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Abstract The dynamic response of a natural laminar flow airfoil
undergoing harmonic small-amplitude pitching oscillations is
investigated using Large-eddy simulations with a chord-based
Reynolds number of Re = 750;000. Throughout the pitch cycles,
large changes in the transition point are seen as well as trailing-
edge separation. This leads to a nonlinear response of the
aerodynamic forces. Although the nature of the flow is highly
nonlinear, the development of the boundary layer over the airfoil
surface can be modeled using a simple phase-lag concept which
suggests a quasi-steady evolution of the boundary layer. Based
on this phase-lag assumption, a simple new empirical model is
developed which agrees very well with the measured
experimental data. With the aid of this model, the primary source
of non-linearities in the unsteady aerodynamic forces is
identified to be the quasi-steady term, which can be evaluated
from the static airfoil characteristics. The strength of this
remains unchanged with the variation of reduced frequency, but
the harmonic term's strength, which models the unsteady effects,
increases with increasing frequency.

Key words: laminar flow, large eddy simulation, pitching
oscillation, unsteady response

1. Introduction

The main characteristic of classical theories in unsteady
aerodynamics of airfoils is the assumption of linearity.
Recent experiments on wings with laminar flow in the
transonic and subsonic regime show the nonlinear
behavior of aerodynamic forces in particular ranges of the
angle of attack for simple harmonic pitching oscillation,
which is attributed to the free displacement of the
transition location on the suction side of the airfoil. In
static tests in the same range of angle of attack, the slope
of the normal force coefficient in terms of the angle of
attack also shows a strong deviation from the linear
behavior. The boundary layer role on the wing is ignored
in classical theories because of the assumption of inviscid
flow, which is unsuitable for unsteady airfoils. The current
research aims to investigate the behavior of the unsteady
laminar boundary layer during the low-amplitude pitching
oscillation. The focus is on understanding the unsteady
changes of the laminar to turbulent transition location and
its role in determining the nonlinear response of unsteady
forces. The investigation is carried out on a natural laminar

airfoil ED36F128.

2. The Unsteady Response

First, the range of desired parameters for numerical
simulation should be determined. The static response
curve obtained by the experiments and the XFOIL tool in

Re, =7.5x10° is linear in the range of a <3 and in

a =34, the static coefficients deviate from the linear
trend and the C, decreases with the increase of o . In the

same interval, a drastic change is seen in the curve slope
of the transition position.

For the dynamic motion, LES numerical simulation was
performed by Nek5000 open-source code on a structured
grid. For pitching oscillation, the motion equation is
a(t) = a, +Aasin(o(t—t,)+o,) where, o,=34 |,
Ao=1 and k=wb/U_ =04 . Results show that the

temporal changes of the lift coefficient, the pitching
moment coefficient, and the drag coefficient are almost
periodic. The deviation of the curves from the pure
sinusoidal form represents the non-linear behavior in the
aerodynamic response.

The transition position variation versus the instantaneous
angle of attack is shown in Fig. 1 (right). It shows the
asymmetric states of the flow between the pitching motion
in the upstroke and downstroke phases. This graph can be
transformed using the concept of phase lag in which the
boundary layer development is examined in terms of the
effective angle of attack o, . It has a difference in phase

with the instantaneous o , which means that the boundary
layer adapts to the change of the flowfield in a quasi-steady
mode, but with a delay compared to the motion of the
airfoil.  Its equation can be considered as
o, () = o, +Aasin(o(t —t,) + @, +¢,,) Where ¢, is the
phase lag between the effective and instantaneous angles
of attack. Figure 1 (left) shows the variation of the
transition point in terms of the effective angle of attack
calculated where the phase lag is ¢,,, =-1.06 . The closed

loop appearing in X, /c—o. plane becomes roughly a
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single line when displayed in x, /c—o, plane. Therefore,

the hysteresis-type behavior observed with respect to o
can be almost completely explained by the concept of
phase lag, and hysteresis is almost absent in the plane with
phase lag x, /c—a,. Also, the changes with respectto o,
are in good agreement with the XFOIL results for the static

transition graph (black line).
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Fig. 1: Variations of the transition position calculated by the
empirical model: right) versus the instantaneous angle of attack,
left) versus the effective angle of attack.

3. Unsteady Empirical Model

Considering the relationship between the unsteady
boundary layer evolution and the dynamics of the phase
lag, an empirical model is constructed in which the
aerodynamic forces are divided into two components
representing dynamic effects and quasi-steady effects. To
account for the nonlinear behavior, it is assumed that the
boundary layer grows in a quasi-steady process (but with
a phase lag) during the pitching cycle. The amount of the
quasi-steady component should be calculated using an
experimentally extracted static curve. It is assumed that the
nonlinear behavior in unsteady aerodynamic forces is
completely due to the quasi-steady term and all dynamic
effects can be modeled by a linear harmonic term. The

empirical model is C,(t) = A,sin(wt+0)+C{™ (y(t)) ,
where y(t) = a, + Aasin (ot — g, ) . The model includes

three parameters that are independent and must be
determined: A, represents the strength of the fully

k=005%

harmonic dynamic term, phase lag/lead 0 of the harmonic
term, and ¢,,, denotes the phase lag associated with the

quasi-steady term.

Figure 2 shows the least-squares fit of the empirical
model to the experimental results obtained at
Re, =1.0x10°, mean angle of attack o, =3.8", pitch

amplitude Aac=1, and various reduced frequencies (k).
The dots show the experimental data and the lines show
the model’s least squares fit. The model has been
examined with various combinations of reduced
frequencies and mean angles of attack and a good match is
observed for all investigated cases, even for a few cases
with a relatively large reduced frequency, k =0.4. But for
high frequencies, the contribution of the harmonic term is
dominant and the relative nonlinear behavior becomes
weak.

4.Conclusion

For a natural laminar airfoil, simulations of unsteady flow
revealed a nonlinear behavior for the aerodynamic
coefficients, while the development of the unsteady
boundary layer caused substantial changes in the transition
location. Using the simple concept of phase lag, the
temporal variation of the transition can be associated with
the static transition location curve. It means that the
evolution of the boundary layer in time can be assumed to
have a quasi-steady nature. An unsteady empirical model
was introduced based on this concept to interpret the
nonlinear behavior seen in the unsteady response of a
laminar airfoil. The empirical model is in good agreement
with experimental data for several different reduced
frequencies and shows that for low-amplitude pitching
oscillations, the main source of nonlinear behavior in
unsteady aerodynamic coefficients originates from the
quasi-steady term, which can be evaluated from the static
airfoil characteristics. The strength of the quasi-steady
term remains constant with reduced frequency changes,
but the harmonic term that models the unsteady effects
increases with the increase of the reduced frequency.

Fig. 2: Least-squares fitting of the unsteady empirical model to the data of experiment at Re=1.0x10°.
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