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Abstract 
 
A computational fluid dynamics study of thick wind turbine section shapes in the test 
section of the UC Davis wind tunnel at a chord Reynolds number of one million is 
presented.  The goals of this study are to validate standard wind tunnel wall corrections 
for high solid blockage conditions and to reaffirm the favorable effect of a blunt trailing 
edge or flatback on the performance characteristics of a representative thick airfoil shape 
prior to building the wind tunnel models and conducting the experiment.  The numerical 
simulations prove the standard wind tunnel corrections to be largely valid for the 
proposed test of 40% maximum thickness to chord ratio airfoils at a solid blockage ratio 
of 10%.  Comparison of the computed lift characteristics of a sharp trailing edge baseline 
airfoil and derived flatback airfoils reaffirms the earlier observed trend of reduced 
sensitivity to surface contamination with increasing trailing edge thickness. 
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Introduction 
 
Blunt trailing edge or flatback airfoils have been proposed for the inboard region of large 
wind turbine blades [1,2,3].  Flatback airfoils provide several structural and aerodynamic 
performance advantages.  Structurally, the flatback increases the sectional area and 
sectional moment of inertia for a given airfoil maximum thickness [1].  Aerodynamically, 
the flatback increases sectional maximum lift coefficient and lift curve slope and reduces 
the well-documented sensitivity of thick airfoils to surface soiling [3].   
 
Limited experimental data are available that validate the aerodynamic performance 
benefits of the blunt trailing edge concept for thick airfoils.  This lack of experimental 
data in the open literature has led to the request to conduct a wind tunnel study on the 
effect of the blunt trailing edge on the aerodynamic characteristics of a thick blade 
section with free and fixed transition at representative Reynolds numbers.  A maximum 
thickness to chord ratio (t/c) of 40% was selected for this experiment because it is at the 
high end of section shape thickness considered for the root region of wind turbine blades.  
One of the problems with wind tunnel testing thick airfoils is that these types of models 
tend to create a significant amount of solid blockage (ratio of frontal area of the model to 
the test section cross-sectional area) and wake blockage (size of model wake relative to 
that of test section) thereby affecting the flow development in the wind tunnel test 
section.  Solid blockage is typically kept at 5% or less, but this value limits the model 
chord length, which in turn limits the chord Reynolds numbers [4].  Here we plan to 
acquire data on t/c = 0.40 airfoils at chord Reynolds numbers greater than or equal to one 
million in the UC Davis tunnel.  This Reynolds number can be achieved by testing a 
model with a 12-in. chord at an airspeed of 107 mph and standard sea-level conditions.  
This model selection leads to a solid blockage ratio of 10% (model maximum thickness 
of 0.4 ft and test section width of 4 ft).  The question arises to what extent this level of 
blockage affects the data and if the standard wind tunnel wall corrections [4] are adequate 
to correct the measured data.  A series of computational fluid dynamics simulations were 
conducted to analyze the performance characteristics of a series of thick airfoils with and 
without wind tunnel walls at a Reynolds number of one million.   
 
In the following section, two airfoil series considered for this wind tunnel study are 
presented.  The FB airfoil series developed in Phase I of the Blade System Design Study 
(BSDS) [2] and the TR airfoil series presented and discussed in [3].  Next, the 
computational methods and grids are introduced.  The performance characteristics of the 
airfoils are computationally investigated with and without wind tunnel walls at the 
proposed flow conditions.  Wind tunnel wall corrections are applied to computational 
results obtained with walls.  The corrected data are then compared with the unbounded 
flow results.  
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Airfoils 
 
In their study of blunt trailing edge airfoils, Standish & van Dam focused on t/c = 35% 
airfoils of the TR series.  To better match the maximum thickness values presently found 
on the inboard sections of large turbine blades, t/c = 40% airfoils are proposed for the 
wind tunnel experiment.  Depicted in Fig. 1 is the TR-4000-0050; the baseline airfoil 
with a nominally sharp trailing edge. It is derived from the S821 section shape, but the 
TR-4000-0050 has a maximum thickness to chord ratio of 40%.  Also, as indicated in 
Table 1, the actual trailing edge thickness to chord ratio of this airfoil is not zero but 
0.5% (0.06 in. based on a one-foot chord model).  The reasons for the finite trailing edge 
thickness are twofold.  Physically, any blade section or wind tunnel model will have a 
finite trailing edge thickness and it is good practice to incorporate this attribute in the 
design and analysis from the onset.  Computationally, a zero trailing edge thickness 
airfoil dictates a different grid topology than a finite trailing edge thickness airfoil and it 
is preferred to minimize grid changes when comparing computed results of sharp and 
blunt trailing edge airfoils.   
 
The TR-4000-1000 has the identical maximum thickness as the TR-4000-0050 but has a 
trailing-edge thickness of 10% as shown in Fig. 1 and Table 2.  The blunt trailing edge is 
created by symmetrically adding thickness to either side of the camber line of the TR-
4000-0050 using an exponential blending function to smoothly distribute the increased 
thickness along the chord. 
 

 
Figure 1  Blade section geometries for the baseline TR-4000-0050 and its 

derivative flatback sections: TR-4000-1000 and TR-4000-2000. 

 
The TR-4000-2000 has the identical maximum thickness as the TR-4000-0050 and the 
TR-4000-1000 but has a trailing-edge thickness of 20% as shown in Fig. 1 and Table 3.  
The blunt trailing edge is created as described above.  Note that for this airfoil the 
difference between the maximum thickness and trailing edge thickness (t - tte)/c = 20%.  
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Sharp trailing edge airfoils of this thickness (such as the S821, t/c = 0.24) can be 
designed to have lift characteristics that are largely insensitive to surface soiling.  A 
simple design guideline for blunt trailing edge or flatback airfoils is to limit the ratio of 
the difference between maximum thickness and trailing edge thickness and the chord 
length to 20-25% to make surface insensitive lift characteristics achievable.  Based on 
this rule-of-thumb one would expect to see significant sensitivity to surface soiling for 
the TR-4000-1000 and little or no sensitivity for the TR-4000-2000. 
 
A second airfoil family considered for experimental evaluation is the FB series presented 
in the final report of Phase I of the Blade System Design Study (BSDS) [2].  This series 
of airfoil shapes was generated by combining a low-pressure side shape drawn from the 
thick, high lift inboard NREL airfoils, and a structurally efficient high-pressure side 
drawn from the LS–1 series airfoils.  Depicted in Fig. 2 are the FB-4000-0050, the FB-
4000-1000, and the FB-4000-2000 whereas the surface coordinates for these three airfoils 
are presented in Tables 4 through 6.  Note that the FB-4000-1000 with its maximum 
thickness to chord ratio (t/c) of 40% and trailing edge thickness to chord ratio (tte/c) of 
10% closely matches the FB-4286-0802 (t/c = 42.86% and tte/c = 8.02%) section shape 
applied in BSDS Phase I [2].   
 

 
Figure 2  Blade section geometries for the baseline FB-4000-0050 and its 

derivative flatback sections: FB-4000-1000 and FB-4000-2000. 

 

Computational Methods 
MSES 
The MSES flow solver developed by M. Drela [5,6] at MIT is based upon a 
viscous/inviscid zonal interaction method.  The inviscid region is modeled using the 
Euler equations and the viscous region is modeled by a compressible lag-dissipation 
integral method. The viscous and inviscid zones are coupled through the boundary-layer 
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displacement thickness on the inviscid flow and the boundary-layer edge velocity on the 
viscous flow.  This approach yields a non-linear coupled system of equations that can be 
solved using a global Newton solution procedure.  As a result, this code is relatively 
simple and solutions converge rapidly.  MSES comes with its own grid generation tool 
called MSET, which constructs an initial grid based on inviscid streamlines.  Once the 
calculation is initiated, the streamline grid itself is part of the solution and therefore is 
updated after each successive iteration.  Two very useful tools, called MPLOT and 
MEDP, are included and provide aid in post-processing.  MPLOT is a plotting tool 
capable of plotting a large number of parameters pertinent to the flow solution.  MEDP is 
a tool that Drela refers to as “an airfoil redesign system rather than a pure design system”, 
since it requires that a converged solution be obtained prior to its execution.  MEDP was 
primarily used to extract the surface pressure and skin friction distributions. 
 
MSES incorporates several boundary conditions which coincide with the presence of 
wind tunnel walls or an unbounded domain.  For the wind tunnel cases, a solid wall is 
specified as the farfield boundary condition, and the distance to the walls is specified 
separately to coincide with the nondimensional ratios relative to the test model.  For an 
unbounded domain, application of potential theory to an airfoil’s aerodynamic center is 
used to apply a superposition of potential vortex, source, and two doublet components for 
the farfield boundary condition.  The distance to the farfield for this case is then not 
constrained, since this boundary condition should be applicable to any farfield distance. 
 
At this point, MSES is paramount in the blunt trailing edge study because it incorporates 
a boundary layer transition model.  The transition prediction model used in MSES is 
referred to as the “envelope method”, which is a simplified version of the en method.  
Due to the lack of transition prediction models in the Reynolds-averaged Navier-Stokes 
(RaNS) solvers, all RaNS free transition results in this study are, in fact, results obtained 
with transition specified at the locations predicted by MSES.  An additional advantage of 
this procedure is that it minimizes discrepancies in the aerodynamic performance 
predictions of the various computational methods as a result of differences in transition 
location.  MSES includes a model for blunt trailing edge flows [6].  However, there is 
some concern about the accuracy of this model for any trailing edge thickness in excess 
of a few percent.  This spurred the use of methods based on the Reynolds-averaged 
Navier-Stokes equations. 
 

ARC2D 
ARC2D was developed by T. Pulliam and J. Steger [7,8] at the NASA Ames Research 
Center.  The code solves the compressible, two-dimensional, Reynolds-averaged Navier-
Stokes equations in strong conservation-law form.  The governing equations in 
generalized curvilinear coordinates are central differenced in standard second-order form 
and solved using the implicit Beam-Warming approximate factorization scheme [9].  
Artificial dissipation terms are added for numerical stability with the 2nd order dissipation 
coefficient = 0.00 and the 4th order dissipation coefficient = 0.64.  The code employs 
local time stepping and mesh sequencing to accelerate convergence of steady solutions.  
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ARC2D has been extensively applied to analyze inviscid and viscous flows over airfoils 
[7,10,11,12].  
 

OVERFLOW 
OVERFLOW is a three-dimensional, compressible RaNS flow solver developed by 
Buning, Jespersen, Pulliam, Chan, Slotnick, Krist, and Renze at NASA [13].  Use of 
three identical computational planes in the spanwise direction permits the modeling of 
two-dimensional flows.  The use of OVERFLOW allows for the future extension of this 
study to three-dimensional flows.  Steady and time-accurate solutions can be calculated 
on structured block or Chimera overset grids.  In this study, all computations are time-
accurate and conducted with a central-differencing block tri-diagonal scheme.  Dual time-
stepping is utilized to obtain 2nd order accuracy in time.  Artificial dissipation (2nd order 
dissipation coefficient = 0.00; 4th order dissipation coefficient = 0.04) is used to aid 
numerical stability.  A recent application of this method to study bubble-induced 
unsteadiness on wind turbine airfoils is presented by Mayda and van Dam [14]. 
 

Turbulence Model 
Two different turbulence models are employed.  The first is the one-equation Spalart-
Allmaras (SA) model [15] used in ARC2D and the second is a two-equation k-ω shear 
stress transport model due to Menter (SST) [16] used in OVERFLOW.  Both models are 
linear eddy viscosity models that employ the Boussinesq eddy viscosity assumption. 

Computational Grids 
 
All meshes for the RaNS calculations in this study were generated with the Chimera Grid 
Tools and OVERGRID codes developed by Chan, Rogers, Nash, Buning and Meakin 
[17] at the NASA Ames Research Center.  All airfoil grids are of the O-grid variety 
shown in Fig. 3.  For unbounded flow cases, the grid domain extends roughly 50 chord 
lengths from the airfoil surface.  A freestream/characteristic boundary condition is 
imposed at the outer edge of this domain, and a no-slip condition is specified at the airfoil 
surface.  For wind tunnel cases, a Chimera overset grid approach was employed.  The 
tunnel interior, including test section and diffuser, was discretized with a stretched 
Cartesian mesh as shown in Fig. 4a.  The airfoil model grid was then placed inside the 
tunnel test section at the appropriate angle of attack (see Fig. 4b).  Flowfield information 
is shared between the two grids via interpolation in the overlap region, an example of 
which is shown in Fig. 4c.  The tunnel walls were modeled with an inviscid solid surface 
boundary condition.  At the tunnel inlet, an imposed freestream condition was used, 
whereas a specified mass flow boundary condition was applied at the tunnel exit plane. 
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Figure 3 Grid approach for the unbounded flow cases: (a) overall view of the O-
grid for the TR-4000-0050 section where the farfield boundary is 
nominally 50 chord lengths from the airfoil surface (some radial 
gridlines omitted for clarity) and (b) detail view of the O-grid near the 
airfoil surface. 

 

Figure 4 Grid approach for the wind tunnel cases: (a) overall view showing test 
section, diffuser and airfoil model (some gridlines omitted for clarity), 
(b) view of TR-4000-2000 mesh at 10º angle of attack and its overlap 
region with the tunnel grid, and (c) detail view of model wake region 
showing overlap of the airfoil model and tunnel grids. 
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Results and Discussion 
 
Before presenting and discussing the numerical prediction it is useful to review the 
corrections that are applied to wind tunnel results for airfoils.  The two-dimensional wall 
corrections applied to the wind tunnel data, whether from numerical modeling or 
experimental wind tunnel testing, consist of three factors:  solid blockage, wake 
blockage, and streamline curvature. 
 
Solid blockage comes from the presence of the model itself in the wind tunnel test 
section.  Because this presence reduces the cross-sectional area of the tunnel, the air flow 
velocity is increased over the model.  This effect is a function of model thickness, 
thickness distribution, and model size, but is not a function of camber.  There are 
numerous methods to account for solid blockage, but the form given by Thom (see [4]) is 
used due to its clearer expression of the parameters producing solid blockage.  Thom’s 
equation is given as: 

εsb = K1 ×Vol

C
3
2

 

where K1 = 0.52 for a test model spanning the tunnel height, Vol is the model volume, 
and C is the tunnel cross-sectional area. 
 
The second factor in wall corrections is wake blockage.  A body in flow will leave a 
wake behind.  The mean velocity of the wake will be lower than the freestream velocity.  
By continuity, this also means the velocity outside the wake will have a higher velocity to 
conserve the volume flow.  These velocity differences result in a pressure gradient which 
increases the air flow over the model.  From [4], Maskell’s correction for wake blockage 
is used and is given as: 

εwb = c h

2
cd u

 

where c is the chord length of the airfoil, h is the tunnel height relative to the airfoil 
profile, and cdu is the uncorrected wind tunnel drag coefficient. 
 
The last correction to apply is the effect of streamline curvature.  The natural curvature of 
free air about an immersed body is impacted by the presence of wind tunnel walls.  The 
effect is to apparently increase the camber of the body, thus increasing the resulting lift 
and moment produced.  As detailed in [4], the corrections for this effect on the lift and 
the moment coefficients are given by: 

Δclsc
= −σclu

 

Δc
m 1

4 sc

= −σ
4

Δclsc
 

where 

σ = π 2

48

c

h

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

2

 

These three effects (solid blockage, wake blockage, and streamline curvature) comprise 
the wall corrections to be applied to the wind tunnel data. 
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In summary, the corrections to be applied to the uncorrected wind tunnel data are: 
ε = εsb + εwb  

cl = clu
1−σ − 2ε( ) 

cd0
= cd0 u

1− 3εsb − 2εwb( ) 

c
m 1

4
= c

m 1
4 u

1− 2ε( )+ σcl

4
 

 
 

TR Section Shapes 
The MSES lift predictions for the TR-4000-0050 at Re = 1.0 million are presented in Fig. 
5.  Three sets of results are depicted for transition free and transition fixed at 5% of the 
chord; 1) with wind tunnel walls (in tunnel), 2) unbounded flow (free air), and 3) in-
tunnel results corrected for the presence of wind tunnel walls using the earlier described 
methodology (corrected).  Comparison of the free transition and fixed transition results 
shows that, as expected, the lift characteristics of this airfoil are very sensitive to any 
forward shift in boundary-layer transition location.  With transition fixed near the leading 
edge, the flow is mostly separated as demonstrated by the very shallow lift curve slope 
(<< 2π rad-1) in the "linear" lift regime, the very low maximum lift coefficient, and the 
very high minimum lift coefficient.  The presence of the wind tunnel walls results in 
increased lift with the standard corrections reducing the lift to the unbounded flow values.  
The fact that these corrections are accurate for the solid blockage of 10% encountered 
here builds confidence in the proposed wind tunnel tests as well as the numerical 
simulations. 

 
Figure 5 MSES lift predictions for TR-4000-0050 with and without wind tunnel 

walls at Re = 1.0 million and transition free and transition fixed at 5% of 
the chord on upper and lower surface.  The lift curve labeled corrected 
is obtained by applying standard wind tunnel wall corrections [4] 
to the with wind tunnel wall results.   
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The OVERFLOW lift and drag predictions for the TR-4000-0050 at Re = 1.0 million are 
presented in Fig. 6 and Fig. 7, respectively. Three sets of results are depicted for 
transition fixed at 5% of the chord; 1) with wind tunnel walls (in tunnel), 2) unbounded 
flow (free air), and 3) in-tunnel results corrected for the presence of wind tunnel walls 
using the earlier described methodology (corrected).  Laminar separation and the ensuing 
unsteady shedding made numerical simulations with free transition problematic at these 
conditions.  The laminar bubble shrinks with increasing Reynolds number, and this 
explains that unsteady laminar bubble shedding was not an issue in previous RaNS 
studies of thick airfoils [2,3].  Numerical simulations of flow problems including 
unsteady laminar bubble shedding require an extensive gridding effort and much 
computational time [14].  Hence, free transition results for this airfoil will not be 
generated until later.  Comparison of the MSES and OVERFLOW lift predictions shows 
excellent agreement.  The presence of wind tunnel walls results in increased drag but the 
effect is small compared to that on the lift.  Application of the standard wall corrections 
to the in-tunnel drag predictions leads to some discrepancies with the unbounded flow 
simulations.  However, the effect remains small. 

 
Figure 6 OVERFLOW lift predictions for TR-4000-0050 with and without wind 

tunnel walls at Re = 1.0 million and transition fixed at 5% of the chord 
on upper and lower surface.  The lift curve labeled corrected is 
obtained by applying standard wind tunnel wall corrections [4] to the 
with wind tunnel wall results.   

 

The MSES lift predictions for the TR-4000-1000 at Re = 1.0 million are presented in Fig. 
8.  Again, three sets of results are depicted for transition free and transition fixed at 5% of 
the chord; 1) with wind tunnel walls (in tunnel), 2) unbounded flow (free air), and 3) in-
tunnel results corrected for the presence of wind tunnel walls using the earlier described 
methodology (corrected).  Comparison of the free transition and fixed transition results 
shows that the lift characteristics of this airfoil remain sensitive to any forward shift in 
boundary-layer transition location.  However, the negative effect of premature transition 
on lift is much reduced compared to the sharp trailing edge TR-4000-0050 with a 
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reduction in maximum lift remaining.  Except near maximum lift, the standard wind 
tunnel correction methodology accurately predicts the effect of the walls on lift.  
 

 
Figure 7 OVERFLOW drag predictions for TR-4000-0050 with and without wind 

tunnel walls at Re = 1.0 million and transition fixed at 5% of the chord 
on upper and lower surface.  The lift curve labeled corrected is 
obtained by applying standard wind tunnel wall corrections [4] to the 
with wind tunnel wall results.   

 

 
Figure 8 MSES lift predictions for TR-4000-1000 with and without wind tunnel 

walls at Re = 1.0 million and transition free and transition fixed at 5% of 
the chord on upper and lower surface.  The lift curve labeled corrected 
is obtained by applying standard wind tunnel wall corrections [4] to the 
with wind tunnel wall results.   
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The OVERFLOW lift and drag predictions for the TR-4000-1000 at Re = 1.0 million are 
presented in Fig. 9 and Fig. 10, respectively.  Again, three sets of results are depicted for 
transition free and transition fixed at 5% of the chord; 1) with wind tunnel walls (in 
tunnel), 2) unbounded flow (free air), and 3) in-tunnel results corrected for the presence 
of wind tunnel walls using the earlier described methodology (corrected).  The lift results 
presented in Fig. 9 largely match the MSES predictions shown in Fig. 8.  To limit the 
analysis time, an angle of attack increment of 5˚ was selected for the RaNS simulations.  
As a result, maximum lift for the free transition case is not well captured.   
 
MSES was unable to generate converged solutions for the TR-4000-2000.  This also 
meant that free transition information was not available for this airfoil.  Instead, the 
transition location on the TR-4000-2000 was assumed to match that on the TR-4000-
1000.  The OVERFLOW lift and drag predictions for the TR-4000-2000 at Re = 1.0 
million are presented in Fig. 11 and Fig. 12, respectively.  As before, three sets of results 
are depicted for transition free and transition fixed at 5% of the chord; 1) with wind 
tunnel walls (in tunnel), 2) unbounded flow (free air), and 3) in-tunnel results corrected 
for the presence of wind tunnel walls using the earlier described methodology 
(corrected).  The free transition lift and drag results without wind tunnel walls show a 
nonlinear behavior at low angles of attack which is caused by the existence of a laminar 
separation bubble on the suction surface.  Changes in the pressure distribution as a result 
of the presence of wind tunnel walls mitigates this effect and results in a more linear 
performance variation with angle of attack.  Still the free transition drag is higher than the 
fixed transition drag demonstrating the negative effect of laminar separation.  
Comparison of the free and fixed transition results indicates that the TR-4000-2000 lift is 
nominally insensitive to changes in transition location confirming the beforementioned 
design guideline to limit the difference between maximum thickness to chord and trailing 
edge thickness to chord to 20-25%.   

 
 
Figure 9 OVERFLOW lift predictions for TR-4000-1000 with and without wind 

tunnel walls at Re = 1.0 million and transition free and transition fixed at 
5% of the chord on upper and lower surface.  The lift curve labeled 
corrected is obtained by applying standard wind tunnel wall corrections 
[4] to the with wind tunnel wall results.   
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Figure 10 OVERFLOW drag predictions for TR-4000-1000 with and without wind 

tunnel walls at Re = 1.0 million and transition free and transition fixed at 
5% of the chord on upper and lower surface.  The lift curve labeled 
corrected is obtained by applying standard wind tunnel wall corrections 
[4] to the with wind tunnel wall results.   

 

 
Figure 11 OVERFLOW lift predictions for TR-4000-2000 with and without wind 

tunnel walls at Re = 1.0 million and transition free and transition fixed at 
5% of the chord on upper and lower surface.  The lift curve labeled 
corrected is obtained by applying standard wind tunnel wall corrections 
[4] to the with wind tunnel wall results.   
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Figure 12 OVERFLOW drag predictions for TR-4000-2000 with and without wind 

tunnel walls at Re = 1.0 million and transition free and transition fixed at 
5% of the chord on upper and lower surface.  The lift curve labeled 
corrected is obtained by applying standard wind tunnel wall corrections 
[4] to the with wind tunnel wall results.   

 
 

FB Section Shapes 
In the previous section, the wind tunnel wall corrections were evaluated.  Given that these 
corrections appear to be nominally valid for the proposed wind tunnel test of 40% 
maximum thickness to chord ratio airfoils at a solid blockage ratio of 10%, only 
unbounded flow conditions will be considered for the FB airfoils.   
 
The MSES and ARC2D predictions for the FB-4000-0050 at Re = 1.0 million and 
transition free and transition fixed at 5% of the chord are presented in Figs. 13 and 14.  
Comparison of the free transition and fixed transition results shows that, as expected, the 
lift characteristics of this airfoil are very sensitive to any forward shift in boundary-layer 
transition location.  Comparison of the free transition results of the FB-4000-0050 and 
TR-4000-0050 (Fig. 5 through 7) indicate lower lift values including a lower maximum 
lift coefficient for the FB-4000-0050.   
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Figure 13 MSES and ARC2D lift predictions for FB-4000-0050 with transition free 

and transition fixed at 5% of the chord on upper and lower surface. 

 
Figure 14 MSES and ARC2D drag predictions for FB-4000-0050 with transition 

free and transition fixed at 5% of the chord on upper and lower surface. 

 
The MSES and ARC2D predictions for the FB-4000-1000 at Re = 1.0 million and 
transition free and transition fixed at 5% of the chord are presented in Figs. 15 and 16.  
Comparison of the free transition and fixed transition results shows that the lift 
characteristics of this airfoil remain sensitive to a forward shift in boundary-layer 
transition location.  Comparison of the free transition results of the FB-4000-1000 and 
TR-4000-1000 (Figs. 8 through 10) indicate lower lift values including a lower maximum 
lift coefficient for the FB-4000-1000. 
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Figure 15 MSES and ARC2D lift predictions for FB-4000-1000 with transition free 

and transition fixed at 5% of the chord on upper and lower surface. 

 

 
Figure 16 MSES and ARC2D drag predictions for FB-4000-1000 with transition 

free and transition fixed at 5% of the chord on upper and lower surface. 

 
The ARC2D predictions for the FB-4000-2000 at Re = 1.0 million and transition free and 
transition fixed at 5% of the chord are presented in Figs. 17 and 18.  This also meant that 
free transition information was not available for this airfoil.  Instead, the transition 
location on the FB-4000-2000 was assumed to match that on the FB-4000-1000.  The 
results in Fig. 17 indicate that for α = 0˚ through 10˚ the lift is nominally unaffected by 
the change in transition location.  However, at α = 15˚ the lift results depicted in Fig. 17 
differ significantly.  It appears likely that the high lift value for the transition free case is 
an artifact caused by an incorrect transition location.   
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Figure 17 ARC2D lift predictions for FB-4000-2000 with transition free and 

transition fixed at 5% of the chord on upper and lower surface. 

 

 
Figure 18 ARC2D drag predictions for FB-4000-2000 with transition free and 

transition fixed at 5% of the chord on upper and lower surface. 

  

Discussion 
 
Computational results for two t/c = 40% airfoil series were generated in preparation of 
the wind tunnel experiment on blunt trailing edge airfoils.  The results for the TR airfoil 
family prove the standard wind tunnel corrections to be nominally valid for the proposed 
test of 40% maximum thickness to chord ratio airfoils at a solid blockage ratio of 10%.  
However, the question arises what airfoil series to test in the tunnel.  The TR airfoil 
family presented by Standish & van Dam [3] appears to perform slightly better than the 
FB airfoil family presented in the final report of Phase I of the Blade System Design 
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Study (BSDS) [2].  The shape of the latter airfoil family is strongly governed by 
structural and manufacturing blade design considerations.  Also the thicker versions of 
the FB airfoil family were never considered to have a sharp trailing edge.  Hence, it is no 
surprise that the FB-4000-0050 has a relatively poor performance.  Because the goal of 
this study is to validate the aerodynamic performance characteristics of flatback airfoils 
over a range of trailing edge thicknesses without considering specific blade design 
constraints, it is our recommendation to select the TR airfoil family for the wind tunnel 
experiment. 
 

Conclusions 
 
A computational fluid dynamics study of thick wind turbine section shapes considered for 
testing in the UC Davis wind tunnel is presented.  The goals of this study were to validate 
standard wind tunnel wall corrections for high solid blockage conditions and to reaffirm 
the favorable effect of a blunt trailing edge or flatback on the performance characteristics 
of a representative thick airfoil shape prior to building the wind tunnel models and 
conducting the experiment.  The numerical simulations conducted with different 
methodologies prove the standard wind tunnel corrections to be nominally valid for the 
proposed test of 40% maximum thickness to chord ratio airfoils at a solid blockage ratio 
of 10%.  Comparison of the computed lift characteristics of the sharp trailing edge 
baseline airfoil and two derived flatback airfoils reaffirm the earlier observed trend of 
reduced sensitivity to surface contamination with increasing trailing edge thickness. 
 
Based on the information presented in this report, the next steps are to design and 
manufacture three wind tunnel models and to test them in the UC Davis wind tunnel.  In 
addition trailing edge modifications to mitigate the drag and bluff body unsteady flow 
separation of flatback airfoils will be researched and tested.   
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Table 1 TR-4000-0050 coordinates 

 
TR-4000-0050 Coordinates 

Lower Surface Upper Surface 
x / c y / c x / c y / c 
 

0.00000 
0.00001 
0.00243 
0.00887 
0.01875 
0.03169 
0.04744 
0.06575 
0.08642 
0.10958 
0.13547 
0.16431 
0.19661 
0.23260 
0.27214 
0.31512 
0.36141 
0.41080 
0.46299 
0.51755 
0.57388 
0.63118 
0.68849 
0.74465 
0.79836 
0.84823 
0.89291 
0.93109 
0.96165 
0.98346 
0.99601 
1.00000 

 
 0.00000 
-0.00138 
-0.02585 
-0.05202 
-0.07942 
-0.10695 
-0.13358 
-0.15839 
-0.18033 
-0.19832 
-0.21174 
-0.21999 
-0.22282 
-0.22067 
-0.21378 
-0.20240 
-0.18695 
-0.16810 
-0.14669 
-0.12367 
-0.10012 
-0.07719 
-0.05597 
-0.03742 
-0.02229 
-0.01099 
-0.00351 
 0.00065 
 0.00183 
 0.00049 
-0.00160 
-0.00250 

 
0.00000 
0.00004 
0.00037 
0.00110 
0.00234 
0.00405 
0.01212 
0.02685 
0.04637 
0.07041 
0.09866 
0.13077 
0.16635 
0.20497 
0.24620 
0.28972 
0.33541 
0.38302 
0.43215 
0.48235 
0.53313 
0.58397 
0.63430 
0.68354 
0.73106 
0.77624 
0.81848 
0.85715 
0.89164 
0.92166 
0.94740 
0.96886 
0.98550 
0.99625 
1.00000 

 

 
0.00000 
0.00324 
0.00925 
0.01508 
0.02099 
0.02699 
0.04660 
0.07091 
0.09443 
0.11646 
0.13616 
0.15273 
0.16573 
0.17503 
0.18079 
0.18290 
0.18143 
0.17678 
0.16944 
0.15982 
0.14841 
0.13570 
0.12216 
0.10826 
0.09436 
0.08084 
0.06792 
0.05580 
0.04440 
0.03337 
0.02284 
0.01375 
0.00715 
0.00354 
0.00250 
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Table 2 TR-4000-1000 coordinates 

 
TR-4000-1000 Coordinates 

Lower Surface Upper Surface 
x / c y / c x / c y / c 
 

0.00000 
0.00001 
0.00243 
0.00887 
0.01876 
0.03169 
0.04744 
0.06575 
0.08642 
0.10958 
0.13547 
0.16432 
0.19661 
0.23260 
0.27214 
0.31513 
0.36141 
0.41080 
0.46299 
0.51755 
0.57388 
0.63118 
0.68849 
0.74465 
0.79836 
0.84823 
0.89291 
0.93109 
0.96165 
0.98346 
0.99601 
1.00000 

 
 0.00000 
-0.00135 
-0.02545 
-0.05129 
-0.07839 
-0.10564 
-0.13206 
-0.15673 
-0.17860 
-0.19663 
-0.21021 
-0.21876 
-0.22206 
-0.22057 
-0.21457 
-0.20431 
-0.19025 
-0.17311 
-0.15374 
-0.13312 
-0.11238 
-0.09265 
-0.07502 
-0.06041 
-0.04947 
-0.04248 
-0.03924 
-0.03901 
-0.04120 
-0.04506 
-0.04862 
-0.05000 

 
0.00000 
0.00004 
0.00037 
0.00110 
0.00234 
0.00405 
0.01212 
0.02685 
0.04637 
0.07041 
0.09866 
0.13076 
0.16635 
0.20497 
0.24620 
0.28972 
0.33541 
0.38301 
0.43215 
0.48235 
0.53313 
0.58397 
0.63430 
0.68354 
0.73106 
0.77624 
0.81848 
0.85715 
0.89164 
0.92166 
0.94740 
0.96886 
0.98550 
0.99625 
1.00000 

 

 
0.00000 
0.00319 
0.00908 
0.01481 
0.02060 
0.02649 
0.04576 
0.06969 
0.09293 
0.11477 
0.13444 
0.15116 
0.16453 
0.17442 
0.18098 
0.18413 
0.18393 
0.18080 
0.17525 
0.16769 
0.15860 
0.14850 
0.13780 
0.12698 
0.11636 
0.10625 
0.09679 
0.08811 
0.08000 
0.07203 
0.06428 
0.05760 
0.05293 
0.05060 
0.05000 
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Table 3 TR-4000-2000 coordinates 

 
TR-4000-2000 Coordinates 

Lower Surface Upper Surface 
x / c y / c x / c y / c 
 

0.00000 
0.00001 
0.00243 
0.00887 
0.01876 
0.03169 
0.04744 
0.06575 
0.08642 
0.10958 
0.13547 
0.16432 
0.19662 
0.23261 
0.27215 
0.31513 
0.36141 
0.41080 
0.46299 
0.51755 
0.57388 
0.63118 
0.68849 
0.74465 
0.79836 
0.84823 
0.89291 
0.93109 
0.96165 
0.98346 
0.99601 
1.00000 

 
 0.00000 
-0.00132 
-0.02501 
-0.05048 
-0.07722 
-0.10418 
-0.13035 
-0.15484 
-0.17662 
-0.19468 
-0.20841 
-0.21727 
-0.22106 
-0.22027 
-0.21519 
-0.20612 
-0.19355 
-0.17821 
-0.16101 
-0.14294 
-0.12516 
-0.10882 
-0.09499 
-0.08455 
-0.07804 
-0.07560 
-0.07682 
-0.08075 
-0.08650 
-0.09300 
-0.09812 
-0.10000 

 
0.00000 
0.00004 
0.00037 
0.00110 
0.00234 
0.00405 
0.01212 
0.02685 
0.04637 
0.07041 
0.09866 
0.13076 
0.16634 
0.20497 
0.24620 
0.28972 
0.33540 
0.38301 
0.43215 
0.48235 
0.53313 
0.58397 
0.63430 
0.68354 
0.73106 
0.77624 
0.81848 
0.85715 
0.89164 
0.92166 
0.94740 
0.96886 
0.98550 
0.99625 
1.00000 

 

 
0.00000 
0.00312 
0.00890 
0.01450 
0.02016 
0.02593 
0.04482 
0.06833 
0.09123 
0.11285 
0.13246 
0.14933 
0.16306 
0.17357 
0.18098 
0.18521 
0.18636 
0.18486 
0.18120 
0.17582 
0.16920 
0.16185 
0.15417 
0.14661 
0.13944 
0.13293 
0.12714 
0.12208 
0.11745 
0.11271 
0.10789 
0.10376 
0.10112 
0.10013 
0.10000 
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Table 4 FB-4000-0050 coordinates. 

 
FB-4000-0050 Coordinates 

Lower Surface Upper Surface 
x / c y / c x / c y / c 
 

0.00000 
0.00149 
0.00597 
0.01340 
0.02376 
0.03699 
0.05303 
0.07181 
0.09324 
0.11722 
0.14363 
0.17234 
0.20321 
0.23611 
0.27085 
0.30727 
0.34520 
0.38443 
0.42476 
0.46598 
0.50787 
0.55021 
0.59273 
0.63521 
0.67736 
0.71893 
0.75961 
0.79909 
0.83703 
0.87305 
0.90669 
0.93741 
0.96443 
0.98650 
1.00000 

 

 
 0.00000 
-0.02058 
-0.04149 
-0.06175 
-0.08054 
-0.09765 
-0.11336 
-0.12802 
-0.14167 
-0.15406 
-0.16496 
-0.17435 
-0.18227 
-0.18866 
-0.19331 
-0.19594 
-0.19649 
-0.19499 
-0.19142 
-0.18552 
-0.17693 
-0.16542 
-0.15106 
-0.13425 
-0.11558 
-0.09579 
-0.07576 
-0.05635 
-0.03841 
-0.02280 
-0.01067 
-0.00306 
-0.00020 
-0.00086 
-0.00250 

 
0.00000 
0.00149 
0.00597 
0.01340 
0.02376 
0.03699 
0.05303 
0.07181 
0.09324 
0.11722 
0.14363 
0.17234 
0.20321 
0.23611 
0.27085 
0.30727 
0.34520 
0.38443 
0.42476 
0.46598 
0.50787 
0.55021 
0.59273 
0.63521 
0.67736 
0.71893 
0.75961 
0.79909 
0.83703 
0.87305 
0.90669 
0.93741 
0.96443 
0.98650 
1.00000 

 
0.00000 
0.01946 
0.03765 
0.05519 
0.07266 
0.09036 
0.10812 
0.12541 
0.14161 
0.15626 
0.16916 
0.18024 
0.18942 
0.19650 
0.20122 
0.20340 
0.20303 
0.20029 
0.19544 
0.18865 
0.18002 
0.16962 
0.15761 
0.14432 
0.13014 
0.11540 
0.10025 
0.08479 
0.06922 
0.05398 
0.03967 
0.02686 
0.01600 
0.00749 
0.00250 
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Table 5 FB-4000-1000 coordinates. 

 
FB-4000-1000 Coordinates 

Lower Surface Upper Surface 
x / c y / c x / c y / c 
 

0.00000 
0.00149 
0.00597 
0.01340 
0.02376 
0.03699 
0.05303 
0.07181 
0.09324 
0.11722 
0.14363 
0.17234 
0.20321 
0.23611 
0.27085 
0.30727 
0.34520 
0.38443 
0.42476 
0.46598 
0.50787 
0.55021 
0.59273 
0.63521 
0.67736 
0.71893 
0.75961 
0.79909 
0.83703 
0.87305 
0.90669 
0.93741 
0.96443 
0.98650 
1.00000 

 

 
 0.00000 
-0.02058 
-0.04149 
-0.06175 
-0.08054 
-0.09765 
-0.11336 
-0.12802 
-0.14167 
-0.15406 
-0.16496 
-0.17435 
-0.18227 
-0.18866 
-0.19331 
-0.19594 
-0.19651 
-0.19512 
-0.19184 
-0.18652 
-0.17891 
-0.16885 
-0.15650 
-0.14226 
-0.12669 
-0.11050 
-0.09445 
-0.07928 
-0.06568 
-0.05440 
-0.04641 
-0.04265 
-0.04320 
-0.04665 
-0.05000 

 
0.00000 
0.00149 
0.00597 
0.01340 
0.02376 
0.03699 
0.05303 
0.07181 
0.09324 
0.11722 
0.14363 
0.17234 
0.20321 
0.23611 
0.27085 
0.30727 
0.34520 
0.38443 
0.42476 
0.46598 
0.50787 
0.55021 
0.59273 
0.63521 
0.67736 
0.71893 
0.75961 
0.79909 
0.83703 
0.87305 
0.90669 
0.93741 
0.96443 
0.98650 
1.00000 

 
0.00000 
0.01946 
0.03765 
0.05519 
0.07266 
0.09036 
0.10812 
0.12541 
0.14161 
0.15626 
0.16916 
0.18024 
0.18942 
0.19650 
0.20122 
0.20340 
0.20305 
0.20042 
0.19585 
0.18965 
0.18200 
0.17305 
0.16305 
0.15232 
0.14126 
0.13011 
0.11894 
0.10771 
0.09650 
0.08558 
0.07541 
0.06646 
0.05900 
0.05328 
0.05000 
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Table 6 FB-4000-2000 coordinates. 

 
FB-4000-2000 Coordinates 

Lower Surface Upper Surface 
x / c y / c x / c y / c 
 

0.00000 
0.00149 
0.00597 
0.01340 
0.02376 
0.03699 
0.05303 
0.07181 
0.09324 
0.11722 
0.14363 
0.17234 
0.20321 
0.23611 
0.27085 
0.30727 
0.34520 
0.38443 
0.42476 
0.46598 
0.50787 
0.55021 
0.59273 
0.63521 
0.67736 
0.71893 
0.75961 
0.79909 
0.83703 
0.87305 
0.90669 
0.93741 
0.96443 
0.98650 
1.00000 

 

 
 0.00000 
-0.02058 
-0.04149 
-0.06175 
-0.08054 
-0.09765 
-0.11336 
-0.12802 
-0.14167 
-0.15406 
-0.16496 
-0.17435 
-0.18227 
-0.18866 
-0.19331 
-0.19594 
-0.19653 
-0.19525 
-0.19228 
-0.18757 
-0.18099 
-0.17247 
-0.16222 
-0.15068 
-0.13840 
-0.12599 
-0.11412 
-0.10341 
-0.09439 
-0.08765 
-0.08404 
-0.08433 
-0.08846 
-0.09485 
-0.10000 

 
0.00000 
0.00149 
0.00597 
0.01340 
0.02376 
0.03699 
0.05303 
0.07181 
0.09324 
0.11722 
0.14363 
0.17234 
0.20321 
0.23611 
0.27085 
0.30727 
0.34520 
0.38443 
0.42476 
0.46598 
0.50787 
0.55021 
0.59273 
0.63521 
0.67736 
0.71893 
0.75961 
0.79909 
0.83703 
0.87305 
0.90669 
0.93741 
0.96443 
0.98650 
1.00000 

 
0.00000 
0.01946 
0.03765 
0.05519 
0.07266 
0.09036 
0.10812 
0.12541 
0.14161 
0.15626 
0.16916 
0.18024 
0.18942 
0.19650 
0.20122 
0.20340 
0.20307 
0.20055 
0.19629 
0.19070 
0.18408 
0.17667 
0.16877 
0.16075 
0.15296 
0.14560 
0.13861 
0.13184 
0.12521 
0.11883 
0.11304 
0.10813 
0.10426 
0.10149 
0.10000 
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