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A B S T R A C T

High-fidelity wall-resolved large-eddy simulations (LES) are utilized to investigate the flow-physics of small-
amplitude pitch oscillations of an airfoil at =Re 100, 000c . The investigation of the unsteady phenomenon is
done in the context of natural laminar flow airfoils, which can display sensitive dependence of the aerodynamic
forces on the angle of attack in certain “off-design” conditions. The dynamic range of the pitch oscillations is
chosen to be in this sensitive region. Large variations of the transition point on the suction-side of the airfoil are
observed throughout the pitch cycle resulting in a dynamically rich flow response. Changes in the stability
characteristics of a leading-edge laminar separation bubble has a dominating influence on the boundary layer
dynamics and causes an abrupt change in the transition location over the airfoil. The LES procedure is based on a
relaxation-term which models the dissipation of the smallest unresolved scales. The validation of the procedure
is provided for channel flows and for a stationary wing at =Re 400, 000c .

1. Introduction

A large focus of the research on unsteady wings tends towards stall
dynamics such as the earlier works of McCroskey (1981),
McCroskey et al. (1982), McCroskey (1973), McCroskey et al. (1976),
Carr et al. (1977), Ericsson and Reding (1988a), and Ericsson and
Reding (1988b), etc. More recent works by Dunne and McKeon (2015),
Rival and Tropea (2010), Choudhry et al. (2014), Visbal (2011),
Visbal (2014), Visbal and Garmann (2017), Alferez et al. (2013), and
Rosti et al. (2016) etc. continue the investigation which appears far
from complete. The review by McCroskey (1982) and a more recent one
by Coorke and Thomas (2015) provide an overview of the dynamic stall
process. Studies on the aerodynamic behavior of small-amplitude pitch
oscillations are typically done from the perspective of aeroelasticity
where investigations tend to focus on the time varying aerodynamic
forces on the airfoil with much less attention paid to the boundary-layer
characteristics. Some studies focusing on the time dependent boundary
layer in small pitch amplitudes include the work done by
Pascazio et al. (1996) which shows a time delay in laminar-turbulent
transition during pitching. Nati et al. (2015) analyzed the effect of small
amplitude pitching on a laminar separation bubble at low Reynolds
numbers. Mai and Hebler (2011) and Hebler et al. (2013) investigate
the boundary-layer changes in an oscillating natural laminar flow air-
foil in transonic conditions. Such cases qualitatively represent small
changes in operating conditions, such as the changes due to structural

deformations or small trailing-edge flap deflections. The understanding
of flow response to such changes can be crucial in cases where small
perturbations induce large variations in aerodynamic forces. Such
sensitive dependence of aerodynamic forces may be found in the static
characteristics of natural laminar flow (NLF) airfoils for a certain range
of angle of attack. Their performance critically depends on maintaining
laminar flow over the suction side of the airfoil and a loss of laminar
flow over the airfoil causes large variations of the aerodynamic forces.
In addition to such sensitive dependence of the aerodynamic char-
acteristics, recent transonic unsteady experiments using NLF airfoils
have brought to light a peculiar property of these airfoils. The unsteady
aerodynamic coefficients for laminar airfoils exhibit a non-linear dy-
namic response to simple harmonic pitch motions (Mai and Hebler,
2011; Hebler et al., 2013). Such a non-linear response is inconsistent
with the predictions of classical unsteady aerodynamic models
(Theodorsen, 1935) which are typically based on inviscid assumptions.
Similar experiments within the subsonic range have been performed by
Lokatt (2017) who also found strongly non-linear behavior of the
normal force coefficient. These non-linearities occur only for oscilla-
tions within a certain range of angle of attack (α) and have been
strongly linked to the free movement of transition over the suction side
of the airfoil. They seem to be nearly absent when suction side transi-
tion is fixed at the leading-e.g. (Mai and Hebler, 2011; Lokatt, 2017).
While the above experiments were performed at a Reynolds number
range of O(106), simulations and experiments at lower transitional
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Reynolds numbers on a NACA 0012 airfoil have also been shown to
exhibit non-linear unsteady aerodynamic characteristics (Poirel et al.,
2008; Poirel and Yuan, 2010; Barnes and Visbal, 2016). At these tran-
sitional Reynolds numbers, the laminar separation bubble has been
shown to play a key role in the unsteady dynamics (Yuan et al., 2013;
Barnes and Visbal, 2018). In all the above cases, the changes in
boundary-layer characteristics lead to dynamic phenomena which can
not be modeled using linear theories. With these effects in mind, the
current work seeks to investigate the flow dynamics of an unsteady
airfoil within the aerodynamic regime where large changes in the
boundary-layer characteristics are observed. The analysis of the un-
steady laminar separation bubble which develops near the leading-edge
is done using local linear stability analysis in order to explain some of
the observed unsteady dynamics.

The present work investigates the flow physics of small-amplitude
pitch oscillations of a laminar airfoil (Fig. 1). The airfoil was designed
at the Aeronautical and Vehicle Engineering department of KTH, where
it has been used in previous experimental and numerical works
(Lokatt and Eller, 2017). The same airfoil was used in the unsteady
experiments of Lokatt (2017). The simulations are performed at a
chord-based Reynolds number of =Re 100, 000c . The angle of attack
range for the oscillation was chosen from the static characteristics of the
airfoil. The static characteristics were calculated using an integral
boundary layer code XFOIL (Drela, 1989), which predicted sharp
changes in the coefficient of moment (Cm) and suction-side transition
location (Fig. 2) above an angle of attack α>6°. The steep slope of the
coefficient of moment curve indicates a region where aerodynamic
forces are sensitive to small changes in α. It is important to note that the
results obtained from XFOIL are only used to approximately identify the
above mentioned region of sensitive dependence for the airfoil at a low
computational cost. Simulations with a static airfoil are performed to
ensure that such sensitive dependence on angle of attack is indeed
observed with the high-fidelity LES. The exact dynamic range of the
pitching motion is prescribed based on the results of the static simu-
lations (described in Section 3).

In recent works, wall-resolved large-eddy simulations have proven
to be an effective tool for studying flow physics at high Reynolds
numbers with a computational cost which is much lower than that of
direct numerical simulations (DNS). Some of the works to utilize this
method include spatially evolving boundary layers (Eitel-Amor et al.,
2014), turbulent channel flows (Schlatter et al., 2006a; 2006b), pipe
flows (Chin et al., 2015) and flow over wings (Uzun and Hussaini, 2010;
Lombard et al., 2016). Successful application of the approach has mo-
tivated its use in the present work, which aims to gain insight into the
flow-physics of unsteady airfoils undergoing small amplitude pitch os-
cillations.

The remainder of the paper is divided into 3 sections. Section 2
describes the numerical setup and presents the results of the validation
of the LES. Results of both the stationary and pitching simulations are
discussed in Section 3. The conclusions of the study are presented in
Section 4.

2. Computational setup

2.1. Numerical method

The computational code used for the simulations is Nek5000, which
is an open-source incompressible Navier–Stokes solver developed by
Fischer et al. (2008) at Argonne National Laboratory. It is a based on a
spectral-element method which allows the mapping of elements to
complex geometries along with a high-order spatial discretization
within the elements. The method uses Lagrange interpolants as basis
functions and utilizes Gauss–Lobatto–Legendre (GLL) quadrature for
the distribution of points within the elements. The spatial discretization
is done by means of the Galerkin approximation, following the

− −P PN N 2 formulation (Maday and Patera, 1989). An 11th order
polynomial approximation is used for the velocity with a 9th order
approximation for pressure. The nonlinear terms are treated explicitly
by third-order extrapolation (EXT3), whereas the viscous terms are
treated implicitly by a third-order backward differentiation scheme
(BDF3). Aliasing errors are removed with the use of over-integration.
The Arbitrary–Lagrangian–Eulerian (ALE) formulation is used to ac-
count for the mesh deformation due to the motion of the pitching airfoil
(Ho and Patera, 1990; 1991). All equations are solved in non-dimen-
sional units with the velocities normalized by the reference free-stream
velocity U0 and the length scales in all directions are normalized by the
chord length c. The resultant non-dimensional time unit is given by c/
U0.

2.2. Relaxation-term large-eddy simulation (RT-LES)

The LES method is based on the RT3D variant of the ADM-RT ap-
proach first used by Schlatter et al. (2004). The method supplements
the governing equations with a dissipative term ( Hχ u( )). The equa-
tions for the resolved velocity and pressure thus read as

H
∂
∂

+ ∇ = − ∇ + ∇ −u
t

u u
ρ

p
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u χ u· 1 1 ( ),2

(1a)

∇ =u· 0, (1b)

where H is a high-pass spectral filter and χ is a model parameter.
Together the two parameters determine the strength of the dissipative
term. The method has been used in earlier studies of spatially devel-
oping boundary layers (Eitel-Amor et al., 2014) and channel flows
(Schlatter et al., 2006b). The method has been shown to be reliable in
predicting transition location and also preserving the characteristic
structures which are seen in the DNS of transitional flows
(Schlatter et al., 2006b).

A number of tests were carried out in a channel flow at a friction
Reynolds number of =Re 395,τ and the results are compared with the
DNS data of Moser et al. (1999). The final mesh was set up such that the

Fig. 1. Natural Laminar Flow (NLF) airfoil tested at the Aeronautical and
Vehicle engineering department of KTH (Lokatt and Eller, 2017; Lokatt, 2017).

Fig. 2. Coefficient of moment (Cm) (values on the left axis), and suction side
transition location (values on the right axis) as calculated using XFOIL.
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