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ABSTRACT 
 

As part of an effort to improve rotorcraft performance, the ability of the OVERFLOW 

computational fluid dynamics solver to predict the onset of dynamic stall and the influence of 

upstream miniature trailing-edge effectors (MiTEs) has been investigated. Static CFD validation 

cases and grid resolution studies were first performed for airfoils both clean and with Gurney 

flaps. It was determined that CFD generally performs well in predicting the zero-lift angle of 

attack and zero-lift pitching-moment coefficient for an airfoil, but the fully turbulent assumption 

causes the maximum lift coefficient to be generally overpredicted.  

Several trailing-edge stall suppression and double stall cases from the U.S. Army 

Dynamic Stall Data Package were used to provide experimental validation of the computational 

methods used in OVERFLOW for dynamic stall. The overprediction of the maximum lift 

coefficient resulted in the introduction of a quasi-steady scaling factor for these cases; the use of 

this scaling factor is shown to greatly improve the quality of the dynamic stall predictions. 

The aerodynamic response of a deploying and retracting upstream MiTE, which is a 

deployable Gurney flap, has also been investigated and validated for the purpose of providing 

ñvirtual wind tunnelò data for the development of an unsteady aerodynamic model. Moving the 

MiTE upstream of the trailing edge creates a lower-surface vortex which causes significant 

deviations from trailing-edge MiTE behavior that had previously been observed. This vortex was 

observed in both 2-D unsteady RANS and 3-D DES simulations, with the transient responses 

being qualitatively similar for both methods. 
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Chapter 1  
 

Introduction  

1.1 Introduction 

The maximum forward speed of most rotorcraft configurations (such as the helicopter 

shown in Fig. 1-1) is often limited by a combination of compressibility effects on the advancing 

blades and dynamic stall on the retreating blades. These limitations usually become even more 

stringent with high blade loading and high altitude or hot day operating conditions [1,2].  

 

Figure 1-1. Boeing AH-64 Apache helicopter 

 

While these issues are straightforward to address for fixed-wing aircraft, the diverse 

operating environment of a rotor in forward flight generally requires the blade geometry to be 

capable of handling both limitations. Passive methods of addressing the individual limitations, 
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such as airfoil design and blade tip speed, tend to be conflicting. Mitigating the compressibility 

effects favors a slow hover tip Mach number with thin airfoils designed for low lift coefficients, 

while reducing the amount of retreating blade stall favors high tip speeds and airfoils designed for 

high lift coefficients. Thus, efforts for expanding the rotorcraft operating envelope and improving 

the maximum speed must turn to active control of the rotor blade.  

One method which has been widely considered is the use of miniature trailing-edge 

effectors (MiTEs), which are active, deployable Gurney flaps. MiTEs have the potential to 

increase rotorcraft performance if they can be stored within the blade and deployed as needed. 

Such devices allow for airfoils to be optimized more for the advancing blade compressibility 

requirements without sacrificing as much maximum lift coefficient on the retreating blade [3-11]. 

1.2 Dynamic Stall 

1.2.1 Description 

Dynamic stall is a phenomenon that occurs whenever an airfoil exceeds its static stall 

angle of attack as a result of any unsteady, time-dependent motion, and is characterized 

graphically in Fig. 1-2 [1]. The boundary layer development is lagged, which delays the trailing-

edge separation to a higher angle of attack. Separation then occurs from the leading edge, creating 

a bound vortex on the upper surface which increases the lift of the airfoil. Eventually the leading-

edge vortex is convected downstream and creates a rapid drop in lift and an increase in nose-

down pitching moment. After the vortex is convected downstream with decreasing angle of 

attack, the flow reattaches. 
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Figure 1-2. Flow morphology and lift, drag, and moment characteristics of an airfoil undergoing 

dynamic stall [1] 

1.2.2 Prediction Methods 

Several methods exist for predicting for predicting the onset and subsequent 

characteristics of dynamic stall, including the Leishman-Beddoes indicial [12] and the ONERA 

[13] semi-empirical models, and computational fluid dynamics (CFD). While McCroskey 

attained good agreement using CFD for predicting dynamic stall [14], it is still believed that there 

is much room for improvement using this technology [15]. 
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1.3 Miniature Trailing -Edge Effectors 

Miniature trailing-edge effectors (MiTEs) are active Gurney flaps which can be stored 

inside a rotor blade and deployed when needed. Gurney flaps were invented by race car driver 

Dan Gurney as a way to increase the down-force produced by the wing of his Indianapolis 500 

car. Gurney flaps were experimentally investigated by Liebeck and were shown to increase the 

maximum lift coefficient of an airfoil by nearly 30%. Liebeck also proposed a hypothetical flow 

structure around the flap, shown in Fig. 1-3, which moves the Kutta condition off the surface of 

the airfoil and increases lift [16]. Computational investigations into the flow field around Gurney 

flaps by Jang et al. [17], Date and Turnock [18], Lee and Kroo [19,20], Kinzel et al. [5-8], van 

Dam et al. [21-24], and others have confirmed Liebeckôs hypothesis. 

 

Figure 1-3. Liebeckôs hypothetical flow structure around a Gurney flap [16] 

 

If a Gurney flap can be stored within a rotor blade and deployed as needed, they have 

great potential to increase rotorcraft performance [3-6,10,11] and reduce vibratory loads [25-27]. 

Storing the MiTE usually entails moving it upstream of the trailing edge to a place where the 

airfoil has sufficient depth for retraction, but this has the effect of reducing the effectiveness of 

the MiTE. The aerodynamic effectiveness of an upstream Gurney flap was investigated 
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experimentally by Bramesfeld and Maughmer [28], with key results included as Fig. 1-4. It was 

observed that for a given chordwise location, the change in maximum lift coefficient is nearly 

linear with the height of the flap. As would be expected, the effectiveness of a Gurney flap 

decreases the further upstream it is located. 

 

Figure 1-4. Change in maximum lift coefficient with varying Gurney flap heights and chordwise 

locations for the S903 airfoil [28] 

 

The reduction in upstream MiTE effectiveness was investigated computationally by 

Kinzel [5-8]. For the S903 airfoil it was revealed that a vortex forms on the lower surface of the 

airfoil behind the Gurney flap, shown in Fig. 1-5. This vortex also affects the development of 

unsteady forces on the airfoil when compared to those of a MiTE at 1.00c; an example of these 

differences can be seen in Fig. 1-6 for the S903 airfoil with MiTEs at 0.90c and 1.00c oscillating 

harmonically with a reduced frequency of 0.14. 

The numerical investigations by Chow and van Dam for an upstream MiTE (which they 

refer to as a ñmicrotabò) on the S809 wind-turbine airfoil revealed very similar results for the 

flow structure [23,24], which is shown in Fig. 1-7. They also investigated the aerodynamic 
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response due to ramp deployments, which for this case are step functions approximated using 

sinusoidal deployment functions of various lengths between the retracted and deployed states; 

their results for the various deployment times are included as Fig. 1-8. The responses show very 

peculiar behavior, particularly in the lift coefficient; the change in lift is at first negative for the 

deployments before increasing to the eventual steady state response. Chow and van Dam 

recognize this behavior, but they do not investigate why it occurs. Instead, they conclude that the 

transients do not affect the post-deployment aerodynamic behavior [23,24]. The applicability to 

rotorcraft of their conclusion is not immediately apparent and deserves further investigation. 

It is this behavior of the lift, drag, and pitching-moment that is of particular interest in 

recent efforts to develop a generalized, unsteady upstream MiTE model [29]. Previous models 

were found to be limited in either their applicability to upstream MiTEs [5,7] or their applicability 

to generalized, non-harmonic deployment schemes in the time domain [10,11]. Computational 

fluid dynamics is a powerful tool to support the development of this new model, as physical 

insights into the flow field can be gained and forces predicted without needing an expensive, 

time-accurate unsteady experiment. 

 

 

Figure 1-5. Time-averaged streamlines of an upstream Gurney flap for the S903 airfoil [5] 
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  (a) (b) 

Figure 1-6. S903 airfoil with an oscillating 0.02c MiTE located at 0.90c (a) and at 1.00c (b), Ŭ = 

0°, MÐ = 0.1, R = 1.0 x 10
6
, and k = 0.14 [7] 

 

 

 

 

 

 

Figure 1-7. Instantaneous streamlines of an S809 airfoil with a 0.011c Gurney flap at 0.95c [23] 
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Figure 1-8. Unsteady aerodynamic responses for various MiTE deployment times on the S809 

airfoil [23] 
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1.4 Goals 

As it is beneficial to improve the fundamental understanding and the capabilities for predicting 

both dynamic stall and MiTE aerodynamics, the present study is divided into three components, 

each dependent on the previous:  

1. Validate static predictions from OVERFLOW 2.1 for airfoils, both clean and 

with Gurney flaps 

2. Assessment and validation of OVERFLOW 2.1 for predicting the onset of 

dynamic stall 

3. Development of a database of CFD upstream MiTE predictions which are 

conducive to developing a generalized unsteady aerodynamic model 

1.4.1 Static CFD Validation 

A certain requisite for analyzing dynamic stall and MiTE aerodynamics using CFD is to 

first validate that the solver produces reasonable solutions and that the solution is grid 

independent. This will be accomplished by analyzing the S408 tilt-rotor airfoil, which has been 

tested in the Penn State Low-Speed, Low-Turbulence Wind Tunnel in both clean and with 

upstream Gurney flap configurations.  

These geometries will be analyzed using OVERFLOW 2.1 to determine which surface 

grid resolution produces sufficient results without excessive computation time, whether the 

solution method is valid for this class of problem, and if the turbulence modeling produces 

reasonable results given the assumption of fully turbulent flow. 
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1.4.2 Dynamic Stall CFD Predictions 

This investigation will make use of OVERFLOW 2.1 and all results will be validated 

against experimental data from the US Army Dynamic Stall Data Package (USADSDP) [15]. The 

USADSDP provides a useful set of experimental data for the Vertol VR-7 airfoil for the purpose 

of identifying flow physics which are not being adequately modeled by CFD. These data were 

originally collected by McCroskey et al. when they investigated the dynamic stall characteristics 

of seven rotorcraft airfoils and one supercritical fixed-wing airfoil [30,31]. 

Static, trailing-edge stall suppression, and double stall cases are included in the data 

package. Each case will be analyzed using CFD, and methods for improving the quality of 

predictions will be considered. 

1.4.3 Upstream MiTE CFD Predictions 

The primary objective of investigating MiTE aerodynamics in OVERFLOW 2.1 is to use 

CFD as a ñvirtual wind tunnelò in lieu of experimental data to identify important flow physics 

that influence the transient aerodynamic responses. This is to foster the development of a 

generalized unsteady upstream MiTE aerodynamic model based on indicial methods using the 

Duhamel integral [29]. While the indicial response is the basis of the method, CFD simulations of 

ramp deployments and oscillatory deployments are also necessary to provide validation cases for 

the generalized model. The predictions by Kinzel et al. [5-8] and Chow and van Dam [23,24] 

provide a dataset against which the CFD results can be qualitatively compared to improve 

confidence in the quality of the solutions. 
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An additional aspect of this study would be to improve the understanding of the 

important flow physics which influence the unsteady responses and to investigate how they affect 

the forces and moments produced by a MiTE in a rotor environment. It is initially believed that 

the decreases in lift immediately after MiTE deployment as observed by Chow and van Dam 

[23,24] are related and possibly equivalent to the deviations from Theordorsen-like behavior 

observed by Kinzel for oscillating upstream MiTEs [5-8]. 



 

 

Chapter 2  
 

Description of Numerical Methods 

2.1 Solvers and Solution Strategies 

2.1.1 OVERFLOW 2.1 

The Reynolds-averaged Navier-Stokes (RANS) solver OVERFLOW 2.1 was used as the 

primary analysis tool for all static and dynamic solutions. It is a structured solver and can use 

either single-block or Chimera-overset meshes. All grids are required to be defined in three-

dimensions, however boundary conditions available in OVERFLOW 2.1 allow for the treatment 

of two-dimensional and axisymmetric geometries [32]. The most recent release as of the writing 

of this thesis, version 2.1ae, includes a variety of one- and two-equation turbulence models, but 

with no treatment of unforced transition. While it is possible to define trip-lines and fully-laminar 

regions, all cases run for the present studies were assumed to be fully turbulent. The Spalart-

Allmaras (S-A) one-equation turbulence model [33] with streamline curvature corrections was 

used for the majority of the cases considered. The use of a hybrid RANS/Large-Eddy-Simulation 

(Detached Eddy Simulation, or DES) approach [35] was also examined. All cases using the S-A 

turbulence model were run two-dimensionally, while the DES solutions were run three-

dimensionally to resolve large-scale spanwise turbulent structures. 

The current investigations employ an implicit algorithm using the second-order-accurate 

Pulliam-Chaussee scalar pentadiagonal left-hand-side (LHS) [36] and an upwinded, second-

order-accurate right-hand-side (RHS). While the Pulliam-Chaussee algorithm (which is based on 

the Beam-Warming algorithm [37]) favors a central-difference RHS for Courant-number 
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independence of the solution, this was found to be numerically unstable for some dynamic cases. 

The errors introduced by having an upwinded RHS and the recommended artificial dissipation 

were investigated and determined to be negligible compared to the flow characteristics being 

investigated. 

All static airfoil cases without Gurney flaps were run non-time-accurate until the L2-

Norm of the residuals vector converged to machine-zero. All unsteady cases as well as static 

Gurney flaps cases were run second-order time-accurate until the forces achieved a limit-cycle or 

the desired amount of simulation time was reached. Newton sub-iterations were used for all time-

accurate cases to improve temporal accuracy, the number of which varied depending on the size 

of the time-step. Force integrations are performed using USURP [38]. 

These methods yielded reasonable solutions and computation times, so other numerical 

methods were not investigated. 

2.1.2 ANSYS FLUENT 12.1 

FLUENT 12.1 is an unstructured Navier-Stokes solver which is capable of both two- and 

three-dimensional operation [39]. While it includes a variety of turbulence models, including the 

Spalart-Allmaras model, this solver has garnered much attention due to its recent inclusion of the 

four-equation Langtry-Menter (L-M) transitional turbulence model [40-42]. While it is labeled as 

a four-equation turbulence model, it is more accurately described as being the SST two-equation 

turbulence model enhanced by the addition of two transport equations for intermittency and 

transition momentum-thickness Reynolds number. These additional equations allow for the 

prediction of transition using the local variables of the flow field and can predict natural transition 

and transition via a laminar separation bubble; they are described in more detail in Appendix A. 

This model has the potential to be a major improvement over existing one- and two-equation 
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turbulence models that approximate the flow field as being fully turbulent. All FLUENT 12.1 

solutions are two-dimensional and were obtained using the SIMPLE scheme with second-order-

accurate upwinding of all flux variables, with non-time-accurate marching initially and then 

implicit time-accurate marching until force convergence was achieved. 

2.1.3 XFOIL 6.96 

Some verification of static CFD results can be obtained by comparing the predictions 

with those generated by XFOIL 6.96 [43]. XFOIL is a potential-flow panel method code coupled 

with an integral boundary layer method. The solution iterates on the boundary-layer displacement 

thickness with the outer flow solution until convergence is reached. Transition is predicted using 

an approximate e
n
-envelope method and includes the influence of laminar separation bubbles. 

Unlike previous studies which fixed the transition near the leading edge of the airfoil [5], all 

comparisons with CFD use natural transition with n = 9. While the underlying panel method is 

based on incompressible flow theory, the Karman-Tsien compressibility correction is used and 

provides reasonable results with increasing Mach number until the transonic drag rise. Airfoils 

with Gurney flaps are not analyzed with XFOIL in this study, as a working Gurney flap has 

significant amounts of separation which is well outside of the potential flow assumptions. 

2.2 Grid Generation Software 

2.2.1 Chimera Grid Tools 2.0 

All overset grids used for OVERFLOW 2.1 solutions were generated using Chimera Grid 

Tools 2.0 [44] based on surface grid definitions generated by in-house software (described in 
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section 2.2.2). Chimera Grid Tools provides a graphical user interface for visually inspecting the 

grids and allowing the user to provide local refinements. The near-field body-fitted O-grids are 

generated using an implicit hyperbolic marching scheme with optional volume sub-iterations (ten 

sub-iterations gave high quality grids without much increase in computation time), and the far-

field grids are stretched Cartesian box-grids. The wall spacing and maximum allowable stretching 

ratios were determined by the best practices in overset grid generation [45]. 

While the far-field grid completely overlays the body-fitted grid, it lacks sufficient 

resolution near the airfoil surface and actually includes grid points inside the airfoil itself. These 

superfluous far-field grid points are removed in a process referred to as hole-cutting. This is done 

such that the newly-defined inner boundary of the far-field grid and the outer boundary of the 

body-fitted grids have sufficient overlap to facilitate the overset interpolation used in the flow 

solver [46]. The hole-cutting is accomplished using ñXRAYs,ò which are defined in Chimera 

Grid Tools and interpreted by OVERFLOW 2.1 to cut the desired holes. These XRAYs are also 

able to move with a body in a dynamic simulation to allow adaptable geometries in OVERFLOW 

2.1 while still preserving logically structured grids.  

Hole-cutting is also required on the body-fitted grid when analyzing a MiTE, as the near-

field grids of the airfoil and Gurney flap overlap and the boundary conditions become otherwise 

inconsistent. Since the grids and boundary conditions are logically orthogonal to each other in 

this case, collar grids must be introduced to ensure that there are no ñleaksò in the grid. 

2.2.2 Airfoil Surface Grid Generation Software 

To avoid the need for CAD software to generate airfoil surface geometries, a computer 

code was written in the C++ language to facilitate the development of airfoil surface grids for 

import into Chimera Grid Tools. The code reads in a standard airfoil coordinate file, representing 
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a continuous curve beginning and ending at the trailing edge, and creates a piecewise cubic 

Hermite spline to define the surface. The user inputs the desired number of surface grid points 

and the grid spacing for the leading and trailing edges. A cubic distribution, which is 

parameterized by arc length, is then used on the upper and lower surfaces. The total arc-length is 

then iterated based on straight-line segments between grid points until convergence is achieved. 

The user also has an option of defining the location and size of a MiTE grid to be 

generated for the airfoil. The normal and tangent vectors at the user-specific MiTE location are 

calculated from the Hermite spline, and the MiTE surface grid is defined such that its centerline is 

coincident with the normal vector. The collar surface grids are generated next and follow the 

airfoil surface before turning to become parallel to the MiTE. This guarantees that the grids 

properly align, even when the MiTE region of the airfoil has a large amount of surface curvature. 

Finally, the computer code generates grid regions that are used by Chimera Grid Tools for 

generating XRAYs for both the airfoil surface and the MiTE. 

2.2.3 GAMBIT 2.4.6 

All two-dimensional unstructured grids for FLUENT cases were generated using 

GAMBIT 2.4.6 [47]. This software lacks a hyperbolic field grid generation feature, and so all 

sides of the computational domain need to be defined before generating the field grid. The grid 

around the airfoil is a C-type mesh with three blocks, each populated with quadrilateral elements 

and extending 30 chord lengths from the surface; the use of multiple blocks facilitates high-

quality mesh generation for airfoils with blunt trailing edges. The arrangement of the blocks is 

shown below in Fig. 2-1. While FLUENT is an unstructured solver, each block was generated as 

a structured mesh to ensure proper boundary-layer spacing and to control the number of elements 

in the field grid. As the turbulence model used in the FLUENT cases is based on the SST two-
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equation model, and since a no-slip wall boundary condition is used (rather than a wall-function), 

the y
+
 value of the first grid point was set to be less than one at approximately the 10%-chord 

location. While it is possible for transition to occur aft of this location for most of the lift 

coefficient range, the sensitivity of cl,max on boundary layer parameters necessitates accurate 

resolution at higher angles of attack. 

Figure 2-1. Schematic diagram of three-block C-grid 

Block I 

Block II 

Block III 



 

 

Chapter 3  
 

Static CFD Validation 

3.1 Somers S408 Airfoil 

The Somers S408 airfoil is a tilt-rotor airfoil that was tested in the Penn State Low-Speed, 

Low-Turbulence Wind Tunnel [48]. Validation of the wind tunnel can be found in Refs. 49 and 

50. The airfoil was also tested with a Gurney flap, making it an ideal choice for a grid resolution 

study and some static validation of the CFD methods. Due to restrictions, neither an image of the 

airfoil nor coordinates may be included with this thesis, although they are available from Dan 

Somers of Airfoils, Incorporated. 

3.2 OVERFLOW 2.1 Grid Resolution Study 

A surface-grid resolution study was performed on the S408 airfoil operating at MÐ = 0.2 

and R = 1.50 x 10
6
. Three near-body resolutions were considered: 225 x 100, 450 x 100, and 675 

x 100 (referred to as coarse, medium, and fine, respectively). The leading- and trailing-edge 

spacing was chosen for the medium grid to give a maximum stretching ratio of less than 1.2, and 

appropriately scaled to the coarse and fine grids. As the body-fitted grid was generated so that the 

first off-body grid point lies at y
+
 = 1, and the stretching ratio is ~1.1 (in accordance to best 

practices [45]), grid resolution normal to the airfoil was not varied. The Spalart-Allmaras 

turbulence model with streamline curvature corrections was used in the calculations for this 

study. 
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The lift, drag, and pitching-moment coefficients for each grid are plotted in Fig. 3-1, with 

key results listed in Table 3-1. The coarse grid shows the best agreement with experiment for 

maximum lift coefficient, but its solution lacks grid independence. The medium and fine grids 

show improvement over the coarse grid for predicting of the zero-lift angle of attack. The fine 

grid shows better agreement than the medium grid for maximum lift coefficient and the character 

of the pitching-moment coefficient, but the differences are slight. Given that the solution for the 

medium grid shows the beginnings of grid independence, the improvements gained by going to a 

finer grid do not justify the increase in computation time. Therefore all airfoil grids used for 

OVERFLOW solutions have a baseline resolution of ~450 surface points.  

 

Table 3-1. Summary of key predictions for S408 grid resolution study, R = 1.5 x 10
6
 

 Coarse Grid Medium Grid Fine Grid 

Ŭ0 -2.6566° -2.5115° -2.4671° 

cl,max 1.6532 1.6788 1.6731 

Ŭstall 14.0° 15.0° 15.0° 

cm,0 -0.05563 -0.05251 -0.05148 

cd,min 0.01144 0.01113 0.01104 
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(a) Lift  

 

 
(b) Pitching Moment 

 

 
(c) Drag 

Figure 3-1. S408 predictions from OVERFLOW for various grid resolutions, R = 1.5 x 10
6
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3.3 Comparison with Experiment 

The predictions from the medium grid are plotted in Fig. 3-2 with experimental data from 

Ref. 48. There is strong agreement between CFD and the experiment in the linear region, 

especially with the zero-lift angle of attack and zero-lift pitching-moment coefficient. There are, 

however, noticeable differences in the slope of the lift curve and that the maximum lift coefficient 

is overpredicted by approximately 0.30. Both of these effects may be due to CFD underpredicting 

the amount of trailing edge separation. 

OVERFLOW also predicted significantly higher drag for the airfoil than was observed in 

the Penn State Low-Speed, Low-Turbulence Wind Tunnel. This is most likely attributable to the 

lack of transition modeling in the results obtained using CFD with the Spalart-Allmaras 

turbulence model. Recent investigations comparing the Spalart-Allmaras model with the Langtry-

Menter four-equation transition/turbulence model have confirmed that including transition in a 

CFD solution can allow for much improved accuracy in predicting the drag coefficient as well as 

the prediction of a low-drag ñlaminar bucketò [51].  
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(a) Lift  

 

 
(b) Pitching Moment 

 

 
(c) Drag 

Figure 3-2. S408 airfoil predictions from OVERFLOW compared with experiment for the clean 

configuration, R = 1.5 x 10
6
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3.5 Gurney Flap Predictions 

The S408 airfoil was also analyzed in OVERFLOW with a 2.38%-chord Gurney flap 

located upstream at 90% chord; these results are presented in Figs. 3-3 and 3-4, along with the 

experimental data for the same configuration obtained in the Penn State University wind tunnel. 

OVERFLOW captures the change in lift very well through the linear region of the lift curve, but 

it deviates somewhat at higher lift coefficients and overpredicts the maximum lift coefficient by 

approximately 0.23. Considering that the OVERFLOW results for the clean configuration 

overpredicts the maximum lift coefficient by approximately 0.30, the prediction of ȹcl,max to 

within 0.07 shows that the CFD predictions are reasonable and consistent. An interesting aspect 

of these results is that with a Gurney flap, OVERFLOW shows excellent agreement with 

experiment for pitching-moment coefficient, whereas there was little agreement for the clean 

configuration. The improvement in the pitching-moment predictions is likely due to 

OVERFLOW more accurately predicting the lower-surface separation location with a Gurney 

flap. In the clean configuration, the separation point is strongly influenced by the boundary layer 

development, whereas flow separation around a Gurney flap is relatively insensitive to the 

boundary layer properties. 

 



 

 

 
(a) Lift  

 

 

 
(b) Pitching Moment 

Figure 3-3. S408 airfoil with a 0.0238c Gurney flap at 0.90c predictions from OVERFLOW 

compared with experiment, R = 1.5 x 10
6
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Figure 3-4. Change in drag coefficient of the S408 with 0.0238c Gurney flap at 0.90c from a 

clean configuration predicted by OVERFLOW and compared with experiment, R = 1.5 x 10
6
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3.6 Somers S903 Airfoil 

Additional static validation was performed using the Somers S903 wind-turbine airfoil 

[52], shown in Fig. 3-5, as high-quality experimental data is available for both the clean 

configuration and with a 2.08%-chord Gurney flap located upstream at 90% chord [28]. The grid 

was generated using the techniques described previously along with a surface grid resolution in 

accordance with the results of the grid study. The OVERFLOW predictions for lift, drag, and 

pitching moment are compared with experimental data in Fig. 3-6. 

For both configurations, OVERFLOW does very well in predicting the zero-lift angles of 

attack and the zero-lift pitching-moment coefficients. The slope of the lift curves are also 

captured reasonably well at lower lift coefficients, but OVERFLOW does not capture the change 

in the lift curve slope for the clean configuration above an angle of attack of 6 degrees.  

OVERFLOW overpredicts the maximum lift coefficient by approximately 0.04 for the 

clean configuration, which is surprisingly accurate. This improved accuracy may be due to the 

S903 being designed to have a maximum lift coefficient that is insensitive to roughness, and so 

the fully turbulent assumption in the CFD does not break down as noticeably. When a Gurney 

flap is applied, however, the maximum lift coefficient is overpredicted by 0.13 compared to 

experiment. As a result, OVERFLOW does not do a good job capturing the change in maximum 

lift coefficient due to an upstream Gurney flap being applied to this airfoil.  

The pitching-moment coefficient shows reasonable agreement between CFD and 

experiment at pre-stall angles of attack. As was true for the S408 study, better agreement is 

obtained for the Gurney flap configuration than for the baseline airfoil.  

The drag coefficients were significantly overpredicted by OVERFLOW for both 

configurations, but that was an expected result of the fully turbulent assumption. For lift 
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coefficients corresponding to the linear region of both lift curves, OVERFLOW does rather well 

in predicting the change in drag coefficient due to a Gurney flap. 

Further validation of this case was achieved by investigating the flow field around the 

airfoil, in both the clean and Gurney flapped configurations. Figure 3-7 shows the streamlines 

around the airfoil in both configurations from the OVERFLOW solutions at 4 degrees angle of 

attack. These results are consistent with the expected flow field around an airfoil; the stagnation 

point is in a reasonable location and the Kutta condition is satisfied for the clean airfoil. The off-

body Kutta induced by the Gurney flap is evident in Fig. 3-7(b), but can be seen more clearly in 

Fig. 3-8. The flow field near the Gurney flap shown in Fig. 3-8 is consistent with Kinzelôs 

predictions, which have been shown previously as Fig. 1-5 [5]. It can be concluded from this that 

the methods used in OVERFLOW for this investigation can adequately predict not just the 

integrated quantities, but also the flow field around an airfoil. 

 

Figure 3-5. Somers S903 airfoil geometry [52] 
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(a) Lift  

 

 
(b) Pitching Moment 

 

 
(c) Drag 

Figure 3-6. S903 airfoil with a 0.0208c Gurney flap at 0.90c predictions from OVERFLOW 

compared with experiment, R = 1.0 x 10
6 

0.0

0.5

1.0

1.5

-5 0 5 10 15 20

c
l  

Ŭ 

Experiment (ref. 28) - GF

Experiment (ref. 28) - Clean

OVERFLOW - GF

OVERFLOW - Clean

-0.15

-0.1

-0.05

0

0.05

-5 0 5 10 15 20

c
m 

Ŭ 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.005 0.01 0.015 0.02 0.025 0.03

c
l  

c
d 



29 

 

 

 
(a) Clean 

 

 

 

 
(b) Upstream Gurney Flap 

 

Figure 3-7. Comparison of time-averaged streamlines for the S903 airfoil in both clean (a) and 

0.0208c Gurney flap at 0.90c (b) configurations, Ŭ = 4°, R = 1.0 x 10
6
, MÐ = 0.2 
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Figure 3-8. Close-up of time-averaged streamlines near a 0.0208c Gurney flap upstream at 0.90c 

on the S903 airfoil, Ŭ = 4°, R = 1.0 x 10
6
, MÐ = 0.2 

 

 

 

 

Figure 3-9. Pressure distributions for the S903 airfoil for clean and 0.0208c Gurney flap at 0.90c 

configuration, Ŭ = 4°, R = 1.0 x 10
6
, MÐ = 0.2 
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3.7 Assessment of Results 

Considering that dynamic stall studies usually do not incorporate an accurate profile drag 

prediction, and that Gurney flap studies tend to focus on the changes in drag associated due to 

flap deflection, the differences in predicted and observed drag coefficient due to the fully-

turbulent approximation are therefore considered to be an acceptable error for this study. The 

overprediction of the maximum lift coefficient for a clean airfoil is somewhat of concern, as it is a 

key component of dynamic stall predictions, but this will be addressed in the next chapter. 

The flow physics that govern a working Gurney flap involve flow separating around a flat 

plate placed normal to the local flow velocities, thereby changing the outer flow. Thus, one would 

expect that a sufficiently tall Gurney flap, such as the 2.38%- and 2.08%-chord flaps used in the 

static studies, would be relatively insensitive to the details of the boundary layer development and 

the presence of laminar-turbulent transition. This would imply that a fully-turbulent CFD solution 

would give reasonably good predictions for the changes in the aerodynamic coefficients due to an 

upstream MiTE, even if the baseline, clean solution has errors in the drag and maximum lift 

coefficient. Given that the OVERFLOW solution showed good agreement for the change in lift 

coefficient and the total pitching-moment coefficient with an upstream Gurney flap, the approach 

used for the grid generation and the solution techniques are considered to be sufficient for this 

study.



 

 

Chapter 4  
 

Dynamic Stall CFD Predictions 

The ability of OVERFLOW 2.1 to predict the dynamic stall characteristics of the Vertol 

VR-7 airfoil was investigated for three types of cases, static, trailing-edge stall suppression, and 

double stall, at nominal baseline operating conditions of MÐ = 0.184 and R = 2.56 x 10
6
. The 

USADSDP also includes select cases at MÐ = 0.3, however these cases were not considered in the 

present study. 

4.1 Vertol VR-7 Airfoil  

The airfoil geometry as tested in the U.S. Army Aeromechanics Laboratory 2- by 3-meter 

wind tunnel [15,30,31] is shown in Fig. 4-1, and coordinates are included in Appendix B. Aspects 

of the corresponding overset grid for OVERFLOW cases are depicted in Fig. 4-2. 

 

Figure 4-1. Vertol VR-7 airfoil geometry. 
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(a) 

 

 
(b) 

Figure 4-2. Far-field stretched Cartesian (a) and near-field body-fitted O-type (b) overset grids for 

VR-7 dynamic stall cases in OVERFLOW 2.1 
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4.2 Static Predictions 

The static aerodynamic characteristics of the VR-7 airfoil at the baseline operating 

conditions, MÐ = 0.184 and R = 2.56 x 10
6
, were first considered as a way to validate the grid and 

solution techniques used with OVERFLOW 2.1. These data are compared in Fig. 4-3, along with 

theoretical predictions at the same conditions from FLUENT 12.1, XFOIL 6.96, and the 

experimental results from the USADSDP [15]. The OVERFLOW results use the S-A turbulence 

model while the FLUENT solution uses the L-M turbulence model. 

Experimentally obtained drag coefficients are not included in Fig. 4-3, as only the 

pressure drags were measured. All three theoretical methods overpredict cl,max compared to 

experiment, with FLUENT showing the best agreement. It is peculiar to note, however, that both 

CFD methods and XFOIL show reasonable agreement with each other for the zero-lift angle of 

attack, but differ somewhat from the experimental result. None of the codes show strong 

agreement with experiment for predicting pitching-moment coefficients, but FLUENT and 

XFOIL show qualitative agreement with each other. While FLUENT was better able to predict 

the maximum lift coefficient of the VR-7, this could be the result of a variety of factors ranging 

use of a transitional turbulence model to the solution scheme. An overview of the key results is 

presented in Table 4-1. 

Table 4-1. Summary of CFD and XFOIL theoretical predictions compared with experiment for 

VR-7 airfoil, MÐ = 0.184, R = 2.56 x 10
6
 

Case Ŭ0 cl,max Ŭstall cm,0 

Experiment [15] -1.538° 1.511 12.5° -0.01336 

OVERFLOW 2.1 -1.103° 1.582 14° -0.00539 

FLUENT 12.1 -1.037° 1.525 14.5° -0.00241 

XFOIL 6.96 -0.993° 1.611 15.5° -0.00061 
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(a) Lift  

 

 
(b) Pitching Moment 

 

 
(c) Drag 

Figure 4-3. Comparison of CFD, XFOIL, and experimental [15] predictions for the VR-7 airfoil 

at MÐ = 0.184, R = 2.56 x 10
6
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4.3 Quasi-Steady Scaling 

4.3.1 Lift Scaling 

While the results from OVERFLOW are consistent with those obtained using other 

theoretical methods, they do not match the experiment in zero-lift angle of attack or maximum lift 

coefficient. This has major implications when performing an unsteady analysis. Even for attached 

flow, the lift coefficients for a given angle of attack range and reduced frequency would not be 

expected to match. For a dynamic stall case, post-stall conditions for an experimental case may be 

pre-stall in the CFD simulation, which would drastically alter the unsteady characteristics. Thus, 

it is unwise to rely purely on CFD to predict the onset of dynamic stall. 

To account for these differences, the following quasi-steady scaling of lift coefficient and 

angle of attack are proposed: 
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This is similar to a method of accounting for compressibility effects for Gurney flapped airfoils 

[5,7], except that this scaling is meant to account for differences in predicting viscous effects at a 

given Reynolds and Mach number. 

 To apply these scaling factors to a CFD simulation, one first needs to have a reliable 

prediction of the zero-lift angle of attack, stall angle of attack, and static maximum lift 

coefficient, such as those obtained from a static experiment. For a given physical angle of attack 

range of an unsteady oscillation, Eq. 4.1 can be used to calculate the equivalent scaled angle of 

attack range. Next, static CFD predictions are required to determine the theoretical zero-lift angle 

of attack, stall angle of attack, and maximum lift coefficient. Then the Ŭǋ range for the desired 
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conditions can be substituted into Eq. 4.1, with the computationally-obtained Ŭ0 and Ŭstall used as 

the parameters to determine the physical angle of attack range for the CFD solution. Once the 

unsteady CFD solution is obtained at same reduced frequency, the computationally-predicted lift 

coefficients must be scaled by Eq. 4.2 with the computational static maximum lift coefficient. 

The entire process can then be inverted by multiplying the scaled lift coefficients by the 

experimental static maximum lift coefficient and redefining the angle of attack range to the 

original, desired range. 

In a mathematical sense this scaling can be thought of as a mapping of one solution to 

another. The lift curves for practical airfoils all follow the same qualitative shape and nearly 

identical slopes in the linear region, varying quantitatively only by the zero-lift angle of attack 

and maximum lift coefficient [53]. Thus it is reasonable to assume that accurate predictions are 

possible through a mapping of only those two parameters. 

In a physical sense, the quasi-steady scaling is a way to adjust for the differences in the 

actual amount of trailing edge separation and the predicted amounts. As stated earlier, one of the 

limitations in most CFD turbulence models is that they assume the flow to be fully turbulent. This 

results in a completely different behavior in the boundary layer growth than would be 

experimentally observed, even if the boundary layer is tripped at the stagnation point. At 

transitional Reynolds numbers, such as that used in the baseline static case, there is no reason to 

expect that the boundary layer characteristics at the trailing-edge in the experiment would be the 

same as those predicted by OVERFLOW. 

4.3.2 Moment Scaling 

At this time there has been no investigation into using a similar scaling for pitching-

moment predictions. Unlike the lift curve, the mapping of the pitching-moment coefficient from 
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one dataset to another is not straightforward, as the curves have limited linearity and drastically 

different post-stall behavior. As was seen in Fig. 4-3, there is no agreement between the 

theoretical methods or experiment on whether the pitching moment should increase or decrease 

after stall. The present study therefore makes no adjustment to the pitching-moment coefficients 

obtained from CFD cases based on the scaled angle of attack. 

4.4 Trailing-Edge Stall Suppression 

The first set of dynamic stall cases considered for comparison of theory and experiment 

focus on trailing-edge stall suppression, which are cases where the maximum angle of attack is 

only a few degrees past stall. For the VR-7 cases included in the USADSDP, the angle of attack 

range is 4.55° +/- 10.05°, which has a maximum approximately two degrees past stall. At lower 

reduced frequencies the airfoil experiences dynamic stall, but as the frequency increases the 

amount of stall is reduced and the airfoil exhibits attached flow behavior [15,31]. This effect is 

due to the lags in the boundary layer development increasing with reduced frequency. 

Figures 4-4 through 4-7 show comparisons of the experimental data from the USADSDP 

with predictions obtained from OVERFLOW. In all plots, two types of numerical predictions are 

presented. The first, labeled as ñunscaled,ò matches the reported angle of attack and reduced 

frequency from the experiment. The second, labeled as ñscaled,ò follows the procedure outlined 

in Section 4.3 and plots the resulting equivalent lift coefficients and the raw pitching-moment 

coefficients versus the equivalent angle of attack. 

The predictions for the lowest reduced frequency considered, k = 0.01, are plotted in Fig. 

4-4 along with the experimental results. The unscaled results significantly overpredict the 

maximum lift coefficient and fail to match the predominant behavior of the dynamic stall. There 

is also no evidence of stalling behavior in the pitching-moment coefficient. The scaled results 




























































































































