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1. INTRODUCTION

A Novel Technique for the Calculation
of Post-Stall Aerodynamic Coefficients
for S809 Airfoil

In the autumn of 2000, the National Renewable Energy Laboratory
(NREL) organised a 'blind comparison', in which wind turbine research
centres worldwide were asked to provide stationary aerodynamic loads for
the wind turbine Phase VI and aerodynamic coefficients for the S809
airfoil. These institutes participated in this benchmark with their wind
tunnel measurements and numerical calculation programs. The results

furnished by the participants showed a large discrepancy and scatter, in

particular in deep stall. Based on the differences between the provided
aerodynamic properties, the need for improvements on the current design
codes and for implementation of new numerical method was imposed. The
purpose of the present work is to reproduce the aerodynamic coefficients

for S§809 airfoil in attached flow and in-stall development, by using a

coupled potential method and the boundary layers theory. For the fully
stalled region, a novel technique was introduced, based on the AERODAS
model developed by NASA. This model has been improved to consider the
effect of Reynolds number, and to prevent numerical instability, which
might be produced by the transition from pre-stall to post-stall regions.
The results of our calculations were approximately in the mid-range of
those from the 'blind comparison' participants while they were not highly
disparate to the measurements.

Keywords: Wind turbine; Potential theory, Aerodynamic coefficients;
Boundary layers; S809 airfoil; Stall.

Colorado State [4] Universities, to improve the calcu-

In the spring of 2000, NREL carried out a series of
measurements for the wind turbine Phase VI, in the
world's biggest wind tunnel at NASA-Ames. This wind
turbine has two blades with S809 airfoils, 10.058 m
rotor diameter, with twisted and tapered blades, 3 deg
tip pitch angle, developing a rated power of 19.8 kW,
and was mainly operated at 72 rpm. Based on the high
quality of these measurements, a 'blind comparison' was
arranged by NREL, in which wind turbine research
organisations worldwide (such as ECN in Netherlands,
and Risg in Denmark) were called to provide the aero-
dynamic loads for some stationary conditions, without
knowledge of the measured results [1]. The research
institutes participated with different design codes based
on the various aerodynamic models, and with some of
their wind tunnel measurements. The results furnished
by the participants in this benchmark showed huge
differences, particularly in stall. These differences were
found to depend partly on the choice of aerodynamic
coefficients and on the stall delay models used for the
consideration of rotational effects. So, many investi-
gations were conducted, based on the measured data for
the S809 airfoil in Delft [2], Ohio State [3], and
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lation codes for stationary and rotational aerodynamic
coefficients. From these wind tunnel measurements, it
has been concluded that the tunnel-wall effect leads to a
deviation of the slope of the lift and drag curves.

Somers calculated the aerodynamic coefficients for
S809 airfoil by using the design code Eppler [5].
Bernadett and Van Dam used the MSES code [6] to
calculate the aerodynamic coefficients for a Reynolds
number of 10°. The results of MSES code demonstrated
a good agreement with the measurements in the TU-
Delft wind tunnel, except for the larger angles of attack
when an under-estimation of the drag coefficients is
obtained. Zhang et al. [7] and Wolfe and Ochs [8] cal-
culated the aerodynamic coefficients of the S809 airfoil
using the CFD method (which requires a large amount
of computational power, extensive time and storage
space) using different turbulence models respectively
for a Reynolds number of 0.65:10° and 2:10°. The aero-
dynamic coefficients are precise through approximately
9° angle of attack. Above this angle, the calculations do
not pick up the airfoil's stall behaviour and, therefore,
over-predicts the lift and drag coefficients. Lanzafame
and Messina [9] used a fifth-order logarithmic poly-
nomial to fit experimental data for attached flow and
stall development regimes, and mathematical functions
from the flat plate theory to implement the post-stall
aerodynamic coefficients for S809 airfoil in their
simulation code. Spera [10] from Jacobs Technology,
Inc., under the sponsorship of the NASA Glenn, applied
an empirical approach in which the trends of
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measurements data are modelled by a set of mathe-
matical equations. The developed model, called AERO-
DAS, allows the calculation of the lift and drag coef-
ficients in unstalled and stalled aerodynamic regimes.
The greatest criticalities for the flat-plate theory and the
AERODAS model are represented by the non-con-
sideration of the Reynolds number effect, and the need
for some input parameters in the equations describing
these models, which should be derivable from a mini-
mum of test data, due to the reduced time available for
wind tunnel test and increasing test costs [11].

Lindenburg from ECN also formulated an empirical
tool, named StC, for the deep-stall aerodynamic coeffi-
cients at different angles of attack [12], comparison of
the deep-stall aerodynamic coefficients of StC with
measured coefficients still revealed differences, but with
a slight improvement in the normal-force and tan-
gential-force coefficients.

From the follow-up analysis, it was concluded that
determining the aerodynamic coefficients for an airfoil
is still an important challenge, especially in deep stall.

In previous works [13, 14], authors showed how to
mathematically reproduce the aerodynamic coefficients
for the S809 airfoil in the pre-stall region using an
interacted viscous-inviscid approach. For this approach,
the major assumption suggests that the flow can be sepa-
rated in two sectors: within the boundary layer where the
fluid is treated as viscous and outer this layer where the
flow is treated as potential [15]. This approach is compu-
tationally efficient and yields reliable solutions for attac-
hed flow, but it cannot be exploited for approximate post-
stall calculations [16]. The inviscid and viscous flows are
respectively computed employing the potential theory of
wing sections and the boundary layers theory. The resul-
ting velocity distribution from the potential flow calcu-
lation is used as input in the boundary layer equations to
find a so-called blowing velocity distribution. To include
the viscous effects, this blowing velocity is fed back to
the potential flow formulation to determine the viscous
velocity distribution around the airfoil. This operation is
replicated until the convergence of the calculation.

In the present paper, particular attention was gave to
the modelling of the aerodynamic coefficients for S§09
airfoil in the fully stalled region using an improved
AERODAS model. This model is modified to consider
the Reynolds number effect, and to prevent the nume-
rical instability, which might be caused by the transition
from pre-stall to post-stall regions.

2. MATHEMATICAL MODEL

The experimental lift coefficient results for the typical
angle of attack range (from -20° to 90°) and for distinct
Reynolds numbers, show that there are two different
regions “Figure.1”:

—Pre-stall region, including two regimes, attached
flow regime (zone A): this zone extends
approximately from -6° through 9°, and high lift,
stall development dynamic stall regime (zone B):
this zone extends approximately from 9° to 20°.

—Post-stall region, which corresponds to the fully
stalled regime (zone C): extends approximately
from 20° through 90°.
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Figure 1. Experimental lift coefficient for S809 airfoil

2.1 Pre-stall aerodynamic coefficients

2.1.1 Potential flow formulation

For the pre-stall region, the interacted viscous-inviscid
approach is used for the calculation of the lift and drag
coefficients for the S809 airfoil. The objective is to
calculate the air flow around the S809 airfoil using the
potential flow formulation, which is based on the
classical assumption of irrotational flow, coupled with
the boundary layers method.

For the potential flow formulation, the potential
theory of wing sections is implemented in previous
works by the authors [13, 14] and deals with the
determination of the velocity distribution around airfoil,

U =V[sin(05+6’+g)+sin(0:+e3T)](1+£’)e”’0 n

e
J(sinh? y +sin )1+ )

where V is the undisturbed velocity at infinity, a the
angle of attack, er the zero-lift angle, ¥ represents a

real function of the angle 6 (0 varies from zero to 2mw),
and ¥, is a constant quantity.

The equation (1) yields U, = o near the leading
edge. To determine the velocity near the airfoil nose, we
consider the leading edge as analogous locally to a
circle; consequently, the tangential velocity on the sur-
face can be written as [17],

U,y =2Vsin@ 2)

To consider the effect of the angle-of-attack variation,
we have implemented the coefficient cosa, we get then,

U, =2Vsinfcoscx 3)

To determine the velocity near the tail, we can write
O=mn+ AO and ¢ = g7 + ¢'AD and, where AO is a small
angle.

From the equation (1), we get the velocity potential
at the tail,

) n2
=V% 4)
d+y)
The Prandtl-Glauert rule [18] was used for
compressibility correction.

er
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2.1.2 Boundary layers formulation

The viscous effect and the contribution of the skin-
friction component in the calculation of the total drag
coefficient are predominant. So, the boundary layers
modelling is required. For this purpose, authors used the
momentum integral equation [14],

¢(H+2) (5)

* 2
where, / = ¢ /0 is the shape factor, C, = " is the

pUe
skin-friction coefficient, 7,, is the wall shear stress and
Vs expressed the velocity over the wall as there is the
possibility of flow due to suction passing through a
porous wall, in the habitual case of an impermeable wall
Vy=0.

This momentum integral equation must be solved to
yield the variations of the boundary-layer parameters,
such as the boundary layer thickness 6, the displacement
thickness 6*, the momentum thickness 6" and most
importantly the skin-friction coefficient C; along the
surface of the airfoil.

To calculate the characteristics of the boundary layer
in the laminar region, up to the onset of transition, it is
more stable and easier to use the Thwaites' method [19].
Thwaites has suggested the use of an empirical corre-
lation to provide closure for the momentum integral
equation in laminar boundary layer,

dU
Ye d(g)- a—:%x 62 +b (©)

v dx

With b =0.45 and a = -6.
The equation (6) can be solved analytically, we get,

X
07 = 04500, [U2dx (7
0

The shape factor H can be evaluated by the Cebeci
and Bradshow semi-empirical formula [20],

2.610-3.7504+5.2404% for0<1<0.1

H(A) = ®)
(D= 2088+ 091 1 012 a<0
0.140+ A

To investigate the turbulent boundary layer, it is
crucial to predict the location of the laminar-to-turbulent
transition, and to determine the starting values of §° and
H. For this purpose, Cebeci and Smith relation based on
Michel's criterion [21], is used. According to this
criterion, the transition takes place when,

22400j( R, )0.46 )

el ef max

R «2R « :1.174[1+

ex

5

R eX

where R « = and R, =
ed v v

the Reynolds number based on the momentum thickness
and on the distance from the front stagnation point.

are respectively
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For a huge enough Reynolds number, the boundary
layer can become turbulent. The momentum integral
equation remains valid. An additional semi-empirical
relationship is required, such as, the Ludwieg-Tillmann
empirical formula for C,evaluation [17],

Cy =0.246x1070781 R‘;ﬁ"’s (10)
el

The Head's method [22], which is a typical integral
method and especially fast, is used for solving the
turbulent boundary layer.

This method uses an entrainment velocity parameter
E, which is given by,

E :%(UQH*HI) (11)
win 1, =%
0

The shape factor H, and the momentum thickness
6, in turbulent boundary layer, can be determined by
simultaneous solution of the following equations,

L v,0" ;) = 0.0306( 1, -3

U, dx

)—0.6169 (12)

e
33+0.8234(H-1.1)"* for H<16
H, =k(H)= 064 (13)
3.3+1.5501(H-0.6778) """ for H>1.6

Separation in the boundary layer occurs when the
tangential flow velocity changes sign and recirculation
occurs, a point of inflexion develops in the velocity pro-
file and the shear stress at the wall vanishes,

w5,

Reverse flow occurs and the boundary layer sepa-
rates from the airfoil surface at some point.

The boundary layer equations are only valid up to the
streamwise location of flow separation. The turbulent
boundary layer separation is predicted when H > 2.4 or
H; > 3.3 [23], or when the value of the skin-friction
coefficient drops below C; = 0. After the separation point,
the model assumes that the pressure remains constant on
the profile. This pressure is assumed to be equal to the
pressure at infinity in the undisturbed flow.

The momentum thickness and the shape factor will
not be developed in the separation regime, and are sup-
posedly diminished, contrary to the boundary layer thic-
kness. The drag coefficient can be calculated by the
Young Square formula, where the boundary layer cha-
racteristics are considered at the trailing edge [23],

, Hrg+5 i} Hrp+5
Cp =| 26 (Up)p? + 2675 (U,) 72 (14)

upper lower

2.1.3 Viscous/Inviscid coupling
Separate formulations for the external potential flow

and the viscous boundary layer are mixed interactively
to afford a composite solution to the entire flow field
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(Figure.2). For this purpose, the strong interaction
method [14] which employs the blowing velocity con-
cept as an interacting agent is adopted.

This blowing velocity distribution is used as a boun-
dary condition in the inviscid method in order to include
the effects of boundary layer in the potential flow solu-
tions. This interactive procedure is reiterated until

convergence is achieved.

Figure 3 summarises, under schematic form, the
structure of the numerical flow model.

Regions where viscous

—- Inviscid region action predominates (BL)

—-  Stagnation point Wake

Figure 2. Subdivision of the flowfield with an inviscid
region and viscous shear layer
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Figure 3. Structure of the numerical model of flow
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2.2 Post-stall behavior

AERODAS is a mathematical model developed to meet
the requirements for equations to calculate the aero-
dynamic coefficients of a blade airfoil, operating in
unstalled and stalled aerodynamic regions. As men-
tioned above, the AERODAS model [10] is adopted to
predict the airfoil lift and drag coefficients in the fully
stalled region.

The lift coefficient in the post-stall region is given
by the following equations,

i (0° < r < ACL):CL =0

if (ACL < & <92°0") : CL = —0.032(cx —92.0) —
92.0—05}]"

51

if (a = 92°0" : CL = —0.032(cx — 92.0) —
a—92.ojN

51

if (¢ <0°):CL[ar] = CL[-a+2A4]

—RCL[
(15)

—RCL[

The drag coefficient in the post-stall region is given by,
ifQA-ACL<a~<ACL):CD =0
if (= ACD):CD = —CDy jpax +

90— (16)
+(CD3 max = CDjpax ) €08 (m 90)

if (@ <24~ ACD):CD|a] = CD[-a+24]

where, RCL = 1.632 - CL,4,, N =1+ CL,,,,/RCL, ACL:
angle of attack at maximum pre-stall lift, CL,,:
maximum post-stall lift coefficient, 4: angle of attack at
which pre-stall lift coefficient worth 0, ACD: angle of
attack at maximum pre-stall drag, CD,,,,: maximum
pre-stall drag coefficient, CD,,,,: maximum post-stall
drag coefficient.

The AERODAS model input parameters for the
S809 airfoil, based on TU-Delft wind tunnel measu-
rements are listed in table 1.

The greatest criticality of the AERODAS model is
represented by the non consideration of Reynolds
number. A single curve is fitted for all wind speeds.

To overcome this shortfall, the authors have intro-
duced a trick that consists the consideration of the first
point of the post-stalled AERODAS curve, which starts
from the last point of the pre-stalled interacted viscous-
inviscid curve, which corresponds to CLg,.,s and
CD ans for the lift and drag coefficients respectively
(Figure. 4). Therefore, all the points forming the post-
stalled AERODAS curve are shifting in the same way as
the first point of this curve and then a specific curve is
obtained for each number of Reynolds. For this, the fol-
lowing equations are implemented,

D CL = CLO![rans - CLAerodas,atrans —CL= CLAerodas +DCL (1 7)
Dcp = CDpyans = CDAerodas,atrans = CD=CD gerodas + Dep

Also, this trick has helped to avoid the numerical
instability which might be caused by the transition from
pre-stall to post-stall regions.
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Figure 4. AERODAS adaptation to avoid numerical insta-
bility during the Pre-stall Post-stall regions transition

3. RESULTS AND DISCUSSIONS

In this section, some illustrative results are presented to
study the capability of the developed computer code
(named AEROC) to evaluate the two dimensional S809
aerodynamic coefficients and the characteristics of the
boundary layer, such as, displacement thickness, mom-
entum thickness, the location of the separation point
from the airfoil surface, and the inception point of the
transition phenomenon.

In Figure 5, the location of the onset of transition
phenomenon for the upper surface of the S809 airfoil at
Re = 2:10° is sketched, and the beginning and end of
this phenomenon are demonstrated. The comparison
with experiments shows good agreement.

In Figure 6, the location of the inception of the
separation phenomenon is presented. The boundary
layer equations used in AEROC can determine the posi-
tion of the separation phenomenon. In this figure, it is
clear that the separation surface at the upper surface of
the airfoil increases with the increasing angle of attack.
In other words, the separation phenomenon relocates
toward the leading edge.

Table 1. AERODAS model parameters for S809 airfoil

Constants for S809 airfoil
A | -1
Lift/Drag model parameters

reference test data blade

ACL 14.0 14.0 15.7
RCL 0.494 0.494 0.596
CL ax 1.138 1.138 1.036
N 3.30 3.30 2.74
ACD 20.1 20.1 21.8
CD ) max 0.200 0.200 0.226
CDopmax 1.921 1.921 1.624

In Figures 7 and 8, the displacement thicknesses of
S809 airfoil at the angle of attack of 0° and for two
different Reynolds numbers are illustrated. Based on
these plots, we can conclude that the increase in the
Reynolds number leads to the reduction of the boundary
layer thickness.

Figure 9 illustrates the momentum thickness over the
S809 airfoil at angle of attack of 5°. The position of the
transition point on the upper surface of the airfoil has

VOL. 48, No 1, 2020 = 121



been captured by a red ellipse. With each alteration in Indeed, the increase in momentum thickness leads to the
the Reynolds number, based on the momentum thic- displacement of the transition point forward to the
kness, the location of the transition point changes. leading edge of the airfoil.

Table 2. Comparisons between Calculated and Experimental Lift Coefficients for Re = 0.65 - 10°

a deg Exp (CSU) AEROC Error (%) AERODAS Error (%) CFD (Zhang et al) Error (%)
0 0.0700 0.1356 48 0.2084 66 0.1135 62
2 0.4046 0.363 -11 0.3899 -4 0.3141 -22
4 0.5169 0.5855 12 0.6253 17 0.5112 -1
8 0.8665 0.9485 9 0.9767 11 0.812 -6
10 0.8497 0.9804 13 1.0144 16 0.9232 9
12 0.888 0.046 9 1.0579 16 0.9569 8
16 0.928 0.916 -1 1.0997 16 0.9721 5
18 0.639 0.7299 12 0.9869 35 0.9165 43
19 0.576 0.5818 1 0.9023 36 0.8752 52
20 0.552 0.6711 18 0.9043 39 0.8348 51
22 0.596 0.6143 10 0.8475 35 0.8117 47
24 0.6517 0.6594 1 0.8926 27 0.7516 15
25 0.6538 0.7104 8 0.9436 31 0.7416 13
28 0.7942 0.7616 -4 0.9948 20 0.7516 -5
30 0.851 0.803 -6 1.0362 18 0.7613 -11
32 0.9234 0.833 -11 1.0662 13 0.7768 -16
35 1.01 0.8794 -15 1.1126 9 0.804 -20
38 1.064 0.8937 -19 1.1269 6 0.8292 -22
40 1.12 0.8957 -25 1.1289 1 0.8621 -23

Table 3. Comparisons between Calculated and Experimental Lift Coefficients for Re = 10°
o deg Exp (OSU) AEROC Error (%) AERODAS Error (%)
0 0.07 0.1556 55 0.2084 66
2 0.2857 0.383 25 0.3899 27
4 0.5366 0.6055 11 0.6253 14
8 0.878 0.9685 9 0.9767 10
10 0.9541 1.0004 5 1.0144 6
12 0.9712 0.9912 2 1.0579 8
16 0.9975 0.936 -7 1.0997 9
18 0.895 0.7499 -19 0.9869 9
19 0.7718 0.7218 -7 0.9023 14
20 0.67 0.7018 5 0.9043 26
22 0.6968 0.645 -8 0.8475 18
24 0.77 0.6901 -12 0.8926 14
25 0.8716 0.7411 -18 0.9436 8
30 1.06 0.8337 =27 1.0362 -2
36 1.21 0.8958 -35 1.0983 -10
40 1.2631 0.9194 -37 1.1219 -13

Table 4. Comparisons between Calculated and Experimental total Drag Coefficients for Re = 0.65 - 10°

o deg Exp(CSU) AEROC Error(%) AERODAS Error(%) CFD(Zhang et al) Error(%)
0 0.0020 0.0023 13 0.006 67 0.0090 78
2 0.0011 0.0053 79 0.0061 82 0.0094 88
4 0.0021 0.0193 89 0.0136 85 0.0077 73
8 0.0151 0.0996 85 0.0312 52 0.0159 5
10 0.0311 0.0404 23 0.0386 19 0.0311 0
12 0.049 0.9712 -7 0.0576 15 0.0657 25
16 0.107 0.1065 0 0.103 -4 0.118 9
18 0.276 0.1985 -39 0.1482 -86 0.148 -86
19 0.273 0.268 -2 0.1793 -52 0.1784 -53
20 0.275 0.269 -2 0.2045 -34 0.2142 -28
22 0.323 0.3492 -8 0.2847 -13 0.2529 -28
25 0.401 0.4516 11 0.3871 -4 0.3208 25
30 0.576 0.6299 9 0.5654 -2 0.4036 -43
36 0.8115 0.8526 5 0.7881 -3 0.59 -38
40 1.03 0.9990 -3 0.9345 -10 0.7219 -43

122 = VOL. 48, No 1, 2020 FME Transactions




Table 5. Comparisons between Calculated and Experimental total Drag Coefficients for Re = 1 - 10°

o deg Exp(OSU) AEROC Error(%) AERODAS Error(%)
0 0.0022 0.00225 2 0.006 63
2 0.0035 0.0045 22 0.0061 43
4 0.0049 0.0188 74 0.0136 64
8 0.0094 0.0991 91 0.0312 70
10 0.0229 0.0399 43 0.0386 41
12 0.0362 0.0455 20 0.0576 37
16 0.0869 0.106 18 0.103 16
18 0.1318 0.198 33 0.1482 11
19 0.3438 0.2675 -29 0.1793 -92
20 0.3211 0.2684 -20 0.2045 -57
22 0.3682 0.3486 -6 0.2847 -29
24 0.4348 0.4127 -5 0.3488 -25
25 0.513 0.451 -14 0.3871 -33
0,030
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Figure 5. Comparison of numerical and experimental
findings of position of upper surface transition
phenomenon at Re = 2:10° for S809
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Figure 6. Comparison of numerical and experimental
findings of position of separation phenomenon at Re =
2:10° for S809
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Figure 7. Displacement thickness of boundary layer
distribution on the surface of S809 airfoil at 0°angle of
attack and for Re =1-10°
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Figure 8. Displacement thickness of boundary layer
distribution on the surface of S809 airfoil at 0° angle of
attack and for Re =2-10°

On the other hand, at the lower surface of the airfoil,
the location of the transition point depends only on edge
velocity distribution and is not affected by the
momentum thickness.

In Figures 10 and 15, plots of lift and drag coefficients
for S809 airfoil are respectively sketched for different
Reynolds numbers. The accord between AEROC code and
experimental results can clearly be seen.

Figures 10 and 11 show a comparison between expe-
rimental and calculated lift coefficient for the respective
Reynolds number of 0.65-10° and 1-10°. A good accord
over the pre-stall region is obtained for the two Rey-
nolds numbers.

In addition, the lift coefficients provided by AEROC
concede well with the experimental results at the
beginning of the post-stall region, until 35° angle of
attack for 0.65-10° and 26° for Re = 1-10°.

It must be noted that the post-stall modelling using
the modified AERODAS model is highly dependent on
the latest pre-stall 2D aerodynamic coefficients.

Tables 2 and 3 compare the lift coefficients for the
same Reynolds numbers. In the pre-stall region, the lift
coefficients predicted by AEROC (resp. AERODAS)
are between 1% and 18% (resp.4% and 39%) and
between 1% and 25% (resp.6% and 27%) far the expe-
riment results for the respective Reynolds numbers of
Re = 0.65-10° and Re = 1-10°.

For the starting part of the post-stall region, the
relative errors given by AEROC (resp. AERODAS) are
within 10% (resp.35%) and 18% (resp.18%) for
respectively Re = 0.65-10° and Re = 1-10°.
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Figure 9. Momentum thickness of boundary layer
distribution on the surface of S809 airfoil at 5° angle of
attack and for Re =2-10°
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Figure.11. Lift coefficient for S809 airfoil, Re = 1-10°

The CFD model of Zhang et al. gives relative errors
for Re = 0.65-10° within 52% and 47% for respectively
the pre-stall and post-stall regions.

Figures 12 and 13 show the predicted drag coeffi-
cients curve of AEROC code, the predicted drag coeffi-
cients curve of AERODAS model, and the experimental
drag coefficients curve for the respective Re = 0.65-10°
and 1-10°. Notice how the predicted drag coefficients
curve, given by AEROC code, is closer to the experi-
mental results, which is better than AERODAS model
for large ranges of the angles of attack belonging to both
pre-stall and post-stall regions. Therefore, the improved
AERODAS model has given rise to the maximisation of
the correlation between predicted and experimental data
in the post-stall regime.

Tables 4 and 5 contain a comparison between
experimental and numerical drag coefficients for Re =
0.65-10° and Re = 1-10°.
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In the pre-stall region, the drag coefficients provided
by AEROC (resp. AERODAS) are between 0% and
89% (resp.4% and 86%) and between 2% and 91%
(resp.11% and 92%) for the experiment results for the
respgctive Reynolds numbers of Re = 0.65-10° and Re =
1-10°.

2,50

- - -Re=650 000 (AEROC)
—e— CSU Re=650 000
—— AERODAS

10 20 30 40 50 60 70 80 90
Angle of attack (deg)

Figure 12. Total drag coefficient for S809 airfoil, Re = 0.65-10°
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For the post-stall region, relative errors given by
AEROC (resp. AERODAS) are within 11% (resp.13%)
and 14% (resp.33%) for respectively Re = 0.65-10° and
Re =1-10°.
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Figure 14. Reynolds number effect for lift coefficient
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The CFD model of Zhang et al. yields relative errors
for Re = 0.65-10°within 86% and 43% for respectively
the pre-stall and post-stall regions.

Analysis of the effect of the Reynolds number on
these coefficients of the airfoil is presented in Figures 14
and 15. As evidenced in these graphs, an increase in Rey-
nolds number involves an increase in lift coefficient while
it’s would bring about a decrease in the drag coefficient.

4. CONCLUSION

This paper focuses on the characterisation of the S809
airfoil with accepted accuracy and low computational
costs. A numerical code, based on a strong viscous-
inviscid interaction approach, has been developed for
the pre-stall region. The flow is analysed using the
potential theory of wing sections, coupled with the
boundary layers theory to take into account the viscous
effect. In the fully stalled region, the AERODAS model
is adopted to calculate the lift and drag coefficients.
This model is improved to consider the Reynolds
number effect, and to avoid the numerical instability,
which might be caused by the transition from pre-stall
to post-stall regions.

The numerical results have been compared with
wind tunnel measurements found in the literature and in
the work reported by the Netherlands institute ECN
under number 74189.

Generally, a good agreement is obtained against
experiments for the predicted aerodynamic lift and drag
coefficients for large ranges of attack angles and
different Reynolds numbers.

The approach exposed in this paper represents an
interesting contribution that responds to a global
aerodynamic challenge, and that can be used to provide
a good compromise between accuracy and computa-
tional costs, compared to the CFD methods and the
empirical models generally based on wind tunnel tests,
such as the Flat plate and AERODAS models.
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HOBA TEXHUKA U3PAYYHABAIbA
AEPOJUHAMUNYKHUX KOEOUIIUIJEHATA
I'YBUTKA CHWJIE Y3I'OHA KO/I S809
AEPOITPO®PUJIA

J.Apamax, H.bByramaxrte, A.Byatem, A.Aa Mepc

Harmmonanua aboparopuja 3a OOHOBJBHBY €HEPTH]Y je
2000. rogmHE OpraHM3OBaNa ,Iopeheme Ha cieno” y
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KOjeM Cy Y4eCTBOBAJIM HCTPAXKUBAYKH LIEHTPU U3 LIEJIOT
CBETa M Ol KOjUX C€ TPAKWIO Ja JOCTaBe MOJAaTKe O
CTal[IOHAPHOM aepoJIMHaMUYKOM onrepehemy Kox
TypOune ®aza 6 u aepoAMHAMUYKE KOEQHIM]EHTE 3a
S809 aepompodui. MHCTUTYTH Cy MOCTaId MOJATKE O
M3BPIICHUM MEPEHHMa Y aepOJMHAMUYKOM TYHEIy H
Iporpame HyMEpHUUYKHX U3pauyHaBamba.

Pesynrat cy mokasanu BEJIMKHM CTENEH Heycaria-
LICHOCTH M PAacyTOCTH II0JaTaka HapOYUTO 3a KOBHT.
Pasmuke y morieny aepoAMHAMHYKHX CBOjCTaBa Cy
yKazaie Ha moTpedy moOoJsblIama MocTojehnx mpasmia
IM3ajHa U IPUMEHY HOBHUX HyMepHYkux Mmeropa. Llnib
paja je na ce aepoaMHaMU4KK Koeduiujentu 3a S809
aeponpouil NpPUKaXy Yy NPUKIBYHYEHOM CTpyjamy |
HACTajarby KOBUTA y3 KOpHIINEHE JOJATHOI IOTCH-
[UjaTHOT MeToJia M TeopHje I'paHMYHUX CcjojeBa. 3a
30HY HOTIIYHOT T'yOWTKa CHJIe y3rOHa yBEJEHA je HOBa
TexHuka Oasupana Ha Mmoneny AERODAS koju je
pa3Buna NASA.

Monen je mobospman yBohemem PejHonmcoBor Opoja u
oHeMoryhaBameM HyMEpHYKE HECTAOWIIHOCTH KOjy Om
MOrao Jia W3a30Be IMpelia3ak W3 30Ha Ipe TyOHuTKa
y3roHa y 30He ca I'yOWTKOM y3roHa. Pesynrarm Hammx
IpopavdyHaBama Cy OWIIM HErje Ha CPeAUHH pe3ynrara
no0ujeHnx ,nopehemeM Ha CiIeno™ amd ce pe3yiTaTH
Mepera HUCY MHOTO Pa3JIMKOBAaJIH.
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