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Abstract
The paper presents a novel procedure that highly automates subsonic airfoil simulations using a volume resolving Reynolds-Averaged Navier-Stokes approach (RANS). The procedure is designed to minimize human interaction to what is
known from 2D panel schemes like XFOIL. Natural transition effects are captured with the Ȗ-Reș model, which makes the
approach especially suited to low Reynolds number flows. The new procedure combines existing geometry and simulation
software and completely automates the setup from mesh generation to solving and post-processing. Manual interaction is
reduced to specifying airfoil shapes and flow parameters. A variety of validation cases is presented comparing the novel
approach to wind tunnel measurements and respective XFOIL calculations. Airfoil lift, drag, moment and transition location
show very good accuracy. The novel procedure shows superior performance for critical cases that involve large laminar
separation bubbles when compared to XFOIL. It greatly enhances the ability to use RANS airfoil simulations in aerodynamic
research or aircraft design.
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angle of attack
chord length
coefficient
model coefficient in SST model
destruction term in SST model
WUDQVLWLRQVRXUFHLQȖ-Reș model
GHVWUXFWLRQVRXUFHLQȖ-Reș model
turbulent kinetic energy
prism layer number
total number of prism layer
production term in SST model
WUDQVLWLRQVRXUFHLQȖ-Reș model
destruction source in Ȗ-Reș model
VRXUFHWHUPLQȖ-Reș model
Reynolds Averaged Navier Stokes
Reynolds number
momentum thickness Reynolds number
critical momentum thickness Reynolds number
transition onset mom. thickness Reynolds number
stretching function
Shear Stress Transport
Stereolithography
time
turbulence intensity in free stream
thickness-to-chord ratio

velocity
length / coordinate
wall distance
normalized wall distance
intermittency
boundary layer thickness
wall distance of first cell
viscosity
density
model constant
wall shear stress
specific eddy dissipation rate

subscripts
d
drag
f
friction
i
counter
k
turbulent kinetic energy
l
lift
m
moment
p
pressure
ref reference
t
turbulent
tr
transition
Ȧ
specific eddy dissipation rate
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2. INTRODUCTION

The process is suited for detailed airfoil aerodynamic research and implementation in multidisciplinary aircraft design environments. Both flow properties and airfoil shapes
can be easily changed, which allows completely automating
large-scale parametric studies. The novel approach makes
use of both NASA’s Open Vehicle Sketch Pad [14] for geometry creation and surface discretization and Siemens’
StarCCM+ [15] for hybrid prism-polyhedral mesh creation
and solution. StarCCM+ is very well validated (see [16–18])
and widely used in industry and academia. Transition is
modeled with either WKH Ȗ-Reș or Ȗ model in combination
with the SST model. StarCCM+ is chosen, as it is the respective CFD software used by FH Aachen. The outlined
process, however, can easily be transferred to other CFD
software like FLUENT or OpenFoam The paper describes
both the overall process and detailed physical settings,
which were used to achieve the most promising compromise between automation, accuracy and time consumption.
It is well suited for any airfoil shape and shows superior accuracy compared to XFOIL. Numerous validation cases are
provided that include basic airfoils (NACA 0015), low Reynolds number airfoils (E387, FX05-188) and natural laminar
flow airfoils (NLF(1)-1015).

Scientific interest into aerodynamics of airfoils at low-medium Reynolds numbers (ca.100,000 - 4,000,000) has
gained popularity in recent years with their application to
unmanned aircraft and urban air mobility vehicles (see [1]).
The accurate prediction of an airfoil’s aerodynamic characteristics is crucial in any development process, as it will significantly affect the performance of the overall vehicle.
Modern airfoil design often requires a significant amount of
numeric simulations to be performed in a highly automated
manner. Similar challenges are found in large-scale numeric investigations of airfoils relevant in aerodynamic research or aircraft design. Such analyses were yet limited to
panel methods with viscous formulations like XFOIL [2] or
JavaFoil (based on [3]). The viscous formulations employ
classic boundary layer theory and couple the results with a
potential flow panel method. Transition is typically modeled
with a spatial-amplification theory like the eN method.
Codes like XFOIL or Java Foil have seen extensive use in
the past due to their high level of automation and fast calculation times. User input is minimal and restricted to
providing airfoil shape coordinates and setting flow parameters. XFOIL was validated on multiple occasions (e.g. [4]
and [5]) for predicting transition location and airfoil lift. However, it is frequently described to underpredict profile drag
especially in the presence of laminar separation bubbles [6]
or thick airfoils [7].

3. NOVEL SIMULATION PROCESS
The novel method combines existing geometry creation and
numerical simulation software in an innovative way. Thirdparty software products that are used in the novel procedure are not modified themselves. However, the individual
procedures that usually require human interaction are
highly automated via the use of scripts and macro files. This
allows to perform all necessary steps in the simulation
setup fully automatic. A schematic overview of the novel
simulation process is shown in Fig. 3.1.

The simulation of low Reynolds number flows with Reynolds-Averaged Navier-Stokes (RANS) solvers has been
considered challenging in the past, as most turbulence
models essentially imply fully turbulent flow. The recent development of the Ȗ-Reș [8] and successively Ȗ [9] local correlation-based transition model has changed this point of
view. Both transition models are coupled to the SST turbulence model [10] and have been extensively validated (see
[11–13]). They are accurate in predicting laminar-turbulent
transition location as well as lift and drag characteristics of
airfoils at low Reynolds numbers.
Today’s computational power allows performing a significant number of RANS airfoil simulations in acceptable time
frames. However, the simulation setup of an airfoil analysis
with a RANS-transition approach is much more complicated
compared to panel methods like XFOIL. Usually, significant
human interaction for geometry preparation, domain and
mesh creation, setup of flow solver and post-processing is
required. This makes RANS simulations unattractive considering the large quantities of airfoil simulations that are
required in aerodynamic research or aircraft design.

Input and Start File
x Reynolds number (range)
x Angle of attack (range)
x Turbulence intensity
StarCCM+

OpenVSP

Import wing as STL

Creation of 3D wing
with chosen airfoil

Replace dummy wing part
Boundary conditions
Surface and volume mesh
creation

Tessellation of wing
geometry
Export wing as STL

Solver iteration until
convergence
Analysis of solution data

To overcome this restriction, a highly automated airfoil analysis method applying 2D-RANS simulations is presented in
this publication. Human interaction for the complete simulation setup is restricted to the specification of airfoil shape
coordinates and flow properties. The manual effort for performing a complete RANS-transition simulation is therefore
reduced to what is known from panel methods like XFOIL.
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Airfoil coordinates
or airfoil type

x lift, drag, moment
x surface pressure
x transition location

Data export
Fig. 3.1 Schematic of simulation process
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The user inputs the desired Reynolds number, turbulence
intensity, and angle of attack for the simulation in a text file.
It is also possible to enter both a range of angles of attack
and Reynolds numbers. Necessary parts of the process are
then performed consecutively. Airfoils can be specified in
standard ASCII text format as a series of (x,y) coordinate
pairs. It is possible to sequentially analyze multiple airfoils
one after another. This allows performing full factorial design studies based on Reynolds number, angle of attack
and airfoil geometry.

a)

A script for OpenVSP automatically creates a 3D wing that
is tessellated and exported as a Stereolithography file
(STL). Another script starts a predefined StarCCM+ simulation file and exchanges the newly created wing STL file
with a dummy file in the simulation. The surface and volume
meshing operations are always linked to this dummy wing
file. The 3D geometry is then transferred into a 2D domain.
Another script transfers the user input Reynolds number
and angle of attack to predefined parameters in StarCCM+.
These parameters are used to adjust surface and volume
mesh operations based on their values. Reynolds number
and angle of attack also adjust both inflow and outflow
boundary conditions.
The solver is started after the mesh is created and runs until
some convergence criteria are satisfied. Forces and moments of the airfoil are evaluated after convergence and exported in “.csv” format. Further exports include a pressure
coefficient distribution and the local skin friction coefficient
that allows determining the transition location. The following
sections give details of the individual parts of the novel simulation process and highlight essential settings.
3.1.

b)
Fig. 3.2 a) wing surface in OpenVSP, b) side-view of STL tessellation of wing

A fine discretization is desirable in two ways: First, it guarantees that any airfoil shape can be appropriately captured.
This is especially critical for thin airfoils with small leading
edge radii. Second, the OpenVSP discretization is essentially finer than the discretization later created in the CFD
software. This is beneficial, as several meshing algorithms
require a high-quality input surface as they rely on it for volume meshing. Discretization in spanwise direction is of minor importance as only a 2D mesh is created. OpenVSP
can also directly specify airfoils that are governed by certain
spline functions like NACA 4 or NACA 5 series. These airfoils do not require a file input but rather the specification of
their design parameters. The novel workflow currently allows this automated option for NACA 4 series airfoils.
The geometry is exported in vendor-neutral stereolithography file format, which directly uses the surface discretization of OpenVSP. The surface is represented by small flat
triangles. Curvature is captured by a reduction in triangle
size.

OpenVSP: Wing creation and tessellation

OpenVSP is a software tool that was originally created for
conceptual aircraft design. It allows to quickly generate a
complete aircraft geometry by modifying predefined parts
(e.g. wing or fuselage). The novel process uses the wingmodeling tool of OpenVSP to create a straight 3D wing of
chord length 1 m and span 1 m. No twist, dihedral or taper
is used. The creation of a 3D body is necessary, as most
CFD software only allows 3D parts to be imported, even
though a 2D analysis is later performed. Fig. 3.2a shows
the 3D wing automatically created in OpenVSP. The airfoil
to be analyzed is assigned to the root and tip of the wing.
Airfoils are universally specified as a series of x and y coordinates in an ASCII file. The well-known Selig “.dat” format
is preferred. Other formats are possible as long as
OpenVSP can interpret them (see [19]). The airfoils’ circumference is discretized by 800 points, whereby points are locally clustered at leading and trailing edge. 800 points are
far more than what is usually supplied by airfoil input files
and achieved via interpolation. The surface discretization is
shown in Fig. 3.2b on a side-view.
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3.2.

StarCCM+: Simulation setup

A universal StarCCM+ simulation file is designed and reused for each simulation. It contains the complete physical
simulation setup and all necessary parameters to create an
adequate mesh and solve the governing equations. The
simulation setup is designed as a pipeline of consecutive
tasks in order to set up the overall simulation (compare
Fig. 3.1). A change in one of these tasks requires the reexecution of all following tasks.
In a first step, an external macro imports the user-specified
Reynolds number (range), turbulence intensity and angle of
attack (range) into the universal simulation file. The variables are stored as internal parameters and can then be
used to manipulate settings of the simulation.
A completely automated simulation requires the pre-definition of multiple aspects (e.g. domain settings, boundary
conditions, mesh settings). The following sections describe
these aspects in detail and present any assumptions made.
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3.2.1. Flow field and boundaries

The static temperature at the inlet boundary is kept constant
while static pressure is extrapolated from within the interior
of the domain. Density is calculated through the ideal gas
equation. The pressure outlet boundary assumes the environmental reference pressure and calculates the outflow
velocity based on an extrapolation from the adjacent cell.
The static reference temperature is again fixed and density
calculated as for the inflow boundary. The airfoil’s surface
is treated as an adiabatic no-slip wall that enforces zero velocity on the surface.

The computational domain is bullet-shaped, extents 300
airfoil chord lengths and follows recommendations from
[20]. It is shown in Fig. 3.3, whereby the airfoil is much enlarged to make it visible. The domain body is created
through subtracting a flow field body (dashed line in
Fig. 3.3) and a dummy wing body (dash-dotted line in
Fig. 3.3). The resulting body is transferred into 2D. Each
time a new airfoil should be analyzed, the surface of the
dummy wing body is replaced with the imported STL surface file from OpenVSP. This process is automated with a
macro. Replacing the dummy wing’s surface introduces a
change at the beginning of the simulation pipeline and requires the re-execution of all following tasks.

Transport variables for the turbulence model at inlet and
outlet are specified as turbulence intensity and an eddy viscosity ratio. Turbulence intensity is user-specified and taken
from the input file. Experiments indicate that turbulence intensities of less than 0.1% have no significant effect on the
transition location anymore [21]. A value of 0.08% is specified as the default value in case the user does not specify a
turbulence intensity (see Spalart and Rumsey [22]). The
eddy viscosity ratio is fixed at 1.0 in compliance with recommendations found in [9]. Turbulence intensity and eddy
viscosity ratio are transferred to the transported variables of
the SST model via Eq. (3-4).

Velocity inlet
Pressure
outlet

݇ = ଶ ൫(ܶ. ݅. ) ή ݑ ൯
߱=

The three boundaries used in the computational model are
highlighted in Fig. 3.3. Boundary conditions and solver are
designed to handle incompressible as well as mildly comSUHVVLEOHFDVHV PD[LPXPLQIORZ0D§ Table 1 gives
an overview about the physical reference parameter used
in the simulation.
Table 1 physical reference parameter

Reference parameter
pressure

101325 Pa

density

1.225 kg/m³

temperature

288.15 K

chord length

1m

ideal gas constant

The computational domain is discretized with an unstructured hybrid prism-polyhedral mesh. The mesh creation is
part of the simulation pipeline and uses the integrated
meshing algorithm provided by StarCCM+.
Polyhedral cells are advantageous as they have more
neighboring cells compared to hexahedral or tetrahedral
ones. Information, therefore, spreads faster through the domain leading to faster convergence [24]. This is especially
helpful in low Reynolds number cases, where the
freestream flow velocity is small. These cases were observed to require high numbers of iterations to achieve convergence. This can be roughly attributed to the slow
numerical information transfer that is somewhat proportional to the flow speed.

287.1 J/kgK

isentropic exponent

1.4

The magnitude of the inflow velocity is computed from the
user input Reynolds number and split into vector components via the specified angle of attack (see Eq. (1-2)).
ோ ή ఓೝ
ೝ ή ఘೝ

ݑ
ሬറ = ݑ ή ቀ
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cos ܣܣ
ቁ
sin ܣܣ

(4)

3.2.2. Mesh generation

1.81205 x 10-5 Pa s

viscosity

ఘή
ഋ
ቆ  ቇήఓೝ
ഋೝ

(3)

The physical approach implies that an increase in
freestream Reynolds number also increases the freestream
Mach number. A freestream Reynolds number of 7 million
leads to a freestream Mach number of 0.3. Up to this Mach
number, compressibility effects are of minor importance in
airfoil aerodynamics [23]. The current simulation process is
therefore limited to this Reynolds number. Higher Reynolds
numbers can be conveniently implemented by increasing
the airfoil’s chord length without affecting Mach number.
This, in turn, requires adjustments to all settings that are
affected by chord length and is currently not fully automated.

Fig. 3.3 Computational domain and boundaries (not to scale)

ݑ =

ଶ

ଷ

Solid wall

(1)

(2)
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The prism layer mesh discretizes the near-wall region to
sufficiently resolve gradients in the boundary layer. RANS
WUDQVLWLRQVLPXODWLRQVZLWKWKHȖ-Reș- RUȖmodel require a
very fine boundary layer discretization. The near-wall mesh
settings follow recommendations presented by Menter et al.
[9]. The process uses 40 layers of prismatic cells in the wallnormal direction. The layering follows a hyperbolic tangent
approach introduced in [25] (see Eq. (5))

ିଵቁቇ
ಿ

௧(ௌ)

a)
(5)

Eq. (5) takes values from zero to one, depending on the
layer number ni. Nt is the total number of prism layers. S is
a stretching factor and set to 1.5. Eq. (5) is multiplied with
the local prism layer thickness. This computes the wall distance of the respective cell layer and leads to the distribution shown in Fig. 3.4a. The first cell height is estimated with
Eq. (6-8) (adapted from [26]), whereby y+ is set to 0.2 in
Eq. (8). Extensive testing has shown that this guarantees y+
values in the converged solution that are consistently
smaller than 0.5 for all surface cells.
ܥ = (2 ή logଵ (ܴ݁) െ 0.65)ିଶ.ଷ
ೃήഋೝ
ቇ
ഐೝή
ೝ

b)

c)
Fig. 3.4 Computational mesh: a) close-up of prism layers, b) near
the airfoil, c) close-up wake refinement

(6)

The airfoil’s wake is significantly refined for 20 chord
lengths in order to capture fluctuations especially relevant
in cases with flow separation. Cell sizes in this refinement
area are in the order of the surface mesh. The length of the
wake refinement region was evaluated by multiple tests.
The direction of the wake refinement is adjusted for the inflow angle of attack.

మ

 ఘቆ

߬௪ =

ଶ

ȟ= ݏ

௬శఓ
ഓ

ೢ
ටഐఘ

(7)
(8)

The thickness of the prism layer mesh is calculated by estimating the height of a fully turbulent boundary layer at the
trailing edge (see Eq. (9) adapted from [26]). This equation
generally over predicts total boundary layer thickness as it
assumes fully turbulent flow. However, an integrated algorithm ensures that the total prism layer thickness is smaller.
It is adjusted to the local volume cell size, in order to guarantee a smooth transition between prism layer- and volume
mesh (see Fig. 3.4a).
ߜ=

.ଷή ೝ
ோ

భൗ
ఱ

The overall cell count in the simulations is usually between
320,000 and 400,000 depending on the airfoil. The final
mesh settings were evaluated by testing the settings for a
variety of airfoil shapes and Reynolds numbers. The results
of one mesh independence study are exemplarily shown in
Fig. 3.5. The cell count is here increased by globally decreasing the size of all cells simultaneously. All analyzed
parameters stagnate using more than 250,000 cells.
0.008

(9)

0.7
0.6

0.006

A change in Reynolds number automatically adapts prism
layer thickness as well as first cell height through Eq. (6-9).
It, therefore, requires a re-creation of the mesh.

Cd

0.5
0.4

0.004

0.3

The surface cell size is fixed to 0.4% of the chord length
with an additional refinement at the leading edge (see
Fig. 3.4b). This typically leads to around 600 cells discretizing the airfoil. Such fine mesh resolution is required to accurately capture transition effects at low Reynolds
numbers [9]. The appropriate surface cell size was determined by extensive testing of a variety of airfoils. It is a compromise between accuracy and computational effort.
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0.8

xtr

௧ቆௌቀ

݊(ݕ ) = 1 +

0.002

Cdf
Cdf
Xtr
x_tr

0.2

Cdp
C
dp

0.1

0.000

0.0
0

100

200
300
Cell count in thousands

400

Fig. 3.5 Mesh independence study for NACA 0016 at Re=500,000
based on friction drag, pressure drag and transition location.
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3.2.3. Turbulence and transition model

The Ȗ transition model avoids a second transport equation,
as turbulence intensity and pressure gradient parameter inside the boundary layer are approximated based on their
freestream values. For details refer to Ref. [9].
Both Ȗ-Reș and Ȗ transition model are coupled to the SST
model in the following way:

Turbulence is simulated with Menter’s SST model [10] that
effectively combines the advantageous of a k-İ formulation
in the far-field with a k-Ȧ formulation close to walls. The
SST model is widely used for aerodynamic simulations (see
[16, 27, 28]) and was validated multiple times. The modeled
eddy viscosity is transferred via a cubic non-linear constitutive relation into the fluctuating stress tensor. This was proposed by Hellsten [29] and derived as an explicit algebraic
Reynolds stress model. It greatly enhances the prediction
accuracy of anisotropy of turbulence.

డ(ఘ)
డ௧
డ(ఘఠ)
డ௧

Both Ȗ-Reș and Ȗ transition model use the concept of intermittency. The intermittency is an indicator of the state of the
boundary layer. A purely laminar boundary layer has an intermittency of 0, while a fully turbulent one has 1. Values in
between indicate transitional flow [21]. The Ȗ-Reș and Ȗ
transition model incorporate a transport equation for the intermittency. The intermittency formulation triggers transition
and is coupled to the SST turbulence model. It turns on the
production term for the turbulent kinetic energy downstream
of the transition location. The intermittency transport equation of the Ȗ-Reș model is shown in Eq. (10). This form is not
changed in the Ȗ model.
డ(ఘఊ)
డ௧

+

డ(ఘ ఊ)
డ௫

= ܲఊଵ െ ܧఊଵ + ܲఊଶ െ ܧఊଶ +

డ
డ௫

൬ߤ +

ఓ

൰

డఊ

ఙ డ௫

డ௧

+

డ(ఘ ோഇ )
డ௫

డ

= ܲఏ௧ + డ௫ ቂߪఏ௧ (ߤ + ߤ௧ )


డோ ഇ
డ௫

ቃ

డ௫

డ(ఘ ఠ)
డ௫

డ

డ

 +
= ܲ െ ܦ
ቂ(ߤ + ߪ ߤ௧ ) డ௫ ቃ
డ௫


=ߙ

ೖ
జ

(12)



െ ܦఠ + ݀ܥఠ +

డ
డ௫ೕ

ቂ(ߤ + ߪ ߤ௧ )

డఠ
డ௫

ቃ (13)

ܲ = ߛ ܲ

(14)

 = ݉݅݊൫݉ܽݔ൫ߛ , 0.1൯, 1.0൯ܦ
ܦ

(15)

Multiple airfoil test simulations using either the Ȗ-Reș and Ȗ
transition model yield very close results. Typically, the simulated drag force differs by a maximum order of 1.5% for a
variety of airfoils that were tested. Lift force is near to identical. The deviations in drag can be attributed to a slightly
different prediction of the turbulent transition behavior.
Fig. 3.6 shows the skin friction coefficient of a NACA 0016
at Re=1,400,000 and 0° angle of attack, computed with
Ȗ-Reș and Ȗ transition model. In this example, the skin friction coefficient simulated with both models is very similar,
except near the turbulent reattachment location. The Ȗ-Reș
model shows a steeper gradient of the skin friction coefficient compared to the Ȗ model. Additionally, the onset of
turbulent reattachment is slightly more aft.

൨ (10)

0.0

0.2

0.4

0.6

0.8

1.0

7.0

7.0

6.0
Cf x 10-3 [-]

5.0

(11)

6.0

Ȗ-Reștransition
Ȗtransition

5.0

4.0

4.0

3.0

3.0

2.0

2.0

1.0

1.0

0.0

0.0

-1.0

-1.0
0.0

0.2

0.4

0.6

0.8

1.0

x [-]

 eșt
Pșt is a source term that ensures the transported scalar R
follows the local freestream value of Reșt outside the boundary layer. Pșt is turned off inside the boundary layer via
some blending function. It effectively diffuses the
freestream transition onset momentum thickness Reynolds
 eșt .
number into the boundary layer as R
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డ(ఘ )

Pk and Dk are the production and destruction terms from the
standard SST model. Ȗeff is the effective intermittency that
is obtained by correcting ȖIURP(T (10) for separation induced transition effects (see [8]). Both Eq. (14) and Eq. (15)
directly show how the intermittency triggers production or
destruction terms for turbulent kinetic energy.

PȖ1 and E Ȗ1 are transition sources that include an onset
function to trigger the intermittency production. PȖ2 and E Ȗ2
are destruction sources and enable the model to predict relaminarization. The onset function in the transition sources
depends on the local vorticity Reynolds number and the critical momentum thickness Reynolds number Reșc, where intermittency first increases in the boundary layer. The critical
momentum thickness Reynolds number is connected to the
transition onset momentum thickness Reynolds number
Reșt via some empirical correlation. Reșt again depends on
local freestream values of turbulence intensity and pressure
gradient. Menter presents empirical correlations that link
turbulence intensity and a pressure gradient parameter to
the transition onset momentum thickness Reynolds number
in the freestream. The freestream Reșt is then diffused into
the boundary layer with a transport equation:
డ(ఘோ ഇ )

+

+

Fig. 3.6 Skin friction coefficient for NACA0016 at Re=1,400,000
and 0° angle of attack, computed with Ȗ-5Hș and Ȗ-transition model

Within the novel simulation procedure, the transition location is determined from the course of the skin friction coefficient. In case a laminar separation is present, transition is
assumed to be the point at which the skin friction coefficient
achieves a positive value after being negative in the laminar
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separation bubble. In case no separation occurs, transition
is assumed where the skin friction coefficient has the highest gradient after reaching its minimum. Differences in skin
friction calculation between Ȗ-Reș and Ȗ-transition model
might lead to a deviation of transition location in a maximum
order of 3% chord length.
The Ȗ-Reș transition model is enabled by default. If desired,
one can easily switch to the Ȗ-transition model within the
predefined simulation file.

௦௦௨

ࢌ

௦
ࢌ
= െܶ ή ܽ

4. EXAMPLES AND VALIDATIONS CASES

The solution algorithm uses a second-order upwind scheme
for discretizing convective fluxes and central differences for
diffusive fluxes. Cell center values and face gradients are
computed with a Hybrid Gauss Least Squares Method. The
pressure-based SIMPLE (Semi Implicit Method for Pressure Linked Equations) algorithm is employed to solve the
Navier-Stokes equations in the steady-state RANS formulation. A more detailed description of this method can be
found in Ref. [30].

The following section provides a series of validation cases
that were run to analyze the accuracy of the novel simulation procedure. The analysis of each airfoil only required the
specification of the airfoil shape, Reynolds number (range),
angle of attack (range) and turbulence intensity. The process is started and no further manual effort was necessary.
The results with the novel procedure are compared to wind
tunnel investigations found in the relevant literature. (see
Table 2). The airfoils are intentionally chosen to follow different design philosophies in order to provide a wide variety
of individual scenarios. The flow properties are adjusted to
those found in the description of the wind tunnel investigations.

Solution convergence is judged by monitoring lift, friction
drag, pressure drag and pitching moment individually. The
solution is stopped when all computed values do not
change more than 0.05% for 2000 iterations. This typically
leads to overall iteration counts between 15,000-50,000,
very much depending on Reynolds number and associated
flow speed. Flows governed by natural transition especially
involving laminar separation bubbles at moderate angle of
attack, might behave slightly unsteady. Such unsteadiness
can be well observed by small fluctuations of pressure drag
in the current approach. Within the converged case, pressure drag can slightly fluctuate around a constant mean
value. Multiple tests confirmed that in such cases, the mean
value of pressure drag in steady simulations is accurate
when compared to time resolved simulations. The steady
approach is therefore chosen as default. The user might
switch to an unsteady solver if desired (high angle of attack,
large separation) and can adjust the convergence criteria
accordingly.

Table 2 Validation cases
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௦
+ ࢌ
൯

Re x106

Airfoil

T. i.

Reference

0.2 - 0.46

<0.1%

Selig et al. [31]

1.0

<0.05%

Althaus et al. [6]

FX05-188

1.0 - 1.8

<0.02%

Wortmann [32]

NLF 10-15

0.5 - 1.0

<0.04%

Evangelista et al. [33]

0.68

<0.08%

Sheldahl et al. [34]

E387
SM701

NACA 0015

4.1.

Eppler 387

The Eppler 387 low Reynolds number airfoil (see Fig. 4.1)
has been intensely studied in different wind tunnels and
with numeric methods (e.g. [31, 35]). It has become a
standard test case for the evaluation of novel computer
codes.

Airfoil forces are calculated by a discrete integration of both
pressure and shear stresses on each surface cell of the airfoil (Eq. (16)). Pressure force acting on one surface cell is
computed as the difference between acting pressure and
reference pressure multiplied by the cell’s face area vector
(Eq. (17)). Friction is computed by multiplying the shear
stress tensor with the cell face area vector (Eq. (18)). The
integrated force is multiplied by a direction vector that depends on the angle of attack. Drag is measured in flow direction and lift perpendicular. Airfoil moment is computed in
a similar manner by multiplying shear and pressure force
on one surface cell with the respective cell’s distance vector
to the reference point. Moment reference point is taken as
quarter chord.
௦௦௨

(18)

Forces and moments are normalized via the dynamic pressure and a reference area of 1 m² (1 m reference chord for
moment coefficient). Lift coefficient, friction and pressure
drag coefficients as well as pressure coefficient- and skin
friction coefficient distribution are exported in “.csv” format.

3.2.4. Numerical solution and export

 = ݁ܿݎܨσ൫ࢌ

(17)

= ൫ െ  ൯ ή ܽ

Fig. 4.1 E387 airfoil, max. t/c=9.1%, max. camber=3.2%

A comparison of simulated and measured data of the E387
airfoil is given in the following Fig. 4.2 to Fig. 4.6 .

(16)
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Fig. 4.2 Lift and moment coefficient of E387 at Re=460,000 with
experimental data from [31]
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Fig. 4.3 Drag polars of E387 with experimental data from [31]
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Laminar separation - Simulation
Turbulent reattachment - Simulation
Laminar separation - Selig et al.
Turbulent reattachment - Selig et al.
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8
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0.002
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0.000

-0.002

-6
0.0
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0.8

1.0

-0.004
0.3

Fig. 4.4 Laminar separation and turbulent reattachment locations
of E387 at Re=200,000 with experimental data from [4]

0.4

0.5
x/c

0.6

0.7

Fig. 4.5 Oil film image of transition region on E387 at Re=300,000
and 5° angle of attack and simulated course of skin friction coefficient. Oil film image reprinted with permission from [31]
-1.0
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-0.5

0.0

Simulation Re=200,000
Simulation Re=460,000
McGhee et al. Re=200,000
McGhee et al. Re=460,000

0.5

1.0
0.0
Fig. 4.6 Streamlines on top surface of E387 airfoil with local skin
friction coefficient and intermittency at Re=200,000 and 0° angle
of attack
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Fig. 4.7 Pressure coefficient of E387 at 3° angle of attack with
experimental data from [35]
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Simulated and measured lift and moment data of the airfoil
at a Reynolds number of 460,000 are shown in Fig. 4.2.
Both numeric and experimental values agree. Maximum lift
is slightly overpredicted by about 4% and the angle for maximum lift is roughly a degree higher in the numeric simulation. A slight overprediction of maximum lift was noted on
several occasions and is associated with a too late separation prediction by the turbulence model.
The drag polar of the airfoil at two Reynolds numbers is
shown in Fig. 4.3. Numeric simulation and experiment
match with deviations being below 3% for Cl<1. Higher deviations are found at high-lift conditions for which drag values are affected by large separation areas.
The E387 in the low Reynolds number regime features a
prominent laminar separation bubble. The laminar separation bubble is responsible for a large amount of the airfoil’s
total drag. It must be accurately modeled by the numeric
approach in order to capture its effects. Fig. 4.4, therefore,
shows a comparison of the location of laminar separation
and turbulent reattachment of the E387 airfoil at
Re=200,000. The experimental values are found by means
of oil film technique, while numeric ones are determined
from the local skin friction coefficient. Experimental and numeric data show good comparison up to 8° angle of attack.
Both separation and reattachment location are sharply
shifted forward in high-lift condition, which is well captured
by the simulation. However, the simulation shows a turbulent reattachment location that is about 5% of the chord
length more aft than measured in the wind tunnel. This correlates to an increased drag compared to wind tunnel data
also evident in Fig. 4.3. With the bubble becoming very
short, accurate measurement of the separation and attachment location with oil film technique gets complicated. The
deviations between experiment and numerical simulation
might, therefore also have their origin in measurement inaccuracies.

using oil film technique with the course of the skin friction
coefficient as simulated with the novel approach. The oil
film image shows flow separation at about 40% chord
length, which goes along with the skin friction coefficient becoming negative. Turbulent reattachment takes place at
about 60% chord length, where the skin friction coefficient
becomes positive again. Shortly before that, oil is accumulated at about 55% chord length. This is represented by the
negative spike in skin friction coefficient and also described
by Selig [31].
Oil accumulation and negative spike in skin friction coefficient are associated with a strong flow circulation zone
shortly before turbulent reattachment takes place. The process can be identified in Fig. 4.6, according to the streamlines on the upper surface. This figure also shows the
intermittency that is used to trigger the transition process.
The intermittency increases sharply within the strong recirculation zone and triggers the production of turbulent kinetic
energy in the SST model. The freestream flow around the
airfoil has an intermittency of 1.0 and is treated as turbulent,
as the Ȗ-Reș model is a wall-bounded transition model.
A comparison of measured and simulated pressure coefficients on the airfoil’s surface is shown in Fig. 4.7. Transition
is evident through the pressure jump at about 60% and 65%
chord length, respectively. The simulated pressure coefficient matches the experimental values and accurately represents the pressure jump associated with the transition
process.

The skin friction coefficient is well suited to identify the start
and end of separation bubbles as shown in Fig. 4.5. This
figure compares the visual identification of transition effects
4.2.

XFOIL is able to produce adequate data as well, however,
more significant deviations are found for the moment coefficient.
The simulated airfoil’s drag polar is shown in Fig. 4.10 together with experimental data and an XFOIL analysis. Drag
simulated with the novel approach is very close to wind tunnel data with deviations on the order of 4% for moderate lift.
Both the extent of the laminar bucket at low lift conditions,
as well as drag at high-lift conditions match wind tunnel
data. XFOIL, however, significantly under predicts total
drag, while the extent of the laminar bucket is approximately
comparable. At moderate lift conditions, the XFOIL drag
values are between 13% and 18% lower than compared to
wind tunnel data. This behavior was also noted by Althaus
and Wurz [6] and a similar one found by Ramanujam
et al. [7]. Further analysis has shown that XFOIL gives

Somers Maughmer 701

The SM701 (see Fig. 4.8) was designed as a sailplane airfoil and investigated by several researchers in different wind
tunnels (see [6, 36]).

Fig. 4.8 SM701 airfoil, max. t/c=16.0%, max. camber=3.0%

Lift and moment data simulated with the novel procedure
are compared to experimental values and an XFOIL analysis (N=9) in Fig. 4.9. The novel approach simulates lift and
moment of the airfoil very close to wind tunnel results.
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much lower pressure drag values than compared to the
novel simulation procedure. Friction drag, on the other
hand, is very close. No further attempt is made to analyze
2.2

Cl Simulation
Cl Althaus and Wurz
Cl XFOIL
Cm Simulation
Cm Nicks et al.
Cm XFOIL

2.0
1.8
1.6
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0.8
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0.0

-0.20

0.0
0.000

-5
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5

10
AoA [°]

15

20

Fig. 4.9 Lift and moment coefficient of SM701 airfoil at
Re=1,000,000 with experimental data from [6].

4.3.

Simulation
Althaus and Wurz
XFOIL

1.6

0.08

1.4
Cl

the origin of the deviations found for XFOIL as this is beyond the scope of this paper.
The novel simulation approach shows a higher level of accuracy than compared to XFOIL.

0.005

0.010

0.015

Cd

0.020

Fig. 4.10 Drag polar of SM701 airfoil at Re=1,000,000 with experimental data from [6]

Wortmann FX05-188

-2.0

The Wortmann FX05-188 airfoil is intended as a natural
laminar flow airfoil for sailplanes and helicopters. It is designed for a Reynolds number range between 0.5 - 3.0 million. The airfoil’s shape is shown in Fig. 4.11 while Fig. 4.12
to Fig. 4.14 compare simulated data with available wind
tunnel studies.

Simulation 2°
Wortmann 2°
Simulation 6°
Wortmann 6°

-1.5
-1.0

Cp

-0.5
0.0
0.5
1.0
0.0
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x/c

0.6

0.8

1.0

Fig. 4.13 Pressure coefficient of FX05-188 at Reynolds
number 1,500,000 with experimental data from [32]
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Fig. 4.11 FX05-188 airfoil, max. t/c=18.8%, max. camber=2.6%
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Fig. 4.12 Lift coefficient of FX05-188 airfoil at Re=1,500,000
with experimental data from [32]
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0.020

Fig. 4.14 Drag polars of FX05-188 airfoil with experimental
data from [32]
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The airfoil’s lift-curve slope simulated with the novel approach matches the one found by experiments from Wortmann [32]. However, simulated lift at higher angles of attack
differs from what is found in the experiment. The simulation
predicts a higher maximum lift coefficient at a smaller angle
of attack.
The cited airfoil lift from Wortmann was measured in the
laminar wind tunnel of the University of Stuttgart. Wortmann
states that due to the dimensions of the wind tunnel test
section, maximum lift is measured with high uncertainty and
typically too small. This is evident comparing measurements of NACA 6-series airfoils in the University of
Stuttgart’s wind tunnel with measurements taken in the
NACA low turbulence tunnel [32]. Deviations between simulation and measurement at high-lift conditions must therefore also be attributed to measurement inaccuracies. The
deviations found for the lift coefficient are also visible in the
pressure coefficient plot shown in Fig. 4.13. The simulated
pressure coefficient on the lower side of the airfoil matches
4.4.

the experimentally found one for both presented angles of
attack. However, the simulation gives smaller pressure coefficients on the upper side compared to the experimental
data at 6° angle of attack. This goes along with a higher
airfoil lift, and confirms the findings presented in Fig. 4.12.
Fig. 4.14 shows the drag polar of the FX05-188 at two different Reynolds numbers. Again, novel simulation approach and measurement coincide at moderate lift
conditions but deviate with higher lift. Reynolds number effects on total airfoil drag are evident and can be captured
with the novel approach.

NASA NLF 10-15

1.8
1.6

The NASA Natural Laminar Flow 10-15 airfoil (see
Fig. 4.15) was designed for high-altitude long-endurance
unmanned aircraft and investigated in [33, 37].

1.4
1.2
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1.0

Simulation Re=5x105
Evangelista et al. Re=5x105
XFOIL Re=5x105
Simulation Re=1x106
Evangelista et al. Re=1x106
XFOIL Re=1x106

0.8
0.6
0.4
0.2

Fig. 4.15 NLF 10-15 airfoil, max t/c=15.0%, max. camber=4.3%

0.0
-0.2
0.000

Airfoil lift and moment simulated with the novel approach
are in agreement with wind tunnel data presented in
Fig. 4.16. Maximum lift is over predicted, by about 6%. An
additional XFOIL simulation (N=9) shows a similar level of
accuracy with even a better prediction of the lift coefficient
at high angles of attack.
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Fig. 4.16 Lift and moment coefficient of NLF 10-15 airfoil at
Re=1,000,000 with experimental data from [33]

©2020

0.010

Fig. 4.17 Drag polar of NLF 10-15 airfoil with experimental data
from [33]
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Cl XFOIL
Cm Simulation
Cm Evangelista & Vemuru

1.6

0.005

Fig. 4.18 Pressure coefficient of NLF 10-15 at Re=1,000,000 with
experimental data from [33]
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The airfoil’s drag polar is presented in Fig. 4.17, together
with wind tunnel data and XFOIL simulations. The novel approach gives close results compared to wind tunnel data at
both presented Reynolds numbers for moderate lift (drag
deviations <5%). At high lift conditions, simulated drag is
higher than measured in the wind tunnel.
The XFOIL simulation again shows a too small drag, over a
wide range of moderate lift coefficients. However, the
course of the drag polar qualitatively matches wind tunnel
data.

The novel simulation approach shows superior accuracy for
simulating airfoil drag compared to XFOIL.
An exemplary plot of the pressure coefficient on the airfoil’s
surface is given in Fig. 4.18. The simulation is able to accurately capture the jump in pressure associated with boundary layer transition (upper surface x/c=0.65, lower surface
x/c=0.77) and the general behavior of the pressure coefficient.

4.5.

conditions. XFOIL shows a non-linear lift curve slope already in moderate lift conditions and too high lift values
above 7° angle of attack.
The simulated moment coefficient gives a trend that agrees
to the measurements but with percentage deviations in the
order of 50% due to the small absolute values. XFOIL
shows a similar trend but with higher deviations to wind tunnel data.
The simulated drag polar of the airfoil is presented in
Fig. 4.21 together with experimental results and XFOIL calculations. The novel simulation approach gives results that
are very close to experimental ones with slight deviations at
high-lift conditions. XFOIL gives good results at moderate
lift conditions but shows too small drag values in high-lift
conditions.

NACA 0015

The NACA 0015 is a basic symmetric airfoil shape often
used for tail sections. It was investigated several times (e.g.
[34, 38] ) in various wind tunnels.

Fig. 4.19 NACA 0015 airfoil, max. t/c=15%, max. camber=0%

Lift and moment coefficient of the airfoil simulated with the
novel procedure are compared to wind tunnel measurements and XFOIL computations (N=9) in Fig. 4.20. The
novel approach captures the lift characteristics up to stall
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Fig. 4.20 Lift and moment coefficient of NACA 0015 airfoil at
Re=680,000 with experimental data from [34]
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0.040

Fig. 4.21 Drag polar of NACA 0015 airfoil at Re=680,000 with experimental data from [34]

5. CONCLUSION

simulating lift, drag, moment, and transition behavior for all
presented cases. Slight deviations between experiments
and simulation are usually restricted to high-lift conditions
while very good accuracy is achieved at moderate lift conditions. The novel procedure shows far superior performance for simulating airfoil drag affected by transition
bubbles in direct comparison to XFOIL.
The novel method gives engineers and researchers the opportunity to perform large-scale aerodynamic studies with
RANS CFD at a level of automation that was previously only
achievable with panel methods.

The paper presents a novel approach to automate low
Reynolds number RANS airfoil simulations with transition
effects. The new procedure combines existing software
tools in an innovative way and reduces human interacting
to specifying airfoil shapes and flow properties.
Ȗ-Reș and Ȗ transition model are coupled with the SST turbulence model to predict laminar to turbulent transition also
capturing the significant effects of transition bubbles. Both
transition models show very similar results.
The application of the novel method is demonstrated by
comparing numerical simulations of a wide variety of airfoils
with wind tunnel data. The novel procedure is accurate in
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