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Numerical Analysis of NACA 6409 and Eppler 423 Airfoils

Highlights

% Current paper focuses on RANS based turbulence analysis of NACA 6409 and Eppler 423.

6-Rel SST was the RANS model that gave the most consistent results with the experimental data.

CFD Simulation results of pressure and velocity fields at different angles of attack are clearly presented.
CFD results with experimental data and XFoil are evaluated in terms of best glide ratio-(Cl/Cd)max and
minimum sink-(CI*%/Cd)max criteria.
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Graphical Abstract

In this study, by using ANSYS Fluent 19.0, which is a commercial computational fluid dynamics software, a numerical
analysis and comparison of the airfoils were carried out by using the lift, drag coefficients as well as pressure and
velocity fields by utilizing different RANS based turbulence models of Eppler 423 and NACA 6409 airfoils.
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Figure. Representation of velocity contours at different angles of attack around Eppler 423

Aim

The aim of this study is to numerically analyze these airfoils using various turbulence models with ANSYS Fluent 19
and compare the simulation results with experimental data and Xfoil

Design & Methodology

In literature review, it has been found that k- SST, k-kl-w and y-Red transition models have a good prediction in
CI-Cd estimation of drag bucket region, transition flow regime, and laminar separation point

Originality

Testing of various RANS-based turbulence models, demonstrating pressure and velocity fields at different angles of
attack, comparing the airfoils in terms of glide rate and minimum sink rate, both experimentally and with XFoil are
the paper's key originality.

Findings

6-Rey SST model is the best compared to the other models that predict the lift coefficients and drag coefficients. After
the 8-degree angle of attack, the start of flow separation is observed in both airfoils, while the separation trend in
NACAG409 is more severe than in Eppler243 at 16-degree angle of attack.

Conclusion

Thin airfoils are generally utilized to minimize drag in cross-country flights, but Eppler 423 will be highly successful
in maximizing lift at low speeds. However, maximum glide ratio could be better by usage of NACA 6409. For this
reason, NACA 6409 would be much successful for gliding performance while Eppler 423 can ensure better
performance in the thermal thanks to better behavior at slow speed.

Declaration of Ethical Standards
The author(s) of this article declare that the materials and methods used in this study do not require ethical committee
permission and/or legal-special permission.
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ABSTRACT

The present study aims to numerically examine two commonly used airfoils that provide high lift at low Reynolds numbers, using
various turbulence models with the commercial code ANSYS Fluent 19. Eppler 423 airfoil is widely used in wind turbine blades,
wings of gliders and R/C airplanes designed for sport flying and competitions thanks to high lift capability. NACA 6409 airfoil is
seen in free-flight model planes. In literature review, it has been found that k- SST, k-kl- and y-Re@ transition models have a
good prediction in CI-Cd estimation of drag bucket region, transition flow regime, and laminar separation point. In addition to
RANS models, laminar model was also investigated. In order to ensure the accuracy and precision of numerical investigations; the
grid sensitivity study and near wall model were used. The method of decomposition of flow direction vector procedure has been
used to provide the advantage of simulating all angle of attacks using only a single mesh. The lift coefficient curves and polar
diagrams were formed from the angle of attack of -4 degree up to the stall. Experimental data, XFoil analysis data and numerical
analysis data were evaluated in terms of best glide ratio-(Cl/Cd)max and minimum sink-(CI*%/Cd)max criteria. As expected, at
high angle of attack, the transition ramp on the upper surface moves forward and the pressure gradient became more adverse. The
results showed that fine mesh gives better results than other mesh sizes and transitional y-Re® SST model was successful in
modelling the transition event than other turbulence models.

Keywords: y-Re0 SST Turbulence Model, NACA 6409, Epler 423, RANS, CFD.

NACA 6409 ve Eppler 423 Kanat Profillerinin Sayisal
Analizi

oz

Bu caligma, diisiik Reynolds sayilarinda yiiksek tasima saglayan yaygin olarak kullanilan iki kanat profilini, ticari kod ANSYS
Fluent 19 ile gesitli tiirbiilans modelleri kullanarak sayisal olarak incelemeyi amaglamaktadir. Eppler 423 kanat profilini sayisal
olarak analiz etmektir. Eppler 423 kanat profili, yiiksek tagima kabiliyeti nedeniyle riizgar tiirbini kanatlarinda, ¢apraz akis
fanlarinda, plandrlerin ana kanatlarinda, sportif uguglar ve yarigmalar i¢in tasarlanmis radyo kontrollii ugaklarda yaygin kullanilan
bir profildir. NACA 6409 kanat profili, serbest ugus model ugaklarda kullanilir. Literatiir taramasinda k-0 SST, k-kl-o ve y-Re@
gecis modellerinin siiriikleme poler bolgesinin CI-Cd tahminlerinde, gegis bolgesi akis rejiminde ve laminer ayrilma noktasinda iyi
bir tahmin yetenegine sahip oldugu goriilmiistiir. Caliymada RANS modellere ek olarak laminer model de incelenmistir. Sayisal
¢oziimlerin dogrulugunu ve hassasiyetini saglamak i¢in kafes duyarlilik ¢alismasi ve yakin duvar modeli kullanilmistir. Akis yonii
vektorii ayrigsmasi teknigi, sadece tek bir ag kullanarak tiim hiicum agilarini simiile etme avantajini saglamak i¢in kullanilmigtir.
Tasima katsayisi egrileri ve kutup semalari, -4 derece hiicum agisindan baglanarak stol hiicum agisina kadar olusturulmustur.
Deneysel veriler, XFoil analiz verileri ve niimerik analiz verileri en iyi siiziilme orani- (Cl/Cd)maks ve minimum c¢okiis-
(CI*5/Cd)maks kriterleri agisindan degerlendirilmistir. Beklendigi gibi, yiiksek hiicum agisinda, iist yiizeydeki gecis rampasi ileri
dogru hareket eder ve iist ylizeydeki basing gradyani negatif hale gelmistir. Sonuglar, ince agin diger ag boyutlarina gére daha iyi
sonuglar verdigi; y-Re® SST modelinin diger tiirbiilans modellerine gore gegis olayin1 modellemede daha basarili oldugunu
gostermisgtir.

Anahtar Kelimeler: y-Re0 SST Tiirbiilans Modeli, NACA 6409, Epler 423, RANS, HAD.

1. INTRODUCTION in airfoils led to an increase in the lift coefficients. Ma
There are a wide range of applications for airfoil ~and Liu[2] suggested that the thicknesses ratio affect the
producing high lift at low Reynolds numbers. These ~@aerodynamic parameters of high lift producing blades
airfoils are used in wind turbine blades, airfoil selection ~ With low Reynolds number, and that the S1223 airfoil
of cross flow fans, airfoil selection of sailplanes, radio ~ With a relative thickness of 5% can be used for the wing
control aircraft designed for fun flights and competitions. ~ tip Of wind turbines while S1223 with a relative thickness
Selig and Guglielmo [1] proposed a design philosophy ~ ©f 12-13% can be applied to wing root. Rahimi et al. [3]
about high-lift airfoils at low Reynolds numbers and ~ Simulated the FX 79-W-15A and NACA 63-430 airfoils
suggested that aft loading and concave pressure recovery ~ USing the k-o SST model and the k-kl-transition models
using OpenFOAM software, and claimed that both
models were successful in predicting the flow in the

*Corresponding Author
e-mail :aytekinulutas@hotmail.com

39



Seyhun DURMUS, Aytekin ULUTAS / POLITEKNIK DERGISI, Politeknik Dergisi,2023;26(1): 39-47

transition zone. Winslow et al. [4] utilized TURNS2D (a
RANS solvent configured with a laminar-turbulent
transition model) software to recognize low Reynolds-
number aerodynamics for micro UAVs using NACA
0009 and NACA 0012 airfoils. It is claimed that over
100,000 Reynolds numbers, for most airfoils, lift and
drag characteristics are not constant with the Reynolds
number, but under 100,000 Reynolds numbers, the
cambered airfoils show better lift and drag characteristics
than conventional thick airfoils. Morgado et al. [5]
conducted a numerical study on the Selig 1223 and
Eppler 387 airfoils with the help of the revised version of
the k-kl-o transition model and the low Reynolds
corrected SST k — o turbulence model; and suggested
that the XFoil code yielded better results than the CFD
software. It is argued that the ability to detect boundary
layer in turbulence models does not always give good
results in estimating airfoil data. Coder and Maughmer
[6] utilized the XFOIL, PROFILO7 and RANS
OVERFLOW software for the analysis of E387, S805,
PSU94-097, HTR1555, S903 airfoils, and suggested that
although each code showed inconsistency in predicting
the lift coefficients, it has been seen that the drag
predictive coefficients in the drag bucket matched
perfectly with the Experimental results. Collision et al.
[7] conducted a numerical study of Eppler E387 and
concluded that the k-w SST and y-Re6 transition models
predicted the laminar separation and reconnection points
with excellent precision. Abobaker et al. [8] proposed a
computer-based method based on viscous flow
interaction to determine the aerodynamic properties of an
airfoil and applied this method to E387 and S8036
airfoils by solving conformal mapping and integral
boundary layer equations together. Chen and Bernal [9]
measured velocity profiles of the SD 7080 airfoils by
two-dimensional Particle Imaging Velocimetry (PIV) at
60,000 and 250,000 Reynolds numbers, and claimed that
XFoil made consistent estimates of the formation of a
laminar separation bubble at multiple attack angles.
Sorenson [10] used the 6-Re® SST model for various
airfoils and claimed that it was successful in predicting
CI-Cd. Aftab et al. [11] investigated various turbulence
models on the NACA4415 wing in the Reynolds Number
of 120,000 and claimed that Spallart-Allmaras was a
successful model in numerical analysis only until the stall
developed, although the y-Re SST model was successful
in the entire attack angle. Sarlak et al. [12], in S826
airfoils, at 40,000, 100,000 and 200,000 Reynolds
numbers applied the SST k-o model and found that the
SST k-model can predict 3D flow structures. Ahmed et
al. [13] conducted an experimental and numerical study
on SG6043 airfoils at Reynolds numbers ranging from
38,000 to 200,000, with turbulence levels ranging from
1%, 5% and 10%. It has been reported that increased lift
coefficients in parallel with the increase in turbulence
levels. Burdet et al. [14] used PROFIL (Eppler Airfoil
Design and Analysis Code) and XFOIL software to
examine the effect of Reynolds number on the E387 wing
profile. It is argued that the design angle of attack
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depends on the Reynolds number and that the PROFIL
data lead to a difference of more than 3 degrees compared
to the experimental data for wind turbine blade design.
Bai et al. [15] developed an algorithm to solve the fluid
structure interaction problem and found that the k— o SST
model was successful in 2D numerical simulations with
the block-iterative coupling of the airfoil cross section.
Murayama et al. [16] studied the flow around the three-
component wings, high-lift device, and flaps. It’s argued
that Spalart-Allmaras model and Menter's SST model
produce similar aerodynamic forces with low attack
angles, but the SST model gives better results in the high
angle of attack. Dong et al. [17] used the transitional SST
model to numerically analyze the FX-63-137 airfoil at
200,000 and 300,000 Reynolds numbers to investigate
the laminar separation bubble. In the literature, there are
studies on symmetrical profiles, which are widely used in
turbine blades and airfoils of UAVS. The aerodynamic
properties NACA 0018 were investigated numerically
and experimentally with two different aspect ratios [18].
The aerodynamic properties of the humpback whale were
numerically examined in the modified NACA 0015 and
it was determined that the modified M1 airfoil provided
an improvement of 3.81% [19]. When the effect of rib
structure on NACA 2412 was examined, it was reported
that the stall angle was delayed thanks to the rib structure
[20]. In current study, numerical analyses were carried
out to estimate the lift and drag coefficients of Eppler 423
and NACAG6409 airfoils, which give high lift to low
Reynolds numbers, using ANSYS Fluent 19.0, a
commercial computational fluid dynamics software. In
addition, the display of pressure and velocity contours at
different angles of attack is given using the Langtry-
Menter 4-equation transitive 0-Re6 SST model, which
gives the most successful results among the RANS
models.

2. MATERIAL and METHOD

It is possible to measure the aerodynamic performance of
airfoils experimentally by using wind tunnel tests or
numerically by using computational fluid dynamics
software and panel method-based programs such as
XFoil or JavaFoil. The experimental data applied in
present study were obtained from the wind tunnel test
data of the University of Illinois Applied Aerodynamics
Group (UIUC) in Urbana-Champaign. There are many
models of turbulence that predict boundary layer
development and transition regime. In literature review;
it is found that the k-kl-o, low Reynolds addition SST k-
w and y-Ref models provided successful simulations for
airfoil analysis in the flow regime in the transition region.
In current study, all of the RANS-based turbulence
models were applied to Eppler 423and NACA 6409
airfoils and the analysis showed that the 6-Re® SST
model is the best compared to the other models that
predict the lift coefficients and drag coefficients. The
input limit condition of the ®-Re® SST model is given
below [21,22].
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Intermittency: In addition, mesh size (number of nodes and number of
grid cells) has a large impact on numerical results.
Therefore, a mesh sensitivity study was conducted to

=1 @ support the accuracy of the numerical research. Fig. 2
shows the lift coefficient curve for the Eppler 423 at the
Transition momentum thickness Reynolds number: angle of attack 6 according to the various mesh

dimensions, i.e. the number of nodes, Thanks to the mesh
sensitivity study, fine mesh was used, which gave parallel

f&) _ _
0.2196 results with the experimental data.

1173.51 — 589.428Tu + o if Tu < 1.3
_ u
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Fig. 1 shows a graphical sectional view of Eppler 423 and

NACA 6409. In ANSYS Fluent simulation, density- Cd

based solver which considers compressibility effect was

applied instead of pressure-based solver. The Reynolds  Figyre 2. Lift and drag coefficients based on mesh size (node
number is fixed at 200,000. The flow rate of the air is numbers) using the 0-Re0 SST model at 6° angle of
defined by Mach number input. Air characteristics are attack for Eppler 423

based on ISA conditions: T = 288.16 K, p = 1.225 kg /

m3, k= 1.794x 10-5. The method of decomposition of the flow direction

vector given in Equation (5) and Equation (6) has the
advantage of simulating all attack angles using only one

0.2
0.15 mesh. L and D symbolize lift and drag and L 'and D'
) symbolize aerodynamic force components based on the
0.1 Eppler-423 mesh coordinate system.
0.05
0 _ ' o .
0,05 O 0.2 0.4 0.6 0.8 1 L=L C(_)S(a) D"sin(a) )
D=L "sin(a) + D ' cos(a) (6)
0.15
0.05 NACA-6409
-0.05 0.0 0.2 0.4 0.6 0.8 1.0

Figure 1. Graphical sectional view of NACA-6409 and Eppler
423

The near wall model is used to reduce the negative effects
of the wall on the flow. Dimensionless wall distance y +,
developed by Schlichting and Gersten [23], is one of the
most significant parameters when evaluating the
applicability of wall functions. In Eq.4, y is the absolute
distance from the wall; uT is the relative friction velocity
and v is the kinematic viscosity. The first point of the
mesh layer is kept at dimensionless wall distance y + <1

to ensure that the boundary layer is correctly captured. (b)
+ = YUr 4) Figure 3. Mesh (a) Oval shaped control surface (b) Mesh near
v profile wall
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Fig. 3 shows the oval-shaped control surface and the tight
mesh on the proximal wall. For the flow area around the
profile, the oval computational domain and the pressure
farfield are applied as the control boundary condition.

3. RESULTS

In terms of performance, the NACA 6409 is an excellent
low speed, floater airfoil, but the large camber severely
limits the high-speed performance. Since all analyses are
performed at 200,000 Reynolds numbers, an important
criterion for the success of the methods is the accurate
estimate of the values in the transition region. In addition,

an accurate estimation of the drag coefficient in the
region where the drag pole forms a laminar bucket is
another important criterion.

Fig. 4 shows the estimation of the Cl and Cd coefficients
of the laminar model, and various RANS-based
turbulence models. The Langtry-Menter 4-equation
transitive 6-Re® SST model, which gives the best results
at different angles of attack, was utilized as a turbulence
model for Eppler 423 and NACA 6409 analysis at
different angles of attack.

2,00
1,30
1,80
110 k-kl-w
*
1,60
y-Ref SST
Spalart-Allmaras —& )
T 150 P & Experimental
. Data k-€
*
1,40 SST-k—w
1,30
1,20
Laminar Model
1,10 *
1,00
0,00 0,01 0,02 0,03 0,04 0,05 0,06
cd

Figure 4. Cl and Cd estimates of the laminar model and various RANS-based turbulence models at 6° attack angle of Eppler 423

airfoil

Drag polar diagrams and lift coefficient curves are shown
in Fig. 5 (a, b) and Fig. 6 (a, b) for Eppler 423 and NACA
6409 relatively, including experimental data, Xfoil and
Fluent software estimates. Lift coefficient curves and
drag polar diagrams were generated from -4 degrees of
attack angle to 10 degrees of attack angle when pre-stall
occurred. The movement in transition zone created a
transition ramp on the upper surface in the drag bucket
area. As the angle of attack increases, the transition zone
moves forward and the upper surface pressure gradient
becomes more adverse. ANSY'S Fluent, a computational
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fluid dynamics code, has produced more compatible
results with experimental data than XFoil data.

At negative attack angles, air flow in the lower region of
the airfoil was virtually absent, whereas at high attack
angles (angle of attack> 10 °), adverse pressure gradients
at the trailing edge caused flow separation and loss of lift.
The notable differences can be seen at 16 degrees, that is
the flow separation reached almost to the leading edge in
NACA 6409.
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Figure 5. a) drag polar curve and b) lift curve for Eppler 423
airfoil including experimental data and, Xfoil and
Fluent software estimates

Fig. 7 and Fig. 8 shows the pressure contours around
Eppler 423 and NACA 6409 at different angles of attack
from -4 degrees to 16 degrees. It is possible to say that
the low-pressure area in the upper region of the airfoil
(dark blue region), that is, the center of pressure shifts
towards the leading edge, and at high attack angles it
causes losses in lift relatively high pressures from the
trailing edge at the top of the airfoil. According to figures,
low pressure area is more stable in Eppler 423 than
NACA 6409 at high angles of attack while low pressure
area is larger and stronger in NACA 6409 at low angles
of attack.
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Figure 6. a) drag polar curve and b) lift curve for Eppler 423

airfoil including experimental data and, Xfoil and
Fluent software estimates

Fig. 9 and Fig. 10 shows the velocity contours around
Eppler 423 and NACA 6409 at different angles of attack
from -4 degrees to 16 degrees. The best glide ratio or
lift/drag ratio occurs at high (CI/Cd)max minimum
friction conditions, while minimum sink occurs under
(ClI1.5/Cd)max conditions. The minimum drag point is
found by drawing a straight line from the origin to the
point with the maximum slope on the CI-Cd curve in the
drag bucket region. High endurance factor or minimum
sink rate factor occurs at the (CI*5/Cd)max point.
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Figure 7. Display of pressure contours around the Eppler 423 airfoil at -4, 0.4, 8, 12 and 16 angles of attack
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Figure 8. Display of pressure contours around the NACA6409 airfoil at -4, 0.4, 8, 12 and 16 angles of attack
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Figure 9. Representation of velocity contours at different angles of attack around Eppler 423
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Figure 10. Representation of velocity contours at different angles of attack around NACA6409

Fig. 11 shows the comparison of Xfoil and Fluent analyses results, Ansys Fluent gave more consistent
solutions of Eppler 423 and NACA 6409 in terms of best  results than the Xfoil code.

glide ratio (Cl/Cd)max and minimum sink rate (CI*%/

Cd)max performances. As it can be understood from
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Figure 11. Comparison of Xfoil and Fluent analyses of NACA
6409 and Eppler 423 in terms of best glide ratio
(Cl/Cd)max performance and minimum sink rate
(CI5/Cd)max performance

4. CONCLUSION

Many airfoils designed for low Reynolds numbers are far
from full manufacturability and are very difficult to
implement in real life due to excessive thinness on the
trailing edge, excessive camber etc. In addition, most
experimental studies are affected by test conditions and
experimental mechanism. Therefore, determining the
airfoil for the design with Ansys Fluent provides realistic
results while accelerating and facilitating the design.
Although the airfoil is difficult to full manufacture, such
as the S1223, this airfoil can be used very comfortably in
an unmanned glider, especially designed to endurance
flights. Thin airfoils are generally utilized to minimize
drag in cross-country flights, but Eppler 423 is highly
successful in maximizing lift at low speeds. However,
maximum glide ratio could be better by usage of NACA
6409. For this reason, NACA 6409 would be much
successful for gliding performance while Eppler 423 can
ensure better performance in the thermal thanks to better
behavior at low speeds.
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