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ABSTRACT

The present study deals with recent numerical results from
on-going research conducted at ONERA /DMAE regarding the
prediction of transonic flows, for which shock wave/boundary
layer interaction is important. When this interaction is strong
enough (M>1.3), Shock Induced Oscillations (SIO) appear at
the suction side of the airfoil and lead to the formation of
unsteady separated areas. The main issue is then to perform
2D unsteady computations applying appropriate turbulence
modelling and relevant boundary conditions with respect to
experimental ones. Computations were performed with the
ONERA object-oriented software elsA, using the URANS-type
approach, closure relationships being achieved from transport-
equation models. Applications are provided for the OAT15A
airfoil data base (Jacquin et al., 2005); tests were conducted in
the ONERA S3 Chalais Meudon wind-tunnel equipped with
self-adaptive upper and lower walls. These experiments are
rather well documented for unsteady CFD validation (r.m.s.
pressure, phase-averaged data, ...). URANS results have
emphasized the importance of modelling the test section ge-
ometry when carrying out 2D unsteady computations to (i)
capture SIO as precisely as possible and, (ii) objectively evalu-
ate the capabilities of turbulence models to predict such flows.

INTRODUCTION

The present study is devoted to the prediction of Shock
Induced Oscillations (SIO) over a two-dimensional (2D) rigid
airfoil by resolving the Unsteady Reynolds-Averaged Navier-
Stokes (URANS) equations.

For transonic aircraft wing applications, such oscillations
are mainly caused by shock wave / boundary layer interaction,
which is closely linked to large separated regions. The re-
sponse of the wing structure to these aerodynamic instabilities
(buffet) corresponds to the well-known buffeting phenomenon.
These aerodynamic excitations are mainly attributed to pres-
sure fluctuations growing in generated separated areas (e.g.
shock footprint, trailing edge, ...). Several studies were de-
voted to the understanding as well as the control of SIO
(Ekaterinaris and Menter, 1994; Gillan et al., 1997; Lee, 2001;
Caruana et al., 2003). Although buffeting is not dangerous
or destructive for civil aircraft, it mainly affects the aircraft
manoeuvrability and consequently the flight envelop. Thus,
flow instabilities need to be clearly identified. The present nu-
merical study deals only with aerodynamic issues, even though
fluid-structure coupling should be addressed when considering
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real three-dimensional aircraft wings.

The periodic motion of the shock occurred at a single low
frequency (~100Hz) depending mainly on the airfoil and test-
section geometries. The turbulence induced next to the wall
and in the separated regions is governed by a wide range of
high frequencies. The frequency gap between the turbulence
and the buffet allows to use the URANS-type approach, the
mean flow being resolved from the unsteady RANS solution
and the turbulence being modelled.

Experiments were recently conducted in the transonic
wind-tunnel of the ONERA Centre of Chalais Meudon aiming
to generate a consistent data base for unsteady CFD valida-
tion.

The objectives of the present numerical investigation have
been (i) to determine the ability of turbulence models to repro-
duce unsteady separated flows and, (ii) to run computations
under conditions as close as possible to the experimental ones,
mainly by taking into account the upper and lower wind-
tunnel walls.

TEST CASE - OAT15A AIRFOIL

Experiments were rather recently performed in the tran-
sonic S3 wind-tunnel of ONERA Centre of Chalais Meudon
in the framework of SIO scrutinization (Jacquin et al., 2005).
A 2D airfoil (OAT15A cross section, chord length ¢=230 mm,
relative thickness t/c=12.5%, blunt trailing edge e/c=0.5%)
was mounted in the test section (0.8 x 0.76 m2). The ex-
perimental set-up was defined with the aim of providing a
two-dimensional flow to the best possible degree compared to
previous experiments conducted with such an airfoil; the as-
pect ratio of 3.5 was chosen to minimize the 3D effects without
avoiding them, yet. The upper and lower wind-tunnel walls
are self-adaptive, i.e. flexible instead of being slotted. From
the measured wall pressure distributions, the resolution of the
linearized Euler equations outside of the test section allows to
determine the shape of the walls so that they correspond to
flow streamlines. Next, the displacement induced by the pres-
ence of the boundary layers is taken into account to adapt the
shape of the upper and lower wind-tunnel walls. It has to be
pointed out that this technique only allows to adapt the walls
to the time-averaged flow.

Tests were carried out at the following aerodynamic condi-
tions: Reynolds number based on the chord length Re.=3 10,
free-stream Mach number M,,=0.73, stagnation temperature
T;00=300 K and angles of attack («) varying from 1.36° to



3.9°. The transition was tripped at x/c=7% on both sides of
the airfoil using a carborundum band (average height 0.095
mm). The experimental buffet onset appeared at a=3.25°,
and the greatest collection of unsteady data was obtained
at 3.5°, where the shock moved over about 0.2c¢ at a fre-
quency of 69Hz. Several types of measurements are available
for CFD validation purpose: Schlieren type visualisations,
time-averaged (static pressure taps and Reynolds-averaged 3D
LDV), fluctuating (Kulite transducers) and phase-averaged
data (3D LDV measurements coupled with a conditional anal-
ysis).

NUMERICAL TOOLS

Solver and Numerical Methods

Computations were performed with the ONERA object-
oriented software elsA, solving the three-dimensional com-
pressible Reynolds-Averaged Navier-Stokes equations for
multiblock structured grids, using finite-volume method with
cell-centered discretization (Cambier and Gazaix, 2002). The
fluxes are computed with two second-order-accurate schemes;
the Jameson scheme is used for the mean flow fluxes compu-
tation with artificial dissipation terms while the Roe scheme
is applied to the turbulent transport equations with an
anisotropic correction.

The implicit time integration is performed with the dual-
time stepping method which combines (i) a physical time step,
linked to the frequency range of the phenomenon under in-
vestigation and, (i) a fictitious dual-time step, related to a
steady process to increase convergence between each physical
time step. The implicit stage is provided by an approached
linearization method with a LU factorization associated with
a relaxation technique.

Several tests were performed to ensure that the time con-
sistency was reached such that 300 iterations per cycle were
imposed to capture unsteadiness. About ten cycles were neces-
sary to obtain self-sustained SIO while five extra cycles were
used to control the periodicity.

Turbulence Modelling

The turbulence closure relies upon the Boussinesq assump-
tion; the eddy viscosity ¢ is then expressed using the turbu-
lent scales (length and velocity) obtained by solving transport
equations. Following on previous validations carried out for
separated flows (Furlano et al., 2001; Coustols et al.,2003),
four models were chosen:

e the one-equation transport model from Spalart and All-
maras (1992), referred to as [SA]. The model was built up
empirically to reproduce flows of increasing complexity.

e the two-equation transport model k-w/k-e from Menter
(1994) in the BaSeLine version, referred to as [BSL].
Menter retained the reliable form while eliminated the
free-stream dependency of the k-w type models.

e the two-equation transport model k-w/k-e from Menter
(1994) with the Shear Stress Transport correction, re-
ferred to as [SST]. The model is derived from the [BSL)]
model. The correction applied on the definition of
is based on the Bradshaw’s assumption that the princi-
pal shear-stress is proportional to the turbulent kinetic
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energy. Improvements would be brought for adverse
pressure gradients boundary layers.

e the two-equation transport model k-kL from Daris and
Bézard (2002), referred to as [KKL]. The model is based
on a generic form of the transport equations for the
turbulent scales and the constants of the model are ana-
lytically derived to respect some basic physical features,
following Catris and Aupoix (2000), opposite to existing
models.

The [SA] and [SST] models have been recommended by
NASA Langley for evaluating transonic flows over different
test cases (Marvin and Huang, 1996), while the [KKL] model
has been rather recently developed at ONERA and success-
fully applied for adverse pressure gradients boundary layers.
The [BSL] model will provide a reference for the evaluation of
the [SST] model.

Computational Conditions

Two Approaches. Weak inviscid / viscous coupling compu-
tations at a steady state («=2.5°) concluded that corrections
on Mo and a were not necessary for undertaking Navier-
Stokes computations under free-stream conditions. This con-
firmed that the self-adaptive upper and lower walls associated
with a relatively large value of airfoil aspect ratio minimize
the influence of wind-tunnel walls, at least for a steady flow.

Nonetheless, in order to perform unsteady computations
and to be closer to testing conditions, two different approaches
have been considered:

e the “standard” approach, referred to as the “inf.” ap-
proach. The numerical domain was a 2D CH-type mesh
extending over 50c and composed of about 75,000 grid
points (Fig. la.). Free-stream conditions were imposed
and deduced from experimental values of o, Mach and
Reynolds numbers.

e the “new” approach, referred to as the “conf.” approach.
Earlier studies from Furlano et al. (2001) and Garbaruk
et al. (2003) have demonstrated the importance of taking
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Figure 1: Sketch of computational domain (a.:
proach, b.: “conf.” approach) - OAT15A airfoil.



into account the wind-tunnel walls for transonic flows.
The OAT15A aspect ratio being relatively high, only the
upper and lower walls were considered in the numerical
boundary conditions and the 2D mesh definition. The
mesh extent was adjusted to reproduce the experimen-
tal boundary-layer thickness at the entrance of the test
section. The mesh extended then from 6.5¢ upstream
to 4.5¢ downstream of the airfoil, composed of about
110,000 grid points (Fig. 1b.). At the entrance, experi-
mental total quantities were imposed while at the exit,
the static pressure was fixed with respect to the experi-
mental Mach number (Thiery and Coustols, 2005b).

At last, a mesh convergence study was performed for the
two approaches.

Aerodynamic Conditions.

Aerodynamic conditions (M and «) were validated with
the time-averaged pressure distributions obtained with the
[SA] model (Fig. 2). Along the airfoil, the computed pressure
coefficient for the “inf.” and “conf.” approaches agreed with
the experimental one in the region upstream of the shock
and along the pressure side (Fig. 2a.). This tends to confirm
that the aerodynamic conditions for the airfoil were well
adjusted and the adaptation of the wind-tunnel walls was well
managed for the time-averaged flow. The differences observed
for 0.4<x/c<0.6 on the suction side have nothing to deal
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Figure 2: Time-averaged pressure distributions obtained with
the [SA] model (a.: along the airfoil for “inf.” and “conf.” ap-
proaches, b.: on the upper and lower wind-tunnel walls for the
“conf.” approach) - OAT15A airfoil - Moo=0.73, Re.=3 10,
a=3.5°.
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with boundary condition adaptation and will be discussed in
the next section.

Moreover, the time-averaged pressure on the upper and
lower walls pointed out rather appropriate boundary condi-
tions for the “conf.” approach (Fig. 2b.). The discrepancy
observed between experimental and computed pressure values
near the entrance section are induced by the 2D-type numeri-
cal domain, for which a compromise has to be found between
the Mach number and the static pressure, respectively at the
entrance and the exit sections.

UNSTEADY RESULTS

Lift Evolution Versus Time

The first step in the turbulence model validation has
been to check the appearance of self-sustained oscillations:
lift evolution versus time is presented in Fig. 3 for the four
above-cited models and the two numerical approaches.
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Figure 3: Lift evolution versus time (a.: approach, b.:

Results with the “inf.” approach (Fig. 3a.) highlight a
steady behaviour for the [BSL] and [SA] models while the
[KKL] and [SST] models develop lift oscillations. By taking
into account the upper and lower wind-tunnel walls (Fig 3b.),
the [SA] model can develop unsteadiness while the [BSL],
[KKL] and [SST] models behavior remain unchanged: how-
ever, the lift oscillation amplitudes of the [KKL] (resp. [SST])
model are increased by a factor of 2 (resp. 2.5). Moreover, the
time-averaged lift coefficient is not affected by the account of
upper and lower wind-tunnel walls.

As well for the “inf.” as for the “conf.” approach, compar-
isons between turbulence models demonstrate a large discrep-



ancy on the time-averaged lift coefficient; it is closely linked
to the difficulty to correctly predict the shock location since
the pressure gradient is nearly null upstream of the shock.
For the “inf.” approach (Fig. 3a.), the lift amplitude of the
[KKL] model is 2 times larger than the [SST| model one, while
accounting for the test section walls widely reduces the gap be-
tween the two models. For the “conf.” approach (Fig. 3b.),
the [KKL] and [SST] models predict oscillations about 2 times
larger than those of the [SA] model. The SST correction brings
strong improvement to the [BSL] model behaviour, allowing
to compute unsteady flow, whatever the approach.

At last, as an unsteady solution is predicted, the numerical
SIO frequency depends slightly on the turbulence model (~71-
78Hz). When the wind-tunnel walls are modelled, a decrease
of 3Hz is observed whatever models, predictions being closer
to the experimental value (69Hz). These results demonstrate
that the frequency is not a selective parameter for turbulence
models validation; it is consistent with the buffet modelling
proposed by Lee (2001) since the frequency being mainly gov-
erned by the airfoil and test-section geometries.

The fact that the exit boundary condition is a constant
static pressure, which imposes perturbations to be damped,
raises the question of whether the SIO frequency is not
closely linked to the domain extent. Therefore, another grid
was generated to shift the exit from 4.5 to 8.5¢ downwards.
Unsteady results with the [SA] model were unchanged, the
predicted frequency remaining close to the experimental value
(Thiery and Coustols, 2005b).

Results obtained with the [SA] model with the “inf.” ap-
proach are quite surprising considering previous studies on
SIO or separated flows. Investigations on the grid refinement,
the mesh topology or the over-thickening of the boundary layer
at tripping location were carried out with that model but they
did not bring any improvement. Only an increase of more than
one degree of incidence allowed to develop SIO with the “inf.”
approach (Thiery and Coustols, 2005a).

Pressure Distributions

The unsteady r.m.s pressure distributions along the airfoil
are discussed to evaluate the levels of unsteadiness provided
by the computations and to compare them to the measured
ones (Fig. 4a. and b.). Typically, three main levels can be
distinguished ; (i) small levels (~0.02¢go) on the pressure side
and on the first 40% of the suction side, (i) medium levels
(~0.1¢o) in the unsteady separated area downstream the shock
(x/c>0.6) and, (iii) large levels (~0.3gp) in the vicinity of the
shock location (0.4<x/c<0.6).

Considering the “inf.” approach (Fig. 4a.) and applying
the [SST] model, numerical values are particularly in good
agreement with the experimental ones though the levels are
slightly under-estimated all over the airfoil. The location of
the time-averaged shock, which corresponds approximately to
the maximum of fluctuations, is rather well predicted. The
[KKL] model predictions demonstrate stronger fluctuations
and a wider range of SIO than the [SST] model do. More-
over, the maximum of fluctuation is about 0.08¢c downstream
of the experimental one.

Concerning the “conf.” approach (Fig. 4b.), as pointed
out with the evolution of the lift coefficient versus time,
fluctuations increase for the [SST] and [KKL] models, de-
grading results especially on the pressure side and upstream
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Figure 4: Unsteady r.m.s. pressure distributions (a.: along
the airfoil for the “inf.” approach, b.: along the airfoil for
the “conf.” approach, c.: on the upper and lower wind-tunnel
walls for the “conf.” approach) - OAT15A airfoil - Mo=0.73,
Rec.=3 106, a=3.5°.

of the shock. The [SA] model is in better agreement with
the experiments but the location of the time-averaged shock
is about 0.08¢ downstream of the experimental one. At
last, the predictions of all models gather for 0.6<x/c<1 and
reproduce quite well the experimental evolution, particularly
the fluctuation increase next to the trailing edge. That
result might indicate that the unsteady separated area is
mainly governed by the shock instability, enhanced by the
wind-tunnel walls modelling.

The time-averaged pressure distributions on the upper and
lower wind-tunnel walls are not really affected by turbulence
modelling. Although, a comparison is provided on the r.m.s.
pressure distributions (Fig. 4c.); results obtained with the
three turbulence models have quite similar evolutions along
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the upper and lower wind-tunnel walls, levels being ordered
in the same way as on the airfoil (Fig. 4a. and b.). In the
upstream part of the test section (1/¢<-2), fluctuations are
nearly constant (~0.02gp) and equivalent to the levels com-
puted on the pressure side of the airfoil. Next to the airfoil
location (0<1/c<1), the r.m.s. pressure distributions reach a
maximum equal to about 15% of the maximum of fluctuations
reached on the airfoil. For 1/¢>1, the levels decrease to zero
since the boundary condition at the exit section imposes a
constant static pressure. Then, the fluctuations on the upper
and lower wind-tunnel walls exist and are not negligible with
respect to the airfoil ones. Indeed, the adaptation of the walls
was managed for the time-averaged flow.

Phase-Averaged Boundary Layer Profiles

The SIO period was discretized into twenty phases and
five of them are compared to the numerical unsteady profiles
(Fig. 5). The velocity profiles were extracted downstream
of the shock, at x/c=0.6, where the boundary layer is
periodically attached (seven phases from 4T to 11T/20) and
then separated (thirty phases from 12T to 3T/20).

For the “inf.” approach (Fig. 5a.), the [SST] model predic-
tion presents a really good agreement with experiments since
the time evolution of the boundary layer profile is well re-
produced. Nonetheless, the intensity of the back-flow seems
to be under-estimated. The [KKL|] model prediction is not
far from experiments but demonstrates a delay to develop the
separated area, which can induce a large error on the bound-
ary layer thickness (e.g. about 35% at phase 13T/20). The
problem might be linked to the poor prediction of the shock
location (maximum of fluctuations about 0.08¢ downstream of
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experiments).

The impact of the upper and lower wind-tunnel walls
on the boundary layer profiles is very important for the
predictions provided by the [SST] and [KKL] models
(Fig. 5b.). At phase 1T/20, the computed boundary layers
are completely attached while the measured one is separated.
At phase 17T/20, the thickness of the separated region is
widely over-estimated (~30%). At last, the [SA] model result
provides the best prediction using the “conf.” approach, with
a delay to develop the separated region at phase 13T/20, yet.

These results are really encouraging since all models are
based on the Boussinesq hypothesis, which does not figure
on any “history” effect and does not correctly simulate the
That might be
another evidence that the separation downstream of the shock
is mainly governed by the shock instability, and not by the
turbulence modelling.

momentum transfer in the separated areas.

CONCLUDING REMARKS

Results presented in the paper dealt with unsteady
computations of Shock Induced Oscillations (SIO) over the
2D rigid OAT15A airfoil. A turbulence models validation has
been performed with two different approaches: (i) the “inf.”
approach under free-stream conditions and, (i) the “conf.”
approach in which the upper and lower wind-tunnel walls
were taken into account.

Four turbulence models have been evaluated: the [SA],
[BSL], [SST] and [KKL] model. Unsteady results obtained
with the [SST] and [KKL] models with the “inf.” approach
highlight their ability to easily develop separated area while



the [SA] model needs to be triggered by the modelling of the
upper and lower walls of the test section to compute SIO.
The wind-tunnel walls modelling has no effect on the steady
results obtained with the [BSL] model, though the [SST] and
[KKL] predictions are completely destabilized and move away
from experiments. The SST correction has improved the
behaviour of the [BSL] model with respect to the prediction
of the separated regions. Then, the best agreement with the
experimental observations is obtained with either the [SST]
model using the “inf.” approach or the [SA] model using the
“conf.” approach.

The pressure distributions on the upper and lower wind-
tunnel walls demonstrate that the adaptation was well man-
aged for the time-averaged flow. Nonetheless, large pressure
fluctuations were observed on these walls, at least equal to the
levels on the pressure side of the airfoil.

The major impact of the modelling of the wind-tunnel
walls is to increase the fluctuation levels along the airfoil.
Moreover, the fluctuations in the separation downstream of
the shock seem to be mainly governed by the shock instability,
not by the turbulence modelling.
allows unsteadiness to develop and influences the amplitude
of the shock motion.

The turbulence model

The frequency appears to be mainly
linked to the inviscid flow.

The presented results indicate that the modelling of the up-
per and lower walls is prerequisite to objectively evaluate the
capabilities of turbulence modelling to capture SIO. Indeed,
the upper and lower wind-tunnel walls fix the time-averaged
flow streamlines, not the instantaneous one. Moreover, one
can wonder if other instabilities are involved, in particular
transverse one might develop over the separated area; they
might play a role in the SIO development and could be par-
tially resolved by a 3D computation.
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