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Abstract 

In this dissertation, various VAT parameters are investigated to determine the effect of the overall 

efficiency of the turbine at a high Reynolds number. To increase the efficiency of the vertical axis 

turbines, 2D CFD simulations are completed in an effort to better understand the physics behind the 

operation of these turbines. Specifically, the effect of advance ratio, solidity, and wake interactions were 

investigated. Simulations were completed in OpenFOAM using the k-ω SST turbulence model at a 

nominal Reynolds number of 500,000 using a NACA 0015 airfoil. To simulate the motion of the turbine, 

Arbitrary Mesh Interfacing (AMI) was used. For all of the parameters tested, it was found that the 

geometric effective angle of attack seen by the turbine blades had a significant impact on the power 

extracted from the flow. The range of effective angles of attack was found to decrease as the advance ratio 

increased. In spite of this, a severe loss in the power coefficient occurred at an advance ratio of 2.5 during 

which the blade experienced dynamic stall. This effect was also seen when the number of turbine blades 

was changed to four, at a solidity of 1.08. This negative impact on performance was found to be due to the 

increase in the drag component of the tangential force when dynamic stall occurs. Results indicate that 

wake interactions between subsequent blades have a large impact on performance especially when the 

wake interaction alters the flow direction sufficiently to create conditions for dynamic stall.  

To improve the performance of the VAT in the presence of dynamic stall, calculations were 

completed of a static twisted blade profile using GenIDLEST and OpenFOAM. There was found to be no 

improvement in the lift coefficient when comparing the twisted blade profile with a 2D blade at the same 

median angle of attack as the twisted blade. To further see the effects of the twisted blade, an effective 



VAT pitching motion was given to the blade and again compared to a 2D blade with the same motion. In 

this case there was significant improvement seen in the performance of the twisted blade.  
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Chapter 1 

Introduction 

1.1 Motivation 
 

With the ever increasing demand for energy for the world’s growing population, renewable 

energy has become a popular research area. The International Energy Agency (IEA) estimated in 

2014 that the global energy demand will grow by 37% by the year 2040. By this year it is also 

estimated that the world’s supply of energy will be equally divided into four parts: oil, gas, coal, and 

low-carbon sources. Fossil fuels will still account for 75% of the world energy supply, leading to an 

estimated average temperature increase of 3.6°C globally. To reduce this temperature increase to only 

2°C, and minimize extensive climate change effects, the worldwide CO2 emissions cannot reach 

1,000 gigatonnes starting in 2014 [1].  There have been numerous different sources of renewable 

energy that have been tapped into including wind, biomass, solar, etc. However, one of the largely 

untapped areas of renewable energy has been river and tidal flows. The tide phenomena occur due to 

the gravitational force of the moon on the earth combined with the centrifugal force produced by the 

earth rotating. The tide occurs approximately twice a day resulting in two high tides and two low tides 

throughout a 24 hour time lapse [2]. For tidal flows, energy can be extracted one of two ways: tidal 

barrages and tidal turbines, which use principles of potential and kinetic energy respectively [2]. A 

tidal flow is similar to the flow seen by a wind turbine with a few differences. Water is almost 1000x 

denser than air and the flow velocity is generally less. The difference in density causes the turbine 

blades in water to experience much larger forces and moments when compared to wind turbines. A 

tidal turbine also needs to be able to handle different flow directions depending whether it is a flood 

or ebb tide (high tide or low tide) [2]. There are two main types of turbines used in tidal flow 

applications: horizontal and vertical axis turbines.  Horizontal axis turbine’s (HAT) axis of rotation is 

parallel to that of the incoming flow, while vertical axis turbine’s (VAT) axis of rotation is 

perpendicular to the incoming flow, seen in Figure 1. 
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Figure 1.1 Set up of a horizontal axis turbine (A) vs an H-rotor vertical axis turbine (B) 

 
The HAT and VAT both have their advantages and disadvantages. VAT blade designs are much 

simpler and easier to manufacture when compared to HAT blades. The VAT also has a favorable generator 

coupling when considering hydrokinetic flows. Because the axis of a HAT is parallel to the incoming 

flow, there has to be a gearbox to allow a 90° turn to get to the water surface. This adds complications to 

the design of the HAT and must account for sealing. The rotation axis of a VAT allows the shaft to go 

directly to the surface without any complications. VATs operate at lower speeds which reduces the amount 

of noise emitted from the turbine. It has been shown by Iida et al. [3] through numerical simulations that 

the predicted noise level of vertical axis turbines was 10dB lower than horizontal axis turbines. VATs can 

operate with the flow coming from any direction. This offers major advantages over HATs since they will 

not require a yaw system, saving power and complexity [4]. In river or tidal flow, the velocity profile of 

the flow can vary with depth. Mertens et al. [5] studied the performance of VATs in a skewed flows 

numerically. They showed that the efficiency of the VAT increased when the flow was skewed.  

In the category of VATs, there are three main types of turbines: Savonius, Darrieus and H-rotor. The 

H-rotor has a simplistic geometry and high energy efficiency for VATs. The base geometry of an H-rotor 

VAT is an airfoil cross-section that rotates while connected to a center shaft. Further features can be added 
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by increasing the number of blades, the airfoil profile, etc.  Although the geometry of the H-rotor turbine 

is simplistic it has very complex flow phenomena that give way to unsteady aero/hydro-dynamics.  

In this thesis, various VAT parameters are investigated to determine the effect of the overall efficiency 

of the turbine at a high Reynolds number. The effects of advance ratio, solidity, and downstream wake 

interactions are investigated using 2D calculations. The OpenFOAM PimpleDyMFoam solver is used to 

solve the unsteady, incompressible Navier-Stokes Equations and the turbulence quantities are modeled 

using the k-ω SST turbulence model. To simulate the movement of the VAT blades, Arbitrary Mesh 

Interfacing (AMI) is utilized. To improve the performance of the VAT in the presence of dynamic stall, 

calculations were completed both a static twisted blade profile using GenIDLEST and OpenFOAM. A 

calculation was also done with a twisted blade profile and an effective VAT motion with GenIDLEST. 

The thesis is organized as follows: 

x In Chapter 2, the solver, solution methods, and turbulence modeling parameters used to solve for 

the flow around the VAT will be discussed. The method of simulating the VAT motion will also be 

described. 

x In Chapter 3, the aerodynamics behind VAT performance will be presented and the previously 

discussed solution methods will be compared to experimental values to validate the 

computational setup. A 2D analysis of the VAT is then presented along with the effects the 

advance ratio, solidity, and downstream wake on the turbine performance at a Reynolds number 

of 500,000. 

x In Chapter 4, 3D calculation using both OpenFOAM and GenIDLEST were completed on a static 

twisted blade with various maximum twist angles. These results were then compared to static 2D 

blades to see if the blade profiles showed any improvements. To simulate the motion of a VAT, an 

effective VAT pitching motion was tested on both 2D and the 3D twisted blade profile. 

x The thesis is summarized in Chapter 5 with concluding remarks. 

x Appendix A: Nomenclature 
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x Appendix B: Forces experienced by the VAT blade during a part of the cycle are shown along 

with the decomposition of the x and y forces into lift and drag forces 

x Appendix C: Comparisons between the ideal lift coefficients, drag coefficients, lift force in the 

tangential direction, drag force in the tangential direction, total force in the tangential direction, as 

well as lift and drag force in the tangential direction throughout the cycle and the actual values 

from calculations 

 

1.2     Literature Review 
 

Many researches have conducted experiments in an effort to gain a better understanding of the 

physics behind VATs, and have worked on improving their overall efficiency.  Kireke and Lazauskas [6] 

showed that fixed pitch turbines do not produce a high enough starting torque and also perform poorly in 

strong currents. If a variable pitch turbine were to be used, however, it could produce a high enough 

starting torque and higher overall efficiency. Kjellin et al [7] performed measurements on a 12kW H-rotor 

VAT to find optimal operating conditions to achieve the highest overall efficiency. Ferriera et al [8,9] used 

PIV experiments to visualize dynamic stall on an H-rotor VAT and then simulated the effects using large 

eddy simulation (LES), detached eddy simulation (DES), and unsteady Reynolds averaged Navier-Stokes 

(URANS). Overall it was determined that DES most closely matched the results from the PIV 

experiment. Takao et al. [10] conducted experiments in a wind tunnel to see the effects of guide van 

geometry on VAT performance. It was shown that by adding guide vanes, the overall efficiency could be 

increased at high advance ratios. Armstrong et al. [11] investigated the effects of canted blades and canted 

blades with fences on VAT performance at a Reynolds number of 500,000. 

Starting in the late 1900s, there have been various numerical methods used to study VATs. Templin 

[12] presented the single streamtube model to analyze VAT performance that was derived from blade 

element momentum theory. The model was shown to over predict the power when compared to 

experiments. Wilson and Lissaman [13] presented an improvement to the single streamtube model. In the 
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multiple streamtube model, the swept area of the turbine is divided into multiple streamtubes. Blade 

element momentum theory is then applied to each of the individual streamtubes. The multiple streamtube 

model was shown to better predict the forces experienced by the turbine blades and induced velocity than 

the single streamtube model. Paraschivoiu [14] then introduced another improvement to the numerical 

simulation of VATs with the double-multiple streamtube model (DMSM). In the DMSM the wind turbine 

is separated into a pair of actuator disks at each level of the rotor and then divided into multiple 

streamtubes. This model again showed better comparisons to experiments than previous models. 

Bianchini et al. [15] implemented the DMSM to evaluate the effect of virtual camber on the performance 

of VATs. It was shown that by including the virtual camber effect for transient simulations greatly 

increased the accuracy of the predicted turbine revolution speed. Rathi [16] used the DMSM to 

investigate H-rotor VAT performance with active blade pitch control. It was shown that with active blade 

pitching, a rotor could have self-starting characteristics. 

Vortex models have also been used to aide in the study of VATs. Larsen [17] applied a vortex model 

to study a single blade on a VAT. However, the model assumed a small angle of attack and the effect of 

stall was not included. Strickland et al.  [18] added the effects of dynamic stall, pitching circulation, and 

added mass to improve the vortex model. Cardona [19] modified the dynamic stall effect of the vortex 

model which showed better predictions of the instantaneous forces seen by the turbine blades. In 2006 

Wang et al. [20] used 2D vortex panel methods to simulate a variable pitch straight blade VAT. It showed 

good results compared to previous models and significantly reduced the computation time. However, it 

did not include dynamic stall effects and was limited to 2D analysis. 

With the improvement of computing power, computational fluid dynamics (CFD) has become a 

largely used instrument to study VATs. Almohammadi et al. [21] performed mesh independency studies 

for 1st and 2nd order accurate schemes on a 2D H-rotor VAT. It was found that a second order accurate 

scheme produced a slightly smaller standard error than the 1st order scheme when comparing the 

efficiencies at different advance ratios. Balduzzi et al. [22,23] compared the pressure based RANS/SST 

solver used in Fluent to a compressible density based research code COSA for VATs. Different mesh 
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techniques were also used in the study: a sliding mesh technique with Fluent, and Arbitrary Eulerian 

Langrangian (ALE) with COSA. Both gave similar results that compared well to experimental data. 

Critical issues in CFD when simulating a 2D VAT was also investigated. It was found that a pressure 

based solver with a 2nd order upwind scheme for spatial discretization of all transport equations and 

bounded 2nd order implicit time stepping produced the best results. The k-ω SST turbulent model was 

used in the study based on the ability to perform well with separated and free-shear flows. It was also 

shown that the time step requirement to acquire accurate results was a function of the rotational speed of 

the turbine. Castellie et al. [24,25] looked at the effect of grid size on the airfoil wall with different 

turbulence models in relation to replicating VAT experimental data. Also investigated was the effect of 

the number of blades on VAT performance, showing that the peak efficiency decreased with an increasing 

number of blades and shifted to a lower advance ratio.  The role of curvature effects relating to airfoils 

rotating cycloidally has been investigated by [26] and [27]. Benedict et al. [28] showed that the efficiency 

of a VAT is largely a function of the blade pitching amplitude and that performance could be further 

improved by using cambered airfoils. It was also shown that when increasing the Reynolds number from 

40,000 to 300,000 the maximum power extracted increased by 15%. Carrigan et al. [29] used an 

optimization tool based on the advance ratio, solidity, and blade profile to generate an optimized airfoil 

cross section. It was shown that the efficiency could be increased by a small percentage when compared 

to a standard blade geometry, which was theorized to be due to elimination of leading edge separation. 

Previous parametric studies have been done by both [30] and [31]. The effects of advance ratio, solidity, 

airfoil type, and Reynolds number were all shown to have a significant impact on the VAT efficiency. 

Howell et al. [32] performed 2D and 3D simulation of an H-rotor VAT. Large differences in the 

efficiency between the 2D and 3D simulations were rationalized to be due to the presence of tip vortices 

in 3D simulations. It was also shown that the phases where large amounts of lift were generated also 

generated stronger tip vortices. Liang et al [33] looked at the aerodynamic performance of an H-rotor 

VAT. It was shown that the turbine blades experience attached flow, mild stall, deep stall, and reattached 

flow all in one cycle. Tsai and Colonius [34] investigated the flow of a VAT at a low Reynolds number 
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using the Immersed Boundary Method (IBM). The motion of a VAT blade was simplified by 

decomposing into surging motions, pitching motions, and a Coriolis force. It was shown that this motion 

estimated the lift coefficient well during the upstroke phase, but overestimated during the downstroke 

phase. 

 

 



8 
 

Chapter 2 

Numerical Methodology 

 

All calculations are performed using the open source code OpenFOAM and in house code GenIDLEST. 

The details of the framework and methodology used in OpenFOAM can be found in Weller et al [35]. In 

this chapter the relevant governing equations and the modified URANS governing equations are given. 

The solution algorithm PimpleDyMFOAM used to solve the governing equations along with the k-ω SST 

turbulence model will be presented. The AMI method used for mesh motion will be discussed. Finally, the 

aspects of GenIDLEST pertinent to this research are outlined. 

2.1 OpenFOAM 
 

2.1.1 Governing Equations 

The form of the Navier-Stokes equations for incompressible flow in conservative form is as follows: 

Continuity: 

𝜕𝑢𝑖
𝜕𝑥𝑖

= 0     Equation 2.1 

 

Momentum: 

𝜌 𝜕𝑢𝑖
𝜕𝑡 + 𝜌 𝜕

𝜕𝑥𝑗
(𝑢𝑗𝑢𝑖) =  − 𝜕𝑝

𝜕𝑥𝑖
+ 𝜕

𝜕𝑥𝑗
(2𝜇𝑆𝑖𝑗)  Equation 2.2 

 

where μ is the molecular viscosity and Sij is the strain rate tensor , 

𝑆𝑖𝑗 = 1
2 (𝜕𝑢𝑗

𝜕𝑥𝑖
+ 𝜕𝑢𝑖

𝜕𝑥𝑗
)    Equation 2.3 

 

The energy equation was not solved due to low Mach number and incompressible assumption, no body 

forces were included as well. Turbulence is modeled in the framework of the Unsteady Reynolds 
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Averaged Navier-Stokes equations (URANS) formulation. The equations are derived by decomposing the 

instantaneous velocity components into an averaged and fluctuating quantity  

         𝑢𝑖(𝒙, 𝑡) = 𝑈𝑖(𝒙, 𝒕) + 𝑢𝑖′(𝒙, 𝑡)    Equation 2.4 

This term is inserted into the Navier-Stokes equations and time averaged.  

𝜕𝑈𝑖
𝜕𝑥𝑖

= 0      Equation 2. 

𝜌 𝜕𝑈𝑖
𝜕𝑡 + 𝜌𝑈𝑗

𝜕𝑈𝑖
𝜕𝑥𝑗

= − 𝜕𝑃
𝜕𝑥𝑖

+ 𝜕
𝜕𝑥𝑗

(2𝜇𝑆𝑖𝑗 − 𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ̅̅ )    Equation 2.6 

 After the time averaging is performed the Reynolds stress tensor appears in the equations, −𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ̅̅  which 

is represented as 𝜏𝑖𝑗 . The addition of the stress tensor requires closure which is done by relating the 

Reynolds stress tensor to the velocity gradient using the Boussinesq eddy-viscosity assumption 

−𝜌𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 2𝜇𝑡𝑆𝑖𝑗 − 2
3 𝜌𝛿𝑖,𝑗𝑘     Equation 2.6 

 

This assumption models the Reynolds stress tensor based on the eddy viscosity, 𝜇𝑡. The eddy viscosity is 

defined as 

𝜇𝑡 = 𝜌𝑘
𝜔       Equation 2.7 

 

where k is the turbulent kinetic energy and ω is the specific turbulent kinetic energy dissipation rate. The 

eddy viscosity is modeled using the two equation k-ω SST turbulence model based on previous work 

showing good comparisons to experimental results. In the SST model a blending function is used to 

combine elements from the k-ε and k-ω models. The k-ω model has been shown to be more accurate than 

the k-ε in near wall layers, but does not do well in free shear layers. The k-ω equation has been shown to 
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be extremely sensitive to values of ω in the free stream outside of the boundary layer. The blending 

function F1 is formulated to use the k-ω model near walls, and to gradually blend in the k-ε model away 

from walls. With this approach the superior near wall performance of the k-ω model is employed together 

with the superior performance of the k-ε model in the free-stream [36]. 

𝜕(𝜌𝑘)
𝜕𝑡 + 𝜕(𝜌𝑈𝑗𝑘)

𝜕𝑥𝑗
=  𝑃�̃� − β∗𝜌𝜔𝑘 + 𝜕

𝜕𝑥𝑗
(Γ𝑘

𝜕𝑘
𝜕𝑥𝑗

)      Equation 2.8 

 

𝜕(𝜌𝜔)
𝜕𝑡 + 𝜕(𝜌𝑈𝑗𝜔)

𝜕𝑥𝑗
= 𝛾

𝜈𝑡
𝑃𝑘 − 𝛽𝜌𝜔2 + 𝜕

𝜕𝑥𝑗
(Γ𝜔

𝜕𝜔
𝜕𝑥𝑗

) + (1 − 𝐹1)2𝜌𝜎𝜔2
1
𝜔

𝜕𝑘
𝜕𝑥𝑗

𝜕𝜔
𝜕𝑥𝑗

        Equation 2.9 

with 

       Γ𝑘 = 𝜇 + 𝜇𝑇
𝜎𝑘

,      Γ𝜔 = 𝜇 + 𝜇𝑇
𝜎𝜔

, 𝑃𝑘 = 𝜏𝑖𝑗
𝜕𝑈𝑖
𝜕𝑥𝑗

 , 𝑃𝑘 ̃ =  min (𝑃𝑘, 𝑐𝑙𝜖)           Equation 2.10      

 

2.1.2 PimpleDyMFoam Solver 
 

The unsteady Navier-Stokes equations were solved using the open source finite-volume code OpenFOAM 

[35].  OpenFOAM is a C++ library that is used to create executables that fall into two categories: solvers 

and utilities. The solvers are used to solve problems in continuum mechanics while the utilities perform 

data manipulation tasks. A main advantage with OpenFOAM is that users can create and edit solvers as 

well as utilities once some understanding of the underlying method used in OpenFOAM has been gained. 

For the problem at hand the PimpleDyMFoam solver provided by OpenFOAM was used based on the 

large time step ability and the dynamic mesh solver capabilities. 

 

The PimpleDyMFoam algorithm is a merged version of the transient SIMPLE and PISO algorithms. A 

simplified mapping of the solver can be seen in Figure 2.1. At the start of each time step the mesh motion 

is activated and the absolute flux from the mapped velocity is calculated. This flux is then made relative 

to that mesh motion. The pressure-velocity coupled loop is started where the momentum equation is 
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solved first and then the pressure corrector loop is entered. Inside this loop the pressure equation is solved 

and then the velocity field is corrected. Lastly the turbulence modeling equations are solved and the next 

time step ensues [37] [38]. OpenFOAM allows the user to specify the number of pressure-corrector loops 

as well as the number of pressure-velocity coupling loops. If the number of pressure-corrector loops is set 

to one, the solver is operating in SIMPLE mode. If the number of pressure-velocity coupled loops is set to 

one, the solver is operating in PISO mode. To allow for a large time step a mixture of pressure corrector 

and pressure-velocity loops should be employed. 

 

 

Figure 2.1. PimpleFyMFoam solver tree used in OpenFOAM 
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2.1.3 Arbitrary Mesh Interface 

 

To simulate the motion of an H-rotor VAT a mesh motion had to be implemented. To simulate this motion, 

the Arbitrary Mesh Interface (AMI) method was used. The AMI method allows for simulation across 

disconnected, but adjacent meshes. These domains can be either stationary or move relative to one 

another. Standard interpolation of a field qD from a donor mesh (TD) to a target mesh (TT) receiving field 

qT suffers from certain disadvantages. These include not being conservative, the minimum and maximum 

are eroded, and not being able to handle discontinuous fields well. In AMI a Galerkin projection is used 

with the projection from TD to TT being accurate in the L2 norm. The Galerkin projection gives rise to the 

matrix form of the donor and target fields 

𝑀𝑇𝑞𝑇 = 𝑀𝑇𝐷𝑞𝐷    Equation 2.11 

 

Matrix MTD is a mixed mass matrix between the two meshes TD and TT. Once this matrix is assembled 

Equation 2.14 can be solved using a standard iterative solver to compute qT [39] 

 

The setup of the AMI method for the case of a 2D H-rotor VAT involved having two separate zones in the 

mesh: stationary and rotating. The rotating zone contains the blades and surrounding mesh to a value of 

1.7R. The stationary mesh is set from the boundaries to the circle containing the rotating mesh. At the 

interface of the two zones the values between cells are interpolated as described above. The rotating mesh 

was given a rotational velocity that varied for different cases run. 

 

 

2.2         GenIDLEST 
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To better resolve the flow over the twisted blades, an in-house code –Generalized Incompressible Direct 

and Large Eddy Simulation of Turbulence (GenIDLEST) was used. The details of the framework and 

methodology used in GenIDLEST can be found in Tafti [40] and Tafti [41]. In this section the relevant 

governing equations is given with elements of the immersed boundary method (IBM) [42] that was used. 

 

2.2.1 Governing Equations 

The non-dimensional form of the Navier-Stokes equations for incompressible flow is as follows: 

Continuity: 

𝜕𝑢𝑖
𝜕𝑥𝑖

= 0      Equation 2.12 

 

Momentum: 

𝜕𝑢𝑖
𝜕𝑡 + 𝜕(𝑢𝑗𝑢𝑖)

𝜕𝑥𝑗
= − 𝜕𝑃

𝜕𝑥𝑖
+ 1

𝑅𝑒 ( 𝜕2𝑢𝑖
𝜕𝑥𝑗𝜕𝑥𝑗

)   Equation 2.13 

Where the non-dimensionalizations are: 

𝑥𝑖 = 𝑥𝑖
∗

𝐿𝑟𝑒𝑓
∗ ; 𝑢𝑖 = 𝑢𝑖

∗

𝐿𝑟𝑒𝑓
∗ ; 𝑡 = 𝑡∗𝑢𝑟𝑒𝑓

∗

𝐿𝑟𝑒𝑓
∗ ; 𝑝 = 𝑃∗ − 𝑃𝑟𝑒𝑓

∗

𝜌𝑟𝑒𝑓
∗ 𝑢𝑟𝑒𝑓

∗2   ; 𝑅𝑒 = 𝜌𝑟𝑒𝑓
∗ 𝑢𝑟𝑒𝑓

∗ 𝐿𝑟𝑒𝑓
∗

𝜇𝑟𝑒𝑓
∗    

The above governing equation are transformed to generalized coordinates and discretized with a 

conservative finite-volume formulation using a second-order central (SOC) difference scheme on a non-

staggered grid topology. The Cartesian velocities and pressure are calculated and stored at the cell center, 

whereas the fluxes are calculated and stored at cell faces. A projection method using second order 

predictor-corrector step is used for the time integration for the continuity and momentum equations. In the 
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predictor step, an intermediate velocity field is calculated; and in the corrector step, the updated 

divergence free velocity is calculated at the new time-step by solving a pressure-Poisson equation. 

2.2.2 Immersed boundary method 

The immersed boundary method (IBM) is an extension of a scheme that was initially proposed by 

Gilmanov and Sotiropoulos [43] to a non-staggered grid with a curvilinear coordinate system. In the 

method used, the governing equations are solved without modification for the nodes in the fluid domain, 

with special treatment applied solely to the first layer of fluid nodes next to the immersed boundary. This 

allows a number of different turbulence models to be used in parallel with IBM such as DNS, LES, 

RANS, etc. The details and framework can be found in Nagendra et al. [42] 

In the first step of IBM, the solid boundary modeled as the immersed boundary is provided as an input in 

a discretized form. Each segment contains location information with respect to the fixed background fluid 

grid, normal, and length/area (2D/3D). The normal is used to describe the solid side of the immersed 

boundary and the length/area of the surface grid is used for post processing to calculate surface forces, 

heat flux, etc. A search-locate and interpolate algorithm is used to mark the nodes of the background 

mesh in the proximity of the immersed boundary. The type of node (fluid or solid) is determined based on 

the surface grid and will form a fluid/solid boundary on the background mesh. The fluid/solid nodes that 

are in the immediate vicinity of the immersed surface are defined as fluid/solid IB nodes. All of the nodes 

in the background mesh are assigned one of the following nodetypes: fluid, solid, fluid IB, or solid IB 

node (the solid IB nodes are only defined for conjugate heat transfer). 

Once all of the nodes have been assigned a type, the governing equations are solved for all of the fluid 

nodes. The nodes marked IB nodes are then modified to see the presence of the immersed surface. A 

probe in the surface grid normal direction with a distance of one cell is assigned to each of the IB nodes 

seen. A tri-linear interpolation method is used to determine the value of the desired primitive flow 

variable at the probe location from the surrounding nodes. The probe value is then used to find the value 
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at the IB node that satisfies the proper boundary condition. For Dirichelt condition, it is assumed that the 

gradient between the IB surface and probe location is constant giving: 

𝜙𝑖𝑏 = 𝑑𝑖𝑏∗𝜙𝑝1+(𝑑𝑝1−𝑑𝑖𝑏)∗𝜙𝐵𝐶
𝑑𝑝1

    Equation 2.14 

 

For a Neumann boundary condition, the formulation is written as: 

𝜙𝑖𝑏 = 𝜙𝑝1 − (𝑑𝑝1 − 𝑑𝑖𝑏) ∗ 𝜕𝜙
𝜕𝑛|

𝐵𝐶
   Equation 2.15 

 

When the governing equations are solved at the fluid nodes in the following time step, these IB values 

will be used. Therefore, the immersed boundary will be seen by the nodes in the fluid region. Validation 

of IBM framework used for fully developed channel flow and pipe flow can be seen in He [44]. 
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Chapter 3 

2D Rotating VAT Calculations 

 

 To increase the efficiency of the vertical axis turbines, 2D CFD simulations are completed in an 

effort to better understand the physics behind the operation of these turbines. Specifically, the effect of 

advance ratio, solidity, and wake interactions were investigated. Simulations were completed in 

OpenFOAM using the k-ω SST turbulence model at a nominal Reynolds number of 500,000 using a 

NACA 0015 airfoil. To simulate the motion of the turbine, Arbitrary Mesh Interfacing (AMI) was used. 

For all of the parameters tested, it was found that the effective angle of attack seen by the turbine blades 

had a significant impact on the power extracted from the flow. The range of effective angles of attack was 

found to decrease as the advance ratio increased. In spite of this, a severe loss in the power coefficient 

occurred at an advance ratio of 2.5 during which the blade experienced dynamic stall. This effect was also 

seen when the number of turbine blades was changed to four, at a solidity of 1.08. This negative impact 

was found to be due to the increase in the drag component of the tangential force when dynamic stall 

occurs. Results indicate that wake interactions between subsequent blades have a large impact on 

performance especially when the wake interaction alters the flow direction sufficiently to create 

conditions for dynamic stall.   

 

3.1 VAT Aerodynamics 
 

The type of VAT analyzed was an H-rotor which consists of straight blades with a constant cross 

section of a NACA 0015 airfoil at a Reynolds number of 500,000. When a fluid flows past the blades a 

pressure differential is created on the blades that causes both lift and thrust forces to be generated. 

Because the blade is rotating it experiences different velocities and angles of attack during the cycle, 

which leads to varying lift and thrust forces. The blade sees a relative velocity, W, which is based off of 

the free stream velocity U∞, and the instantaneous speed of the blade itself ωR. The altered angle of attack 
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denoted the ideal effective angle of attack, αeff, is the angle between the blade chord line and the 

instantaneous relative velocity the blade sees. The quantities can be seen at various points in the cycle in 

Figure 3.1. Note that the start of the cycle for Blade 1, the reference blade for all plots hereafter, is at 

θ=90°. 

 

Figure 3.1 Relative velocity, 𝑽𝒓𝒆𝒍, seen by the VAT blades and ideal effective angle of attack (labeled 
α in this figure) at two different azimuthal positions 
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Barring other induced velocities, the ideal effective angle of attack for an H-rotor VAT is both a 

function of the azimuthal position, θ and the relative velocity of the blade seen below: 

 

𝛼𝑒𝑓𝑓 =  cos−1 ( 𝑉𝑟𝑒𝑙⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ∙𝑡 
|𝑉𝑟𝑒𝑙⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ||𝑡 |

)         Equation 3.1  

 

 

where 𝑡  is the tangential unit vector of the blade. Since the relative velocity is a function of the advance 

ratio seen below: 

 

𝜆 = 𝜔𝑅
𝑈∞

  ,       Equation 3.2 

 

the ideal effective angle of attack is also a function of the advance ratio of the turbine. For small values of  

λ the range of αeff is very large with sharp gradients near an azimuthal angle of 270°. As the value of  λ 

increases, the range of αeff decreases as well as does the gradient of angle change near 270° seen in Figure 

3.2. It is important to note that for a NACA 0015 airfoil at Re = 500,000, the static stall angle of attack 

occurs at about 15° [45]. It is also important to define the solidity of a VAT define as: 

 

𝜎 = 𝑁𝑐
𝑅

      Equation 3.3 

 

where N is the number of blades and c is the blade chord length.  
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Figure 3.2 The ideal effective angles of attack versus the azimuthal angle at various advance ratios 
 

Since the blades of a VAT are rotating with a changing ideal effective angle of attack, and not 

stationary, they will experience dynamic stall instead of static stall. When the airfoil’s angle of attack is 

increasing/decreasing rapidly, the onset of stall is delayed from the static stall angle. Dynamic stall then 

occurs which in most cases is more severe and persistent than static stall. While a dynamic airfoil delays 

stall and results in much higher lift coefficients than a static airfoil at the same angle of attack, once 

dynamic stall sets in, there is a sharp drop in the lift coefficient. The degree of loss of lift (light versus 

deep stall) is a function of the airfoil shape, Reynolds number, angle of attack, and the rate of change of 

the angle of attack. Dynamic stall begins at the leading edge of the airfoil and has six distinct phases [46]. 

It starts with an attached boundary layer that then has a flow reversal inside the boundary layer as the 

angle of attack increases. A leading edge vortex (LEV) then forms and detaches from the airfoil and starts 

to move over its surface. As it moves towards the trailing edge a secondary vortex then forms at the 

leading edge. Finally, as the ideal effective angle of attack decreases, the flow reattaches at the leading 

edge [46]. Because dynamic stall influences the lift and drag force, it will have an impact on the overall 

efficiency of the VAT. 
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Figure 3.3 shows the lift and drag forces, as well as the normal and tangential unit vectors of a blade. 

As the blade rotates throughout the cycle the normal force will always be perpendicular to direction of 

motion. Since it is always perpendicular to the direction of motion it does not contribute to the torque 

generated, the torque generated is solely due to the thrust force.  

 

Figure 3.3 Instantaneous forces felt by VAT blade  

 

 

The thrust force FT and the normal force FN can be expressed as below: 

 

                                            𝐹𝑇 =  𝐹𝐿 ∗ 𝑐𝑜𝑠 (𝜋
2
− 𝛼𝑒𝑓𝑓) − 𝐹𝐷 ∗ 𝑐𝑜𝑠(𝛼𝑒𝑓𝑓)       Equation 3.4 

                                      𝐹𝑁 =  𝐹𝐿 ∗ sin (𝜋
2
− 𝛼𝑒𝑓𝑓) + 𝐹𝐷 ∗ sin(𝛼𝑒𝑓𝑓)      Equation 3.5 
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where 𝐹𝐿 and 𝐹𝐷 are lift and drag forces, measured normal and tangent  to the approach velocity defined 

by the effective angle of attack (𝛼𝑒𝑓𝑓) , respectively. The lift and drag coefficients per unit span CL and 

CD can be expressed as: 

𝐶𝐿 = 𝐹𝐿
1
2𝜌(𝜔𝑅)2𝑐

     Equation 3.6 

 

𝐶𝐷 =  𝐹𝐷
1
2𝜌(𝜔𝑅)2𝑐

     Equation 3.7 

 

where c is the turbine blade chord. Note that the reference velocity in the denominator is the rotational 

velocity which is a better measure of the dynamic head than the freestream velocity. The torque τ for a 

single blade is solely due to the tangential force and can be calculated as: 

  

𝜏 = 𝑅𝐹𝑇         Equation 3.8 

 

where R is the radius of the turbine as shown in Figure 3.1. The torque coefficient is then expressed as: 

 

𝐶𝜏 = 𝜏
1
2𝜌𝑅𝐴𝑈∞

2             Equation 3.9 

 

For 2D simulations the span of the blades is considered to be of unit length so A can be expressed as: 

 

𝐴 = 2𝑅                           Equation 3.10 

 

Therefore, the power for each blade in the turbine is 

 

𝑃 = 𝜏𝜔                               Equation 3.11 
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and then power coefficient for each blade is defined as: 

 

𝐶𝑝,𝑏𝑙𝑎𝑑𝑒 = 𝑃
1
2𝜌𝐴𝑈∞

3                             Equation 3.12 

 

To find the efficiency for the turbine, all of the power coefficients for each blade in the turbine must be 

summed up and then averaged over one cycle: 

 

𝐶𝑃 = 1
2𝜋 ∫ (∑ 𝐶𝑝𝑛

(𝜃))𝑑𝜃 𝑛
𝑖=1

2𝜋
0                      Equation 3.13 

 

 

3.2 Computational Domain 

Figure 3.4 shows the two-dimensional VAT geometry used for the calculations where c is the blade 

chord length, 0.4m, and R = 3.6875c. The setup of the AMI method for the case of a 2D H-rotor VAT 

involved having two separate zones in the mesh: stationary and rotating. The rotating zone contains the 

blades and surrounding mesh to a value of 6.25c, or approximately 1.7R.  The stationary mesh is set from 

the boundaries to the circle containing the rotating mesh. At the interface of the two zones the values 

between cells are interpolated as described in Chapter 2. The rotating mesh was given a rotational 

velocity that varied for different cases run. The inlet of the domain was 16c and the outlet was a distance 

of 24c from the rotating region. The calculations were run for four full rotations of the VAT at a Re = 

500,000. The Reynolds number is calculated based on: 𝑅𝑒 = 𝑈∞𝑐
𝜈

, where c is the chord length of the VAT 

blades. 
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Figure 3.4. The computational domain used for calculations 

To ensure that the k-ω SST model correctly models the turbulence near the blades a y+ value of 1 was 

set for the mesh at the wall. A triangular unstructured mesh was used everywhere except in the near the 

blades where a quadrilateral mesh was implemented as seen in Figure 3.5. The average number of cells 

for each case was about 300,000 and took about 14 days to run through 4 cycles on 16 processors. This 

varied for the case of examining the solidity where the number of airfoils was altered by changing the 

number of blades in the VAT, and thus the number of computational cells increased to 363,000 for 4 

blades and 510,000 for 6 blades, respectively. After each case ran through four cycles it was determined 

that the results had converged based on the small amount of variation in the Cp for each blade between 

two consecutive cycles. 
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Figure 3.5. Close up of the quadrilateral mesh on the blade surface at a y+ = 1 

A grid independency study was conducted to determine the effect of the grid size on the results. Three 

different grids were used varying in the number of total cells shown in Table 3.1. The fineness of the grid 

was increased by increasing the number of points along the surface of each VAT blade while keeping the 

y+ value equal to one. This in turn increased the resolution in the near blade region inside of the rotating 

domain. The number of cells was kept constant in the stationary region of the computational domain. 

Table 3.1. Grid sizes used for grid independency study 

Grid 
# Points Along 
Blade 

Total Cell 
Count 

Grid 1 100 100k cells 
Grid 2 350 220k cells 
Grid 3 750 350k cells 

 

The results of the grid sensitivity study can be seen in Figure 3.6. Grid 2 and 3 gave back very similar 

results with a difference in the overall power coefficient of about 1%, while Grid 1 had a difference of 

over 20% from the finest grid. Grid 2 was run on 32 processors taking about 124 hours to run four cycles 

at about one second per time step. Grid 3 was also run on 32 processors taking almost 360 hours to 

complete four cycles, taking about three seconds per time step.  Because of the increased performance and 
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small difference in overall pressure coefficient, the final computations were run on Grid 2. Validation of 

this mesh with experimental results can be seen in Figure 3.8. 

 

Figure 3.6. Overall power coefficient for difference mesh sizes 

Three different convective schemes were also tested to determine the effect on the results: second 

order central (SOC), second-order upwind, and first-order upwind. SOC is dispersive giving rise to 

oscillations, the first and second-order upwind schemes are dissipative damping out any oscillations that 

may arise by introducing dissipation of O(Δ) and O(Δ2), respectively. All three cases were tested; 

however, the SOC scheme was not stable and caused the solution to diverge. The comparison between the 

first-order and second-order upwind scheme for a single blade can be seen in Figure 3.7. The second 

order scheme shows a larger peak in the power coefficient at an azimuthal angle of about 190° than first 

order upwind. In the second half of the cycle there is also a slightly higher power coefficient with the 
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second order scheme.  The overall turbine power coefficient for both cases can be seen in Table 3.2. The 

second order upwind scheme predicted a higher overall power coefficient than the first order scheme, 

 

Figure 3.7. Comparison of power coefficient for first and second order upwind scheme for a single 
blade 

 as expected from the blade power coefficient plot.  Since the first order scheme is more dissipative, it 

dampens out some of the viscous effects near the blades leading to a lower power coefficient per blade. 

The overall power coefficient for the second order scheme was about 6% higher than that of the first order 

scheme. When the second order scheme was tested at high advance ratios however, it became unstable 

and the calculation diverged. Since the first order scheme gave similar results to the second order scheme 

and was more stable at higher advance ratios, it was used for all final calculations. 

Table 3.2.The overall power coefficient for first and second order upwind schemes 

Convective 
Scheme Cp % Diff 

1st Order Upwind 0.286 5.92 
2nd Order Upwind 0.304 0 

 

3.3 Effects of Advance Ratio 
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To validate the computational methods and problem set up, the effect of advance ratio on cycle 

averaged Cp was investigated. Armstong et al. [11] experimentally investigated the effect of canted blades 

on VAT performance. The control case of blades with a canting angle of 𝛽 = 0, Re = 500,000 and σ = 

0.81was used to validate the computational method. Five different cases of λ were run (seen in Table 3.3) 

and the values of cycle-averaged Cp were compared to the experimental values seen in Figure 3.8. 

Table 3.3. The advance ratio with corresponding rotational velocity 
Advance 

Ratio ω (rad/s) 

1.0 0.678 
1.25 0.847 
1.75 1.186 
2.0 1.356 
2.5 1.695 

 

It was found that the results from the simulations matched well with the experimental values. A 

maximum Cp value of 0.28 was found at an advance ratio of λ = 2.0, which was slightly higher than the 

experimental values. The computational model was also able to capture the steep decrease in Cp occurring 

at high advance ratios of 2.5. While the power coefficients are predicted quite accurately at small λ, the 

current calculations over-predict the values at large λ greater than 2. This could be due to the inability of 

the model to predict the post-stall dynamics accurately. 
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Figure 3.8. Cycle-averaged power coefficient variation with advance ratio compared to 
experiments. 
 

As was shown in Figure 3.2, the advance ratio influences the range of the effective angles of attack 

the blades experience through the cycle. This causes the power coefficient for a single blade to vary 

throughout the cycle for a given advance ratio. At different advance ratios, the Cp,blade variation changes as 

seen in Figure 3.9 which begins at 90o. As the blade moves counter-clockwise, the power coefficient 

increases steadily to reach a peak value between 160o and 200o depending on the advance ratio. It is found 

that as the advance ratio increases, the peak Cp value increases and the azimuthal angle at which this peak 

occurs also increases. Note that as the advance ratio increases, the blade approach velocity increases, 

increasing the Reynolds number and the dynamic head seen by the blade.  Thus, barring any drastic 

changes in the flow around the blade, the power (P in Eqn. 3.10) increases. While Cp includes the effect of 

rotational velocity, the torque coefficient (𝐶𝜏,𝑏𝑙𝑎𝑑𝑒) gives a better representation of the tangential force 

acting on the blade. 
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Figure 3.9. Power coefficient variation per cycle for different advance ratios 

 

The magnitude of the tangential force acting on the airfoil is primarily dependent on the lift force 

produced normal to the effective direction of motion of the airfoil (effective velocity) and the orientation 

of the lift force w.r.t. the tangential direction or the ideal effective angle of attack (αeff).  The contribution 

of lift towards the tangential force increases with αeff and the negative impact of drag also decreases with 

increase in αeff. Thus as high as possible αeff  is desirable that can sustain high lift and low drag for 

maximizing the tangential force, i.e, without going into dynamic stall which would drastically decrease 

lift and increase drag. In Figure 3.2, the ideal effective angle of attack increases from zero at 90o to a 

maximum value and decreases again as the airfoil approaches 270o. Thus during the first half of motion, 

the contribution of lift force to tangential force increases, but then starts to decrease as αeff decreases. 

Comparing different advance ratios, as λ increases, the contribution of lift force to tangential force 

decreases, but this is countered by the increase in lift force as the dynamic head increases. In travelling 

from 270 back to 360 degrees, the same dynamics hold true, however, the physics of torque production is 

further complicated by wake interactions which would not only reduce the dynamic head of the approach 
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flow but also impact the ideal effective angle of attack by changing the incident flow direction. Thus most 

of the torque production occurs during the traverse from 90 to 270 degrees, while the rest of the cycle 

contributes minimally to the power cycle. 

There is a very small difference between the torque coefficients for different advance ratios in the first 

70° of the cycle (90o-160o) as shown in Figure 3.10.  The lower advance ratios do have a slightly higher 

value of Cτ for this part of the cycle. This could result from the higher αeff as seen in Figure 3.2. For the 

case of λ = 1 there is then a sharp decrease in the torque coefficient after 𝜃 = 160°. At this point the ideal 

effective angle of attack is at about 40°, after which the lift coefficient of a NACA 0015 airfoil decreases 

[45]. This in turn causes the torque for λ = 1  to decrease before the other cases, and the same can be said 

for λ = 1.25. At higher advance ratios (1.75 and 2.0), the increase in torque is sustained longer till about 

190o at which the respective αeff have values between 25 and 30o close to the peak values which occur at 

about 220o.  Beyond 190o, there is a steady decrease in the torque coefficient, most probably due to the 

combined effect of decrease in 𝛼𝑒𝑓𝑓 and decrease in lift. 

 

Figure 3.10. Torque coefficient variation per cycle for different advance ratios 



31 
 

 

At 𝜆 = 2.5, it can be seen in Figure 3.9 that the power coefficient decreases sharply at 𝜃 = 185° and so 

does the torque coefficient. Not only is there a sharp drop, but the power coefficient and torque become 

negative between 210 to 270o, indicating either a negative lift and/or a large increase in the drag. Further 

investigation reveals that the airfoil goes through dynamic stall during this period. This is shown in Figure 

3.11 comparing the vorticity dynamics to λ=1.75 during the same period (184o – 233o). It can be clearly 

seen that a stalled leading edge vortex (LEV) starts to form at 194o, and grows over the subsequent time 

frames and is about to separate at 233o, coinciding with the peak negative value of torque. In contrast, the 

flow field for λ =1.75 shows a strong shear layer formed on the suction side, which gradually moves away 

from the surface as θ increases but there is no massive separation as seen for λ=2.5. 

One could ask the question, as to what leads to dynamic stall for this case given that αeff is bounded 

between ±23o which is less than that realized with the smaller advance ratios, and that the dynamic head   
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Figure 3.11. Comparison between λ=1.75 (left) and λ=2.5 (right) at the same circumferential positions. 
The case of λ=2.5 is showing the evolution of dynamic stall from θ = 184° to θ = 233° which leads to the 
large drop in power coefficient discussed previously. For the same angles the case of λ=1.75 a LEV 
does not form and eventually separate, thus the power coefficient does not experience the dramatic 
drop. 
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(or Reynolds number) has increased, both of which are favorable conditions towards prolonging the onset 

of dynamic stall. While we do not have a clear answer, it is suspected that the high rate of rotation could 

lead to conditions in which blade wakes start interacting with each other and could induce conditions 

favorable to the onset of dynamic stall. 

To investigate this further, an actual representation of the velocities and effective angles were sought. 

Data was extracted from a distance of c/4 in front of blade 1 at various points throughout the fourth cycle 

of the VAT. From this data the relative velocity magnitude was plotted for the advance ratios of λ = 1.0, 

1.75, and 2.5 and compared to what is expected based on the ideal effective angle of attack seen in Figure 

3.12.  For the advance ratio of 1.0 there is very poor agreement with the expected relative velocity 

magnitude throughout the entire cycle. Because of the low advance ratio, the rotational effects of the VAT 

do not dominate the flow, causing the difference. Advance ratios of 1.75 and 2.5 show much better 

comparison to the expected values especially during the first half of the cycle. During the first half the 

effects of the wake do not have as large of an impact on the relative velocity as compared to the second 

half of the turbine cycle. It is also noted that the advance ratio of 2.5 compares very well to the expected 

values during this first half. This further solidifies the theory that when the rotational effects dominate the 

flow, a more accurate representation of the relative velocity magnitude can be expected during the first 

half of the cycle. 
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Figure 3.12. The relative velocity magnitude seen by blade 1 compared to the expected idealized 
velocity magnitude for advance ratios of 1.0, 1.75, and 2.5 

The effective angle of attack for the same three advance ratios was then compared to the expected 

ideal effective angle of attack seen in Figure 3.13. The same general trends that were seen with the 

relative velocity magnitude can be seen in the comparison of effective angles of attack. There is good 

comparison in the first half of the cycle with the ideal effective angle of attack but deviates in the second 

half of the cycle because of the wake interactions. For all three advance ratios the ideal effective angle of 

attack over predicts the actual effective angle of attack seen by the blade. As seen previously there was 

dynamic stall seen in the case of λ = 2.5 from 184° to 233°. During this part of the cycle the blade 

experiences effective angles of attack that go from -23°, to a peak value of -26°, and then back down to -

24°. However, when looking at lower advance ratios over this portion of the cycle the range and 

magnitude of effective angles of attack is much larger and should therefore lead to dynamic stall. This 

leads us to believe that the larger rotational speed has an impact on the occurrence of dynamic stall, but to 

what extent is still not clear. 
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Figure 3.13. The effective angle of attack seen by blade 1 compared to the geometric effective angle 
of attack for advance ratios of 1.0, 1.75, and 2.5 

 

The lift and drag coefficients for a single blade, as defined in Equation 3.6 and 3.7 respectively, 

averaged over the entire cycle were compared for the different advance ratios tested seen in Figure 3.12. 

The expression used to obtain lift and drag from the x- and y- components of the force vector are given in 

Appendix B. It is noted that in calculating the lift and drag forces, the idealized effective angle of attack 

and approach velocity are used in Figures 3.14 to 3.17. Appendix C shows results with the actual effective 

angle of attack and approach velocity from Figure 3.12 and 3.13. While there are differences between the 

two approaches, the general trends are quite similar. This, together with the sensitivity of the extracted 

approach velocity and effective angle to the measurement location, we have chosen to present the results 

in the idealized setting. 

Both the lift and drag coefficients decrease with an increase in the advance ratio with a maximum lift 

coefficient of 1.04 for λ = 1.0 and a minimum of 0.26 occurring for λ = 2.5. The cases with a higher λ will 
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see a much larger nominal velocity, ωR, which accounts for the drop in the coefficients based on the 

definition seen in Equations 3.6 and 3.7. The actual lift force increases almost linearly by a factor of 2.4 

from λ =1.0 to 2.5 caused by an increase in the dynamic head. On the other hand, the drag force decreases 

up to λ = 1.75 as a result of a decreasing angle of attack, after which there is a sharp increase as dynamic 

stall sets in at λ = 2.5.   

     

Figure 3.14. The cycle averaged lift (left) and drag (right) for a single blade at various advance 
ratios. 
  

While lift and drag coefficients on a blade are good indicators of aerodynamic performance, their 

contributions to the tangential thrust force in Figure 3.15 directly impact the performance of the turbine.  

For each value of λ the cycle averaged lift and drag component of the thrust force is shown. Every value 

of λ shows that the total thrust force is lower than that of the lift component. This is due to the negative 

effects of drag on the thrust production throughout the cycle.  At each advance ratio the ideal effective 

angle of attack varies significantly as seen in Figure 3.2. This variation in ideal effective angle of attack 

impacts whether the lift and drag components are acting in favor of or opposing thrust. As the advance 

ratio increases the contribution of lift to the tangential force increases until a value of λ = 2.0. There is 

then a slight drop in the lift contribution, but a large drop in the total tangential force. The negative effects 

of drag on the tangential force continue to increase at a higher rate than lift component with the advance 
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ratio. It should be noted that there is a significant increase in the magnitude of the drag component for the 

case of λ = 2.5.To further investigate the effects of lift and drag on the performance of the turbine, the two 

components are shown throughout the entire cycle in Figures 3.14 and 3.15,respectively.  The lift 

component of thrust has the same general shape as that of the power coefficient for each value of λ seen 

in Figure 3.9.  

 

Figure 3.15. The cycle averaged components of lift and drag forces in the tangential direction and 
total tangential force for different advance ratios 

 As the advance ratio increases, the peak value of the lift component does as well with a slight 

phase shift in the azimuthal position where it occurs. This is followed by a drop in the lift component 

until θ = 270°. For all of the cases except λ = 2.5, there is another rise in the lift component that continues 

through the remainder of the cycle that is not reflected in the power coefficient. This is because of the 

drag component of thrust being negative in that portion. The drag component follows a similar trend to 

the lift coefficient except with negative effects on the thrust production. There is a large peak that occurs 

at approximately θ = 170° and then a drop off until about 270°. There is then another negative increase in 

the drag component for the remainder of the cycle. There is a noticeably different trend with the drag 

profile for the case of λ = 2.5 where dynamic stall was seen to occur. At 170°, instead of a reduction in 

the magnitude of the drag component there is another large spike from 180° to 240°. This is the same 
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range that the dynamic stall phenomena was seen to occur in Figure 3.11. For all the cases there is 

significant reduction in the force produced during the second half of the cycle due to the blade interaction 

with the wake from the first half traveling downstream. The case of λ = 2.5 does not show the slight 

positive lift/ negative thrust in the second half of the cycle. When the blade experiences dynamic stall the 

separated vortices continue to travel downstream further altering the downstream wake, accounting for 

this difference. 

 

Figure 3.16. The lift component of thrust force in the tangential direction throughout the cycle for 
different advance ratios  

 



39 
 

 

Figure 3.17. The drag component of thrust force in the tangential direction throughout the cycle for 
different advance ratios 

 

3.4 Effects of Solidity 

To study the effect of solidity on a VAT the number of blades in the VAT was altered as seen in Table 

3.4. All cases maintained an advance ratio of 𝜆 = 1.75. 

 

Table 3.4 The number of blades with corresponding solidities 

Number of Blades (N) σ 
2 0.54 

3 0.81 

4 1.08 
6 1.63 

 

The effect of the number of blades on the power coefficient can be seen in Figure 3.16. As the number 

of blades increase, the potential to harvest more power should increase in direct proportion to the number 

of blades. However, as the number of blades increase, blade interactions will also increase having a 

detrimental effect on the overall power coefficient hence in general the power coefficient of each blade 
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will decrease but the overall power coefficient should increase. This trend should continue to a point 

where the solidity is too great and the power coefficient begins to decrease. When the solidity gets large 

enough there will not be enough flow through the VAT to rotate it. Effectively the turbine will act like a 

circular cylinder and generate very little torque. While the above arguments would predict an increasing 

overall power coefficient with increasing solidity till an optimum solidity was reached and then a 

subsequent decline, the result in Figure 3.18 shows a sharp drop in the power coefficient to 0.077 at N=4, 

with a subsequent  recovery at N=6.  

 

Figure 3.18. Power coefficient variation for different numbers of blades 

 

Further investigation into the effects of the number of blades/solidity can be done by looking at the 

Cp,blade variation on a single blade throughout a cycle as shown in Figure 3.19. The first aspect to notice is 

that for a smaller number of blades, the peak power coefficient is much higher. This is due to the fact that 

with a smaller number of blades, there is less interaction with the trailing wake from the blade in front, 

and also less wake interaction in the second half of the cycle from the upstream wake. For example, with 

N = 2 the blades are separated by 180° compared to N = 6 where the blades are separated by only 60°.  
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Figure 3.19. Power coefficient variation per cycle for different number of blades 

 

The detrimental effect of blade proximity on harvesting energy is also reflected in the power 

coefficient when the blade traverses the second half of the cycle. For N = 2 there is a significant amount 

of power extracted, compared to essentially zero power for the case of N = 6.  Due to the larger number of 

blades there is significantly more wake interactions in the second half of the cycle. This effect can be seen 

in Figure 3.20. For N = 2 the streamlines in the second half of the cycle are relatively uniform and 

straight. When the number of airfoils is increased to six, the direction of the streamlines varies between 

the upper and lower half of the cycle. They are also at a much higher angle than when compared to N = 2. 

The magnitude of the streamwise velocity is very close to the freestream velocity U∞ for the case of N = 

2. In contrast for N = 6, the velocity encountered by the blades in the second half of the cycle is 

significantly less than U∞.  
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Figure 3.20. Streamwise velocity and streamline comparison between N = 2 (top) and N = 6 
(bottom) 

 

The case of N = 4 does not follow the trend seen in the other solidity cases but follows a trend very 

similar to that observed earlier for λ = 2.5.  There is not only a steep drop in the power coefficient before 

it reaches the expected peak position relative to the other cases, but the power coefficient also becomes  
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Figure 3.21. Comparison between N = 2 (left) and N = 4 (right) at the same circumferential positions. The case 
of N = 4 is showing the evolution of dynamic stall from θ = 166° to θ = 207° which leads to the large drop in 
power coefficient discussed previously. For the same angles the case of N = 2 a LEV does not form and 
eventually separate even though they are at the same advance ratio of λ = 1.75 
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negative pointing to dynamic stall. On plotting vorticity contours between θ = 166o and 207o, the 

formation and shedding of a stalled LEV is clearly evident in Figure 3.21. In contrast when only two 

blades are present (N=2), no such phenomenon is observed. Once again, there is no obvious explanation  

as to why dynamic stall occurs for N=4 but not for N=6 which would have more wake interactions 

between consecutive blades and thus have a greater propensity towards stall. This interaction can be seen 

in the form of streamlines shown in Figure 3.22. For N=4, there is clear indication of large scale vortex 

structures in the streamline patterns.  

 

 
Figure 3.22. Streamwise velocity and streamlines for N = 4 

 
A more accurate representation of the velocities and effective angles of the blades of the VAT were 

desired to gain a better understanding of what causes the different lift and drag profiles, as well as 

dynamic stall. Data was extracted from a distance of c/4 in front of blade 1 at various points throughout 

the fourth cycle of the VAT. From this data the relative velocity magnitude was plotted for values of N = 

2, 3, 4, 6 and compared to the expected idealized value for the advance ratio of 1.75 seen below in Figure 

3.23. For the first half of the cycle all of the cases match reasonably well with the expected relative 

velocity magnitude with the exception of N = 4, where dynamic stall was seen. For the other cases the 
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expected trend was followed for the most part. In general, more blades in the turbine, lead to more 

interactions between the blades, larger wakes, leading to a larger difference in the second half of the 

cycle. It should be noted that in the last quarter of the cycle, the case of N = 6 shows better comparison 

than the other cases which is not expected.  

 

Figure 3.23. The relative velocity magnitude seen by blade 1 compared to the expected idealized 
velocity magnitude for values of N = 2, 3, 4, 6 

The effective angle of attack for the same four cases was then compared to the expected ideal 

effective angle of attack in Figure 3.24. For all of the cases except N = 4 it is shown that as the number of 

blades increase, the deviation from the ideal effective angle of attack increases. This is again believed to 

be due to more interactions between the blades and the larger wake that travels downstream. For the entire 

cycle, the case of N = 2 almost exactly matches the expected ideal effective angle of attack, similar to 

what was seen when looking at the relative velocity magnitude. For the cases of N = 3 and N = 6,the ideal 

effective angle of attack under predicts the effective angle of attack in the first half of the cycle and over 

predicts it for the majority of the second half of the cycle. The case of N = 4 shows a large deviation from 

the ideal effective angle of attack throughout the entire cycle. Dynamic stall was seen to occur between 
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166° and 207°. During this period of the cycle the blade sees an effective angle of attack that changes 

from -12°, to -15°, and then back to -13°. This is the same general pattern (at a different azimuthal 

position and different magnitude of effective angle of attack) that was seen in the case of λ = 2.5.  

 

Figure 3.24. The effective angle of attack seen by blade 1 compared to the ideal effective angle of 
attack for cases of N = 2, 3, 4, 6 

 

The lift and drag for a single blade averaged over the entire cycle were compared for the different 

solidities seen in Figure 3.21. The expression used to obtain lift and drag from the x- and y- components 

of the force vector are given in Appendix B. It is noted that in calculating the lift and drag forces, the 

idealized effective angle of attack and approach velocity are used in Figures 3.25 to 3.28. Appendix C 

shows results with the actual effective angle of attack and approach velocity from Figure 3.23 and 3.24. 

While there are differences between the two approaches, the results show the same trends and thus we 

have chosen to present the results in the idealized setting. 

In these cases, both the coefficients and forces follow the same trends. The lift coefficient drops as the 

number of blades in the turbine increase except in the case of N = 4 where there is a slight increase, which 
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is consistent with the earlier result that shows that dynamic stall does not have a large impact on the lift 

force. The decrease in the lift coefficient as the solidity increases is a result of increased interaction with 

trailing wakes of blades in front. With a larger number of blades there is a smaller phase difference 

between the blades causing more interaction. The drag profile shows an interesting trend. There is a slight 

increase from N = 2 to N = 3, a large jump from N = 3 to N = 4, followed by a large drop from N = 4 to N 

= 6. This large peak in the drag coefficient is due to the occurrence of dynamic stall seen for the case of N 

= 4 in Figure 3.21.  

   

Figure 3.25. The cycle averaged lift (left) and drag (right) for a single blade at different solidities 
 

To get a more in depth look at the effects of lift and drag on the turbine performance the 

tangential thrust force is broken down into its lift and drag components seen in Figure 3.26. As with the 

cases of different advance ratios, the lift component of the tangential force is larger than the total 

tangential force. Again this is due to the negative effects of the drag component. The lift component 

decreases as the number of blades increase, at an almost constant rate. However, the total tangential force 

stays almost constant from N = 4 to N = 6. For the case of N = 6 there is a significant reduction in the 

magnitude of the drag component of the tangential force. The case of N = 4 shows the largest negative 

drag component due to dynamic stall. The variation of the lift and drag components of the tangential force 
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can be analyzed to get additional information on this effect in Figures 3.27 and 3.28 respectively.  For the 

first half of the cycle the lift component is largely positive with the case of N = 2 having the largest force. 

The next highest case is N = 4 which is surprising since N = 3 showed a higher average lift force for the 

entire cycle. The cause for this is shown in the second half of the cycle where the case of N = 3 gives a 

period of positive component of lift.  

 

Figure 3.26. The cycle averaged lift and drag forces in the tangential direction and total tangential 
force for different number of blades 

 

In this region from θ = 270° to 400° there is a large positive spike in the lift component followed by a 

large negative spike for the case of N = 4. The stall experienced in this case allows for separated vortices 

to travel downstream and distort the flow more as shown in the streamlines from Figure 3.22. This is 

thought to cause the strange trend seen in the lift component of the tangential force during this period of 

the cycle. The drag component shows a similar trend to the lift component but with negative contributions 

to the tangential force. There is a negative peak at θ = 170° followed by a drop in the magnitude until 

about 270°. The case of N = 4 shows the same trend in the first half of the cycle as for the case of λ = 2.5. 

Instead of a drop in the magnitude of the drag component, there is another peak due to dynamic stall 
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occurring in the range of θ = 170° to 200°. In the second half of the cycle the cases of N = 2 and N = 3 

show the slight negative impacts of drag. The case of N = 4, just as with the lift component of the 

tangential force, there is a large negative peak followed by a large positive peak from θ = 270° until about 

400°. This is again thought to be due to the separated vortices traveling downstream and interacting with 

the blade. For the case of N = 6 there is almost zero thrust contribution from both lift and drag in the 

second half of the cycle. This shows that all of the power extracted for this case (and presumably cases 

with a larger number of blades) solely comes from the first half of the turbine. The large wake in the 

second half of the turbine, seen in Figure 3.20, encompassing the back of the turbine has close to zero 

streamwise velocity. The blades essentially see no flow causing the zero net force in this region.  

 

Figure 3.27. The lift component of tangential thrust force throughout the cycle for different number 
of blades 
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Figure 3.28. The drag component of tangential thrust throughout the cycle for different number of 
blades 

 

3.5 Effects of Downstream Wake Interactions 

The effect of downstream wake interactions on VAT was studied by altering the radius of the turbine. 

The solidity and advance ratio were kept constant at 0.81 and 1.75 respectively, while increasing the 

radius of the turbine. The solidity was kept constant by altering the chord length of the blade for the 

different cases of the radius as seen in Table 3.5. 

 

Table 3.5. The chord length, solidity, and turbine radius to measure the effects of wake interactions 
 

R c σ 
0.7375 0.2 0.81 
1.475 0.4 0.81 
2.95 0.8 0.81 

 

As the radius of the turbine was increased the overall power coefficient for the turbine increased as shown 

in Figure 3.29. It was thought that as the radius of the turbine increased, the wake from the blades on the 
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half would have to travel further downstream. This extra time to travel downstream would allow the wake 

to dissipate and thus raise the power extracted in the second half of the turbine. 

 

Figure 3.29. The effect of increasing the radius on the overall power coefficient of the turbine 

 

However, when the power coefficient for a single blade is compared over a cycle for the different 

cases in Figure 3.30, this seems to not be the cause of the increased Cp value seen. Looking at the second 

half of the cycle from 𝜃 = 270° to 𝜃 = 450° there is little variation between the three cases. This is more 

clearly seen when comparing the streamwise velocity and streamlines between the cases of R = 0.7375 

and R = 2.95 in Figure 3.31. The streamwise velocity contours between the two cases are both of the same 

magnitude. Looking at the second half of the cycle the contours are both of similar shape as well, with a 

large region of low velocity trailing from the upstream half of the turbine. The streamlines for this case 

are also both very similar, being almost aligned to the streamwise direction in the second half of the VAT. 

This effect or lack thereof points to the solidity as the important parameter which impacts wake 

interference in the downstream half of the turbine. 
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Figure 3.30. The power coefficient curve over a cycle for turbines of different radii 

To determine the cause for the difference in the power coefficients, the first half of the cycle is 

analyzed. For the first 70° of the cycle, each of the three cases shows the same trend and magnitude of Cp. 

After this point the three curves diverge from one another. The case of R = 0.7375 reaches a peak and 

then begins to drop, while the other two cases continue to rise to a peak at a larger azimuthal angle. This 

effect is due to the blade interaction with the trailing wake of the blade in front. For a turbine of a smaller 

radius, the arc distance between two blades will be smaller and the blades will be rotating at a higher 

angular velocity to keep the advance ratio equal. This results in more interactions with trailing wakes thus 

altering the power coefficient for parts of the cycle. This interaction along with the relative velocity alters 

the ideal effective angle of attack at the blade and reduces the amount of torque produced. 
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Figure 3.31. Comparison of the streamlines and streamwise velocity for R = 0.7375 (top) and R = 
2.95 (bottom) 
 

The actual angle of attack and approach velocity was extracted from a distance of c/4 in front of blade 

1 at various points throughout the fourth cycle of the VAT. From this data the relative velocity magnitude 

was plotted for values of R = 0.7375, 1.475, 2.95 and compared to the expected idealized value for the 

advance ratio of 1.75 seen below in Figure 3.32. The case of R = 0.7375 has a slightly lower relative 
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velocity magnitude at the start of the cycle but shows otherwise good comparison to the idealized value 

for the remainder of the cycle. The largest radius matched the trend of the idealized profile in the first half 

and then slightly deviates in the second half. It should also be noted that the relative velocity magnitude 

for this case reaches a higher value at the start/end and a lower value at approximately halfway through 

the cycle.  

 

 

Figure 3.32. The relative velocity magnitude seen by blade 1 compared to the expected idealized 
velocity magnitude for values of R = 0.7375, 1.475, 2.95 

 

The effective angle of attack was then compared to the expected ideal effective angle of attack seen in 

Figure 3.33. The smallest radius shows a much lower effective angle of attack than the ideal effective 

angle of attack expected for the case of λ = 1.75 in the first half of the cycle. During the second half, 

however, the ideal effective angle of attack under predicts what is seen for the case of R = 0.7375. The 

trend is the opposite for the other two cases of R = 1.475 and 2.95. For the first half, both of the cases 

show good comparison to the ideal effective angle of attack but then are higher during the second half of 

the cycle. From Figure 3.30 it was shown that during the first half of the cycle there was a noticeable 
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difference between the power coefficients for the three different radii.  During the first half of the cycle, 

the effective angle of attack for R = 0.7375 is much smaller than the other two cases. However, the 

angular velocity is much larger for this case. As seen in section 3.3 the angular velocity has a large impact 

in the power coefficient of the turbine. Even though R = 0.7375 shows a much lower effective angle of 

attack in the front half of the turbine, the power coefficient is still similar because of the larger angular 

velocity.  

 

Figure 3.33. The effective angle of attack seen by blade 1 compared to the ideal effective angle of 
attack for cases of R = 0.7375, 1.475, 2.95 

 

The lift and drag coefficients for the different radii can be seen in Figure 3.34. The expression used to 

obtain lift and drag from the x- and y- components of the force vector are given in Appendix B. It is noted 

that in calculating the lift and drag forces, the idealized effective angle of attack and approach velocity are 

used in Figures 3.34 to 3.37. Appendix C shows results with the actual effective angle of attack and 

approach velocity from Figure 3.32 and 3.33. Like before, we have chosen to present the results in the 

idealized setting. 
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The lift coefficient increases by 5% from the case of R = 0.7375 to R = 1.475, whereas the lift force 

increases by a factor of 4.5, mainly due to the increase in chord length as the radius increases (Table 3.4). 

The drag coefficient decreases by about 30% from the case of R = 0.7375 to R = 2.95. This decrease in 

drag is due to the larger distance between the blades as the radius of the turbine increases, reducing the 

impact of the trailing wake of the blade in front. At the same time, the drag force increases with radius 

due to the increase in chord length of individual blades.  

 

 

Figure 3.34. The cycle averaged lift (left) and drag (right) for a single blade at three different radii 
 
 

The tangential thrust force is broken down into components of lift and drag to determine the 

impact these forces have on the performance of the turbine in Figure 3.35. As the radius of the turbine 

increases, the lift component of the tangential force greatly increases, while the drag component becomes 

increasingly negative. The cause of this can be better seen by examining the lift and drag component of 

the tangential force throughout the entire cycle in Figures 3.36 and 3.37 respectively. All three of the 

turbine radii cases show similar trends in both lift and drag. For the first 100° of the cycle there is a large 

spike in the lift component of thrust force. 
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Figure 3.35. The cycle averaged lift and drag components and total thrust force for different 
turbine radii 

 

There is then a period between 210° and 300° where there is no generation of lift forces in the tangential 

direction. For the remainder of the cycle there is a slight production of lift in the tangential direction. The 

larger radius turbine generates more tangential lift than that of the smaller radius turbine. The efficiency 

of the larger turbine is only slightly larger than the smallest because it also generates a large negative drag 

thrust force that offsets the positive thrust. The difference in the power coefficient curve in Figure 3.30 

occurs at value of θ = 160°. At this point the case of R = 2.95 is generating a significantly larger drag and 

lift in the tangential direction. There is also a larger difference between the case of R = 0.7375 and the 

larger radii because of the second negative peak seen at θ = 200° for R = 0.7375. This accounts for the 

difference in the power coefficient in the first half of the cycle and increased overall efficiency of the 

turbine. 
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Figure 3.36. The lift component of thrust force throughout the cycle for different turbine radii 

 

Figure 3.37. The drag component of thrust force throughout the cycle for different turbine radii 

 

 

3.6 Conclusions 

The aerodynamic performance of an H-rotor VAT was studied at a nominal Reynolds number of 

500,000 using the PimpleDyMFoam solver in OpenFOAM. To simulate the movement of the VAT the 
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AMI method was used to rotate the mesh. The k-ω SST turbulence model was used to model the 

turbulence based on previous studies showing good representation with experimental results.  

To test the effect of the advance ratio on VAT performance the rotational velocity of the turbine was 

altered. It was found that as the advance ratio increased, the power coefficient increased. This trend 

continued to a point where the power coefficient dropped off steeply. This was shown to be a result of 

dynamic stall in the front half of the turbine. The phenomenon of dynamic stall causes a steep decrease 

and negative values of the power coefficient as the LEV forms and separates from the blade surface.  

The impact of solidity on VAT performance was tested by changing the number of blades in the 

turbine. As the number of blades in the turbine increase, the amount of power extracted per blade 

decreases. However, since there are more blades in the turbine the overall power coefficient for the 

turbine increases. When there are fewer blades in the turbine there is less interaction with the trailing 

wake of the blade in front, causing a larger power coefficient per blade. When the number of blades was 

increased to four, the blades experienced dynamic stall in the front half of the cycle. This is interesting 

since this is the only case where this was seen. It is thought to be due to a combination of the relative 

velocity and the trailing wake altering the ideal effective angle of attack to the dynamic stall point.  

Lastly the effect of downstream wake interaction on the turbine performance was investigated by 

increasing the radius of the turbine while keeping all other non-dimensional parameters equal. As the 

radius of the turbine increased, the overall power coefficient did as well. It was seen that the radius did 

not have an impact on the blade performance in the second half of the turbine. Instead, there was a 

significant impact during the front half of the cycle. This was hypothesized to be due to the trailing wake 

of the blades having less of an impact on the turbine with a larger radius. 

For all cases it was shown that the lift force on individual blades generate a large positive thrust in the 

tangential direction that is slightly offset due to the overall negative thrust from the drag force throughout 

the cycle. In all the cases studied in this paper, starting at approximately θ = 200° there is a small positive 

thrust generated from the drag that helps to increase the efficiency of the turbine. When dynamic stall 

occurs for the cases of λ = 2.5 and N = 4, it was found that the drop in efficiency is due to the large 
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increase in drag force rather than a precipitous drop in lift. Instead of the drag in the tangential direction 

dropping (as with all other cases) there is a second, larger spike in the drag component. The exact reason 

as to what conditions lead to dynamic stall in these cases remains unclear. 

The idealized relative velocity magnitude and ideal effective angle of attack was compared to the 

actual values found from the computations. For most of the cases there was a deviation from the expected 

idealized values. There was good comparison for both the relative velocity magnitude and effective angle 

of attack during the first half of the cycle where downstream wake effects are minimal. The second half 

showed a much larger difference from the expected values, again due to the wake effects. From this data 

the cause of dynamics stall was further investigated in the cases of λ = 2.5 and N = 4. A single explanation 

for the onset of dynamic stall in the VAT was not found. A combination of the effective angle of attack, 

rotational velocity, and blade to blade complex interactions all contribute to the onset of the dynamic stall 

phenomena. 

At specific H-rotor VAT parameters, it was found that the turbine experiences dynamic stall that 

significantly decreased the amount of power extracted from the flow. It is recommended that future work 

be conducted to further investigate the conditions that lead to dynamic stall in H-rotor VATs. 
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Chapter 4 
 

VAT Twisted Blade Profile 
 

In the previous section it was found that when dynamic stall occurred in the VAT cycle, it had a large 

negative impact on the power coefficient of the turbine. This chapter investigates blade profiles which are 

tolerant to dynamic stall and maintain high lift over a range of Reynolds numbers and angles of attack. 

The modified blade was twisted along the span in a way that one end remained at an angle of attack of 0° 

to the incoming flow and the opposite end was at some maximum angle of attack on a symmetry plane 

giving it a three-dimensional profile.  Instead of simulating the full VAT motion, in an effort to reduce the 

computational cost, two separate tests were run: a static twisted blade, as well as a twisted blade with an 

effective VAT motion. To test to see if the twisted blade profile showed improvements, 2D cases at 

various angles of attack were also run for comparison. For the static test both OpenFOAM and 

GenIDLEST were used to perform calculations at Reynolds number 10,000. It was found that for the 

static twisted blade profile the lift to drag coefficient ratio showed similar results when compared to a 2D 

blade at an angle of attack that was half of the maximum twist angle. An effective VAT pitching motion 

was given to the twisted blade at a maximum twist angle of 20° and compared to a 2D blade with the 

same motion. There was a large performance increase for the twisted blade due to high lift production 

during the downstroke. This was a result of a large stalled vortex which remained in the vicinity of the 

blade surface during the downstroke increasing the pressure differential between the upper and lower 

surface of the blade. 

 

4.1 Computational Domain 
 

4.1.1 OpenFOAM 

To simulate the  VAT motion for three 2D blades at different advance ratios a mesh size of 220,000 

quadrilateral cells was used and took approximately 124 hours to run on 32 processors. To extend this to 
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the twisted blade profile there would be a requirement of about 300 cells in the z-direction to resolve the 

flow in the spanwise direction. The size of the mesh would then come out to about 66 million cells which 

was deemed too computationally expensive to calculate. Instead the flow over a single, stationary blade 

was calculated with a mesh size of about 8 million cells. The mesh in the near region of the blade and the 

mesh in the boundary layer can be seen in Figure 1. The domain extended 20 chords in the streamwise 

and cross-stream direction. There was also an area of refinement up to a radius of one chord around the 

blade to capture the vortex shedding. A wall boundary was placed on the end of the blade at an angle of 

attack of 0° and a symmetry condition was placed on the opposite end of the span. Because the blade was 

static, and a RANS procedure was used, no time integration was done, greatly reducing the run time for 

all cases. For each blade profile tested, 64 processors were used with a run time of about 36 hours. 

 

 

Figure 4.1. The mesh of the near region of the twisted blade (left) and the boundary layer mesh 
(right) used in OpenFOAM. 

4.1.2 GenIDLEST96 

For all calculations done in GenIDLEST a Large Eddy Simulation (LES) was used with the Dynamic 

Smagorinsky sub-grid scale (SGS) model in conjunction with the Immersed Boundary Method (IBM) to 

solve the flow around the twisted blade. An orthogonal mesh was used with approximately 50 million 

cells for all calculations with dimensions 520 x 420 x 250 in the x, y, and z-direction. Plots of the grid 

resolution with space can be seen in Figure 2 with the blade location marked in each figure.  The domain 
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extended 19 chords in the streamwise direction and 15 chords in the cross-streamwise direction. In the 

region close to the blade a constant mesh size of 5.25x10-3 was used so that the y-plus on the surface of 

the blade was on the order of 1.0. The static calculations were time-integrated until a stationary state was 

reached based on the lift and drag profile; the effective VAT motion case was time-integrated for three 

cycles. Static cases were run on 200 processors and took about 96 hours to reach a stationary state and, 

the effective motion case was also run on 200 processors and took about 72 hours to run three cycles. 

 

 

Figure 4.2. The cell size with respect to grid location in the x, y, and z direction for the orthogonal 
Cartesian mesh used with GenIDLEST 

 

 

4.2 Stationary Twisted Blade  
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The CAD model of one of the twisted blade profiles (50° max twist angle) can be seen in Figure 4.3. 

Starting from 0º, the span the blade is slowly twisted upward until a maximum angle is reached. Once that 

point has been reached (half the span) the blade is then twisted back until it reaches 0° angle of attack. A 

symmetry condition is enforced at the maximum angle so only half of the blade is simulated. By twisting 

the blade, the effective flow angle of attack changes with its spanwise distance. This was done in an effort 

to give some stabilization to the Leading Edge Vortex (LEV) that forms in certain VAT configurations (as 

shown in Chapter 3) and increase the overall efficiency of the turbine.  

 

Figure 4.3. CAD model of twisted blade profile with 50° maximum twist angle 

Before the twisted blade profile tests were run, the mesh was validated in 2D space with an airfoil at 

static angles of attack in both OpenFOAM and GenIDLEST. In OpenFOAM three 2D cases were done at 

Re = 160,000 to compare to experimental data from Sheldahl and Klimas [45]. No experimental data 

could be found for NACA 0015 airfoils at Re = 10,000 so results from OpenFOAM and GenIDLEST 

were compared to one another. A summary of all of the static runs can be seen in Table 1.  
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Table 4.1. A list of all of the static cases that were run using both GenIDLEST and OpenFOAM 
Reynolds 
Number 2D/3D 

Static Angle/Max Twist 
Angle Code 

160,000 2D 10 OpenFOAM 
160,000 2D 20 OpenFOAM 
160,000 2D 40 OpenFOAM 
10,000 2D 5 GenIDLEST 
10,000 2D 10 GenIDLEST 
10,000 2D 20 GenIDLEST 
10,000 2D 30 GenIDLEST 
10,000 2D 5 OpenFOAM 
10,000 2D 15 OpenFOAM 
10,000 2D 20 OpenFOAM 
10,000 2D 30 OpenFOAM 
10,000 3D 20 GenIDLEST 
10,000 3D 50 GenIDLEST 
10,000 3D 30 OpenFOAM 
10,000 3D 40 OpenFOAM 
10,000 3D 50 OpenFOAM 

 

 

The comparison of the lift and drag coefficients for the 2D static blade at Re = 160,000 can be seen in 

Figure 4.4.  The lift coefficient shows deviation from the experimental data while the drag coefficient 

shows good comparison at all the angles of attack tested. The lift coefficient shows about a 12% 

difference from the experimental data at both 10° and 40° angles of attack. However, there is a much 

larger discrepancy shown at 20°. From Sheldahl and Klimas it was shown that this is the region where 

static stall occurs for a NACA 0015 airfoil at Re = 160,000. In the case of static stall the k-ω SST model 

must show significantly less separation to account for the lift coefficient error of 34%. This leads to the 
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conclusion that the k-Z SST model as implemented in OpenFOAM does not perform well when massive 

separation occurs. 

 

Figure 4.4. Lift and drag coefficient comparisons with experimental data at Re = 160,000 

 

The lift and drag coefficient at Re=10,000 for the 2D static cases are shown in Figures 4.5 and 

4.6, respectively. Both OpenFOAM and GenIDLEST show almost identical results for the drag 

coefficient, with the results from OpenFOAM showing a slightly higher value. However, there are 

differences in the lift coefficient prediction. For all angles of attack GenIDLEST shows a lower overall 

lift coefficient, most notably at the lower angles of attack. The calculations in OpenFOAM are done with 

RANS using the k-ω SST turbulence model which models all of the turbulence in the flow and tends to 

dampen out the solution. For the 2D static blade a DNS was done with GenIDLEST to resolve all of the 

scales. The fact that a RANS model was used when the flow is essentially laminar (Re = 10,000) could 

also be a cause for the larger lift coefficients seen, especially at low angles of attack where little or no 

separation occurs. Another factor that could impact the solution was that in OpenFOAM, first order 

upwinding was used as compared to second-order central difference in GenIDLEST. Since the results 

from OpenFOAM and GenIDLEST show reasonable agreement, it was determined the current mesh was 

acceptable for the twisted blade calculations. 
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Figure 4.5. Lift coefficient comparison between OpenFOAM and GenIDLEST at Re = 10,000 

 

Figure 4.6. Drag coefficient comparison between OpenFOAM and GenIDLEST at Re = 10,000 

In OpenFOAM three cases were run with maximum twist angles of 30°, 40°, and 50°, in 

GenIDLEST two cases were run at maximum twist angles of 20°and 50°.The comparison between the lift 

and drag coefficient of the twisted blade profiles can be seen in Figures 4.7 and 4.8, respectively. For all 

of the twisted blade profiles the cases run in OpenFOAM showed a much higher lift coefficient than that 

from GenIDLEST. When comparing the maximum twist angle of 50° at a Reynolds number of 10,000 

OpenFOAM gave a lift coefficient that was 1.44 times larger. As was the case with the 2D static angles of 
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attack, this difference is due to how the different programs handle the turbulence. In OpenFOAM the k-ω 

SST RANS model was used to model all scales of turbulence and in GenIDLEST LES was used to 

resolve the large scales and model the small scales. It was also shown in the 2D cases that OpenFOAM 

predicted a much larger lift coefficient than GenIDLEST at lower angles of attack. Again this could be 

due to using a RANS model and its limitation in adjusting to the relatively low Reynold’s number. Also it 

was shown that when comparing the lift coefficient at Re = 160,000 to experimental results, the model 

performed poorly when separation was seen at the static stall angle of attack. The model predicted a lift 

coefficient that was 34% higher than the experimental value. It can be concluded from that result that the 

model predicts significantly less separation when stall occurs. The drag coefficient trends are similar 

between both OpenFOAM and GenIDLEST, with GenIDLEST giving a slightly higher overall drag 

coefficient, opposite of what was seen from the 2D static blade calculations.  

 

Figure 4.7. Lift coefficient comparison between OpenFOAM and GenIDLEST for different twisted 
blade profiles 
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Figure 4.8. Drag coefficient comparison between OpenFOAM and GenIDLEST for different 
twisted blade profiles 

 

 To better understand the differences between the results seen in OpenFOAM and GenIDLEST a 

comparison of the vorticity contours are shown in Figure 4.9. Results from GenIDLEST were time 

averaged for two time units to compare to OpenFOAM. Slices at three different spanwise locations were 

compared for the blade with a maximum twist angle of 50°. The three slices used for comparison are at 

the 0° side of the blade, half of the span (25°), and at the maximum twist side (50°). It should be noted 

that in OpenFOAM the vorticity magnitude is presented and in GenIDLEST the extracted coherent 

vorticity is presented. For all three slices taken along the span there is more separation seen in 

GenIDLEST than in the OpenFOAM results. At 0° OpenFOAM is still showing that the flow is attached 

on the surface of the blade. At the same plane we see the flow separating at approximately c/4 and a large 

wake forming downstream of the blade in GenIDLEST. Halfway down the span at 25° the flow has now 

separated from the surface forming shear layers on the leading and trailing ends of the blade in 

OpenFOAM. A recirculation zone is also seen near the blade surface. However there is a much larger 

zone of separation in GenIDLEST at the same plane with the recirculation zone stretching much further 

downstream. The downstream wake is also much larger than what is seen with OpenFOAM. At the 50° 

plane the flow has detached even further and the recirculation zone has grown in the OpenFOAM results. 
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At the same plane in GenIDLEST there is a large turbulent zone downstream from the blade that travels 

multiple cord lengths downstream with a strong recirculation zone close to the blade surface. 

 

 

 
Figure 4.9. A comparison of the vorticity magnitude from OpenFOAM (left) and the coherent 
vorticity from GenIDLEST (right) at the 0° side of the blade (top), 25° at half the span (middle), 
and 50° side of the blade (bottom) 
 

 

To further compare the results found from OpenFOAM and GenIDLEST, the turbulent kinetic 

energy was compared at three slices along the blade seen in Figure 4.10. From the time averaged results 

in GenIDLEST the turbulent kinetic energy is defined as 𝑘 = 𝑢′2̅̅ ̅̅ ̅+𝑣′2̅̅ ̅̅̅+𝑤′2̅̅ ̅̅ ̅
2 . The first slice is defined at the 

0° side of the blade where there is almost zero turbulent energy extracted from the mean flow seen in 
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OpenFOAM. However, the results from GenIDLEST show a small region in the near wake of the blade 

where the turbulence is affecting the mean flow. Midway down the span at an angle of 25° there is a small 

region in the wake of the blade where the turbulence affects the mean flow in OpenFOAM. In 

GenIDLEST this effect is much larger and extends further downstream. Notably the trailing edge vortices 

have a large impact on the mean flow where k = 0.25. At the far end of the blade where the angle of 

attack is 50°, a large portion of the wake shows that the turbulence is affecting the mean flow in both 

OpenFOAM and GenIDLEST. Again the trailing edge vortices seem to be producing a larger turbulent 

kinetic energy than the leading edge in GenIDLEST. Again it is noted that the results from GenIDLEST 

have only been time averaged for two time units.  

  
Figure 4.10. A comparison of the turbulent kinetic energy from OpenFOAM (left) and GenIDLEST 
(right) at the 0° side of the blade (top),  25° at half the span (middle), and 50° side of the blade 
(bottom) 
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From the previous two figures it is shown that due to the larger separation seen from the results in 

GenIDLEST compared to OpenFOAM, there is a lower overall lift coefficient for the maximum twist 

blade of 50°. These conclusions can be extended to the lower maximum angle of attack blades as well. 

  

4.3 Effective VAT Pitching Motion 

To get a more accurate representation of the improvements the twisted blade profile could have on 

VAT performance, an effective pitching motion was given to a twisted blade with a maximum twist angle 

of 20° in GenIDLEST. To match the motion of the VAT three quantities need to be replicated in the 

pitching motion: the effective angle of attack of the blade, the relative velocity magnitude, and the VAT 

frequency. To match the case of λ = 2.5, where dynamic stall had a negative impact on the efficiency of 

the turbine, the pitching frequency of the twisted blade, f, was set to the same value as the rotational 

frequency for λ = 2.5. The twisted blade was then given a pitching schedule that determines the geometric 

angle of attack  

𝛼𝑔𝑒𝑜 = 𝛼0𝑠𝑖𝑛 (2𝜋𝑓𝑡 + 𝜋
2)    Equation 4.1 

where 𝛼0 is the pitch amplitude of 15º at the zero degree side of the blade. From the pitching motion, a tip 

velocity can be determined 

 

𝑈𝑡𝑖𝑝 = 2𝜋𝑅𝑓𝛼0𝑐𝑜𝑠 (2𝜋𝑓𝑡 + 𝜋
2)    Equation 4.2 

 

 where R is the length of the moment arm of the blade, 0.5c.The effective angle of attack for the pitching 

blade is then defined as 

 

𝛼𝑒𝑓𝑓 = tan−1 (𝑈𝑡𝑖𝑝
𝑈∞

)     Equation 4.3 
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From the tip velocity and the freestream velocity the relative velocity magnitude is defined as 

|𝑉𝑟𝑒𝑙| = √𝑈𝑡𝑖𝑝
2 + 𝑈∞2      Equation 4.4 

The comparison of the effective angle of attack and velocity magnitude between the VAT and 

effective pitching motion given to the twisted blade can be seen in Figure 4.11. In Figure 4.11 the 

effective angle of attack and relative velocity magnitude are plotted for one cycle in degrees. The start of 

the cycle and downstroke (𝛼𝑔𝑒𝑜 is maximum) start at θ = 0°. The blade then travels through the 

downstroke and reaches the end of the downstroke/start of the upstroke at θ = 180° (𝛼𝑔𝑒𝑜 is at the 

minimum value). The upstroke then ends at θ = 360° and the blade is returned to the initial position (𝛼𝑔𝑒𝑜 

is at the maximum value).  Since the blade is twisted, only a slice of the blade will match the VAT 

effective angle of attack. For this case, the effective angle of attack is shown for the 0° side of the blade 

and the 20º side. In order to closely match the effective angle of attack of the VAT, the relative velocity 

magnitude of the pitching motion is very different from the VAT. In order to more accurately match the 

relative velocity magnitude either a varying inlet boundary condition or a horizontal blade motion would 

be required. Instead of adding further complications to the flow, the Reynolds number was increased. This 

was done so that the average local Reynolds number the blade sees during one cycle will match that of a 

VAT running at the same Reynolds number. For this case the Reynolds number was increased from 

10,000 to 25,000 so that the average local Reynolds number the pitching blade sees would be 

approximately the same as a VAT at a Re = 10,000. 

Another important parameter which we have attempted to match is the reduced frequency k, which is 

a measure of the rotational time scale to the time it takes for the flow to translate over the blade. 

Nominally, the reduced frequency, k is defined as 

𝑘 = 2𝜋𝑓𝑐
𝑈∞

 

In the framework of a VAT operating at a relatively large advance ratio, the approach velocity can be 

approximated by the rotational velocity to give: 
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𝑘 ≈ 2𝜋𝑓𝑐
𝜔𝑅 ≈ 𝑐

𝑅 

For the VAT in this study, k ≈ 0.27. In the framework of the pitching airfoil, by keeping the 

frequency the same as the VAT at a value of 0.2698 for O=2.5, and with the approach velocity 

approximated by U∞=1 m/s (Re=25,000), the reduced frequency, k ≈ 0.6, which is about a factor of two 

higher than in the VAT. We note that if we had endeavored to keep the reduced frequency the same 

between the VAT and the pitching airfoil, then we would not be able to maintain similarity in the 

effective angle of attack without taking other measures which would have further complicated the 

problem.  

 

 

Figure 4.11. A comparison of the effective angle of attack and relative velocity magnitude between 
the VAT and effective pitching motion 
 

The effective VAT pitching motion was given to both a 2D blade and a twisted blade with a 

maximum twist angle of 20° in order to determine if the twisted blade showed any improvements in the 

lift and drag coefficients. To get a fair comparison, the 2D blade motion was replicated to that of the half 

span slice of the twisted blade (i.e 𝛼𝑒𝑓𝑓 starts from 10° instead of 0). The forces seen by the pitching 

twisted blade can be seen in Figure 4.12. From the x and y forces the lift and drag can be found described 

as 
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𝐹𝐷 = 𝐹𝑥𝑐𝑜𝑠(𝛼𝑒𝑓𝑓 − 𝛼𝑔𝑒𝑜) + 𝐹𝑦𝑠𝑖𝑛(𝛼𝑒𝑓𝑓 − 𝛼𝑔𝑒𝑜)   Equation 4.5 

𝐹𝐿 = 𝐹𝑦𝑐𝑜𝑠(𝛼𝑒𝑓𝑓 − 𝛼𝑔𝑒𝑜) − 𝐹𝑥𝑠𝑖𝑛(𝛼𝑒𝑓𝑓 − 𝛼𝑔𝑒𝑜)   Equation 4.6 

 

where 𝛼𝑒𝑓𝑓 is the effective angle of attack described in Equation 4.3 and 𝛼𝑔𝑒𝑜 is the geometric angle of 

attack shown in Equation 4.1. 

 

Figure 4.12. The forces seen by the twisted blade during the effective VAT pitching motion 
 

For the twisted blade the angle of attack changes along the span of the blade, to get an accurate 

representation of lift and drag this must be taken into account. To take the changing angle into account in 

the lift and drag the blade was broken into five sections where the angle of attack was considered constant 

in that section. For the maximum twist of 20° blade the five sections taken were: 0 - 4 degrees, 4 – 8 

degrees, 8 – 12 degrees, 12 – 16 degrees, and 16 – 20 degrees. The second assumption that was made was 

that the x and y force was considered to be constant along the span so that 𝐹𝑥 = 1
5 𝐹𝑥 and 𝐹𝑦 = 1

5 𝐹𝑦 in 

Equations 4.5 and 4.6 above.  The cycle averaged lift and drag coefficients as well as the lift/drag ratio for 

the 2D and 3D twisted blade going through the effective VAT pitching cycle can be seen in Table 4.2. For 

the 2D blade the cycle average lift coefficient was found to be 0.252 and the drag coefficient was 0.0812. 

For the twisted blade there was a much higher lift and drag coefficient. The lift coefficient was found to 
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be 0.891 and the drag coefficient was 0.224. Based on the lift/drag ratio the 3D twisted blade performed 

much better than the 2D blade resulting in a 22% higher overall lift/drag ratio. To understand the 

differences between the 2D and 3D effective VAT pitching cases, the lift and drag coefficients over an 

entire cycle are shown for both cases are shown in Figure 4.13. 

 
Table 4.2.The average lift and drag coefficient as well as the lift/drag ratio comparison of the 2D 
and 3D twisted blade going through the effective VAT pitching motion 

2D/3D 
Max 
Twist Re # 𝑪𝑳,𝒂𝒗𝒈 𝑪𝑫,𝒂𝒗𝒈 𝑪𝑳/𝑪𝑫 

2D N/A 25,000 0.252 0.0812 3.10 
3D 20 25,000 0.891 0.224 3.99 

 

The 2D blade shows a very low lift coefficient in comparison to the 3D twisted blade on which there 

is a large positive lift from θ = 0 to about 150°. For the remainder of the downstroke and the beginning of 

the upstroke there is negative lift. At θ = 200° the lift becomes positive again and remains so for the rest 

of the upstroke. The drag force shows an interesting trend. For the first half of the downstroke from θ = 0° 

to 100° the blade generates thrust. After this point there is a positive drag coefficient for the remainder of 

the cycle. At the end of the downstroke θ = 180°, there is a dip in the drag before another large positive 

peak that corresponds to the largest effective angle of attack at θ = 280°. Vorticity contours are shown for 

the 2D and 3D twisted blade and various points in the pitching cycle in Figure 4.14. For the 3D twisted 

blade slices are taken at the 10° plane to compare to the 2D blade. 
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Figure 4.13. A comparison of the lift coefficient (left) and drag coefficient (right) for the 2D and 3D 
twisted blade going through the effective VAT pitching motion 
 

At the start of the cycle both the 2D and 3D blades are at a positive angle of attack leading to a large 

lift force. The twisted blade’s angle of attack increases along the span providing more lift further down 

the span with the flow still attached at this point. Both the 2D and 3D twisted blade shed trailing edge 

vortices and have a large wake. At θ = 90° there are leading edge vortices being generated in both cases. 

The twisted blade shows two vortices of large magnitude still attached near the trailing edge which could 

lead to a higher lift production.  At the bottom of the downstroke (θ = 180°) both blades are generating 

negative lift. The 2D blade has a large eddy that has detached from the blade at about c/2. The twisted 

blade shows detached flow as well but the eddy is much closer to the blade surface. At θ = 270° both 

blades are back at positive geometric angles of attack with positive lift being generated.  Finally at the end 

of the cycle, both the 2D and 3D blades are at the end of the upstroke with similar flow as that seen at θ = 

0°. Both the 2D blade and the 10° slice of the twisted blade show a very similar flow. However the 

twisted blade generates much higher lift forces thought to be a result of much stronger vorticity that is 

generated in close proximity to the blade surface which augments positive force generation.  
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Figure 4.14. Comparing vorticity magnitude contours for the 2D (left) and 3D twisted (right) at the 
10° plane at various stages of the effective VAT pitching motion 
 

𝜃 = 0° 

𝜃 = 90° 

𝜃 = 180° 

𝜃 = 270° 

𝜃 = 360° 

Downstroke 

Upstroke 



78 
 

When the twisted blade was given an effective VAT pitching motion there is a large increase in the 

lift force and lift/drag ratio. However, when the blade was stationary it performed similar or worse than a 

static 2D blade at an angle of attack that was half the maximum twist angle of the blade. To determine 

why there was a performance increase, a comparison is done of the stationary twisted blade at a maximum 

twist of 20° and the twisted blade given the effective VAT pitching motion with a maximum twist angle 

of 20°. In Figure 4.15 are time-averaged pressure contours on the top and bottom surface of the static 

twisted blade. There is a large pressure force on the leading edge at the stagnation point. On the top 

surface of the blade there is an almost constant low pressure along the surface in the range -0.3 to -0.1. On 

the bottom of the blade there is a large positive pressure force (~0.3-0.5) near the leading edge that 

contributes to the lift. Further down the blade chord the pressure decreases to values between -0.3 to 0.1. 

 

 

Figure 4.15. Pressure contours on the top surface (left) and bottom surface (right) of the static 
twisted blade with maximum twist angle 20° 
 

Figure 4.16 shows streamlines colored by spanwise velocity over part of the downstroke and 

corresponding pressure contours on the top and bottom surfaces of the blade. During the downstroke a 

large vortex forms along almost the entire span of the blade. As the blade continues on the downstroke the 

vortex grows and the streamwise velocity becomes increasingly more negative. The negative spanwise 

flow helps to keep the vortex stable and attached to the surface and increases the lift production. The 
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vortex is the largest at the bottom of the downstroke and is near the trailing edge of the blade and begins 

to separate from the surface of the blade.  

At θ = 45° the vortex is near the leading edge of the blade and causes a large negative pressure force 

on the top surface near the leading edge. This combined with the stagnation point being on the bottom 

surface of the blade due to the pitching motion gives a large pressure differential accounting for the large 

lift force at the start of the cycle. As the blade continues on the downstroke the vortex moves along the 

chord of the blade and with it, its pressure signature seen at θ = 90°. The top surface of the blade still has 

a large negative pressure force due to the vortex at about c/2. The low pressure region due to the vortex 

allows the lift to stay positive through the downstroke. At the end of the downstroke/start of the upstroke 

(θ = 180°), the vortex has separated from the blade almost entirely. Remnants of the votex pressure 

signature are still evident near the trailing edge of the blade on the top surface. At the same time, the 

bottom surface pressure reduces, largely accounting for the negative lift seen in this part of the cycle. As 

the blade proceeds into the upstroke, the lift force becomes positive again. 

There is also a large positive lift force gained during the upstorke of the effective VAT pitching 

motion where there is no vortex formation on the top surface of the blade. The pressure contours at three 

different points during the upstroke can be see in Figure 4.17.  Near the beginning of the upstroke at θ = 

225°, the effects of the vortex that had formed during the downstoke are only seen at the trailing edge. 

There is a low pressure seen on the bottom surface which accounts for the low lift coefficient seen at this 

point. As the uptroke continues the pressure on the top surface begins to decrease slightly at θ = 270°. 

However, pressure on the bottom surface increases due to the increasing effective angle of attack at the 

20º side of the blade. Near the end of the upstroke (θ = 335°) the leading edge vortex is starting to form 

on the top surface of the blade, marked by the low pressure signature near the leading edge. This in 

combination with the large pressure seen on the bototm surface of the blade results in a large overall lift 

force near the end of the upstroke. 
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Figure 4.16. Streamlines colored by spanwise velocity and pressure distribution on the top and 
bottom surface of the blade during downstroke. 

 

 

𝜃 = 45° 

𝜃 = 180° 

𝜃 = 90° 
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Figure 4.17. Pressure distribution on the top and bottom surface of the blade during the upstroke. 
 

𝜃 = 225° 

𝜃 = 335° 

𝜃 = 270° 
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The main difference beteen the nominally 2D and 3D pitching airfoil is the vortices that form at the 

leading edge. Because of the 3D blade profile, the angle of attack varies along the span creating spiral 

vortex structures which are more stable than the nominally 2D vortices that are formed on a nominally 2D 

blade. It is hypothesized that the spiral structure induces a spanwise flow in the vortex and stabilizes it 

such that it remains coherent and induces a low pressure region on the blade surface.  Judging from the 

performance of the static 3D twisted blade , the unsteadiness induced by the pitching motion is necessary 

for the blade to produce the stable leading edge vortices which are absent in the static case. 

4.4 Conclusions 

In an effort to reduce the negative impacts of dynamic stall and increase the efficiency of the VAT, the 

turbine blade profile was altered by twisting it along the span, thus changing the angle of attack. Three 

different blade profiles were tested in OpenFOAM using the k-ω SST RANS model and two profiles were 

tested with GenIDLEST using a LES with the dynamic Smagorinsky SGS model in a static setting. 

OpenFOAM showed a higher overall lift coefficient than the results from GenIDLEST while the drag 

coefficient was similar. The difference was found to be due to larger separation being predicted with 

GenIDLEST when results were time averaged for two time units. The results were compared with 2D 

static blades at an angle of attack that was half of the maximum twist angle of the twisted blades. It was 

shown that the stationary twisted blade had similar or worse performance in terms of lift and drag 

coefficients when compared to the 2D blades. To get a better representation of the impacts the twisted 

blade profile could have on VAT performance an effective VAT pitching motion was given to a blade 

with a maximum twist angle of 20°. This effective motion matched the VAT in terms of frequency and 

effective angle of attack, but differed from the VAT when comparing the relative velocity magnitude. The 

Reynolds number of the flow around the pitching blade was increased so that the average local Reynolds 

number the blade saw was the same for the VAT and pitching blade. The 3D twisted blade was compared 

to a 2D blade with the same effective VAT pitching motion and saw a 22% increase in the lift/drag ratio. 

To understand why the blade given the effective pitching motion performed better than the static blade, 
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surface contours of pressure were plotted. The stationary blade showed that there was a very small 

pressure differential accounting for the overall small lift coefficient of the blade. The pitching blade 

showed a large vortex forming on the surface of the blade during the downstroke. The vortex was 

characterized by a strong spanwise flow at the core which helped to stabilize the vortex during the 

downstroke and left a negative pressure signature that helped to increase the pressure differential on the 

blade surfaces. This also accounted for the large difference in the lift coefficient seen when comparing the 

3D twisted blade to the 2D blade with the effective VAT pitching motion.  
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Chapter 5 

Summary and Conclusions 

 In this thesis, the effects of the advance ratio, solidity, and downstream wake on the efficiency of 

a 2D vertical axis turbine (VAT) were investigated. 2D calculations of the VAT were completed in 

OpenFOAM at Re = 500,000 using the k-ω SST turbulence model. It was seen that when the turbine 

blades experienced dynamic stall there was a large negative impact on the efficiency of the turbine. In an 

effort to improve the performance of the turbine blades, the profile along the spanwise direction was 

altered to change the angle of attack. The flow over a static twisted blade was performed for different 

maximum twist angles at Re = 10,000.  In an effort to see the effects of the twisted blade in a flow similar 

to that seen in a turbine, an effective pitching motion was then given to a blade with a maximum blade 

twist of 20°. 

 In Chapter 3, the effects of the advance ratio, solidity, and downstream wake were tested for a 2D 

VAT at Re = 500,000. It was found that as the advance ratio increased, the power coefficient increased 

until the blades experienced dynamic stall. To test solidity, the number of blades in the turbine were 

changed while keeping the advance ratio the same. The amount of power extracted per blade decreased 

with an increase in the number of blades, but overall the performance of the turbine increased due to a 

larger number of blades. Downstream wake effects were tested by increasing the radius of the VAT. The 

performance of the turbine in the second half of the cycle did not change with the radius where the wake 

effects would be the largest. However, there was a large impact in the first half due to trailing wakes of 

the blades impacting the flow. For all cases tested, the blades generate a large positive thrust that was 

slightly offset due to the negative impacts of the drag force in the tangential direction of the blades. When 

dynamic stall occurred (cases λ = 2.5 and N = 4) there was a large increase in the drag force produced that 

led to the drop in the overall efficiency of the turbine. When comparing the idealized relative velocity and 

ideal effective angle of attack to the actual values from the computations, there was found to be a 

deviation from the expected values in most cases. During the first half of the turbine there was relative 

good agreement for most cases, but in the second half there were dramatic differences seen due to the 
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blade interactions with the wakes. With the information and data the cause of dynamic stall was 

investigated for the cases of λ = 2.5 and N = 4. A single explanation for the onset of dynamic stall was not 

found and is thought to be due to a combination of the effective angle of attack, rotational velocity, and 

blade to blade complex interactions. 

 In Chapter 4, the profile of a turbine blade was altered by twisting it along the span, effectively 

changing the angle of attack along the span. This was done in an effort to reduce the effects of dynamic 

stall that was seen in Chapter 3. Stationary test were initially done in OpenFOAM and GenIDLEST and 

compared to 2D blades at equivalent angles as well. The results from OpenFOAM showed a significantly 

higher lift coefficient than what was seen in GenIDLEST. OpenFOAM showed a much larger lift 

coefficient in the presence of static stall when compared to experimental data, which is thought to be a 

major cause of the discrepancy between OpenFOAM and GenIDLEST. Both OpenFOAM and 

GenIDLEST did not show any improvement over the 2D blades that were at half of the maximum twist 

angle of the 3D twisted blades. To simulate the flow the blade would experience in a VAT, an effective 

motion was given to a twisted blade in GenIDLEST with a maximum twist angle of 20°. This effective 

motion matched the effective angle of attack and frequency of a turbine with an advance ratio of 2.5, but 

did not match the relative velocity magnitude profile. It was found that the 3D twisted blade performed 

much better than a 2D blade with the same motion. This was due in large part to positive lift being 

generated during the majority of the downstroke where the effective angle of attack was negative. A 

comparison of the flow structures and blade surface pressure over the static twisted blade and twisted 

blade with the effective VAT pitching motion was done to see why there was a large performance 

increase. It was found that a large helical vortex formed and was sustained on the surface of the blade 

during the entire duration of the downstroke that led to the positive lift generation.  

 In summary, the occurrence of dynamic stall was found to greatly reduce the overall efficiency of 

the VAT. An investigation into what caused the onset of dynamic stall was done, but a single cause could 

not be found. To reduce the negative effects of dynamic stall the blade profile was altered by twisting the 

blade along the span. This was found to greatly impact the performance of the blade when compared to a 
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2D blade when given an effective VAT pitching motion. Future work will focus on the cause of dynamic 

stall in a VAT and how the twisted blade profile can reduce the impact of dynamic stall. 
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Appendix A 
 

Nomenclature 
 

A     Turbine cross-sectional area, 2R 

c     Blade chord 

CD     Drag coefficient 

CL     Lift coefficient 

CN     Normal force coefficient 

Cp     Power Coefficient 

CT     Tangential force coefficient 

𝐶𝜏     Torque coefficient 

FD     Drag Force 

FL     Lift Force 

FN     Normal Force 

FT     Tangential Force 

�⃗�      Normal vector 

N     Number of blades 

P     Power 

R     Turbine radius 

Re     Reynolds number 

𝑡      Tangential vector 

U∞     Freestream velocity 

Vrel     Relative velocity 

Greek 

α     Angle of attack 

θ     Azimuthal Angle 

λ     Turbine advance ratio 

ρ     Density 
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σ     Turbine solidity 

τ     Torque 

ω     Rotational velocity 

Subscripts/Superscripts 

D     Drag 

eff     Effective angle of attack 

geo     Geometric angle of attack 

L     Lift 

N     Normal 

p     Power 

rel     Relative  

T     Tangential 
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Appendix B 

Lift and Drag Component Calculation 

Seen in Figure B.1 is decomposition of the x and y forces into lift and drag forces on the turbine blade 

along with the normal and tangential directions. The decomposition of the x and y forces into lift and drag 

can be seen in Equation B.1 and B.2 below. The lift and drag forces are then transferred to the tangential 

direction to see the impact on the turbine thrust production seen in Equations B.3 and B.4. 

 

Figure B.1. Decomposition of x and y forces into lift and drag forces on a turbine blade  

 

𝐹𝐿 = 𝐹𝑋𝐶𝑜𝑠(𝛼𝑒𝑓𝑓 + 𝜃) + 𝐹𝑦𝑆𝑖𝑛(𝛼𝑒𝑓𝑓 + 𝜃)   Equation B.1 

𝐹𝐷 = 𝐹𝑋𝑆𝑖𝑛(𝛼𝑒𝑓𝑓 + 𝜃) − 𝐹𝑦𝐶𝑜𝑠(𝛼𝑒𝑓𝑓 + 𝜃)   Equation B.2 

𝐹𝑇,𝐿𝑖𝑓𝑡 = 𝐹𝐿𝑆𝑖𝑛(𝛼𝑒𝑓𝑓)     Equation B.3 

𝐹𝑇,𝐷𝑟𝑎𝑔 = −𝐹𝐷𝐶𝑜𝑠(𝛼𝑒𝑓𝑓)    Equation B.4 



90 
 

Appendix C 

Comparing Results from Ideal Effective Angle of Attack and the Actual Effective Angle of Attack 

 

 

C.1 Advance ratio results comparing the ideal and actual effective angle of attack 

 

 In Figure C.1.1 is the comparison between the lift coefficients and lift force as well as the drag 

coefficient and drag force for the ideal and actual effective angle of attack for a single blade. Both the lift 

coefficient and lift force show the same trend for the ideal and actual effective angle of attack. The actual 

effective angle of attack shows a slightly higher lift coefficient and lift force than the ideal case. The 

largest difference is seen at λ = 1.0 where the largest difference between the ideal and actual effective 

angle of attack was seen. The drag coefficient shows a good comparison between the ideal and actual 

effective angle of attack with a large difference for λ = 1.0. The actual drag force for λ = 1.0 is much 

lower (about 1/3) than what is predicted from the ideal drag force. While the actual drag force for λ = 2.5 

is slightly higher than what is predicted from the ideal drag force. 

 

Figure C.1.1. The cycle averaged lift (left) and drag (right) for a single blade using the ideal and 
actual effective angle of attack 
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 In Figure C.1.2 the components of lift and drag forces in the tangential direction and total 

tangential is compared using the ideal and actual effective angle of attack. For the lift, drag and total force 

the ideal effective angle of attack shows very good comparison with the actual effective angle of attack 

for the different advance ratios. 

 

Figure C.1.2. The cycle averaged components of lift and drag forces in the tangential direction and 
total tangential force using the ideal and actual effective angle of attack 

  

In Figure C.1.3 the lift component of the tangential force is compared using the ideal and actual 

effective angle of attack. There is good comparison in the first half of the turbine between the two 

effective angles of attack used for λ = 1.75 and λ = 2.5. There is an over prediction in the peak lift 

component for λ = 1.0 occurring at θ = 160° due to the large difference between the ideal and effective 

angle of attack. In the second half of the turbine there is good agreement between the two effective angles 

of attack. 
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Figure C.1.3.The lift component of thrust force in the tangential direction throughout the cycle 
using the ideal and actual effective angle of attack  

In Figure C.1.4 the drag component of the tangential force is compared using the ideal and actual 

effective angle of attack. As was the case with the lift component, there is good agreement between the 

drag calculated with the ideal and actual effective angle of attack. For λ = 2.5 the ideal case under predicts 

the negative impact that dynamic stall has on the thrust force generated at θ = 200°. In the second half of 

the turbine there is good agreement between the two effective angles of attack. For λ = 2.5 there is a 

positive peak of the drag component occurring at θ = 360°. This is not seen when using the ideal effective 

angle of attack and is thought to occur due to the separated vortices traveling downstream and interacting 

with the blade. 
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Figure C.1.4.The drag component of thrust force in the tangential direction throughout the cycle 
using the ideal and actual effective angle of attack  

 

C.2 Solidity results comparing the ideal and actual effective angle of attack 

 

In Figure C.2.1 is the comparison between the lift coefficients and lift force as well as the drag 

coefficient and drag force for the ideal and actual effective angle of attack for a single blade. Both the lift 

force and coefficient show the same trends for the ideal and effective angle of attack. The actual effective 

angle of attack does predict slightly higher forces. The drag coefficient and force trends are different 

between the ideal and actual effective angle of attack, most notably for N = 4. The ideal effective angle of 

attack predicts the highest overall drag coefficient of about 0.2. On the other hand, the actual effective 

angle of attack predicts the lowest average drag coefficient of about 0.02.  This is due to the large 

difference seen in the ideal and actual effective angle of attack for the case of N = 4. The actual drag 

coefficient and drag force are also about two times larger for N = 6. 
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Figure C.2.1. The cycle averaged lift (left) and drag (right) for a single blade using the ideal and 
actual effective angle of attack 

 

In Figure C.2.2 the components of lift and drag forces in the tangential direction and total 

tangential is compared using the ideal and actual effective angle of attack. There is good comparison for 

both the lift and drag component for all of the cases except N = 4. There is a much smaller lift force 

shown and smaller negative impacts of the drag force. The total thrust force predicted for the ideal and 

actual effective angle of attack shows very good comparison however. 

 

Figure C.2.2. The cycle averaged components of lift and drag forces in the tangential direction and 
total tangential force using the ideal and actual effective angle of attack 
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In Figure C.2.3 the lift component of the tangential force is compared using the ideal and actual 

effective angle of attack. In the first half of the cycle there is reasonably good comparison for the lift 

component for N = 2, 3, and 6.For N = 4 the ideal effective angle of attack largely over predicts the peak 

lift force in the tangential direction by almost two times. In the second half of the cycle there is a slight 

peak at θ = 310° that matches the trend of the ideal effective angle of attack. The negative peak seen at θ 

= 340° for the ideal effective angle of attack is not replicated for the actual effective angle of attack. 

These differences account for the difference seen for the lift component in Figure B.6 for N = 4. All other 

cases show good comparison in the second half of the cycle. 

 

 

Figure C.2.3.The lift component of thrust force in the tangential direction throughout the cycle 
using the ideal and actual effective angle of attack  
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In Figure C.2.4 the drag component of the tangential force is compared using the ideal and actual 

effective angle of attack. N = 4 shows a very different profile from the ideal effective angle of attack. 

There is no large negative peak followed by a second peak due to the occurrence of dynamics stall. 

Instead, the drag component fluctuates throughout the cycle and for some parts contributes to a positive 

thrust force. This difference is due to the large difference seen in the ideal and actual effective angles of 

attack. It is clear that N = 4, the wakes of the blades disturb the approach flow. This also accounts for the 

small negative average drag component of the tangential force seen in Figure B.6. The other cases show 

good comparison throughout the cycle with the peak for N = 6 under predicted at θ = 170°. 

 

 

Figure C.2.4.The drag component of thrust force in the tangential direction throughout the cycle 
using the ideal and actual effective angle of attack  

 

C.3 Downstream wake results comparing the ideal and actual effective angle of attack 
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 In Figure C.3.1 is the comparison between the lift coefficients and lift force as well as the drag 

coefficient and drag force for the ideal and actual effective angle of attack for a single blade. The lift force 

compares very well between the ideal and actual effective angle of attack. The actual lift coefficient 

shows the same trend as the ideal lift coefficient, but if slightly higher for all values of R. The drag force 

from the actual effective angle of attack shows a similar trend with smaller forces. The largest difference 

occurring for R = 2.95 where the actual drag force seen is almost half the ideal drag force. The drag 

coefficient is much lower for all values of R. While the ideal drag coefficient shows an almost linear 

trend, the actual has a peak for R = 1.475 and then a large from at R = 2.95. These differences are due to 

the difference in the ideal and actual effective angle of attack. 

 

Figure C.3.1. The cycle averaged lift (left) and drag (right) for a single blade using the ideal and 
actual effective angle of attack 
 
 

In Figure C.3.2 the components of lift and drag forces in the tangential direction and total 

tangential is compared using the ideal and actual effective angle of attack. The lift and drag component as 

well as the total force show a good comparison between the ideal and actual effective angle of attack. 

There is slightly lower lift force shown that what was predicted by the ideal effective angle of attack, and 
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smaller in magnitude drag component. The total force shows an almost exact comparison between the two 

effective angles of attack used. 

 

 

Figure C.3.2. The cycle averaged components of lift and drag forces in the tangential direction and 
total tangential force using the ideal and actual effective angle of attack 

 

In Figure C.3.3 the lift component of the tangential force is compared using the ideal and actual 

effective angle of attack. In the first half of the cycle the ideal effective angle of attack under predicts the 

lift force seen for both R = 0.7375 and R = 2.95. For R = 0.7375 the actual lift force seen is 1/3 what the 

ideal effective angle of attack predicted. In the second half of the cycle there is good comparison between 

the two effective angles of attack with a slight over prediction for R = 2.95 starting at θ = 330°.  
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Figure C.3.3.The lift component of thrust force in the tangential direction throughout the cycle 
using the ideal and actual effective angle of attack  

 

In Figure C.3.4 the drag component of the tangential force is compared using the ideal and actual 

effective angle of attack. There is a large difference between the peaks seen at θ = 160° for R = 0.7375 

and R = 2.95. For R = 0.7375 instead of a negative peak there is a positive impact to thrust. For R = 2.95 

the peak is over estimated by two times what was seen for the actual effective angle of attack.  In the 

second half of the cycle the ideal effective angle of attack over predicts the negative impact of the drag 

force on thrust for R = 1.475 and R = 2.95, but shows good comparison with R = 0.7375. This is due to 

the large difference seen in the ideal and actual effective angle of attack. In the first half of the cycle R = 

0.7375 shows bad comparison with the ideal effective angle of attack and good comparison in the second 

half. The opposite was show true for R = 1.475 and R = 2.95. 
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Figure C.3.4.The drag component of thrust force in the tangential direction throughout the cycle 
using the ideal and actual effective angle of attack  
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