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ABSTRACT 

 
The wind turbine tower causes time-varying turbine blade loads and wake behavior; however, the 

interactions of the turbine blades with the tower are not accounted for in state-of-the-art 

computational fluid dynamic simulations of wind plants. In this thesis, a tower model is developed 

using the body-force method, specifically, the actuator line method. The actuator line method has 

been widely used to model wind turbine rotors in flow simulations of wind plants. The tower model 

is implemented into the full -scale NREL Phase VI turbine simulation under uniform inflow and 

steady yaw conditions. The simulation results, primarily the blade loads predictions along the 

turbine blades, are compared to wind tunnel test data from the NREL Phase VI Unsteady 

Aerodynamics Experiment. Quantitative comparisons against measured NREL data were 

performed for both spanwise and phase-averaged sectional blade loads as a function of rotor 

azimuth. The proposed tower model is well validated and be easily implemented by the wind energy 

community for use in both actuator line wind plant simulations and other fully blade-resolved wind 

turbine simulations. 
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Chapter 1 Introduction  

Mankind has a long history of using wind as an energy source. Particularly, windmills were created 

to utilize the wind resource for mechanical work and production such as grinding grain and 

pumping water for irrigation. After people started using electricity for lighting, the windmillôs 

mission shifted to electricity production with the first one built in 1887 [1]. Later on, wind energy 

has become an essential source for electricity; meanwhile, the design method and philosophy of 

wind turbines have become increasingly sophisticated. 

1.1 Wind Turbine D esign 

Early in the windmill history, the design of windmills relied mainly on previous experience. In 

1880, John Smeaton became the first one to study and evaluate scientifically the performance of 

the wind turbine [2]. One of his findings was that the maximum power of a wind turbine is 

proportional to the cube of the incoming wind speed. This characteristic makes the wind resource 

very valuable in producing power because a doubled wind speed returns eight times the amount of 

the power.  The extensive usage of wind turbines for electrical power production drives the modern 

wind turbine design. During the 20th century, small wind stations as well as large utility-scale wind 

generators were designed and developed. Especially, for large utility-scale wind turbines, the size 

and rated power scale are increasing very quickly as shown in Figure 1-1. The rotor diameter has 

already reached the scale of a large commercial aircraft wingspan, and a typical turbine blade 

planform has a complex shape with both taper and twist.  
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Figure 1-1. Evolution of U.S. Commercial Wind Scale [3].  

1.2 Wind Turbine Aerodynamic Modeling 

The application of advanced aerodynamics plays an important role in the evolution of wind turbine 

design methods, and it continuously shapes the geometry of wind turbines and optimizes its power 

performance. Poul la Cour of Denmark built the first wind turbine (Figure1-2) based on 

aerodynamic design principles [4]. It had lower solidity but higher rotation speed than previous 

wind turbines. The gain of such a design was that it operates closer to the optimum tip speed ratio 

suggested earlier by Smeaton. Contrary to modern wind turbine design, which has a rather small 

tip chord, he believed the blade should have higher solidity at the tip. This is only true, though, if 

there is no tip vortex and resulting rotational effects.  

To understand the principle of wind turbine aerodynamics, it is important to first identify the 

flow field around the wind turbine. From the prospective of the wind turbine, the turbine blade 

rotates around its axis, so the speed varies along the span, and thus each blade section has a different 

inflow condition with axial and angular induction. From the point-of-view of the surrounding 

environment, there exists wind gust in the atmospheric boundary layer, which makes the inflow 
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condition much more complex. Hence the whole system is time-varying and strongly three-

dimensional. To reduce the complexity and derive fundamental theories for wind turbine 

aerodynamics, some assumptions and simplifications are needed.  

 

Figure 1-2. La Cour's windmill  [5]. 

The most classical wind turbine aerodynamic model is that of the actuator disk model. The air is 

assumed to be steady, 1-D, inviscid, and irrotational. The operation of the wind turbine is treated 

as a momentum extraction and energy-harvesting process. The streamtube analysis of the actuator 

disk model is shown in Figure 1-3. From the actuator disk model, we know there exists an ideal 

upper limit for the power coefficient of Cpmax å 0.59, known as the ñBetz Limitò.  

 

Figure 1-3.  Streamtube analysis of pressure and axial velocity in the actuator disk model [6]. 
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An improved model named the rotor disk model further considers the rotation of the rotor disk 

and wake (Figure 1-4). The maximum power coefficient, taking wake rotation into account, is 

shown in Figure 1-5. The tip speed ratio is defined as 0/R Vl=W where W is the rotation rate of 

the rotor, R is the radius of the blade, and 0V  is the upstream wind speed. 

 

Figure 1-4. Streamtube model for rotor disk model [7]. 

 

 

Figure 1-5. Maximum power coefficient vs. tip speed ratio considering wake rotation [8].  

 The deficiency of the above two models is that they do not account for the flow details near the 

blade. A more advanced model, called Blade Element Momentum (BEM) theory extends the 1-D 

assumption to 2-D, while accounting for 3-D effects by applying root and tip loss correction factors. 

In BEM theory, the inflow details at each blade section are studied, with the incremental torque 

and thrust determined (Figure1-6) by analyzing the local flow angle, ,ʟ and using airfoil tables 
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available from wind tunnel tests or theory. At present, the BEM method is still widely used in wind 

turbine design and analysis.   

 

Figure 1-6. Incremental torque and thrust at a section of blade in BEM theory .  

Computational fluids dynamics (CFD) has gained popularity in wind turbine design and analysis 

by resolving flow physics in a high-fidelity model environment. But it is also quite computationally 

expensive and requires a complex rotating mesh near the turbine blade to fully resolve the flow in 

the blade boundary layer. Today, the wind energy community commonly cares increasingly about 

analyzing the operation of a large wind farm rather than a single turbine. Using CFD, the range of 

scales goes from a millimeter in the blade boundary layer to kilometers for the mesoscale (weather). 

A full  computation across all scales is not feasible. New computational methods include hybrid 

CFD methods, which couple the near-blade CFD with vortex-wake methods [9]. For wake 

modeling methods, the rotating, resolved near-blade mesh is not needed around the blade, which 

greatly reduces the computational cost. Although the reduced complexity is achieved at an expense 

of flow details near the turbine blade and wake, it has fidelity in producing the blade tip and root 

vortices and is capable of constructing an accurate far-field wake. This makes this approach 

scalable for large wind farm simulations. 
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1.3 Modeling Tower Effect  

In the previous discussion of wind-turbine aerodynamic model analysis, it should be noted that the 

tower was not included, and its effect on the turbine rotor is also not considered. The tower itself 

generates a deficit in the flow velocity and small-scale turbulence in the downstream flow. When 

the blade passes through this azimuthal region, each blade-section inflow conditions are changed, 

and thus the aerodynamic forces acting on the blade are altered. This is known as blade-tower 

interaction. In reality, the tower effect plays an important role in the turbine wake structure and 

also blade fatigue. The former influence, though, is a minor effect for a single wind turbine, but is 

significant for a large wind farm because the wake will affect the performance of the turbines 

downstream; the latter influence, as a 1-per-rev dynamic loading along the span, is quite important 

for structural health of large utility-scale wind turbines.  

   The majority of wind turbines are horizontal-axis wind turbines (HAWT), and they can be further 

divided into two groups, the downwind type, if the tower is upstream of the turbine rotor, and the 

upwind type, if the rotor is upstream of the tower (Figure 1-7). The mechanism of a tower effect is 

different for the upwind-type turbine and downwind-type turbine. For the upwind configuration, 

the mechanism is quite simple. It is mainly a result of deflection of the flow upstream of the tower 

[10]. Apparently, the strength of this effect is strongly affected by the distance between the rotor 

disk and the tower and can be negligible, if this distance is much larger than the tower cross-section 

diameter. For a downwind turbine configuration, this interaction is usually called ñtower shadowò. 

The blade directly interacts with the tower wake, which contains more flow variability than the 

flow upstream. In the tower wake, the flow speed is reduced and turbulence is generated along with 

vortex shedding induced by the tower flow separation off the tower. Experience shows that 30% 

wind speed is lost after the wind passes the tower space [11], which is a significant wake deficit. 
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             Figure 1-7. Upwind turbine configuration and downwind turbine configuration [12]. 

There are many ways to model the tower in CFD simulations. The most common way is to use 

a body-fit ted conformal mesh around the tower. As discussed previously, this approach provides 

high fidelity at an expense of complex grid generation and computational cost. Another way is the 

immersed-boundary method, a review of which can be found in [13]. It is compatible with the 

Cartesian grid, which reduces the work on mesh generation, but modifications are needed for the 

pressure and velocity at the near-wall points (or cells) to satisfy the boundary condition. A third 

approach is the body-force method as discussed in the rotor model. It works with any type of grid 

and is easy to implement into the solver. Though it sacrifices the fidelity in flow detail of the near 

wake, it provides a good representation in the far wake, which is important in large wind farm 

simulations. Since the tower is stationary in the physical domain and has a rather simple geometry, 

it is possible to improve its near-field performance by adding a bit of complexity to the body-force 

model using the knowledge from the flow over a cylinder at representative Reynolds numbers. 

Adding such a tower model will not dramatically increase the computational time and cost 

compared to a single turbine simulation.  

In this thesis, several tower models are proposed using the body-force method. They are applied 

to a NREL Phase VI rotor simulation using the computational solvers OpenFOAM. The reasons 
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for choosing the NREL Phase VI rotor are that 1) It is a wind turbine, which has been extensively 

tested and used for scientific research. The tower geometry is well documented. The underlying 

NREL Phase VI Unsteady Aerodynamics Experiment provides detailed blade-load measurements 

for a range of wind speeds and steady yaw angles. The phase-averaged blade load measurements 

can be used to validate the performance of the tower model. 2) The NREL Phase VI rotor is an 

upwind-type turbine, which has a simpler tower effect and mechanism compared with the 

downwind type. In addition, it represents blade-tower interactions in modern wind farms. 3) The 

turbine rotor model for the NREL Phase VI rotor, using the body force-method, has already been 

developed and examined in previous work [14]. 

1.4 Thesis Outline 

In the second chapter, the CFD method used in this study is introduced with the platform and flow 

solver, OpenFOAM. Following that, the rotor blade representation using a body-force method as 

an actuator-line is presented. The third chapter presents the foundation of the tower models. It starts 

with a review of studies on flow over circular cylinder, briefly discusses the analytical solution to 

cylinder flow from potential theory, and summarizes the results of the experimental studies on 

circular cylinder flow. This chapter ends with proposing three types of tower models that are 

implemented and analyzed in the simulations. In the fourth chapter, the results of the LES 

simulation of a single NREL Phase VI rotor operating in uniform wind speed and steady yaw angle, 

are presented as validation data for the tower model. The aerodynamic loads along the turbine 

blades at compared with measured data of the NREL Phase VI experiment. To explore the 

generality of the model, comparisons are made that includes different wind speeds and different 

yaw angles. In the last chapter, some conclusions are drawn with some ideas for future work.  
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Chapter 2 Numerical Methods 

In this section, the methods for the wind-turbine tower-model study are presented. It is a hybrid 

CFD approach using Large Eddy Simulation (LES) and a body-force method. The flow solver and 

scheme are discussed first, then the concept of the actuator line method is presented to model the 

turbine rotor. In addition, a review of theoretical and experimental studies of cylinder flow is 

presented, followed by the development of the tower model using the body-force method. 

2.1 Flow Solver 

The LES solver used in this study computes the incompressible filtered Navier-Strokes equations 

built on the Open Field Operation and Manipulation (OpenFOAM) CFD Toolbox, an open-source 

CFD software package used to solve partial differential equations [15]. The governing equations 

are solved using the unstructured finite-volume formulation with second-order Crank-Nicolson 

scheme in time integration, and a blending of central differencing and upwind differencing for the 

spatial discretization. The solver is a modified version of pisoFoam, a standard OpenFOAM solver. 

The external body-force term is added to accommodate the actuator model for the rotor and tower. 

The code is parallelized using the message-passing interface (MPI). Time advancement uses Issaôs 

[16] predictor-corrector pressure-implicit splitting operation (PISO) with one predictor followed 

by three correctors. The momentum equation is solved using a Poisson equation for the pressure, 

as done in classical pressure-correction methods. To avoid the pressure-velocity decoupling, the 

velocity-flux interpolation at the cell faces follows that of Rhie-Chow [17]. Other interpolation 

from cell centers to faces is a mix of linear (second-order central differencing) with a small amount 

of first-order upwinding. In this study, upstream to the tower, a blend of 20% first-order upwind 

and 80% central differencing is used to remove numerical oscillations caused by the rotorôs and 
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towerôs body-force model.  Downstream of the tower, a mix of 2% upwind and 98% central 

differencing is used to minimize artificial wake dissipation. More details about the solver can be 

found in Churchfield et al. [18]. 

2.2 Actuator Line Method 

The actuator-type aerodynamic method, as stated in the previous chapter, is a compromise between 

the low-fidelity engineering model and a high-fidelity fully blade-resolved CFD method. The first-

order type of actuator methods is the rotor disk model, which uses a disk of azimuthally-averaged 

body force to replace the rotor. The body force is treated as an external force term in the momentum 

equation of the flow solver [19]. As a rotor disk model, it neither accounts for the details of the 

rotor blade, nor does it capture the blade tip and root vortices.  

The next level of actuator-type methods is the actuator line method (ALM). In the ALM, the 

turbine blade is modeled by a number of discrete actuator points along the blade lifting line that 

rotates in the flow field. The forces at each actuator point are projected onto the flow field as a 

volume force. Mathematically, these volume forces are also treated as an external force term added 

to the momentum equation at respective grid points. These volume forces are indeed the sectional 

lift and drag forces acting on the turbine blades. The magnitude of the forces are found following 

the same process as in Blade Element Momentum (BEM) theory. The local velocity triangle is first 

determined by the local velocity vector, Vrel, and total blade twist angle, ɓ, at each actuator point 

(Figure 2-1). Then the lift coefficient, Cl, and drag coefficient, Cd, are found from airfoil tables. 

Finally, the magnitude of the forces is calculated by 
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Figure 2-1. Blade section local velocity triangle [20]. 

21

2
l relL C V c dr= D 

 (2-1) 

21

2
d relD C V c dr= D 

 (2-2) 

where c is the local chord length and ȹd is the incremental blade section span, i.e. the distance 

between two adjacent actuator points. In general, airfoil tables are obtained from steady wind tunnel 

tests and do not account for 3-D effects along the rotating blade such as centrifugal pumping effect 

and stall delay. This can be partially accounted for by coupling the airfoil table with 3-D correction 

methods such as the AirfoilPrep software developed by NREL [21]. Since the flow field is resolved 

three-dimensionally, there is no need to applying a root or tip loss factor as done in BEM; the root 

and tip vortices are captured by the solver. A schematic of the ALM is shown in the Figure 2-2. 
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Figure 2-2. Overview of actuator line method [22]. 

2.2 Actuator Line Method ï Rotor Model 

The turbine-rotor actuator line model within the ALM follows that of Sørensen and Shen [23]. The 

rotor blades are represented by rotating actuator lines, and each line is discretized into a number of 

actuator points. The velocity vector is sampled at the center of each actuator point, which is also 

the center of the bound vortex. The lift and drag forces generated at each actuator point are projected 

as volume forces and included in the momentum equation.  The aerodynamic force vector at blade 

element, j, located at ( ), ,j j jx y z  at time t is ( ), , ,A

i j j jf x y z t .The projected force vector at a location 

( ), ,x y z  at time t, due to the aerodynamic forces of all blade elements is   

( )
2

3 3/2
1

1
( , , , ) , , ,

N
A A

i i j j j

j

F x y z t f x y z t
e p e=

è øå õ
= -é ùæ ö

é ùç ÷ê ú
ä

r
 (2-3) 
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where Ң is the Gaussian spreading width, which controls the projection width and peak magnitude 

and r  is the vector from actuator element, j, located at ( ), ,j j jx y z  to point ( ), ,x y z in the flow field. 

    The Gaussian spreading width, Ң, at each actuator point is determined following the elliptical 

distribution concept proposed by Jha et al. [24]. It is hypothesized that the Gaussian spreading 

width, , should be proportional to the actual magnitude of the sectional blade force rather than the 

blade planform. The process of finding the Gaussian spreading width is as follows: 

1) Find the blade aspect ratio AR 

_

0

1
( )

R

c c r dr
R
= ñ  (2-4) 

_

R
AR

c

=  (2-5) 

2) Find a ófictitiousô elliptic planform with the same AR 

3) Assume that 

*

0 0( ) / ( ) /c = constr c re e=    (2-8) 

     0 maxn re= D        (2-9) 

         /2 minR n re = D      (2-10) 

with nmin = 1 as a minimum discretization threshold on any given grid. nmin need not be an integer. 

Also, 

max 0.08...0.10
r

n
R

D
= º  (2-11) 

_

0

4
c c
p
=   (2-6) 

* 2

0

2
( ) c 1 ( )

r
c r

R
= -   (2-7) 
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where rD is the local grid size, nmin and nmax  are used to constrain the minimum and maximum 

Gaussian spreading width, Ң. Combining the equations above, the expression for the Gaussian 

spreading width becomes  

*

max/ ( )
4

r
c n const

R
e p

D
= =AR  . (2-12) 

 2.3 Unsteady Aerodynamics Experiment  

A comprehensive test program, the Unsteady Aerodynamics Experiment (UAE), was conducted by 

the National Renewable Energy Laboratory (NREL) [25]. The test aimed at gaining knowledge of 

turbine behavior under various conditions such as steady yaw and tower shadow. The lack of data 

knowledge and quantification constrained the expertsô modeling tool and made the modeling 

quality rely on the modelerôs skill and experience. Early tests were accomplished as field tests at 

the National Wind Technology Center (NWTC) with a 10m diameter, horizontal-axis research wind 

turbine. It was concluded that the outdoor operation was much too complex for model tool 

validation.  

     A new set of full-scale tests was designed and conducted in the NASA-Ames 24.4m by 36.6m 

wind tunnel [26]. The goal of this test was to have accurate quantitative aerodynamic and structural 

measurements on a wind turbine under controlled conditions. An overview of all the test sequences 

is shown in Figure 2-3. Some tests aimed at emulating field operation, while most focused on 

collecting data to study specific flow phenomena. The test sequence used in this study is Sequence 

S. The NREL Phase VI rotor is an upwind, rigid turbine (Figure 2-4(a)); its tower geometry is 

shown in Figure 2-4(b). The NREL Phase VI rotor has two blades equipped with the S809 airfoil 

and is stall regulated. The blade geometry is shown in Figure 2-5. Measurements of blade surface 
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pressures, angle of attack, and inflow dynamic pressure at five span locations, i.e. 30%, 47%, 65%, 

80%, and 95% were performed. Turbine yaw angle was precisely controlled by a servo. 

 

Figure 2-3. Overview of all test cases (Unsteady Aerodynamics Experiment, NREL Phase VI Rotor) [25]. 
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                                                                           (a) 

 

                                                                           (b) 

 

Figure 2-4. (a) NREL Phase VI wind turbine (b) NREL Phase VI wind turbine tower [26]. 

 

Figure 2-5. NREL Phase VI  rotor blade geometry [26]. 
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    In test sequence S, wind speeds ranged from 5m/s to 25m/s, and yaw angles ranged from 0º to  

180º. Table 2-1 gives an overview of the flow conditions considered in this work, and Table 2-2 

shows the Reynolds number with respect to the tower diameter at each wind speed. 

Table 2-1. Summary of flow conditions for simulations of NREL Phase VI Rotor. 

                                Yaw angle 

Wind speed (m/s) 

0º 10 º 20 º 

5 × ×  

7 × × × 

9 × ×  

 

Table 2-2. Tower Reynolds number at different wind speed (NREL Phase VI Rotor). 

Wind speed (m/s) ReD 

5 1.11×105 

7 1.56×105 

9 2.00×105 

2.4 Cylinder Flow 

To develop the tower model using the body-force method, a basic knowledge of cylinder flow is 

reviewed in this section. Cylinder flow is one of the most fundamental flows in fluid mechanics. 

Neglecting viscous effects, a well-known analytic solution has been derived from potential-flow 

theory with the absence of flow separation. The flow speed recovers to its upstream value at the 

rear part of the circular cylinder. Using cylindrical coordinates, the stream function for the non-

rotating circular cylinder flow is  
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2

2
(1 )sin

a
U r

r
y q¤= -  (2-13) 

where a is the radius of the cylinder, r is the radial coordinate, and ɗ is the azimuth angle. The 

normal and tangential velocities along the surface of the cylinder are found as 

0rsv =  (2-14) 

2 sinsv Uq q¤=-  . (2-15) 

The pressure distribution along the cylinder surface can be expressed as  

2 21
(1 4sin )

2
sp p Ur q¤ ¤= + -  

(2-16) 

Accordingly, the pressure coefficient Cp becomes  

21 4sinpC q= -  . (2-17) 

Attached is plotted as a function of the azimuth angle in Figure 2-6. 

 

Figure 2-6. Cp distribution along a non-rotating circular cylinder . 

    In reality, the cylinder flow is much more complex than the result obtained using potential theory. 

The flow phenomenon has a strong dependence on the Reynolds number. The Reynolds number is 
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a dimensionless parameter that is related to the ratio of inertial forces to viscous forces and is 

defined by 

  Re
U L

u
¤=   

(2-18) 

where U¤ is the velocity of the object relative to the fluid, L is a characteristic length, and ɜ is 

the kinematic viscosity of the fluid. Numerous experimental studies have been conducted on 

cylinder flow. These studies can be divided into two categories, i) those directed at the steady-state 

properties such as drag coefficient and static pressure, and ii) those concerned with the dynamic 

properties such as unsteady vortex shedding and separation [27]. For the steady-state phenomena, 

a number of wind tunnel tests were performed at different Reynolds numbers [28]-[29]. These 

experimental results define three major regimes in non-rotating circular cylinder flow. The first is 

the subcritical regime for a Reynolds numbers varying approximately from 103 to approximately 

3×105. The drag coefficient of the circular cylinder varies between 1.0 and 1.2. Laminar-turbulent 

transition occurs at a Reynolds number of about 3×105 where the mean drag coefficient drops to 

approximately 0.2-0.35, as shown in Figure 2-7. Then, the flow enters the ñsupercriticalò regime. 

When the Reynolds number is raised to about 3×106, the mean drag coefficient increases again to 

0.4 up to 0.7. The last regime above this Reynolds number is recognized as ñthe transcriticalò 

regime. The root-mean-square variation of circular cylinder drag coefficient at different Reynolds 

number is shown in the Figure 2-8.  The drag coefficient variation is about 10% for Reynolds 

numbers around 105, so it is sufficient most of the time to use the steady mean drag coefficient to 

represent the drag characteristic of the circular cylinder.  

http://en.wikipedia.org/wiki/Kinematic_viscosity
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Figure 2-7. Drag coefficient and Strouhal number of a non-rotating circular cylinder as a function of Reynolds 

number [32]. 

 

Figure 2-8. Root-mean-square variation of drag coefficient for non-rotating circular cylinder  [30]. 

    The mean pressure distribution around the circular cylinder is a reflection of separation. A 

sample pressure distribution at different Reynolds numbers is shown in Figure 2-9. 
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Figure 2-9. Cp distribution along a non-rotating circular cylinder as a function of Reynold number [31]. 

    Unsteady flow phenomena such as vortex shedding and the wake of a tower flow (or cylinder) 

are also of importance. A dimensionless parameter called Strouhal number can be used to describe 

the dimensionless frequency of flow shedding. The Strouhal number is defined as 

fL
St

U¤
=  

(2-19) 

where L is the characteristic length (here the tower diameter), U¤ is the flow velocity, and  f is the 

vortex shedding frequency. 

    Figure 2-7 also shows the mean drag coefficient and Strouhal number variation as a function of 

Reynolds number. Experimental results show that the periodicity starts at St = 0.12 at a Reynolds 

number of about 50. It rises to 0.2 at a Reynolds number of about 300. In the Reynolds number 

range between 300 and 100,000, it has been verified by Roshko, Kovasznay, and Relf [33] that St 

å 0.2. After transition, for higher Reynolds numbers, experiments shows the periodicity does have 

a single appearance, and the dominant frequencies vary substantially. For example, Relf [34] found 








































































