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ABSTRACT

The aim of this work is the DNS of local instabilities
behind the step of a laminar airfoil. As a reference-
configuration the laminar airfoil of the "ProWinGS"
Project was chosen, as investigated in the DNW-
NWB wind tunnel. The character of the dominat-
ing Tollmien-Schlichting (TS) waves on this profile
allows 2D simulations of the flow-field by using a
well-validated high-order numerical approach (see
[2]), which will be sufficient for a detailed simulation
of transitional modes in the region of interest.

All calculations were carried out on the original
airfoil-geometry by using an entirely meshed step-
geometry of the wind tunnel model. An extraction of
the critical area allowed efficient time-accurate sim-
ulations of the instabilities near the step. For the
extracted boundary-layer, unsteady perturbations
were added at inflow, which resemble TS-modes in
the step-region. Determining growth rates of these
modes allow comparison with LST and the predic-
tion of the laminar-turbulent transition. The middle
part of the profile nose in the open test-section of
the DNW-NWB contains an adjustable inset to al-
low settings of different forward and backward facing
steps.

1. INTRODUCTION

Design criteria of commercial aircraft are mainly ori-
ented by economical and ecological aspects and in
particular the necessity to reduce fuel consumption.
The efficiency of such an aircraft can be improved

by a reduction of the total aerodynamic drag. For
a common wing-profile under subsonic conditions,
the friction-drag is the dominant part in the drag
budget and its reduction will result in distinct sav-
ings. The friction drag of the laminar Boundary-
Layer (BL) is generally lower in the subsonic flight
regime in comparison with a turbulent BL. In gen-
eral, such an airfoil exhibits laminar BL-profiles in
the beginning, before the transition to the turbulent
state appears. Consequently, an effective approach
for drag-reduction is the application of laminar wings
or the application of laminarization by suction or
blowing [3, 4].

For present technical applications transition predic-
tion in laminar boundary-layers is mainly carried out
by local and non-local Linear Stability Theory (LST)
since alternatives like Direct Numerical Simulation
(DNS) of complete configurations are computation-
ally too expensive for realistic Reynolds numbers.
Though proven as a reliable tool for aircraft design,
LST techniques are restricted in different ways, for
example their restricted applicability for separated

Figure 1: Investigated laminar-profile in the open
DNW-NWB section



boundary-layers due to the parallel flow approach.
A physics-based simulation technique would conse-
quently provide insight into the transition scenario
in such complex flow-fields and furthermore allow a
verification of given LST methods, including empiri-
cal corrections for geometry-imperfections.

For this purpose, numerical studies of different ac-
curacy and effort are possible, starting from stability
calculations coupled with standard CFD simulations
of entire configurations as well as basic studies of
local boundary-layer flow by DNS. All these tech-
niques have to be verified by analytical solutions and
validated by experimental data from literature.

Tollmien-Schlichting (TS) waves are well known
as primary instabilities in the transition process
of boundary-layers from laminar to turbulent flow
(Tollmien [5], Schlichting [6]). Since these modes
are essentially two-dimensional instabilities their
properties can be described by time accurate two-
dimensional simulations, resolving the perturbation
flow. For this purpose a 4th-order finite difference
CFD code is chosen to resolve the modes of inter-
est even at a limited grid resolution [7].

In the following study, validations between DNS and
LST simulations of the 2D modes are discussed.
They are shown, based on boundary-layer profiles
examined by Seitz [8] in comparison with results
from the LST. Temporal approaches as well as spa-
tial simulations by DNS are compared with LST data
containing the growth rates and the perturbation
profiles. Furthermore, physical questions like in-
fluences of steps at realistic laminar airfoils on TS-
wave amplification will be addressed.

For manufacturing reasons, a realistic wing is never
expected as an ideal perturbation-free surface, so
influences of surface imperfections must be taken
into account for the laminar-wing design with or with-
out suction. Influences of these surface bumps or
steps by rivets or joints of wing-panels must be
predictable within the design-loop by quick generic
computational tools, due to their essential influence
on the position of transition and consequently the
friction-drag. For this reason, detailed analysis of
the physics behind these influences of surface im-
perfections on boundary-layer stability is an impor-
tant task for future laminar aircraft configurations.

Within this study, perturbations of the laminar
boundary-layer, generated by a forward facing step
(see Fig. 2) will be investigated numerically in
detail with respect to transitional two-dimensional
boundary-layer modes such as Tollmien-Schlichting
(TS) waves. The behavior of these instabilities will
be predicted by Direct Numerical Simulations (DNS)
of their transitional growth in the laminar boundary-
layer over the step, including non-linear effects in
the boundary-layer up- and downstream of the step.
The application of standard methods like the Linear

Stability Theory (LST) is generally not possible in
this region without additional assumptions, since di-
rectly at the step a singular behavior of the flow is
observed. In contrast, the direct simulation of TS-
waves provides a high resolution of the phenomena
behind the step, including non-linear viscous effects.
It is only limited by the two-dimensional approach of
the x-y grid.

A destabilizing effect of the step was shown in dif-
ferent studies [9], by investigating the growth of BL-
instabilities behind steps of different physical di-
mensions. This additional amplification of TS-waves
in plane BL will finally result in an earlier transition
downstream of the step region.

Figure 2: Pressure (cp) distribution at a forward-
facing step including time-averaged streamlines
from DNS-simulations on the refined partial grid

step

Figure 3: Pressure distribution from the 4th-order
finite difference scheme on the fine grid (detail)



For comparison with the numerical flow-
calculations, within the LUFO-DLR project
ATLATUS a wind tunnel model was manufactured
with a pressure distribution in the center-line, similar
to a realistic laminar wing-profile of a commercial
airplane (see Fig. 3). This configuration (see Fig.
1) was measured in detail in the DNW-NWB at
the DLR-Braunschweig by various methods, i.e.
infrared thermography for receiving the transition-
location. For this purpose, the laminar-airfoil
contains an adjustable step in the leading-edge
region at 20% wing-chord.

Time-resolved numerical calculations were carried
out by the structured Navier-Stokes solver FLOWer,
using a 4th-order finite difference (FD) scheme in
implicit formulation, stabilized by high-order Pade-
filters as implemented by S. Enk [7]. While the
standard-version of this code provides second-order
finite volume formulations for highly accurate and
robust steady RANS-simulations [10], unsteady di-
rect simulations of Boundary-layer-modes and their
growth can be predicted by the high-order approach.
This method was widely validated in former studies
for different flow-conditions (see [1, 2]). In the fol-
lowing section, the second-order scheme is used for
steady RANS-results of the complete wing-profile
on sufficiently resolved grids for the base-flow un-
der various angles of attack. These grids are nev-
ertheless not sufficient for a suitable resolution of
transitional modes. The TS-modes are calculated
on even finer grids by FD. Since no cross-flow com-
ponents are apparent in the boundary-layer of the
wind tunnel model, two-dimensional simulations are
sufficient as long as the breakdown to turbulence
does not appear and nonlinear effects can be omit-
ted.

To reduce computational costs, the calculation re-
gion of the DNS is restricted to a section in the
periphery of the step, using an extensively refined
mesh to resolve TS-waves with at least 40 cells per
wavelength. For the gradients near the step, the
grid is especially improved directly at the corner of
the step. The steady flow-field of the wing-profile
is calculated by the finite-volume scheme, includ-
ing a predicted transition location and the k-ω–SST
RANS-model for the turbulent part of the BL. The
predicted flow-field allows a direct comparison to
the data of the wind tunnel experiment in the DNW-
NWB. The results of the RANS-calculations were
used as a start-up for the direct simulations and in-
terpolated on the refined grid. The boundary-layer
at the inflow was kept fixed along the unsteady sim-
ulation, since the perturbations are expected to act
as small superpositions.

Numerically, the inflow BL of the region near the
step is almost free of perturbations and needs an in-
jection of defined instability-modes. For this reason,
a mono-frequent disturbance with a given amplitude
in the wall-normal velocity-component is added at

the inflow-boundary of the refined grid and the re-
sulting amplified waves are investigated behind the
step in comparison with the predicted instability sce-
nario. Based on this results a validation of empirical
transition-criteria, including the step dimension ad-
ditionally to the standard LST-approach, will be pos-
sible.

2. NUMERICAL SIMULATION TOOLS

2.1. Direct numerical simulation

The direct numerical simulations are carried out
by a 4th-order compact finite difference version
of the DLR Flower-code implemented by Enk [7].
While the basic FLOWer-code solves the compress-
ible Reynolds-averaged Navier-Stokes equations on
block-structured grids with second-order finite vol-
ume techniques, the high-order version uses 4th-
order central differencing based on a standard com-
pact approach, including the complete infrastructure
of the code. High-order compact filters are applied
at the end of each time step.

2.2. Basic equations

The basic equations and numerical schemes of the
compressible high-order FLOWer-code will be de-
scribed in the following [7]. Generally a 4th-order
central differencing scheme based on a standard
compact approach was used for the DNS. High-
order compact filters, that are applied at the end
of each time step and sponge-zone boundary con-
ditions are optional to reduce reflections. For the
present work a 6th order filter and the standard con-
servative form of the Euler terms is chosen. Time
advancement is applied by a five-step second-order
Runge-Kutta method. The solved equations for a
perfect gas with density ρ, velocity components ui,
pressure p and internal energy e, are written in con-
servation law form as
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where E = e+uiui/2. Especially for a temporal TS-
wave simulation, forcing terms fi and g are included
in the right hand side of the equations, such that a
specified parallel base flow ρ(y), ui(y), E(y) is time
independent for comparisons of DNS results with
the temporal LST data. In practice these terms are



evaluated numerically within the code by computing
and storing the initial residual. For spacial simula-
tions of TS waves, no source terms are necessary,
since the boundary-layer will grow naturally, in these
cases fi and g are always zero. The equations are
closed with the perfect gas law and the constitutive
relations for qi and τij [7]. This approach is used
without modifications as a basis for all calculations
on different grids.

2.3. Linear stability theory

For the following investigations, the local linear ap-
proach is applied which is a subset of the non-local
stability equations. The Lilo-code [11, 12], which is
a spatial linear stability solver, is a development of
Airbus and can be used for linear stability analysis
as well as parabolized stability equations.

The stability equations are derived from the conser-
vation of mass, momentum and energy, governing
the flow of a viscous, compressible, ideal gas, for-
mulated in primitive variables. All flow and mate-
rial quantities are decomposed into a steady laminar
base flow q̄ and an unsteady disturbance flow q̃.

q(x, y, z, t) = q̄(x, y) + q̃(x, y, z, t) (4)

The perturbation q̃ is represented as a harmonic
wave

q̃(x, y, z, t) = q̂(x, y) exp[i(αx+ βz − ωt)] (5)

with the complex valued amplitude function q̂. Since
LILO is a temporal code, the frequency ω is a com-
plex value while the wave numbers α and β are real
quantities. The growth rate is defined by ωi, which
is the imaginary part of the complex frequency. For
validations by TS-waves the chosen DNS approach

Figure 4: Example for n-Factor curves of the
ATLATUS-airfoil along the chord x/c for the wing-
profile design

is inherently temporal, so a direct comparison be-
tween DNS and LST is possible. LILO is validated
by several test cases against published results, in-
cluding DNS, PSE (parabolized stability equations),
multiple scales methods and LST. For the ATLATUS
wind tunnel campaign, transition lines of the smooth
airfoil without step were calculated very successfully
in the design phase by this tool in combination with
the BL-solver COCO from the same toolbox (see
Fig. 4).

3. GRIDS AND FLOW-CONDITIONS

3.1. CFD-grids

All simulations were carried out on structured 2D-
grids around the laminar wind tunnel airfoil (Fig. 5).
A C-topology of the grid was chosen by using a hy-
perbolic grid-generator. Refinement of the global
grid with 35200 elements was introduced in the
wake and in regions with strong pressure-gradients,
such as the forward-facing step at 20% chord. For
all steady RANS-simulations, only grids around the
entire wing-profile are in use, while DNS of the
unsteady behavior of TS-instabilities is always cal-
culated on refined mesh-parts around the step.
This cut-out section with about 200000 elements is
shown in Fig. 6. Up to 396 zones where chosen
for the parallel calculations. Such a high domain-
decomposition was necessary, due to the costly
unsteady simulations of the traveling TS-modes in
the boundary layer. Near the step, a high equidis-
tant resolution in streamwise-direction was chosen,
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Figure 5: CFD grid for RANS-simulations with-
out step around the profile (scaled by the chord
c = 2, 75m)
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Figure 6: Overview of the extracted grid-part in the
step-region for DNS-calculations, scaled by the pro-
file depth c = 2, 75m

which was well-adapted for the study of TS-growth
[1]. For this purpose an additional script interpolated
additional cells in streamwise direction, by keeping
the shape of the original profile. The wall-normal
cell-spacing was kept from the steady simulation,
since former validation-studies have shown a suf-
ficient resolution for the TS-waves in this region.
The use of an automated refinement allowed free
choice of DNS-cutouts, blockings and refinement-
parameters near the step and resulted in a quick
grid-generation for parameter studies. The tem-
poral calculations of the laminar-airfoil use a pre-
scribed inflow boundary condition with an approx-
imated unsteady perturbation-profile and a simple
extrapolation-condition at outflow in wall-normal di-
rection. The perturbation-profile is harmonically var-
ied in time, to introduce a well-defined amplified
mode into the boundary-layer. No-slip walls at adia-
batic wall temperature are applied. At the farfield-
boundaries, characteristic conditions, including a
standard sponge-layer are used. The initial steady
solution for generic boundary-layers and for inflow
conditions is obtained from the RANS solution of the
entire grid and interpolated onto the DNS-region.

3.2. Inflow-conditions

As a computation base for the local DNS around the
step of the ATLATUS-model, the calculated pres-
sure distribution is compared with the DNW-NWB
data (see section 4.2). For this study, only one
set of conditions is chosen, detailed comparisons

Table 1: Reference-parameter for the RANS and
DNS-simulations

U∞ 80 m
s

M∞ 0, 2292

Rec 13769040

α −0.3 ◦

T∞ 303, 15 K

p∞ 101325 Pa

Pr 0, 72

are found in [13]. In accordance with the DNW-
NWB conditions, inflow velocities were set in the
far-field at u∞ = 80m

s
and an angle of attack α

of −0.3 ◦ which is the design-angle. These steady
calculations were carried out for the profile with-
out step, except some preliminary tests of the nu-
merical scheme and base-simulations for the DNS.
Due to the airfoil-design in the wind tunnel in com-
parison with the CFD-grid, an angle-correction was
necessary for direct comparisons, this difference-
angle is already included in the following descrip-
tions of all test-cases. All parameters for the fol-
lowing RANS-results are specified in Tab. 1. For
additional temporal validation test-cases a Mach-
number M∞ = 0.204, a Reynolds number based
on the displacement thickness of Reδ1 = 2900, cor-
responding to flight No. 8, Measuring point 13 at
x/c = 0.34 from the flight-experiments of Seitz [8], is
considered. The wall-normal co-ordinate as well as
all other quantities derived from spatial co-ordinates
are normalized by the displacement thickness. This
temporal DNS of the instabilities is initialized by an
artificial disturbance at t = 0 which is given by a de-
caying v-velocity component with a harmonic part in
streamwise direction. For the perturbation-profile, a
general analytic function in the wall-normal velocity-
component that mimics the perturbation-profile of a
TS wave by a quadratic exponential profile. This
add-on function in space is given at the initial time-
step by:

v′ = vamp · exp(−(y − ymax)
2) · sin(αx) (6)

which is a typical approximation for a TS wave in
space it will decay during the first few thousand
time steps while the amplified eigenfunction at the
boundary-layer will develop. Here vamp is the ampli-
tude while ymax is the respective wall-normal loca-
tion of the maximum in the profile.



Figure 7: Development of TS waves in a subsonic
boundary-layer at M∞ = 0.204, Reδ1 = 2900. Top:
pressure contours, bottom: contours of normal ve-
locity

4. NUMERICAL RESULTS

4.1. Validation of the DNS simulation tool by
comparison with flight-test data

As a first step the abilities of the code in predicting
growth rates of TS waves by a temporal approach

Figure 8: DNS and LST of a TS wave at M = 0.204,
Reδ1 = 2900, U∞ = 85.4m/s, (a) comparison of
eigenfunction shape. (b) Direct numerical simula-
tion of perturbation-amplitude (symbols) and linear
fit of the growth rate (solid line)

are tested. Comparisons are carried out with flight-
data from Seitz [8] (see 3.2). Pressure and velocity
contours for temporal DNS calculations of TS waves
are shown in Fig. 7 for the boundary-layer flow at
M∞ = 0.204, Reδ1 = 2900 to provide an overview of
the mode shape in terms of these quantities. From
these simulations, perturbation-profiles and amplifi-
cation rates are extracted as shown in Fig. 8 in com-
parison with LST data. As shown in (Fig. 8b). Very
good agreement is achieved for the eigenfunctions
as well as for the amplification rates [1], which de-
viate by less than 0.4%. Therefore, the high-order
approach for the direct simulation of TS-modes is
well justified by these calculations.

4.2. Steady RANS-results, including LST

In the following section, the pressure-distribution
of the 2D RANS-result of the laminar-airfoil with-
out step are compared with DNW-NWB measure-
ments. Furthermore, comparisons of different nu-
merical approaches, used for RANS or DNS pre-
dictions, are cross-checked for the geometry with
forward-facing step.

in Fig. 9, the pressure-coefficients from simulation
and experiment are compared for the conditions
from Tab. 1. Due to differences in the inflow defini-
tion and especially non-planar effects of the model
flow-field in the center-cut, a shift in the pressure
distribution is visible by two scales, used in the ordi-
nates. This offset in cp is not a severe concern for
the following calculations, since the main influence
on TS-wave growth is the pressure-gradient in the
area of interest, which is in good agreement near
the step-position. Further downstream and on the
leeward side, additional differences in the pressure
distribution are visible, they are of minor interest,
since in these regions the breakdown to turbulence

Figure 9: Pressure distribution for geometry with-
out step from RANS-results in comparison with
wind tunnel data



Figure 10: Comparison of the pressure distribution
including step. RANS calculations from different nu-
merical schemes with step along the laminar profile
at α = −0.3 ◦

is already apparent and would make TS-wave simu-
lations pointless.

To evaluate the RANS-results for the wing-profile
with step and to cross-validate second-order finite-
volume predictions with the implicit finite-difference
approach, steady calculations were carried out on
grids of different resolution around the entire airfoil-
cut. The results for both numerical schemes are
nearly identical, as shown in Fig. 10. In the re-
gion of the step, a suction peak is generated and
equally well predicted by both schemes. The domi-
nating influence of the step on the surface pressure
decreases further downstream, as demonstrated in
the diagram. Very small deviations in the range of
∆cp ≈ 0, 002 appear near the step, since higher-
order schemes have the capability to resolve gradi-
ents near the singularity, even on the comparatively
coarse grid resolution.

4.3. Spacial DNS-simulation of TS-waves be-
hind the step

With the validated technique of direct TS-mode cal-
culation, the development of TS-waves over the for-
ward facing step with re-circulating flow is investi-
gated by the implicit FD-approach. The capabilities
of the code have been demonstrated as well in for-
mer studies [1] by generic step-geometries. Flow-
conditions are taken from Tab. 1 for the standard
wind-tunnel investigations. The steady base-profile
at inflow was extracted from the Navier-Stokes sim-
ulations of the steady boundary-layer and interpo-
lated onto the refined partial grid. Approximations

Figure 11: TS-wave behind step: Perturbation pres-
sure of the transitional mode from DNS on the re-
fined grid (base flow with superimposed instability
contours)

of TS-mode perturbation-function at a small ampli-
tude A0 of 0, 2% wall-normal velocity are added to
the steady inflow velocity-profile. This amplitude
was chosen in order to stay safely in the linear
regime of the perturbation, everywhere in the air-
foil boundary-layer of the extracted DNS-part. From
the prescribed perturbation, the boundary layer up-
stream of the step will filter the final TS-wave, which
will be investigated behind the step.

The resulting contours of the perturbation pressure
along the boundary-layer are shown in Fig. 11 for
the perturbed flow in a selected region to demon-
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Figure 12: Surface-pressure distribution from DNS
on the grid-detail on the upper part of the profile be-
hind the step



strate the mechanism of instability generation. In
this region, the perturbations are visibly amplified,
as shown in the subsequent diagram of the surface
pressure, where the singularity of the step appears
at at x/c = 0.2, while the unstable mode is growing
from x/c = 0.21 on (Fig. 12).

5. CONCLUSIONS

The goal of this work was the direct simulation of
local instabilities behind a forward-facing step on a
laminar airfoil in the DNW-NWB wind tunnel. For
this reason a well-validated high-order numerical
scheme was chosen for direct simulations of the
transition-modes, which has been shown to be well-
suited for growth rate-predictions of BL instabilities.

Steady 2D RANS-simulations with a second-order
finite volume scheme and a two-equation RANS-
model as well as DNS on the laminar airfoil-
geometry have shown good agreements with
wind tunnel data in comparison with pressure dis-
tributions and TS-wave growth. In a next step, dif-
ferent numerical approaches, like FV and high-order
implicit FD, are applied for steady airfoil-calculations
including forward facing steps. In comparison they
have shown very good agreement between different
approaches on coarse- or fine grids.

Grids for the direct simulation of TS-waves, gen-
erated as strongly refined cut-outs of the original
airfoil-contour, were used to interpolate the steady
RANS-results from the preliminary calculations onto
these regions to generate a base-flow for the direct
TS-wave predictions.

By preliminary validation-studies, using BL-data
from a free-flight experiment, the capabilities of the
numerical scheme in simulating growth rates of TS-
modes were demonstrated in good agreement.

For the DNS calculations, unsteady mono-
frequent velocity-perturbations were added at
inflow-boundaries and a realistic behavior of
TS-instabilities was found behind the step by using
the high-order Navier-Stokes solver. In agreement
with LST-predictions, amplified TS-waves are inves-
tigated downstream of the step. As a result, the
development of growing unstable instability-modes
was demonstrated successfully downstream of the
step-region. The process chain, reaching from the
steady simulation of the background flow-field to
the implementation of temporal perturbations at
the inflow plane, has shown the capabilities of the
presented approach. Once again the applicability
of the chosen local DNS of TS-instabilities as
a supporting technique for LST-design is well
confirmed.

Considering these results, growth rates of TS-waves

can be compared with different LST-predictions
including empirical extensions in the step-region
within future studies.
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