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Sandia National Laboratories

Albuquerque, NM 87185-0836 Steady-state, two-dimensional CFD calculations were made for the
S809 laminar-flow, wind-turbine airfoil using the commercial code
CFD-ACE. Comparisons of the computed pressure and aerodynamic
Stuart S. Ochs coefficients were made with wind tunnel data from the Delft University
1.8 mx 1.25 m low-turbulence wind tunnel. This work highlights two
Department areas in CFD that require furth_er inyestiggtion and development in
lowa State University order to_ enaple accu_rate pumencal s!mulauons_ qf flow about current
Ames, IA 50011 generation wind-turbine airfoils: transition prediction and turbulence
modeling. The results show that the laminar-to-turbulent transition
point must be modeled correctly to get accurate simulations for attached
flow. Calculations also show that the standard turbulence model used in
most commercial CFD codes, thekaodel, is not appropriate at angles
of attack with flow separation.
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Introduction the works of Yang, et al (1994, 1995) and Chang, et al
In the design of a commercially viable wind turbine,(lg%)' They used thelr in-house code to solve the 2-D

it is critical that the design team have an accurate asseﬁgyv f$|d ab(?{utl tgg 9?8%‘1 and St80|9 ﬁ;gg"s 'r:j ?;tacsr;%%
ment of the aerodynamic characteristics of the airfoll ow (Yang, et al, » ~hang, etal, ) and the

that are being considered. Errors in the aerodynam?_(!rfOII in separated ﬂO.W (Yang, et al,_ 1995). Computa-
coefficients will result in errors in the turbine’s perfor-t'ons_ 'were made with the Baldwin-Lomax ) (19,78)'
mance estimates and economic projections. The m (gpems low-Reynolds-numbére (1982), and Wilcox's
desirable situation is to have accurate experimental d pv-Reynolds-numbek-w (1994) turbulence models.

sets for the correct airfoils throughout the design space. For angles of attack with attached flow, they gener-
However, such data sets are not always available and thgy obtained good agreement between calculated and
designer must rely on calculations. experimental pressure coefficients. There was some

Methods for calculating airfoil aerodynamic characnderprediction o, over the forward half of the upper

teristics range from coupled potential-flow/boundarySurface for both airfoils in vicinity ofx = 5°. In their
layer methods (e.g., VSAERO, 1994) to full-blown com-1994 work (Yang, et al, 1994), they were able to get
putational fluid dynamics (CFD) calculations of thed00d agreement between the 5.1perimental data

Navier-Stokes equations. Potential-flow/boundary-layéd @ calculation at = & for the S805. This suggested

methods are computationally efficient and yield accurafg<Perimental error as a possible explanation for the

solutions for attached flow, but in general, they cannot g¥derprediction. However, since the same discrepancy
used for post-stall calculations. Some recent investigQccurs for the S809 airfoil (Chang, et al 1996), the prob-
tors have had limited success in developing empiric&Pility of experimental error is greatly reduced. In this
correlations to extend these types of codes into the podfork, we offer a different explanation for this discrep-
stall region (e.g., Dini, et al, 1995), however, this is still £1¢Y-

research area and the technique has not yet been shown As the flow begins to separate, they found that the
to be applicable to a wide range of airfoils. Baldwin-Lomax turbulence model did a poor job of pre-

Recent applications of CFD to solve the Navierdicting the airfoil's pressure distribution. Both of the

Stokes equations for wind-turbine airfoils are reflected ifther models gave equally godg results, but the-co
model had better convergence properties.

L This work was supported by the United States Department d Thet ma]olmyl ?{f the_plaltzllsg_ed resl;Itﬁ of USI(;lg CFI.:)
of Energy under Contract DE-AC04-94AL85000. coges 1o caiculate wind-turbine airioll aerodynamic

characteristics used in-house research codes that are not
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readily available to the typical wind turbine designer. Irshow error bars on the experimental data since the origi-
1995, we began a limited investigation into the capabilinal wind-tunnel data report does not provide error esti-
ties and accuracy afommercially availableCFD codes mates.

for calculating the aerodynamic characteristics of hori- . .
s . oo - The experimental data show that at positive angles
zontal-axis wind-turbine airfoils. Because of the limited

resources available, we had to limit our study to on8]c attack below approximately’Sthe f!OW remains lami-
CED code and one ,airfoil section. In the following Wenar _overthe forward half of the airfoil. It then undergoes
present the results to date from this study '’ “laminar separation foII_OV\_/ed by a turbulent reattachment.

' As the angle of attack is increased further, the upper-sur-
face transition point moves forward and the airfoil
Airfoil Section begins to experience small amounts of turbulent trailing-

) o edge separation. At approximately, @he last 5% to
For this study, we chose an airfoil whose aerodyy gy, of the upper surface is separated. The upper-surface

namic characteristics are representative of horizontgl,hsition point has moved forward to approximately the
axis wind-turbine (HAWT) airfoils, the S809. The S809Ieading edge. As the angle of attack is increased o 15

is a 21% thick, laminar-flow airfoil designed specificallyy,o separated region moves forward to about the mid-

for HAWT applications (Somers, 1989). A sketch of the g \ith further increases in angle of attack, the sepa-
airfoil is shown in Figure 1. A 600 mm-chord model of .54i0n moves rapidly forward to the vicinity of the

leading edge, so that at about’2fhost of the upper sur-
face is stalled.

030 F : : ‘ —

020 = N The S809 profile was developed using the Eppler
design code (Eppler and Somers, 1980a, 1980b). Conse-
guently, the surface profile is defined by a table of coor-
dinates rather than by an analytical expression. To obtain
the fine resolution needed for our numerical simulations,
we interpolated between the defining surface coordinates
using a cubic spline.
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x/c Since we could examine only one code, we wanted a

code with capabilities that were more or less representa-
Figure 1. S809 Airfoil Profile tive of most commercial CFD codes. We looked for the

capability to calculate incompressible, laminar/turbulent,

2-D/3-D, steady/unsteady flows, and to run on desk-top
the S809 was tested in the 1.8xm1.25 m, low-turbu- workstations. For our calculations, we used a SUN
lence wind tunnel at the Delft University of Technology.SPARC-10. Resource constraints forced us to look at
The results of these tests are reported by Somers (1989)es that were currently licensed for Sandia’s comput-
and are used in this work for comparison with théng facilities. We made no effort to find the “best” CFD
numerical results. Another similarly sized model of theode for wind turbine applications.
S809 was tested at Ohio State University. Our compari-
sons of the two experimental data sets showed that t&%
results are essentially identical. In this paper, we do n

Based on these criteria and constraints, we selected
D-ACE for our studies. CFD-ACE is a computational

= NoOmenclature

c chord m pitch moment y* dimensionless sublayer dis-
Cq drag coefficient =/qS p pressure tance from wall =uyv
G lift coefficient =1/qS p, freestream reference Pressurea angle of attack
C,, moment coefficient about q dynamic pressure gU, /2 \Y kinematic viscosity
0.2% U, freestream velocity p density
=m/qcS Up friction velocity =, /t,/p,, py density at wall
Cp  pressure coefficient (p-p,)/q X axial coordinate from nose 1,  wall shear stress
d drag y normal coordinate from mean-
I lift line
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fluid dynamics code that solves the Favre-averaged Figures 2 through 4 show comparisons between the
Navier-Stokes equations using the finite-volumealculated and experimental surface pressure distribu-
approach on a structured, multi-domain, non-overlagions for angles of attack 0f’01.02, and 5.13, respec-
ping, non-orthogonal, body-fitted grid (CFDRC, 1993)tively. The C, comparisons for 0 and 1.02 show
The solution algorithms are pressure based. The cofeasonably good agreement over the entire airfoil sur-
can solve laminar and turbulent, incompressible an@ce, €xceptin the regions of the laminar separation bub-
compressible, 2-D and 3-D, steady and unsteady f|om)gl_e§. The exper_imental pressure distribution_s show the
Several turbulence models are available, including Bald@minar separation bubbles just aft of the midchord on
win-Lomax, Launder and Spaldirige, Chien low-Rey- both the upper and lower surfa_ces. They are indicated by
nolds numbek-e, RNG! k-e, andk-a. The default model the experimental data becoming more-or-less constant
is Launder and,SpaIding-s. During this investigation, with respect tox/c, followed by an abrupt increase in
we experienced problems with thew model. CFDRC pressure as the flow undergoes turbulent reattachment.

was able to duplicate our results and began an effort goince the c_al_cul_ations assume fully turbulent flow, no
) . . eparation is indicated in the numerical results.

identify and fix the problem. Thi-w model, therefore,

was not available for this study. CFD-ACE has the capa- : — :

bility to handle domain interfaces where the number of | oo  CFDACE
cells in adjacent domains are not equal, although each s o Experimental
cell in the coarser-grid domain must exactly interface

with an integer number of cells in the finer-grid domain. a
This capability was used in our simulations of mixed O °®
laminar/turbulent flow.

0.50 ff

Numerical Results

1.00 ‘ ! ‘ ! ‘ ! ‘ ! ‘
0.00 0.20 0.40 0.60 0.80 1.00

Our initial CFD simulations used a C-type grid x/c

topology with approximately 300 cells along the airfoil’s
surface and 24 cells normal to the surface. The normal
grid spacing was stretched so that the cell thickness at
the surface gavg' > 30. In the streamwise direction, the
wake was modeled with 32 cells. The computational
domain extended to 10 chord lengths from the body in Figure 4 shows that the pressure comparison for
all directions. Fully turbulent flow was assumed using-13 IS good except over the forward half of the upper

the defaultk-e turbulence model. All calculations were Surface. Here the calculation is not adequately capturing
made at a Reynolds number of12P the suction-side pressure. This is the same discrepancy

found by Yang, et al (1994) and Chang, et al (1996).
Table 1 compares the aerodynamic coefficients for these
same cases. The predicted lift coefficients are accurate to
! Re-Normalization Group within 10% and the moment coefficients to within 16%.

Figure 2. Pressure Distribution far= 0°, Fully Tur
bulent Calculation

Table 1. Comparisons Between Calculated and Experimental Aerodynamic Coefficients,
Fully Turbulent Calculations

o Cq Cm

deg error % error % error %

calc ex calc ex calc ex
P x10* | error P x10* | error P x10* | error

0 0.1324| 0.1469 -141 -1 0.0108 0.00y0 38

rx-

¥  -0.0400 -0.0443 |43 -10

1.02 || 0.2494| 0.271¢ -22]

]
(o]

0.0110 0.00r2

%)
(oe]
w

-0.0426 -0.0491 |65 -13

5.13 || 0.7123| 0.7609 -486 -6 0.0124 0.00[70

[@x]
S
\l

-0.0p13 -0.0609 |96 -16
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Figure 3. Pressure Distribution far= 1.02, Fully

. Figure 5. Pressure Distribution far=5.13, Euler
Turbulent Calculation

Calculation

the effect of the thickening boundary layer is not cap-

150 ‘ | tured. We tried running a fully laminar calculation, but
o o o — CFD-ACE could not get a converged solution. The laminar flow
-1.00 p- o ©  experimental separated on both surfaces at approximately the 50%

chord positions, but because there was no turbulence
model, it was unable to transition and reattach as occurs

-0.50 — —

© 5 in the actual flow.
0.00 p- —
050 = Both the S809 and the S805 airfoils have relatively
sharp leading edges. At = 5.13, the lower-surface
100 A S S R B stagnation point is displaced somewhat from the leading
0.00 020 e 080 10 edge but s still relatively close. We believe that the prob-

lem with the calculations is that none of the turbulence
models used for the calculations (both ours and those of
Yang and Chang) can adequately capture the very rapid
acceleration that occurs as the air flows from the stagna-
ié)n point, around the airfoils’ nose, to the upper surface.

Figure 4. Pressure Distributions for=5.13, Fully
Turbulent Calculation

The predicted drag coefficients are between 50% ar%
80% higher than the experiment results. This overpredic- After some thought and consultation with the staff at

tion_ of drag was expected since the actual airfoll haéFDRC, we decided that what was needed was the abil-
laminar flow over the forward half. ity to simulate a mixture of both laminar and turbulent

_ ) _ ) flow, i.e., we needed a good transition model in the code.
Before proceeding with calculations at higher anglegps would allow us to more accurately predict the sur-

of attack, we made a more detailed analysis of the errofgce pressure and greatly improve the drag predictions.
in the calculated pressure on the forward half of thgynfortunately, we know of no good production transition
upper surface for 5angle of attack. We ran calculationsyggels with universal applicability. To the best of our
with all of the available turbulence models and tried se\knowledge, no commercially available CFD code con-

eral grid refinements, especially around the nose. Thgins a transition model. CFDRC agreed to add the capa-
results were essentially the same as those shown in Fiﬂh’ty to run mixed laminar and turbulent flow by
ure 4. To check the effects of the fully turbulent flowsplitting the computational region into different domains
assumption, we also ran an Euler calculation at this angighd specifying laminar flow within certain domains. The
of attack. The results are shown in Figure 5. This comremaining domains use the standaket turbulence
parison shows very good agreement over the forwarflodel. The disadvantages of this approach are that the
half of both the upper and lower surfaces, indicating thatccuracy of the simulation depends on one’s ability to
the disagreement in Figure 4 is a result of assuming tuaccurately guess the transition location, and a new grid
bulent flow over the forward half of the airfoil. The pres-must be generated if one wants to change the transition
sure at the tail of the airfoil shows some error becaudecation.
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The pressure coefficients are in very good agree-

o ment over the full airfoil surface, except for a small
' ‘ region on the upper-surface leading edge where the pres-
—— CFD-ACE . . . ..
0.0 ¢ . sure is underpredicted. We believe that this is due to a
-1.00 > o Experimental| - X . . .
small inaccuracy in the leading edge radius. The table of
00 1 | defining surface coordinates (Somers, 1989) does not
o 0 give sufficient definition of the S809 leading edge to
0.00 - © i accurately duplicate the leading edge radius of the exper-
imental model. Table 2 shows the comparison of the
0.50 - aerodynamic coefficients. At°5the lift coefficient is
now equal to the experimental value. The pitch moment
1.00 — 1 has a 4% error, and the error in the calculated drag has
0.00 0.20 0.40 0.60 0.80 1.00 K .
x/c been reduced to 1%. The errors in the coefficients’at 0

and T have also been significantly reduced. These

Figure 6. Pressure Distribution far=5.13, Mixed angles of attack were rerun using the same grid as for the
Laminar/Turbulent Calculation 5° case.

Figure 6 shows the comparison for surface pressur These resuIF§ emphaS|z_e the need for t_he inclusion
_ . . . of a good transition model in CFD calculations, espe-
at a = 5.13 with this mixed laminar/turbulent model. . S . . :

S . s cially for airfoils typical of those used for horizontal axis
This simulation used 324 cells along the airfoil surface . ! ) -

. . -wind turbines. Without a transition model, accurate pre-
and 32 cells normal to the surface in the laminar domain,. _.. . -
The spacina normal to the wall was stretched to aite dictions of aerodynamic coefficients over the full range
SP g ne . + ) Ve of angles of attack are not possible.

< 5 in the laminar region angl” = 30 in the turbulent

regions. This change in the cell thickness at the wall is  Figures 7 through 9 show the pressure distributions
necessary because laminar flow is calculated up to th§r angles of attack of 9.2214.24, and 20.15, respec-
wall, while turbulent flow USing the k-turbulence model t|\/e|y For these ang]es of attack, the upper-surface tran-
uses wall functions within the cell at the wall. The transisition point was moved forward to the leading edge. The
tion locations on both the upper and lower surfaces wefgwer-surface transition point remainedxat = 0.40. For
specified at the locations of maximum thickness as me@0.15, the simulations were run fully turbulent. For
sured from the mean ling/c = 0.45 on the upper surface 9.2, the computed pressure distribution agrees well
andx/c= 0.40 on the lower surface. The “wiggles” in thewith the experiment except for approximately the last
calculated pressure curves at these points are an artifa@9 of the trailing edge. The experimental data show
of the domain interface where four cells in the laminathat there is a small separation zone on the upper surface
domain interface with one cell in the turbulent domain. in this region. This separation was not predicted by the

Table 2. Comparisons Between Calculated and Experimental Aerodynamic Coefficients,
Mixed Laminar/Turbulent Calculations

G Cd Cm

deg error | 9% error | o error | o

calc ex calc ex calc ex
P x10* | error P x10* | error P x10* | error

0 0.1558| 0.1469 89 6 0.006g 0.00T0 -8 -1 -0.0446 -0.0443 |-3 1

5.13 || 0.7542| 0.7609 -67 -1 0.006 0.00y0 - i  -0.0%86 -0.0609 |23 -4

2

1.02 || 0.2755| 0.2714 39 1 0.00q2 0.00y2 -10 -14  -0.0475 -0.0491 |16 -3
9
6

9.22 || 1.0575] 1.038% 19¢ 2 0.041 0.0214  2p2 35 -0.0674 -0.0495 (-79 16

14241 1.3932| 1.1104 2828 2§ 0.06Y5 0.0900 -225 P5 -0.0496 -0.p513 | 17 -3

20.15|| 1.2507] 0.9113 339

=
w
]

0.1784 0.1851 -p7 4  -0.0607 -0.0903 (396 |-33




simulation. At 14.24 and 20.15, there is considerable
difference between the experimental and numerical
results. The experimental data show that at 14tBé aft
50% of the upper surface has separated flow. The calcu-
lations predict separation over only the aft 5%. At

20.15, the flow is separated over most of the upper sur- (™30

face. The calculations predict separation on only the aft
50%.

The calculations of Yang, et al, (1995) using the
turbulence model were able to predict the separation at
the trailing edge att = 9.22. They did not run thex =

-2.00

-1.00
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0.00

—— CFD-ACE

o Experimental| 1

14.24 case. At = 20.15, their calculated pressure dis- Figure 8.

tribution was essentially the same as that shown in
Fig. 9.

These discrepancies between the experimental data
and the calculations are also reflected in the aerodynamic
coefficients in Table 2. Figures 10 through 12 compare
the numerical and experimental lift, drag, and moment

coefficients, respectively. The calculated lift coefficients O

are accurate through approximately &ngle of attack.
Above this angle, the calculations do not pick up the air-
foil's stall behavior and, therefore, overpredict the lift.
The drag and pitch moment show similar behavior. The
accuracy of the calculated pitching moment at
o =14.2# and the drag ait = 20.15 are more acciden-
tal than due to accurate modeling of the flow.

-4.00 T T T T T

— CFD-ACE
-3.00 o Experimental|

Figure 7. Pressure Distribution far=9.22, Mixed
Laminar/Turbulent Calculation

-6.00 |
-5.00
o400
-3.00
-2.00

-1.00

Pressure Distribution far= 14.224,

Mixed Laminar/Turbulent Calculation

0.00

1.00

—— CFD-ACE

o Experimental| |

O O O 00000004

0.00

Figure 9.

Pressure Distribution far= 20.15, Fully

Turbulent Calculation

0.00

—— Experimental
o CFD-ACE

0.00

4.00 8.00 12.00 16.00

Angle of Attack - deg

Figure 10. Lift Coefficients

20.00
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and would, therefore, need to make a reasonably accu-

0.20 —_— : — rate guess. This requires a designer with aerodynamic
LSl ol R — o experience. What is r_e_ally needed is an accurate, univer-
016~ | CFD-ACE B sally applicable transition model.

0.14
A Horizontal axis wind turbines routinely operate in

- the post-stall regime, so accurate predications in this area
- are important. While this is a dynamic environment

- rather than a static one, we consider accurate static cal-
- culations a prerequisite to accurate dynamic calculations.
b We have shown that the default turbulence model in most

0.12
O'O 0.10
0.08
0.06
0.04
0.02

0.00 w00 500 200 600 2000 CFD codes, th&-e model, is not sufficient for accurate
Angle of Attack - deg aerodynamic predictions at angles of attack in the post-
stall region. This is understandable when one considers
Figure 11. Drag Coefficients that thek-e model uses wall functions based on the law

of the wall and that the law of the wall does not hold for

separated flows (Wilcox, 1994). We intend to examine

thek-w model for these flow conditions when it becomes
-0.04 : : : ‘ ‘ available in CFD-ACE. However, considering that turbu-
lence is an ongoing research area, it's not clear that any
B existing model will work well for this flow regime.

-0.05
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