape is nearly maintained [4] 

 



 

6 

 

   

   

a b c 

Figure 6. Samples of rough and smooth glaze ices observed by Broeren, et al. [11]: a) upper horn glaze, b) 

streamwise glaze, c) glaze roughness. 

Roughness-type icing is usually characterized by the development of a region with smooth 

ice near the stagnation point, which transitions aft to rough ice and then to several small, sharp, 

jagged ice feathers. Depending on the size of the feathers relative to the scale of the boundary 

layer, the feathers can act as flow obstacles and promote separation. The ice feathers may 

exhibit three-dimensional (3D) effects. Whereas ice roughness may lead to early trailing-edge 

separation, it typically does not cause large-scale separation bubbles as the more detrimental 

horn and ridge ice types do [12].  

With glaze horn-shaped ice, ice roughness is a secondary effect that can be neglected [13]. 

Furthermore, with this type of ice, the aerodynamic performance is relatively insensitive to the 

specific features of the horn roundness and instead depends on the horn height and location. 

These parameters control the separation region. Because the separation point always originates 

from the horn tip, surface roughness plays only a minor role in the aerodynamic performance 

[5], [13]. However, with rime ice, ice roughness must be considered because it is mainly 

responsible for increased drag, at least in the first stage of ice accretion [13]. Ice roughness has 

been demonstrated to increase in the very early stages of ice accretion and reach a constant 

value.  
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1.1.3 AERODYNAMIC ANALYSIS METHODS 

The performance loss caused by icing can be studied using site measurements, wind tunnel 

tests and numerical methods. Site measurements are the most realistic but are expensive. Tests 

in wind tunnels offer the advantage of a controlled environment, but problems are encountered 

in reproducing actual wind farm conditions and scaling certain dimensions and operating 

parameters. Numerical methods offer the advantages of low cost and the ability to simulate 

realistic conditions, although efforts are still being made to develop these methods.  

The accuracy of simple numerical methods, such as panel codes, decreases for aerodynamic 

performance calculations of airfoils, where thick trailing edges are considered. Because panel 

methods are not able to model viscous effects, they are not applicable for airfoils with relative 

thicknesses greater than 30% to 36% [14]. Furthermore, these methods do not converge well 

in the case of complicated ice profiles. Panel methods are ideal for conceptual design analysis 

due to their rapid turnaround time and relatively easy surface modeling, but this is countered 

by their inability to predict boundary layers and flow separation. 

Currently, industrial design codes for wind turbines are still based on the Blade Element 

Momentum (BEM) method, which has been extended with empirical corrections [15]. BEM is 

a theory that combines Blade Element Theory (BET) with the momentum theory of Froude for 

an actuator disk [16]. In state-of-the-art aeroelastic codes, the aerodynamics forces are 

calculated using a BEM code. In addition, the actual design approach is typically based on 

employing BEM, where the aerodynamic forces are computed using sectional two-dimensional 

(2D) airfoil characteristics (i.e., lift and drag coefficients) [17]. The sectional data are integrated 

along the span to obtain data for the entire 3D blade. 

The 2D models used in BEM suffer from several deficiencies. First, due to the three-

dimensional flow, the sectional airfoil characteristics will deviate from the 2D airfoil 

characteristics. The radial flow component present at the bottom of the separated boundary 

layers of a rotating blade is the cause of the different lift and drag characteristics of individual 

blade sections with respect to 2D airfoils. Second, rotation is not considered in a 2D 

measurement or simulation but is accounted for as an extra component of the incoming wind 

velocity; i.e., the relative wind velocity is considered. The interactions of the bound circulations 

in the planes normal to the plane of rotation are also skipped. Based on the literature, the 

rotational effect results in a stall-delay and extra lift. The growth of separation cells becomes 

limited, so vortex shedding is more stabilized in a rotating model [18]. In general, BEM is 

usually known to underpredict the integrated forces acting on the blades [19], [20]. 
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The importance of an accurate design of wind turbines increases as the machines become 

larger. Furthermore, when making aeroelastic computations of a wind turbine rotor, it is of 

paramount importance that the aerodynamics are correctly modeled. Because the aerodynamics 

of a rotating wind turbine rotor are unsteady and three-dimensional, this is not a trivial task. 

An alternative to BEM is Computational Fluid Dynamics (CFD) simulations with the 

Reynolds-Averaged Navier-Stokes (RANS) model or its unsteady form (i.e., URANS). 

Although CFD is not a practical design tool, useful suggestions for classical design methods 

can be derived from a CFD analysis. CFD RANS and URANS analysis are the methods used 

in this thesis.  

1.2 Current state of techniques/knowledge gap 

Many studies have focused on the fluid mechanics of wind turbines as well as on icing, 

though the research is ongoing. The main suggestions/advice and the gaps that represent the 

potential for improvements are highlighted in this section. A CFD analysis of a clean (ice-free) 

wind turbine with a focus on the model cases is presented first, and an investigation of icing 

with CFD is then presented. Additional information about the former can be found in [21] 

(paper A); for the latter, see [22]-[25] (papers B-E). 

 The points presented below contributed to the choice of the test cases and the research ideas 

for this study. 

1.2.1 CFD ANALYSIS OF CLEAN MODEL WIND TURBINES  

� The turbine characteristics that have been reproduced by previous numerical studies agreed 

well with experiments of the designs of different model wind turbines. However, under off-

design operating conditions, the power and thrust estimations have been challenging under 

stall conditions and at high rotational speeds.  

� Different configurations of the simulations (physical models) influence the results. The 

interaction of an isolated rotor with the tower, nacelle, and tunnel walls has been determined 

to be a required area of investigation, especially for wake studies. An insufficient grid 

resolution plays a critical role in resolving the flow features under off-design conditions. 

Transient simulations require a sufficient simulation time to obtain a reliable time-averaged 

result. The quality of the mesh has not been investigated. Simplifications have been made 

in the geometric modeling without their effects being checked. 

� Because the performance characteristics consist of only integrated values, it is necessary to 

analyze the flow in greater detail to obtain a reliable validation. Although the numerical data 
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near the wake are generally similar to the experimental results, the development of the wake 

has not been modeled properly in the literature, especially at high rotational speeds. Far 

wake profiles, which require modeling of nearly the entire experimental system, have rarely 

been modeled and discussed. Wake development studies are interesting performance 

analyses because in wind farms, the wake will determine the upstream conditions for the 

following row of turbines. This effect is expected to be more pronounced in icing conditions. 

Furthermore, wake study results in a higher level of CFD validation because it reveals the 

capability of the numerical tool in evaluating the turbulent diffusion, as well as shear-flow 

dispersion and mixing.  

1.2.2 CFD ANALYSIS OF A WIND TURBINE SUBJECT TO ICING 

� Due to the unavailability of experimental data in most real icing conditions, the accuracy of 

CFD predictions cannot always be validated. However, several CFD studies of iced airfoils 

have been validated with experimental data. The results show the necessity of a high-quality 

mesh, especially in the case of large horn ice shapes, as well as for an appropriate turbulence 

model with a laminar-turbulent transition model. In general, if there are no large separation 

regions, CFD can accurately predict the loads. However, a CFD-RANS simulation must also 

be reliable for thicker airfoils and/or sharp glaze ice profiles in which there are large 

separation regions and/or not fully turbulent flow. Further development of CFD-RANS 

simulations is ongoing in this area.  

� In the literature about the time-dependent consequences of glaze icing, several aspects of 

the separated flow over glaze ice have been explored experimentally since 1986, but the 

capacities of the numerical computational methods in this area require clarification. It is 

important to determine how accurately URANS models estimate the structure and the size 

of the time-averaged vortices in comparison to the measured vortices. Furthermore, the 

accuracy of a two-equation eddy viscosity turbulence model, the Shear Stress Transport 

(SST) model, which is coupled with a URANS model to determine the dynamic load over a 

glaze iced airfoil, needs to be investigated.   

� The 3D aerodynamic loads on wind turbines have been calculated differently in the literature 

with different CFD-RANS simulations. In addition to the discrepancies between the results 

reported in separated flow cases, many investigations have been based only on the total 

power. Although the extracted power is an important parameter, it is an integral parameter 

that does not reflect the machine behavior. The radial (spanwise) distribution of the load 

should be analyzed instead to ensure similar flow behaviors in the two models and to 
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determine the flow variations due to changes in the ice profile. In fact, flow features (e.g., 

acting forces) at different sections may compensate for each other and result in an identical 

integrated value (e.g., the power). Furthermore, as a basis for structural studies of blades, it 

is not clear how accurate the BEM method is and what limitations it has in icing conditions, 

where the flow is more complicated. 

� Previous studies have stated that a small uncertainty in the shape of the accreted ice may 

result in large uncertainties in the aerodynamic performance metrics. This fact complicates 

the icing of wind turbines. In the literature of the state-of-the-art Uncertainty Quantification 

(UQ) of icing, time-resolved calculations are suggested; because the vortex shedding over 

iced blades cannot be captured with the steady state numerical solutions. Although wing 

icing UQ has been investigated in the literature, UQ analysis must be applied to the field of 

wind turbine icing. In wind turbine applications, larger Reynolds numbers are expected, and 

thicker airfoils are used. These parameters make the flow more likely to separate than with 

aircraft wings. Therefore, there is a need for a fast, accurate framework for quantifying the 

uncertainty that arises in aerodynamic performance metrics of an iced wind turbine. 

1.3 Objective of the thesis 

The objective of this research is to study how power production from a wind turbine is 

changed by the formation of ice. The focus is on smooth leading-edge glaze ice with a horn 

shape. The aerodynamic consequences of icing on blade profiles is studied in detail, and the 

distribution of the aerodynamic forces is evaluated in the chordwise and spanwise directions. 

Special attention is given to the time-dependent flow as well as to the flow behavior (e.g., 

boundary layer separation and attachment).  

The study uses computational fluid dynamics, and the system of equations is the steady and 

unsteady forms of the Reynolds Averaged Navier Stokes equations (i.e., RANS and URANS, 

respectively).    

1.4 Structure of the thesis 

This thesis is composed of two parts. Part I provides an overview of the motivation of the 

work presented, the theoretical concepts used, and a summary of the work performed. Part I is 

divided in several chapters. 

Chapter 2 describes the wind turbine aerodynamics. The principles of the aerodynamic loads 

on wind turbines are described in Section 2.1. The flow behavior at boundary layer separation, 

which is the dominant phenomenon in icing conditions, is described in 2.2.    
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Chapter 3 presents the background of the numerical model used in this study. The system 

of equations is given in Section 3.1, and the numerical approaches used to build a physical 

model of the problem are explained in sections 3.2-3.5. Finally, Section 3.6 gives the 

convergent definition of the numerical solution.  

Chapter 4 presents the approach used in this research, including the test cases, physical 

models and the methodologies. The project scopes are described through a flowchart presenting 

all the work. 

Chapter 5 summarizes the overall results obtained, including the specific experience. The 

conclusions are divided into five sections based on the project scopes. 

Part II is composed of six research articles, which have either been published or are under 

review in internationally recognized journals. Papers A, B, and C have been published, whereas 

papers D, E and F are under review.   
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CHAPTER II 

2 WIND TURBINE AERODYNAMICS  
The principles of wind turbine aerodynamics are described in this chapter. First, the 

aerodynamic mechanism of wind power production is briefly explained. The formation of 

aerodynamic forces is discussed, including the simplified models and the more complex 

models. The discussion includes one-dimensional models such as the actuator disk, two-

dimensional airfoils, and three-dimensional rotors.  

Because flow separation is the main result of wind turbine icing, the second part of this 

chapter describes the basics of this phenomenon. Different types of flow separations and the 

consequent aerodynamic stalls are presented. 

2.1 Aerodynamic loads 

2.1.1 PRINCIPLES 

Wind is driven by a pressure drop between the low- and high-pressure sides of a weather 

system. The scale of this distance is hundreds of kilometers. The wind energy is assumed to be 

only found in the motion of the air (e.g., velocity, not static pressure) and is expressed as the 

sum of its kinetic energy. The purpose of a wind turbine is to extract as much of this kinetic 

energy as possible. The magnitude of the energy harnessed is a function of the reduction in air 

speed over the turbine (i.e., the decrease in kinetic energy content). In the case of 100% 

extraction, the final velocity would be zero; i.e., the air would stop moving. This scenario 

cannot be achieved, and a maximum of 59.3% of the energy can be utilized according to Betz 
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theory [26]. This theory does not consider the losses due to rotation, drag or tip losses, which 

will further reduce the maximum efficiency.  

In the 1D momentum theory for an ideal wind turbine without rotation, the rotor is assumed 

to act as a drag device (an actuator disk) and slows the fluid, as shown in Figure 7-right. A 

local pressure drop occurs at the rotor due to this drag force, and the velocity decreases from 

the inlet to the outlet, as shown in Figure 7-left.  

  
Figure 7. 1D streamlines past a rotor and the velocity and pressures upstream and downstream of the rotor. 

The model is 1D, so the velocities are axial. 

The next step is to develop a ‘Momentum Theory with Wake Rotation’ that allows for the 

rotation of the actuator disk (T) and the downstream wake (a). As the fluid exerts a torque on 

the turbine, an equal and opposite torque is imparted to the fluid by the turbine. This reaction 

torque causes the flow in the wake to rotate in the opposite direction as the turbine. The flow 

upstream of the actuator disk is not affected by the disc rotation, but a tangential flow is 

imparted to the downstream wake immediately behind the actuator disk (Figure 8).  

 
Figure 8. Stream tube model including wake rotation as an illustration of the rotor disk model [27] 
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The Euler equation of turbomachinery [28], which was first developed in 1754, expresses 

the necessity of a swirl to create a torque Τ in this theory: 

f g �: �<h$&h i <�$&�� 
where (�: ) is the mass flow rate, ($&) is the rotational component of the absolute velocity, and 

(;) is the radial position of the stream tube flow. The subscripts 1 and 2 indicate the flow inlet 

and outlet, respectively.  

Considering a rotor rather than the disk, the oncoming axial wind flow aligns in the 

chordwise direction relative to the rotating blade, with an angle of attack α ( Figure 9) 

 
Figure 9. Aerodynamic loads on a wind turbine and the velocity triangle. The vector rΩ represents the 

opposite of the blade rotation vector as well as the tangential component of the relative velocity vector (Vrel) . 

Therefore, the absolute velocity of the flow (',) decomposes into the rotational velocity 

(~;T) of the rotor (as a frame) and the relative velocity of the flow towards the blade (()*+). A 

wake with a rotational speed�U (jUj k jlj� is assumed to form after the wind turbine and is 

the consequence of the increase in ($&), see Figure 10:; $& is assumed zero at 1 

                                                 
3 (Rmmmmn is the absolute upstream wind velocity, <lmmmmmn is the opposite of the blade (frame) velocity, and ()*+mmmmmmmn is the wind’s relative 

velocity with respect to the rotor: ()*+mmmmmmmn g (Rmmmmn o <lmmmmmn [29]. 
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Figure 10. Idealized flow through a windmill; V shows the absolute wind velocity  

The axial component of the absolute velocity is assumed to be unchanged through the rotor, 

and the power is produced based on the increase in the rotational component of the absolute 

velocity ($&). The flow exits the rotor with an absolute velocity ('V in Figure 10) that is 

composed of both axial and rotational components. The rotational component is the result of 

torque generation at the rotor.   

In order to satisfy the axial momentum theory, the air passing through the rotor plane should 

have a smaller velocity than the free stream velocity, i.e., ',�7�a�. According to the angular 

momentum conservation, the experienced tangential velocity of the blade is higher than the 

blade rotational speed due to the wake rotation, i.e., ;T�7o/0 ). The model of a rotating actuator 

disk is further developed to introduce the axial and angular induction factors (/�and /0 ). These 

coefficients modify the magnitudes of the wind speed (',) and the rotational speed (;T) to 

define the relative velocity vector (()*+) at the airfoil, immediately before the rotor (Figure 11). 

Lift and drag result from the alignment and magnitude of this relative velocity.  

 

';�_ = relative velocity 
� = pitch + twist angle 
�]4�= inflow angle 
D = angle of attack 
��= drag force 
��= lift force 
	
�= rotational/tangential force 
	��= axial/thrust force 

Figure 11. Illustration of the aerodynamic forces acting on a wind turbine blade section at a distance r from 

the axis of rotation. 

Power extraction occurs due to the generated forces on the blade. The resulting torque on 

the blade is known as the useful production. Considering the direct geometry of the rotor, 

instead of an actuator disk, the blade profile curvature is designed to generate a force 
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component in the rotational plane, and an axial component is also generated. These concepts 

are explained further in the following paragraphs. 

To generate a high lift force on an airfoil, the relative air flow vector must hit the blade at a 

proper angle. This is the main reason for constructing turbine blades with a twisted form and 

not flat (in the spanwise direction). When a blade rotates, the points at the tip move faster than 

the points near the root, which is referred to as the linear velocity (;T). Because the absolute 

wind speed is approximately the same for all the points on a blade, the relative air speed with 

respect to the blade is different along the length of a blade. The resulting relative velocity must 

be aligned at a proper angle of attack to extract the maximum torque. To have a similar angle 

of attack for all segments of a blade, they must encounter the wind at different angles. If a blade 

is not twisted, the correct angle of attack cannot be maintained. 

Generally, the airfoil section at the hub is angled into the wind due to the high ratio of the 

wind speed to the blade’s rotational velocity (Figure 9). In contrast, the blade tip is likely to be 

nearly normal to the wind. For example, at the tip of a large-scale wind turbine, the rotational 

component of the rotor velocity is 8 times larger than the absolute axial wind velocity. The 

angle of attack is approximately 7°. Near the root, the rotational component is approximately 

1.5 times the absolute axial component. If it was not twisted, the angle of attack would be 

approximately 34°, which is too high. Therefore, the sections near the hub should rotate 

towards the wind direction. In terms of the notation in Figure 9, (K%L) is larger near the blade 

root; therefore, (�) is increased to have a proper angle of attack D. Near the tip, (K%L) has a low 

value, and (�) is near zero degrees.  

The flow splits at the stagnation point at the leading edge and moves to the upper side and 

lower side in two branches. Fluid flowing over the blade/airfoil changes the flow 

pressure/velocity on each side (Figure 12). The pressure difference between the two sides 

creates a force acting on the blade.  
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Figure 12. Typical pressure distribution over an arbitrary airfoil (S1223) for an attached flow. The vector 

symbols illustrate the pressure-resultant force normal to the surface (z{|}), whereas the pressure is a scalar 

quantity.  

For an airfoil, the resultant force is expressed in terms of the lift and drag, which are aligned 

perpendicular and parallel to the flow direction, respectively (Figure 11). In wind turbine 

applications, the resultant force is utilized to rotate the blade. The useful rotational force is 

absorbed by the generator. The axial (reaction) forces act substantially in the flatwise bending 

plane and must be tolerated by the blade with limited deformation. Aerodynamic lift is the 

force that is mostly responsible for the power yield generated by the turbine, and drag also 

plays a role. The contributions of lift and drag in the generated torque vary depending on the 

geometric twist and angle of attack.  

The resultant force is the integration of the pressure distribution over the blade surface or 

the airfoil, i.e., ~ g �z�{|. Because () is a scalar quantity, the projection of the vector (3�) 

defines the associated force alignment.  

The majority of the aerodynamic loads is defined by the pressure distribution. The pressure 

distribution on the airfoil surfaces depends on the airfoil curvature as well as the angle of attack. 

Therefore, the distribution shown in Figure 12 is not a unique pattern that illustrates all airfoils. 

Suction may exist on the lower side (��\> _`,), but the pressure remains higher than on the 

upper side (��\> _`, >>^). A typical chordwise pressure distribution plot on an airfoil is 

shown in Figure 13. 
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Figure 13. Chordwise pressure distribution plot for an arbitrary airfoil [30]. 

The flow approaches the airfoil with the ambient pressure and a velocity (R. At the 

stagnation point s, the local velocity4 of the flow becomes zero. All of the kinetic energy is 

converted to pressure energy. The Equal Transit theory, which is also known as the Longer 

Path theory, states that because the upper surface of an airfoil is longer than the bottom, air 

molecules that pass over the top of the airfoil have further to travel than those underneath. The 

flow splits into two branches at the stagnation point and should meet again at the trailing edge 

to maintain continuity. Due to the longer path for the upper part, the flow should move faster 

than in the lower branch.  

Kelvin's circulation theorem can also explain the pressure difference mechanism on an 

airfoil. Conservation of angular momentum imposes a circulation around the airfoil (bound 

vortex) in the opposite direction to the starting vortex (rotation/shed vortex). The resulting 

velocity vectors from this counter circulation add to the free flow velocity vectors, which 

results in a higher velocity above the airfoil and a lower velocity below. 

Speeding up decreases the pressure due to energy conservation (or Euler's equations across 

the streamlines or the Bernoulli Equation). The windward part of the flow on the lower side 

pushes the airfoil (i.e., the pressure is positive); see Figure 12. It gradually speeds up, and the 

pressure decreases towards the trailing edge (d-t). The other branch of the flow traverses the 

upper surface. First, it should turn the circular curvature of the leading edge (s-b). During the 

turning, the pressure decreases. 

The fluid flow around the steeply curved part of the leading edge is subject to a larger 

centrifugal force than the fluid on the lower side of the airfoil [31]. As the fluid particle follows 

the cambered upper surface of the airfoil, a force must act on that particle to allow it to make 

that turn. This force comes from a pressure gradient above the airfoil surface. The pressure 

increases with increasing distance (normal to the airfoil surface) until the pressure reaches the 

                                                 
4 A non-rotating airfoil is discussed here, so all of the velocities refer to the relative velocity. 
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ambient pressure. Thus, a pressure gradient is created, where the higher pressures further along 

from the radius of curvature push inwards towards the center of curvature, where the pressure 

is lower, thus providing the accelerating force on the fluid particle [32] (Figure 14). 

The pressure energy of the flow at the stagnation point s is converted to kinetic energy, 

traverses the upper side, the flow pressure equals the ambient pressure, and the flow has a high 

speed at this point (b in Figure 13). It no longer pushes the surface but rather transforms to a 

suction condition. The pressure decreases up to the ‘suction peak’, where the flow speed is the 

maximum (a in Figure 13). The flow then decelerates towards the trailing edge, and the 

pressure increases (a-t). The pressure is positive (higher than the ambient pressure) at the 

trailing edge, and there are several local higher-pressure areas around trailing edge due to the 

mixture of two branches, which are not shown here.  

This process is mainly controlled by the airfoil curvature. For example, where there is a 

linear path, the pressure variation is linear (e-t). Where the slope is low, the pressure variations 

are also low (d-t). The locations of the suction peak and stagnation points also depend on the 

airfoil curvature, angle of attack, and airfoil thickness. The suction peak is usually located 

immediately after the leading edge and is called the nose peak.   

In summary, the curved and cambered surface of the airfoil induces a pressure gradient 

above the airfoil, where the pressure is lower immediately above the surface. The pressure 

below the airfoil also pushes upwards, creating lift (Figure 14). 

 
Figure 14. Lift generation due to the pressure difference on an airfoil. 

When the profile of the airfoil is changed due to leading-edge glaze ice accretion, the flow 

path from d to a is modified. The stagnation point changes slightly due to the ice. Because 

there is no kinetic energy, conservation of energy causes a complete conversion of the free 

stream energy into pressure energy (neglecting losses), which results in similar stagnation point 

pressure magnitudes for both iced and clean profiles. However, the suction peak level is highly 

affected by the profile change. Furthermore, the magnitude of the suction peak defines the 
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available kinetic energy at point a and consequently defines the separation of the downstream 

flow.  

The discussion presented above was about the first source of the ‘surface force’ on the 

airfoil: the ‘pressure’ that is the source of the ‘normal forces’. The second component of the 

surface force, the ‘shear force’QR, should be considered to take into account the viscous forces 

on the blade surface. It has a larger value in a turbulent flow (turbulent boundary layer) than in 

a laminar flow. Furthermore, it decreases in regions where the flow is not attached, such as at 

the separation point (where QR=0) due to the loss of interaction between the boundary layer 

and the wall.  

In an attached flow over a clean profile, the viscous force constitutes ~20% of the drag force, 

and the remaining 80% is the pressure drag (drag resulted from the pressure). The portion of 

the shear forces in the drag can decrease to one-quarter at separation. 

The chordwise distribution of the wall shear force is more complicated than that for the 

pressure because it depends on the boundary layer behavior, especially at the onset of 

separation. A wall shear contour plot for a random slender airfoil is shown in Figure 15. A 

maximum wall shear occurs immediately after the stagnation point, though this is not always 

the case.  

 

Figure 15. Contour plot of the wall shear for an arbitrary slender airfoil. 

The observed maximum can be referred to a higher variation of the wall-tangential velocity 

(>� in the wall-normal direction (B) as (QR � �? �C� ). Immediately after the location of zero 

velocity on the wall, the boundary layer should develop on the surface again and may cause a 

high value of (�? �C� ), which is similar to the boundary layer development on a flat plate. 

However, on thicker airfoils, in which the flow path is more curved after the stagnation point, 

there is no such maximum; this is not shown here.  
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2.1.2 SPANWISE DISTRIBUTIONS 

Wind turbine blades are designed by stacking isolated 2D airfoil sections with substantial 

changes in the thickness and type of 2D section from the hub to the tip. 

The 2D sections are not necessarily chosen for airfoil-incidence levels that correspond to an 

individual airfoil’s maximum lift-to-drag ratio (�����) at the design point. Airfoils are selected 

based on their performance at the required position to satisfy the required spanwise load 

distribution.  

The spanwise distributions of chord and twist are designed according to the defined load 

distribution. The load distribution is decided considering the structural limitations and the 

aerodynamic demands. A proper criterion in an idealized wind turbine design is that the 

tangential force ~N should be equally distributed over the span of the blade5 [31]. Accordingly, 

the aerodynamic moment (torque �) increases from the hub to the tip, as (� g < � ~N) and the 

radial distance (; ) of the sections increases linearly towards the tip. 

Although a higher ~N is not expected with a larger radius, the outward regions are 

aerodynamically significant and even critical due to the drag limitation. The maximum lift to 

drag ratio is expected in this region; consequently, the thinnest airfoils are appropriate. A high 

lift to drag ratio is necessary for modern wind turbines, which have very high tip speeds (i.e., 

rotor blades that provide a significant amount of lift with as little drag as possible). This is 

particularly necessary in the section of the blade near the tip, where the relative velocity is 

much higher. For wind turbines with low tip speeds, it is not necessary to use high-quality 

airfoils. For example, Western-type windmill rotors can easily be manufactured from flat metal 

plate [33]. 

 

                                                 
5 This is impossible for the tip and root sections. 
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2.2 Flow separation 

A fluid moving around a stationary object will develop a boundary layer where the viscous 

force occurs in the fluid layer near the solid surface. Flow separation occurs when the speed of 

the boundary layer relative to the object falls to zero due to an adverse pressure gradient [34]. 

The fluid flow becomes detached from the surface of the object and instead of following the 

object profile takes the forms of eddies and vortices.  

The separation point is defined as the point between the forward and backward flows at 

which the shear stress is zero. The overall boundary layer initially thickens suddenly at the 

separation point and is then forced off the surface by the reversed flow at its bottom [35]. 

2.2.1 LAMINAR SEPARATION BUBBLE  

Leading edge separation vortex 

A Laminar Separation Bubble (LSB) forms when a laminar separated flow reattaches during 

the transition from a laminar to a turbulent state. A laminar separation bubble follows a typical 

sequence of events: 1) the separation of a laminar boundary layer due to the deceleration in an 

adverse pressure gradient region; 2) the growth of a laminar separated free shear layer and 

inviscid instabilities associated with the shear layer, the transition from laminar to turbulent 

flow, increased mixing, the entrainment of higher speed fluid and the corresponding growth of 

a turbulent separated shear layer; and 3) reattachment of the turbulent shear layer and the 

development of a turbulent boundary layer (Figure 16).  

 
Figure 16. A typical laminar separation bubble [36].  

The flow outside the boundary layer is considered inviscid. An LSB can alter the pressure 

distribution around the airfoil. This change in the pressure distribution manifests itself as a 

reduction in the pressure peak (from that expected by an inviscid flow) followed by a pressure 

peak (Figure 17). The location of the pressure plateau coincides with that of the laminar portion 
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of the separation bubble. The transition to a turbulent flow results in a rapid pressure increase 

caused by fluid entrainment. This pressure increase often exceeds the inviscid pressure that 

would exist at the reattachment location. 

 
Figure 17. Characteristic pressure distribution on an airfoil with a short type laminar separation bubble [37]. 

LSBs can be classified as short and long bubbles. With short bubbles, a small region of 

constant pressure occurs, which causes a plateau in the pressure distribution curve. As a result 

of flow reattachment, the pressure distribution curve returns to the inviscid flow curve. As the 

angle of attack increases, the separation point continues to move towards the leading edge and 

at a certain angle of attack the flow can no longer reattach to the airfoil surface within a short 

distance. This phenomenon is called breakdown or bursting of the bubble.  

A long bubble is characterized by a large plateau in the pressure gradient and can follow the 

breakdown or bursting of a short bubble. The presence of a short bubble does not significantly 

alter the peak suction. However, the presence of a long bubble results in a suction plateau of 

reduced levels in the pressure distribution over the region occupied by the long bubble and 

does not result in a sharp suction peak (Figure 18).  

 
Figure 18. Long and short laminar separation bubbles [36]. 
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2.2.2 TURBULENT SEPARATION BUBBLE 

Turbulent separation may occur near the trailing edge at the developed boundary layer 

(Figure 19). Mueller [36] believed that downstream of a short laminar separation bubble is a 

potential region for local turbulent separation (Figure 18). The trailing-edge vortex is shed 

directly into the wake. A large-scale vortex-shedding phenomenon occurs in a separated flow 

region behind the blunt trailing edge, and the downstream convection of these shedding 

vortices leads to the formation of a Kármán vortex street in the wake. Vorticity (the curl of the 

flow velocity) is rarely shed from a surface continuously. Periodic components in the shear 

layers are amplified until nonlinear effects prescribe time delays, which result in the shedding 

of discrete vortices [38]. Behind a blunt body, this most commonly takes the form of the von 

Kármán vortex street. 

Kiya and Sasaki [39] used the term ‘bubble’ to describe a two-dimensional separation-

reattachment flow. However, where the separation region is long enough to form a bubble, the 

same notation can be used even without reattachment. In addition, when the reattachment point 

is located immediately downstream of the trailing edge, a similar structure for the separation 

bubble is observed (i.e., a stabilized bubble forms) [40].  

 
Figure 19. Illustration of a laminar to turbulent boundary layer transition followed by turbulent separation of 

the boundary layer [41]. 

In the presence of a sharp edge, the flow past a blunt body at a high Reynolds number leads 

to the formation of a turbulent separation bubble near the sharp corner [40], [39]. The 

separation bubble is characterized by rolled-up vortices in the shear layer and their interaction 

with the surface [39], [40]. The turbulent separation bubble is a source of large-scale vortex 

shedding downstream.  

The flow at a turbulent separation bubble is characterized by two separate time-dependent 

phenomena: flapping and shedding [29]. One mode is associated with a global breathing 
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motion of the separation bubble, which has been described as a flapping motion in the literature. 

This refers to growing and shrinking of the separation bubble. The other mode, which is called 

the regular mode, is associated with the roll-up of spanwise vortices in the shear layer above 

the recirculating region and their shedding downstream of the separated zone. The regular 

mode includes the presence of vortical motion in the separated shear layer and vortex shedding 

from the separation bubble. The source of the regular mode has been attributed to the Kelvin-

Helmholtz instability, where the difference between the velocities within the recirculation 

region of the separation bubble and the external flow causes a roll-up and shedding of vortices 

within the shear layer [30]. The shear-layer flapping is characterized by low frequencies at 

certain locations in the separation bubble downstream of the onset of separation. The 

oscillations tend to operate across different frequency scales than those of the regular mode 

[30]. 

As the shear layer vortices are formed and shed, the height and length of the separation 

bubble change as a function of time [9]. The boundary layer events produce variations in the 

lift, drag, and moment coefficients [42]. The frequency of the oscillating flow can be 

nondimensionalized with a parameter called the Strouhal number �
, which can be defined 

based on the momentum thickness (�
��g�4���" ) [42], the airfoil’s projected height (�
��g�4�2�
#]��D�" ) [43]-[45] or the separation bubble length (�
��g�4��" ) [43], where f is the flow 

oscillation frequency, (L) is the separation bubble length, (2) is the airfoil chord, (�) is the 

boundary layer momentum thickness, (D) is the angle of incidence, and (" ) is the free-stream 

mean velocity. (�
) mainly reflects the regularity of the oscillations, not their amplitude. 

Shedding from the bubble occurs more frequently than the bubble shrinkage period.  

Most results from the literature identify the effects of shear-layer flapping as occurring at a 

Strouhal number on the order of �
� = 0.02 or StL = 0.1. The regular mode reported in the 

literature consistently corresponds to Strouhal numbers in the range of 0.5 to 0.8 [43]. 

2.2.3 STALL 

In fluid dynamics, a stall is a reduction in the lift coefficient generated by a foil with 

increasing angle of attack. A stall increases the drag force. For wind turbines, a stall can be 

utilized to limit the maximum power output to prevent generator overload and excessive forces 

in the blades during extreme wind speeds [46].  

The stalling characteristics at low speeds for a clean airfoil profile include three types: 
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1. Trailing-edge stall, which is preceded by movement of the turbulent separation point 

forward from the trailing edge with increasing angle of attack. This typically occurs on 

thick airfoils. 

2. Leading-edge stall, which is an abrupt flow separation near the leading edge generally 

without subsequent reattachment. It is referred to as a laminar separation bubble at the 

leading edge before the abrupt leading-edge stall. 

 An alternative cause of a leading-edge stall to bubble bursting is re-separation, in which a 

turbulent separation can occur immediately downstream of the reattachment. If the bubble 

is near the leading edge, this flow pattern is often unstable. 

3. Thin-airfoil stall, which is preceded by flow separation at the leading edge with 

reattachment at a point that moves progressively rearward with increasing angle of attack.  

 
Fig. 10. Sketch of the three different stall types [46], [47]. 

Some airfoil sections with intermediate thickness ratios combine leading-edge stalls and 

trailing-edge stalls [46]. 
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CHAPTER III 

3 NUMERICAL MODEL BACKGROUND  
 This chapter presents the principles of the numerical model implemented in this thesis. The 

development of the system of equations is explained. It consists of a mathematical model for 

steady-state and transient simulations. The equations describing the mean flow variations and 

the methods used to model turbulence are discussed. The discretization methods for the derived 

partial differential equations (PDEs) are then reviewed. Mesh configurations of the discretized 

domain are discussed. 

The methods to model rotation are then presented because rotation is a fundamental part of 

wind turbine simulations.   

Because each computational fluid dynamics problem is defined under the limits of the initial 

and boundary conditions, the main boundary conditions are introduced. Finally, the 

convergence conditions for the numerical model are described.  

3.1 System of equations 

The Navier-Stokes (NS) equations, which were developed by Claude-Louis Navier and 

George Gabriel Stokes in 1822, are equations used to determine the velocity vector field of a 

fluid [48]. These equations arise from the application of Newton’s second law in combination 

with a fluid stress (due to viscosity) and a pressure term. 

The Reynolds-averaged NS (RANS) equations were primarily used to describe turbulent 

flows such as those over wind turbines. If the NS equations are numerically solved without a 

turbulence model, the simulation is called a direct numerical simulation (DNS). In addition to 
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Reynolds averaging of the NS equations, these equations can be applied in the filtered form 

with the Large Eddy Simulation (LES) method.    

The Reynolds-averaged Navier–Stokes equations (or RANS equations) were developed to 

obtain approximate time-averaged solutions to the Navier–Stokes equations in turbulent flows. 

The idea behind these equations is the Reynolds decomposition, whereby an instantaneous 

quantity ($%) is decomposed into its time-averaged ($�� ) and fluctuating (?%) quantities (Figure 

20). Three components of the velocity (", ', .) are shown for a pipe flow. The subscript (]) 
indicates a node in a discretized space similar to a sensor in a pipe flow. This idea was first 

proposed by Osborne Reynolds in 1895 [49].   

 
Figure 20. Example of a turbulent velocity fluctuation in a pipe flow as a function of time. 

In this way, any component of the velocity can be divided into an averaged part and a time-

varying part. For example, at a certain point (i) in a pipe flow, the velocity ($%) changes over 

time (t). If the flow is steady from the beginning (t=0), the temporal average of these values 

(from 0 to t) for that point is ($�� ). The fluctuating part (?%) is a function of time. This is similar 

for the other components, such as ((%) and (�%). 
If the measurements are repeated several times for a point i, one obtains the temporal 

variations, such as those shown in Figure 21 and Figure 22. The phenomenon may reach a 

steady state, such as in Figure 21, or the mean value may vary with time, such as in Figure 22.  

In the numerical methods for a steady-state solution, the flow is assumed to have reached a 

steady condition at time t1 and to not vary with time. It is assumed that we are now observing 

the flow at a time such as t1 and that the equations model such a situation (Figure 21).  

RANS-based numerical approaches assume that for any single time t1, time averaging is 

required. To obtain the mean value of the fluctuating velocity, the following equation is 

considered [50], [51]  
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where (GH) is the time scale considered for numerical time marching under those conditions. 

Turbulent fluctuations still occur, but the mean value is assumed to be fixed. If the simulation 

marches in time with a (GH) smaller than the turbulence time scale, instantaneous fluctuations 

may be observed and may affect the calculated mean value. Therefore, (GH) should be chosen 

to be large relative to the turbulent fluctuations but small relative to the time scale at which the 

equations are solved.  

 
Figure 21. Steady-state solution during a measurement. 

This ‘false’ time step (GH), which is called the physical timescale, is also used as a means of 

underrelaxing the equations as they iterate towards the final solution in a steady-state 

simulation. To provide sufficient relaxation of the equation nonlinearities, a small physical time 

scale is applied to obtain a converged steady-state solution. In this way, the solution evolves 

over time to provide transient information about a time-dependent simulation [50], [51].  

In addition to the turbulent fluctuations in the velocity, the mean velocity may vary with 

time; this is called transient flow. For such a flow, the mean value is defined as an ensemble -

averaged value at each time to disregard the fluctuations and obtain a mean value at each time 

(Figure 22).  

To obtain an ensemble average, the experiments should be repeated. We can repeat an 

experiment many times and take an ensemble average over several sets of experimental data. 

In RANS-based numerical methods, the average is assumed instead of real multiple 

simultaneous solutions. The averaged equations are then solved  as we just solve the averaged 

equation and model the turbulence in a superposition manner. This allows the RANS equations 

to also be solved for transient phenomena. The resulting equations are called Unsteady RANS 

or URANS. Figure 22 shows a sample of the experimental results. 

Several experiments at �u ��G��
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Figure 22. Transient solution of a measurement. 

When a mean value of a transient phenomenon is needed, the number of evaluated data, 

either experimental or numerical, should be large enough to deliver a consistent mean6. Figure 

23 shows this process for the lift over an iced airfoil (test case II in Figure 40). The results 

show that after approximately 10,000 time steps, the mean value of the desired parameter 

becomes consistent. Similarly, in the typical case shown in Figure 22, a full sinusoidal period 

is required to obtain a relevant mean value.  

 
Figure 23. The mean value of a time series. 

When rearranging the NS equations with ($�� ) and (?%), the continuity equation is not altered, 

but the momentum, as a scalar transport equation, contains turbulent flux terms in addition to 

the molecular diffusive fluxes. These are called the Reynolds stresses, (�?�?������), and they arise 

from the nonlinear convective term ([50], [51]).  

                                                 
6 It can also be connected to the convergence of solution in a numerical simulation, which is further discussed in Section 3.6.
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τ    stress tensor 
p    static (thermodynamic) pressure 
ρ    density 
SM  momentum source 
U   velocity magnitude 
u  fluctuating velocity component in  

the turbulent flow 

Therefore, the continuity and momentum equations are expressed based on the mean value 

and the Reynolds stress, which are representative of the turbulence. The turbulence models’ 

task is to model this parameter.  

Boussinesq was the first to introduce a turbulence model that was based on the concept of 

eddy viscosity [52]. In 1877, he suggested that turbulence consists of small eddies that 

continuously form and dissipate. The Reynolds stress is assumed to be proportional to the mean 

velocity gradients through the turbulent eddy viscosity (MN). This type of model is defined as 

an eddy viscosity model. Subsequently, the model must calculate (MN).  
In a sophisticated way, (MN) is modeled as the product of a turbulent velocity and a turbulent 

length scale (L). The turbulent velocity is defined as the variance of the fluctuations in the 

velocity. It is represented by the turbulent kinetic energy (-), which is the mean kinetic energy 

per unit mass associated with eddies in a turbulent flow. Physically, (-) is the root-mean-square 

of the velocity fluctuations. The turbulent length scale is estimated from two properties of the 

turbulence, (-) and its dissipation rate J or turbulent frequency �U� [50]. In 1942, Kolmogorov 

proposed the first two-equation model (-�a), and Chou introduced the (-�¤) model in 1945 

[53].  

In practice, the values of (-) and (U or J) come directly from the differential transport 

equations for each of them. The corresponding equations are postulated by combining physical 

reasoning with dimensional analysis. They consist of the mean velocity values and several 

constant parameters in addition to (-) and (U or J), which are not shown here.  

In 1993, these two models were combined in a model and introduced as a version -�a, called 

Baseline (BSL) [54]. It is identical to -�a�in the inner 50% of the boundary layer but changes 

gradually to the -�¤�model towards the boundary layer edge. If there is no wall, as in the free 

shear layers, BSL is identical to the -�¤�model. Another version of -�a model was also 

presented with an extra assumption to the above ones: the transport of the principal turbulent 

shear stress is taken into account in adverse pressure gradient boundary-layers, i.e. flow 

separation. This is implemented by a modification in the eddy-viscosity definition. This 

modification ensures that the principal turbulent shear-stress (or Reynold stress) satisfies the 

same transport equation as the (-) [54]. It is designed to act only inside the boundary-layer in 
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order to retain the -�¤ model for free shear-layers, i.e., in the vortices or the separated regions. 

This model is called Shear Stress Transport (SST). The SST model can be used in RANS and 

URANS, which is called SST-URANS.  

For URANS equations based such models, (-) and (U or J) are calculated for any individual 

time (time step), but they do not provide an accurate instantaneous value of the length scale 

because the length scale is not calculated directly; rather, it is estimated from a correlation of 

k and (a or ¤). Improved URANS formulations consider a transport equation for the turbulent 

length scale, such as Scale-Adaptive Simulation (SAS), which was developed in 2005 [55]. 

The exact transport equation for the turbulent length scale was first suggested in 1972 by the 

(-��) model, i.e., the (a or ¤) transport equation was replaced by an equation for (�) [56].  

Both the SAS and -�a models are two-equation RANS turbulence models; the former 

considers (-) and (�) as the main parameters, and the latter consists of transport equations for 

(-) and (a)¥ In 2006, these two models were combined, which resulted in a -�a model based 

on the concept of SAS [57]. In the SAS-SST model, (a) is increased in the regions where the 

flow is on the limit of becoming unsteady. To detect the unsteadiness, the von Karman length 

scale is used as a sensor, which mimics the length scale of the resolved motion. It is calculated 

based on velocity gradients rather than time-averaged gradients [57]. An increase in (a) results 

in a decrease of the turbulent viscosity compared to the SST-URANS model, and the resolved 

fluctuations are much larger with the SST-SAS model than with the SST-URANS model. 

Despite the advantages of the SAS-SST model in resolving the unsteadiness, the computational 

time and convergence issues may limit the applications of such a model.  

Near-Wall Treatment 

In wall-bounded flows, such as flow over an airfoil or a blade, the numerical treatment of 

the equations in regions near solid walls is an important issue. Very close to the wall, the 

viscous damping force reduces the tangential velocity fluctuations, and kinematic blocking 

reduces the normal fluctuations. However, the turbulence is rapidly amplified by the production 

of (-) due to the large gradient in the mean velocity. The near-wall simulation approach 

determines the accuracy of the wall shear stress that results in drag. It also has an important 

influence on the development of boundary layers, including the onset of separation. This 

dictates the distribution of pressure on the wall, which defines the lift and pressure drag.   

Measurements show that the streamwise velocity (") in the flow near a wall varies 

logarithmically with the normal distance from the surface. This behavior is known as the law 

of the wall and was first proposed in 1930 [58]. A wall coordinate is defined as (C@ g ?¦C §� ) 
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with (?¦ g ¨QR �� ), and it is correlated with the dimensionless velocity (?@ g $�?¦), where 

(QR) is the wall shear stress, (B) is the distance of the first node from the wall, and (©) is the 

local kinematic viscosity. Additional experiments showed that a typical velocity profile 

matches the law of the wall for values of (Bo) in excess of approximately 30 [53]. Below the 

region where the law of the wall is applicable, there are other estimations for the friction 

velocity. Figure 24 illustrates this law for a typical velocity profile in a turbulent boundary 

layer. This velocity profile can be part of the turbulent portion of a developing boundary layer, 

as shown in Figure 25. 

 
Figure 24. Illustration of the law of the wall for a typical flow (the region limits may change in any boundary 

layer) [59]. 

Figure 25 shows the laminar-turbulent transition of the boundary layer for a flat plate. A 

turbulent boundary layer can be generally subdivided into three layers (Figure 24). In the 

innermost layer, which is called the ‘viscous sublayer’, the flow is nearly laminar, and the 

(molecular) viscosity plays a dominant role in the momentum and heat or mass transfer. In the 

outer layer, which is called the fully turbulent layer, turbulence plays a major role. Finally, 

there is an interim region between the viscous sublayer and the fully turbulent layer in which 

the effects of the molecular viscosity and turbulence are equally important, called the 

buffer/blending layer. 
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Figure 25. Development of the boundary layer for flow over a flat plate and the different flow regimes. 

Typically, two approaches can be used to model the flow in the near-wall region: the ’low-

Reynolds-number method’7 and the ’wall-function method’. In the former, all the RANS 

equations are solved, even within the boundary layer. Using a very fine grid in the near-wall 

zone, the rapid variation of the variables is assumed to be captured near the wall. The turbulence 

models should be modified to enable the viscosity-affected region to be resolved with the mesh 

all the way to the wall, including the viscous sublayer. This imposes strong restrictions on the 

grid resolution in the near-wall treatment. Furthermore, several modifications to the equations 

are typically required to be adopted across the viscosity-affected near-wall layer, such as near-

wall damping terms and near-wall source terms.  

An alternative and still widely employed approach is the use of wall functions, which model 

the near-wall region. Wall functions use empirical laws based on the law of the wall. They have 

been proposed and used by many authors since 1967 [60]. The wall function method has two 

advantages: it economizes computer time and storage, and it allows the introduction of 

additional empirical information in special cases, such as roughness [60]. By applying wall 

functions, the wall conditions (e.g., wall shear stress QR) can be connected to the dependent 

variables at the near-wall mesh nodes (e.g., flow velocity "). In this approach, a formula is 

assumed to correlate the flow features to the wall features. The parameter (Bo) is representative 

of the former, and (?@) is an indicator of the latter. Therefore, the viscosity-affected inner 

region (viscous sublayer and buffer layer) does not have to be resolved, and the need for a very 

fine mesh is circumvented.  

Based on numerous experiments, a linear formula can relate (>o) and (Bo) in the viscosity-

affected inner region [61]. The ANSYS CFX algorithm assumes that the mixing/buffer layer 

is located between (Bo = 5) and (Bo = 60); at (Bo > 60), the boundary layer is fully turbulent. 

The location (Bo=11.06) is considered as the limit, above which a logarithmic relation is 

adopted [50], [51] (Figure 24 and Figure 25).   

                                                 
7 Also called the Near-Wall Model Approach 
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The scalable wall function, which is associated with -�¤ turbulence models, skips the 

viscosity-affected region (below Bo= 11.06). It assumes that the wall surface coincides with 

the edge of the viscous sublayer, which is the presumed intersection between the linear and 

logarithmic near-wall velocity profiles. The first point is treated as being outside the edge of 

the viscous sublayer; i.e., if the first mesh node is located inside the viscous sublayer, it is 

shifted to place it at (Bo=11.06). In this way, the sublayer portion of the boundary layer is 

neglected in the mass and momentum balances. The error in the wall function formulation 

results from this virtual shift, which amounts to a reduction in the displacement thickness. This 

error decreases to zero as this method shifts to the low-Re mode.  

Hybrid methods for the near-wall treatment are also available, which automatically switch 

from a low-Re formulation to the wall functions based on the grid spacing. These formulations 

provide the optimal boundary conditions for a given grid. The -�a model of Wilcox [52] has 

the advantage that an analytical expression is known for (U) in the viscous sublayer, whereas 

(J) only has a formula inside the logarithmic region. The blending formula for (U) can be 

exploited to achieve the aforementioned goal.  

Furthermore, a low-Reynolds -�a model typically requires a near-wall resolution of (Bo<2), 

whereas a low-Reynolds -�¤ requires at least (Bo<0.2). 

However, as shown by Menter [62], the main deficiency of the standard -�a model is the 

strong sensitivity of the solution to the free stream values for (U) outside the boundary layer. 

This is the idea behind developing an SST model that combines the -�a model near the wall 

and the -�¤ model away from the wall through a blending function, as mentioned before[50], 

[51].  

Laminar-Turbulent Transition 

Outside the boundary layer (the outer part in Figure 25), the flow can be turbulent or laminar 

based on the free stream Reynolds number. The outer flow is considered like an inviscid flow 

because the viscous forces are zero; the upper edge of the boundary layer is the surrounding 

boundary of the outer part. The turbulence model reproduces the turbulence of the flow in that 

region. Obviously, this determines the turbine performance because wind turbines have 

different characteristics in laminar and turbulent flows. 

The interior of the boundary layer has three regions of development: laminar, transition and 

turbulent (Figure 25 and Figure 26). Figure 25 shows these regions over a typical airfoil. These 

parts have different wall shear stress and separation behaviors. Sometimes, the flow can be 
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assumed to be fully developed from the beginning, and the first laminar and transition lengths 

can be skipped.  

 
Figure 26. Laminar-turbulent transition of a boundary layer on an airfoil [63]. 

For slender airfoils, which are usually found in the outer part of the blade (near the tip), the 

fully turbulent assumption is more realistic than for the thicker airfoils near the hub, in which 

a considerable part of the boundary layer flow is laminar. In general, the modeling of the 

laminar/turbulent transition is important for the correct prediction of a wall-bounded flow 

because the transition considerably influences the skin friction and therefore the energy loss 

[64]. The separation behavior on an airfoil is affected by the transition modeling because the 

vortex location can change significantly between laminar and turbulent flows, and thus the 

calculated wind turbine characteristics can vary [65]. Neglecting the laminarity of the flow near 

the leading edge imposes a higher virtual wall shear stress magnitude in this region, which 

leads to earlier separation and a larger vortex near the trailing edge. Consequently, the load 

coefficients are affected. 

Engineering transition predictions are mainly based on two modeling concepts. The first is 

the use of low-Reynolds number turbulence models, in which the wall damping functions of 

the underlying turbulence model trigger the transition onset. Experience has shown that this 

approach is not capable of reliably capturing the influence of the factors that affect the 

transition, such as the free-stream turbulence, pressure gradients and separation [51]. 

The second approach is the use of experimental correlations, which usually relate the 

turbulence intensity in the free stream to the momentum-thickness Reynolds number,�(���), at 

transition onset. Then, (���)�can serve as the criteria to distinguish the transition onset (Figure 

27). The transition used in this study considers the experimental correlation concept. 
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Figure 27. Intermittency factors for two arbitrary slender and thick airfoils. 

 The transition is called the «�� Gamma-Theta model and is recommended for general-

purpose applications [51]. The full model is based on two transport equations, one for the 

transition onset criteria in terms of (���) and one for the intermittency �«�. The intermittency 

decreases the production term of the turbulent kinetic energy transport equation in the SST 

model in the region of laminar flow before the transition. 

3.2 Discretization of the governing equations 

Numerical discretization of a time-dependent PDE includes different approaches, such as 

full discretization in both time and space. The Method of Lines (MOL) [66] approach is another 

alternative, in which all but one independent variables are discretized. The former method 

represents PDEs in the form of algebraic equations, while the latter leads to a large set of 

coupled ordinary differential equations (ODEs). We focus on the  full discretization in both 

time and space.  

3.2.1 SPATIAL 

There are several spatial discretization methods, such as the finite difference method (FDM) 

using the point-value solution, the finite volume method (FVM) using the cell-average value 

solution, the finite element method (FEM), and spectral and pseudo-spectral methods. 

The ANSYS CFX software uses a hybrid FEM/FVM approach. As an FVM, the solution 

variables are solved and stored at the vertices of the mesh because it is a node-based code 

(Figure 28). The FEM methodology is also used to describe the solution variation (needed for 

various surface fluxes and source terms) within each element. CFX uses an unstructured finite 

element-based finite volume method. The basis of the FE method comes from the use of shape 

functions (further explained in this chapter), which are common in FE techniques, to describe 

the way a variable changes across each element.  

In this research, the element-based finite volume method is adopted to represent and 

evaluate the partial differential equations in the form of algebraic equations. It first involves 

Intermittency γ

Non fully turbulent parts

Transition linesTransition lines
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discretizing the spatial domain using a mesh. In general, a mesh is used to construct finite 

volumes, which are constructed from mesh nodes (cell-vertex method) or around a mesh node 

(cell-centered method).   

 
Figure 28. A typical mesh element constructed with 3 nodes using the cell-vertex method [50], [51]. 

Each mesh element in the cell-vertex method includes an element center, surrounding nodes, 

and integration points (]^), as shown in Figure 28. Solution fields and other properties (¬) are 

stored at the mesh ‘nodes’ (mesh vertices). However, to evaluate many of the terms, the 

solution field or solution gradients must be approximated at integration points with the help of 

finite-element shape functions, which are parameters that describe the variation of a variable 

within a volume mesh element. The functions depend on the type of elements (e.g., hexahedral, 

tetrahedral). 

Volume integrals are discretized within each element sector (Figure 28) and accumulate to 

the control volume to which the sector belongs. Surface integrals are discretized at integration 

points located at the center of each surface segment within an element and are then distributed 

to the adjacent control volumes. In a few situations, gradients are required at nodes, which are 

called ‘control volume gradients’. Using a form of Gauss’ divergence theorem, these gradients 

are expressed in terms of the (]^) contents (S%� regarding the finite-element shape functions.  

Advection terms are defined as the differences between the nodal values of (¬) and the (¬) 

values at the integration points. The advection term requires the integration point values (S%) 

to be approximated in terms of the nodal values of (¬): 

S% g S® o E¯S¥ G<} 
where (S®) is the value at the upwind node, (<}) is the vector from the upwind node to the 

(ip), and (E¯S¥ G<}) is called the Numerical Advection Correction, which is an anti-diffusive 

correction applied to the upwind scheme. Particular choices for the ‘blend factor’ (E) and (¯S) 

yield different schemes, such as the ‘High-Resolution Scheme’. The High-Resolution Scheme 

uses a special nonlinear recipe for (E) at each node, which is computed to be as close to 1 as 

node 1 node 2
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possible. The nodal value evaluation in this scheme avoids overshooting or undershooting of 

the calculated value of (S) [50], [51]. 

3.2.2 TEMPORAL 

For transient simulations, the governing equations must be discretized in both space and 

time.  

For control volumes that do not deform over time, the general discrete approximation of the 

transient term for the (�
�) time step is: 

�
�H� �S�{( y ( ��S�

*°± i ��S�²N�)N
GH³

 

where values at the start and end of the time step are assigned the superscripts ‘start’ and 

‘end’, respectively. The choice of these values yields different ‘transient schemes’ (Figure 29). 

The ‘First-Order Backward Euler Scheme’ uses the solution values at the previous and current 

time steps. It is similar to the Upwind Difference Scheme for discretizing the advection term. 

With the ‘Second-Order Backward Euler scheme’, the solution values at the time step before 

the previous time step are also used in addition to the previous and current time step solutions. 

Both methods are robust, implicit, conservative in time, and do not have a time step size 

limitation. The former is first-order accurate in time and will introduce discretization errors 

that tend to diffuse steep temporal gradients, whereas the latter is second-order accurate in time. 

The second-order scheme is not bounded and may create nonphysical solution oscillations [50], 

[51]. 

 
Figure 29. Transient discretization; BES: Backward Euler Scheme. 

3.2.3 DISCRETIZATION SIZE 

Defining the time step size and the mesh size includes some trial and error. However, several 

general outlines should be considered.  

t
Now

t-Δt
Previous Time

t-Δt-Δt
Time Before 

Previous Time

Components of “Start Time” 
at 2nd BES

Components of “End Time” 
at 2nd Order BES

“End Time” 
at 1st Order BES

“Start Time” 
at 1st Order BES



 

42 

 

Mesh size 

The size of the first cell on the wall, airfoil or blade is selected based on the choice of the 

wall treatment. It should be decided whether wall functions will be used and how deep in the 

boundary layer they will be applied. The corresponding (Bo) value is then set by trial and error. 

The trial and error are required due to the dependency of (Bo) on the wall shear in addition to 

the first cell size.  

At least 10 nodes must be placed inside the boundary layer. A mesh size ratio of 1.2-1.3 

usually provides enough nodes for wind turbines. After arranging the nodes inside the boundary 

layer, the mesh density away from the walls is investigated regarding the independence of the 

solution from the mesh size. Several criteria for the relative cell sizes are available, such as the 

‘volume change’ and ‘aspect ratio’, which are discussed further in Section 3.3.  

Physical timescale and time step size  

A good approximation of the timescale8 is the Dynamic Time for the flow, (GH y ´�$), 

which is the time required for a point in the flow to make its way through the fluid domain (´), 

where ($) is the mean velocity through the domain. For advection-dominated flows, the 

physical time scale should be defined as a fraction of a length scale divided by a velocity scale. 

By choosing a fraction of (GH) as the time step size, (GH�µ), (�) iterations are required for a 

pulse, such as a vortex that forms at the fluid entry, to reach the end of the domain. The speeds 

of any transient phenomenon, such as bubble formation and vortex shedding, cannot be 

evaluated accurately. Therefore, we can only estimate a rough time scale as (GH) to initiate the 

time step size sensitivity analysis; then refine it as long as the solution does not change with 

further refinement.  

A similar dynamic time, can be considered for a rotating turbine as the time period of per 

revolution degree, assuming the rotor’s rotational speed. The magnitude of blade rotation 

during per time step should be considered in choosing a timescale.  It is usually between 1-5 

degrees per time step.  

Time-space discretization ratio 

The number of mesh elements the fluid passes through in one time step is expressed by a 

parameter called the Courant number, which can be expressed in a one-dimensional grid as: 

¶ g �$�GHGI  

                                                 
8 See Section 3.1 for more information. 
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where "�is the fluid speed, GH is the time step and GI is the mesh size.� A multidimensional 

generalization of the Courant number expression can be calculated for each element that 

considers the mass flow into the control volume and the dimensions of the control volume [50], 

[51]. 

In a one-dimensional system, if the Courant number is �1, fluid particles move from one 

cell to another within one time step (at most). If the Courant number is >1, a fluid particle 

moves through two or more cells in each time step; i.e., some cell information will be neglected, 

and the convergence can be affected negatively.  

For explicit CFD methods, the time step must be chosen such that the Courant number is 

sufficiently small. An implicit code, such as that used in ANSYS CFX, does not require the 

Courant number to be small for stability. Using Courant numbers above one with an implicit 

method is stable, but information is transported faster than it should [50], [51].  

In practice, in complex meshes, it is not feasible to maintain the Courant number at an ideal 

level; a low (Bo) near the walls leads to an extremely small (GI), and sharp local velocity (") 

peaks form in complex 3D flows. Therefore, this parameter is not suggested for use as a 

criterion to choose the proper discretization size (GH GI� ) unless it is considered regionally in 

part of a simulated domain. 

3.3 Mesh configuration 

The grid is a discrete representation of the flow domain. It contains cells grouped into 

boundary zones in which the boundary conditions are applied. The grid replaces the body of 

the entire target domain, and it has significant impacts on the rate of numerical convergence, 

solution accuracy, and required CPU time. The mesh design time is also an issue. Although in 

an ideal solution, the final results should be independent of the mesh type, in practice, some 

aspects of the solution process may be influenced.  

Structured grids are identified by regular connectivity and are indexed along coordinate 

axes, whereas unstructured meshes are identified by irregular connectivity. Structured 

hexahedral (or quadrilateral) meshes are generally more appropriate for wall-bounded flows 

than unstructured meshes; it is easy to control the spaces and inflation ratio and to align the 

normal face elements to the flow lines. Lateral faces of hexahedra follow the flow direction, 

whereas tetrahedra (triangles in 2D) necessarily have faces that cross the flow. Hexahedral 

grids allow very fine wall-normal spacings but without large face skewness; i.e., the faces are 

similar to equilateral or equiangular faces [67]. 
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 A logical representation exists for a structured mesh, whereas this is not possible for an 

unstructured mesh (see Table 1). Simulations with structured grids (hex or quad cells) are 

usually faster. The algorithms can normally be implemented in a computationally efficient 

manner, and the convergence is also faster. An unstructured mesh cannot be expressed easily 

as a two-dimensional or three-dimensional array in computer memory. This allows for any 

possible element type and arrangement. Compared to structured meshes, this type of mesh can 

be highly spatially inefficient because it relies on the explicit storage of neighborhood 

relationships [68], [69]. However, a structured mesh requires better mesh generation skill; it is 

almost a sculpture method with the mesh blocks and demands more mesh design time for 

complex geometries. 
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Table 1. Grid types: structured vs. unstructured [70]. 

In a cell-vertex control volume method, such as CFX, each element is considered a control 

volume. Because the information is stored in nodes, the number of nodes represents the 

captured information, and the control volumes represent the computational costs because the 

system of equations is solved for each control volume. For a certain number of nodes, an 

unstructured mesh results in the generation of more elements (control volumes) than a 

structured mesh. The application of an unstructured mesh imposes more computational costs 

for the same analyzed information than a structured mesh.  

A structured mesh can be represented in a single-block form or as multiple blocks. Multiple-

blocking is a projection-based mesh-generation strategy. The blocking is used when a 

structured hexa mesh is desired in one or more parts. To generate this kind of mesh, the volume 

must be divided into blocks. Then, on the edges of these blocks, the mesh is defined in terms 

of the number of elements and an edge refinement factor.  

Each block contains 6 faces and 12 edges that can be connected pairwise to satisfy the 

logical representation (see Table 1). All the block faces between different materials are 
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projected to the closest CAD9 surfaces. Block faces within the same material can also be 

associated with specific CAD surfaces to enable the definition of internal walls. Multiple 

blocking strategies can be used depending on the used topology.  

Avoiding unnecessary block splitting is recommended to keep the blocking and the 

numerical algorithm as simple as possible. However, in the case of a complicated geometry, 

many considerations increase the number of blocks. For example, the mesh of a one-third rotor 

consists of 27 and 3 mapped blocks for the inner and far-field domains, respectively (Figure 

30).  

 
Figure 30. Illustration of blocking around a typical blade.  

It should be noted that in the simulation of a wall-bounded flow field, such as the flow over 

a turbine, the domain of study exclusively comprises the flow field, and the surrounding walls 

are considered as the boundaries. Therefore, the grid volume cells should cover the flow. The 

blade surface then is modeled as 2D cells, which are called ‘shell’ or ‘face’ cells. Furthermore, 

some 1D cells can be generated in a grid as representatives of some boundaries. Accordingly, 

a 3D structured multiblock mesh consists of both 2D and 3D elements, where the blade is 

represented by quad cells, and the flow field is represented by hexa elements. If a fluid-structure 

interaction is intended, the blade is not treated as a shell mesh, and volume cells would be 

required for the blade as well.  

In the vicinity of the blade, or around an airfoil in the 2D case, a C-topology is an appropriate 

configuration to generate high-quality cells around both the leading edge and trailing edge even 

if the leading edge is extremely sharp. In this case, there is no need to simplify the main 

geometry to meet the mesh quality criteria. A high-quality mesh can be achieved without 

inaccurate simplifications (e.g., modified leading edge/trailing edge) of the geometries.  

Using a mesh with an adequate geometrical quality is an important part of controlling the 

discretization error. It is also important for avoiding round-off errors during the solution of the 
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linear equations that are produced by the discretization process [71]. Significant measures of 

mesh quality may be broadly categorized as measures of mesh orthogonality, expansion and 

aspect ratio. 

In some cases of wind turbine modeling, there are several limitations on fulfilling these 

criteria. In such cases in this project, we attempted to restrict the areas with low-quality cells. 

Examples are as follows: 

� At the blade tip around the trailing edge, the geometry inherently has several sharp angles 

that result in low-quality elements (i.e., small angles in the elements). 

� At large dimensions in the full-scale geometry, because of the limitations of the 

computational resources, it is not possible to completely fulfill the mesh quality criteria, 

especially with (Bo�1) near the wall. The size of the first cell on the blade is on the order of 

10-6 [m], whereas the span-wise cell size is on the order of 10-1 [m], which corresponds to 

~300 nodes along the span. This causes a large aspect ratio. 

� Near the blade root, the airfoil profiles transition to circular sections when the same blocking 

strategy, C-topology, is used. This reduces the mesh quality because the C-topology, which 

is necessary for sharp trailing-edge airfoils, does not form high-quality cells around a 

circular shape; due to the meshing strategy, one topology should be used throughout the 

blade.  

� When the hub is included in the model of the 3D geometry, the blade geometry connects to 

the semi-cylindrical shape of the hub. Keeping the same mesh topology as the upper parts 

lowers the mesh quality at the location where the blade sits in the hub. Similar conditions 

occur where the nacelle sits in the tower; i.e., two cylindrical profiles are connected.  

� These issues in the meshing can be handled easily with simple geometries, but with a large 

complex geometry, one should attempt to keep the entire system as simple as possible, which 

is a limitation. Making any small local change will affect the structure of the entire blocking.    

� In the simulation of a model wind turbine inside a wind tunnel, as is shown in Figure 31, 

two domains are considered: a rotating domain and a stationary domain. A separate mesh 

is generated for each domain: one for the inner short cylindrical rotating part and one for the 

remainder of the wind tunnel (the stationary part). These two meshes should match each 

other at their common interfaces, which imposes a large complex nested blocking at the 

tunnel (33 blocks in Figure 31). The wind turbine tower is included in the stationary part. 

The faces of the adjacent blocks should represent the tower geometry. The actual tower 

geometry may have several sharp corner edges, without any chamfers or fillets, which are 

challenging to fit in a block. Additional splitting to make specific blocks for each part of the 
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tower surface imposes more complexity in the blocking, which is not appropriate. Thus, 

some low-quality elements are unavoidable in this region due to the perpendicular 

surfaces/edges (Figure 31-right). 

  
Figure 31. Blocking of the wind tunnel (left) and tower of the model wind turbine (right). 

A compromise is required between the computational costs and the mesh quality. The mesh 

design time is also an issue. Based on the project focus, one can decide the weight of each of 

these parameters. In a model with a complicated geometry, 100% accuracy is not achievable 

because of these limitations. However, we can limit the regions with unavoidable low-quality 

meshes to a single mesh layer and attempt to not transmit the effect on the subsequent mesh 

layers. This can be implemented by isolating the corresponding blocks and using other meshing 

techniques. In this way, only a few elements at the tip trailing edge will have low angles, for 

instance.  

3.4 Rotating frames of reference (RFR)  

Rotation is a time-dependent phenomenon. The position of a rotating blade with respect to 

a stationary observer changes with time. Based on the definition of a steady-state flow, as long 

as this rotation (or any movement over time) does not change the fluid properties, the flow is 

considered steady-state. These fluid properties are the variables that define the behavior of the 

system or the process, such as pressure and velocity. With this background, the rotating flow 

in a wind turbine can be modeled as a steady-state simulation. 

A moving reference frame is a technique used to render an unsteady problem in the 

stationary frame with respect to the moving frame. For a steadily moving frame (e.g., the 

rotational speed is constant), it is possible to transform the equations of fluid motion/rotation 

to the moving frame to obtain steady-state solutions. It is also possible to have the frame move 

at unsteady rotational speeds. Again, the appropriate acceleration terms are added to the 
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equations of fluid motion. Such problems are inherently unsteady with respect to the moving 

frame due to the unsteady frame motion. 

For blade loading, the different forces are categorized as aerodynamic, gravitational, 

centrifugal, gyroscopic (Coriolis), and operational [14]. Rotation first affects the aerodynamic 

load as an extra component of velocity in the radial direction. This rotational component diverts 

the wind flow blowing in the axial direction, which can simply be imported into a substituted 

stationary model; the relative velocity is calculated based on the velocity triangle. The wind 

then hits the leading edge of a stationary airfoil with that velocity magnitude/direction. 

However, a rotation can also affect the centrifugal and Coriolis loads. These forces will 

increase in importance with increasing rotational speed. They can be assumed to be negligible 

at low rotational speeds compared to the aerodynamic forces.  

A rotating frame of reference is an implicit numerical approach to model rotation. In this 

method, the blade is assumed to be a wall attached to a rotating frame. The flow domain is 

modeled as a volume mesh that is attached to the blade and consequently rotates with the frame 

rotation. It can be imagined that the coordinate frame axes are installed on the blade surface or 

any other wall. In the numerical model, the wall is a shell mesh that is connected to the entire 

volume mesh as a surface surrounding a volume. This volume mesh represents the flow field 

over the wall (see Section 3.3). Therefore, if the blade is modeled as a rotating wall, the entire 

domain follows its rotation.  

According to this method, within a defined rotating domain, if any wall is defined to be 

rotating in an opposite direction to the rotating frame route, the domain is modeled as stationary 

with respect to the absolute frame. This idea can be used to model a combined system of 

stationary/rotating regions in one rotating domain through a wall in the stationary domain, 

which is defined as a counter-rotating component. In other words, the domains are defined as 

rotating domains, whereas part of it is physically stationary. This method avoid multiple frames 

of reference for simplicity.  

The issue with such modeling is that some additional forces appear that are not physical. 

The resulting Coriolis forces may compensate for each other due to the opposite rotations, but 

the centrifugal forces remain. The order of magnitude of this nonphysical force should be 

assessed compared to the target aerodynamic forces. If one considers a very low density fluid 

(such as the wind) and small rotations, then negligible effects of rotation will be observed with 

this method.  
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3.5 Boundary conditions 

The equations relating to fluid flow can be closed (numerically) by the specification of 

conditions on the external boundaries of a domain. In aerodynamic studies, only the fluid 

domain is modeled, and the remainder is considered as the external boundaries. The interior 

regions of the airfoil or the blade are not modeled, but they are considered as external bounds. 

Therefore, the blade surface is modeled as a shell mesh in 3D. An airfoil is a line mesh in a 2D 

model. They are both treated as walls. The ice profile is considered a modified airfoil profile 

(i.e., part of the wall) as long as the ice material is not considered. No different roughnesses 

are defined for the ice-covered parts and the clean parts; the entire iced airfoil is assumed to be 

smooth (see Section 1.1.2).   

In 2D models, the blade span is skipped and replaced by a one-cell extruded mesh in the 

normal direction in CFX, because CFX is naturally a 3D solver and uses control volumes. A 

2D airfoil corresponds to a blade of infinite span. To simulate such conditions, ‘symmetry’ 

boundaries are used. The normal velocity component at the symmetry plane boundary and the 

scalar variable gradients normal to the boundary are set to zero. These conditions enforce the 

desired 2D flow.   

In a 2D model of an airfoil, the far-field region is modeled due to the lack of information 

close to the airfoil (Figure 40 and Figure 41). Far from the airfoil, we can define the flow 

conditions at the boundaries that are not affected by the airfoil. One side is considered the flow 

inlet, and the other sides may allow flows in or out. Therefore, ‘opening’ type boundaries can 

be used that allow the fluid to cross the boundary surfaces in either direction. This boundary 

type is used when the full prescription of information at a location is not readily available. 

Interfaces 

To convert a flow domain to a numerical model, it should be split into zones with specified 

boundaries, such as the walls, inlet, and outlet. Part of the domain is represented by a mesh that 

has been shaped similar to the flow zone and then discretized into cells. Wherever the domain 

is split for any reason, the middle boundaries should also be definable for the equations.  

If no physical change takes place at the interface between two grids, it is only required to 

convey the data at the nodes from one side to the other. Therefore, a control surface approach 

is used to perform the connection. The control surface includes imported quantities on one side 

and exported quantities on the other side. Transport equations are applied to this control surface 

to enforce the conservation laws. This type of physically based intersection algorithm is 

employed to provide complete freedom to change the grid topology and physical distribution 
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across the interface. High levels of similarity are recommended; i.e., the orders of magnitude 

of the cell sizes should be similar.  

In a model with multiple frames of reference (one stationary and one rotating), the 

intersection of two zones should be modeled properly by considering the relative positions of 

the two zones which vary with time. In the wind turbine model, the wind tunnel flow is part of 

the stationary domain, and the flow around the rotor is part of the rotating domain (Figure 32).  

The tower is stationary, whereas the rotor is rotating. The temporal variations of the relative 

positions of each blade and tower will involve flow properties at the intersection plane that 

change with time. Assuming a stationary viewer on the tower, the observed positions of the 

blades change with time; a similar shift exists at the interface. That can explain the inaccuracy 

of the circumferential periodicity assumption per 120 degrees rotor. Considering the tower, 

each blade experiences different flow boundaries. 

 
Figure 32. Rotating and stationary domains in a wind turbine model. 

Such variations can be modeled through a transient simulation. Transient interaction effects 

at a sliding (changing frame) interface can be modeled with a ‘Transient Rotor-Stator’ model. 

For a steady-state model, two options are available to approximate the frame changes: ‘stage’ 

and ‘frozen rotor’. At an intersection plane, such as a control surface, the flow conservation 

equations should be satisfied. Furthermore, an additional consideration is necessary to model 

the frame change at the control surface. There is an angular distribution of the velocity (e.g., 

regarding the arrangement of the blades), but it changes due to the rotation, which changes the 

interaction with the stationary domain.  
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In the stage method, a mixing plane is assumed to mix the flow at the interface of the 

stationary and rotating domains. This method assumes that the existing velocity angular profile 

(in the θ direction) mixes instantly at the interface plane with the stationary domain. The 

angular-averaged values (e.g., velocity) are applied on the interface for the upstream and 

downstream (i.e., the two sides of the interface). The averaging at the interface features a one-

time mixing loss, which considers that the physical mixing due to the relative motion between 

the components is large enough to cause any upstream velocity profile to mix out before 

entering the downstream component. The stage model usually requires more computational 

effort to converge than the frozen rotor model due to the additional averaging, but not as much 

as the transient rotor-stator model. A one-time mixing loss is imposed in this method. 

In the frozen rotor method, the two frames of reference connect in such a way that each 

remains in a fixed relative position throughout the calculations. The relative orientation of the 

components across the interface is assumed to be fixed. Stage analysis is more appropriate 

when the circumferential variation of the flow is on the order of the component pitch. However, 

the frozen rotor method works better when the circumferential variation of the flow is large 

relative to the component pitch, such as with a large number of blades [50], [51].   

3.6 Convergence  

A factorization technique is used to solve the discrete system of linearized equations. This 

technique is an iterative solver in which the exact solution to the equations is approached after 

several iterations. Iterative solvers tend to rapidly decrease in performance as the number of 

computational mesh elements increases. The performance also tends to decrease rapidly if large 

element aspect ratios are present. 

This linearized system of discrete equations ([A] [φ] = [b]) consists of a coefficient matrix [A], 

a solution vector [φ], and a right-hand side matrix [b] [50]. This equation can be solved 

iteratively by starting with an approximate solution,�S°, that is to be improved by a correction, 

(<°�|), to yield a better solution as (S°@h g �S° o�<°�|). The matrix [r] includes the raw 

residual, and �<°) is obtained from (<° g · i |S°). 

To make the scales of the residuals meaningful, the solver normalizes the values by dividing 

the appropriate scales at each point. For each solution variable (¬), the residual [<̧ ] is 

normalized to [<=̧ ]. For steady-state simulations, the time step is used only to underrelax the 

equations and is therefore excluded from the normalization procedure. This ensures that the 

normalized residuals are independent of the time step. The transient term is included in the 

normalization for transient simulations.  
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The RMS residual is obtained by taking all the residuals throughout the domain, squaring 

them, taking the mean, and then taking the square root of the mean. This gives an idea of the 

typical magnitude of the residuals and is usually considered as the convergence criteria [71]. 

Whereas we usually use the RMS value as the convergence criterion, several other parameters 

should be checked to ensure the convergence, such as: 

- The average number of iterations the linear solvers use to obtain the specified linear 

equation convergence criteria (within a specified number of iterations) should be low. 

- The linear solver should reduce the residuals, and the degree of reduction should meet the 

specified criteria.  

In practice, once a small residual value is reached, the convergence of the solution is not 

necessarily completed; the consistency of the main key flow properties should also be satisfied. 

The flow properties should be constant or periodic (in a transient solution) to ensure the 

convergence. For example, this is not an easy task when using the Scale-Adaptive Simulation 

(SAS) turbulence models. The numerical solution is likely to converge at a value and does not 

stabilize at a fixed solution. 

Figure 33 shows the convergence of the lift force over an iced airfoil for 4 mesh densities. 

A consistent mean value is achieved after approximately 10,000 time steps.  

 
Figure 33. Convergence based on the mean value in a transient simulation. 
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CHAPTER IV 

4 RESEARCH PROCEDURE AND APPROACHES 
This thesis focuses on the aerodynamic effects of the smooth horn type of glaze leading 

edge ice (Section 1.1.1) using the CFD RANS/URANS method. 

In the absence of experimental data, an accurate CFD analysis is vital, which demonstrates 

the importance of the numerical results. To perform such an analysis, a multistage approach is 

followed in this research: (a) a CFD model of a wind turbine that is free of ice, (b) a CFD model 

of airfoils subject to ice (i.e., 2D icing), and (c) simulation of the complete turbine under icing 

conditions (i.e., 3D icing). Stage (b) is further divided into two steps. 

The entire procedure is plotted in a flow chart in Figure 34. The research consisted of two 

main parts. The first part involves the evaluation of the CFD method to simulate wind turbines. 

A model wind turbine was considered as the test case. The second part includes icing studies 

using the CFD method. Icing studies were implemented in three stages using three test cases. 

Four physical models were considered for the project. The test cases and physical models are 

further explained in Sections 4.1 and 4.2, respectively. The main areas of focus are also shown. 

They include aerodynamic studies and structural dynamic studies using aerodynamic data. A 

statistical survey of the aerodynamic data is also included. The findings of the study are 

presented in papers A-E [21]-[25], [72] , while some selective key points are mentioned in 

Section 5.  

The research subjects that were surveyed through each of the test cases are explained briefly 

in Section 4.3. The numbering is based on Figure 34.  
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Figure 34. Flow

chart of the thesis procedure.  
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4.1 Test case selection 

I.  An entire model wind turbine in a wind tunnel 

The first phase of the thesis included investigations of different conditions to perform 

accurate numerical simulations of a wind turbine (see Figure 34). Available experimental data 

from benchmark studies are considered for the validation. Three test cases are available in the 

literature and shown in Figure 35. The most recent (Figure 35-right) is chosen as the reference 

for this thesis to take advantage of the most updated measured data. For additional information 

about each turbine and the available measured data, see paper A in [21]. The selected three-

bladed model wind turbine has a one-meter diameter rotor and rotates with a velocity of 1230 

revolutions per minute at the design operating point. The wind tunnel tests have been performed 

at the Norwegian University of Science and Technology (NTNU). 

   

NREL10 Phase VI wind turbine 

(2000) 

MEXICO11 rotor  

(2006) 

NTNU model wind turbine  

(2011) 
Figure 35. Model wind turbines and the measurements date. 

II. Ice profile generation (1-simulated ice, 2-2D ice shape, 3-3D ice shape) 

The wide variety of ice shapes leads to infinite degrees of freedom in a model for icing 

problems. For this reason, selecting the critical parameters is essential.   

Traditionally, the ice profiles are estimated by numerical software based on correlations. 

For example, LEWICE3D is a software system capable of predicting the accumulation of ice 

                                                 

10 National Renewable Energy Laboratory 
11 Model rotor EXperIments under COntrolled conditions 
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on 3D aircraft surfaces given the flight and meteorological conditions representative of an icing 

cloud. The software utilizes input information of the airflow surrounding the body of interest 

and then calculates the trajectories of approaching water droplets, the mass and energy transfer 

processes at the surface of the body, and the resulting ice mass and the shape it will take on the 

body. For more general applications, FENSAP-ICE works as a virtual (wind + icing) tunnel 

that simulates aerodynamics and icing. ICE3D is the 3D ice accretion module of the FENSAP-

ICE system. ICE3D solves fine-grained partial differential equations for thermodynamics and 

yields the 3D shape of ice and the water film thickness on complex 3D surfaces. These methods 

of ice predictions have been validated against a wide variety of experimental conditions 

and have been adopted as the reference for icing studies .  

Glaze ice accretion is often characterized by the presence of large protuberances, which are 

commonly known as glaze horns. This ice type/shape is studied in this thesis (see Section 1.1), 

though some of the results can be generalized to other ice types as well. The height, location 

and angle of the horns are important features of the ice shape that affect an airfoil’s 

aerodynamic performance [73]. The distance between the upper and lower horns, which is 

called the interhorn separation distance, is also considered as a defining parameter of the horn 

profile [12]. The parameter with the most influence on the aerodynamic is the horn height, 

which is represented by hu and hL for the upper and lower horns, respectively [12] (Figure 5). 

If the aerodynamic behavior is considered, these parameters can be regarded as being 

representative of complicated ice profiles. 

The horn height range differs significantly for different operational conditions and for 

different airfoils. For instance, the LEWICE results for 22.5 min of icing accretion give a 

calculated horn height of 6% of the chord length for a NACA 0011 section [74] and 1.2% for 

a modified NACA 63A213 section [75]. The results are 12% and 2.5%, respectively, for 45 min 

of icing.   

The ice profiles studied as the test cases are explained below. 

Simulated ice shapes 

Thin plates, called spoilers, can be used to simulate the shapes of leading edge glaze ice. To 

implement the experiments, simulated ice shapes are attached to the sidewalls of the test section 

and extend along the full span of the clean airfoil. The spoilers are designed to rotate about a 

hinge line so variations in the ice shape horn angle can be easily simulated (Figure 36).  



 

57 

 

 

 

Figure 36. Installation of spoiler-ice shapes in the experiments [73] (left) and in the simulation (right). 

The data from the experimental tests on the simplified model of ice provide information to 

validate the numerical simulation of icing. The simple model of the ice profile can be replicated 

and simulated numerically similar to the fabricated profiles in the test section (Figure 36). 

Therefore, simulated ice was selected as the first test case for the icing study in this thesis. The 

study was then extended to real 2D shapes and finally 3D shapes.  

2D ice shapes 

A mathematical method is used to generate the 2D ice profiles; instead of predicting ice 

shapes using operating conditions, a discrete Fourier sine series is used to approximate the 

realistic ice shapes. In this way, the experimental horn ice shapes are scaled for the 

aerodynamic analysis. The coefficients of these sine curves can be scaled to add the desired 

quantity of ice to the airfoil section, and the replicated ice shape is scaled based on the amount 

of ice accretion on the section. The amount of ice accumulation (ice mass) on wind turbines 

depends on many parameters, and it increases with the duration of the icing event. Figure 37 

shows the spanwise distribution of ice accretion for the National Renewable Energy Laboratory 

(NREL) 5-MW rotor, called the GL specifications. The distribution is explained further in the 

next section. Two sample horn ice profiles are also illustrated.  

The ice thickness (horn height), which is the main parameter of a horn ice profile, is also 

plotted in Figure 37. Glaze ice accretion is often characterized by the presence of large 

protuberances, which are commonly known as glaze horns. The height, location and angle of 

the horns are important ice shape features that affect the airfoil’s aerodynamic performance 

[73]. The parameter that most influences the aerodynamics is the horn height, which is 

represented by hu and hL for the upper and lower horns, respectively [12]. These values are 
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nondimensionalized with respect to the clean airfoil’s chord length and are reported as the 

chord percentage for each section. 

 

 

 
Figure 37. Radial distributions of the ice profile on the blade, plotted based on GL guideline for NREL 5-MW 

rotor; the ice profiles on two arbitrary radial sections are illustrated. 

3D ice shapes 

This study uses a stacking method to generate a 3D ice profile. Sectional (2D) profiles are 

made and then stacked from the hub to the tip. For a 60-m radius rotor, 18 sections were stacked 

(Figure 38). The method described in the previous paragraph is used to generate each sectional 

ice profile. The ice accumulation magnitude is required for each radial section.  

 

  

Figure 38. Schematic of the iced blade segments and the CAD model based on the segments (3 views). 

On a wind turbine blade, ice accumulation varies across the blade length. To certify wind 

turbines and their components for cold climate operations, Germanischer Lloyd (GL) [76] 

proposed a guideline that defines the maximum ice mass distribution on the blade to calculate 

the loads acting on the turbine in various design load cases (Figure 37). The actual ice mass 
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may be lower than this limit, but the turbines are certified for loads corresponding to this mass 

limit. More ice accumulates on the outer part of the blade, towards the blade tip, because the 

air has a higher relative velocity, and this portion of the blade sweeps a greater area in a rotation 

than the portion near the root. The GL ice mass distribution is defined to model this ice 

accumulation and is thus more applicable in the absence of global design guidelines for 

calculating wind turbine loads operating in cold climates. In the GL guideline, the ice mass 

density increases linearly from zero at the blade root to a certain value at half of the blade 

length and is then constant to the tip.  

The ice shapes are created on various airfoil sections of this blade according to the GL 

specification, as shown in Figure 37, by scaling the coefficients of the Fourier sine series fitted 

to the realistic ice shapes.  

4.2 Physical models/domain 

To study the flow around each of the four test cases, relevant physical models are 

constructed. The geometries, domains and boundary conditions are shown in Figure 39 and 

Figure 42.  



 

60 

 

I 

 

Figure 39. The entire model wind turbine (TEST CASE I). 

II 

 
Figure 40. The simulated ice model and the boundaries (TEST CASE II). 

III 

 
Figure 41. The 2D icing model domain and boundaries (TEST CASE III). 
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IV 

 

Figure 42. The 3D model of icing and corresponding boundary conditions (TEST CASE IV). 

4.3 Research subject and summary of methods12 

I.1.1 & I.1.2 Clean turbine aerodynamic characteristics and wake properties 

To develop a methodology to estimate the loads acting on turbine blades, the performance 

of a model turbine and the wakes formed by the rotor were studied using a numerical method, 

CFD RANS/URANS. A multiple frame of reference approach was used to simulate both the 

rotating domain around the blade and the stationary flow inside the wind tunnel, in which the 

tower and nacelle were included (Figure 39). To evaluate the adequacy of the wall function to 

model the near-wall flow, different meshes were created in both the rotating and stationary 

domains based on a multiblocking structured hexa mesh produced with the ICEM code. 

Applying the shear stress transport (SST) model allowed the use of automatic wall functions, 

which were investigated with different y+ values. The RANS equations were solved with the 

ANSYS CFX solver. The computational domain for a 1-m-diameter rotor inside a wind tunnel 

consisted of 52 million nodes. The mesh allowed the boundary layer to be resolved. Time-

averaged values of the performance parameters and the wake velocity profiles were calculated 

from transient simulations. The power generation, the thrust force and the velocity profiles in 

                                                 

12 The numbering is based on Figure 34. 

4R

8R

8R

Rotational periodic interface

opening

Free slip wall
Inner Domain

No slip wall

Rotational periodic interface



 

62 

 

the wake downstream of the rotor were calculated using different methods assuming steady 

and transient simulations. Both the near-wake region and the wake development were studied.  

II.2.1. Iced airfoil aerodynamic characteristics 

To develop a numerical strategy to simulate the icing conditions of a wind turbine, the 

numerical method was initially validated against several wind tunnel tests [73], [74]. The 

experiments were conducted with upper and lower simulated spoiler-ice shapes to investigate 

the effect of glaze ice features on the aerodynamic performance of an NACA 0011 section. The 

spoiler height was sized to 6% of the chord length to approximate horn heights due to 22.5 

minutes of glaze ice accretion (Figure 40 and Figure 36). The experimental results provided 

detailed performance information for the numerical validation, such as the pressure distribution 

over the blade surface.  

First, the clean airfoil was simulated to determine the preliminary requirements of the 

numerical model. Then, for an iced airfoil with spoilers installed on the upper and lower 

surfaces, a steady-state simulation was performed to capture the mean flow characteristics 

while ignoring the time-dependent properties of the transient flow in the separated region. A 

transient simulation was then conducted to determine the vortex structure and resultant periodic 

flow.  

II.2.2. Instantaneous effects of icing: periodic loads 

The main objective of this step was to estimate the dynamic loads acting over an iced airfoil 

as well as to study the structure and dynamics of the turbulent separation bubbles. The ice 

profile was simulated using spoilers, as in the previous test case. The simulated separated flow 

over the sharp spoilers can be considered a worst case of load loss due to icing. The effects of 

the glaze were modeled, including the dynamic forces and the mean forces. 

Aerodynamic performance coefficients and pressure profiles were calculated and compared 

with the available measurements. The separation bubbles that formed on an airfoil with a 

simulated leading-edge glaze ice accretion were studied with URANS. The details of the flow 

field and the vortex shapes at different angles of attack were investigated based on the mean 

pressure distributions as well as the instantaneous streamlines at different moments of the 

airfoil/turbine operation. 

II.3.1 & II.3.2. Iced airfoil aerodynamics and iced turbine dynamics 

This part of the thesis proposes a methodology to simulate the structural dynamic behavior 

of a wind turbine with iced blades. A curve fitting model was used to parameterize the ice 
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shapes and scale them to add the desired ice mass on any airfoil section of the blade. An 

automated 2D computational fluid dynamic (CFD) analysis method was devised to estimate 

the aerodynamic characteristics of iced airfoil sections over a range of angles of attack. The 

calculated static aerodynamic coefficients were used in the aeroelastic computer-aided 

engineering tool FAST to simulate the loads, power and aeroelastic behavior of the wind 

turbine. For this purpose, a MATLAB code was developed to set up and implement many 2D 

CFD RANS simulations, including the meshing process, solver arrangement, and post-

processing. The NREL 5-MW baseline wind turbine model was used to illustrate the developed 

methodology, on which the influences of symmetrical icing at different locations of the blade 

and asymmetrical icing of the blade assembly on the turbine's dynamic behavior were analyzed. 

The aerodynamic behaviors of 15 clean and iced airfoil sections were predicted using an 

automated CFD analysis at several angles of attack.  

The influences of icing at three locations on the blade on the aeroelastic damping factors of 

the blade's vibration modes were then investigated.  

The proposed methodology can be leveraged to analyze the influence of any ice shape and 

ice mass distribution on the dynamic behavior of any wind turbine model due to the automated 

nature of the ice shape scaling and the CFD analysis of the iced airfoil sections.  

II.4.1 & II.4.2. Iced turbine aerodynamic performance and spanwise load distribution of 

an iced turbine 

A computational study of the aerodynamic performance of a full-scale NREL 5-MW rotor 

was performed in this part of the thesis. Three-dimensional steady-state Reynolds-Averaged 

Navier-Stokes (RANS) simulations were performed for both clean and iced blades as well as 

BEM calculations using 2D CFD sectional airfoil data. 

In addition to analyzing the effect of icing on a full-scale 3D model, the novelty of this work 

was the exploration of several aspects of the flow behavior that cannot be captured with the 

BEM method, though the calculated integrated parameters may be the same as in a 3D CFD 

simulation. The limitations of a CFD-based BEM method were studied, in which the 

aerodynamic performances of the radial sections were calculated with 2D CFD.  

II.3 & 4. Uncertainty quantification of icing 

This part of the project involves a numerical approach using the technique of Polynomial 

Chaos Expansions (PCE) to quantify icing uncertainty more rapidly than traditional methods. 

The glaze horn ice shape was assumed as the uncertain parameter, and its effects on the 

aerodynamics, lift and drag were evaluated.  
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 Time-dependent bidimensional Reynold-averaged Navier-Stokes CFD simulations were 

used to evaluate the aerodynamic characteristics at the assumed sample points. The boundary 

conditions were based on 3-dimensional simulations of the rotor. 

Using the PCE technique with transient RANS CFD simulations, a correlation was proposed 

to model the load loss with respect to the glaze ice horn height as well as the corresponding 

probability distribution.  
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CHAPTER V 

5 RESULTS AND DISCUSSIONS 
The key conclusions from the research areas presented in Section 4.3 are presented in this 

chapter. They provide suggestions on techniques to simulate wind turbine and icing modeling 

as well as methods to provide data for structural studies. The remarks also present statistical 

information about icing-induced power loss.      

5.1 Performance and wake behavior of a model clean wind turbine 

Regarding research goals I.1.1 and I.1.2 in the thesis flow chart (Figure 34), which are 

explained in Section 4.3, the following conclusions are made. Additional information can be 

found in paper A, consisting of the aerodynamic characteristics of the clean turbine, as well as 

the wake aerodynamics [21]. 

� Two force components are considered in wind turbine performance evaluations: the 

rotational force, which is stated as a power coefficient, and the axial force, which is 

quantified as the thrust coefficient. The agreement between the measurements and CFD 

RANS is better for the power coefficient parameter than for the thrust coefficient. For the 

estimation of the integrated parameters, the transient results for the thrust and power 

coefficients are not necessarily more similar to the experiments, whereas a transient 

simulation significantly improves the simulation wake results. 

� The near-wake profiles from the transient simulation match the experiments well at all rotor 

speeds. The mesh density and the resolution of the boundary layer slightly influence the 

transient numerical results. For the wake development (far wake) modeling at high rotational 
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speeds, the simulation needs to be improved, whereas at low and moderate rotational speeds, 

the results also match with the experiments in the far-wake region. More advanced methods 

of turbulence modellings are suggested to resolve the highly turbulent flows at high 

rotational speeds.  

� In the near-wake velocity profile, a higher velocity deficit and a greater uniformity of its 

radial distribution (transversally) are two indicators of better rotor performance of a rotor. 

Of these two factors, the velocity deficit at the rotor tip is easy to model by CFD 

RANS/URANS. However, estimating the radial distribution is challenging for a numerical 

model. In a steady-state model of the near-wake region, the main inaccuracy was observed 

behind the hub, whereas CFD RANS properly calculated the rotor tip velocity deficit. 

� In theory, the difference between the -�¤ and -�a� ��  turbulence models, relates to 

boundary layer. Accordingly, in the simulations, it was observed that the difference was 

more significant at lower Bo and denser meshes; a higher flow resolution better illuminates 

the differences between the turbulence models.  

� Fully resolving the boundary layer in the transient simulations helps to capture the velocity 

deficit profile behind the hub, and the velocity increment in the radially outward direction 

is modeled properly by coarser meshes and even by neglecting the transient effects. 

Transient effects must be considered to model the central part of the velocity profile. 

Transient simulations deliver results that agree closely with the experimental wake profiles. 

� To decrease the computational costs, one rotor section (1/3 rotor) can be modeled with the 

periodicity assumption on both sides of that section. In a steady-state simulation, periodicity 

is a proper assumption if the mesh is sufficiently refined and the boundary layer is fully 

resolved. Otherwise, the accuracy decreases, especially in the thrust (axial force) evaluation 

of the entire machine. The real rotating/stationary interaction can be captured only in a 

transient simulation. The periodicity assumption does not work in such a simulation because 

the effect of the tower would be missed. 

� Considering the transient effects in the simulations, different boundary layer resolutions 

work similarly to model the wake development. The integral parameters are not affected by 

a better resolution (Bo<11) of the boundary layer in either steady-state or transient 

simulations. When the automatic wall functions are used (k-ω SST), the mesh with 0<Bo<11 

results in similar values of the integral parameters. Therefore, resolving the viscous sublayer 

has slight effects in this case, but resolving the buffer layer and the turbulent region of the 

boundary layer (11<Bo<60) affects the calculated integral parameters. The wall functions 
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are not accurate enough to model these regions of the boundary layer, even for the evaluation 

of the integral parameters.   

� Resolving the boundary layer helps reach convergence faster, but it greatly increases the 

number of nodes in the mesh. Furthermore, the amplitude of the fluctuations in the results 

is lower than with wall functions (and the mesh is coarser), although a final periodic 

oscillating flow velocity/pressure is expected from an unsteady rotation phenomenon. 

Refining the mesh helps to remove the high oscillations from the numerical uncertainties in 

zones with high pressure gradients. 

� Considering the downstream distance (x) from 1 to 4 diameters (x=1D-4D), the wake 

velocity recovery can be captured with a steady-state simulation. The results show that this 

type of simulation (steady-state) can model the downstream flow mixing, but only in the 

case that the mesh is fine enough to resolve the boundary layer. 

� In the propeller regime of the wind turbine performance (i.e., high rotational speeds), the k-

ω SST is not accurate enough to model the dissipation of the wake. The eddy viscosity 

hypothesis is not suggested for use in this case, and Reynolds stress turbulence models or 

LES should be applied in further studies. The flow’s radial diffusion is more complicated at 

high rotor speeds because the swirling flow in the wake is under a high pressure gradient. 

� In general, there are cases in which a steady-state solution with RANS can obtain a similar 

result as the mean time-averaged transient results from URANS. The steady-state simulation 

requires a finer spatial discretization than the transient simulation. However, this conclusion 

does not indicate that the transient simulation has a similar accuracy for instantaneous 

magnitudes with a coarser mesh. This discussion only applies to the mean values, and the 

level of spatial discretization in transient simulations should be assessed when the 

instantaneous values (e.g., of velocity) are purposed. This study only focused on the time-

averaged values, and the research did not include the time-dependent 

velocity/pressure/force. 

5.2 Dynamic load highlights at iced airfoils 

Regarding research goals II.2.1 & II.2.2 in the thesis flow chart (Figure 34), which are 

explained in Section 4.3, the following conclusions are made. Additional information can be 

found in papers B and C, consisting of the iced airfoil aerodynamics, as well as the 

instantaneous effects of icing [24], [25]. 
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� The 2D CFD URANS results confirmed both of the time-dependent phenomena observed 

in similar measurements: a low frequency mode with a Strouhal number �
��  0.013-0.02 

and a higher frequency mode with �
��  0.059-0.69. The higher frequency motion has the 

same characteristics as the shedding mode, and the lower frequency motion corresponds to 

the flapping mode.  

� Glaze horn ice can result in a greater pitching moment as well as a decrease in lift. Therefore, 

switching to a higher angle of attack is not a solution in the presence of horn ice because 

changing the angle of attack to compensate for lift loss can simultaneously increase the 

pitching moment. Furthermore, the drag increases considerably. Although switching the 

operating point can compensate for lift loss under icing conditions, it has several other 

drawbacks that should be assessed.  

� The frequencies of the oscillations are nearly the same for all angles of attack. There is a 

direct relationship between the projected height of the iced airfoil and the Strouhal number 

�
�, but there is no correlation with the amplitude of the oscillations. A higher angle of attack 

leads to a higher turbulence intensity in the flow field because the airfoil’s projected height 

increases. The downstream oscillations propagate further downstream at higher angles of 

attacks than at lower angles.  

� The temporal drag variations are much smaller than the temporal lift variations. This 

indicates that the arrangement of vortices shifts more frequently between the upper and 

lower surfaces, which mostly affects the vertical loads. However, both the drag and lift 

oscillate at similar frequencies. 

� The load time histories of the simulated cases show that the maximum lift and maximum 

drag occur at almost the same time, and the variations are in the same direction for a positive 

angle of attack. The opposite happens with a negative angle of attack; i.e., the maximum lift 

occurs with the minimum drag. To determine the contributions of lift and drag to the 

sectional torque, the twist and pitch angles (alignment of the airfoil placed in a blade) must 

be known in addition to the angle of attack. The instantaneous torque peaks can then be 

detected and correlated with the lift and drag peaks. 

� The separated bubbles on both the upper and lower surfaces of the blade develop closer to 

the leading edge than in the experiments. In the experiments, the oval-shape bubbles appear 

to be thinner near the extremities, whereas in the URANS modeling results, the vortices 

extend more widely over the surfaces with small variations in the suction magnitude.  
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� A vortex forms upstream of the trailing edge at a distance of 10% of the chord length. The 

resulting vortex shedding is the source of the downstream fluctuations. Reaching a higher 

level of suction in that vortex leads to more fluctuations in the downstream flow. 

5.3 3D modeling of icing by BEM/CFD 

Regarding research goals II.4.1 & II.4.2 in the thesis flow chart (Figure 34), which are 

explained in Section 4.3, the following key conclusions are made. Additional information can 

be found in paper E, consisting of the iced turbine aerodynamic performance, as well as the 

aerodynamic loads distribution [23]. 

� The computational costs of a CFD-based BEM method and a 3D CFD model should be 

considered and compared when choosing a modeling strategy. The CFD-based BEM  

method required 15×5 simulations for the iced rotor, which decreased to only 1 simulation 

in the 3D case. However, 2D simulations converge considerably faster than 3D simulations. 

The mesh design time for 3D simulations is much longer than that for 2D simulations, 

whereas the entire setup for 2D simulations is time consuming.  

� The total power calculated by the BEM method is consistent with the results of 3D CFD 

RANS for the NREL 5-MW clean rotor, whereas BEM results for the iced rotor is 

underestimated by 28%. 

� The simulated spanwise distributions of the forces are different than those obtained with the 

BEM method for both clean and iced rotors. Greater variations occur in the axial component 

of the force than in the rotational component.  

� The calculated airfoil characteristics (���D) for the BEM and 3D CFD differ. However, the 

rotational and axial forces may have the same magnitude locally because the angles of attack 

are not the same. 

� The flow never remains entirely attached on any radial section of the iced blade; there are 

fully separated regions as well as separating/reattaching flow regions. However, the flow is 

fully attached on 67% of the clean blade span.  

� The CFD RANS calculations indicate a 31.86% decrease in the power coefficient and an 

11.15% reduction in the thrust coefficient due to the icing. 

� Most of the turbine performance is lost on the leeward side of the iced blade, whereas on the 

windward side, the flow reattaches immediately downstream of the lower ice horn. 

� When the ice horn height exceeds 8% of the chord length, the power loss becomes more 

significant. However, even where the relative ice thickness is less than 5%, the flow pattern 
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on an iced blade is different from that on a clean blade. This is due to the 3D effects 

transmitted from the nearby flows over the iced blade.  

5.4 An application of the aerodynamic results: structural effect of icing  

Regarding research goals II.3.1 & II.3.2 in the thesis flow chart (Figure 34), which are 

explained in Section 4.3, the following conclusions are made. The input data for this part are 

provided by the author, and the structural studies are not implemented in this thesis content. 

More information can be found in paper D, consisting of the iced airfoil aerodynamics, as well 

as the iced turbine dynamics [72]. 

� Icing causes changes to the structural properties of the blade in addition to the aerodynamic 

effects. The increase in blade mass due to ice accumulation reduces the natural frequencies 

of the blade, and the aerodynamic penalties due to airfoil shape distortion reduce aeroelastic 

damping in the blades.  

� Moderate icing in the middle third of the blade slightly reduced the damping factors, whereas 

severe icing in the outer third of the blade reduced the damping factors by approximately 

70%.  

� Wind turbines usually operate under turbulent wind conditions, whose wide frequency 

spectrum may excite the natural frequencies of the blade. A frequency domain 

decomposition (FDD) technique was used to extract the modal frequencies of the blade. The 

vibration modal frequencies of the iced blade were reduced. 

These frequencies are reduced differently depending on the nature of the ice mass (quantity 

and location) along the blade length. Therefore, these vibrations can be monitored to detect 

the presence of ice on individual blades, in contrast to other methods that use the power 

curve, rotational speed, and pitch angle deviations from the reference values for ice detection 

on the entire rotor. 

� Ice accumulation on the turbine blades is not uniform, which can cause two types of 

imbalances in the turbine operation: structural and aerodynamic. The structural imbalance 

created by asymmetrical ice masses on three blades causes greater loads and vibrations of 

the tower in the side-to-side direction, whereas the asymmetrical aerodynamic penalties in 

the rotor due to ice cause greater loads and vibration of the tower in the fore-aft direction 

(Figure 43).  
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Figure 43. Degrees of freedom of a wind turbine (tower). 

5.5 A quantification of uncertainty in icing  

Brief conclusions regarding research goals II.3&4, which are shown in the thesis flow chart 

(Figure 34) and explained in Section 4.3, are as follows. Additional information can be found 

in paper F, consisting of an uncertainty quantification of icing [22]. 

Using the PCE technique with transient RANS CFD simulations, a correlation was found to 

model the loss in icing load with respect to the glaze ice horn height; the lift and drag were 

modeled as a function of the ice accretion. In addition, the corresponding probability 

distribution of the lift loss was evaluated. A higher scatter was observed in the drag data than 

in the lift data. With different amounts of ice accretion, the deviation from the mean drag force 

can be up to 19% relative to its mean value.  

Based on the obtained data, a scenario was selected. It was assumed that there was an equal 

chance for any of the ice profiles to accrete. In half of the possible icing cases, the load loss 

was estimated to be less than 6.8% for the entire blade, whereas it was approximately 4-6 times 

higher (compared to 6.8%) in the most severe icing. The load loss exceeded 30% in 17% of the 

icing cases.  
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ABSTRACT 

The present work aims to investigate different methodologies for the numerical simulation of an upwind 
three-bladed wind turbine; which is supposed to be a base model to simulate icing in cold climate windmills. 
That is a model wind turbine for which wind tunnel tests have been completed at the Norwegian University of 
Science and Technology (NTNU). Using the assumption of axisymmetry, one-third of rotor has been 
modeled and periodic boundaries applied to include the effects of other blades. Then the full rotor was studied 
with transient simulation. To take in the effects of wind turbine wakes, the wind tunnel entrance and exit have 
been considered 4 and 5 diameters upstream and downstream of the rotor plane, respectively. Furthermore, 
the effects of tower and nacelle are included in a full-scale transient model of the wind tunnel. Structured 
hexa mesh has been created and the mesh is refined up to y+=1 in order to resolve the boundary layer. The 
simulations were performed using standard k- , Shear Stress Transport (SST) model and a sophisticated 
model Scale-Adaptive Simulation (SAS)-SST to investigate the capability of turbulence models at design and 
off-design conditions The performance parameters, i.e., the loads coefficients and the wake behind the rotor 
were selected to analyze the flow over the wind turbine. The study was conducted at both design and off-
design speeds. The near wake profiles resulted from the transient simulation match well with the experiments 
at all the speed ranges. For the wake development modelling at high TSR, the present simulation needs to be 
improved, while at low and moderate TSR the results match with the experiments at far wake too. The 
agreement between the measurements and CFD is better for the power coefficient than for the thrust 
coefficient. 
 
Keywords: Model wind turbine; CFD; Transient; Wake profile; Turbine performance. 
 

1 INTRODUCTION 

In recent years, wind energy has become one of the 
most economical renewable energy technologies. 
As the environmental matters become more 
important and as the world is striving to find 
cleaner sources of energy, the portion of electricity 
that is wind generated is likely to increase 
substantially every year. Windmills are now 
introduced in cold areas to meet the global energy 
demand. Conventionally, wind turbines are 
designed for climate without icing, and installation 
in cold climate pause certain challenges for which 
they are not designed. Icing on the turbine blades 
often lead to operational instability. This affects 
dynamic performance due to imbalanced load. 

Several studies of icing on the turbine blades have 
been reported, mainly from the arctic region, since 
1990 (Tammelin et al. 1998; Frohboese and 

Andreas 2007; Zhao et al. 2009). Nevertheless, no 
detailed measurements on the dynamic 
characterization of a wind turbine blade in icing 
condition are reported. In the absence of test data, 
investigations largely rely on numerical techniques. 
Such analysis is performed using simplified Blade 
Element Momentum (BEM) or Vortex Wake 
models. The most recent approach is the complete 
3D Computational Fluid Dynamics (CFD), which is 
based on solving the mass and momentum 
equations. Previous CFD studies of icing condition 
consist of 2D airfoil (Homola et al. 2011; Turkia et 
al.2013) and a rotor without the turbine components 
(Reid, Baruzzi, Ozcer, Switchenko, & Habashi, 
2013). 

In the absence of experimental data, trustworthy 
CFD analysis is vital, which demonstrates the 
credibility of the numerical results. For such 
analysis, a multistage approach is followed: (1) an 
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accurate CFD model of a wind turbine free of ice, 
(2) an accurate CFD model of airfoils subject to ice 
and (3) simulation of the complete turbine under 
icing condition. The present work focuses on the 
first approach, i.e. investigations of different 
conditions to perform accurate numerical 
simulations of a wind turbine. For the validation, 
available experimental data from the benchmark 
studies are considered. Three test cases are 
available in the literature, which are briefly 
described below with the main corresponding 
simulations performed. The object is to highlight 
the research work performed until now in this field 
in order to motivate the focus of this work. 

Two-bladed NREL Phase VI 

In 2006, National Renewable Energy Laboratory 
(NREL) conducted series of measurements on a 
wind turbine (10 m rotor diameter) in NASA-Ames 
wind tunnel. The measurements included the 
computation of power and thrust coefficients at 
different tip-speed-ratio (TSR), i.e., 2-11. 
Researchers have worked to simulate the turbine 
using different methods (Schreck, 2008), (Schepers 
& van Rooij, 2008). N. Sorensen et al. (Sørensen et 
al. 2014) modeled a simplified geometry of the 
blade, beside the tower and tunnel walls. The 
numerical model showed difficulty to predict the 
turbine power and thrust, particularly in separated 
flow conditions, where the error is large. Later, in 
2008, the simulations conducted by R.P.J.O.M. van 
Rooij and E.A. (Rooij and Arens 2008; Schreck 
2008) showed good agreement with the 
experimental data at low wind speeds. An isolated 
rotor was modeled considering the periodical 
boundaries. Numerical studies with different 
turbulence models, k-  SST and Detached Eddy 
Simulation (DES), were conducted and the 
difference was negligible. In 2009, S. Gomez-Iradi 
et al. (Gomez-Iradi and Barakos 2008; Gomez-Iradi 
et al. 2009) performed the unsteady simulations 
using k-  and k-  SST as the turbulence models. In 
the case of separation at high inlet velocity, the 
turbulence models showed large error. Numerical 
error in the torque value was 18% at the design 
point. They concluded that the tower must be taken 
into account to capture the integrated loads of the 
blade, i.e. thrust and power. 

Mexico Rotor: Three-bladed NREL Phase VI 

Later in 2006, wind tunnel tests were conducted on 
a three-bladed wind turbine. The studies were 
focused on the investigations of velocities and wake 
behind the rotor. Many research centers have 
worked to analyze this model using different 
numerical methods (summarized in Scheperset al. 
2012). Different approaches of numerical modelling 
were applied starting from complete wind tunnel to 
an isolated rotor.  

In 2011 (Bechmann et al. 2011), the near wake (one 
diameter downstream) measurements were 
reproduced by CFD. They observed differences 
which were addressed to the laminar flow at the 
leading edge of the tested wings, while the 
simulations were run fully turbulent. They also 
suggested taking into account the tunnel effect 

which was skipped in that simulation. Furthermore, 
the influence of tower was found to be noticeable in 
the near wake (Lutz 2011). The wake computations 
in 2014 (Sørensen et al. 2014) showed that within 
one rotor diameter downstream of the rotor, 
excellent agreement can be obtained for all three 
velocity components as illustrated by the axial 
transects. They also indicated that the nacelle needs 
to be included in wake studies of the MEXICO 
turbine. In 2015 (Carrión et al. 2015), the wake 
profile validation extended up to one and a half 
rotor diameters downstream. Overall, fair 
agreement was obtained with the computational 
�uid dynamics showing good vortex conservation 
near the blade. The calculation of the pressure 
distributions and the integrated thrust and torque 
were at the same level of the previous studies have 
encountered discrepancies with the experiments, 
especially in low wind velocities (Schepers et al. 
2012). The loads along the blade were consistently 
over-predicted by the numerical model. 

Three-bladed NREL with S826 profile section 

In 2011, the performance characteristics and the 
near wake of a model wind turbine were 
investigated in a low-speed, closed-return wind 
tunnel at the Norwegian University of Science and 
Technology (NTNU), Norway (Krogstad and 
Adaramola 2012; Krogstad and Eriksen 2013) 
named as NTNU test case in the following. The 
tested model was a three-bladed wind turbine with a 
rotor diameter of 0.90 m. Power and thrust 
coefficients at different TSR values (2-11) were 
measured.  

In 2011 (Krogstad et al. 2010; Krogstad and Lund 
2012), numerical calculations were performed by 
means of fully 3D CFD simulations. The predicted 
power coefficients were close to the measurements, 
however, at high TSR the power coefficient was 
overestimated by the numerical model. At the 
design TSR, the power coefficient was around 2% 
of the experimental value. In 2014, E. Manger et al. 
(Kalvig & Manger 2011; Kalvig et al. 2014) 
focused on the calculation of wake velocity as well 
as  the power and thrust coefficients. The time-
averaged results were close to the measurements on 
the design point (error <7%) but, at both high and 
low TSR values, the error was up to 92%. The axial 
velocity profiles across the wake were calculated in 
both near wake and far wake (5D). For the near 
wake, the results were close to the experiments. 
Short calculation time caused insufficient averaging 
that imposed more deviations in farther wake 
profiles. Considering the interaction between the 
turbine tower and the rotor blades, the asymmetry in 
the wake profiles were captured as it was observed 
in the experiments. Hansen (Hansen 2010) 
improved the accuracy of the isolated rotor 
simulation, by using a transition model. The 
predictions of Hansen for power and thrust were in 
close agreement over the full range of TSR, even in 
the fully stalled region (Krogstad and Eriksen 
2013). At farther wakes, the results were not 
accurate, not near the center nor the whole wake 
width. In 2014, Luca Oggiano (Oggiano 2014) 
modeled the isolated rotor with a part of the nacelle 
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in a large far field. Results relative to rotor loads, 
power production and thrust force show good 
agreement with the experiments and the results 
from the near wake computations were in partial 
agreement with the experiments. The local 
differences were addressed to the simplified 
geometrical model used in the simulation.  

Considering the turbine characteristics reproduced 
by the previous numerical studies, results agreed 
well with the experiments at the design point. 
However, at off-design the power and thrust 
estimations have been challenging at both stall 
condition and high rotational speeds. The 
simulation configuration has been influencing the 
results, as well as the modeled downstream length. 
The interaction of the isolated rotor with the tower, 
nacelle, and tunnel walls is needed to investigate 
thoroughly their effects. Insufficient grid resolution 
played a critical role in resolving the flow features 
at off-design conditions. The quality of the grid 
cells should be considered along with the least 
simplifications in the geometry. Enough simulation 
time is required for a reliable time averaged results 
in the transient simulations as suggested in the 
literature. 

Since the performance characteristics consist of 
integrated values, it is necessary to analyze more in 
details the flow for a reliable validation. Although 
the numerical data at the near wake are generally 
close the experimental results, the development of 
the wake is not modeled properly especially at high 
rotational speeds. Far wake profiles have rarely 
been modeled and discussed, which requires 
modeling nearly the whole system experimentally 
considered. 

The wake development should be investigated, 
because in the wind farms it can determine the 
upstream condition of the following turbine row. 
Such effect is expected to be more pronounced in 
icing conditions. Furthermore, it results in a higher 
level of CFD validation as it reveals the diffusion 
capability of the numerical tool. In this paper, the 
numerical simulation of the NTNU upwind three-
bladed wind turbine model (Krogstad and Eriksen 
2013) is presented and analyzed in detail. 

2 TEST CASE 

The experiments were performed in a large low-
speed closed return wind tunnel. The tunnel has a 
test-section of 1.9 m (height) × 2.7 m (width) × 12.0 
m (length). All tests reported here were performed 

in a uniform inlet flow at a turbulence level of about 
0.3%. The wind turbine tested has a 3-bladed 
upwind rotor and the overall rotor diameter is 0.9 
m.  

The rotor blade geometry was designed using a 
blade element momentum method developed in-
house. The S826 NREL wind turbine airfoil section 
is used throughout the span of the blade.  The main 
purpose of the referenced experiments was to 
provide data for the verification, rather than to 
simulate the performance of a specific full-scale 
turbine. Therefore, the blade chord length was made 
about 3 times wider than what is typical on 
commercial turbines to reduce the gap in Reynolds 
number. The torque generated by the wind turbine 
was measured by a torque sensor mounted directly 
on the nacelle. The forces on the model were 
obtained from a six-component force balance on 
which the model was mounted. The rotor angular 
speed was varied from = 10.5 to 249 rad/s, which 
gave a TSR ( R/U ) of 0.5 to about 12 based on 
the freestream velocity U  (meter per second) used 
for the measurements. R is the radius of the rotor in 
meter (Krogstad et al. 2010). For the wake 
measurements, a Pitot-static pressure probe was 
used to measure the time-averaged streamwise 
velocity field in the upper half of the wake at 
different downstream locations from the turbine. 
The wake velocity field in the cross-stream plane 
was measured over a 5 mm uniformly space grid 
(Krogstad and Lund 2012). 

The measured values presented in (Krogstad and 
Lund 2012) are used as a dataset for the load 
performance on the blades, as well as the wake 
profiles. For a turbine operating under constant 
wind speed, the power output from a wind turbine 
can be expressed by the power coefficient, 

32
p /R2T =  UC  , where T is the torque generated 

by the rotor,  is the air density). The load on the 
turbine is represented by the thrust coefficient and 
defined as 32

T U2D/R =  C , where D is the drag 
force (Krogstad and Adaramola 2012). 

The blade pitch is assumed to be a considerable 
source of uncertainty as mentioned in (Adaramola 
and Krogstad 2011). Furthermore, the drag force 
acting on the tower and nacelle system was 
measured without the rotor blades at the same 
freestream velocity used for the performance 
measurements in order to compensate for the tower 
and nacelle thrust. The effective thrust acting on the  
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Fig. 1. The model sketch and the boundaries. 

 
rotor system during the operation was then 
estimated by subtracting the tower and nacelle 
system drag from the thrust acting on the whole 
system (Karlsen 2009; Krogstad and Adaramola 
2012).  

The experimental performance characteristics of the 
model turbine were repeated several times during 
the study. The maximum deviation in the maximum 
CP is reported to be less than 2% (Krogstad and 
Adaramola 2012). 

3 NUMERICAL MODEL 

A CFD solver ANSYS CFX 16.0 was used to 
conduct the numerical studies. The incompressible 
unsteady Reynolds-averaged Navier-Stokes 
(URANS) equations were solved on a multi-block 
structured grid. High-resolution scheme for spatial 
discretization and the second-order backward 
difference for time derivative were used throughout 
the simulation. The convergence criteria was set to 
a root-mean-squared value less than 10-6. In steady 
state simulation, different interface models between  

the stationary (i.e., wind-tunnel and the wind 
turbine tower and nacelle) and rotating parts exist, 
because ‘rotation’ basically is a time depending 
process. Indeed, the physical position of each point 
in the rotating part is changing toward the stationary 
part during the rotation.  

The ‘Stage’ model, used in this work, 
circumferentially averages the fluxes in bands and 
transmits the average fluxes to the downstream 
component, mimicking the mean flow. So, such 
method seems to be more appropriate to get average 
engineering quantities such as thrust and power 
coefficients compared to the ‘Frozen Rotor’ models 
which maintain a fixed initial relative position of 
the components. It will be discussed more in 
“Geometry” section. 

3.1 Geometry  
The geometrical model comports the complete wind 
turbine with tower and nacelle (Fig. 1). Wind tunnel 
inlet and outlet boundaries are 4 and 5 diameters 

upstream and downstream of the rotor plane, 
respectively. This will allow investigating the wake 
behind the rotor. The wake profiles are studied 
downstream of the rotor at axial distances (X) from 
the rotor. One diameter downstream the rotor 
(X/D=1) is considered as the near wake while four 
diameters downstream (X/D=4) shows the 
developed wake. 

3.2 Turbulence Modeling  
The k-  SST turbulence model is a two-
equation eddy-viscosity model which has become 
very popular. The use of a k-  formulation in the 
inner parts of the boundary layer makes the model 
directly usable all the way down to the wall through 
the viscous sub-layer, hence the SST k-  model can 
be used as a low-Re turbulence model without any 
extra damping functions. The SST formulation also 
switches to a k-  behavior in the free-stream and 
thereby avoids the common k-  problem that the 
model is too sensitive to the inlet free-stream 
turbulence properties (CFD online.2011).  

The k-  based Shear-Stress-Transport (SST) model 
was designed to give a highly accurate prediction of 
the onset and the amount of flow separation under 
adverse pressure gradients by the inclusion of 
transport effects into the formulation of the eddy-
viscosity [36]. Since wind turbines geometries are 
potential to cause flow separation, shear stress 
transport model with automatic wall function was 
activated to model the flow. Reynolds stress models 
are performing well to model rotating fluids 
(ANSYS CFX-solver modeling Guide Release 15.0. 
2013). Such models were tested. Unfortunately, a 
good convergence could not be reached in the 
present case. The k-  SST model was finally 
chosen to model turbulence in this work. 

In the case of transient simulations, Scale-Adaptive 
Simulation (SAS) SST model was used to resolve 
the wake behind the turbine. While today's CFD 
simulations are mainly based on Reynolds-
Averaged Navier-Stokes (RANS) turbulence 
models, it is becoming increasingly clear that 
certain classes of flows are better covered by 
models in which all or a part of the turbulence 
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spectrum is resolved in at least a portion of the 
numerical domain. Such methods are termed Scale-
Resolving Simulation (SRS) models (Menter 2012). 
This model performs like standard RANS models in 
steady flows, but enable the formation of 
a broadband turbulence spectrum for certain types 
of unstable flows. The difference between standard 
RANS and SAS models lies in the treatment of the 
scale-defining equation; typically, dissipation ( , ), 
or turbulent length scale equation. In classic RANS 
models, the scale equation is modeled based on an 
analogy with the k-equation using dimensional 
arguments. The scale equation of the SAS model is 
based on an exact transport equation for the 
turbulence length scale (ANSYS CFX-solver 
modeling Guide Release 15.0 .2013). 

Choosing a turbulence model imposes a specific 
wall treatment. In addition to the different 
formulations of k-  and k-  SST models in the 
inner parts of the boundary layer, the flow near the 
wall is modelled differently. The “scalable wall-
functions” used in the k-  model are based on 
physical assumptions that are problematic, 
especially in the flows at lower Reynolds numbers 
(Re<105), as the viscous sublayer portion (y+<11) 
of the boundary layer is neglected in the mass and 
momentum balance (ANSYS CFX-solver theory 
Guide Release 15.0.2013). It is, therefore, desirable 
to use a formulation which will automatically 
switch from wall-functions to a low-Re near wall 
formulation as the mesh is refined. The k-  model 
of Wilcox contains an analytical expression for  in 
the viscous sublayer. The main idea behind the 
formulation proposed in ANSYS CFX is to blend 
the wall value for  between the logarithmic and 
the near wall formulation. The “automatic wall 
treatment” allows a consistent y+ insensitive mesh 
refinement from coarse grids, which do not resolve 
the viscous sublayer, to fine grids placing mesh 
points inside the viscous sublayer (ANSYS CFX-
solver theory Guide Release 15.0.2013). There is a 
blending function and it is weighting between the 
two regions allowing a smooth increase towards the 
wall function as y+ is increasing.  It means that 
even in the case of y+=6, the solution is approaching 
to the “low Reynolds number” method while still 
using some empirical formulas for the  value in 
the viscous sublayer. 

In order to evaluate the performance of wall 
functions in the case of wind turbines, we have used 
three types of mesh with different y+ values on the 
blade wall. Regarding y+ definition, it is a function 
of wall shear stress in addition to the first node 
position on the wall. Therefore, it would vary in 
different TSR with the same mesh size, as well as 
throughout the blade wall. The average value 
through the blade surfaces is considered, while the 
distance of the first node from the wall is kept fixed 
at different TSR.  

3.3 Boundary Condition  
There is a uniform inflow at a wind speed of 
U =10.0 m/s. The turbulence intensity is set to be 
0.3% at the inlet based on the referenced 

experiments. “No slip” condition is used for the 
walls, i.e., the fluid immediately next to the wall 
assumes the velocity of the wall, which is zero. The 
outlet boundary condition is set to an “opening” 
which allows the fluid to cross the boundary surface 
in either direction, with zero relative pressure. The 
rotor speed for the design TSR of 5.79 is 1230 rpm. 
It results in a rotor tip Reynolds number 
Re=U (2R)/  of 103 600, where  is the air 
kinematic viscosity. The rotational speed is varied 
to investigate the other TSR values: 3.335 and 9.15. 
In order to reduce the computational costs in steady 
state simulations, periodic boundaries are applied in 
the rotating part. It’s assumed that the flow in 1/3 of 
the rotor is identical to the two other thirds. 

3.4 Grid  
A multi-block structured grid contains an 
unstructured arrangement of hexahedral blocks, 
where each block contains a structured grid. 

The mesh contains the hub, nacelle and the tower 
inside the wind tunnel. Mesh was created using 
ICEM CFD software. The multi-block topologies 
employed for this work start from a C-topology 
around the blade in order to resolve the suction peak 
on each blade section as well as the trailing edge 
vortex shedding (Fig. 2).  

Such topology prevents low-quality hexahedral 
cells around the extremely sharp trailing edge 
geometry of the blade tip. The mesh allows for 
variations of the pitch angles along the blade height 
without reducing the quality near the blades. A 
hexahedral multi-block mesh was also generated in 
the wind tunnel for the stationary domain. Starting 
at the tunnel inlet, the mesh contains the tower and 
horizontal nacelle and end at the tunnel outlet. This 
hexahedral mesh is made of one multi-block 
connected to the cylinder shell of the rotating 
domain with the general grid interface (GGI).  

Different configurations of the boundary layer are 
investigated, i.e., wall function or complete 
resolution of the boundary layer up to y+<1. 
Refining the first cell on the blade wall leads to a 
considerable increase number of cells in the whole 
domain, when the same quality is expected. In the 
other words, the near wall cells were set first, and 
then extended throughout the whole domain with an 
appropriate size ratio that ensures a good quality. 
The main approach to generate the meshes relies on 
satisfying the quality criteria. In each mesh, once 
the quality is satisfied, the number of nodes was 
assumed to be sufficient.  

Furthermore, the mesh convergence test is 
performed to make sure that the mesh is dense 
enough with each certain size of the first cell (Fig. 
3). For the case shown, 1.5 M nodes are required 
and a denser mesh results in a similar value 
(error<1.2%) for the load coefficients. 

The mesh used in this study consists of two separate 
grids for the rotating and stationary domains 
connected by a general grid interface. Table 
1presents three configurations of  meshes  generated  
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Fig. 2. Mesh configuration on a radial section of the blade at the rotating domain. 

 

 
Fig. 3. Mesh sensitivity analysis for case II of table 1 in the steady state simulation. 

 
 
for the rotating and stationary domains. As the most 
important criteria for a standard mesh (ANSYS CFX-
solver manager user’s guid.2009), ‘angle’, ’volume 
change’ and ‘quality’ of the cells were checked to 
meet the limitations in each case. The quality is 
based on the definition in ANSYS ICEM CFD. To 
analyze the effect of wall treatments, three cases are 
studied based on the y+ value on the blade and the 
mesh density. As mentioned, based on the y+ value, 
the whole mesh density is tuned to maintain a 
consistent coarseness and quality throughout the 
mesh. The resultant mesh densities in the both 
domains are reported in Table 1, in addition to the 
quality conditions. 

4 RESULTS AND DISCUSSION   

The goal of this work is to study the simulation 
methods and compare them to the available 
measurements for evaluation. So, the integrated 
parameters, i.e., the load coefficients are evaluated 
as well as the detailed velocity profiles in the wake 
downstream. Load coefficient values are the 
integral of the load distribution through the blade 
surfaces from the hub section to the tip, thus it may 
not be a comprehensive representation of the flow 
performance. In the next step, velocity profiles are 

studied at the wake behind the turbine to analyze 
the simulations more in details. 

The performed simulations and the corresponding 
numerical specifications are listed in Table 2. The 
main simulations include cases 1 to 18.  
Simulations 19 to 25 are concerned with a 
sensitivity analysis of different modeling 
parameters. The inlet velocity for all cases has been 
10 m/s. 

4.1 Modeling Effect 

Domain periodicity 
In order to see how important, the differences are 
on the boundary planes between the blades (shown 
in Fig. 1), some simulations have been performed 
modeling the whole rotor to be compared with the 
model of one-third of rotor assuming periodicity. 
Both the steady state and transient simulations are 
considered. 

Regarding Table 2, cases 20 and 5 are compared, 
through which the effect of periodicity assumption 
in steady state simulations can be analyzed. The 
results show 2.7 % difference in the rotor thrust 
coefficient, 10% difference in the thrust of the 
whole machine (including the tower, nacelle, …),  
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Table 1 Detailed mesh specifications in the employed CFD grids 
 Rotating Domain Stationary Domain y+ average 

in design 
speed Case number of nodes 

(1/3 of rotor) [M] % poor % acceptable % good number of nodes 
(1/3 of rotor) [M] 

I 0.6 
aspect ratio 0 <1 100 

1.5 58.3 orthogonal angle <1 6 94 
expansion factor <1 1 99 

II 1.5 
aspect ratio 0 1 99 

1.5 6.4 orthogonal angle <1 15 85 
expansion factor <1 <1 100 

III 15 
aspect ratio 1 2 97 

6.7 0.3 orthogonal angle <1 16 84 
expansion factor <1 <1 100 

 
 

Table 2 specifications of the simulated cases 
Simulation 

#  (rpm) TSR Turbulence model y+ Simulation type configuration 

1 74.44 3.35 k-  SST 0.22 Steady/Stage Periodic 1/3 rotor 
2 128.67 5.79 k-  SST 0.3 Steady/Stage Periodic 1/3 rotor 
3 203.33 9.15 k-  SST 0.44 Steady/Stage Periodic 1/3 rotor 
4 74.44 3.35 k-  SST 5 Steady/Stage Periodic 1/3 rotor 
5 128.67 5.79 k-  SST 6.4 Steady/Stage Periodic 1/3 rotor 
6 203.33 9.15 k-  SST 9.6 Steady/Stage Periodic 1/3 rotor 
7 74.44 3.35 k-  SST 39 Steady/Stage Periodic 1/3 rotor 
8 128.67 5.79 k-  SST 58.3 Steady/Stage Periodic 1/3 rotor 
9 203.33 9.15 k-  SST 78.6 Steady/Stage Periodic 1/3 rotor 
10 74.44 3.35 k-  SST 0.22 transient full rotor 
11 128.67 5.79 k-  SST 0.3 transient full rotor 
12 203.33 9.15 k-  SST 0.44 transient full rotor 
13 74.44 3.35 k-  SST 5 transient full rotor 
14 128.67 5.79 k-  SST 6.4 transient full rotor 
15 203.33 9.15 k-  SST 9.6 transient full rotor 
16 74.44 3.35 k-  SST 39 transient full rotor 
17 128.67 5.79 k-  SST 58.3 transient full rotor 
18 203.33 9.15 k-  SST 78.6 transient full rotor 
19 128.67 5.79 k-  SST 0.33 Steady/Stage full rotor 
20 128.67 5.79 k-  SST 6.4 Steady/Stage full rotor 
21 128.67 5.79 k-  58.3 Steady/Stage Periodic 1/3 rotor 
22 128.67 5.79 k-  6.4 Steady/Stage Periodic 1/3 rotor 
23 128.67 5.79 k-  SST 58.3 Steady/frozen rotor Periodic 1/3 rotor 
24 203.33 9.15 k-  SST 0.44 Steady/frozen rotor Periodic 1/3 rotor 
25 128.67 5.79 SAS SST 58.3 transient full rotor 

 

 

and 3 % difference in the power coefficient. In the 
above simulations boundary layer was resolved 
partly since the average y+ on the blade was ‘6.4’. 

Similar simulations were performed comparing 
cases 2 and 19 (Table 2), in which the boundary 
layer was fully resolved (mesh: Table 1, case III). 
The difference in load coefficients is less than 1%.  

From these two comparisons, it can be concluded 
that the periodicity is a proper assumption if the 
mesh is refined enough and the boundary layer is 
fully resolved. In this case, the load coefficients of 
the rotor are almost unchanged (error<3%) due to 
the periodicity assumption. Otherwise, the accuracy 
decreases, especially in the thrust evaluation of the 
whole machine.  

The tower is the main element disturbing the 

periodicity of the real flow in the blade sectors. In 
the steady state simulations, any time variation was 
averaged with the ‘stage’ interface (it will be 
discussed later in 0). So, none of the periodic 
surfaces are affected directly by the presence of the 
tower 

Wake velocity profiles in Fig. 4-a show that in the 
case of resolving boundary layer (cases 20 and 5), 
no difference is made using periodic boundary; 
while with y+ =6.4 (cases 21 and 8) a  slight 
difference is seen behind the hub (Fig. 4-b).  

In a steady state simulation, rotating-stationary 
interaction is approximated by a frame change 
modeling such as frozen rotor or stage (it will be 
discussed in detail later in 4.1.3). But in a transient 
simulation, the real rotating-stationary interaction 
can be captured. 
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a) 

 

b

 
Fig. 4. Comparison of wake profile modeling 1/3 of the rotor and the whole rotor in design speed at 

X/D=1 with a)y+= 0.3 (case 19) b) y+= 6.4 (case 20). 
 

  
Fig. 5. Pressure variation from the transient results; left: full rotor modeling (case 14 of table2), right: 

periodic boundaries. 

 

To take into account the effect of the tower, 
transient simulations considering the whole rotor 
are necessary. The flow near the blade is influenced 
when passing near the tower, and so the flow 
condition is different from the other two blades on 
top of the rotor. Thus, each blade has a specific 
boundary condition and therefore only one-third of 
the rotor cannot be used as the representative model 
of the whole rotor.  

With the assumptions of periodicity on both sides of 
one rotor sector (1/3 rotor), the effect of the tower is 
missing in a transient simulation. Figure 5 shows 
two pressure contour plots from two transient 
simulations including the whole rotor (left) and 1/3 
of it (right) in the same position of the blades. No 
effect of the tower is seen in the case of periodic 
boundaries as the three sectors are supposed to be 
the same. By modeling the whole rotor instead, the 
tower effect is seen in the pressure contours which 
influences downstream of the rotor as well (not 
shown here).  

Near wall treatment 
As explained in 3.2, the main difference of k-  
SST and k-  turbulence models comes from the 
formulation in the boundary layer and the wall 
treatment modeling. To evaluate the effect of the 
modeling differences on the load calculations, cases 
5 and 8 from Table 2 are considered. Steady state 
simulations are performed at the design operating 
point of the wind turbine using k-  SST and k-  
(cases 22 and 21).  

The cases 8 and 21 use the mesh with an average y+ 
of 58. Then, the wall functions are used in both wall 
treatments as y+ is above 11. Therefore, the main 
difference is between the  and  formulation inside 
the boundary layer. The thrust and power 
coefficients change by 3% and 15%, respectively.  
Furthermore, the use of the k-  turbulence model 
leads to a periodic fluctuating result with an 
amplitude of 5-6%, which decreases the accuracy. 

In cases 5 and 22, the same type of simulation is 
performed using a mesh with an average y+ of ‘6.4’. 
Since the y+ is below 11, two wall functions 
performances are totally different for two 
turbulence models. The results of two turbulence 
models show 1.9% and 3% differences in thrust and 
power coefficients, respectively; while the 
difference between the drag of the entire machine 
(including the tower and the nacelle) is around 10%. 
Since the load coefficients are integral values, they 
are not indicators of the flow details because the 
errors may compensate each other over the domain 
considered to give a correct value. A noticeable 
difference between k-  and k-  SST is expected 
using a mesh with an average y+ below 11, as CFX 
‘scalable wall functions’ used with the k-  
simplifies the flow variations in some parts of the 
boundary layer; while the k-  SST takes into 
account the whole sublayer through its mixing 
formula with automatic wall function. Figure 6-a 
confirms this explanation, though at the 
downstream wake (X/D=4), the gap between two 
models becomes clearer.  

Tower Effect 

The repetitious effect of 
 the periodic boundaries 
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a) 

 

b) 

 
Fig. 6. Comparison of wake profile in the cases of different turbulence modeling in design speed with 

a)y+=6.4 (case  5, 22 of Table 2) b) y+=58.3(case8,  21 of Table 2). 
 

Fig. 7. Turbulence Kinetic Energy contour on a longitudinal plane for top: k-  (Table 2, case 22); 
bottom: k-  SST (Table 2, case 5). 

 

 

In Fig. 6-b in which y+ is above 11, both turbulence 
models are using wall functions. Although using the 

 equation results in better matching with 
experiments, the difference with the k-  model is 
not significant. The difference is more distinct 
farther downstream, which mainly comes from the 
different formula for the energy diffusion used in 
two models (Peng, Davidson, & Holmberg, 1996).  

Figure 7 reveals more details in the difference 
between two turbulence models. Although they 
differ in the boundary layer region through eddy 
dissipation and eddy viscosity equations, they also 
differ in the turbulent kinetic energy since the two 
turbulence equations in each model are coupled 
together. As the effects are transmitted downstream, 
the gap between the velocity profiles is larger at 

X=4D, due to the different diffusion formula in the 
two models. In the center parts, in which the flow is 
affected by the presence of the nacelle body, 
different velocity profiles are obtained with 
different boundary layer calculations of the two 
models.  

Rotating-Stationary Domain Interaction 
For a steady simulation, it’s needed to model the 
relative motion of the rotor towards the stationary 
components such as the tower. There are two 
options to model the frame changes in a steady state 
simulation, in which the flow motion is watched at 
a fixed time. 

In ‘stage’ method (as named in CFX) a mixing 
plane mixes the flow at the interface of the  
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Fig. 8. Comparison of wake profile at X/D=1  in the cases of stage and frozen rotor interfaces in design 

and high speeds respectively with y+=58.3 (left : cases 8 and 23 of table 2) and y+=0.44 
(right cases 3 and 24 of table 2). 

 

 

stationary and rotating domains. The average values 
are applied on the interface for upstream and 
downstream components. While in the ‘frozen 
rotor’ method the two frames of reference connect 
in such a way that each stay in a fixed relative 
position throughout the calculation.  

Although ‘stage interface’ is selected as the main 
approach of this paper, we have studied the 
sensitivity of the results to the frame change model. 
A study is performed applying frozen rotor interface 
at design operating point (Table 2, case 23). Using a 
coarse mesh with y+=58, it shows 1% difference in 
thrust coefficient in compare to the similar 
simulation with stage interface (Table 2, case 8). 
The difference in power coefficient is around 8%. 

In the case of resolving the boundary layer (Table 1, 
case III) and at an off-design point with TSR=9 
(Table 2, case 24), the deviation from the similar 
‘stage’ simulation (Table 2, case 3) in thrust 
coefficient is about 1 % whereas the power 
coefficient changes around 4 %.  

Although the mentioned difference between the 
load coefficient values is not too much, looking at 
the wake profiles reveals the main differences. 
Figure 8 shows that especially in the case of using 
wall functions (y+ =58), ‘frozen rotor’ interfaces 
lead to large differences. Resolving the boundary 
layer (y+<1) decreases the difference (Fig. 8-right); 
while stage simulation is closer to the experimental 
data.  The ‘frozen rotor’ model causes a major 
asymmetry in the flow field because it ignores the 
variations of the rotating blades positions towards 
the stationary domain. The frozen rotor modeling 
disregards the rotating flow variations towards the 
stationary parts (like the tower) during the rotation 
and assumes a uniform situation for each side of the 
rotor It can be concluded that although resolving the 
boundary layer decreases the dependency on the 
frame change model, the error due to the frozen 
rotor simplification cannot be ignored in the case of 
wall function being used. 

Transient Simulation Convergence 
In order to see the numerical aspects of different 
solving methods in a transient simulation, it is 
needed to look at their performance regarding the 

convergence process and the results. 

During a transient simulation, the flow needs some 
time to develop. Regarding the rotation speed at the 
design point, roughly speaking, the time for the 
axial flow to reach the domain far downstream 
(t=X/U ) is equivalent to the time duration of six 
rotor revolutions (6×2 / ). In other words, when 
the rotor has rotated 6 turns, the flow downstream 
of the rotor at X/D=4 starts to be affected by the 
rotation. Although the transient simulations are 
initiated from a steady state flow, it takes time for 
the flow to become stable, and this convergence 
time varies based on the grid (space discretization), 
rotational speed, turbulence modeling, etc. For 
integrated parameters (load coefficients), the 
convergence is met sooner than the velocity profiles 
in the wake. Furthermore, the velocity fluctuations 
amplitude is different in each case. The following 
statements are perceived out of the simulations. To 
be sensible, the simulation time is described in 
terms of the equivalent number of rotor complete 
rotation.  

- In low tip speed ratio, convergence is reached 
faster than at high speeds. Even for the central 
regions of the wakes, it converges after 6 rotations.  

- Using a refined mesh causes a faster convergence. 
For example, at TSR=6 the load coefficient 
solutions are converged after 15 rotations with y+ 
of 58 compared with 10 rotations in the case of 
y+=0.3. 

- SAS-SST turbulence model leads to larger 
fluctuations which vanish slower than with the 
SST model. 

In the central region behind the nacelle ( 0.5|<z| ), 
the numerical convergence cannot be reached 
easily. There are inherently intensive fluctuations in 
flow pressure and velocity during the simulation 
time. Even in the final result, these semi-periodic 
fluctuations don’t disappear completely. So there 
are more uncertainties in these regions which vary 
from 2 to 5%. 

Time Step Sensitivity 
In order to check the independence of the results 
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from the time step size, a sensitivity analysis was 
performed. It should be a compromised between the 
computational expenses and the solution accuracy.  

The number of time steps per rotation is chosen to 
be 120, i.e., a rotation path of three degrees in each 
step of the solution is considered.  It equals to 
2.5×10-4 seconds regarding the angular velocity of 
the rotor. Time step sensitivity analysis showed that 
it is the maximum time step size allowing an 
acceptable solution. If the time step size reduces to 
one-third, i.e., 360 time-steps per rotation period, 
the difference in the results is below 1.6% in 
maximum.  

4.2 Performance Characteristics
Thrust coefficient CT and power coefficient CP are 
engineering quantities representatives of the 
machine performance. They are presented at 
different TSR. Three different meshes have been 
used to perform the simulations (Table 2) and the 
results are compared. 

The same formula as in the experiments is used to 
calculate the load coefficients. The reported 
experimental data for CT have, however, been 
calculated based on a vague method of drag (D) 
evaluation on the stationary part, i.e., hub, nacelle, 
and tower, which decreases the accuracy of the 
validation (described in Section. “Test Case”) It is 
seen also in the simulations that the various 
modeling methods work very differently in the 
evaluation of thrust on the stationary parts.  

Figures 9 and 10 show the measured power and 
thrust coefficients as a function of TSR for the cases 
1-18 of Table 2. Included in the graphs are three 
different grids (cases I-III of Table 1). For the 
transient simulations, the load variations are 
calculated during the simulation time. Although 
there are some inherent fluctuations in a transient 
rotation process, it takes time for the numerically 
induced fluctuations to be damped and the solution 
converges, (see “Transient Simulation 
Convergence”). The time averaged values are 
calculated over one period. 

 

 
Fig. 9. Comparison of thrust coefficient from 

CFD with the measurements. 
 

In general, the agreement between the 
measurements and CFD is better for the power 
coefficient than thrust coefficient. Calculated CT 
from the simulations is 0.09-0.11 below the 

experimental data for different TSR.  The measured 
Cp values are almost captured by CFD at both 
design and high rotational speed, while it deviated 
by 0.05 from the measured value at a low TSR. 
Since the values of load coefficients are close to 
zero, the errors are reported as the deviation, i.e. the 
difference between the calculated and the simulated 
values. 
 

 
Fig. 10. Comparison of power coefficient from 

CFD with the measurements. 
 

Power coefficient is mainly related to the torque 
acting on the turbine. Thrust coefficient is mainly 
related to the drag and thus the wake behind the 
turbine, in which more sources of energy loss may 
make changes. Furthermore, the experimental 
method used to evaluate the drag on the stationary 
parts is an issue which provides a special 
experimental data for CT. 

The transient results are not necessarily closer to the 
experiments for the thrust and power coefficients. 
But, it is seen later in this paper that a transient 
simulation improves the wake results significantly. 
Load coefficients are integrated value of a load 
distribution on the blade, nacelle, and tower. Such 
parameter does not guarantee the correct 
distribution even though the integrated simulated 
values match better with an experimental one. 
Detailed analysis of the wake profiles will allow 
gaining further information. 

Looking at both the steady state and transient 
simulations, the results of Mesh II and Mesh III are 
similar, while using the latter one imposes 90% 
extra density on the mesh (Table 1). When the 
automatic wall functions (k-  SST model at y+<11) 
are used for the integrated parameters, further 
resolving the boundary layer produces no better 
results, i.e. the mesh with 0<y+<11 work similarly. 
Indeed, the automatic wall functions can provide a 
reliable wall treatment when the mesh is fairly 
refined in the cases 4-6 and 13-15 (Table 2) in 
which the average y+ is around 6 (in design speed). 
In this case (Table 1: case II), the grid size reduces 
by 90% compare to the case of the fully resolved 
boundary layer (Table 1:case III).  

4.3  Wake of the Model Wind Turbine
The wake of a turbine is characterized by a velocity 
defect, high turbulence level, and helical tip vortices 
(Krogstad & Adaramola, 2012). The rotational 
speed (or TSR) determines the level of interaction  
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Fig. 11. Time-averaged profile of axial velocity at the hub height for four positions downstream of the 
rotor plane with three different mesh resolutions for a) TSR=3.35 (cases 1,4,7), b) TSR=5.79 

(cases 2,5,8), c) TSR=9.15(cases 3,6,9). 

 

between the air flow and the rotor, and hence 
determines the characteristics of the wake velocity 
deficit. Irrespective of the TSR, the wake velocity 
depends on the radial position in the transversal 
plane. The wake region gradually widens as TSR 
increases, in agreement with the increase in CT 
(Fig. 9) (Krogstad & Adaramola, 2012). 

The wake axial velocity distribution can be 
classified into three regimes: the stalled operation or 
low TSR regime, the optimum TSR regime, and the 
propeller performance or high TSR regime. This 
classification is directly related to the performance 
characteristics of the model turbine (Krogstad & 
Adaramola, 2012). 

A summary of the effect of the TSR on the axial 
velocity profile in the near wake (X/D=1) of the 
model turbine is presented in the profiles measured 
in (Krogstad & Adaramola, 2012) at the hub-height 
transversal lines. Wake velocity field development 
was also investigated through the velocity profile at 
X/D=4. In the transient simulations (Table 2, cases 
10-18, 25), for each of the points on the lateral 
lines, there is a time-varying velocity. Considering 
a time averaged value for each point results in the 

plots of Fig. 11.  

The simulation results for the axial velocity profile 
at hub height were analyzed for nine steady state 
simulations (Table 2: cases 1-9) with three different 
mesh resolutions and y+ values (Table 1: cases I-
III). Details can be found at Table 1.These results 
are plotted only for high TSR in Fig. 12 besides the 
corresponding wind tunnel experiments. In the 
legends of Figs. 11 and 12, only the y+ values are 
mentioned. 

Near wake of the Model Turbine 
For the low TSR where the velocity defect is most 
significant in the blade root region, the wake 
velocity distribution (Fig. 11-a) resembles the 
deficit field found behind a circular bluff body. The 
streamwise velocity deficit is highest in the vicinity 
of the hub and then reduces gradually outwards. 
Velocity deficit is not too much near the rotor tip as 
the generated torque has been low.  Because of the 
low-velocity defect in the near wake of the turbine 
at low tip speed ratios, this regime is characterized 
by low thrust and power coefficients (see Figs. 9 
and 10).  

a) 

 

b) 

 

c) 
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Fig. 12. Steady state profile of axial velocity at the hub height for four positions downstream of 
the rotor plane with three different mesh resolution for TSR=9.15(cases 3,6,9). 

 
The level of the velocity deficit behind the hub is a 
challenge for the numerical simulation methods in 
this case. The outward velocity increment is 
modeled properly by simple meshes and even 
skipping the transient effect but to model the central 
part of the profile, transient effects are necessary to 
be considered. Fully resolving the boundary layer in 
transient simulations helps to catch the 
corresponding velocity deficit behind the hub.  

In the case of the optimum TSR regime, the 
velocity defect is stronger than for the low TSR 
regime and is relatively constant within the rotor 
diameter region (-R<z<R) with a small reduction in 
the hub region (Fig. 11-b). This shows that the rotor 
operates very efficiently at this condition. Thus, 
more energy is extracted from the air flow and the 
energy is extracted uniformly across the rotor plane 
as the velocity deficit is more uniform throughout 
the rotor diameter (-R<z<R). 

At the design point, a transient simulation and fully 
resolving the boundary layer (y+<1) are required to 
catch the velocity deficit behind the hub. For the 
rest (>0.5R), transient effect doesn’t influence the 
profiles. For estimating of the outer parts of the 
velocity profile (>0.5R), only a coarse mesh and 
wall functions are enough with a steady state 
simulation (not shown here for this TSR). Also, the 
wake velocity profile calculated based on SAS-SST 
model (Table 2, case 25) is plotted as well as the 
SST model (Fig. 11-b). No improvement in the 
calculated loads are observed compare to the SST 
model while imposing more fluctuations in the time 
history of the results. It can be concluded that 
resolving the boundary layer is more effective to 
capture the velocity deficit in the near wake, 
comparing to the turbulence modeling.  

The strong radial variations in the velocity deficit 
are seen at the high TSR regime (Fig. 11-c). At the 
center of the flow (Z 0) the velocity seems not to be 
affected by the rotation and u  U . It may be due 
to the wake spreading direction which will be 
discussed later in this paper. The transient 
simulations have captured the velocity profile 
properly irrespective of the mesh resolution. In this 
operating mode, the inner part operates as a 
propeller providing additional energy into the 
central part of the wake, which may be observed as 
a very small velocity defect (10% of U ) 

downstream of the hub (-0.1R<z<0.2R based on the 
measured data). The outer part of the blade (near 
the blade tip) operates at a low angle of attack, and 
so it is only the midsection of the blade that actually 
operates in an efficient turbine mode. Hence, this is 
where the strongest velocity defect is found in the 
wake (Fig. 11-c). The flow velocity defect, in this 
case, is much more than the design speed, as the 
velocity decreases to 20% of U  near the rotor tip. 
The flow in the wake at this operating condition is 
therefore characterized by strong velocity gradients, 
and the corresponding high shear generates high 
turbulence levels in the wake (Krogstad & 
Adaramola, 2012). For the high TSR regime, the 
power coefficient is low, whereas the thrust 
coefficient is very high (Figs. 9 and 10) as the 
airfoil lift force is rotated towards the streamwise 
direction (Krogstad & Adaramola, 2012). 

As seen in a steady state simulation (Fig. 12), the 
velocity deficit near the rotor tip cannot be modeled 
with a coarse mesh and wall functions.  Mesh 
refinement and resolving the boundary layer 
provide a proper numerical model at this part even 
if the time variation is skipped. When it comes to 
the central part of the velocity profiles, it is only the 
transient simulation that can catch the sudden 
velocity increase behind the hub. Considering the 
time variations in a transient simulation, it is not 
required to resolve the boundary layer. A coarse 
space discretization can be sufficient to get the near 
wake profile in this case. 

The time-averaged measured streamwise (axial) 
velocity contour plots in the upper section of the 
turbine wake at X=1D downstream of the model 
turbine are presented in Fig. 13 for TSR=9.15, as 
well as the steady state simulation results. The 
velocity is normalized by the freestream velocity, 
and the length is normalized by the rotor radius. At 
a high TSR, a large radial inhomogeneity in the 
velocity defect is raised (Fig. 13). In agreement 
with hub height velocity profiles (Fig. 11-c), there 
is a slight velocity deficit near the wake center and 
a strong velocity reduction near the rotor tip. 
Although a steady state result is plotted, the contour 
matches properly with the one from the 
measurements and the main trend is captured. 

Furthermore, the variations are radial, as expected. 
So, the velocity profile on the hub height line was  
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Fig. 13. Contour plots pf streamwise velocity component in the wake at X/D=1 for TSR=9.15. Left: 

steady state simulation (case5 of Table 1) right: time-averaged measured data. 

 

a) 

 

b) 

 
Fig. 14. Contour plots of the pressure at different cross-sections and at the mid plane. (case 5, Table 2).
 

 

taken as the representative of the wake profile. 

Wake Velocity field Development 
Figure 14 shows contour plots of the pressure on 
certain planes from the inlet to the outlet of the 
wind tunnel.  For the design operating point 
(TSR6), different planes at four axial distances 
(1,2,3 and 4 times of the rotor diameter) 
downstream the rotor are shown as well as a plane 
upstream. There is no significant variation from the 
inlet plane upstream to the rotating domain (Fig. 
14-a), though the upstream just before the rotating 
part is influenced by the rotation slightly (not 
shown here due to the specified range of variations 
in the plot).  

The static pressure drops gradually downstream of 
the rotor as the flow is passing through the tunnel 
towards the outlet. A radial distribution is raised in 
each transversal plane due to the radial energy 
diffusion at the swirling wake (Fig. 14-a). The 
pressure at the central part of the rotation is less 
than the ambient pressure. The pressure increases 
radially from the center of the wake to reach the 
pressure of the free stream.  

The entrainment of the momentum from the 
surrounding freestream into the wake makes the low 
pressure in the wake recovers faster. At the near 
wake, the region surrounding the core is still at the 
same pressure as the rotor upstream. As the 
downstream distance increases, the mixing leads to 
a pressure decrease in these surrounding regions, 
while the low-pressure core part is becoming 
smaller. As seen in the wake profiles in Fig. 11-b, 
the width of the wake core decreases around 40% 
when it is 4D downstream of the rotor. Wake core is 
the central tube, in which the pressure gradient is 
high. On the other hand, irrespective of the TSR, 
the whole wake width increases with the 
downstream distance due to the flow mixing 
(Krogstad & Adaramola, 2012). Inside the wake 
region, the velocity is low in addition to the low 
static pressure. This leads to a low energy region 
inside the wake that will be discussed later in this 
paper. Figure 14-b shows how the pressure in the 
wake varies in the vertical central plane (XY plane 
at z=0) at the design point. The low-pressure region 
orients from the rotor tip. This core region is 
surrounded radially by high positive pressure. 
Furthermore, behind the tower is covered by a  

Wake behind the tower
The core region  

Surrounding positive-pressure flow 
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Fig. 15. Pressure profile at the central axial plane for high TSR (case 6,Table 2). 
 

 

wake. At a lower TSR (not shown here), the low-
pressure region is more limited and completely 
enclosed by the high-pressure non-swirling flow out 
of the wake.  

For a high rotational speed (TSR=9), the pressure 
development is presented in Fig. 15 at a vertical 
central plane. The flow leaving the rotor tip has a 
large vertical component. It causes the tip vortices to 
move toward the top wall of the tunnel. In this case, 
the low-pressure flow region is not surrounded by a 
high-pressure flow, but the whole area is filled with a 
low-pressure flow. An adverse static pressure 
gradient occurs downstream of the rotor. It was 
observed (not shown here) that at each axial 
streamline inside the wake region, the total pressure 
is increasing as well as the both velocity and the 
static pressure. Increasing the total pressure is the 
effect of momentum entrainment from the freestream 
into the wake. Consequently, the surrounding region 
becomes narrower and the wake widens as the 
streamlines are moving outward. At the surrounding 
streamlines, there is no significant change in the total 
pressure. So, the velocity decreases when the static 
pressure increases. Overall, the dominant 
phenomenon the downstream the rotor is mixing of 
the wake with the freestream. The velocity deficit at 
the near wake recovers further downstream and the 
flow becomes more uniform. 

Looking back at Fig. 11, the streamwise 
development of the wake can be further 
investigated. At a low TSR, the velocity profile is 
more uniform at X/D=4 compare to the near wake 
at X/D=1 (Fig. 11-a). The width of the low-velocity 
core region is smaller. The simulation results show 
that a coarse mesh is enough to model this case if 
the transient effects are considered. 

Near the design tip speed ratio (Fig. 11-b), the steep 
initial gradient decreases quickly with the 
streamwise distance because of the moment 
entrainment from the freestream into the wake. As 
the downstream distance increases, there is a 
gradual increase in the wake width and a 
corresponding reduction in the velocity defect as the 
flow gradually develops towards a conventional 
wake. The wake behind the nacelle is clearly visible 
at the first station but is smeared out quickly further 
downstream. The core region at the center of the 
profiles is smaller at X/D=4. At the near wake, the 
core region was one diameter wide, which 
decreases to around 70% far downstream. This 
decrease is the result of the flow mixing. The dense 
meshes performed better in this case, while the SAS 

SST turbulence model with a coarse mesh has been 
less accurate.  

The dependency on the streamwise distance is more 
pronounced for the higher tip speed ratios (Fig. 11-
c). Initially at X/D=1, there was a very high 
streamwise velocity near the wake center and a 
strong velocity reduction near the rotor tip. As the 
downstream distance increases, this strong non-
uniformity is quickly reduced. This is partly due to 
the mixing caused by the tip vortices and partly 
caused by turbulent diffusion in the strong shear 
layers. Similarly, the high velocity near the center is 
gradually reduced because of the radial energy 
diffusion (Krogstad & Adaramola, 2012).  

Considering the transient effects in the simulations, 
all the three mesh resolutions work similarly to 
model the wake development. When the mesh is 
fine enough in the steady state simulation (Fig. 12), 
the velocity is recovered from the near wake to the 
far wake. It shows that the flow mixing can be 
modeled in spite of skipping the transient effects.  

Overall about the steady state simulations, the main 
shortage to model the near wake was behind the 
hub, while these types of simulations calculated the 
rotor tip velocity deficit properly. Far downstream 
when the flow is more uniform and there is less 
pressure gradient, the steady state results can be as 
reliable as the transient simulation results and the 
radial energy diffusion can properly be estimated. 
But, if the mesh is too coarse as the case I (Table 1), 
then the results of the steady state simulation is 
incorrect. In Figure 12, although the velocity profile 
of the coarse mesh (high y+) seems to be closer to 
the measured values, it is not reliable. Because 
considering the same simulation results at X/D=1, 
basically the velocity deficit is not captured at 
X/D=1. So, the velocity recovery is around 14% 
while it should be around 55%.  

Generally, in the wake development behind the 
rotor, the turbulent and energy diffusions play the 
main role, since the dominant phenomenon is the 
dissipation of the wake while mixing with the free 
stream. Therefore, the low accuracy of the 
simulation results downstream at high TSR shows 
the limitation of the model used in this condition. 
The turbulence model k-  SST includes the 
addition of a cross-diffusion term in the  equation 
and a blending function to ensure that the model 
equations behave appropriately in far-field zones 
(Peng et al., 1996), but it is still not accurate 
enough to recover the velocity deficit at the 
propeller regime of the wind turbine performance.  
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5 CONCLUSIONS 

Looking for a methodology to estimate the loads 
acting on the blades, the performance of a model 
turbine, as well as the wakes formed by the rotor, 
has been calculated through a numerical study. 
A multiple frame of reference approach is 
considered to simulate the rotating domain around 
the blade and the stationary flow inside the wind 
tunnel in which tower and nacelle are also included. 
To evaluate the adequacy of wall functions to 
model the near-wall flow, different meshes have 
been created in both rotating and stationary domain 
based on the multi-blocking structured hexa mesh 
of ICEM. Applying shear stress transport model 
makes it possible to use automatic wall functions 
which are investigated with different y+ values. 
RANS equations have been solved by ANSYS CFX 
solver. Computational domain consists of 52 
million nodes to resolve boundary layer. Time-
averaged values of the performance parameters as 
well as the wake velocity profiles have been 
calculated out of the transient simulations. The 
power generation and the thrust force are calculated 
through different methods assuming steady and 
transient simulation, as well as the velocity profiles 
in the wake downstream of the rotor. Both near 
wake and the wake development are studied. Key 
findings based on current study are discussed 
below: 

1. In general, the agreement between the 
measurements and CFD is better for the power 
coefficient than thrust coefficient. For the 
estimation of the integrated parameters, the 
transient results are not necessarily closer to the 
experiments in neither of the thrust and power 
coefficients, while a transient simulation 
improves the wake results significantly. 

2. The near wake profiles resulted from the transient 
simulation match well with the experiments at all 
the TSR range. A coarse or fine mesh influences 
slightly the transient numerical results. For the 
wake development modelling at high TSR, the 
present simulation needs to be improved, while at 
low and moderate TSR the results match with the 
experiments at far wake too. 

3. At the near wake velocity profile, the more 
velocity defect and the more uniformity at its 
radial distribution (across -R<z<R) are two 
indicators of a more effective performance of the 
rotor. From these two, the velocity deficit at the 
rotor tip is easy to model, but the radial 
distribution estimation is challenging for a 
numerical model. 

4. The main shortage of the steady state simulation 
to model the near wake was behind the hub, 
while these types of simulations calculated the 
rotor tip velocity deficit properly.  

5. The difference between the k-� and k-  SST 
turbulence models, relates to both the wall 
treatment and the flow diffusion, i.e. the wake 
development. At lower y+ the difference is more 
distinct.  

6. Fully resolving the boundary layer in transient 
simulations helps to catch the velocity deficit 
profile behind the hub while the outward velocity 
increment is modeled properly by simple meshes 
and even skipping the transient effect. Transient 
effects are necessary to be considered to model 
the central part of the velocity profile. Transient 
simulations deliver results in a close agreement 
with the experimental wake profiles. 

7. In a steady state simulation, the periodicity is a 
proper assumption if the mesh is refined enough 
and the boundary layer is fully resolved. 
Otherwise, the accuracy decreases especially in 
the thrust evaluation of the whole machine. Only 
in a transient simulation, the real rotating-
stationary interaction can be captured. The 
periodicity assumption doesn’t work in this case, 
since the effect of the tower is missing with the 
assumptions of periodicity on both sides of one 
rotor sector (1/3 rotor). 

8. Considering the transient effects in the 
simulations, all the three mesh resolutions work 
similarly to model the wake development. At the 
both steady state and transient evaluations of the 
integrated parameters, when the automatic wall 
functions (k-  SST model at y+<11) are in used, 
more resolving the boundary layer has no 
advantages, i.e. the mesh with 0<y+<11 work 
similarly.  

9. Resolving the boundary layer helps reach 
convergence faster; while it increases highly the 
number of nodes in the mesh. Furthermore, the 
amplitude of the fluctuations in the results is 
lower than with wall functions (coarser mesh). 
Although a periodic oscillating result is expected 
from an unsteady rotation phenomenon, refining 
the mesh helps to remove the high oscillations 
coming from the numerical uncertainties in the 
zones with high-pressure gradients. 

10. Since the velocity recovery from X/D=1 to 
X/D=4 is captured in the steady state 
simlulations, it shows that this type of 
simulations can model the downstream flow 
mixing, but only in the case that the mesh is fine 
enough to resolve the boundary layer.  

11. At the propeller regime of the wind turbine 
performance (high TSR), the turbulence model of 
k-  SST is not still accurate enough to model the 
dissipation of the wake while mixing with the 
free stream, and velocity deficit is not recovered 
completely. It is suggested not to use the eddy 
viscosity hypothesis in this case, and apply the 
Reynolds stress turbulence models or LES in the 
next step. 

12. The flow radial diffusion is more complicated in 
the case of high TSR, as the swirling flow in the 
wake behind is under a high-pressure gradient. 
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Abstract. To develop a numerical model of icing on wind turbine blades, a CFD simulation 
was conducted to investigate the effect of critical ice accretions on the aerodynamic 
characteristics of a 0.610 m chord NACA 0011 airfoil section. Aerodynamic performance 
coefficients and pressure profile were calculated and compared with the available 
measurements for a chord Reynolds number of 1.83×106. Ice shapes were simulated with flat 
plates (spoiler-ice) extending along the span of the wing. Lift, drag, and pressure coefficients 
were calculated in zero angle of attack through the steady state and transient simulations. 
Different approaches of numerical studies have been applied to investigate the icing conditions 
on the blades. The simulated separated flow over the sharp spoilers is challenging and can be 
seen as a worst test case for validation. It allows determining a reliable strategy to simulate real 
ice shapes [1] for which the detailed validation cannot easily be provided. 

1. Introduction
Ice accretion on aerodynamic surfaces can lead to significant deterioration in blade performance and 
operation. Based on the detailed aerodynamic measurements taken on iced airfoils and wings since 
1978, four types of ice shapes have been detected: (1) roughness, (2) horn ice, (3) streamwise ice, and 
(4) spanwise-ridge ice [2]. Ice accretion is a phenomenon where super-cooled water droplets impinge 
and accrete on a body. In another assortment, it has two types of ice shapes. The first is called ‘rime 
ice’ which is generated at very low temperature (less than –10 ). In rime ice conditions, the droplets 
in the air freeze instantly at the impingement point. The second is called ‘graze ice’ which is generated 
in the temperature range 0 to 10 . On graze ice conditions, droplets gradually freeze while moving 
along the body (so-called runback). When an ice layer is formed on an airfoil, it affects the 
performance by increasing drag and reducing lift, and it may cause a serious accident  [3].  
The atmospheric ice accretion on the wind turbine blades can be simulated with the NASA panel code 
LEWICE [4]. It makes it possible to analyse the role of different atmospheric and system parameters 
on the predicted ice profile geometry and ice mass distribution [5]. In [6], for a wind speed and icing 
conditions, the LEWICE ice shapes were generated as the glaze ice accretions after 22.5 and 45 min.  
Glaze ice accretion is often characterized by the presence of large protuberances, commonly known as 
glaze horns, which can cause flow separation downstream of the horns [6]. On iced airfoils, the 
boundary layer separates near the top of the horn, due to the pressure gradient produced by the large 
discontinuity in the surface geometry. As the specification of the horn is determinative in the 

The Science of Making Torque from Wind (TORQUE 2016) IOP Publishing

Journal of Physics: Conference Series 753 (2016) 022055 doi:10.1088/1742-6596/753/2/022055

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution

of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1



2

subsequent vortices structure, it was desired to parametrize these horns. M. Papadakis et al. in 1999  
[7] simulated glaze ice shapes by means of spoilers attached on the upper surface of an airfoil near the 
leading edge. The spoilers modeled in this work were sized to simulate 22.5 minutes glaze ice 
accretions for a 0.610-meter chord NACA 0011 airfoil. The 22.5 minutes ice accretion are often used 
in aircraft icing analysis and certification to evaluate aerodynamic performance degradation of critical 
aerodynamic surfaces in the event of an ice protection system failure. The simulated ice shapes were 
designed to rotate about a hinge axis so that variations in horn angle could be obtained with ease. In 
2000, experimental data for the 0.610 meter and 0.305 meter NACA 0011 airfoil with simulated upper 
and lower glaze ice shapes were provided [6]. In 2004  [8], flow field measurements were carried out 
on the upper surface of a GLC-305 airfoil configured with glaze and rime ice-shape simulations. They 
confirmed the presence of the large separation bubbles downstream of the ice through velocity 
measurements. 
The unsteadiness of the flow field about an iced airfoil frequently renders the prediction of the 
maximum lift coefficient by numerical means inaccurate. Based on the investigations provided in  [9], 
the time-dependent pressure distributions indicated the movement of increased suction pressure over 
the iced airfoil surface. It may represent the motion of vortices in the separated shear layer near 
reattachment.  
In 2012, F.Villalpando et al. [10] conducted a numerical simulation over a two-dimensional and ice-
accreted NACA 63-415 airfoil at various angles of attack. They validated the calculated load 
coefficients with the experimental data and then calculated the modification of pressure distribution 
due to the ice accumulation numerically. 
Power loss estimations for three different rime ice cases were determined for a 3 MW wind turbine in 
2013[11]. With an ice accretion simulation, the aerodynamic properties of the iced profiles were 
modelled using computational fluid dynamics (CFD). The power curves were generated for the clean 
wind turbine and for the same turbine with the different ice accretions. No validation with 
experimental data was available.  
The work presented in this paper is a part of an ongoing research to determine aerodynamic 
performance of wind turbines in icing condition. One of the goals of this work is to validate the 
numerical method through an available experimental database on the effects of “critical ice accretions” 
on aircraft performance.  
The following sections give a description of numerical methodology, modeled geometries and 
boundary conditions.  

2. Approach and Methods 
The geometry (Figure 1) and boundary conditions are from the experimental setup used in  [7], [6]. 
The wind tunnel is a single-return closed circuit facility from which a section is chosen to be modeled. 
The test section is 7 feet high by 10 feet wide by 12 feet long. 

 

Figure 1. Simulated spoiler-ice shapes for NACA 0011 [3] 
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To decrease the computational requirements, two-dimensional simulations are performed. In spite of 
the fact that turbulent structures are usually not symmetric and two-dimensional simulations are not 
completely feasible, a two-dimensional simulation, which is numerically affordable, is performed to 
see the main features of the flow. 
Grid topology of C-type was used to generate high quality structured hexahedral grid by ICEM 
CFD15. The value of y+ corresponding to the first grid point above the wall was below 1. Numerical 
simulations are performed using ANSYS CFX 15.0 solver [11]. Both steady state and transient 
simulations were conducted. High-resolution advection scheme was selected for the spatial 
discretization and ‘second order backward Euler’ scheme was applied for the temporal discretization 
of RANS equations. Shear stress transport model with automatic wall function was activated to model 
the turbulent flow. This model performs well to capture vortices in the separated flow. The 
convergence criterion was set to a root-mean-squared value less than 10-6. The simulations were 
performed for at least 4 cycles of lift variations, corresponding to 93,000 iterations or more in the case 
of 3.5×10e-5 s time step. The pressure variation were quasi periodic after 4 cycles. The numerical 
results are compared with the available experimental data of the test tunnel, including the pressure 
distribution over the blade surfaces, as the representatives of the airfoil performance in zero angles of 
attack and the selected spoiler install angles. The mean value of loads in the final steady situation is 
calculated as well as the accumulated value of the periodic acting loads in the transient process. The 
accumulated values are calculated assuming the convergence to periodic flow. 

3. Clean airfoil 
To have a preliminary evaluation of the simulation and effective parameters, a clean airfoil was firstly 
modelled. Although the dominant phenomenon in icing condition is separated flow, still modelling a 
smooth flow over a clean airfoil provides the opportunity to tune the boundary conditions and analyse 
the parameters of a numerical method. 

3.1. Mesh analysis 
Mesh refinement is performed step by step to approach a grid independent simulation by decreasing 
the uncertainty in the mesh. The discretization error by GCI method [12], which is based on 
Richardson extrapolation, is calculated in each case for transient simulations as well as the steady state 
simulations. Pressure coefficients Cp in 3 different points (on the airfoil body) were chosen as critical 
parameters. Three grids were used for steady state simulations that contained 0.085 M, 0.67 M, and 2.3 
M hexahedron elements. Once the mesh analysis was performed for the steady state simulation, it was 
performed for the transient simulation similarly with 0.67 M, 2.3 M, and 5.4 M hexahedron elements 
grids. The mesh discretization error is less than one percent in all investigated cases (Table 1). 
 

Table 1 discretization error for clean airfoil (US=Upper Surface, LS=Lower Surface) 

3.2. Resolving boundary layer 
In mesh analysis, the first node size was fixed, and only the density of the mesh was studied. In this 
part, the effect of mesh refinement on the walls is discussed. 
Although the flow is smooth and there is no separation in zero angle of attack, still boundary layer of 
the airfoil body affects the pressure distributions. This distinction was seen comparing two simulations 
with y+=80 and y+=0.8. So, all the remaining simulations were performed with resolving the boundary 
layer over the airfoil surfaces with y+<1. 

Simulation Type Steady state Transient 

Criteria Parameter 
Cp at 

x/c=0.84 
(US) 

Cp at 
x/c=0.46 

(LS)

Cp at 
x/c=0.77 

(LS)

Cp at 
x/c=0.84 

(US)

Cp at 
x/c=0.46 

(LS) 

Cp at 
x/c=0.77 

(LS)

Numerical uncertainty in
the fine-grid solution (%) 

0.2 0.7 0.00003 0.17 0.12 0.066 
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A similar analysis was implemented about the bottom and top walls boundary layers of the 2D 
modelled test case. Since the flow is attached to the airfoil everywhere, the effects of surrounding 
walls cannot be transmitted to the side walls of the tunnel; which was confirmed in the simulations.  
As expected from the stable character of an attached flow, no unsteadiness is seen in neither of 2-D 
and 3-D simulations; however, once the boundary layers of the surrounding walls are resolved, some 
slight effects of unsteadiness arise which actually don’t make significant changes in the whole pressure 
distributions. 

3.3. Clean airfoil Results 
The pressure coefficient distribution is shown for a clean airfoil in Figure 2; ‘x/c’ is the dimensionless 
axial distance from the leading edge. Pressure coefficient is defined as the pressure value divided by 
the dynamic pressure in the free stream fluid.  
Since the zero angle of attack is considered, the pressure distribution is almost the same on upper and 
lower surfaces. Regarding the agreement between the simulated and measured pressure values, lift and 
drag forces were in good agreement too (Table 2).  
 

Table 2. Load acting on the clean airfoil calculated from a steady state simulation 

 Lift Coefficient Drag Coefficient
experiments 0.005 0.01 
Simulation 0.002 0.01 

 

 

Figure 2. Pressure distribution on the upper and lower surfaces of a clean airfoil 

4. Iced airfoil 
The computational domain consists of the same components of the test model including the spoilers 
both on the upper and lower surfaces of the blade. The spoiler angle is set to 40° and 0° for upper and 
lower ones, respectively.  
With symmetry boundary assumption in the span direction, two spoilers are defined as no-slip walls as 
well as the top and bottom walls of the wind tunnel. Flow is assumed to have a uniform velocity at 
inlet and is allowed to move backward at exit as the opening boundary is set. 

4.1. Mesh analysis 
A multi-blocking mesh consisting of hexahedral elements is generated. The mesh is dense on the 
spoilers and the airfoil surface in order to resolve the boundary layer formed on these parts.   
More studies are accomplished to analyse the effects of resolving boundary layers on the surrounding 
walls, spoilers and the airfoil. The mesh density effects are also studied to achieve a mesh independent 
solution.  
A preliminary mesh containing of 0.2 M hexahedral elements was generated and refined around the 
airfoil and spoilers to maintain y+<1. It is seen that both sides of each spoiler need a different level of 
refinements. As the dimensionless distance, y+ depends on the wall shear stress as well as the size of 
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the first cell y. The wall shear stress value is found different at each side of the spoilers as they are the 
upstream and downstream of the separated flow.  
Resolving the boundary layer on the airfoil and spoilers, the mesh resolution sensitivity is studied. 
Load coefficients have been considered as the key parameters (Table 3). Three grids were used 
consisting of 1.18, 1.47, and 3.7 million elements. 
 

Table 3. Discretization error for iced airfoil in a steady state simulation 

 
Then it is seen that the error due to the mesh size is negligible in the performed steady state simulation. 
It should be noted that the steady state convergence cannot be reached if a coarser mesh is used 
A similar study for transient simulation was performed with three grids of 0.94, 1.18 and 3.7 million 
elements. Regarding the method suggested in [12], the numerical uncertainty due to the mesh increases 
in the case of transient simulation (Table 4). It means that a denser mesh is required for a time-
dependent simulation; while more refinement is not affordable in this study due to the computational 
costs. 
 

Table 4. Discretization error for iced airfoil in a transient simulation 

4.1.1.Side walls boundary layer effects. In the mentioned mesh study, the average value of y+ for the 
test section walls above and below the blade was around 600. To see the effect of the boundary layer at 
the walls, the mesh was refined on that walls up to y+<1. No change was observed in the results while 
enough number of nodes were provided inside the domain to keep a satisfactory resolution of the mesh 
downstream. It means that the wind tunnel walls have been designed properly not to have any 
considerable effect on the flow over the blade, or the effect may not be captured through a steady state 
simulation.  

4.2. Steady state results 
Considering the possibility of flow separation due to the sharp spoilers, the flow is expected to be 
highly transient. The vortices location and shape are expected to strongly vary with time. On the other 
hand, it is known that in a steady state simulation for all the properties of the system, the partial 
derivative with respect to time is assumed to be zero. In the case of the dominant transient character of 
the flow, a steady state simulation can be representative of a mean situation of the flow. In a steady-
state simulation, the physical system is assumed to move towards an equilibrium or steady-state 
solution [13]. From a numerical point of view, the CFX-Solver applies a false time step as a mean of 
under-relaxing the equations as they iterate towards the final solution. Because the solver formulation 
is robust and fully implicit, a relatively large time scale can typically be selected, so that the 
convergence to steady-state is as fast as possible [14]. 
The challenge of a steady state simulation in this study is to damp the strong flow oscillations 
numerically, which are the physical transient effects of the flow, and obtain a mean behaviour of the 
flow through a steady state simulation. Numerical effort to damp the time-dependent effects is 
necessary. Convergence of this steady state simulation is highly dependent on a proper initial value.  
The results are shown in Figure 3 which can be addressed as the mean vortices. The vortices are 
confined on the airfoil surface, so no bubble is seen in the downstream region. Also, the sizes of the 
upper and lower vortices are similar in the steady situation which means the vertical acting forces are 

Simulation Type Steady state (2D) 
Criteria Parameter Lift Coefficient Drag Coefficient

Numerical uncertainty in the fine-grid solution (%) 0.076 0.054 

Simulation Type Transient (2D) 
Criteria Parameter Lift Coefficient Drag Coefficient

Numerical uncertainty in the fine-grid solution (%) 8.15 3.4 
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similar in both directions, i.e., a lift value around zero (excluding the forces on the spoilers 
themselves).  
More details can be seen in a closer snapshot in the right-hand side of Figure 3. The flow separates at 
the tip of both spoilers with the high velocity; while the low speed rotating flows fill the region 
downstream of the spoilers. Obviously, the axial flow which was supposed to act on the airfoil 
surfaces to generate the lift force doesn’t meet the airfoil surfaces at all since the airfoil is covered 
thoroughly by the vortices. With the existing horn height, the designed curvature of the NACA0011 
does not create any lift, as the flow is following the path formed at the boundary of the vortices. 
 

Figure 3. Streamlines in a steady state flow 
 
Pressure distribution on both sides of the airfoil is plotted in Figure 4 besides the experimental data. 
The gap in between is expected as the transient effects have been skipped and only the mean value has 
been considered. Regarding the similar vortices on upper and lower surfaces in steady state, the 
pressure distributions on both surfaces are close together; while there is a distinct difference between 
the pressure values of upper and lower surfaces of the airfoil in the measured data.  

 

Figure 4. Pressure Coefficient distribution: steady state simulation and experimental results 

 
Regarding the acting loads, lift and drag are overestimated by 8.5% and 4.7% respectively. They are 
reported with the experimental values at zero angle of attack (Table 5). 
 

Table 5. Load acting on the iced airfoil calculated from a steady state simulation

 Steady state simulation experiments 
Lift Coefficient 0.151 0.138 
Drag Coefficient 0.231 0.220 

 
 
 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

x/c

P
re

ss
ur

e 
C

oe
ff

ic
ie

nt

SteadyState Simulation; Lower Surface

SteadyState Simulation; Upper Surface

experiments; Upper Surface

experiments; Lower Surface

The Science of Making Torque from Wind (TORQUE 2016) IOP Publishing

Journal of Physics: Conference Series 753 (2016) 022055 doi:10.1088/1742-6596/753/2/022055

6



7

4.3. Transient effects 
In addition to the turbulence modelling and the applied mesh properties, an appropriate time step size 
needs to be chosen in the case of transient simulation. Transient effects are considered after a time step 
size sensitivity analysis as well as a mesh analysis which was previously described. 

4.3.1. Time step size sensitivity analysis. The time-dependent behavior for a transient simulation is 
specified through the ‘time step’ as a numerical time discretization. The time step option provides a 
way for the numerical tool to track the progress of real time during the simulation. To specify the 
appropriate time step size, the effect of its variations was studied on the resultant lift and drag force. 
Regarding the inlet wind velocity, the number of time steps that it takes for the flow to pass the test 
case length was considered as a parameter (assuming a uniform velocity and a straight path). With an 
initial time step of 1.4 e-4 s, 500-time steps are necessary to propagate through the test case length. It 
was refined finally to 3.5e-5 s. Comparing to the final selected case, as it is shown in Figure 5, using 
500 time steps causes a 44.7% reduction in the lift force. The lift value reduces by 12.9% as the 
number of time steps is halved (1000-time steps). Increasing the number of time steps from 2000 to 
4000, no significant changes were observed. So, the case of 2000 time steps was selected. 

Figure 5. Accumulated value of lift and drag force in transient simulations with different timestep 
sizes

4.3.2. Transient results. Usually, flow field studies of  separation bubbles are focused on the time-
averaged characteristics, however, the bubble flow fields are known to have strong unsteady 
characteristics that also play a role in the aerodynamics [2]. In this paper, these unsteady features are 
discussed besides the time-averaged characteristics. 
The separated flow downstream the sharp spoilers contains large separation bubbles challenging to 
capture with CFD. For the chosen position of the spoilers, the vortex movement behind the airfoil 
cannot be captured through a steady state simulation; while a transient simulation reveals more details 
of the flow. The streamlines over the iced airfoil are shown in 4 different selected times (Figure 6).  
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8

 
Figure 6. streamlines over the airfoils with upper and lower spoilers in U=40° and L=0° at the 

different timesteps 
 
Figure 6 illustrates the vortices formation and movement over the airfoil surface. Consequently, the 
pressure around the airfoil changes with time as the vortices are formed and convected. It causes the 
lift to oscillate from positive to negative repeatedly that can lead to a dynamic load. Moreover, there 
are some variations downstream of the airfoil due to the shape and location of the vortices. Higher 
velocity at the region of separation occurrence leads to more waves downstream (at 3.29003 s). As an 
example, for a wind farm in which the distance between the wind turbines is designed, considering the 
vortex wake flow downstream, icing effect should be taken into account as it makes time-varying 
instabilities downstream of the rotor. 
It is observed in Figure 6 that the tunnel sidewalls, above and below the airfoil, are enough far from 
the airfoil since the effects of the vortices are faded around the airfoil and the flow near the walls are 
unaffected.  
The accumulated mean values of the forces on the iced airfoil are calculated with the periodic 
variations over a period of time.  Due to the lift force fluctuations in time, a large number of iterations 
for the convergence of the accumulated value is needed (Figure 5). Finally, the time-averaged value of 
the forces is presented in Table 6. There is a difference between the calculated value of the lift and the 
measured data. As the RMS value for the measurements is not available1, it is not possible to come to a 
clear conclusion. In addition to the prescribed mesh uncertainty, in the case of transient simulations, 
the influence of three dimensional phenomena may be more effective.  
 

Table 6. Load acting on the iced airfoil calculated from different types of simulations 

 Steady state transient experiments 
Lift Coefficient 0.151 0.084 0.138 
Drag Coefficient 0.231 0.231 0.220 

4.4. The effect of geometry modelling 
Although the previous studies [6] have shown that the height, location, and angle of the horns are the 
important features of ice shape which can affect airfoil aerodynamic performance, we investigated the 
effect of the spoilers thickness too. Two cases were considered including the real geometry of the test 
                                                     
1  Refer to (9) for more information. 
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model and the case in which the thickness of the spoilers is assumed zero. The thickness was 1.3 mm 
for each spoiler. The transient operation was simulated. 
The pressure distributions for both cases are plotted in Figure 7. No difference is seen between the two 
cases. It should be noted that this distribution curve doesn’t include the spoiler surfaces, but it shows 
only the pressure on the surface of the airfoil, excluding the parts on which spoilers are placed. 
Since the flow is separated on top of the spoilers, the airfoil surface downstream the spoilers locations 
is covered thoroughly by vortices (Figure 3). In fact, the pressure distribution in this area is dictated by 
the separation zone behind the spoiler. Whereas it is not affected by the thickness of the upstream 
spoilers, it shows the thickness of the spoilers, doesn’t influence the formed vortices on the airfoil 
significantly.   

 

Figure 7. The effect of the spoilers geometry on the pressure distribution on the airfoil surface (not 
including the parts spoilers are located) 

 
Some differences appear in the total forces on the whole iced airfoil (Figure 8). Regarding the 
accumulated values of the forces, ignoring the spoiler thickness causes an 86% reduction in the drag 
force and 118% reduction in the lift value. Also, the direction of the lift force is different in the no-
thickness one with a negative resultant lift.  
 

 

Figure 8. The effect of the spoilers thickness on the acting forces on the iced airfoil 

 
Since the pressure distribution on the main body of the airfoil (excluding the spoilers locations) is 
similar in both cases, it can be concluded that the difference is attributed to the spoilers.  
To investigate the portion of the spoilers in the total load on the iced airfoil, Figure 9 is plotted. It 
shows the loads on the airfoil parts excluding the spoilers surfaces; as well as the total load on the iced 
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airfoil including the spoilers parts. The accumulated value out of a transient simulation is plotted for 
both thick and flat spoilers. As an example, it is seen that 79% of the total drag force is on the spoilers 
for the thick case and 78% for the lift force. It is similar for a flat spoiler case.  
Therefore, details of the ice shape may significantly affect the lift and drag.  

 

Figure 9. The spoilers portion in the acting forces on the iced airfoil 

5. Conclusions
In order to develop a numerical strategy to simulate the icing condition of a wind turbine, this study is 
considering some wind tunnel tests [6], [7]. They were conducted with upper and lower spoiler-ice 
shapes as an investigation of the effect of glaze ice features on the aerodynamic performance of an 
NACA 0011 section. The 1.5-in spoiler was sized to approximate the horn heights of 22.5 min glaze 
ice-accretions. The experimental results provided detailed information for numerical validation such as 
the pressure distribution over the blade body.  
First, the clean airfoil was simulated to check the preliminary requirements of the numerical model. An 
agreement with the experimental data was achieved even through a steady state simulation and the 
transient properties don’t seem to be very effective on loads as there is no separation in the flow; while 
still resolving the boundary layer is necessary on the airfoil surfaces. 
For an iced airfoil with spoilers installed on upper and lower surfaces, a steady state simulation was 
performed to capture the mean flow character skipping the time-dependent properties of the transient 
flow in the separated region. It was concluded that a simulated mean flow cannot be a reliable model 
to calculate loads in the case of iced airfoil; however, it can give an idea about the approximate shape 
of the vortices and the separation points; while the downstream wakes cannot be captured at all. 
Then the transient simulation was conducted to see the vortices structure and resultant periodic flow.  
Regarding the different vortices situations at different times, it was seen that their distributions on 
upper and lower surfaces of the iced airfoil is changing. It causes the lift switches from positive to 
negative repeatedly that can lead finally to a dynamic load. Also, there is not consistent situation for 
vortex wake flow downstream which can be important in wind farm design at icing condition.  
Calculated accumulated values of loads through a transient simulation, were underestimated compared 
to the experimental data. It can be due to the skipping of the three dimensional effects, or the shortage 
of the shear stress transport model which has been used as the turbulence modelling. 
Mesh density and time step size were investigated, for both steady state and transient simulations of 
iced airfoil, to make sure of the independence of the solution from the numerical features. To capture 
the transient effects, a high resolution of the mesh is needed. As an example, the same mesh that 
provides a consistent steady state solution, imposes 8% discretization error in a transient simulation 
even with 2.5 times more refinement. So the transient simulation of iced airfoil is very expensive 
though it is necessary to estimate the acting loads, downstream wakes, etc. 
Furthermore, it was concluded that the thickness of the leading edge glaze ice should be taken as an 
effective parameter of an ice shape. Although it doesn’t change the formed vortices on the airfoil 
downstream of the spoiler tip, it can affect the acting forces on the spoilers. On the hand, it was 

10
3

10
4

10
5

-5

-4

-3

-2

-1

0

1

2

3

4

5

Accumulated time step (log)

F
or

ce
 (

A
cc

um
ul

at
ed

 v
al

ue
) 

[N
]

   D real thickness // spoilers included 
L real thickness // spoilers included
D real thickness // spoilers not included
L  real thickness // spoilers not included
D zero thickness // spoilers included
L zero thickness // spoilers included

The Science of Making Torque from Wind (TORQUE 2016) IOP Publishing

Journal of Physics: Conference Series 753 (2016) 022055 doi:10.1088/1742-6596/753/2/022055

10



11

investigated that in an iced airfoil the main part of the total force is inserted on the spoilers themselves; 
therefore, details of the ice shape may significantly affect the lift and drag.  
Focusing on zero angle of attack, the pressure distribution followed the close trend to the experiments; 
Drag force accumulated value was close to the experimental data; while the approximation of a time-
averaged value of the lift force needs more effort both in numerical and experimental study to clarify 
more details of the fluctuating properties of the separated flow on the airfoil downstream of the 
spoilers.  
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Themain objective of this study is to estimate the dynamic loads acting over a glaze-iced airfoil.Thiswork studies the performance of
unsteady Reynolds-averaged Navier-Stokes (URANS) simulations in predicting the oscillations over an iced airfoil. The structure
and size of time-averaged vortices are compared to measurements. Furthermore, the accuracy of a two-equation eddy viscosity
turbulence model, the shear stress transport (SST) model, is investigated in the case of the dynamic load analysis over a glaze-iced
airfoil.The computational fluid dynamic analysis was conducted to investigate the effect of critical ice accretions on a 0.610m chord
NACA0011 airfoil. Leading edge glaze ice accretionwas simulatedwith flat plates (spoiler-ice) extending along the span of the blade.
Aerodynamic performance coefficients and pressure profiles were calculated and validated for the Reynolds number of 1.83 × 106.
Furthermore, turbulent separation bubbles were studied.Thenumerical results confirmboth time-dependent phenomena observed
in previous similar measurements: (1) low-frequency mode, with a Strouhal number Stℎ ≈ 0,013–0.02, and (2) higher frequency
mode with a Strouhal number St𝐿 ≈ 0,059–0.69. The higher frequency motion has the same characteristics as the shedding mode
and the lower frequency motion has the flapping mode characteristics.

1. Introduction

Ice accretion on aerodynamic surfaces leads to significant
deterioration of the blade performance and operation [1].
Heavy icing disrupts the continual power generation from
the wind turbines and the disruption may be prolonged in
severe cold conditions. The database published by “Statistics
Sweden” showed 161,523 hours of total downtime for the
period 1998–2003 where 7% of the downtime was related to
icing condition and resulted in over 5% production loss in the
country [2].

In 1958, the effects of ice formation on different airfoil
sections were studied by NACA [3].Theymeasured lift, drag,
and pitchingmoment coefficients of anNACA 65A004 airfoil
section.The icing on the airfoil caused a rapid increase of the
drag coefficient, a drop of the lift coefficient, and change in
the pitching moment coefficient. In 2012, Villalpando et al.
[4] conducted numerical simulations over a two-dimensional
ice-accreted NACA 63-415 airfoil at various angles of attack.

They validated the load coefficients with experimental data at
one angle of attack and extracted themodified pressure distri-
bution due to the ice accumulation.The ice accumulated over
the airfoil modified the pressure distribution (𝐶𝑝) affecting
considerably the aerodynamic performances. Further, in 2014
[5] experimental and numerical investigations demonstrated
that with increasing angle of attack the degradation of the
instantaneous lift coefficient increases with a linear process.

Ice accretion is a phenomenon where super-cooled water
droplets impinge and accrete on a body. Icing occurs on the
leading edge of wind turbine blades [6].The ice likely to form
on wind turbine blades is of two kinds [7]. The first is called
“rime ice,” which is generated at very low temperature, below
–10∘C. In rime ice conditions, the droplets in the air freeze
instantly at the impingement point. The second is called
“glaze ice,”which is generated in the temperature range−10 to
0∘C. On glaze ice conditions, droplets gradually freeze while
moving along the body, so-called runback [8].
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Figure 1: Double-horn glaze ice.

Glaze ice accretion is often characterized by the presence
of large protuberances, commonly known as glaze horns
(Figure 1), which can cause flow separation downstream of
the horns [9]. On iced airfoils, the boundary layer separates
near the top of the horn, due to the pressure gradient
produced by the large discontinuity in the surface geometry.
This is a reason why CFD prediction is more challenging in
the case of airfoil/blade with glaze ice than with rime ice [10].

In 1986 [11] experiments were conducted to study the
aerodynamic characteristics of the NACA 0012 airfoil under
glaze ice accretion. Lift and drag penalties due to the ice shape
were found and the surface pressure showed the presence
of large separation bubbles. A large flow separation region
was observed and correlated to the pressure measurements.
The iced cases were also analyzed numerically at angles of
attack below stall [12]. In 2018, the ice accretion transient phe-
nomenon and its effect on turbine performance was studied
by coupling 2D steady state CFD, with a blade momentum
and an ice accretion code [13].

As the specification of the horn is determinative in the
subsequent vortices structure, a parametrization of these
horns is desired. Although the exact size and shape of the
ice formations are found to be complex functions of both the
operating and icing conditions, a horn shape can be charac-
terized by its height, the angle it makes with respect to the
chord line, and its location [14]. In thementioned studies ([11,
12]), the simulated ice shapes were constructed to approxi-
mately duplicate an actualmeasured ice accretion.The icewas
accreted in an Icing Research Tunnel on a NACA 0012 airfoil.
In an experimental study [15], glaze ice shapes were simulated
by means of spoilers attached on the upper surface of an
airfoil near the leading edge as a single-horn glaze ice. The
spoilers modeled in this work were sized to simulate 22.5-
minute glaze ice accretions for theNACA0011 airfoil. Leading
edge glaze ice accretions characteristically may consist of an
upper and lower surface horns, called double-horn ice. In
2000, experimental data were provided for the NACA 0011
airfoil with simulated glaze ice shapes on both upper and
lower surfaces [9]. The ice accretions can also be simulated
with wooden forward-facing quarter-round shapes. Lee and
Bragg [16, 17] have tested some geometries consisting of

backward facing quarter-round, half-round, and forward-
facing ramp. In [18], the simulated glaze horn-type ice accre-
tions were determined from averaging geometry data from
a set of actual ice accretions collected in a test at an Icing
Research Tunnel. Single-horn simulations were used for that
research by means of a 3 by 3 matrix of ice shape size and
radius which was designed to parametrically vary these para-
meters. In [19] a single-horn glaze ice was placed on the upper
surface of the airfoil which was a combination of a semicircle
and a rectangle. In the previous study [20], steady state simu-
lations were performed to investigate the mean flow charac-
teristics.The aerodynamic performance coefficients and pres-
sure profile were determined with CFD and compared with
the available measurements in [9]. The steady state simula-
tions were not found to be reliable to calculate the loads in
the case of iced airfoil. Time-dependent simulations were
conducted to determine the vortices structure. It was con-
cluded that the thickness of the leading edge glaze ice should
be taken as an effective parameter of an ice shape. Although
it does not change the formed vortices on the airfoil down-
stream of the spoiler tip, it can affect the acting forces on the
spoilers. As amatter of fact, themain part of the total lift force
on the airfoil was found to be on the spoilers where the ice
shape may significantly affect the lift and drag.

The leading edge ice accretion not only may be detrimen-
tal to aerodynamic performance but also can be a concern
in terms of large unsteady loads associated with the flow
separation [21]. Generally, the steady state effects of the sep-
aration bubbles on the airfoil performance are characterized
by large increases in drag, reductions in lift, and changes in
airfoil pitchingmoment characteristics.The separation occurs
at the tip of the horn ice shape (Figure 1) and immediately
a shear layer forms, which separates the recirculation region
from the freestream flow. The shear layer begins to roll as
it moves downstream, and vortices within the shear layer
merge, forming larger vortical structures.

Understanding the behavior of the separation bubble is
critical to understand the effect of ice accretion on airfoil
aerodynamics. Laminar separation bubbles on airfoil have
been widely studied [22–26]. The bubble forms when a lam-
inar boundary layer encounters an adverse pressure gradient
of sufficient strength to cause separation. The separated flow
may be divided into two main regions: The free shear layer
and the recirculation bubble. These two regions may then be
further subdivided into parts, upstream and downstream of
the transition point. After transition, the magnitude of the
reverse flow increases and a vortex type flow is seen in the
bubble. Before the transition, the reverse flow is very slow and
this area is sometimes referred to as a dead-air region.

Flows at high Reynolds number with separation and
reattachment have long been a subject of many studies [27].
In 1983, the structure of a turbulent separation bubble was
studied by Kiya and Sasaki [28]. In their measurements,
they observed a large-scale unsteadiness accompanied by
an enlargement and shrinkage of the bubble and a flapping
motion of the shear layer near the separation line. At a turbu-
lent separation bubble, the flow is characterized by two sepa-
rate time-dependent phenomena: flapping and shedding [29].
Onemode is associated with a global breathingmotion of the
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separation bubble, described as “flappingmotion” in the liter-
ature. The other mode is associated with the roll-up of span-
wise vortices in the shear layer above the recirculating region
and their shedding downstream of the separated zone. The
regular mode includes the presence of vortical motion in the
separated shear layer and vortex shedding from the separa-
tion bubble. The source of the regular mode has been attrib-
uted to the Kelvin-Helmholtz instability, where the difference
between the velocity within the recirculation region of the
separation bubble and the external flow causes a roll-up
and shedding of vortices within the shear layer [30]. The
shear layer flapping is characterized by low frequencies at
certain locations in the separation bubble downstream of
the separation onset. The oscillations tend to operate across
different frequency scales compared with those of the regular
mode [30].

As the shear layer vortices are formed and shed, the
height and length of the separation bubble tend to change as
a function of time [11]. The boundary layer events produce
variations in lift, drag, and moment coefficients [31]. It has
been found that the frequency of the oscillating flow can be
nondimensioned with the Strouhal number St based on the
momentum thickness (St𝜃 = 𝑓𝜃/𝑈∞) [31], airfoil projected
height (Stℎ = 𝑓𝑐 sin𝛼/𝑈∞) [21, 26, 30], or separation bubble
length (St𝐿 = 𝑓𝐿/𝑈∞) [30], where 𝑓 is the flow oscillation
frequency, 𝐿 is the separation bubble length, 𝑐 is the airfoil
chord, 𝜃 is the boundary layer momentum thickness, 𝛼 is the
angle of incidence, and 𝑈∞ is the freestream mean velocity.
Most results from the literature identify the effects of shear
layer flapping as occurring at a Strouhal number on the order
of Stℎ = 0.02 or St𝐿 = 0.1. The regular mode reported in the
literature consistently corresponds to a Strouhal number in
the range of 0.5 to 0.8 [30].

In 1987, Rumsey [32] used a numerical method to predict
unsteady flow over different airfoil geometries at high angles
of attack. Using a compressible, two-dimensional, Navier-
Stokes code, Rumsey computed the flow over a NACA 0012
airfoil, without any imposed perturbation, at a Reynolds
number Re = 106 and a Mach number 𝑀 = 0.3. A low-
frequency oscillation (Stℎ ≈ 0.02) in the flow was encount-
ered, if a turbulent boundary layer near the leading edge was
assumed. For laminar flow at Re = 3000, Stℎ was found to be
independent of the angle of attack over 20 degrees at a con-
stant value of about 0,155.

In 1989, Zaman et al. [33] studied the low-frequency oscil-
lations in the flow over NACA 0012 before stall. A turbulent
boundary layer was resolved in a two-dimensional Navier-
Stokes code. Details of the flow field and unsteady forces
compared reasonably well with the experimental data. This
study was explored experimentally as well as computational-
ly for NACA 0012 airfoil with a “glaze ice accretion” at the
leading edge [21]. With a Navier-Stokes computation, “limit-
cycle” oscillations in the flow and in the aerodynamic forces
were observed at low Strouhal number. They found that the
occurrence of the oscillation depended on the turbulence
model.With respect to the computations, questions remain in
the application of turbulencemodels to separated flows. Nev-
ertheless, they concluded that the essence of the phenomenon
can be captured computationally with certain combinations

of the turbulence model, Reynolds number, and airfoil shape
[21].

The separation bubble on an airfoil at low Reynolds
number behind a simulated leading edge glaze ice accretion
was studied experimentally in 1992 [26]. Time-dependent
measurements of the flow field were performed for a laminar
separation bubble. In 2002 [34], unsteady pressure mea-
surements were performed on NACA 0012 airfoil with two-
and three-dimensional leading edge glaze ice accretions. The
mean and fluctuating lift coefficients at different angles of
attack were presented. Gurbacki noticed the formation of
additional vortices in the separated shear layer due to the
jaggedness of the three-dimensional ice shapes.The unsteady
content of the iced airfoil flow field was further analyzed [35].
The iced airfoil performance and distributed surface pressure
were found to be like the unsteady 2D separation bubble in
simple geometries.TheNACA0012 airfoil was tested at a high
Reynolds number in 2013 [36]. In addition to the clean config-
uration, the airfoil model was also tested with a set of boun-
dary layer trips, a two-dimensional extrusion of a horn ice
shape casting, and an array of simulated icing configurations
created using simple geometries. The resulting values of
Strouhal number exhibited a dependence on the airfoil angle
of attack and corresponded to a range that was consistentwith
the Strouhal number values reported in prior studies of the
low-frequency mode in the literature.

With the above background, the various aspects of the
separated flow over a glaze ice have been explored experi-
mentally from 1986 until recently, while the capacities of the
numerical computational methods in this area need more
clarification. This work studies the performance of URANS
simulations in predicting the oscillations over an iced airfoil.
It is of interest to see how accurate URANS models estimate
the structure and the size of the formed time-averaged vor-
tices in comparison to the measured ones. Furthermore, the
accuracy of a two-equation eddy viscosity turbulence model,
the SST model, coupled with a URANS model to determine
the dynamic load over a glaze-iced airfoil needs to be inves-
tigated.

The work presented in this paper is a continuation of a
previous work [20], which aimed to determine the aerody-
namic performances of wind turbines in icing condition.The
main objective of this study is to develop a numerical model
to observe and quantify the effect of the unsteady flow over
the modeled iced airfoil in the presence of glaze ice. It will
help to understand the mechanism by which the dynamic
loads are initiated and sustained and their magnitude. The
numerical simulations capture the separated shear layer and
the structure of large-scale vortices in a turbulent separation
bubble.

To this purpose, time-dependent simulations of the
spoiler-ice test are performed at different angle of attack [9].
The results are validated with experimental data. Then, the
load fluctuations are analyzed at different angle of attack.The
frequency of the load cycle is studied as well as the extreme
values of the loads acting on the airfoil.

2. Materials and Methods

The geometry and boundary conditions are considered from
the literature [9, 15]. The experiments were conducted in
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Figure 2: Simulated spoiler-ice shapes for NACA 0011.

a single-return closed circuit wind tunnel for a chord Reyn-
olds numbers of 1.83 × 106. The test case was a 0.610mNACA
0011 airfoil with the spoilers on the upper and lower surfaces.

The experimental mean pressure distribution over the
blade surfaces is available for different angles of attack and
different spoiler installed angles as well as the lift coefficient,
drag coefficient, and pitch moment coefficient.

The fluid problem is solved with the finite volume tech-
nique using the CFD code ANSYS CFX 15.0 solver in which
the set of equations are the unsteady Navier-Stokes equations
in their conservation form [37]. Transient simulations were
conducted on the 2D geometry of the NACA 0011 previously
described.

High-resolution advection scheme was selected for the
spatial discretization and second-order backward Euler
scheme was applied for the temporal discretization of the
equations.The time step size is set to 3.5𝑒−5 seconds based on
a time step size analysis prescribed in [20].

SST model with automatic wall function was activated to
model the turbulent flow. The 𝑘-𝜔 SST model appears to be
an accurate turbulencemodel for boundary layer detachment
prediction [31, 38]. Symmetric boundaries in a 2D model, as
used for these computations, limit the application of more
detailed model such as Detached Eddy Simulation model or
Scale-Adaptive Simulation [39].

The computational domain has the same dimensions as
the test section of the wind tunnel, 2.13m high, 3.05m wide,
and 3.66m long. The spoiler angle is set to −40∘ and 0∘ for
the upper (𝜃𝑈) and lower (𝜃𝐿) one, respectively (Figure 2). To
approximate the horn heights of 22.5min glaze ice accretions,
the spoilers are 3.81 cm. Because the blade geometry and
the spoilers have a constant cross-test section, symmetry
boundary conditions are used at both sides of the created 2D
model. The spoiler walls boundary conditions are defined as
no-slip walls as well as the top and bottom walls of the wind
tunnel. Flow is assumed to have a uniform velocity at the inlet
and is allowed to move backward at the outlet.

The convergence criterionwas set to a root-mean-squared
value of 10−6. The simulation continued until a periodic vari-
ation was achieved for the drag, lift, pitching moment, and
surface pressures. Due to the lift force fluctuations with time,
a large number of iterations for the convergence of the mean
value are needed. Computations were performed in order to
assess the ability of the present method to accurately predict
steady and unsteady airfoil behavior both below and above
maximum lift conditions.

The surface pressure is computed on the upper and lower
surfaces of the airfoil, from the leading edge to the trailing
edge. In one cycle of the load oscillations, the pressure

distribution is recorded, and the averaged value is used as
the mean pressure distribution. The dynamic pressure (𝑃𝑑 =
0.5𝜌𝑈∞

2) is used to nondimension the mean pressure and to
define the pressure coefficient (𝐶𝑝 = 𝑃/𝑃𝑑), where 𝑃 is the
static pressure.

For each time step, lift and drag forces are calculated as
the loads over the iced airfoil, including the spoilers. The lift
and drag coefficients (𝐶𝐿 and 𝐶𝐷) are defined by dividing
the respective force by the reference area (𝐴) and 𝑃𝑑. The
reference area is calculated from the airfoil chord length (𝑐)
and the span thickness, which in a 2D case is the thickness of
the layer cell that is modeled.The pitchingmoment𝐶𝑀 is cal-
culated with respect to the quarter chord location as reported
in the experimental tests. The moment is normalized using
𝑃𝑑, 𝐴, and 𝑐.

In the calculation of the Strouhal number, the spoiler-iced
airfoil projected height at each angle of attack is considered
as “ℎ” in Stℎ. Because the separation bubbles cover almost the
entire blade surface from the spoilers to the trailing edge, the
chord length is also considered as a rough magnitude of the
bubble length “𝐿” in St𝐿.

2.1. Mesh Analysis. Amultiblockingmesh consisting of hexa-
hedral elements is generated. Grid topology of C-type was
used to generate high quality structured hexahedral grid
using the code ICEM CFD.The value of 𝑦+ corresponding to
the first grid point above the walls is set below one.Themesh
is denser on the spoilers and the airfoil surface to resolve the
boundary layer formed on these parts.

Before the simulations were performed at different angles
of attack, mesh scaling tests andmesh performance tests were
carried out. After the mesh scaling test, a total of 1.7 million
hexahedral mesh elements were created. A preliminary mesh
containing 0.41 million hexahedral elements was generated
and refined around the airfoil and spoilers to maintain 𝑦+ <
1. Both sides of each spoiler need a different level of refine-
ments as the dimensionless distance 𝑦+ depends on the wall
shear stress as well as the size of the first cell normal to the
wall.The wall shear stress value is found different at each side
of the spoilers as the flow is different on each side.

The mesh analysis is performed keeping the initial
condition and the number of processors used. However,
these parameters have shown some effect on the numerical
solution. The mesh resolution is studied by resolving the
mesh uniformly in all directions. Load coefficients have been
considered as the key parameters. Four grids were used
consisting of 0.41, 0.93, 1.7, and 3.9 million elements.

The simulation results are plotted in Figure 3. The accu-
mulated value of the lift converges after a large number of
iterations.The drag value was not found sensitive to themesh
density, not plotted here. The numerical uncertainty due to
the mesh density is calculated based on three mesh densities
(Table 1) as suggested in [40]. Three different grid densities
(fine, 𝑁1; medium, 𝑁2; and coarse, 𝑁3) were used for the
scaling test.

Table 1 shows the computed parameters based on the pro-
cedure described in [40] to determine the GCI. 2% difference
between the medium and fine grid results was observed. The
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Table 1:Discretization error for iced airfoil in a transient simulation.

Simulation type Transient (2D)
Criteria parameter Lift coefficient (𝐿)
The number of elements in the mesh
(𝑁1, 𝑁2, 𝑁3)

0.41, 1.7, 3.9

The refinement factor (𝑟21, 𝑟32) 1.32, 1.61
The relative error (𝑒𝑎

21, 𝑒𝑎
32) (%) 40, 2

Numerical uncertainty in the fine grid
solution (GCI) (%) 1.02𝐸 − 4

converged solution obtained using the medium grid (1.7M)
was used in the subsequent simulations at different angle of
attack.

3. Results and Discussion

3.1. Mean Value Study. Mean pressure distributions are
shown in Figure 4 and compared to the experimental results
of Papadakis et al. [9]. At the leading edge (𝑥/𝑐 = 0), the pres-
sure coefficient is greater than one (1.06) for the simulations
in all angles of attack. The 6% extra amount of energy comes
from the content of static pressure at the inlet, in addition to
the dynamic pressure. Assuming a zero-pressure flow at the
exit of the experimental test section, a nonzero pressure (∼
150 pa) is necessary to overcome the viscous losses with a uni-
form velocity of 45m/sec.

In a clean airfoil at 𝛼 = 0∘, just after the stagnation
point the flow speeds up on both upper and lower surfaces.
The maximum pressure is reached at the leading edge as
the stagnation point, and then the pressure switches to the
suction passing through the nose of the airfoil.The term “suc-
tion” is used to indicate a pressure lower than the reference
pressure. Regarding the airfoil camber, themaximum suction
occurs around 𝑥/𝑐 = 0.1 in which the flow has the highest
velocity. Then, the velocity decreases, restoring the pressure

at 85% of the chord length, and leaves the trailing edge with a
positive pressure.

When it comes to the iced airfoil, the flow acceleration is
different at the nose of the airfoil. Since the pressure distribu-
tion does not follow the pattern of the pressure distribution
on the clean airfoil, the flow is not following the curvature of
the airfoil; that is, it is separated. Comparing to the clean case,
more suction emerges on both sides (upper and lower sur-
faces). It also confirms that the flow is following a path with
a bigger curvature than the airfoil nose, which is a vortex peri-
meter. Based on the experiments, the flow speeding continues
up to 𝑥/𝑐 = 0.08 and 0.1 for upper and lower surfaces, res-
pectively. The pressure distributions are not symmetrical
anymore and the upper surface is under higher suction.Then
the suctionmagnitude of the flow starts to remain constant. It
shows that the flow has just passed the corner of the oval
shape vortex and is going to traverse the above part of the vor-
tex. As long as the pressure coefficient is constant, the thick-
ness of the oval vortex is unchanged.

Although the flow reaches almost the same amount of
suction as the experiments, the simulated flow separates
immediately at 𝑥/𝑐 = 0.02, where the flow encounters the
spoilers. It can be concluded that the simulation captures
accurately the height of the vortex but the maximum thick-
ness of the vortex is obtained closer to the leading edge. As the
pressure remains constant, the vortex shape does not have any
curvature and the flow is passing over a straight path. At
around 35% of the chord length, the flow starts to decelerate
on the airfoil upper surface. This shows that the flow is
descending the right-side curvature of the oval vortex which
is getting thinner. In the simulations, this phenomenon
occurs at around 45% of the chord which means the width of
the vortex is overpredicted. Experiment shows that the flow
is reattached at around 𝑥/𝑐 = 0.7 as it is following the same
slope of the pressure distribution on the clean airfoil. In the
simulatedmodel, the flowdoes not reattach completely before
getting to the trailing edge. Close to the trailing edge, the flow
follows a similar path to the airfoil that shows the separated
region has become narrow though not reattached yet.

On the lower surface, the flow reattaches at around 𝑥/𝑐 =
0.75, while in the simulation a long bubble extends to the
airfoil trailing edge with a constant pressure coefficient. The
simulated vortex is like a wide oval with a uniform height
from leading edge up to 80%of the chord length.Theuniform
shape of the vortex can relate to the zero angle of the spoiler
on the lower surface (𝜃𝐿 = 0), while on the upper surface the
vortex tends to follow the bend of the spoiler to the left (𝜃𝑈 =
−40) and so the pressure coefficient does not remain constant.
In the last 3-4% of the chord length (𝑥/𝑐 ∼ 0.96), a vortex
emerges just close to the trailing edge on both sides of the
airfoil surface. That is the vortex shedding which transmits
downstream and will be discussed later in this paper (see
Figure 10).

At 𝛼 = 4∘, more suction magnitude is seen on the lower
surface than the upper surface. It is in opposite to the flow
at 𝛼 = 0∘. For the clean airfoil at a positive angle of attack,
the lower surface is windward. So, the leeward flow on the
upper surface has more suction. But in the case of iced airfoil,
the separated flow reaches more suction on the lower surface
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Figure 4: Surface pressures from leading edge to the trailing edge at different angles of attack (the experimental data of pressure distribution
is available for only the three mentioned angles of attack) (scale of 𝑦-axis is different to enable clarity in slope).

at the separated region. Therefore, a negative lift is produced
at 58% of the chord length based on the experiments (from
𝑥/𝑐 = 0.08 to 0.65). The lift is then positive until the last
4% (𝑥/𝑐 = 0.96) where the trailing edge vortex is formed.
The simulated vortex on the lower surface starts further than
in the experiments but has the same form when it continues.
The vortex on the upper surface is reattached at 𝑥/𝑐 ≅ 0.65
while it extends to the trailing edge in the simulated flow.

At 𝛼 = 8∘, there is no suction on the lower surface of the
clean airfoil, while a high suction is seen on the leeward upper
surface. That is the source of a large positive lift at this angle
of attack. When it comes to the iced airfoil, there is a negative
lift from the leading edge up to 𝑥/𝑐 = 0.45 and then the lift
direction changes to positive, which is further discussed later.

At 𝛼 = 8∘, the flow on the lower surface does not reach the
same suction as in the experiments. It means that a smaller
vortex is modeled in the simulation. Although it is formed
further down and its thickness is smaller than the experi-
ments, the form and the curvature of the oval vortex aremod-
eled similarly. Regarding both experiments and simulation
results, the flow will not reattach on the lower surface and
it extends to the trailing edge. On the upper surface, there
is a wide uniform bubble that extends almost all over the
airfoil length up to the trailing edge vortex. More suction is
seen in the simulated vortex which means the vortex size is
overestimated. Furthermore, it turns at 𝑥/𝑐 = 0.8 and then
the trailing edge vortex forms at 𝑥/𝑐 = 0.9which is alsomuch
bigger than the experimental results.
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Figure 5: Load coefficient of the iced airfoil in different angles of attack.

The load coefficients are shown in Figure 5 regarding the
mean value of the loads. It will be discussed in the following
section.

3.1.1. Lift Coefficient. Lift performance for the clean and iced
airfoil is presented in Figure 5(a). Although in a clean airfoil,
a higher angle of attack results in more lift; a different trend
is seen in the case of glaze-iced airfoil.

For the clean airfoil, the angle of stall is 15∘ with corre-
sponding maximum lift coefficients of 1.4 for Reynolds num-
ber of 1.83 million.The lift coefficient remains linear with the
angle of attack up to approximately 10∘ [9].The 3.81 cm spoil-
er-ice shapes at 2% chord on the upper and lower surfaces
result in a considerable change in the lift coefficient. These
changes include lift sign reversal at low angles of attack while
large reductions in the lift and a reduction in the lift slope are
observed at higher angles of attack.

The lift sign reversal can be explained by the pressure
distribution presented in Figure 4. At 𝛼 = 0∘, regarding the
experiments, in most of the chordwise parts there is more
suction on the upper surface than the lower surface which

results in a positive lift (Figure 4(a)). From 𝑥/𝑐 ≅ 0.65 to
the trailing edge, although there is more suction on the lower
surface, the difference between the lower and upper surfaces
is very small. So, there would be a positive lift on the entire
airfoil (Figure 5(a)). In the simulated flow, the bubble on the
lower surface has an oval shape with almost uniform height
since the suction magnitude is almost constant (𝐶𝑝 ≅ 0.6),
while in the experiments the oval-shaped bubble seems to
be thinner near the extremities. It leads to a higher negative
lift on the later 35% of the chord length compared to the
experiments. In summary, the lift on the airfoil is around zero
based on the simulations, though still positive (Figure 5(a)).

At 𝛼 = +4∘, there is a negative lift in the first 57% of the
chord length based on the experiments (Figure 4(b)). Then,
the reattachment process on the lower surface decreases the
suction magnitude and a positive lift is obtained, while the
negative part is dominant and the net lift on the airfoil is
negative (Figure 5(a)). In the simulated flow, the bubble on
the upper surface is more flat compared to the experiments
and it keeps the constant suction of 𝐶𝑝 ≅ 0.6. Thus, more
positive lift is obtained over the later 40% of the airfoil length
that compensates for the negative lift over the rest of the airfoil
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and the net lift is around zero. The curvature of the clean
airfoil is designed to generate a very low suction on the lower
windward side at 𝛼 = +4∘ (Figure 4(b)), which is increased
due to the accreted ice. Also, the slope of suction decrease is
different on the upper leeward side at the iced airfoil. It shows
that the flow does not follow the curvature of the airfoil; that
is, it is detached. It results in more lift loss comparing to zero
angle of attack. At𝛼 = +8∘, the high pressure on thewindward
side of the clean airfoil (Figure 4(c)) results in a big liftmagni-
tude (Figure 5(a)).

At the iced airfoil, flow separation leads to lift sign reversal
on the first 47% of the airfoil (Figure 4(c)).Then the flow reat-
tachment processes on the lower side decrease the suction.
Since the upper surface is still on a constant suction, a positive
lift is obtained over this part of the airfoil which dominates
the negative lift, and the net lift is positive. More lift in the
simulated flow (Figure 5(a)) comes from the fact that the vor-
tex on the upper surface is overestimated leading to a higher
level of suction (𝐶𝑝 ≅ −0.67) compared to the experiments
(𝐶𝑝 ≅ −0.56) (Figure 4(c)). It results in a larger difference
between the upper and lower surface suctions, that is, more
positive lift.

It seems that although the lift is increasingwith increasing
the angle of attack above 4∘ in both clean and iced airfoil, lift
loss is too much due to the spoilers.

3.1.2. Drag Coefficient. For the clean 0.61m NACA 0011, the
lowest drag coefficient was in the range of 0.008–0.009 near
𝛼 = 0∘. Near stall, the drag coefficient reached a value of about
0.03 as shown in Figure 5(b). For the iced airfoil, the increase
in drag was in the range of 1000% to 2000% with respect to
the clean airfoil for angles of attack between 0 and 14 degrees
[9]. In the simulated flow, the drag is even larger due to the
overestimation of the bubble sizes as described.

In both the iced airfoil and the clean airfoil, the drag
increases when the angle of attack becomes larger than 4∘.
However, the slope is higher in the situation of the iced airfoil.
Therefore, it is not justified to have an iced airfoil operating
at a higher angle of attack because the gain in the lift implies
a rapidly increasing drag. In the case of the clean airfoil, a
higher angle of attack (up to the stall) would be recommended
since it would provide more lift without extra drag.

The drag coefficient is almost the same at 𝛼 = 4∘ and
𝛼 = 0∘, while it increases at 𝛼 = 8∘. Looking at Figure 4,
it can be seen that in all of the three cases there is a bubble
extending all through the airfoil surface (with a constant
suction) and another bubble that becomes thinner in the
reattachment process. Considering the curvatures of the
pressure distributions, the first bubble is similar at 𝛼 = 4∘ and
𝛼 = 0∘, while it is less elongated and reattaches faster in the
case of 𝛼 = 8∘.

3.1.3. Pitching Moment Coefficient. Clean airfoil pitching
moment coefficients at 25% of the chord length location
are presented in Figure 5(c). Positive pitching moment was
observed for angles of attack in the range 0 to 15 degrees,
indicating that lift force was acting ahead of the 25% chord
point [9]. The variations are very small when the angle of
attack is increasing. The effects of the spoiler-ices on the

pitchingmoment characteristics of the airfoil are presented in
Figure 5(c). A large deviation from the clean airfoil pitching
moment is observed, including a sign reversal throughout the
range of angle of attack.

The gap between the simulated flow and the experiments
comes from the different positions of the vortices as pre-
viously described. Based on the pressure distributions, the
different positions of the formation and reattachments of the
vortices lead to a different force distribution with respect to
the quarter chord point. This is the reason for the gap be-
tween the experiments and the simulations, while both the
experiments and simulation results show that a higher angle
of attack leads to a large pitching moment coefficient which
is not desired.

From all the investigated cases, the simulation performed
for the largest angle of attack, 𝛼 = 8∘, showed the least agree-
ment to the experimental data. Figure 7 helps to understand
the flow behavior at this angle of attack. The turbulence
kinetic energy (𝑘) is shown for 𝛼 = 0∘ and 𝛼 = 8∘ as it is a
representative of the turbulence intensity or turbulence level
(𝐼). Both plots are extracted at a time step in which a high
positive lift occurs (6.7 [𝑁] for 𝛼 = 0∘ and 5.9 [𝑁] for 𝛼 = 8∘).
The turbulence level looks higher at a higher angle of attack.
It is seen that a large turbulent wake arises at the trailing edge
which is originated from the upper surface of the blade at
𝛼 = 8∘. This wake is not damped at the modeled downstream
domain.

The pressure distribution also confirms the presence of a
large turbulent wake (Figure 4(c)). The trailing edge vortex
shedding forms at 𝑥/𝑐 ≅ 0.92 which is farther from the
trailing edge compared to the cases (𝑥/𝑐 ≅ 0.95 at 𝛼 = 0∘
and 𝑥/𝑐 ≅ 0.94 at 𝛼 = 4∘). The vortex induces a suction
magnitude of 𝐶𝑝 ≅ −1.06 that is twice the suction magnitude
of the trailing edge flow at 𝛼 = 0∘, for instance. Therefore,
the shedding vortex is wider and thicker for this case which
leads to a higher turbulence intensity at the trailing edge and
consequently downstream.

The presented computational versus experimental mean
flow analysis enables validating the current simulation. The
following results are from computations only and are as-
sumed to reproduce flow physics correctly. The general char-
acteristics are validated towards the features of similar iced
airfoils reported in the literatures.

3.2. Time-Dependent Study. Usually, flow field studies of sep-
aration bubbles are focused on the time-averaged characteris-
tics. However, the bubble flow fields are known to have strong
unsteady characteristics that also play a role in the aerody-
namic characteristics [14]. These unsteady features are now
discussed.

The streamlines around the iced airfoil illustrate that
the vortices form and move over the airfoil surface. Con-
sequently, the pressure on each point of the airfoil surface
changes with time as the vortices are formed and convicted. It
causes the lift to oscillate from positive to negative repeatedly,
leading to a dynamic loading of the airfoil.

The instantaneous pressure values are shown in Figure 7
for some random points on the lower and upper surfaces of
the airfoil upstream and downstreamof the spoilers.Theplots
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represent the pressure on these points on the airfoil at a zero
angle of attack during 0.07 s of the simulation time, consisting
of around 2000 iterations (the simulation time is normalized
by the time step value, i.e., 3.5 × 10−5). The frequency of the
pressure is almost the same for all the points. This frequency
is illustrative of the roll-up of spanwise vortices in the shear
layer above the recirculating region and their shedding down-
stream of the separated zone. Closer to the trailing edge the
amplitude of the pressure increases.This can be related to the
vortices shedding downstream of the trailing edge.

Upstream of the spoilers (points 1, 2), there is a high
positive pressure which is almost constant during the time.
As it will be later shown in Figure 11, these points are located
in the upstream quasi-stagnant vortices; thus the pressure is
high and the time variations of the pressure are very small.
Downstream of both spoilers, the pressure is negative as there
is a suction underneath the formed vortices.

It is observed that for each pair of points with the same
chordwise location, that is, 3-4 and 2–5, the pressure oscilla-
tions are out of phase. This indicates that the vortices are
forming and leaving the airfoil surface in a periodic manner.

Because of the pressure fluctuations on the airfoil, the
loads fluctuate. The integrated load time history is shown in
Figure 8 for the simulated cases.The drag variation is smaller
than the lift variation. It indicates that the vortices distribu-
tion is shifting more frequently between the upper and lower
surfaces, affecting mostly the vertical loads. However, both
drag and lift oscillate at a similar frequency.

At 𝛼 = 0∘, a bimodal frequency pattern is seen in the drag
force, with themaximumdrag varying cyclically between two
values (at two directions), while there is a quasi-sinusoidal
trend of the variations for the other cases; that is, 𝛼 = −4, +4,
and +8∘.

The drag time history indicates that, for 𝛼 = 0∘, +4∘, and
+8∘, themaximumdrag corresponds almost to themaximum
lift and the minimum drag occurs near the minimum lift. At
𝛼 = −4∘ the trend of the variations is inverted; that is, increas-
ing in the lift is related to a decrease in the drag and vice versa.
The pitching moment oscillations follow the lift variations
not the drag, because the lift variations amplitudes are bigger
than the drag fluctuations. Thus, the lift is the determinative
component of the pitching moment direction.

The computed mean values of the load coefficients are
replotted in Figure 9 with corresponding range of the varia-
tions and the Strouhal numbers. Only themean experimental
load values are available for the modeled geometry. As previ-
ously observed, the calculated frequency of the fluctuations is
similar for the vertical and horizontal forces. The amplitudes
do, however, differ between the cases.

As mentioned, Stℎ, is calculated based on the spoiler-iced
airfoil projected height ℎ. The slight difference between the
Stℎ number of different angles of attack relates to different
projected heights higher in 𝛼 = 8∘, though the frequency is
almost the same. Then, there is a direct relationship between
the air-projected height of the iced airfoil and the Stℎ,
while the amplitude of the oscillations does not correlate.
Considering the separation bubble length as the length
scale, the mentioned Strouhal number (Stℎ) converts to St𝐿
ranging from 0.59 to 0.69 for different angles of attack. This

corresponds to the shedding motion of the separation shear
layer. It is consistent with the Strouhal number of regular
mode for the same airfoil with a horn ice reported by Ansell
[30]. Gurbacki [35] also reported similar range of St𝐿 (0.53–
0.73) with a 3D horn ice shape.

Bigger “ℎ” value can be the source of more turbulent flow,
that is, higher 𝑘 magnitude, at 𝛼 = 8∘ (Figure 6). It led to a
larger trailing edge vortex shedding thatwas discussed before.
It can be concluded that a higher turbulence intensity does
not result in a higher amplitude of the oscillations.

The maximum amplitude of the lift fluctuations corre-
sponds to zero angle of attack (Figure 9(a)). As mentioned,
the lift force fluctuates between the negative and positive val-
ues at 𝛼 = 0∘. Flow behavior is analyzed in the following para-
graphs for each case of negative, positive, and zero lift values.
For the simulation of the flow at zero angle of attack, the
vortices shapes at two time steps are shown in Figure 10. The
time steps are selected with a half-period interval, in which
the lift coefficient switches from a maximum positive to a
minimum negative value.

Near the leading edge, a stagnation region arises, at which
the flow is split into two bunches going to the upper and lower
surfaces of the airfoil. They reach each other again near the
trailing edge. Since the airfoil surface is covered thoroughly
by the vortices, the streamlines on the upper and lower
surfaces should traverse over the borders of the rotating flow
regions. When there are two rotating bubbles on one side of
the airfoil, the dead flow occupies a larger area. Consequently,
the first active streamline should pass through a longer path.
This path is considered from the splitting point upstream to
the stagnation point downstream of the airfoil. Longer path
leads to a higher velocity for the flow.

When the single bubble is on the upper surface
(Figure 10(a)), the flow is slower at that side. This results in
a higher pressure compared to the lower surface. The conse-
quent higher pressure (less suction) on the upper surface jus-
tifies the negative lift.The reverse process happens in the case
of positive lift (Figure 10(b)). The bubble configuration shifts
and the stagnation point moves resulting in a shorter path for
the lower streamline at another instant.

With similar arguments, the lift force becomes positive.
These variations repeat periodically inducing a periodic var-
iation of the lift force (Figure 8).

Previously, in this paper, the flow path was described re-
garding the pressure distribution and the approximate form
of the separated region. Figure 10 indicates that the prescribed
oval shape of the separated region may consist of more than
one vortex.

Moreover, there are some fluctuations in the flow velocity
downstream of the airfoil due to the shape and the location
of the upstream vortices; that is, the vortices movement at the
separation region affects the downstream flowwhere they are
shedding. A similar period is obtained far downstream; that
is, the fluctuations in the pressure and the velocity propagate
at least four chord lengths downstream the iced airfoil which
is modeled in this simulation. So, in practice, it can cause a
periodic inlet velocity upstream of a neighbor wind turbine
at wind farms. Therefore, for a wind farm in which the
distance between the wind turbines is designed to be 3–10
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(a) 𝛼 = 0∘ (b) 𝛼 = 8∘

Figure 6: Turbulence kinetic energy contour in zero- and eight-degree angle of attack.
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rotor diameters, the icing effect should be considered as it
maymake time-varying instabilities downstream of the rotor.

Figure 11 shows streamlines in the proximity of the
spoiler-ice, highlighting a multitude of vortices. It is an
instant at which almost no lift is generated.Theflowupstream

of the spoilers forms a bubble in the corner between the
spoiler-ice and the airfoil surface.

With the application of a RANS turbulence model these
vortices are captured at the upstream of both upper and
lower spoilers. The flow divides at the upstream face of the
spoiler-ice and part of the flow is diverted to the upper
spoiler while the remaining flow goes over the tip of the lower
spoiler-ice and forms shear layers. These shear layers play a
significant role in the generation of the downstream primary
and secondary vortices as these vortices are clearly seen.

As the low speed rotating flows fill the region downstream
of the spoilers, the airfoil surface is covered thoroughly by
the vortices. Thus, the axial flow which was supposed to act
on the airfoil surface to generate the lift force does not meet
the airfoil surface at all. With the existing ice horn height, the
designed curvature of the NACA0011 does not create any lift,
as the flow is following the path formed at the boundary of
the vortices instead.

Furthermore, although the integrated value of the vertical
force on the iced airfoil is zero at the illustratedmoment, there
is a shedding vortex that initiates upward from the trailing
edge (not shownhere).Therefore, it is observed that evenwith
a zero lift there is no symmetrical load distribution on the
airfoil, and the downstream flow is oscillating.

As described in the literature, shear layer flapping is
typically observed at very low frequencies, when compared to
the characteristic frequencies of most other flow phenomena.
A lower frequency cycle beside the main oscillations was
observed when considering a long-time history. The related
frequency is about 1/7 of the regular mode frequency, with
the value giving Stℎ ≈ 0,02 at 𝛼 = 8

∘ that is in consistent with
the range of values reported in the literature for the simulated
glaze ices [21, 26, 30].

4. Conclusions

The main objective of this paper is to estimate the dynamic
loads acting over an iced airfoil, as well as studying the
structure and dynamics of the turbulent separation bubbles.
Ice profile is simulatedwith the help of spoilers.The simulated
separated flow over the sharp spoilers can be considered as a
worst test case of load loss due to the icing. It is shown that
a glaze ice effect is not limited to a decrease in the lift; it also



International Journal of Rotating Machinery 11

𝛼 = −4

0 500 1000 1500

Time

0.23

0.21

0.19

C
d

0.6

0.4

0.2

0

−0.2

Cm
, C

l

Cl

𝛼 = 0

C
d

0.6

0.4

0.2

0 Cm
, C

l

0.238

0.235

−0.2

−0.4

Cl

0 500 1000 2000 2500 3000 35001500

Time

𝛼 = 4

0 500 1000 1500

Time

C
d

Cm
, C

l
0.26

0.23

0.4

0.2

0

−0.2

−0.4

Cl

𝛼 = 8

C
d

Cm
, C

l

0.32

0.28

0.24

0.5

0.4

0.3

0.2

0.1

0

Cl

0 500 100 1500

Time

Cd
Cm

Cd
Cm

Cd
Cm

Cd
Cm

Figure 8: Time histories of load coefficients at different angles of attack (a part of the simulation time is shown, and the simulation time is
normalized by the time step value, i.e., 3.5 × 10−5).

1.5

1

0.5

0

−0.5

−1

Li
ft 

co
effi

ci
en

t (
Cl

)

−10 −5 0 5 10 15

𝛼
∘

Simulation
Experiment

Stℎ = 0.12

(StL ≈ 0.67)

Stℎ = 0.09

(StL ≈ 0.59) Stℎ = 0.10

(StL ≈ 0.62)

Stℎ = 0.14

(StL ≈ 0.69)

(a)

Simulation
Experiment

0.4

0.3

0.2

0.1

D
ra

g 
co

effi
ci

en
t (

C
d)

Stℎ = 0.12

(StL ≈ 0.67)

Stℎ = 0.10

(StL ≈ 0.59)

Stℎ = 0.10

(StL ≈ 0.62)

Stℎ = 0.14

(StL ≈ 0.69)

−10 −5 0 5 10 15

𝛼
∘

(b)

Figure 9: Lift (a) and drag (b) coefficient including the amplitude of oscillations (black vertical bars) and Strouhal number of sheddingmode.



12 International Journal of Rotating Machinery

(a) One instant of negative lift (b) One instant of positive lift

Figure 10: Vortices shape at two moments with an interval of half period at zero angle of attack.
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Figure 11: Flow streamlines near leading edge at 𝛼 = 0∘.

imposes some dynamic forces that should be considered in a
wind farm, for instance.

Aerodynamic performance coefficients and pressure pro-
files are calculated and compared with the available measure-
ments for a chord Reynolds number of 1.83 × 106 [9, 15]. The
separation bubbles formed on an airfoil behind a simulated
leading edge glaze ice accretion are studied by URANS. The
details of the flow field and the vortex shapes at different
angles of attack are investigated based on the mean pressure
distributions as well as the instantaneous streamlines. The
main conclusions can be summarized as follows:

(i) The numerical results confirm both time-dependent
phenomena observed in previous similar measure-
ments [30]: a low-frequency mode, with a Strouhal
number Stℎ ≈ 0,013–0.02, and a higher frequency
mode with a Strouhal number St𝐿 ≈ 0,059–0.69. The
higher frequency motion has the same characteristics
as the shedding mode and the lower one corresponds
to the flapping mode.

(ii) A greater pitching moment is a consequence of glaze
ice beside the decrease of lift. Therefore, a higher
angle of attack does not seem to be a good choice of
operation in the presence of horn ice as changing the
angle of attack to compensate lift loss can increase the
pitching moment at the same time. Furthermore, the
drag increases considerably.

(iii) It is seen that the frequencies of the oscillations are
almost the same for all angles of attack. There is a
direct relationship between the iced airfoil projected
height and the Strouhal number Stℎ, while the ampli-
tude of the oscillations does not correlate with that.

(iv) A higher angle of attack leads to a higher turbulence
intensity in the flow field, as the airfoil projected
height increases.

(v) The downstream oscillations propagate further
downstream at higher angle of attacks.

(vi) The drag variations in time are much smaller than the
lift variation. It means that the vortices distribution is



International Journal of Rotating Machinery 13

shiftingmore frequently between the upper and lower
surfaces affecting mostly the vertical loads. However,
both drag and lift oscillate at a similar frequency.

(vii) Considering the load time histories of the simulated
cases, maximum lift andmaximumdrag occur almost
at the same time and the variations are in the same
direction, while they are reverse at the negative angle
of attack.

(viii) The separated bubbles on both upper and lower
surfaces are appearing closer to the leading edge com-
pared to the experiments. In the experiments, the oval
shape bubbles seem to be thinner near the extrem-
ities, while URANS modeling results in the vortices
extending wider over the surfaces with small varia-
tion in the suction magnitude.

(ix) A vortex arises close to the trailing edge at 10% of
the chord length. The related vortex shedding is the
source of the fluctuations downstream. Reaching
more suction in that vortex leads to more fluctuations
in the flow downstream.
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Abstract

Wind turbines installed in cold climate regions are prone to the risks of ice accumulation which affects

their aeroelastic behavior. The studies carried out on this topic so far considered icing in a few sections

of the blade, mostly located in the outer part of the blade and their influence on the loads and power

production of the turbine are only analyzed. The knowledge about the influence of icing in different

locations of the blade and asymmetrical icing of the blades on loads, power and vibration behavior

of the turbine is still not matured. To improve this knowledge, multiple simulation cases are needed

to run with different ice accumulations on the blade considering all the structural and aerodynamic

property changes due to ice. Such simulations can be easily run by automating the ice shape creation

on aerofoil sections and two dimensional (2-D) Computational Fluid Dynamics (CFD) analysis of those

sections. The current work proposes such methodology and it is illustrated on the National Renewable

Energy Laboratory (NREL) 5 MW baseline wind turbine model. The influence of symmetrical icing

in different locations of the blade and asymmetrical icing of the blade assembly is analyzed on the

turbine’s dynamic behavior using the aeroelastic computer-aided engineering tool FAST.

Keywords: Wind turbine; icing; simulation; aeroelastic behavior; CFD

1 Introduction

The global wind energy installations in cold climate regions reached a capacity of 127 GW at the end

of 2015 and the forecast is that it would reach a capacity of 186 GW by the end of 2020 [1]. This

indicates that the stimulus for further development of wind power projects and technology in cold

climate areas is strong. These places have sub-zero temperatures with humid weather conditions in
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the winters leading to atmospheric icing of structures. The weather conditions where wind turbines are

exposed to either atmospheric icing or low temperatures outside the design limits of the wind turbines

are referred as cold climate [2]. In the regions with cold climate, available wind power is approximately

10% higher than in other regions due to increased air density at lower temperatures [3]. Atmospheric

icing of the structures can be classified into two classes: precipitation and in-cloud icing. Precipitation

icing results from the freezing of rain or snow upon contact with a surface, while in-cloud icing results

from the deposition of cloud droplets and water vapor onto a surface. In-cloud icing occurs if the height

of the cloud base is less than the elevation of the site and the temperature is below 0◦ C. This type

of icing is highly possible with the current multi megawatt sized turbines as their tip heights almost

reach 200 m [2]. Precipitation icing can cause much higher ice accumulation rates than an in-cloud

icing and thus possibly result in a greater damage [4]. Icing and low ambient temperatures pose special

challenges for wind energy projects. Icing of the wind turbine rotor blades reduces energy yield, may

shorten mechanical life time of turbines, increases vibrations, noise and safety risk due to potential

ice throw. Appropriate materials need to be considered in the design of wind turbines operating in

low temperatures. To meet the demand for cold climate installations, turbine manufacturers have

developed technical solutions for low temperature operation of their standard turbines.

Ice accumulates on the wind turbine components when moisture in the air impacts with their

cold surface. Icing of the wind turbine blades modifies their aerodynamic behavior, it reduces the lift

force and increases the drag force acting on the blade’s aerofoil sections [5, 6] which results in the

reduced turbine power output. The structural and aerodynamic behavior of a wind turbine is coupled

as the rotational motion and vibrations of the blade change the effective wind velocity on its aerofoil

sections. Icing changes structural and aerodynamic properties of the blade, aeroelastic behavior of

the blades is thus affected. Icing increases the mass distribution of the blade and irregular ice mass

accumulation on the blades causes mass and aerodynamic imbalances in the turbine structure. This

increases vibrations in the turbine.

Several authors have recently investigated this topic to analyze some of the above-mentioned effects

of icing on wind turbine dynamic behavior. Hochart et al. [7] performed icing simulations on a 0.2 m

NACA 63415 aerofoil in a wind tunnel and accumulated ice loads were scaled up onto a 1.8 MW wind

turbine. They predicted a decrease in loads and rotor torque with icing of the blades and suggested to

install a de-icing system in the last third of the blade to reduce the heating energy costs and quickly

restore the turbine’s operation. Yirtici et al. [8] predicted ice build-up on two different aerofoil sections

using a 2-D ice accretion prediction tool and validated it with experimental data of ice shapes available

in the literature. Homola et al. [9] investigated performance losses due to ice accretion on the NREL 5
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MW wind turbine model and simulated icing on five sections along the blade for 60 min under rime ice

conditions. They analyzed the aerodynamic behavior of the clean and iced aerofoil sections using CFD

simulations and later calculated power output of the turbine using blade element momentum (BEM)

method. Hu et al. [10] predicted icing on two bladed NREL phase VI turbine (with a rotor diameter of

10 m) using LEWICE ice accretion prediction tool and simulated loads acting on the turbine structure

with clean, symmetric and asymmetric icing on the blades. They predicted a decrease in rotor loads

with symmetric icing but loads acting on the tower and nacelle assembly increased with asymmetric

icing on the blades. Etemaddar et al. [11] predicted ice accumulation and estimated the influence

of uniform icing in the outer third of the blades on aerodynamic and structural dynamic behavior of

the NREL 5 MW wind turbine. They predicted that the iced rotor produces rated power at a wind

speed higher than its rated wind speed, so power and rotor speed of the iced turbine can be used for

ice detection below the rated wind speed. Zanon et al. [12] investigated different control strategies

for an optimum performance of the turbine under icing conditions. They showed that turbine’s speed

reduction can decrease ice accumulation during an icing event, so compromising on slight decrease in

power production during this time can improve the wind turbine performance up to 6% once the rated

rotational speed is restored. Rissanen et al. [13] simulated dynamic behavior of the iced turbine and

proposed simulation parameters for defining new design load cases for cold climate turbines. Han et

al. [14] quantitatively investigated the effects of ice formation on a blade tip (outer 30% of the blade

length) aerofoils leading edge on the power performance of a large wind turbine using CFD simulations.

Shu et al. [15] quantitatively analyzed ice distribution on a 300-kW wind turbine blade using image

processing methods and influence of icing on power performance at natural icing conditions. They

observed higher cut-in speed needed for turbine power generation and power production decrease at

higher wind speeds due to ice. Lamraoui et al. [16] identified crucial parameters like freezing fraction,

liquid water content, temperature and critical radial position on the blade that control the type of ice

accretion on wind turbine blades. They recommended outer 60% of the blade to be equipped with an

ice protection system to optimize power production under icing conditions.

The studies carried out on this topic so far considered icing in a few sections of the blade, mostly

located in the outer part of the blade and their influence on the loads and power production of the

turbine are only analyzed. The knowledge about the influence of icing in different locations of the

blade and asymmetrical icing of the blades on loads, power and vibration behavior of the turbine is still

not matured. To improve this knowledge, multiple simulation cases are needed to run with different

ice accumulations on the blade considering all the structural and aerodynamic property changes due

to ice. Such simulations can be easily run by automating the ice shape creation on aerofoil sections
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and CFD aerodynamic analysis of those sections. Flow separation over the iced aerofoil sections

demands extra measures (elaborated in Section 3) in the CFD simulations to accurately predict their

aerodynamic behavior. With such measures, it is possible to study various iced-aerofoil profiles beside

the multiplicity of the test cases by launching a modeling set up to implement 2-D CFD-RANS

(Reynolds Averaged Navier-Stokes) simulations in these cases. The background and methodology of

the CFD simulations are further explained in Section 3. This study proposes such method to simulate

loads, power and aeroelastic behavior of the wind turbine with iced blades. The NREL 5 MW wind

turbine model is used to illustrate the developed methodology. Initially, an ice shape is chosen from

the literature and ice mass is distributed using the GL specification [17] along the blade length. An

automated procedure is used to scale the chosen ice shape on various aerofoil sections of the blade based

on the quantity of ice mass to be distributed on those sections respectively. The aerodynamic behavior

of these aerofoil sections is then simulated using an automated 2-D CFD-RANS analysis system. The

evaluated aerodynamic coefficients (lift, drag and pitching moment) of iced aerofoil sections are used

in the FAST model to simulate the aeroelastic behavior of the turbine at various wind velocities and

icing scenarios on the blades. The influence of symmetrical icing in different locations of the blade

and asymmetrical icing of the blade assembly is analyzed on the turbine dynamic behavior. These

analyses along with the outlined automated procedure to create ice shapes on aerofoils and analyze

their aerodynamic behavior accurately using CFD-RANS simulations comprises novelty of the current

work.

The manuscript is divided into several sections. The motivation and related literature of the

subject are introduced in the Section 1. The methodology for leading edge ice shape (experimental

or simulated) creation according to a given ice mass distribution is discussed in Section 2. The CFD

aerodynamic analysis procedure of the iced aerofoils is discussed in Section 3. The simulation results of

iced wind turbine’s dynamic analysis are discussed in Section 4 and the final conclusions are presented

in Section 5.

2 Leading edge ice shapes

Two types of icing occur in wind turbines: glaze and rime ice. Glaze ice is caused by freezing rain

or wet in-cloud icing, and normally causes smooth evenly distributed (along chordwise) ice accretion.

Rime forms through the deposition of super-cooled fog or cloud droplets and is the most common form

of in-cloud icing. Rime tends to form wedge-shaped accretions on the windward side of the blades

i.e. around the leading edge of the blades. Icing of the blade depends on the geometric parameters

(thickness, chord length and the radial location of the aerofoil section) and site-specific operating
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conditions (ambient temperature, moisture content of the air, rotational speed of the turbine, wind

speed and the duration of icing event). Most of these parameters vary stochastically in space and

time. Multi-physics analysis involving heat transfer, CFD approach used in the tools like LEWICE

[18], TURBICE [5], FENSAP-ICE [19] can be used to predict atmospheric icing on the wind turbine

blades. The inputs to these tools are wind speed, ambient temperature, liquid water content (LWC),

median volume diameter (MVD) or droplet size and duration of the icing event. All these parameters

are different for different wind turbine sites and they even change for turbines within the site. This

fact is also complemented by different ice fragments collected around a wind farm in [20]. Beaugendre

et al. [19] used ambient conditions (which are closer to the conditions that lead to glaze ice) given in

the Table 1 and predicted an ice shape on a NACA 0012 aerofoil as shown in the Figure 1(a) using

FENSAP-ICE tool. They have compared the predicted ice shape with those predicted by LEWICE for

the same ambient conditions and shape obtained in the wind tunnel experiments. Hochart et al. [7]

obtained ice shapes on a NACA 63415 aerofoil in a wind tunnel with the ambient conditions (given in

Table 1) recorded on a meteorological station corresponding to a severe icing event in Quebec during

the winter in 2004-05. The rime ice accreted on this aerofoil is shown in the Figure 1(b). The shape

of ice accreted on these aerofoil sections can be very different if any of the parameters given in Table

1 is changed.

Table 1: Comparison of icing simulation parameters used in [7] and [19]

Parameter Run 308 in [19] Simulation 6 in [7]

Aerofoil NACA 0012 NACA 63415
Chord (m) 0.55 0.2

Angle of attack (◦) 4.0 9.0
LWC (g/m3) 1.0 0.48
MVD (μ m) 20.0 27.6
Vrel(m/s) 102.8 55.0

Reynolds number 4.14 x 106 7.33 x 105

Temperature (◦C) -11.11 -5.7
Time (min) 3.85 19.6
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Figure 1: Ice shapes on the aerofoil sections (a) simulated in [19], (b) simulated in [7], (c) curve fitted
in this work
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In this study, instead of predicting ice shapes using these parameters, a parametric model is

developed to create a smoother ice shape as shown in the Figure 1(c), approximately replicating the

ice shapes shown in Figure 1(a)&(b). Two points A and B are defined on an aerofoil section as shown

in the Figure 2(a) and an initial curve with radial distances r0(θ) with origin at O (midpoint of the

line joining the points A and B) is defined for various points on the clean aerofoil section between the

points A and B. A new curve r(θ) for creating an ice shape on the aerofoil as shown in the Figure

2(b) is defined using the Equation 1 in terms of sinusoids.

r (θ)

A

B

O

θ=0

θ=π

r0(θ)

A

B

O

Ice

(a) Clean aerofoil (b) Iced aerofoil

Point A: x/c=0.15 on upper surface
Point B: x/c=0.3 on lower surface
Point O: Mid-point of A and B
x � X-coordinate of the aerofoil
c � chord length of the aerofoil

Figure 2: Parametric modeling of the ice shape on an aerofoil section

r (θ) = r0 (θ) + f
∑

i

(±Ai) sin (iθ) , i ∈ Z (1)

where, r(θ), r0(θ) defines the distance between origin O and points on the iced and clean aerofoils

between A and B respectively, θ is the angle made by the line joining a point (between A and B) on

the aerofoil section and origin O with respect to the line OB, f is a scaling factor used to distribute the

required quantity of ice mass on the aerofoil section, Ai represents the coefficient of the ith sinusoid.

The coefficients of the sinusoids are scaled according to an exponential curve defined by Ai =

e−k(i−1)/2 where k is chosen as a parameter. The order of sinusoids i and the value of k used in the

Ai function and scaling factor f are the three parameters to be identified for creating the required

ice shape on an aerofoil section. A value of 0.5 is chosen for k to make the process of finding i and f

further easier.

The ice shape shown in Figure 1(c) is obtained on a NACA 64618 aerofoil profile used on the

NREL 5 MW wind turbine blade tip by considering four sinusoids (i = 1, 2, 3, 6) in the Equation 1,

which is found by trial and error method to roughly replicate the ice shape shown in Figure 1(a)&(b).
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The coefficients of these four sinusoids are scaled according to an exponential function as shown in

the Figure 3. The scaling factor f is determined by minimizing a cost function defined in MATLAB

using the Equation 2 (product of the area of ice shape and its density is equated to ice mass) for a

desired quantity of ice mass to be distributed on that section.

π∑

θ=0

1

2

{
r2 (θ)− r20 (θ)

}
Δθ =

mice

ρice
(2)

where, mice, ρice are the ice mass (per unit length) to be distributed on the aerofoil section and

density of the ice respectively.

The ice shape in Figure 3 is obtained with the values of mice = 40.7 kg/m, ρice = 700 kg/m3. This

parametric model can be used to replicate ice shapes measured directly on blades during the icing

events or ice pieces collected around the turbine (see [20] for different ice fragments collected around

a wind farm) due to ice shedding. Few ice shapes obtained using some ice accretion simulations in the

literature are replicated using the current parametric model in Appendix A.

i

Ai
� � 2/1�� ike

i Ai Sign

1 1.0000 +
2 0.7788 +
3 0.6065 -
6 0.2865 +

For k=0.5 NACA 64618

Figure 3: Parameters used for an ice shape creation on a NACA 64618 aerofoil section used in the
NREL 5 MW wind turbine blade

The ice accumulation on wind turbines depend on many parameters (refer Table 1). It increases

with the duration of icing event and it is not uniform across the blade length. Three different guidelines

for the ice mass calculation are defined in the literature: ISO 12494:2001 [21], Germanischer Lloyd

(GL) [17] and VTT [13] formulas. Rissanen et al. [13] calculated ice mass distributions based on these

three formulas for a 2.05 MW wind turbine blade. These guidelines specify the maximum ice mass

that can be accumulated based on the dimensions of the turbine rotor and the duration of the icing

event. The ice mass estimation formula in ISO 12494:2001 depends on the duration of the icing event,

the chord length of the blade section and wind speed. The ice mass predicted using this guideline

increase with the duration of the icing event and also predicts more ice near the root due to the higher
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chord length of the blade section. Ice on the blades changes loads and vibrations in the turbine. To

certify wind turbines and its components for cold climate operation, Germanischer Lloyd (GL) [17]

proposed a guideline that defines a maximum ice mass distribution on the blade to calculate loads

acting on the turbine in various design load cases. The actual ice mass may be lower than this limit,

but the turbines are certified for loads corresponding to this mass limit. More ice accumulates near

the blade tip as air enters here with higher relative velocity, and this portion of the blade sweeps more

area in a rotation compared to the portion of the blade near the root. The GL ice mass distribution

is defined to model this type of ice accumulation and is thus more applicable in the absence of global

design guideline for calculating wind turbine loads operating in the cold climate. In the GL guideline,

ice mass distribution linearly increases from zero at the blade root to a value of μE till the half blade

length and thereafter it is constant towards the tip as shown in the Figure 4. The value of μE is

calculated as follows [17]:

μE = ρEkcmin (cmin + cmax) (3)

where, ρE is the ice density (700 kg/m3); k = 0.00675+0.3e
−0.32 R

R1 , R is the rotor radius expressed

in m, R1 = 1 m; cmax, cmin are the maximum and minimum chord lengths of the blade expressed in

m.

For the current NREL 5 MW wind turbine blade, the value of μE is 40.7 kg/m which corresponds

to an ice mass of 1877 kg (about 10.58% of the blade mass). Ice shapes are created on various aerofoil

sections of this blade according to the GL specification as shown in Figure 4 using the parametric

model previously presented. This blade is described using 15 aerofoil sections with different shapes

and chord lengths as shown in the Figure 4 whose details can be found in [22] and also given in the

Appendix B. The aerodynamic behavior of these 15 aerofoil sections without and with ice are analyzed

using the CFD simulations described in the next section.

3 Aerodynamic characterization of iced aerofoils

The performance loss caused by icing can be studied by wind site measurements, wind tunnel tests

and numerical methods. Wind site measurements are the most realistic, but expensive. Tests in wind

tunnels offer the advantage of a controlled environment, but there are problems in reproducing actual

wind farm conditions and scaling certain geometric and operating parameters. Numerical methods

offer the advantages of low cost and ability to simulate realistic conditions. The accuracy of simple

methods such as panel codes decreases for aerodynamic performance calculation of aerofoils with thick
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Figure 4: Ice shapes along the NREL 5 MW wind turbine blade distributed as per GL ice mass
specification: The blade length is divided into three zones and influence of icing in each of these zones
on the turbine power and vibrations is investigated later in Section 4

trailing edges. Also, they are not applicable for relative thicknesses greater than 30% to 36% [23].

Furthermore, these methods are not stable enough to work in the case of complicated ice profiles. CFD

simulations with the Reynolds-Averaged Navier-Stokes (RANS) model is an alternative. However, the

accuracy of CFD depends on the quality of the grid system in resolving the computational domain, as

well as the appropriateness of the turbulence model in capturing the relevant physics [24]. Simulation

of airflow around aerofoils using CFD has been studied by several researchers [25–28]. It is a challenge

for the CFD-RANS model to simulate flow over thick aerofoils. The wind turbine blade region near the

root is composed of thick aerofoil sections. The maximum relative thickness affects flow regime over an

aerofoil and its aerodynamic characteristics. This parameter changes the location and size of laminar

separation bubbles as well as the transition. In the case of thick aerofoils, a fully developed turbulent

boundary layer on the aerofoil surface was not found accurate enough to evaluate lift coefficient [23].

Due to the unavailability of experimental data in most of the real icing conditions, the accuracy

of CFD predictions cannot always be validated. But there are some CFD studies [29–33] on iced

aerofoils that have been validated with available experimental data. Their results show that a high-

9



quality mesh is necessary, especially in the case of large horn ice shapes; as well as an appropriate

turbulence model in addition to a transition model. In 2018 [12], the total power loss of the iced NREL

5MW rotor was calculated with the BEM method in which 2-D aerofoil aerodynamic characteristics

were predicted using CFD-RANS simulations. The results were only validated for the clean aerofoils.

Shu et al. [34] validated a 3-D CFD-RANS simulation on a 300-kW ice-contaminated wind turbine

against the experiments. They found the glaze-iced rotor numerical results more overrated compared

to the rime-iced one. They assumed a fully-turbulent boundary layer skipping the laminar, turbulent

transition. In summary, if there are no large separated regions, then CFD can accurately predict the

loads, but it is also necessary for a CFD-RANS simulation to be reliable in the case of thicker aerofoils

or/and sharp glaze ice profiles in which there are large separation regions or/and flow is not fully

turbulent.

The mesh (spatial discretization) used in a CFD simulation should resolve the fluid domain around

the aerofoil. It enables the governing equations with a turbulence model to resolve all the relevant

physics with a minimum induced error. The task is challenging for the ice-contaminated aerofoils

because of the complex geometry and flow. Furthermore, for a blade consisting different sectional

profiles, there are a variety of ice shapes. An efficient mesh updating method for this purpose is

thus necessary. In 2002 [24], a method was presented to generate high-quality single- and multi-block

structured grids for complicated 2-D ice shapes. The convergence was either extremely slow or did not

converge because the coupled solver implemented computations in only one block at a time. In 2014

[35], a mesh morphing based technique was described to effectively manage ice accretion simulations

through the CFD. However, the stability of the method was not guaranteed as morphing typically

introduces a degradation of the mesh quality. In 2016 [36], an ice accretion process was coupled with

the aerodynamic analysis in one CFD ice accretion model; in this method, the mesh was updated by

a node displacement vector at every time step.

With the above background, some improvements are necessary to improve CFD-RANS simulations

in the case of separated flows, such as flow over thick aerofoils and flow at high angles of attack. Iced

aerofoils are also profiles prone to separation, which makes CFD-RANS simulations challenging. The

literature suggests modeling the boundary layer transition, using a proper turbulence model, improving

the mesh quality etc. are necessary to make the CFD-RANS simulations as accurate as possible in

such cases. The current study considers these measures to handle flow separation in the case of thick

and iced aerofoil sections and are explained in the following subsections.

For the present study, a script-based method is used for modifying the aerofoil profile while pre-

serving meshing topology. Only the node positions are updated when an aerofoil profile is modified.
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Since the NREL 5 MW wind turbine blade is divided into 15 aerofoil sections (shown in Figure 4) and

a range of angle of attack is considered in addition to different profiles of ice, many CFD simulations

are required. So, in addition to an automatic mesh updating method, an automatic simulation is

necessary. The whole process of the CFD simulations is controlled through a programming software

(MATLAB). It consists of geometry update, mesh generation, solver setup, solver operation and post

processing of the results. This is the novelty of the current work which launches a set-up for the

whole process of CFD-RANS simulations to analyze aerodynamic behavior of a wide range of aerofoil

profiles.

3.1 Approach and Methods

The NREL 5 MW wind turbine blade consists of five “DU” aerofoils and one “NACA64” aerofoil,

with maximum relative thicknesses ranging from 18-40%. The profiles used in the blade, are based on

the DU 99, DU 97, DU 91, DU 93 and NACA 64618 for which the experimental data are available in

[37–40]. With some modifications such as the reduction in trailing edge thickness, aspect ratio, etc.

they are named DU40 A17, DU35 A17, DU30 A17, DU21 A17, NACA64 A17 [41] and used in the

definition of the NREL 5 MW wind turbine blade. Besides the cylindrical root end, 22% of the blade

length is constructed from the profiles with a relative thickness greater than 30%.

The computational domain around the two-dimensional aerofoil is a multi-block structured grid

that contains an unstructured arrangement of hexahedral blocks (10 blocks), where each block contains

a structured grid. Mesh was created using ICEM CFD software. The multi-block topology employed

for this work starts from a C-topology around the blade to resolve the suction peak on each blade

section as well as the trailing edge vortex shedding (Figure 5). Such topology prevents low-quality

hexahedral cells around the extremely sharp trailing edge geometry of the blade tip. The average y+

value on the blade is below 1, and the entire mesh density is around 0.5 million. A grid sensitivity

study was performed for the computations of the basic profiles regarding the results which also were

validated against experimental data. For the iced profiles, the results stability was checked with an

emphasize on the worst cases, i.e. high angle of attacks.

The fluid problem is solved with the finite volume technique using the CFD code ANSYS CFX

15.0 in which the set of equations is the Navier-Stokes equations in their conservation form [23]. The

high-resolution advection scheme was selected for the spatial discretization and second order backward

Euler scheme was used for the temporal discretization of the equations in transient cases. Considering

the Reynolds Averaged Naiver-Stokes equations, the turbulences are modeled with an eddy-viscosity

model. Shear stress transport (SST) model with an automatic wall function was activated to model
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the turbulent flow. The k-ω SST model is known to be an accurate turbulence model for boundary

layer detachment prediction [42, 43].

In a steady state simulation, CFD solver applies a false time step as a mean of under-relaxing

the equations, assuming that the equations iterate towards the final steady state solution. To provide

sufficient relaxation for the non-linearities in the equation, a small size of the physical time scale is

applied, so that a converged steady-state solution is obtained. By this way the solution has evolved

through time to provide transient information about a time-dependent simulation [44]. In this work, a

sensitivity analysis was performed to ensure the independence of the results from the size of physical

time scale. Running the transient simulations in a few random cases, similar load values were obtained.

To reduce the computational time, steady state simulations were implemented.

The adequate modelling of laminar/turbulent transition is important for the correct prediction of

wall-bounded flows as the transition substantially influences the skin friction and therefore the energy

losses [45]. The separation behavior is affected by the transition modeling as the separation point/line

can change significantly between laminar and turbulent flows. The laminar/turbulent transition in the

internal and external aerodynamics is usually modelled either by models based on the intermittency

coefficient or by a three-equation model with an equation for the energy of non-turbulent fluctuations

[45]. The transition prediction in this study is considered regarding an experimental correlation

concept. It is called the “Gamma Theta Model” which is the recommended transition model for

general-purpose applications [44]. The full model is based on two transport equations, one for the

intermittency and one for the transition onset criteria in terms of the momentum thickness Reynolds

number.

The boundary conditions are set to be as followings which are also shown in Figure 5. The outlet

of the domain is defined as an “opening” which allows the fluid to cross the boundary surface in

either direction, with zero relative pressure. Domain inlet is described with an axial velocity based on

the required Reynolds number for each section. Aerofoil is a “No slip wall”, surrounding borders are

“opening” and the span direction sides are set be symmetries.

3.2 Validation

Ruud van Rooij [41] provided 2-D measured coefficients for the DU-aerofoils for a Reynolds number

of 7 million. To ensure the validity of the employed CFD simulation method, the calculated load

coefficients are compared to the experimental data at the available range of angle of attack in Figure

6. The reported experimental data were digitized from the corresponding reference. Regarding the

structural design of NREL rotor, radial sections near the tip are slender while they increase in thickness
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Figure 5: The model domain, boundary conditions and the mesh configuration around the aerofoil

at lower radius to finally become circular at the blade root. As previously mentioned, more numerical

considerations are necessary for thick clean aerofoils due to the more severe separation. On the other

hand, aerofoil sections at the higher radius are the critical sections in the case of icing as they are

prone to severe ice accretion compared to the root ones. Accordingly, two sample cases, one near the

tip and one near the root are shown in the Figure 6. The validation study is implemented for all the

profiles, not shown here. The CFD results are in good agreement with the measured ones for the lift,

drag and moment coefficients.

Figure 6: The aerofoil data for DU 35 (left), and NACA 64 (right)

3.3 Output

The simulation on the lower radius sections shows that the flow is not fully turbulent on the blade.

Regarding Gamma-theta model, the transition points are shown in the Figure 7 (left). Neglecting

the laminarity of the flow near the leading edge, imposes a higher wall shear magnitude on these

regions (Figure 7-right). This higher wall shear stress leads to an earlier separation and a larger

vortex near the trailing edge. Consequently, the load coefficients are affected. Being validated by
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the experimental data, the Gamma-theta model works as a reliable model to simulate the transition

process in this study.

Figure 7: Flow streamlines and wall shear stress; with a fully turbulent boundary layer (right), and
laminar-turbulent boundary layer (left)

The flow visualization (Figure 8-top) demonstrates that icing effects are not limited to the leading-

edge region, though the glaze ice accretes on the leading edge. First, a small vortex is trapped at the

hinge of the upper horn. Downstream of the trapped vortex, the flow momentum is low, and is prone

to separation. For the clean aerofoil (Figure 8-bottom), this condition occurs near the trailing edge,

i.e. the flow momentum is sufficient to keep the flow attached up to the trailing edge.

Figure 8: Streamlines over an iced blade aerofoil section (top) and the clean one (bottom). The section
is located at a distance of 30% of rotor radius from the blade tip (Sec 9)

The generated vortices affect the pressure distributions and consequently the aerodynamic forces

on the aerofoil. Figure 9 shows the pressure distribution plots from the leading edge to the trailing

edge. The clean aerofoil is at a high angle of attack, as well as the glaze-iced one. Negative values of
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the pressure define the conditions below the ambient pressure, which is called as “suction”.
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Figure 9: Ice profile effect on the pressure distribution (The X-Y scale is not 1:1)

Upper (leeward) surface: The separation leads to a decrease in suction on this side of the

aerofoil. While the flow passes the upper ice-horn from c to d in Figure 9, a noticeable reduction

in the suction pressure arises. As described in the Figure 8, there are two vortices: a small one at

the hinge of the horn, and a bigger one before the trailing edge. A reattached zone is found in the

middle. The slope of pressure variations in the attached region (d− e) is similar for the clean and iced

profiles, because the flow almost follows the curvature of the aerofoil in both clean and iced cases. In

the second separated region (from e to the trailing edge) flow does not follow the designed aerofoil

curvature and the pressure plots are so different, and they are crossing each other.

Lower (windward) surface: The different curvature of the ice from the leading edge to a,

imposes a longer route for the flow compared to the clean case. Consequently, the flow accelerates

leading to a lower pressure in this region. Since the flow is not separated, the pressure level recovers

once the ice profile ends at b. This process decreases part of the potential lift by a local decrease in

the pressure of the lower surface. Then from b to the trailing edge, the slope and the magnitude of

pressure plots are similar for the clean and iced ones.

Altogether, the surface integration of the pressure distribution is less in the case of iced aerofoil.

Lift, drag and moment variations are plotted in a range of angle of attack for a random section (Section

9) in Figure 10. The general effects of icing are decrease in lift forces and increase in drag forces. For

the discussed ice profile, operating at a negative angle of attack can almost skip the effect of icing,

while with increasing the positive angle of attack, a substantial part of the performance is lost. This
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is due to an earlier stall in the case of icing.
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Figure 10: Icing effect on the aerodynamic coefficients at Section 9

4 Results & Discussion

To support concept studies for offshore wind technology, Jonkman et al. [22] developed specifications

for a multi-megawatt turbine and referred it as NREL offshore 5 MW baseline wind turbine. The

onshore version of this turbine is analyzed in this study using the FAST v8.16 [46] tool to analyze

its aeroelastic behavior. This tool consists of various sub-modules to model structural, aerodynamic,

control and electrical-drive dynamics and all these modules are coupled to each other. More details

on the theory and implementation of these modules in the FAST tool can be found in [46]. The

NREL 5 MW wind turbine model with clean and iced blades is analyzed in this section considering

2-D static aerodynamic coefficients of their aerofoils calculated using the CFD simulations described

in the last section. These aerodynamic coefficients computed at limited angles of attack (-10◦ to 10◦)

are extrapolated for angles between -180◦ to 180◦ using Viterna’s extrapolation method [47] utilized

in the QBlade [48]. The blade’s sectional properties like mass density, polar mass moment of inertia

and center of mass are recalculated by assuming the ice mass is concentrated at a point on the leading

edge of the aerofoil sections. These modified properties are used in the generalized sectional mass

matrix (see Equation 3.9 in [49]) definition of the finite element model of the iced blade in FAST tool.

4.1 Effect of icing on the turbine loads and power

Initially, steady state characteristics of the NREL 5 MW wind turbine model with clean and iced

blades are analyzed at wind velocities in the range 3-12 m/s. The mechanical power generated by

the turbine at these wind speeds is compared in Figure 11 and other steady state characteristics
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(generator power, rotor torque, rotor thrust) are compared in the Figure 12. The turbine’s speed and

power output steadily increase from the cut-in wind speed of 3 m/s till its rated wind speed of 11.4 m/s

in the case of clean blades. The angle of attack on aerofoil sections also steadily increases from cut-in

to rated wind speed, and thereafter reduces due to the pitching of the blade where the turbine’s power

is limited to its rated power. The ice accumulation on the aerofoil sections reduced lift forces and

increased drag forces. As a result, the generator power, rotor torque and thrust loads are decreased in

the case of wind turbine with iced blades. Iced turbine produces rated power at a wind speed above

its rated wind speed, so turbine blades will not be pitched till that wind speed. As a result, the angle

of attack on iced aerofoil sections of the blade increased even above the rated wind speed and their

values in this study are exceeding the range of angles (-10◦ to 10◦) evaluated by CFD. Due to that,

the simulations in this section are restricted till rated wind speed of the turbine. The generator torque

controller of a variable-speed wind turbine operating between cut-in and rated wind speeds finds an

optimum speed of the turbine that produces a maximum power. The NREL 5 MW wind turbine

controller finds lower rotational speed of the turbine as an optimum operating point in the case of iced

blades (refer Figure 12) in contrast to the clean blade’s case. These simulations considered uniform ice

on all three blades, which is highly unlikely. Any deviation from this assumption increases vibrations

and loads acting on the turbine stationary components.
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Figure 11: Comparison of the turbine’s power output simulated with clean and iced blades

In the current study, ice mass is distributed on the blade using the GL specification. The aerofoil

sections near the blade root are larger in size, but accumulate less ice as per this specification, whereas

the aerofoil sections near the blade tip are smaller in size but accumulate more ice as they sweep

through a larger area. Thus, the aerofoil sections near the blade tip are more distorted due to the ice

than those near the root. This type of ice mass distribution can be qualitatively described as light
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Figure 12: Comparison of the steady state characteristics of turbine simulated with clean and iced
blades

icing in Zone 1, moderate icing in Zone 2 and severe icing in Zone 3. The aerodynamic behavior of the

aerofoil sections along the three different zones of the blade (refer Figure 4) are changed differently

due to ice. The individual contribution from these three zones to the turbine power in the clean and

iced blades cases are shown in the Figure 13. The lengths of these three zones are approximately equal

to 1/3rd of the blade length. The rotor power is mainly produced from zones 2 and 3 in the case of

clean blades. As per the GL ice mass specification, the blade sections in Zone 3 are more distorted

due to the ice presence, so the power production from this part of the blade is mostly reduced. The

power production from zones 1 and 2 are not significantly changed due to ice. The angle of attack on

the aerofoil sections along the blade increases due to the reduction in rotor speed of the iced turbine.

Also, the resultant relative velocity of the wind at the aerofoil section is decreased. The reduction in

lift forces due to a lower relative velocity at sections in zones 1 and 2 is compensated by an increase

of the lift forces due to a higher angle of attack. As a result, the power production from zones 1 and

2 is not significantly changed due to ice. However, the lift curves of the aerofoil sections in Zone 3

are significantly affected as shown in the Figure 14 due to the ice and produces lower lift forces (in

comparison to the clean blade) even at an increased angle of attack.

4.2 Effect of icing on the modal behavior

The structural and aerodynamic property changes in the blade due to ice affect its modal behavior

(natural frequencies and damping factors). The increase in blade mass due to ice accumulation reduces
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Figure 13: Contribution from different parts of the blade to turbine’s total power: Clean vs iced blades
(refer Figure 4 for identifying spatial locations of zones 1,2,3 along the blade)
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Figure 14: Steady state operating points of different aerofoil sections of the clean and iced turbine
blades

its natural frequencies and the distortions in aerofoil shapes of the iced blade reduces its damping

factors as the aerodynamic loads contributing to damping in the structure are reduced. The influence

of icing on the modal behavior of the NREL 5 MW wind turbine blade is analyzed in this subsection

using eigenvalue analysis of the linearized representation of its aeroelastic model. The nonlinear model

of the turbine is linearized using the FAST linearization option about the turbine’s operating point

in the steady winds. More details on the linearization procedure in FAST can be found in [50]. As

the turbine structure consists of both rotating (blades) and non-rotating (tower) sub components, the

blade’s vibration degrees of freedom (DOF) defined in the rotating frame of reference are transformed

into multi-blade coordinates (MBC) so that the equations of motion can be expressed in the stationary

frame of reference. MBC transforms the blade’s vibration modes to rotor assembly modes, called

as collective, progressive and regressive modes which lead to coupling of the rotor with the rest
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of the turbine structure [51]. Eigenvalue analysis of the linearized equations of motion in multi-

blade coordinates are carried out with clean and iced blades. The aeroelastic natural frequencies and

damping factors of the turbine vibration modes are plotted in Figure 15.
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Figure 15: Influence of icing on the modal behavior (aeroelastic natural frequencies and damping
factors) of the NREL 5 MW wind turbine blade. The y-axis scale for the damping factor graphs is
different.

The aeroelastic natural frequencies of the iced blade are reduced due to an increase in its mass.

Also, the nature of variation (slope) in frequency values with respect to the wind speed has also changed

as the turbine operates at lower rotational speed with ice (refer rotor speed plot shown in Figure 12)

and mass distribution of the blade changed due to ice. Flapwise vibration modes of the blade are

highly damped especially the first flapwise mode and edgewise vibration modes are relatively lightly

damped. The damping factors of iced blade’s flapwise vibration modes are approximately dropped to

1/3rd of the corresponding values of the clean blade. The slopes of aerodynamic coefficient curves (lift,

drag and pitching moment coefficient curves plotted with respect to angles of attack) at the turbine’s

operating point dictate the damping in turbine’s structure [52]. These slopes are changed due to ice

(refer to iced aerofoil’s lift curves shown in Figure 14), as a result damping in the system is reduced as

20



shown in the Figure 15 (modal behavior plot). Therefore, the iced turbine blades vibrate with higher

amplitudes compared to the clean turbine, no ice, if similarly, excited. Severe icing on the blades

reduces the rotational speed of the turbine and aerodynamic loads acting on the blade. The loads

and vibrations of the remaining turbine structure (i.e. tower, hub, etc.) will also see a similar effect

due to ice if it is symmetrical on all three blades (this case is highly unlikely in reality). Otherwise,

the imbalance in structural mass or/and aerodynamic loads of the rotor due to icing can cause severe

vibrations in the turbine’s structure. One severe risk associated with iced turbine blades is the ice

throw which limits its operation, some countries have strict regulations to shut down the turbine once

icing is detected.

Ice accumulation on the blades is not uniform, and its distribution changes under different stages

of icing. Five different cases of the turbine model with clean and iced blades (full and partially

iced) are analyzed for investigating the effect of icing on the damping factors of the blades’ vibration

modes. These cases consider ice mass and aerofoil shapes as shown in the Figure 4. Among these,

three cases consider partial icing where ice is present in zones 1,2,3 exclusively (remaining part of the

blade is not iced). The turbine’s operating conditions (rotational speed) in these five cases will be

different and thus the angles of attack at the aerofoil sections along the blade will also be different.

These values at wind speeds of 6 and 10 m/s are shown in the Figure 16. In addition to that, the

aerodynamic coefficient curves of aerofoil section changes due to ice so the slopes of these curves at

the turbine’s operating conditions would be different. As a result, the modal damping factors of the

blade’s vibration modes change as shown in the Figure 17 with the nature of icing (full and partially

iced scenarios). The turbine power output in the case of fully iced blades (refer Figure 13) is dropped

due to a lower power production from Zone 3. The power production from other two zones is not

significantly reduced due to the presence of ice. The power production with partial icing in only Zone

3 reduces in a similar way as the fully iced blade case, it emphasizes that aerodynamic forces on the

blades are similar in those two cases. Due to that similar reduction in the damping factors is observed

in both cases. Moderate ice in only Zone 2 does not reduce the turbine power output, but the damping

factors are marginally reduced as slopes of the aerodynamic curves at the increased angle of attack

are different (small change only) than those correspond to a clean blade. The aerodynamic behavior

of the blade with light icing in only Zone 1 is not changed significantly due to ice, as a result, the

damping factors in this case coincide with the clean blade’s case.

Wind turbines operate under turbulent wind conditions which excite lowest natural frequencies

of the blade. These frequencies can be extracted from the vibration measurements of the blade.

These frequencies reduce with ice accumulation. Few ice detection systems available in the market
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Figure 16: Comparison of angles of attack on aerofoil sections of the clean and iced blades at wind
speeds (a) 6 m/s, (b) 10 m/s
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Figure 17: Influence of icing in different locations of the blade on the damping factors of first collective
flapwise and edgewise vibration modes. The scale for the damping factor graphs is different.

[53] monitor these frequencies and indicate the state of icing such as ice-free, non-critical and critical

ice. In this study, the blade vibrations are simulated over a duration of 500 s using the FAST tool

with a turbulent wind profile over the rotor area with a mean wind speed of 8 m/s and a turbulent

intensity of 10% considering clean and iced blades. The blade vibration accelerations (defined in the

rotating frame of reference) at 6 different locations along the blade obtained from the simulations are

used in the frequency-domain decomposition (FDD) technique to extract modal frequencies of the

blade. The authors used an open-source MATLAB code written by Cheynet [54] for modal parameter

identification using the FDD, and further theoretical details on the FDD technique can be found

in [55]. First singular value of the PSD matrices at various frequencies calculated with simulated

vibrations of the clean and iced blades are shown in the Figure 18, where natural frequencies of the

blade are identified at the peaks in those plots.

The first flapwise vibration mode of the clean blade is highly damped, so it is not clearly identified
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Figure 18: Natural frequencies extracted using the FDD technique on vibration accelerations simulated
using clean and iced blades of the NREL 5 MW wind turbine model in the FAST tool

from the 1st singular value plot of the PSD matrix calculated using flapwise vibrations of the blade in

Figure 18 (top-left), whereas other higher modes can be easily identified as they are lightly damped.

As icing reduced the damping factor of the first flapwise mode (refer Figure 15), a peak appears at the

corresponding frequency in the 1st singular value plot of the PSD matrix in Figure 18 (bottom-left).

The edgewise vibration modes are lightly damped, so they can be identified as shown in the Figure

18 (right) by applying the FDD method on the edgewise vibrations of the blade. Two peaks appear

on either side of the first edgewise natural frequency of the blade at frequencies plus and minus of the

rotational frequency in Figure 18 (right). The equations of motion governing the vibration behavior

of the wind turbine structure are periodic due to the gravitational loads and wind shear. Time-

periodic systems will have periodic modeshapes at frequencies which are the sum of the principal

modal frequency plus or minus an integer multiple of the system frequency (here it is the rotational

frequency of the turbine) leading to multiple resonances for a single vibration mode [56]. Out of

these infinite harmonics, only few of them will contribute to the vibration response [57]. The blade

natural frequencies in Figure 18 are reduced differently for the ice mass distribution considered along

the blade, this behavior changes for an ice mass distribution different from this. Gantasala et al. [58]

proposed a technique to characterize the ice mass accumulated on the blades based on such changes

in the natural frequencies with ice accumulation.
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4.3 Asymmetrical icing of the blades

The results presented in the previous subsections are obtained considering uniform icing on all three

blades which is highly unlikely. The asymmetrical icing on the blades can induce structural or/and

aerodynamic imbalances in the rotor assembly. That means one blade may accumulate more ice mass

or/and aerofoil shapes of one blade are more distorted due to the presence of ice. The dynamics of the

wind turbine structure in such cases will be different when compared to the cases of clean and uniformly

iced blades. To investigate the individual influence of structural and aerodynamic imbalances on the

dynamic response of the turbine, ice induced changes in the structural and aerodynamic properties

at specific locations of one blade are not considered in the simulation cases. Ice induced structural

property changes in the Zone 2 region of one blade are not considered in a simulation case to introduce

structural imbalance in the rotor. Another case, where ice induced aerodynamic changes in the Zone 3

region of one blade are not considered in the model to simulate the influence of aerodynamic imbalance

in the rotor on its dynamic behavior.

In addition to the turbulent wind response simulations carried out in the previous subsection

with clean and uniformly iced blades, two simulations with iced blades considering structural and

aerodynamic imbalances as described before are carried out. The generator power output over the

simulated time in all these four cases and their power spectral densities (PSD) are shown in Figure

19. Structural and aerodynamic imbalances in the rotor assembly induced low frequency oscillations

(corresponding to the rotational speed of the turbine) in the power output (refer Figure 19-right).

Similar behavior is observed in other dynamic parameters of the turbine (like rotational speed, thrust,

torque etc.) with these imbalances.
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Figure 19: Influence of symmetrical and asymmetrical icing of the blades on the generator power
output simulated using a turbulent wind profile over the rotor area

Structural and aerodynamic imbalances are not severely affecting the dynamic behavior of the

blades. However, other structural components, tower, hub and nacelle assembly will experience in-

creased loads and vibrations due to these imbalances. The PSD of the loads acting on Yaw bearing

and tower top vibration accelerations in the tower fore-aft and side-to-side directions are shown in
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the Figure 20. The structural imbalance induces oscillations with a frequency equal to the rotational

speed of the turbine in the loads and vibrations of the tower in side-to-side direction. The aerody-

namic imbalance induces oscillations in the loads and vibrations of the tower in the fore-aft direction.

Due to the non-uniform ice accumulation on the wind turbine blades, more loads and vibrations are

generated on the rotor assembly and tower structure. The turbine will be eventually shut down if

these vibrations exceed a predefined threshold. These vibrations can also be monitored along with the

power output of the turbine to detect icing of the blades more efficiently [59].
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Figure 20: Influence of symmetrical and asymmetrical icing of the turbine blades on tower loads and
vibration accelerations

5 Summary & Conclusions

In this paper, a parametric model is fitted to an ice shape and scaled to add ice mass on the NREL 5

MW wind turbine as defined by the GL limit. The aerodynamic behavior of 15 clean and iced aerofoil

sections is predicted using an automated CFD analysis at a few angles of attack between -10◦ and

10◦. The laminar to turbulent transition on the aerofoil, critical near the hub, was modelled in all

the simulations. The mesh near the tip is challenging to produce because of the ice shape. Ice profile
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changes the pressure distribution on the aerofoil and leads to a loss in lift force and an extra drag.

The reason is a large separation region over the blade and trapped vortices at the leading-edge ice.

The GL limit considers more ice mass in the outer half of the blade which consists aerofoil sections

with smaller chord length. So, these aerofoil sections are more distorted due to ice. The last third of

the blade in the current case is having a larger drop in the power output which otherwise produces

about 50% of the turbine’s power with clean blades. Icing reduces rotational speed and loads in the

turbine. The power output from the inner two third of the blade length (starting from the root) in

the current case did not reduce due to ice as the angle of attack in this part increased due to the low

rotational speed. The reduction in lift force due to a lower resultant wind speed is compensated by

an increase in the lift force by operating at a higher angle of attack.

Icing causes structural and aerodynamic property changes in the blade. The increase in blade mass

due to the ice accumulation reduces natural frequencies of the blade and aerodynamic penalties due to

the aerofoil shape distortion reduces aeroelastic damping in the blades. The influence of icing in three

different locations of the blade is investigated on the aeroelastic damping factors of the blade’s vibration

modes. Moderate icing in the middle third of the blade reduced these damping factors slightly, whereas

severe icing in the outer third of the blade reduced damping factors of flapwise vibration modes by

about 70%. Wind turbines usually operate under turbulent wind conditions whose wide frequency

spectrum may excite lowest natural frequencies of the blade. The vibration accelerations of the blade

simulated with a turbulent wind profile over the rotor area considering clean and iced blades in the

current study are used in a FDD technique to extract modal frequencies of the blade. Vibration modal

frequencies of the iced blade are reduced. These frequencies reduce differently depending on the nature

of the ice mass (quantity and location) along the blade length. So, these vibrations can be monitored

to detect the presence of ice on individual blades in contrast to other methods that use power curve,

rotational speed, pitch angle deviations from the reference values for ice detection on whole rotor.

Ice accumulation on the turbine blades is not uniform which can cause two types of imbalances in

the turbine operation: structural and aerodynamic. These two imbalances are simulated in the current

study by ignoring corresponding ice induced changes in a specific location of one blade. The structural

imbalance created by an asymmetrical ice mass on three blades causes more loads and vibrations of

the tower in side-to-side direction, whereas the asymmetrical aerodynamic penalties in the rotor due

to ice causes more loads and vibration of the tower in the fore-aft direction. The tower or nacelle

vibrations can be monitored along with a power curve-based analysis for an efficient and reliable ice

detection.

The proposed methodology can be leveraged to analyze the influence of any ice shape, and ice
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mass distribution on the dynamic behavior of any wind turbine model due to the automated nature

of ice shape scaling and CFD analysis of the iced aerofoil sections. The above conclusions are based

on the simulations performed on the turbine model between cut-in to rated wind speed range.
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Appendix-A: Parametric modeling of the leading edge ice shapes pre-

dicted in the literature

Ice shapes from the simulations carried out in literature are approximately replicated below using the

parametric model described in Section 2 of the current work. The original ice shapes are shown in the

top part of the figure and ice shapes obtained from the parametric model are shown in the bottom

part of the figure.

(a) Brouwers [60] (b) Jasinski et al. [61] (c) Turkia et al. [5]
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Appendix-B: NREL 5 MW model wind turbine blade aerofoil details

Section name Radius (m) Twist angle (◦) Chord (m) Aerofoil name
Sec 1 11.75 13.308 4.557 DU40 A17
Sec 2 15.85 11.480 4.652 DU35 A17
Sec 3 19.95 10.162 4.458 DU35 A17
Sec 4 24.05 9.011 4.249 DU30 A17
Sec 5 28.15 7.795 4.007 DU25 A17
Sec 6 32.25 6.544 3.748 DU25 A17
Sec 7 36.35 5.361 3.502 DU21 A17
Sec 8 40.45 4.188 3.256 DU21 A17
Sec 9 44.55 3.125 3.010 NACA64 A17
Sec 10 48.65 2.319 2.764 NACA64 A17
Sec 11 52.75 1.526 2.518 NACA64 A17
Sec 12 56.17 0.863 2.313 NACA64 A17
Sec 13 58.90 0.370 2.086 NACA64 A17
Sec 14 61.63 0.106 1.419 NACA64 A17
Sec 15 63.00 0.106 1.419 NACA64 A17
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ABSTRACT 

Icing limits the performance of wind turbines in cold 
climates. The prediction of the aerodynamic 
performance losses and their distribution due to ice 
accretion is essential. Blade Element Momentum 
(BEM) is the base of blade structural studies. The 
accuracy and limitations of this method in icing 
condition is assessed in the present study.  
To this purpose, a computational study on the 
aerodynamic performance of the full-scale NREL 
5MW rotor is performed. Three-dimensional (3D) 
steady Reynolds-Averaged Navier-Stokes (RANS) 
simulations are performed for both clean and iced 
blade, as well as BEM calculations using two-
dimensional (2D) Computational Fluid Dynamics 
(CFD) sectional airfoil data. 
The total power calculated by the BEM method is 
almost in agreement with the 3D CFD results for the 
clean blade, while for the iced one, it is underestimated 
by 28%. The load distribution along the clean blade 
span differs between both methods. Load loss due to 
the ice, predicted by 3D CFD, is 32% in extracted 
power and the main loss occurs at the regions where 
the ice horn height exceeds 8% of the chord length.  
 
Keywords: Wind Turbine Aerodynamics; BEM; 3D 
CFD RANS; Icing; Separation  

INTRODUCTION 

Ice accretion on wind turbines can cause severe 
problems with ice shed, increased loads on the 
structure as well as altered aerodynamic behavior. 
This is a subject of concern in regions with cold 

climate where the weather conditions make certain 
structures prone to ice accretion [1]. 
The performance loss caused by icing can be studied 
by site measurements, wind tunnel tests and numerical 
methods. Site measurements are the most realistic but 
expensive. Tests in wind tunnels offer the advantage 
of a controlled environment, but problems are 
encountered in reproducing actual wind farm 
conditions, scaling certain dimensions and operating 
parameters. Numerical methods offer the advantages 
of low cost and ability to simulate realistic conditions, 
though efforts are still made to develop these methods.  
The accuracy of simple numerical methods, such as 
panel codes decreases for aerodynamic performance 
calculation of airfoils, where thick trailing edges are 
considered. Because panel methods are not able to 
model viscous effects, , panel codes are not applicable 
for relative thicknesses greater than 30% to 36% [2]. 
Furthermore, these methods are not converging well in 
the case of complicated ice profiles. Panel methods are 
ideal for concept design analysis due to their rapid 
turnaround time and relatively easy surface modeling, 
but this is countered by their inability to predict 
boundary layers and flow separation. 
Nowadays, industrial design codes for wind turbines 
are still based on the BEM method, which has been 
extended with empirical corrections [1]. BEM is a 
theory combining Blade element theory (BET) with 
the momentum theory of Froude for an actuator 
disk[3]. In state-of-the-art aeroelastic codes, the 
aerodynamics forces are calculated with a BEM code. 
Also,  the actual design approach is typically, based on 
employing BEM, where the aerodynamic forces are 
computed with the help of sectional (2D) airfoil 
characteristics, i.e., lift and drag coefficients [4]. 
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The importance of accurate design of turbines 
increases as the machines tend to become larger like 
the NREL 5MW. Furthermore, when making 
aeroelastic computations of a wind turbine rotor, it is 
of paramount importance that the aerodynamics is 
correctly modelled. As the aerodynamics of a rotating 
wind turbine rotor is unsteady and three-dimensional, 
this is not a trivial task. 2D models suffer from some 
insufficiencies to this purpose; Firstly, owing to the 
‘three-dimensional flow’, the sectional airfoil 
characteristics will deviate from 2D airfoil 
characteristics. The radial flow component present in 
the bottom of separated boundary layers of rotating 
blade is the reason of altered lift and drag 
characteristics of the individual blade sections with 
respect to 2D airfoils. Secondly, rotation is not 
considered in a 2D measurement or simulation but is 
accounted as an extra component of incoming wind 
velocity, i.e., the relative wind velocity is considered. 
The interactions of the bound circulations, in the 
planes normal to the rotation plane, are also skipped.  
Based on the literature, rotational effect results in a 
stall-delay and extra lift. The growth of separation 
cells becomes limited and so vortex shedding is more 
stabilized in a rotating model [5]. Overall, BEM is 
usually, not always, known to under-predict the 
integrated forces acting on the blades ([6], [7]).An 
alternative to BEM is CFD simulation with Reynolds-
Averaged Navier-Stokes (RANS) model. Although 
CFD is not a practical design tool, useful suggestions 
for classical design methods can be derived from a 
CFD analysis. A variety is seen in the reported results 
in the literature at comparing BEM results with CFD. 
Thrust and power of the NREL 5MW obtained from a 
3D RANS CFD simulations were overestimated 
compared to BEM results by Make and Vaz [8].  
However, the application of transitional models 
allowed Ernst et al. [9], to obtain a similar power 
output from 3D CFD and BEM calculations for the 
clean NREL 5 MW turbine. 
The accuracy of CFD predictions in icing conditions 
cannot always be validated because of a lack of 
experimental data in real conditions.  There are some  
2D CFD studies[1], [10]-[12] on  airfoils that have 
been validated with experimental data. Even for a 
clean wind turbine, the NREL S826 blind-test 
experiment in 2011 demonstrated that it is still not 
possible to achieve realistic CFD results at high wind 
speeds when most of the rotor boundary layer is 
separated.  The results for attached flow generally 
indicate a good agreement with the measurements 
[13]. For the clean NREL 5MW rotor, the flow 

visualization in a 3D unsteady RANS-CFD study 
showed that the suction surface of the blade is 
experiencing flow separation and stall over a 
significant portion of the inboard region, extending 
from the root to 30% of the span [14]. This separation 
was 3D with a significant amount of radial flow. It is 
a challenge for CFD to model such a separated flow 
on this rotor.  
Separation is also the dominant phenomenon in a 
glaze-iced blade due to the jagged form of horns. In 
2018 [15], the total power loss of the iced NREL 5MW 
rotor was calculated with the BEM method in which 
2D airfoil aerodynamic characteristics were predicted 
with RANS CFD. The results were only validated 
against the clean profiles not the iced ones.  Regarding 
the second mentioned simplification of BEM in 
rotation modeling, the results for both a simple blade 
geometry and the cylindrical NREL Phase VI test case 
were presented in [1], reporting that 3D loads on a 
rotating blade are higher than for the corresponding 
non-rotating case (2D), mostly for separated flow 
conditions. 
In addition to the uncertainties in the reported results 
in separated flow cases, another shortcoming in the 
literature is that many investigations in the literature 
are based on the total power. Although the extracted 
power is an important parameter, it is an integral 
parameter which doesn’t reflect the machine behavior. 
The radial distribution of the load should instead be 
analyzed, to insure similar flow behavior in two 
models, and to see flow variations due to the ice 
profile. As a matter of fact, flow features (, e.g. acting 
forces) at different sections may compensate each 
other and end up to an identical integrated value, e.g., 
the power. Since BEM codes are the base of blade 
structural studies, it is important to know the accuracy 
and the limitations of this method especially in icing 
condition in which the flow is more complicated. 
The present work is a computational study to analyze 
the applicability of BEM method in aerodynamic 
performance study of a full-scale wind turbine at icing 
condition. RANS-CFD 3D simulation is implemented 
for both clean and iced blade, as well as RANS-BEM 
calculations. To enhance CFD results at separated 
regions, a transitional model is considered which 
models the laminar part of the flow near the hub, 
where the blade sections are thicker. Mesh quality has 
been concerned despite the limitations of large scale 
modeling and computational expenses.  
As the main purpose of this study, the limitations of 
BEM results are investigated for a clean and iced rotor, 
through a detail analysis of the flow. Sectional 
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aerodynamic characteristics are extracted from 2D 
RANS-CFD simulations for 15 radial sections along 
the blade. 2D CFD results are validated through 
available wind tunnel measurements for each of the 
airfoil profiles. The flow features which cannot be 
explored in a BEM model, are analyzed in a 3D CFD 
simulation.  The load loss due to the ice profile is 
studied based on both methods, i.e., 2D and 3D. The 
variations in flow behavior is analyzed at icing 
condition with the detection of main load loss regions 
along the span, as well as the separation areas.  

METHODS 

The 5 MW NREL wind turbine is adopted as the 
reference test case in this work. The rotor diameter is 

126 m. The rated design wind speed U  is 11.4 m/s 

and the rotational speed Ω is 12.1 rpm are chosen. 
Although, this is not the optimal rotational speed under 
icing condition, but it is also used as the operating 
point of the iced rotor in this study, to make a uniform 
test state for both cases. The blade ‘pitch’ angle is set 
to zero degree.  
The blade is discretized into 15 radial segments for the 
BEM method, see Figure 1. The 15 section airfoils are 
investigated with 2D CFD to determine their 
aerodynamic characteristics. The radial positions of 
the sections are shown in Figure 1. The segments are 
built by five ‘DU’ airfoils and one ‘NACA64’ airfoil, 
with maximum relative thicknesses ranging from 18-
40%. The profiles used in the blade are based on DU 
99, DU 97, DU 91, DU 93 and NACA 64618 for which 
the experimental data are available  [16]-[19]. After 
some modifications, such as the reduction in trailing 
edge thickness, aspect ratio, etc. they are named DU40 
A17, DU35 A17, DU30 A17, DU21 A17, NACA64 
A17 [20] and used in the definition of the NREL 5 
MW wind turbine blade. Besides the cylindrical root 
end, 22% of the blade length is constructed from the 
profiles with a relative thickness greater than 30%. Ice 
accretion is computed for the entire blade by the 
method explained in the next section. 

 

FIGURE 1. 5 MW NREL BLADE, SEGMENTS, AIRFOILS, AND 
ICING PROFILES 

Definition of Ice Shapes 
Icing of the blade depends on the geometric 
parameters (thickness, chord length, radial location of 
the airfoil section) and site specific operating 
conditions (ambient temperature, moisture content of 
the air, rotational speed of the turbine, wind velocity 
and duration of icing event). The type of ice formed 
dependents on the atmospheric and meteorological 
conditions, as well as from the heat balance occurring 
at the surface. Predicting the type and shape of ice 
accretion for a specified set of icing conditions is 
difficult because of the complex interactions between 
the atmospheric and meteorological parameters [21]. 
There are many types of ice accretion classified by the 
physics of the ice accretion process and these labels 
are more familiar to many engineers [22]. These 
include rime ice, glaze or clear ice, mixed ice, beak 
ice, runback ice, inter-cycle ice, frost, wet snow, 
mixed ice and many others. According to the thermal 
conditions, the ice formation on wind turbines may be 
divided in two classes: glaze and rime. Rime ice 
typically occurs with temperatures between -15° C. 
and -20 ° C. The glaze ice typically forms when the 
temperature is around 2 ° C. to -10° C. 
Although, the above nomenclature is appropriate for 
the accretion of ice, it may not be as useful when the 
objective is aerodynamic simulation. Bragg et al.[23] 
recognized four categories of ice accretion inducing 
different aerodynamic behavior. These categories are 
based on the flow field physics. These ice-shape 
classifications are (1) disperse roughness, (2) horn ice, 
(3) streamwise ice, and (4) spanwise-ridge ice (Figure 
2) 
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FIGURE 2. ICE TYPES (FLOW FIELD BASED) [24] 
 
Beaugendre et al. [25] used ambient conditions (which 
are closer to conditions that lead to glaze ice) given in 
the Table 1 and predicted a horn ice shape on a NACA 
0012 airfoil as shown in the Figure 3(a) using 
FENSAP-ICE tool. They have compared the 
predicated ice shape with those predicted by LEWICE 
for the same ambient conditions and shape obtained in 
the wind tunnel experiments.  
Hochart et al. [26]obtained ice shapes on a NACA 
63415 airfoil in a wind tunnel with the ambient 
conditions (given in Table 1) recorded on a 
meteorological station corresponding to a severe icing 
event in Quebec during the winter in 2004-05. The 
horn ice accreted on this airfoil is shown in the Figure 
3(b). The shape of ice accreted on these airfoil sections 
can be very different if any of the parameters given in 
Table 1 is changed. 

 

TABLE 1. COMPARISON OF ICING SIMULATION PARAMETERS 
USED IN [25]AND [26] 

Parameter Run 308 in [25] Simulation 6 in [26] 

Aerofoil NACA 0012 NACA 63415 

Chord (m) 0.55 0.2 

Angle of attack (°) 4.0 9.0 

LWC1 (g/m3) 1.0 0.48 

MVD2 20.0 27.6 

Wind speed (m/s) 102.8 55.0 

Reynolds number 4.14 x 106 7.33 x 105  

Temperature (°C) -11.11 -5.7 

Time (min) 3.85 19.6 

.

 
FIGURE 3. ICE SHAPES ON THE AIRFOIL SECTIONS (A) SIMULATED IN [REF1], (B) SIMULATED IN [REF2], (C) CURVE FITTED IN 

THIS WORK 
 

Considering the aerodynamic aspects, the horn shape 
of the ice is the main parameter. So, in this study 
instead of predicting ice shapes using operating 
conditions, a discrete Fourier sine series is used to 
approximately replicate the realistic ice shapes shown 
in Figure 3(a)&(b). In this way, the experimental horn 

                                                           
 
1 Liquid Water Content 

ice shapes are scaled with the purpose of aerodynamic 
analysis. The coefficients of these sine curves can be 
scaled to add the desired quantity of ice mass on the 
airfoil section. The ice shape shown in Figure 3(c) is 
obtained on a NACA 64618 airfoil profile used on the 

2 Median Volume Diameter 
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NREL 5 MW wind turbine blade tip. It is scaled based 
on the amount of ice accretion on this section. 
The amount of ice accumulation (ice mass) on wind 
turbines depend on many parameters (refer Table 1) 
and it increases with the icing event duration. Ice 
accumulation on wind turbine blades is not the same 
across the blade length. To certify wind turbines and 
its components for cold climate operation, 
Germanischer Lloyd (GL) [27] proposed a guideline 
that defines the maximum ice mass distribution on the 
blade to calculate the loads acting on the turbine in 
various design load cases (Figure 4). The actual ice 
mass may be lower than this limit, but the turbines are 
certified for loads corresponding to this mass limit. 
More ice accumulates in the outer part of the blade 
(towards the blade tip) as air enter here with higher 
relative velocity and this portion of the blade sweeps 
more area in a rotation compared to the portion of the 
blade near the root. The GL ice mass distribution is 
defined to model this ice accumulation and is thus 
more applicable in the absence of global design 
guideline for calculating wind turbine loads operating 
in cold climate. In the GL guideline, ice mass density 
linearly increases from zero at the blade root to a 
certain value of μE till the half blade length and 
thereafter the mass density is constant towards the tip 
. The value of μE is calculated as follows [27]: 

»X�g�OX�-�2�]���2�]��o�2��A������                            (1) 
where, ρE is the ice density (700 kg/m3), 

1
32.0

3.000675.0 R
R

ek
�

�� , R is the rotor radius expressed 
in m, R1 = 1 m, cmax and cmin are the maximum and 
minimum chord lengths of the blade expressed in m. 
For the current NREL 5 MW wind turbine blade, the 
value of μE is 40.7 kg/m which corresponds to an ice 
mass of 1877 kg, about 10.58% of the blade mass.  
Then, ice shapes are created on various airfoil sections 
of this blade according to the GL specification as 
shown in Figure 1 by scaling the coefficients of the 
Fourier sine series fitted to the ice shape shown in 
Figure 3(c).  
The ice thickness (horn height), which is the main 
determinative parameter of a horn ice profile, is also 
plotted in the Figure 4. Glaze ice accretion is often 
characterized by the presence of large protuberances, 
commonly known as glaze horns. The height, location 
and angle of the horns are important ice shape features 
which affect airfoil aerodynamic performance[28]. 
The parameter influencing most the aerodynamic is 
the horn height named hu and hL, for upper and lower 
horns, respectively[29]. These values are 
nondimensionalized with respect to the clean airfoil 
chord length and reported as the chord percentage for 
each section.

 

 

 

 

FIGURE 4. RADIAL DISTRIBUTION OF ICE PROFILE ON THE BLADE 

Two-Dimensional Setup 
The aerodynamic characteristics of each section with 
and without ice are determined numerically to provide 
the necessary information for the BEM calculations. 
The computational domain around the two-
dimensional airfoil (Figure 5) is meshed using a multi-
block structured grid. It contains an unstructured 
arrangement of hexahedral blocks (10 blocks), where 
each block contains a structured grid. The meshes 
were created using the ICEM CFD software. The 
multi-block topology employed for this work starts 
from a C-topology around the blade. Such topology 
prevents low-quality hexahedral cells around the sharp 
trailing edge blade tip. The average y+ value on the 

airfoil is below 1, and the entire mesh density is around 
0.25 million cells. A grid sensitivity study was 
performed for the computations of the basic profiles, 
which were also validated against experimental data. 
For the iced profiles, the results stability was checked 
with emphasis on the worst cases, i.e., high angle of 
attacks. 
For a blade consisting of different airfoil profiles, there 
are a variety of ice shapes that need to be meshed. An 
efficient mesh updating method for this purpose is thus 
required. For the present study, a script-based method 
is used for modifying the shape of the airfoil profile 
while preserving the mesh topology. Only the node 
positions are updated when an airfoil profile is 
modified. Since the NREL 5 MW wind turbine blade 

Tip Section

¹®

¹º

Section 6

¹®

¹º
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is divided into 15 airfoil sections (shown in Figure 5) 
and a range of angle of attacks is considered in 
addition to different profiles of formed ice, many 
numerical simulations are performed. So, in addition 
to an automatic mesh updating method, an automatic 
simulation is necessary. The whole process of the CFD 
simulations are controlled through a programming 
software (MATLAB) consisting in:  geometry update, 
mesh generation, solver setup, solver operation and 
post processing of the results. 

The boundary conditions are shown in Figure 5. The 
outlet of the domain is defined as an ‘opening’ which 
allows the fluid to cross the boundary surface in either 
direction, with zero mean relative pressure. The 
domain inlet is described with an axial velocity based 
on the required Reynolds number for each section. The 
airfoil wall are set as no slip., The surrounding borders 
are set as ‘opening’ and the span-aligned side is 
defined as ‘symmetry’.

 

FIGURE 5. THE 2D MODEL DOMAIN, SET BOUNDARIES AND THE MESH CONFIGURATION AROUND THE AIRFOIL 
 
Because the 2D simulations don’t include the airfoil 
rotation, the relative velocity to the airfoil is 
considered (see Figure 6). The blade element 
momentum (BEM) theory is adopted to evaluate the 
incoming flow velocities, which are the boundary 
conditions of the 2D simulations.  

The BEM theory considering the Prandtl’s tip loss 
factor and Glauert corrections as described in [30] is 
used in this study. The wind enters the airfoil sections 
of the blade with a relative velocity, which is a 
resultant of its tangential velocity due to the rotor 
rotation and the wind velocity. The velocity triangle at 
an airfoil section of the blade is shown in Figure 6. 

 

Vw : wind speed 
Ω : flow rotational speed 
Vrel : relative velocity 
r . radial location of the chord 
a : axial induction factor 
a' : tangential induction factor 
θ : pitch + twist angle 
θif : inflow angle 
α : angle of attack 

FIGURE 6. THE VELOCITY TRIANGLE ON AN AIRFOIL SECTION OF THE BLADE 

The lift and drag forces acting on the airfoil sections 
are defined by:  

� 	

� 	
��


��

Drel

Lrel

CcVD

CcVL

2

2

2

1
2

1
                                (2) 

where, ρ is the air density, c is the chord length, CL and 
CD are the lift and drag coefficients at the angle of 
attack, Vrel is the relative velocity of the air. 
The lift and drag forces are defined in the directions 
perpendicular and parallel to the direction of the 
relative wind velocity, respectively. These forces 
depend on the induction factors a and a'.   
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FIGURE 7. TANGENTIAL AND NORMAL FORCES ACTING ON 
THE AIRFOIL SECTION 

In the BEM method, these induction factors are 
expressed in the form of implicit relations using the 
momentum theory on small annular elements of the 
control volume, refer [30] for more details. 
The lift and drag forces are projected into the 
directions normal and tangential to the rotor plane as 
shown in the Figure 7. They are denoted by Fn and Ft 

respectively. These forces are defined at an airfoil 
section of the blade, considering per unit area of the 
blade (1m chord ×1m span), and are integrated along 
the blade to calculate the thrust, torque and power of 
the turbine. 

Three-Dimensional Setup 
The large geometrical dimensions of the wind turbine 
rotor, around 60 meters in radius, and limited available 
computational resources pose a challenge in terms of 
grid resolution to find a proper balance between time 
and accuracy. To save computational resources, a 120° 
pie-shaped computational domain with periodic 
boundaries in the circumferential direction was 
created without modeling the tower. 
The computational domain extends in the axial 
direction roughly 4 rotor radius (R) upstream and 8R 
downstream of the rotor to avoid the influence of the 
boundaries. In the rotor plane, the domain size is 8 
rotor radius (Figure 8).  

 

FIGURE 8. THE 3D MODEL AND THE BOUNDARY CONDITION 
 
As there is no common spinner and nacelle definition 
for the NREL 5 MW reference turbine, a simple 
geometry is used for the hub/spinner and the nacelle is 
not included in the model for simplicity. The blade and 
hub/spinner wall have a no slip boundary condition. 
The cylindrical shape of the spinner is extended along 
the far filed and its wall has a free slip boundary 
condition. Indeed, it is not a real/physical wall, thus 
the velocity component parallel to the wall has a finite 
value. By setting such a boundary condition, the 
velocity normal to the wall, and the wall shear stress, 
are both set to zero [31], [32]. 
A uniform wind speed profile is assumed at the inlet 
of the domain. The surface parallel to the inlet (outlet) 

and the outer shroud are modeled as openings, 
allowing both inflow and outflow. The two side walls 
are defined as periodic boundaries (Figure 8).  
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FIGURE 9. BLOCKING STRATEGY AROUND THE BLADE AT 
THE INNER DOMAIN 

The whole domain calculation is performed in the 
rotating frame of reference including ‘inner domain’ 
and ‘far field’. The two domains have different mesh 
densities. The inner mesh is denser to capture the 
strong velocity and pressure gradients near the blade. 
The outer domain has a coarser mesh to keep the 
number of nodes low. General Grid Interface (GGI) is 
set at the interfaces of the two domains. The pre-
processor ICEM was used to build a multi-block 
structured hexahedral mesh of approximately 19.4 
million elements. To generate this kind of mesh, the 
volume must be divided in blocks and on the edges of 
these blocks the mesh is defined in terms of the 
number of elements and an edge refinement factor. 
The final mesh consists of 27 and 3 mapped blocks for 
inner and far field domains respectively (Figure 9). 
Because of the large dimensions of the full-scale 
geometry and the limitations of the computational 
resources, it is not possible to fulfill the mesh quality 
criteria thoroughly, especially with y+�1 near the wall. 
The first cell size on the blade is in the order of 10-6 
[m], while the span wise space size is in the order of 
10-1 [m], corresponding to ~300 nodes along the span). 
This imposes a large aspect ratio. Considering the 
available computational power, 19.4 M hexahedral 
elements are included in the mesh, of which 7.1 M 
elements are in the far field.  

TABLE 2. MESH QUALITY BASED ON DEFINED CRITERIA 

Quality Criteria  

% POOR % ACCEPTABLE % GOOD 

IC
E

D
 

C
L

E
A

N
 

IC
E

D
 

C
L

E
A

N
 

IC
E

D
 

C
L

E
A

N
 

Aspect Ratio 10 10 12 12 78 78 

Orthogonal Angle 1 1 17 16 82 83 

Expansion Factor 1 1 <1 <1 99 99 

The mesh quality is reported in Table 2. Three metrics 
are selected to reflect the mesh quality in each case of 
iced and clean rotor. The acceptance percentage is 
reported based on the solver criterion [32]. 

Solver 
The fluid problem is solved with the finite volume 
technique using the CFD code ANSYS CFX 16.0 in 
which the set of equations are the Navier-Stokes 
equations in their conservation form [33]. The high-
resolution advection scheme was selected for the 
spatial discretization and the second order backward 
Euler scheme was used for the temporal discretization 
of the equations. The k-ε shear stress transport (SST) 
model with ‘Automatic Wall Function’[32] was used 
to model the turbulent flow. The SST model is known 
to be an appropriate turbulence model for boundary 
layer detachment prediction ([34], [35]) especially 
because of the applied near wall treatment, which can 
resolve the boundary layer up to the wall (read more 
in [25]). The application of the k-ε SST turbulence 
modelwas previously investigated by the [36]-[38].  
The SST-RANS model has been widely used and 
validated in applications with separated flow. Because 
of the complexity of turbulent separated flows, an 
accuracy is difficult to define. As an example, for a 
similar ice profile in [39], the lift force is 14% 
overestimated by the present setup (SST-RANS), 
compared to the available experimental data.  

The modelling of laminar/turbulent transition is 
important for the correct prediction of a wall-bounded 
flows as the transition substantially influences the skin 
friction and therefore the energy losses [40]. The 
separation behavior is affected by the transition 
modeling as the separation point/line can change 
significantly between laminar and turbulent flows, and 
thus the calculated wind turbine characteristics [41]. 
The laminar/turbulent transition in internal and 
external aerodynamics is usually modelled either by 
two-equations models based on the intermittency 
coefficient or by a three-equations model with an extra 
equation for the energy of the non-turbulent 
fluctuations [40]. The transition prediction in this 
study is considered regarding an experimental 
correlation concept. It is called the Gamma-Theta 
model and is recommended by ANSYS for general-
purpose applications [31]. The full model is based on 
two transport equations, one for the intermittency and 
one for the transition onset criteria in terms of the 
momentum thickness Reynolds number. 

Airfoil Characteristic Method 
To achieve similar flow properties on an airfoil, two 
parameters should be kept consistent: Reynolds 
number and angle of attack (AOA) [5]. AOA is 
basically a 2D concept, but several techniques exist by 
which the effective AOA can be estimated for a given 
rotor, i.e., 3D flow [4], [42]-[45]. To determine the 
local angle of attack from the computed 3D flow field, 
an averaging technique suggested in [4], [43] and [44]  
is considered. For an airfoil (2D case), AOA is defined 
as the angle between its chord and the undisturbed 
streamlines far upstream [42]. For a rotating 3D blade, 
the disturbed axial velocity in the rotor plane is 
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considered instead; the method is  called the ‘reduced 
axial velocity method’ [4].  
Blade span in this study is divided into 15 segments, 
each centered by a 2D section, shown in Figure 1. The 
normal and axial loads for each radial segment are 
determined as the mass flow average of the force on 
the part. To compare these forces to a 2D result, it is 
compulsory to use a consistent speed/pressure to make 
them non-dimensional.  
The stagnation point pressure z²N�¼ equals to the total 
pressure of the undisturbed flow far upstream. The 
reference dynamic pressure z± is then defined as 
z± g z²N�¼ i z², in which z² is considered as the free 
stream static pressure, and z± is the dynamic pressure 
regarding the relative velocity to the rotating blade. 
That is a simple Bernoulli approximation along a 
streamline extending from upstream to the stagnation 
point. Considering z± as the reference pressure to 
make the force values non-dimensionalized, it should 
be calculated for each segment. The flow properties at 
each segment are considered as the average value over 
an annular plane placed far upstream and parallel to 
the rotor plane at that segment (see [4]). Then the axial 
force coefficient �½ is computed as �½= Fn/z±, in 
which Fn is the force normal to the rotor plane and z± 
is individually calculated for each segment. Similarly, 
the rotational force coefficient��¾= Ft/z± is computed, 
where Ft expresses the tangential force on the blade in 
the rotor plane. 
In 2D cases, the dynamic pressure is considered as 
z±=0.5ρ$¿�, in which $¿ is the free-stream mean 
velocity and ρ is the flow density. For a turbine 
operating under constant wind speed, the power 
coefficient, CP = 2Ql��ÀÁ�$¿�, where Q is the torque 
generated by the rotor. 

RESULTS AND DISCUSSIONS 

3D Modeling Effects Versus BEM Method  
At the machine design operating point, the power 
coefficient is calculated from a 3D CFD simulation 
and with the BEM code , see Table 3. The BEM code 
results are obtained using 2D CFD airfoil data, as well 
as the experimental ones. They are called RANS-BEM 
and BEM-Exp respectively. Similar power values are 
obtained with the 3D CFD simulation and the BEM-
Exp. When 2D CFD data are used to calculate the 
airfoil characteristics (RANS-BEM), the power is 
underestimated by 8%. The iced blade BEM 
calculations results are 28 % below the 3D CFD 
model. 

                                                           
 
3 Gantasala S, Tabatabaei N, Cervantes MJ, Aidanpää J. A 
methodology to simulate the dynamic behavior of wind turbine with 

TABLE 3. POWER COEFFICIENT CALCULATED FOR A CLEAN 
NREL ROTOR 

 Numerical Model Cp Power 

Coefficient 

C
L

E
A

N
 

RANS- BEM 0.44 

BEM_ Exp 0.48 

3D CFD 0.50 

IC
E

D
 

3D CFD 0.36 

RANS-BEM 0.26 

The radial distribution of AOA is plotted in Figure 10. 
BEM results are considered as well as the extracted 
values from the 3D simulation.  As rotation is 
modeled, and 3D effects are considered, the flow 
meets the blade with a higher angle of attack which 
inherently results in a higher lift as long as the airfoil 
does not stall.  
Higher effects of the rotation are expected closer to the 
rotational axis in addition to the separated flow regions 
[5]. For a clean blade, the flow remains attached 
except near the hub (up to Sec. 3 regarding Figure 1), 
see  Figure 16 and Figure 20. Separation of the flow 
explains the different trend and values for AOA in the 
inner part of the blade.  From Section 3 to the tip, the 
flow is attached, and similar AOA 
distributions/variations are obtained from the BEM 
and 3D CFD calculations. The shift seen in the plots 
originates from the different AOA at Sec. 3.  One 
scenario could be that the separated flow in the inner 
part leads to different calculated flow condition at Sec. 
3. Flow at Sec. 3 influence the outward attached flow. 
This results in a shifted plot, but the plot slopes are 
modeled similarly to BEM calculated flow.  
In Figure 10 BEM results are also compared for the 
code using 2D CFD airfoil characteristics with the one 
based on the measured data. Higher angle of attacks 
are calculated with 2D CFD airfoil data which relates 
to a higher drag estimation by 2D CFD for the thick 
airfoils3.   
 

iced blades" for consideration for publication in renewable energy. 
Renewable Energy. Unpublished results. 
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FIGURE 10. RADIAL DISTRIBUTION OF THE ANGLE OF 
ATTACK ( ‘S’ ≡’SECTION’) 

The radial distributions of the axial and rotational 
components of the force are plotted for the clean blade 
in Figure 11. Similar plots are shown for the iced blade 
in Figure 12. For the clean rotor, although the BEM 
model calculates the integrated parameter of power 
almost alike the 3D CFD result (Table 3), but the radial 
distribution of load are different along the blade in the 
two models (Figure 11). Even in the attached part of 
the blade, i.e., above Sec 3, the axial force values are 
calculated different in the BEM and 3D CFD. On the 
other hand, the rotational force in the attached outward 
parts is calculated similar, even if the rotation and 3D 
effects are skipped, but in the separation regions the 
gap is considerable.  This explain that the results are 
similar for the for Cp. 
 

 
 

FIGURE 11. RADIAL DISTRIBUTION OF THE FORCE COMPONENTS FOR A CLEAN BLADE 
 
The rotational force gaps (between BEM and 3D CFD) 
are similar in both iced and clean blades (Figure12-
right and Figure11-right). The accuracy of BEM 
model in rotational force estimation is slightly affected 
by the increase of separation regions which are 
dominant in iced blade. However, the BEM axial force 
results diverge significantly from 3D CFD, indicating 
the necessity to model rotation and 3D effects for axial 
force estimation. 
As it will be explained further in this paper, for an iced 
blade, both near hub and near tip regions are fully 
separated and highly 3D ( Figure 16 and Figure 20). 
Comparing the force distributions at these two critical 

regions, more agreement is seen between BEM and 3D 
CFD results for the near tip part. It shows that tip 
correction factors used in BEM code, successfully 
improve the results especially for axial force 
calculations. The near hub parts results of BEM are not 
in agreement with 3D CFD model, however they do 
not contribute significantly to the total power value.  
Although the rotational force of the clean blade is 
calculated similar with BEM and 3D CFD, the airfoil 
characteristics from two models are different, because 
the angle of attacks are not equal in the similar sections 
(see Figure 10).  Therefore, in the same angle of attack 
the same force wouldn’t be gained with two methods.  
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FIGURE 12. RADIAL DISTRIBUTION OF FORCE COMPONENTS AT ICED BLADE 

The pressure distributions from 2D and 3D CFD 
results are plotted in Figure 13. As an example from 
Figure 10, AOA at Sec. 8 is calculated to be 3.9°,5° 
and 7.8° based on the BEM codes and 3D CFD 
simulation, respectively. Minimum one (3.9°) 
corresponds to the experiment-based BEM code and 
the maximum (7.8°) is resulted from 3D CFD. The 
generated lift from the 3D CFD model and 
experiment-based BEM is similar while the AOA is 
not the same. With AOA=7.8°, skipping rotation and 
3D effects result in an over prediction of the lift value 
as the enclosed area of the pressure distribution plot 
represents the generated lift.  
Overall, the difference between the generated lifts 
originates from the different slope of the lift-AOA 
curve (airfoil characteristics) in 2D and 3D, as well as 
the different AOA values in two methods.  
Furthermore, similar lift is calculated from two BEM 
codes (one based on 2D CFD and one based on the 
experimental data), while the angle of attacks differ. 
That is due to the nonsimilarity of the airfoil 
characteristics calculated in two codes, which has 
resulted in a similar lift. 

 

FIGURE 13. CHORDWISE VARIATION OF THE PRESSURE 
COEFFICIENT FOR 2D AND 3D SIMULATIONS AT SECTION 8 

The observed differences in Figure 13 don’t only refer 
to 3D-effects and/or rotation of a single isolated 
airfoil. To study 3D and rotation effects, a 3D test case 
composed of a cylindrical blade (non-twisted 
spanwise extension), constructed from the same 
airfoil, should be investigated [5]. However, the 
present comparison is between an isolated 2D case, 
and the same airfoil placed on a blade. Thus, the 
effects of flow separation, vortices, etc. influence the 
flow spanwise and even on the windward side. 

Icing Effects Through 3D CFD  
The present ice profile can be categorized as a double-
horn ice. On the upper side, it looks like the flow meets 
two forward facing steps in a row (Figure 14-left). 
First, just after the stagnation point and second, at the 
ice downstream where the flow reaches the normal 
profile of the clean airfoil. The main effect of upper 
ice horn is observed to be a large vortex on the corner 
and a general decrease in the flow speed due to the ice 
profile. The horn on the lower surface makes a facing 
backward step. A small vortex appears on the corner 
and the flow is locally accelerated at the horn tip 
compared to the clean profile (Figure 14-right). 
The pressure distributions along the chord, from 
leading edge to trailing edge, are plotted for sections 
near the tip, middle height and near the hub in Figure 
15, Figure 18 and Figure 19, respectively. Positive 
values of the pressure correspond to the windward side 
of the airfoil and negative ones relate to the leeward 
side. Airfoil profiles are also included in the figures to 
help locate the flow events, e.g., separation point, 
reattachment point etc. 
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FIGURE 14. STREAMLINES OVER A SECTION (SEC 12) OF THE CLEAN AND ICED BLADE

On the leeward side of the airfoil, as shown in Figure 
14, the flow never reattaches and so doesn’t follow the 
designed airfoil profile/curvature. The clean airfoil 
profile is designed to make a pressure drop on the 
suction side that is enough for the required lift 
generation. Due to the separation, the slope of the 
chordwise pressure curve doesn’t match with the clean 
one from the leading edge to the trailing edge, see 
Figure 15.  
The pressure coefficient level on suction side, 
increases from the value ~-1.4 for the clean profile to 
~-0.9 for the iced case. Regarding the inverse 
correlation of the velocity-pressure, the flow is not fast 
enough on the iced profile to provide the required low 
pressure for the lift generation. That is due to the 
waisted energy in the formed vortex where the flow is 
trapped and rotating in the separated region at the 
upper horn corner/hinge. Afterward, the flow does not 
follow the airfoil curvature and continues toward the 
trailing edge with a lower velocity. 
The flow streamlines at the suction side of the iced 
blade ( Figure 16) shows that a similar flow behavior 
is dominant at the region near the tip above Sec 11, i.e. 

the flow is separated through the entire path over the 
leeward side. It is highly 3D at this region ( Figure 16).  
 

 

FIGURE 15. CHORDWISE PRESSURE DISTRIBUTIONS OF THE 
ICED AND CLEAN PROFILES OF A SECTION NEAR TIP (SEC 

12) 

 
FIGURE 16. SUCTION SIDE LIMIT SURFACE STREAKLINES FOR ICED AND CLEAN BLADE 
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Below Sec 11, the flow is attached after the early 
separation at the horn. This is observed from a closer 
view of the flow streamlines in Figure 17. The 
streamlines in Figure 17., indicate 
separating/reattaching flow between Sec 9 and Sec 11 
on the suction side of the iced blade while the flow is 
smooth on the clean one.  

Pressure distribution plots show that the chordwise 
pressure variation slope matches again with the clean 
one, see Figure 18. That shows the flow restores and 
back to the airfoil path after the separation, however a 
part of the lift is lost due to this separation. 

FIGURE 17. FLOW PATTERN ON THE SUCTION SIDE NEAR THE TIP FOR BOTH ICED AND CLEAN BLADE 

 

FIGURE 18. CHORDWISE PRESSURE DISTRIBUTIONS OF THE 
ICED AND CLEAN PROFILES OF A SECTION NEAR THE HUB 

(SEC 9) 

For the clean blade, even though the flow near the tip 
is fully attached, there is a separation region near the 
hub. It is below Sec 3, while this separation region is 
extended to Sec 4 for the iced blade ( Figure 16). The 
thick profile of the airfoil in addition to the high 
geometrical pitch angle leads to separation in the 
region near the hub. Furthermore, icing disturbs the 
pressure distribution on the suction side of this region 
though the ice thickness is very slight (Figure 19). It 
can be due to the 3D effects transmitted from the upper 
sections. In other words, although the profile of iced 

section doesn’t vary noticeably from the clean one, the 
flow behavior is different because of the 3D effects.  
The flow on the windward side is presented in Figure 
20. The flow separates downstream the lower horn 
iced profile, reattaches immediately, and follows the 
airfoil curvature. The pressure variations match with 
the clean case just after the reattachment (Figure 15 
and Figure 18). This local separation is the dominant 
flow pattern all through the blade as seen in Figure 20.  
 

 

FIGURE 19. CHORDWISE PRESSURE DISTRIBUTIONS OF THE 
ICED AND CLEAN PROFILES OF A SECTION NEAR HUB (SEC

2) 
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FIGURE 20. PRESSURE SIDE LIMIT SURFACE STREAMLINES FOR THE ICED AND CLEAN BLADE 
 
The stagnation point pressure on the windward side is 
the same on the iced and clean blades, regarding the 
conservation of energy. The stagnation point is shifted 
ahead on the iced airfoil, but the pressure variations is 
similar in this part, which indicates the flow is attached 
(Figure 15 and Figure 18).   
Near the hub (up to Sec 3), the flow is separated on 
both the clean and iced blades (Figure 20). It is highly 
3D below Sec 1, but reattaches between Sec 1 and Sec 
3.  
Regarding the integrated parameters, the load loss due 
to the ice is 31.86% (Table 3) and the thrust coefficient 

is reduced by 11.15%. The radial distribution of the 
aerodynamic loads shows that the main part of the 
rotational force (torque) is lost above Sec10 in which 
the flow is fully separated. Above Sec 9 thrust force 
drops in iced sections. That indicates a lower pressure 
drop compared to the clean rotor [46], which is due to 
a lower power extraction in the separated flow regions.  
 Regarding the radial ice distribution (Figure 4), when 
the ice horn height exceeds 8% of the chord length, the 
power loss becomes more significant. 

 

  

FIGURE 21. RADIAL DISTRIBUTION OF AXIAL FORCE FOR ICED AND CLEAN BLADE 
 

CONCLUSION/ SUMMARY  

The icing effect on the aerodynamics of a full scale 
NREL 5MW wind turbine is studied with 3D CFD 
RANS and BEM simulations. The innovativeness of 
this work consists in exploring some aspects of the 
flow behavior which cannot be captured with the BEM 
method, while the calculated integrated parameters 
may be the same as in a 3D CFD simulation. The 
limitations of a CFD-based BEM method are studied 
in which the aerodynamic performance of the radial 
sections are calculated with 2D CFD.  
For the two methods, the computational costs should 
also be considered: 
RANS-CFD method required totally 15×5 simulations 
for the iced rotor which decreases to 1 simulation in 

3D case. 2D simulations convergence is considerably 
faster than the 3D one. Mesh design time for 3D is 
much higher than the one for 2D, while the 
development of the entire simulation setup for 2D 
simulations is time consuming.  
The main conclusions can be summarized as follows: 
i.The total power calculated by the BEM method is in 

agreement with 3D CFD for the NREL 5MW blade, 
while for the iced one it is underestimated by 28 %. 

ii.The distribution of the loads along the blade span is 
different than the one obtained with the BEM 
method, for both clean and iced ones. More variation 
is seen in the axial component of the force than the 
rotational one.  

iii.The calculated airfoil characteristics for the BEM 
and 3D CFD differ. However, the rotational and 
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axial forces have locally the same magnitude as the 
angle of attack is not the same. 

iv.The flow never remains entirely attached on any 
radial section of the iced blade. There are fully 
separated regions as well as the 
separating/reattaching flow regions. The flow is 
fully attached on the 67% of the clean blade span.  

v.There is a 31.86% loss in power coefficient and 
11.15% reduction in thrust coefficient due to the ice. 

vi.The main part of the turbine performance is lost on 
the leeward side of the iced blade, while the flow 
reattaches immediately downstream the lower horn 
on the windward side. 

vii.As the ice horn height exceeds 8% of the chord 
length, power loss becomes more significant. Even 
at the sections with a relative ice thickness of less 
than 5%, the flow pattern is different from a clean 
one on a clean blade. This is due to the 3D effects 
transmitted from the upstream flow over the iced 
blade.  

Much work and research remain to be done on this 
subject. More 3D CFD simulations in a range of 
operating points are necessary to provide updated iced 
section blade data for a corrected structural BEM 
based code.   
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Abstract 
Icing of wind turbine blades poses a challenge for the 
wind power industry in cold climate wind farms. It can 
lead to production losses of more than 10% of the 
annual energy production. Knowledge of how the 
production is affected by icing is of importance. 
Complicating this reality is the fact that even a small 
amount of uncertainty in the shape of the accreted ice 
may result in a large amount of uncertainty in the 
aerodynamic performance metrics.  
This paper presents a numerical approach using the 
technique of Polynomial Chaos Expansions (PCE) to 
quantify icing uncertainty faster than traditional 
methods. Time-dependent bi-dimensional Reynold-
averaged Navier-Stokes CFD simulations are 
considered to evaluate the aerodynamic characteristics 
at the chosen sample points. The boundary conditions 
are based on 3-dimensional simulations of the rotor. 
This approach is applied to the NREL 5 MW reference 
wind turbine allowing to estimate the power loss range 
due to the leading-edge glaze ice, considering a radial 
section near the tip. The probability distribution 
function of the power loss is also assessed. The results 
of the section are nondimensionalized and assumed 
valid for the other radial sections. A correlation is 
found allowing to model the load loss with respect to 
the glaze ice horn height, as well as the corresponding 
probability distribution.  Considering an equal chance 
for any of the ice profiles, load loss is estimated to be 
lower than 6.5% for the entire blade in half of the icing 
cases, while it could be roughly 4-6 times in the most 
severe icings.  

Introduction 
Wind energy is a growing source of electricity 
production and clean energy for the future. Many 
favorable sites for wind farms in terms of high wind 
speeds are located in cold wet regions. In these regions 

ice formation problem restricts the installation of wind 
turbines. Predicted turbine power curves can be of low 
accuracy, and the actual performance often deviates 
significantly from the expected one. Some wind farms 
can suffer production losses above 10 % of the annual 
energy production[1]. Ice formation on a wind turbine 
may change the operating point set by the control 
system, i.e. the design point of the machine would not 
be applied. The quantification of icing energy losses 
is important for wind farm developers and investors, 
who must estimate accurately the expected power 
production to quantify the risks and assess the 
financial feasibility. Icing effect was studied in [2] for 
a certain spanwise mass ice distribution on a large-
scale wind turbine. The power loss was found to be 
32% due to the icing on NREL 5MW rotor.  
Blade icing is a process associated with a degree of 
uncertainty in practice. It is difficult to predict the 
accurate ice mass/shape. Quantifying the exact effects 
of this uncertainty on wind turbine performance is 
hence of great importance for performance estimation.  
The factors affecting iced airfoil aerodynamics have 
been investigated in ‘sensitivity studies’, for instance 
by Lee in [3]. In sensitivity analysis studies, the effect 
of only small perturbation can be investigated. But 
when it comes to large uncertainties, then an 
Uncertainty Quantification (UQ) method is required 
to hld a large spectrum of possible flow field. UQ 
methods attempt to determine how likely certain 
outcomes are if some aspects of the system are not 
exactly known. Due to the variety in ice accretion 
extent, a deterministic estimation of the load loss is 
not representative and must be characterized in a 
statistical manner. With the application of UQ method 
for NREL 5MW rotor, one can provide the 
information about the more probable load loss 
magnitudes, in addition to the lower and upper limits.  
For a NACA 4-digit series airfoil, UQ study results 
demonstrated that the effects of geometric 
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uncertainties on the lift and drag coefficients are 
significant[4]. Loeven and Bijl [4]analyzed the 
pressure distribution on the surface of the airfoil 
and observed that the uncertainties mainly affect the 
leading edge and the area around the maximum 
camber. Xiaojing WU, et al. [5] also came to a similar 
conclusion. In the case of icing, even more effects will 
be observed on the airfoil head as the leading edge is 
the location of glaze ice formation. Dishi Liu et al. [6] 

focused on the geometry deviations from the original 
shape which typically arise during the manufacturing 
process. But they didn’t consider other uncertainties 
such as local profile change at leading edge due to the 
icing[6].  
In [7], the uncertainty quantification was implemented 
to insure the safe performance of an iced airplane. A 
2D Reynolds-Averaged Navier Stokes (RANS) solver 
was used to solve the flow steady state equations. 
DeGennaro observed a discontinuity in the obtained 
surrogate maps which was attributed to the vortex 
shedding which does not correspond to a steady 
solution. He suggested time-resolved calculations 
instead.  
Although wing icing has been investigated in the 
literature, we purpose to take UQ analysis in the field 
of wind turbine icing. When it comes to wind turbine 
application, larger Reynolds number are expected, and 
thicker airfoils are used. These parameters make the 
flow more potential to separate compared to the 
aircraft wings.  In the present work, with the 
implementation of CFD URANS simulations, the 
separated flow regions are well resolved, providing 
the reliable sample values for the analysis. The focus 
of the study is to describe a fast, accurate framework 
for quantifying the uncertainty which arises in 
aerodynamic performance metrics: lift, drag and 
power. For an iced NREL 5MW wind turbine, the 
probability distribution of the power loss is estimated. 
The UQ method is described in the next section. 

Polynomial Chaos Expansion using 
regression method 
In the wind industry, including uncertainties in 
predictions has classically been done by using Monte 
Carlo (MC) Simulation [7], [8]. This technique is the 
simplest UQ approach, but suffers from high 
computational cost since a large number of samples 
are required to yield satisfactory results. The 
perturbation method (method of moments) can also be 
used for the UQ analysis when the amount of 
uncertainty is small. Generally, this is not the case in 
many industrial problems including icing phenomena 
in wind turbines. Recently, more advanced UQ 
methods have been developed for UQ analysis. One of 
these methods is the Polynomial Chaos Expansion 
(PCE), which is a low computational cost method and 
is not limited to small amounts of uncertainties. This 
method has a greater efficiency compared to MC 
method and additionally yield computationally cheap 
surrogate models. In PCE the unknown coefficients 

are estimated for known orthogonal polynomial basis 
functions based on a set of response function 
evaluations, using sampling, linear regression, tensor-
product quadrature, or Smolyak sparse grid 
approaches[9].  
The framework we adopt in this work is the 
regression-based PCE. The ice profile is scaled 
regarding the ice mass changes. Ice mass is a 
parameter that is uncertain since different parameters 
can affect it. Aerodynamic performance metrics are 
considered as the stochastic functions: lift and drag. 
They are functions of the ice profile/mass, i.e., the 
uncertain parameter (�). The method is explained 
here based on the Lift force (�). The same process can 
be applied for the drag force (�) and the rotational 
force (	
). The goal is to approximate the turbine 
performance with a polynomial, versus the variations 
of the ice profile. The PCE representation of the 
random function of order � for a single random 

variable (�) is expressed as: 
where ´%Â� are the PCE coefficients and the basis 
functions S%��� is the polynomial of order i. To have 
an exponential convergence rate, a special condition 
is defined for the basis functions which limits the 
selection of a suitable polynomial series [10]. In this 
method,�S%��� should be orthogonal. As a result of 
the basis orthogonality, the coefficients ´%Â� are 
computed via:  

where O��� is the probability density function (PDF) 
of the input random variable �. Indeed, the basis 
function should be chosen so that the orthogonality 
condition is satisfied. [7] 
In the simplest form, if the PDF, ����, is a uniform 
distribution, then the corresponding Legendre 
polynomials are optimal[10]. Thus, equation(1) can be 
expanded as: 

where zÃ��� is the Legendre polynomial of order �.  
If ���� is a Gaussian distribution, then the Hermite 
polynomials satisfy the orthogonality relation. The 
commonly used orthogonal polynomials can be found 
in the references[11]. Each choice of probability 
density function for the random variable dictates a 
special basis function. Then, equation(1) converts to a 
form like equation (3).  

´��� y ´Ã��� g �Ä´%S%���
Ã

%ÅÆ
� ��7��

´%�ge���S%ÇgÈ´���S%�������¥� �V��

´��� g ´Æ � 7 o ´h � � o ´� � h
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h
� �É�� i W�� o ´Ê � h

Ë �WÉ�Ê i W��� o W� oÌo
´Ã � zÃ�����

�W��



3 
 

Because the orthogonal basis is chosen, if the 
coeÍcients (´%Â�) are known, so the polynomial chaos 
expansion of the response would be known. Thus, the 
problem is finding the coeÍcients. The regression-
based PC method starts with equation ). First, one 
should generate a set of space filling N realizations of 
input stochastic vector. Indeed, the domain of the 
uncertain variable, i.e. ‘m’, is discretized.  Then, the 
function value is calculated at these sample points, as 
well as the Legendre polynomials magnitudes.  The 
problem is computationally ill-conditioned, and the 
number of realizations is commonly more than the 
number of unknowns for numerical stability. µ �
�� o 7� vectors may be chosen in the stochastic 
space, where np is an integer factor. The stochastic 
function is evaluated at these sampling points using 
the deterministic solver. The coeÍcients can then be 
obtained from the solution of the overdetermined 
linear system. We can outline a set of steps which 
describes how to implement a PCE-based uncertainty 
quantification, through the Regression Method. The 
following describes the current study method within 5 
main steps.  
1. Polynomial chaos basis corresponding to the 
density function: The first step is to choose a 
polynomial chaos basis appropriate for the chosen 
application, i.e., suitable for the probability 
distribution of the uncertain variable. It can be 
assumed that the random variable is uniformly 
distributed over its range of variations, i.e. the 
probability of each ice mass value is the same. Then 
the basis functions are the Legendre polynomials. In 
this way, all the magnitudes of ice mass have the same 
chance to occur. 
2. Sample points/nodes. The mesh of discrete sample 
points which are required to evaluate equation ) needs 
to be determined. A quasi-random sequence method is 
used in this work to discretize the uncertain domain. 
In quasi-random sequences (e.g. Hammersley, Halton, 
Sobol) a deterministic sequence of points is generated. 
The main idea of using quasi-random sequence is to 
reduce the discrepancy of the sets of points. The 
discrepancy is a measure that shows how far is the set 
of sample points differ from the ideal uniform 
distribution. In the current work, a Sobol' sequence 
(available in MATLAB[12]) is used to generate the 
sample points. 10 sample points are required.  
3. Solving governing equations at sample points. 
The values of ���� are obtained at each of the sample 
points (ice profile/mass ‘‘m’) by solving the 2D 
unsteady URANS equations for the flow over each 
profile. 
4. Obtaining the approximate PCE model. This is 
done by solving the over-determined (�^>1) system of 
equations based on equation ), using the Least Squares 
method. 
5. Statistics: Any desired statistical information 
follows through simple post-processing. 
The mean is approximated by the expected value of 
the PC expansion: 

Similarly, the variance can be approximated as 
equation ): 

 

Regarding the specifications of the basis functions, the 
integrals in equations ) and ) may have simpler forms. 
For a constant PDF,  a random variable range of -1 to 
1, and the normalized basis functions, the above 
equations define as M g ´Æ and Î� g Ï ´%�Ã%Åh . 
To have a clearer understanding of these values, the 
relative standard deviations (RSD) is also calculated 
as Ð�Ñ. 
Furthermore, the probability distribution of the output 
is assessed. The load values which are more likely to 
be obtained from the turbine are evaluated in this way. 
The ‘probability’ of the expanded PC, e.g. �, is 
defined as the relative number of observations in a set 
of function values, regarding the considered 
probability distribution for the uncertain input 
variable. Both probability and PDF are evaluated 
using MATLAB functions. First the polynomial 
function is discretized to generate a set of values, then 
‘histogram’ plot is used with a ‘probability’ 
normalization option.  

Test case 
The 5 MW NREL wind turbine is adopted as the test 
case in this work. The rotor diameter is 126 m. The 
rated design wind speed U  is 11.4 m/s and the 
rotational speed Ω is 12.1 rpm. The blade pitch angle 
is set to zero degree.  
As shown in Figure 1, the BEM-based designed blade 
consists of 15 radial segments. The segments are built 
by five’ DU’ airfoils and one ‘NACA64’ airfoil, with 
maximum relative thicknesses ranging from 18-40%. 

 
FIGURE 1. 5 MW NREL BLADE, SEGMENTS, AIRFOILS, 

AND ICING PROFILES 

M g ÒÓ´���Ô g �´�������{�� �Õ��

Î� g ÒÓ�´��� i M��Ô g È�´��� i M������{� �É��
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 A radial section near the blade tip, Section 12 in , is 
selected to perform the uncertainty quantification 
analysis. The selected section is important because 
located at the blade region with large ice accretion. In 
the Germanischer Lloyd (GL) [13] guideline, ice mass 
density linearly increases from zero at the blade root 
to a maximum value at half the blade length. 
Thereafter, the mass density is constant towards the 

tip as shown in -left. The ice thickness (horn height), 
which is the main determinative parameter of an ice 
profile, is also plotted and explained later in the paper. 
More ice accumulates in the outer part of the blade 
(towards the blade tip) as the relative air velocity is 
higher. Furthermore, this portion of the blade sweeps 
more area in a rotation than any other section. 

  

 

 
FIGURE 2. RADIAL DISTRIBUTION OF ICE PROFILE ON THE BLADE

The tip region is aerodynamically critical. Indeed, 
both maximum lift to drag , and the icing load loss 
occur near the tip sections. 
The operating condition, i.e. the flow angle of attack 
AOA and the inflow velocity magnitude, are taken 

from an implemented 3D simulation of the entire 
blade at the rated speed of the wind turbine.  shows the 
flow streamlines at the desired section of NREL 5MW 
blade. That is resulted from a 3D RANS CFD 
simulation in [2].

 

 

FIGURE 3. SURFACE STREAMLINES AT SECTION 12 OF THE NREL 5MW BLADE; LEFT: 3D VIEW, RIGHT: TOP VIEW

AOA is basically a 2D concept, but there are different 
techniques by which the effective AOA can be 
estimated for a given rotor, i.e., 3D flow [14]-[18]. To 
determine the local angle of attack from a computed 
3D flow field, an averaging technique, suggested in 
[15], [18] and [16], is considered for this work. For an 
airfoil (2D case), AOA is defined as the angle between 
its chord and the undisturbed streamlines far 
upstream[14]. In a method called ‘reduced axial 

velocity method’, the disturbed axial velocity in the 
rotor plane is considered instead [18] for a rotating 3D 
blade.  
Resulting from this method, when the 3D rotor is 
operating at its rated speed, the relative velocity at the 
selected radial section is ~58 m/s and makes a ~ 9.2 ° 
angle of attack.  

Tip Section

¹®

¹º

Section 6

¹®

¹º

Tip section (Section 15)Section 12
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Definition of ice shapes 
Two types of icing occur in wind turbines: one type is 
called ‘rime ice’ which is generated at very low 
temperature (less than –10Ö). In rime ice conditions, 
the droplets in the air freeze instantly at the 
impingement point. The second is called ‘graze ice’ 
which is generated in the temperature range 0 to 
−10Ö. Icing of the blade depends on the geometric 
parameters (thickness, chord length and radial 
location of the airfoil section) and the site specific 

operating conditions (ambient temperature, moisture 
content of the air, rotational speed of the turbine, wind 
velocity and duration of icing event). Beaugendre et 
al. [19] predicted a glaze ice shape on a NACA 0012 
airfoil as shown in the (a) using FENSAP-ICE tool. 
Hochart et al. [20] obtained an ice shapes on a NACA 
63415 airfoil in a wind tunnel with the ambient 
conditions. The rime ice accreted on this airfoil is 
shown in the (b). The shape of ice accreted on these 
airfoil sections can be very different if any of the 
parameters is changed.

 
FIGURE 4. ICE SHAPES ON THE AIRFOIL SECTIONS (A) SIMULATED IN [19], (B) SIMULATED IN[20], (C) CURVE FITTED IN THIS 

WORK

In this study, instead of predicting ice shapes using 
these parameters, a discrete Fourier sine series is used 
to approximately replicate the ice shapes shown in 
(a)&(b). The coefficients of these sine curves can be 
scaled to add the desired quantity of ice mass on the 
airfoil section. The ice shape shown in (c) is obtained 
on a NACA 64618 airfoil profile used on the NREL 5 
MW wind turbine blade tip and the considered section 
in this study, i.e. Sec12.  
To certify wind turbines and its components for cold 
climate operation, GL guideline can define the 
maximum ice mass distribution on the blade to 
calculate the loads acting on the turbine in various 
design load cases. The actual ice mass may be lower 
than this limit, but the turbines are certified for loads 
corresponding to this mass limit. The GL ice mass 

distribution is defined to model this ice accumulation 
and is thus more applicable in the absence of global 
design guideline for calculating wind turbine loads 
operating in cold climate.  
For the current NREL 5 MW wind turbine blade, the 
maximum value of ice mass near the tip is 40.7 kg per 
meter of the span length. The entire ice mass for the 
blade is 1877 kg, which is about 10.58% of the blade 
mass. 
This value can be counted as the maximum limit of ice 
accretion for Section 12. Ice shapes for this section of 
the blade are created for various ice mass magnitudes, 
from zero to maximum ice accretions, as shown in . 
They are generated by scaling the coefficients of the 
Fourier sine series fitted to the ice shape shown in (c). 

 

 
FIGURE 5. ICE SHAPES SCALED FOR THE RANGE OF ICE MASS VARIATIONS

Glaze ice accretion is often characterized by the 
presence of large protuberances, commonly known as 
glaze horns. The height, location and angle of the 
horns are important ice shape features which affect 
airfoil aerodynamic performance[21]. The most 
influencing parameter on the aerodynamic is the horn 
height named �> and �� for upper and lower horns 
respectively[8]. These values for each section are 
nondimensionalized with respect to the clean airfoil 

chord length and reported as the chord percentage. For 
the radial sections from hub to tip hu varies from ~0 to 
16%, see . The scaled ice profiles at section 12 can 
also be characterized by �>  and ��  (). There is a linear 
correlation between these parameters and the accreted 
ice mass see . Therefore, either of the ice mass 
parameter ‘�’ and the horn height ‘�> ’ can be taken 
as the random variable for this study. Then, the 
obtained PC expansion applies for the both variables 

¹®

¹º
[m]

[m
]
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with a simple translation; that can be expressed as a 
function of �> or �. 

 
FIGURE 6. ICE HORN HEIGHT VERSUS THE ICE MASS AT 

SECTION 12 

Function evaluation using 2D URANS CFD  

Two-Dimensional setup 
Aerodynamic performance data for each sample 
profile is determined with a CFD simulation. The 
computational domain around the two-dimensional 
airfoil (-left) is meshed using a multi-block structured 
grid. It contains an unstructured arrangement of 
hexahedral blocks (10 blocks), where each block 
contains a structured grid. The meshes were created 
using the ICEM CFD software. The multi-block 
topology employed for this work starts from a C-
topology around the blade. The average y+ value on 
the airfoil is below 1, and the entire mesh density is 

around 1.04 million cells. 2500 nodes are placed along 
the airfoil edge. A grid sensitivity study was 
performed for the computations of the basic profiles, 
which were also validated against the experimental 
data. For the iced profile, the results stability was 
checked with emphasis on the worst cases, i.e., the 
maximum ice mass. Both globally and locally mesh 
refinement were considered.  
For different sample points, there are a variety of ice 
shapes that need to be meshed, see . An efficient mesh 
updating method for this purpose is thus required. For 
the present study, a script-based method was used for 
modifying the shape of the airfoil profile while 
preserving the mesh topology. Mesh quality was also 
controlled to keep the face angle ranging from 13° to 
90°. Only 2% of the entire mesh locates in the lower 
bound and the rest 98% has an acceptable and good 
quality.  
In addition to an automatic mesh updating method, an 
automatic simulation setup is necessary. The whole 
process of the CFD simulations are controlled through 
a programming software (MATLAB) consisting in:  
geometry update, mesh generation, solver setup, 
solver operation and post processing of the results. 
The boundary conditions are shown in . The outlet of 
the domain is defined as an ‘opening’ which allows 
the fluid to cross the boundary surface in either 
direction, with zero mean relative pressure. The 
domain inlet is described with an axial velocity. The 
airfoil wall is set as no slip. The surrounding borders 
are set as’ opening’ and the span-aligned side is 
defined as ‘symmetry’.

 
 

 
FIGURE 7 THE 2D MODEL DOMAIN, SET BOUNDARIES AND THE MESH CONFIGURATION AROUND THE AIRFOIL

Solver 
The fluid problem is solved with the finite volume 
technique using the CFD code ANSYS CFX 16.0. In 
this solver, the set of equations are the Unsteady 
Reynolds-averaged Navier-Stokes (URANS) 

equations in their conservation form to capture the 
transient phenomenon in the separated flow [22].  
The time-step size considered for the transient 
simulations was 0.001 sec. The independence of the 
result from the size of time-step was examined. 2-3 
seconds of time marching was required for the 
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simulations to be converged, and the flow properties 
to be stabilized. 
The high-resolution advection scheme was selected 
for the spatial discretization and the second order 
backward Euler scheme was used for the temporal 
discretization of the equations. The shear stress 
transport (SST) turbulence model with ‘automatic 
wall function’[23] was used to model the turbulent 
flow. The SST model is known to be an accurate 
turbulence model for boundary layer separation 
prediction [24], [25]. This model also has the 
advantage of a near wall treatment which can resolve 
the boundary layer up to the wall in the case of low y+ 
values.  
The modelling of laminar/turbulent transition is 
important for the correct prediction of a wall-bounded 
flow as the transition considerably influences the skin 
friction and therefore the energy loss extent[26]. The 
separation behavior on an airfoil is affected by the 
transition modeling as the vortex location can change 
significantly between laminar and turbulent flows, and 
thus the calculated wind turbine characteristics [27]. 
The laminar/turbulent transition is usually modelled 
either by two-equations models based on the 
intermittency coefficient or by a three-equations 
model with an extra equation for the energy of the 
non-turbulent fluctuations [26]. The transition 
prediction in this study is considered regarding an 
experimental correlation concept. It is called the 
Gamma-Theta model and is recommended for 
general-purpose applications [28]. The full model is 
based on two transport equations, one for the 
transition onset criteria in terms of the momentum 
thickness Reynolds number (���
), and one for the 
intermittency («). The intermittency acts on the 
production term of the turbulent kinetic energy 
transport equation in the SST model. 

Load presentation 
The CFD results for aerodynamic loads are presented 
in their nondimensionalized form, i.e., ��, and ���for 
lift and drag coefficients, respectively. The lift and 
drag forces are projected into the directions normal 
and tangential to the rotor plane. They are denoted by 
	� and 	
�respectively. 
Tangential and normal (	
� ×� 	�) forces acting on a 
general airfoil section are shown in  , in which �]4   is 
the inflow angle relative to the plane of rotation and D 
is the angle of attack. Based on the NREL blade 
design, the twist and pitching angles are almost zero 
at section 12. So �]4�  and α are the same (~ 9°).  
	
 is also nondimensionalized using dynamic pressure 
value Pd and is named �
��g	
��3�. The power output 
of the turbine is generated by the resultant torque   

from 	
  as �^g� a�3'Ø where f g �~N � Á and V∞ 
is the inlet flow velocity at the section. ~N and f are 
defined as the force and torque per unit area (A=chord 
× span). 

� 	 � 	
� 	 � 	ififn

ifift

DLF

DLF

����

����

sincos

cossin �

FIGURE 8. TANGENTIAL AND NORMAL FORCES ACTING ON 
THE AIRFOIL SECTION 

For a blade section at a radial position ‘�’ with a rotor 
angular velocity ‘a’, �
�can be converted to a power 
coefficient �^ by a constant factor of �a�'Ø¥ Since 
the factor is constant for all the studied cases at a 
certain section, in this paper we can use �
 as the 
representative of the extracted power. In this way all 
the reported aerodynamic data are in the form of force 
coefficients to make it easier to compare. 
For the entire blade consisting of 15 radial segments 
(), the total power can be calculated by the summation 
of the generated torques Á � �¶Nz±|� at each segment 
i. Considering a GÙ loss factor for the load loss of each 
section, then for the entire blade we have: 

where G� is the normalized loss percentage. 

Results and Discussions 

CFD Results 
Flow streamlines obtained from the URANS 
simulations are shown for two sample cases: 1 kg and 
36 kg ice mass values (). More ice accretion changes 
the structure of the formed vortices. It affects the 
pressure distribution especially on the leeward side. 
The pressure suction peak varies as the maximum 
velocity on the upper horn tip changes. Since the flow 
separates near trailing edge and does not reattach, the 
flow path diverts as if the profile of the airfoil was 
shifted upward. Indeed, the flow traverses a path 
which depends on the vortex size and form.
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FIGURE 9. FLOW STREAMLINES AT TWO CASES OF ICE ACCRETION. TOP: 36 KG; BOTTOM: 1 KG

The general effect of ice mass increase was observed 
to be a lower lift and larger drag. However, some local 
deviations were observed in the CFD results. In two 
exceptional sample points between 20-30 kg ( and ) 
1.8% increase in ice mass from one profile to the 
other, leads to 5.6% extra lift beside a 13% drag fall. 
The difference between the two similar profiles is 
even hardly visible (see ). It seems only like a different 
geometry tolerance between the cases. But the 
pressure distribution indicates that a load gap arises at 
the pressure suction peak, not shown here. The suction 
peak in airfoil flow plays an important role because it 
defines and leads the trend of the pressure distribution 
downstream of the airfoil suction side. The suction 
peak level is extremely sensitive to the profile 
curvature. The main challenge of URANS CFD is 
usually to capture a correct value for the suction peak 
comparable to an experimental data. Nevertheless, in 
a real icing phenomenon, ice accretion doesn’t follow 
a unique shape template, and forms in different ways 
with different surface curvatures. Thus, such 
discrepancies in lift data may occur. 

PCE parameters 
To perform UQ using the PCE method, we need to 
decide about two parameters: np and N. np determines 
the number of required sample points, from which a 
polynomial of certain order (N) is constructed. In an 
ideal case, one should increase the number of samples 
to get an independent result, but in practice the 
computational costs limit the number of samples. The 
implemented transient CFD simulations are time 
consuming and we have to stick to the lower possible 
degrees polynomials and find the optimal combination 
of np and N in this case.  

Following Hosder et al.[29], we set np=2 and apply the 
polynomials of the orders from 1 to 6. The results are 
reported based on the parameter �
  in . 

TABLE 1. COMPARISONS OF STATISTICAL MOMENTS FOR 
DIFFERENT ORDERS OF PCE:N=1,2,3,4,5,6 

np =2 
Number of 
Samples  

μCt 
σ2

ct (� Ý i
Õ) 

RSDct 

(%) 

N=1 4 0.166 5 13.0 
N=2 6 0.168 6 14.4 
N=3 8 0.166 5 13.0 
N=4 10 0.167 7 15.8 
N=5 12 0.168 6 14.6 
N=6 14 0.167 6 14.7 

 
The mean value is almost the same for all cases, as 
well as the variance. Therefore, if only these statistical 
moments are purposed as the quantities of interest, a 
linear approximation of the function (N=1) is enough. 
In this case the number of function evaluations 
decrease to 4, compared to 14 for instance (N=6), and 
the calculation time decreases substantially.  
 shows the PCE surrogate map including 4 functions 
evaluation data, and the constructed polynomial of 
order 1. 
On the left figure, the probability bars are plotted as 
well as the probability density function of �
. It shows 
almost a uniform probability for all the values of �
�in 
its range. This is not accurate regarding the higher 
order results, further shown in . Indeed, 4 sample 
points are too few to estimate the probability function 
and detect the more probable values of �
. 
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FIGURE 10. LINEAR EXPANSION OF PC AND THE CORRESPONDING PDF OF THE UNCERTAIN FUNCTION

In , PCEs are compared for the polynomials of order 
4,5 and 6. The studied flow is very complex and any 
slight change in the ice profile curvature may affect 
the loads unpredictably, but in average, more icing 
leads to more �
 drop and so a strictly monotonic 
function is the optimal to model this phenomenon. 
Going to higher order polynomials, more local 
extrema arise in the range of study (�g0-40�-9). The 
local maxima and minima don’t correlate with any 
real icing phenomenon and they may mislead the 
quantification of the uncertain function.  

Although PCEs corresponding to �gÉ and �gÜ 
contain more information of the function at more 
sample points, but some up and downs in the curves 
do not correlate with the physics of the icing problem. 
For instance, the increasing trend of �
 at point A (the 
clean profile) is not true. At the maximum ice 
accretion regions near point B, the power generation 
cannot be uniform. Also, no physical reason supports 
the increasing trend of �
 from C to D.  Therefore, a 
polynomial of order 4 is a more suitable option for the 
current study.

 

FIGURE 11. COMPARISON OF SURRGOGATE MAPS WITH PC EXPANSIONS OF DIFFERENT ORDERS

Then, to have more information of the function, np is 
increased to 3.  shows the statistical moments for 
PCEs of fourth order polynomial, using np=1-3. The 
number of required CFD simulations ranges from 5 to 
15.  

TABLE 2. COMPARISONS OF STATISTICAL MOMENTS FOR 
DIFFERENT NUMBER OF USED SAMPLES (NP=1,2,3) IN A 

PCE OF ORDER 4. 

 N=4 Sample 
Number 

μCt σ2
ct(� Ý i

Õ) 
RSDct  
(%) 

#1 np 
=1 

5 0.165 10 19 

#2 np 
=2 

10 0.167 7 16 

#3 np 
=3 

15 0.168 5.8 14 

The variance decreases with the application of more 
sample data while the mean value is almost the same 
between the cases.  
The UQ results from these cases are shown in , 
including the surrogate maps and probabilities. With 
np=1, at both extremes of ice mass, m=0 kg and m=40 
kg, the function is underestimated, in addition to a 
nonphysical local minimum at the middle (m~20 kg). 
The difference between cases #2 and #3 is less, while 
the upper extreme is still underestimated in #2 due to 
the lack of function data around m=40 kg. Insufficient 
sample data in case #1 leads also to a double peak pdf 
curve instead of a single-peak one. 
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FIGURE 12.TOP: PCE SURROGATE MAP FOR A POLYNOMIAL ORDER 4 USING DIFFERENT NUMBER OF SAMPLES: NP=1,2,3. 

BOTTOM: PDF FUNCTION CORRESPONDING TO ANY OF THE TOP CASES, AS WELL AS THE PROBABILITY BARS. 

With the available function values at samples points, 
average error values are calculated at each case. PCEs 
values at 15 sample points are considered to evaluate 
the error. The error is expressed based on the mean 
value percentage.  shows the error consistency when 
using more than 11samples.  

 
FIGURE 13. CONVERGENCE OF PCE ERROR VERSUS THE 

NUMBER OF SAMPLE POINTS 

Therefore, we choose the last case with 15 sample 
points to satisfy the monotonicity condition at the 
same time.  

Performance Analysis 
Regarding the selected parameters N=4 and np=3, the 
PC expansions for the lift and drag coefficients are 
plotted in  and . 
Rotational Force coefficient was earlier shown in 
(Right). All the figures include also the probability of 
the aerodynamic performance parameters, showing 
how spread each load data set is (, i.e. ÑV) beside the 

associated mean value (Ð). To have a clearer 
understanding of these values, the relative standard 
deviations (RSD) are also calculated; it is 19.5 % for 
drag, 8.3% for lift and 14.3% for the rotational force 
coefficients.  A higher scatter exists in the drag data. 
It is due to the severe increase in pressure drag with 
larger vortices, even while the viscous force 
contribution in drag value decreases. 
The highest probability magnitudes refer to the clean 
airfoil performance data (ice mass=0), but still severe 
power loss may occur.  For the maximum ice 
accretion, the drag increases by 90% and lift decreases 
by 28%. It can lead to 45% decrease in turbine power. 
Many scenarios can be made from the probability 
distribution of the airfoil performance data. Some 
examples are presented in . All the comparative data 
are based on the PC expansion even for the zero point, 
i.e. clean airfoil.  

TABLE 3. PROBABILITIES OF SOME INSTANCE ICING 
EFFECTS 

 Phenomena Probability 
(%) 

#1 power loss is less than 8% 50 
#2 Power loss exceeds by 30%. 17 
#3 Power Loss is less than 3% 8 
#4 Drag increase exceeds by 52%.  7 
#5 Drag increase is less than 10% 47 
#6 Lift decreases more than 15%. 24 
#7 Lift decrease is less than 4.5%. 40 

 
 



11 
 

  

FIGURE 14. DRAG COEFFICIENT; RIGHT: PCE SURROGATE MAP, LEFT: PROBABILITY 

  

FIGURE 15. LIFT COEFFICIENT; RIGHT: PCE SURROGATE MAP,. LEFT: PROBABILITY 

Icing effects were found to correlate with the ice horn 
height value [21]. This parameter can be assumed the 
main deterministic item affecting the load loss. To 
have a more general loss correlation, �
 drop can be 
nondimensionalized and plotted with respect to �>. In 

-left this correlation is shown for section 12. The 
probability of different parts of the plot are also 
included regarding the calculated PDF distribution 

  
FIGURE 16. PCE NORMALIZED LOAD LOSS VERSUS THE ICE HORN HEIGHT ON SECTION 12

The flow condition at each radial section through the 
NREL blade span is different from the other ones. 
These conditions include the section twist angle, 
inflow magnitude, angle of attack, airfoil thickness, 
etc. All these parameters affect the flow separation 
and consequently airfoil forces (�_�������
). 
Nevertheless, the correlation of normalized load drop 
with ice horn height can be assumed similar for the 
different sections. The curve in -left is plotted for 
Section 12 in which the maximum hu is 6.3%. This 
correlation is applicable in this range of hu variations. 
Indeed, we have a polynomial correlation of load loss 

in a specific range of horn height (0-6.3) and we can 
apply this correlation within this range. The maximum 
�>  for each blade section was shown in . Then, for any 
section (from 1 to 12), we consider a trimmed part of 
-left plot (from 0 to the relevant �> ) as the surrogate 
map of the section, for instance  right). Consequently, 
the probability of any load loss magnitude can be 
assessed, see  as an example. The PCE polynomial 
was only valid within a certain range of �> from 0 to 
6.3, i.e. the maximum icing of section 12. For the 
sections above section 12 with higher �> , we assumed 
that the load loss rises linearly with the �>  increase. 
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FIGURE 17. MID LOAD LOSS VALUE Δ*; PDF FUNCTION OF 

NORMALIZED LOAD LOSS. 

Regarding the PDF function of load loss for Section 
12, the load loss exceeds 8% in 50% of the icing 
events (). It also indicates that a load loss below 8% is 
likely with a 50% probability. A similar estimation 
was implemented for the other radial sections 
regarding the related probability distribution. An 
example is shown for Section11 in . Considering the 
summation of probability bars magnitudes, we denote 
the mid-value of normalized load loss as Þß. At 
section 11 for instance, load loss is less than Þß~6.7% 
in 50% of icing cases, while the load loss can exceed 
30% in the worst case. 
 shows the results for all the sections. It should be 
emphasized that the plotted distribution of load loss 
doesn’t demonstrate the worst case of icing. For 
instance, the worst load loss is greater than Þß by a 
factor of 4.5 and 5.6 for the sections 11 and 12 
respectively.  

 
FIGURE 18. RADIAL DISTRIBUTION OF POWER LOSS 

REGARDING THE RELATIVE ICE HORN HEIGHT 
Force distribution of a clean NREL blade has been 
calculated from a 3D CFD simulation[2]. Regarding 
equation ) and the obtained Þß values (as G%), the total 
load loss of the NREL 5MW rotor is estimated to be 
6.8%. Load loss exceeds this value in half of the icing 
accretions, while in the other half, more than 93.2 % 
of the clean turbine load can be achieved. A load loss 
with a factor of 4-6 times of the mid value (6.8 %) is 
still expected at the worst cases, but with a lower 
probability.  

Conclusions 
To estimate the expected production of a wind farm in 
cold climate, it is required to quantify the icing losses.  
In this study, leading edge glaze ice was considered 
on a radial section near the tip of the NREL 5MW, 
with a horn height changing from 0 to 6.3% of the 
chord length. Using PCE technique with transient 
RANS CFD simulations, a correlation is found to 
model the load loss with respect to the glaze ice horn 
height, as well as the corresponding probability 
distribution. A higher scatter exists in the drag data 
compared to the lift, which is 19% relative to its mean 
value. Considering an equal chance for any of the ice 
profiles, in half of the icing cases, power loss is 
estimated to be lower than 6.8% for the entire blade, 
while it could be roughly 4-6 times in the most severe 
icing. Load loss can exceed 30% in 17% of the icing 
cases.  
Much work and research remain to be done on this 
subject. Function evaluation with the direct 3D CFD 
simulations can replace the sectional integration along 
the blade span to improve the accuracy. Furthermore, 
the influence of inflow angle of attack as an uncertain 
parameter can be included in the estimated PCE.  
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CHAPTER VII 

7 ERRATA FOR THE PAPERS A-C 

7.1 Errata list A 

Page Location Reads Now Should be 

528 
Column1 

Paragraph 5 

Mexico Rotor: Three-bladed NREL 
Phase VI 

Three-bladed Mexico Rotor: 

542 
Column 1 

last paragraph 

The difference between the k-ε and 
k-ω SST turbulence models, relates 
to both the wall treatment and the 
flow diffusion, i.e. the wake 
development.  

The difference between the k-ε 
and k-ω SST turbulence models 
relates to the boundary layer 
with different modifications. 
But the subsequent effects 
extend to the wake 
development as well. 

541 

Column 2 

last paragraph 

line 8 

The turbulence model k-ω SST 
includes the addition of a cross-
diffusion term in the ω equation and 
a blending function to ensure that 
the model equations behave 
appropriately in far-field zones 

In comparison with the standard k-ω, the 
turbulence model k-ω SST includes the 
addition of a cross-diffusion term in the 
ω equation and a blending function to 
ensure that the model equations behave 
appropriately in far-field zones. 

540 
Column 2 

line 9 
Figure 11-b Figure 11-c 

540 
Column 2 

line 10 

decreases around 40% 

 
decreases to around 40% 



 

b 

 

540 
Column 2 

line 11 

Wake core is the central tube, in 
which the pressure gradient is high. 

Wake core represents the shear layer in 
a central cylinder, in which the radial 
pressure gradient is high. 

540 Fig. 14  Figure notes and caption are updated in appendix A. 

540 Fig. 13-right Vertical axis title should be y/R and the horizontal one is z/R. 

535 
Column 1 

line 14 
turbulence equations turbulence transport equations 

533 
Column 2 

paragraph1 
discussed later in 0 

discussed later in ‘Rotating-Stationary 
Domain Interface’ 

533 
Column 2 

paragraph3 
discussed in detail later in 4.1.3 

discussed in detail later in ‘Rotating-
Stationary Domain Interface’ 

531 

Column 2 

paragraph4 
line 4 

pitch angles twist angles 

531 
Column1 
paragraph2 
line 9 

Re<105 Re<105 

530 
Column1 
paragraph3 
line 9 

10-6 10-6 

527 
Column1 
paragraph1 
line 11 

pause pose 



 

c 

 

7.2 Appendix A 

 
Figure 14. Contour plots of the pressure at different cross-sections and at the mid plane (case 5, Table 2); the 

margin of shear layer is roughly determined.  

Wake behind the tower

Core region: Shear layer
Surrounding positive-pressure flow
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7.3 Errata list B 

Page Location  Reads Now Should be 

8 Figure 6 Figure is plotted with a higher resolution in appendix B.  

1 Lines 7& 8 graze glaze 
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7.4 Appendix B 

 
Figure 6. streamlines over the airfoils with upper and lower spoilers in θU=40° and θL=0° at the different 

timesteps

t= 3.08 s

t= 3.29 st= 3.22 s

t= 3.15 s

Velocity
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7.5 Errata list C 

 

Page Location  Change 

3 
Column1 

line 2 

Added notes: 

“Span-wise vortices” refers to the component of vorticity which extends 
along the span. Rolling occurs in the airfoil surface normal to the span. The 
axis of rotation is parallel to the span.  

3 

Column1 

paragraph2 

last line 

range from StL = 0.5 to StL = 0.8 

10 

Column2 

paragraph2 

line 10 

Added notes: 

Vortices that attain their full strength in a single oscillation are named 
“primary,” whilst those which require more than one oscillation for their 
complete development are termed “secondary” vortices. Secondary vortex 
system forms as a consequence of boundary layer separation at primary 
vortex system.  

5 Figure 3. Figure is plotted with a higher resolution in appendix C.  

10 Figure 6. Figure is plotted with a higher resolution in appendix C.  

12 Figure 10. Figure is plotted with a higher resolution in appendix C.  

 

7.6 Appendix C 

 
Figure 3: Accumulated mean values of the lift force for 4 different mesh densities consisting of 0.41, 0.93, 1.7, 

and 3.9 million elements. 
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Figure 6: Turbulence kinetic energy contour in zero- and eight-degree angle of attack; up and down 

respectively. 

 
 

Figure 10: Vortices shape at two moments with an interval of half period at zero angle of attack; up: One instant 

of negative lift, down: One instant of positive lift



 

 

 




