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In this study, we have extended our correction method for transonic aerodynamics1 to baseline and
variable camber continuous trailing edge (VCCTEF) geometries of super-critical airfoils at cruise conditions.
This correction method modi�es Theodorsen theory, which is based on incompressible potential �ow over a
�at plate. The method is partly based on CFD RANS simulations of oscillating NASA generic transport
model (GTM) baseline cruise and VCCTEF airfoil geometries in pitch and shows promise for addressing
transonic �utter problems of aeroelasticity. In the earlier study1, the Theodorsen functions were modulated
with non-linear functions of Mach number, M , and reduced frequency, k, and thus the correction was
demonstrated for the symmetrical NACA0012 airfoil. In the present study, the modulation functions are also
allowed to account for the e�ects of camber and thickness of the airfoil. This is demonstrated by applying the
correction method to various symmetric NACA00xx airfoil geometries (NACA001, NACA0002, NACA0012,
NACA0015 and NACA0018), the NASA GTM super-critical baseline and VCCTEF airfoil geometries, e.g.,
the circular airfoil, VCCTEF222. First results indicate that the correction method accounts for a large
variation of thickness of airfoils and camber. The present correction method will guide the development
of a new state space model for the VCCTEF system and eventually a new transfer function that will be
incorporated in a new aeroelastic framework leading to an appropriate transonic �utter model for use in the
future aircraft systems in development under the NASA Advanced Air Transportation Technologies (AATT)
project.

Introduction
Transonic �utter is a topic of high interest for aircraft design. Doublet lattice methods are frequently
used in �utter analysis that can accurately predict low-speed �utter where the �ow is entirely subsonic at
low Mach number2. Transonic �utter, on the other hand, is a pacing item in transport aircraft design.
Many methods for transonic �utter have been developed ranging from doublet-lattice methods with steady
state transonic correction to high-�delity CFD coupled to structural dynamic models of wing structures.3� 5

While the transonic �utter prediction can be more accurate with high-�delity CFD methods6;7 than with
unsteady potential �ow methods, the computational cost is high. In many applications that involve design
optimization with �utter constraints, the computational cost associated with high-�delity CFD presents a
barrier. Therefore, computationally e�cient methods for transonic �utter prediction continue to be of high
interest to the aircraft design community. In our previous work1, we proposed a method for extending the
classical Theodorsen’s theory of unsteady aerodynamics for incompressible �ow8 to transonic �ow. The
method proposes a modi�ed Theodorsen’s function to correct for changes in the amplitude and phase shift
of the circulatory lift due to transonic �ow. The method derives, partly, from a reduced set of steady state
CFD simulations that are made a priori , as an input to the new method. Unsteady CFD simulations are
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performed using OVERFLOW9� 11 for selected NACA00xx airfoils, NACA0001, NACA0002, NACA0012,
NACA0015 and NACA0018, and cruise GTM geometries, baseline and VCCTEF222, to extend the correc-
tion. Fig. 1 illustrates the VCCTEF deployed on the NASA generic transport model (GTM). The correction
method1 was also extended to truss-braced wing (TBW)12 to include the thickness and camber e�ects of the
airfoils. The proposed method demonstrates good agreement with the unsteady transonic CFD simulation
results. Using this method, computationally e�cient methods for transonic �utter prediction can be devel-
oped by incorporating appropriate transonic corrections to the Theodorsen’s function using a strip-theory
approach.

Method and Formulation
In our previous study1, we have shown that the proposed correction method is useful for NACA0012 airfoil
with a blunt trailing edge. The correction method is based on modi�cation of the Theodorsen model, which
requires that the Kutta condition be enforced at the sharp trailing edge, that the wake is �at and that the
wake vortices convect downstream at V1 . We have shown in the present paper that this model is useful
for a variety of airfoils, such as NACA series airfoils (NACA0001, NACA0002, NACA0012, NACA0015 and
NACA0018) with blunt trailing edge as well as baseline cruise and VCCTEF geometries. If the �ow separates
tangentially from the top and bottom edges of the trailing edge face, the Kutta condition is practically obeyed.

The zero-normal velocity condition on the airfoil is satis�ed by source/sink singularities on the airfoil.
The pitching motion of the airfoil determines the strength of the source/sink distribution. This is similar
to the mixing layer �ow over a �at plate subject to sinuous oscillations imposed at the trailing edge, where
the zero normal velocity on the �at plate is enforced by a vortex sheet whose density changes with time13.
The pressure di�erence caused by the associated potential gives rise to the "non-circulatory lift", which
excludes the e�ect of the wake on the lift on the airfoil. This non-circulatory lift is a result of the so-called
apparent mass e�ect due to inertia associated with the airfoil motion. It re�ects the pressure forces required
to accelerate the �uid near the airfoil. This lift dominates for the case when the normal velocity due to the
pitching motion is a strong function of time, for example, for higher values of reduced frequency. The vortex
singularity distribution in the wake gives rise to the lift which together with the quasi-steady lift forms the
"circulatory lift". The quasi-steady lift is generated if the normal velocity due to the pitching motion is
almost time-independent, i.e., @v=@t� 0, and the wake does not contribute to the lift. So, for lower values
of reduced frequency, the circulatory lift becomes dominant.

For oscillatory airfoil, the singularity distributions on the airfoil and in the wake change with time,
but satisfy the two constraints (zero normal velocity on the airfoil and Kutta condition) for all time. For
�utter problems, the angle of attack is assumed to be small enough so that the �ow separates approximately
tangentially from the trailing edge.

Referring to our previous paper1, in which the derivation of the correction method has been laid out, we
summarize the results of the method as follows.

The amplitude and phase shift of the oscillating circulatory lift are computed as

��Clcirc � �Cl
�� = j�Clcirc j = Cl� � 0
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The phase shift is also given by
] (�Clcirc) = 2k� lag (3)

where � lag is the lag time between the oscillating circulatory lift and the quasi-steady state lift which is
expressed as

� �Cl = Cl� � 0 sin 2k� (4)

When the quasi-steady state lift reaches its maximum amplitude at some normalized time � = � 0 after
the �ow establishes a steady state, the oscillating circulatory lift reaches its maximum ampltitude later at
� = � 0 � � lag . Thus, � lag < 0 when the oscillating circulatory lift lags the quasi-steady state lift.
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(a) Circulatory lift amplitude (b) Comparison of hysteresis loops

(c) Cl vs �

Figure 8: Correction method results for baseline geometry with 500x145x3 grid resolution
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(a) Circulatory lift amplitude (b) Comparison of hysteresis loops

(c) Cl vs �

Figure 10: Correction method results for VCCTEF222 with 500x145x3 grid resolution

Figure 11: Thickness pro�les for various geometries
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(a) Variation of correction function, CF (b) Variation of correction function, CG

Figure 12: Variation in k of modi�ed theory coe�cients with thickness as a parameter

(a) Lift curve slope variation with thickness (b) Lift curve Cl � �

Figure 13: Lift curve slope
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